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Preface to “Structural Health Monitoring (SHM) of
Civil Structures”

We find the burgeoning area of structural health monitoring (SHM) to be a highly fascinating area
of research that often requires an intricate network of collaboration between experts from different
backgrounds. In order to design a suitable monitoring system for a certain structure, we need knowledge
and experience on topics from the microscale (e.g., contact mechanics) to the macroscale (e.g., structural
dynamics). Systems can also range from fully passive (e.g., listening for acoustic emissions) to being
integrated with active artificial intelligence (e.g., deep learning with neural networks). The work involved
in SHM research is also highly meaningful, as the results can directly serve to benefit society by
improving infrastructure. Recent discoveries regarding deficiencies in aging infrastructures around the
world further highlight the importance of advancing SHM technologies as far and as fast as possible in
order to better accommodate our future generations.
As SHM is quite new, not many books are available for readers to learn about the field. In fact, we
expect that most people in STEM may not previously have heard the specific term “structural health
monitoring”, although they may be familiar with the core concepts in one form or another (futuristic, selfmonitoring and self-healing buildings combined with sensor networks cross-communicating in the
“internet of things” may come to mind). Thus two reasons for publishing this book are to contribute to the
available literature on SHM and also to raise the general awareness of this exciting field. Fellow
researchers in SHM may also be interested to browse some of the latest developments in the field.
Gangbing Song, Chuji Wang and Bo Wang

Special Issue Editors
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Structural Health Monitoring (SHM) of
Civil Structures
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As newer and more reliable ways of construction were developed, civilization began to spread out
further and retain functional infrastructure for longer periods of time. Key building materials such as
concrete ushered in a new era of civil engineering that enabled the rapid and low-cost construction of
infrastructure that now serves as the backbone of modern society. Many of such buildings constructed
in the 19th to the mid-20th century are still in operation today as a testament to the robustness of
the civil structures enabled by the key building materials and methods. However, robustness has its
limits, and the extended service life has inevitably led to the dangerous accumulation of damage in the
infrastructure. Aging infrastructure is a problem met around the globe, and in the US, the National
Academy of Engineering proclaimed the restoration and improvement of urban infrastructure to be
one of the Grand Challenges of the 21st century.
For the answer to the challenge of aging infrastructure, we look towards the development of
advanced sensor and actuator technologies that hold the promise of heralding the next stage of
evolution in civil infrastructure. Popular terms such as Internet of Things and smart structures were
coined as a result of the intersection between advances in other engineering disciplines with civil
engineering to produce the new ﬁeld of structural health monitoring (SHM). The ﬁeld of SHM is now
at a vital crossroads, where researchers are challenged to develop technologies for the monitoring and
retroﬁt of older buildings and at the same time to push the boundaries of SHM through the creative
use of cutting-edge technologies and data processing algorithms.
This issue is a snapshot of the newest research in SHM for civil structures, and it includes a
range of topics such as data processing algorithms to detect damage, modeling, and simulation [1–15];
sensor development and experiments [16–26]; materials studies [27,28]; state-of-the-art reviews [29,30];
and case studies [31]. SHM is highly multi-disciplinary, and advances in other areas of study can likely
be recruited for the progress of SHM. The future of this ﬁeld is very bright, and will be a driver for the
coming futuristic, intelligent infrastructure.
Acknowledgments: The authors gratefully acknowledge the supports provided by the National Natural Science
Foundation of China (No. 51378434, 51578456).
Conﬂicts of Interest: The authors declare no conﬂict of interest.
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This paper is an extended version of our paper published in 2016 SPIE Smart Structures and Materials +
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Abstract: In this article, we present a novel structural health monitoring system based on a wireless
sensor network for GNSS (global navigation satellite system) receivers. The GNSS network presented
here consists of three GNSS rover stations and one base station that are deployed at the Neckartal
bridge on the Autobahn A81 in southwest Germany. The newly-developed GNSS sensor nodes
support satellite data logging up to a sampling rate of 20 Hz. Due to the ultra-low-power consumption
achieved by the wake-up receiver during inactive periods, the nodes offer a lifetime from 20 to
almost 200 days, without energy harvesting and depending on the satellite data logging period.
By performing differential post-processing, precise positioning information in the millimeter range
could be achieved. Using the GNSS sensors, we determined resonant frequencies at 0.33 Hz and
1.31 Hz, mainly in the lateral direction of the bridge. To verify the GNSS results, we placed
an accelerometer on the bridge. The frequencies detected by the acceleration sensor correspond well
to the frequencies found by the GNSS sensors, although the accelerometer measured further higher
frequencies as it is probably more sensitive to small amplitudes.
Keywords: wireless sensor network; structural health monitoring; wake-up receiver; GNSS sensor
network; GPS receiver; bridge; spline

1. Introduction

Structural health monitoring (SHM) of bridges can provide important information about structural
performance and may help to detect anomalies or threats originating from damages or deteriorations
at early stages. SHM can also be used to estimate remaining lifetime, to assist in bridge maintenance
planning, to verify construction designs and to deliver important data in the case of disasters or
extreme events [1,2]. There exist three different techniques of SHM for bridges that can be classiﬁed
into in situ, on-site and remote monitoring techniques. In situ monitoring techniques use sensors
that are installed directly at a structure. On-site monitoring techniques are based on more complex
sensors that are brought to a bridge during the monitoring campaign. Remote monitoring is done
from a greater distance, for example by analyzing photographs of the structure taken from satellites or
airplanes [3]. Especially in situ monitoring systems are often realized with the help of wireless sensor
networks (WSNs), as they are inexpensive and easy to install on existing structures. Wireless sensor
networks consist of sensor nodes, which are self- or battery-powered small units and communicate
wirelessly with each other.

Appl. Sci. 2017, 7, 626

4

www.mdpi.com/journal/applsci

MDPI Books

Appl. Sci. 2017, 7, 626

Several wireless sensor network systems have been introduced during the last few years and
decades for structural health monitoring of bridges. O’Connor gives in [4] a comprehensive overview of
installations for short-term monitoring and long-term monitoring. Short-term installations like [5–11]
mostly measure accelerations, but some also include sensors for strain, temperature and velocity.
Limitations arise mostly from the high power demands of the sensor nodes or base stations.
Hu et al. [11], for example, presents a wireless sensor network to monitor the Zhengdian Highway
Bridge based on wireless sensor nodes, which use an MSP430 microcontroller and a CC2420 radio.
The nodes are running TinyOS, which uses MintRout to send data over multi-hops to a base station.
Including an energy storage of 7500 mAh, a node is able to monitor strain or acceleration continuously
for around 168 h, or when choosing a sampling period of 1 h/day, the lifetime can be extended to
168 days. The base station is connected via a USB connector to a powerful host computer.
Amongst the wireless monitoring systems reviewed in [4], there are also three long-term monitoring
installations, one on the Jindo Bridge [12], one on the Stork Bridge [13] and one on the New Carquinez
Bridge [14]. The work in [4] summarizes the challenges arising in long-term installations originating from
power supplies, communication reliability, sensor reliability and challenging environmental conditions.
As Casciati and Chen point out in [15], large and dense sensor network deployments are often
affected by large transmission delays as sensors cannot transmit their data concurrently. To increase
communication reliability and to balance communication range, power consumption, data rate and
link quality, Casciati and Chen [15] introduce a wireless sensor node that uses frequency-division
multiplexing to transmit data simultaneously using different frequencies. Furthermore, in [16],
Chen introduces a wireless sensor platform for SHM applications. The wireless sensor platform
includes a power management unit to reduce the platform’s energy consumption and can be equipped
with several types of sensors ranging from low power to energy-hungry devices. Chen also proposes
an adaptive radio transmission power control algorithm along with a single-hop communication
strategy. The power control algorithm adjusts the radio transmission energy to the link quality to save
energy during the wireless data acquisition [16].
With respect to structural health monitoring, one other important measurement is the
three-dimensional displacement of a structure or of parts of it. These measurements can be done
by using on-site sensors [17] or by using in situ measurements provided by Global Communication
System (GPS) receivers [18–22]. Here, GPS-based monitoring systems provide several advantages,
such as weather independence, absolute displacement measurements, autonomous operation and no
need for a line-of-sight connection between different measurement points. Additionally, GPS provides
both static and dynamic structural response information, and the position information is free from any
measurement drifts and error accumulation [23].
By applying differential data processing of two or more concurrently logging GPS receivers,
displacements in the range of 5 mm or below can be detected, as well as oscillation frequencies of up
to and above 4 Hz. The authors of [19,20,22], for example, recorded the dynamical response of the
Wilford Bridge in Nottingham, using GPS receivers in combination with accelerometers to validate the
data and to improve the monitoring system’s performance. More recently, Kaloop et al. [24] presented
GPS-based positioning data taken at the Mansoura railway bridge using Trimble-5700 dual-frequency
GPS receivers logging at a rate of 1 Hz. The authors also present data taken from the long-term SHM
system installed on the two towers of the Yonghe Bridge. Here, the GPS receivers are logging with
a sampling frequency of 20 Hz. Reported standard deviations are in the mm range. However, these
systems were all either tethered installations or short-term measurement campaigns.
Although there are several existing wireless sensor networks that support the use of GNSS (global
navigation satellite system) receivers [25–31], to the author’s knowledge, there is no such system
available to monitor the dynamical behavior of bridges. Difﬁculties are in the high power demands of
GNSS receivers and in the large amounts of data that need to be transmitted wirelessly.
In this article, we present a wireless sensor node that can be equipped with an OEM615 GNSS
receiver from NovAtel. The nodes provide sampling rates up to 20 Hz. To transmit the large amount
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of data resulting from this high sampling rate, we use a wake-up receiver-based cross-layer routing
protocol that is able to transfer large data packets without many overhead data [32].
The rest of the article is structured as follows. In Section 2, we present the wireless sensor network
and the wireless sensor nodes. We analyze power requirements, as well as the amounts of data to be
transmitted and the routing protocol. Based on these, we ﬁnd a resulting sensor node lifetime in the
range of 20 to 200 days dependent on the GNSS sensor logging period. In Section 3, we introduce
the differential GNSS measurement technique as it is the key to achieving sub-centimeter accuracy in
GNSS measurements. In Section 4, we present and discuss the measurements taken with the GNSS
sensors and analyze the results. Furthermore, we compare the GNSS results to the measurements
taken with the accelerometer in Section 4 and, ﬁnally, conclude our article in Section 5.
2. Wireless Sensor Network

Generally, a wireless sensor node consists of four basic components: power supply, sensing,
processing and communication. Figure 1 visualizes the main blocks of a wireless sensor node
schematically. The ﬁgure is taken from [33], but enhanced by the wake-up receiver.

Battery

DC-DC

Power Supply

MCU

Wake-up Receiver

Memory

Main Radio

Sensors
Sensing

Processing

Antenna

Communication

Figure 1. Schematic of a wireless sensor node including the basic components, power supply,
sensing, processing and communication. The communication unit consists of the main radio and
a wake-up receiver.

The wake-up receiver is an additional radio receiver that listens permanently to the wireless
channel in the kilohertz range having a constant, but marginal power requirement in the area
of μW. The low-frequency wake-up signal is modulated onto the high-frequency carrier signal and
demodulated passively by the envelope detector. Figure 2 schematically shows a wake-up signal
generated by means of on-off-keying modulation of the high-frequency carrier signal [34]. In the
case of ultra-low power wake-up receivers, the envelope detector often merely consists of diodes and
capacitors to ensure its energy efﬁciency [35–37]. As the signal is transmitted on the high-frequency
carrier, the antenna receives the wake-up message with high efﬁciency. Signal losses happen mainly
during the passive demodulation (envelope detection) of the wake-up signal.
low-frequency
wake-up signal

high-frequency
carrier signal

Figure 2. Schematic of a low-frequency wake-up message on-off-keying modulated on the high-frequency
carrier signal.

Blanckenstein et al. present in [38] an overview of current low-power transceivers. With respect
to energy consumption, the range goes from highly integrated concepts that require 0.1 μW to several
solutions between 10 and 1000 μW.
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The wireless nodes used in this work are based on the sensor nodes introduced in [34,39,40].
The microcontroller utilized on the boards is a 32-bit EFM32G222F128 manufactured by SiliconLabs
running at 14 MHz. It provides several low power states to reduce energy consumption. In run mode,
it draws around 2.5 mA and 0.9 μA in deep sleep mode. Including all peripherals, the sensor node
requires around 4.0 mA in run mode. The communication radio is a CC1101 from Texas Instruments.
It has a current consumption of 34.2 mA when transmitting at +12 dBm output power at 868 MHz and
around 16.4 mA when transmitting at 0 dBm. Its sensitivity is approximately in between −95 dBm
and −104 dBm, depending on the data rate. The 125-kHz low-frequency receiver (AS3932) from AMS
has a current consumption of around 3 μA in listening mode. It correlates the incoming signal to
a pre-conﬁgured address and creates an interrupt if send and stored addresses match. In combination
with the matching network and envelope detector, the wake-up receiver has a sensitivity around
−51 dBm [34,39]. Transmitting at 12 dBm, the wake-up range of this wake-up receiver could be
determined by [39] as around 45 m.
Using wake-up receivers can save energy as a wireless sensor node does not have to be active if no
tasks need to be done. Furthermore, wake-up receivers provide a fully asynchronous communication,
which means synchronization messages are obsolete. Due to this, wireless sensor nodes with wake-up
receivers can communicate as soon as they have a message that needs to be delivered, but they can
also accumulate sensor data to large data packets and stay in a very-low-power listening state during
times when no tasks need to be done.
2.1. GNSS Sensor Node

Figure 3a schematically shows the GNSS (global navigation satellite system) receiver node
including its hardware blocks, which we also introduced in [41]. The node basically consists of the same
hardware components as the sensor nodes introduced above in Figure 1, but is additionally equipped
with a GNSS receiver. The NovAtel OEM615 GNSS receiver module supports GPS, GLONASS,
Galileo and Compass frequencies and sampling rates up to 20 Hz. In active mode, the GNSS receiver
draws constantly around 400 mA. To reduce the average power consumption, the module is activated
only periodically and can be switched off completely during times when it is inactive.
impedance
matching
antenna
switch

envelope
detector

lowpass

controls
868 MHz
transceiver
CC1101
microSD
card

microcontroller
ARM Cortex M3

wake-up

GNSS module
and antenna

AS3932
wake-up
receiver

(a)
(b)
Figure 3. (a) Schematic of the GNSS (global navigation satellite system) wireless sensor node. (b) Photo
of the GNSS sensor node.

Figure 3b shows a photo of the GNSS receiver node. The GNSS receiver module is connected
to the wireless sensor node by a 20-pin connector. The satellite antenna is a GPS-701-GG antenna
from NovAtel. A UART interface is used to conﬁgure the GNSS module and to read out the GNSS
data periodically.
A GNSS range message generally consists of four ﬁelds as depicted in Figure 4. The ﬁrst 28 bytes
are the header that includes information like message type, time, length, etc. The next four bytes’
large ﬁeld gives the number of valid observations; the third 24 bytes’ large ﬁeld includes all valid
observations; and the last ﬁeld is a 32-bit cyclic redundancy check. Altogether, a range message varies
in its size from 50 bytes in the case of one valid observation to 516 bytes for 20 valid observation.
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At a sampling frequency of 4 Hz, this sums up to 200 bytes per second for one valid observation and
2064 bytes per second for 20 valid observations. At a sampling frequency of 20 Hz, the observation
of one satellite results in 1000 bytes per second, and the observation of 20 valid satellites results in
10,320 bytes per second.
We use a baud rate of 230 kBit per second (equal to 23 kByte per second for an 8N1 transmission)
to transmit data from the NovAtel board to the sensor node. The GNSS data are ﬁrstly stored in
an internal 14-kByte memory buffer and then transferred periodically onto a 4-GB Micro SD Card.
To increase the speed, the MCU is running at 28 MHz during this process. By assuming a sampling
rate of 4 Hz and 15 valid observations per message (396 bytes), a 4-Hz logging frequency (1584 bytes
per second) for a duration of 30 min (1800 s) adds up to 2851.2 kByte, which have to be transferred
wirelessly. At 20-Hz logging, we expect around 14,256 kByte data sampled during a 30-min logging
period in the case of 15 valid satellites.

Header

#obs

range records

CRC

28 Byte

4 Byte

#obs x 24 Byte

4 Byte

Figure 4. Structure of a range data log.

An important parameter to consider is the lifetime of the GNSS sensor node, that is the time the
node can autonomously operate before it dies due to low energy. As presented in [34], the lifetime is
connected to the node’s battery capacity and to the times where the node is actively logging (tlog ) or
communicating (tcom ) as the sensor node requires most energy during these periods. During idle times
(tidle ), the node requires only marginal power in comparison to active times. Figure 5 depicts tlog , tcom
and tidle during a certain time interval tint .
t_log

t_com

t_idle

t_int

Figure 5. States of the sensor nodes separated into active periods (tlog ) and (tcom ) and the idle period
(tidle ) during a time interval (tint ).

To calculate a certain lifetime, we considered one logging interval (tlog ) to be 1800 s and the
corresponding communication interval (tcom ) to be 900 s for a 4-Hz logging frequency and 3600 s in
case of a 20-Hz logging. The interval (tint ) is 24 h. This means if the sensor node does one logging
in 24 h, it is in idle state for 83,700 s ((tidle = tint − tlog − tcom ). Figure 6 shows the lifetime of our
GNSS sensor node plotted over an increasing number of logging and communication intervals in 24 h
assuming a battery capacity of 40 Ah and no energy harvesting.
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Figure 6. The lifetime of the GNSS sensor node plotted over an increasing number of logging and
communications intervals in 24 h assuming a battery capacity of 40 Ah and no energy harvesting.
The black curve depicts the case of 4-Hz logging, and the red curve assumes 20-Hz logging linked to
longer transmission periods.

2.2. GSM Base Station and Remote Server

The GSM (global system for mobile communications) node acts as a gateway between the
local wireless sensor network and the remote server. As such, it has two communication modules,
as depicted in Figure 7a. Figure 7b shows a photo of the gateway with its two antennas. The node has
an internal memory buffer to transmit several data packets at once to the server via GSM.

Battery

DC-DC

MCU

Wake-up Receiver
Main Radio

Power Supply

Memory
Processing

GSM Modem

Local
Antenna
GSM
Antenna

Communication

(a)
(b)
Figure 7. (a) Schematic drawing of the base station; (b) Photo of the GSM (global system for mobile
communications) base station node.

The remote server was a Raspberry Pi located at the Laboratory for Electrical Instrumentation,
Department of Microsystems Engineering, University of Freiburg, Building 106 running a MySQL
database. The main purpose of the database, was to store the data received from the wireless sensor
network. However, another purpose was to reassemble the previously separated GNSS messages
using their measurement timestamps as unique IDs, as will be introduced in following Section 2.3.
2.3. Cross-Layer Routing Protocol

The communication radio utilized in this work supports messages up to a size of 256 bytes.
This means GNSS messages that usually consist of several kilobytes had to be split into smaller packets
before sending. Additionally, the expected total amount of data received from the GNSS receiver is
quite high. For this reasons, we used a cross-layer routing protocol [32,42] that is able to transmit
large data packets with only a few control bytes, as depicted in Figure 8, which shows a data packet
consisting of eight control bytes and one to 246 data bytes.
As the range of communication messages is larger than the range of wake-up messages, the routing
protocol supports the use of wake-up relay nodes as visualized in Figure 9 from [42]. In this routing
protocol, neighboring nodes (child and parent nodes) are able to wake-up themselves, which means
nodes of depth i can wake-up nodes of depth i − 1.
Furthermore, it is possible to wake-up several nodes in a row to communicate data across several
levels from depth i to depth i − n with n ∈ N limited by the root node and communication range.
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1 ... 246 Byte
Payload

1 Byte
Status

4 Byte
MAC
4 Byte
Routing

1 Byte
Length

In Figure 9 Node 13 sends for example a wake-up signal to Node 12, which forwards the wake-up
to Node 11, and so on, until a deﬁned maximum number n of forwards or the destination is reached.
Then, data can be sent directly from Node 13 to one of the woken Nodes 10, 11 or 12.

Figure 8. Data packet consisting of eight control bytes required by the routing algorithm and one to
246 payload bytes.

In case a connecting relay node fails due to the temporary or permanent outage, nodes of depth
i are also able to wake-up nodes of depth i − n with n = 1, 2, ...TTL, if they are in wake-up range.
If, for example, Node 12 is unreachable due to changes in the link or due to low energy, Node 13 is
also able to wake-up one of the parent nodes of Node 12.
Once the communication link to a node is established, up to 64 data packets (with up to 246 bytes
of payload each) can be transmitted subsequently. After transmission, the link is closed, and the
participating nodes go back to sleep again.

Node
10

depth 0

in wake-up
range

ack

data
Node
11

wake-up

Node
21

depth 1

data
in wake-up
range

wake-up
Node
12

Node
22

wake-up
in wake-up
range

ack
Node
13

depth 2

Node
23

depth 3

Figure 9. Schematic of the wake-up multi-hop routing protocol.

To be able to split large GNSS messages into several smaller radio packets and to be able to
reassemble them later, every GNSS measurement had a unique ID based on its measurement time.
Additionally, each packet number was related to the total number of packets of which a complete
GNSS message consisted. Figure 10 depicts a payload packet to visualize this.
Payload Sensor Packet Total Num
Timestamp GNSS Data
Length Type Number of Packets
1 Byte

1 Byte

1 Byte

1 Byte

4 Byte

1...238 Byte

Figure 10. The structure of the payload to be transmitted in a routing packet. The payload consists of
a length ﬁeld, type of sensor, the number of the current packet, the total number of packets belonging
to this GNSS message, the measurement timestamp and the GNSS message (part or complete) itself.

From Figures 8 and 10, it becomes obvious that the routing protocol is able to transmit up to
238 bytes of GNSS data per packet. As the expected number of bytes to be transmitted is in the order
of several kilobytes, this is still challenging. As the routing algorithm is able to transmit up to 64 data
packets along an existing link, this adds up to 15,232 bytes of payload. The data rate could be changed
between 38.4, 100 and 250 kBit per second. At a data rate of 38 kBit per second (equal to 4.75 kByte
per second), a transmission of 64 data packets takes roughly 4 s. The transmission of a 30-min period
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of 15 observations logged at 4 Hz (2852 kByte) takes around 10 min. However, due to the need for
additionally required control messages before each sending of 64 packets, the required time is even
longer. The transmission of a 30-min logging period at 20 Hz (14,256 kByte) takes around 50 min at
a baud rate of 38.4 kBit per second. Using higher data rates, the transmission times can be decreased
obviously, but the possibility of bit errors increases.
3. Differential GNSS

A single GNSS (global navigation satellite system) receiver can achieve an accuracy in the meter
range. If a higher accuracy is required, a differential GNSS (DGNSS) can be used. DGNSS are based
either on code- or on phase-range measurements. The accuracy of code-range-based differential
techniques will improve compared to that of single receiver accuracy, but this is usually not as accurate
as the carrier-phase differential measurement. Generally, differential GNSS measurements determine
the position of a rover station related to a base station whose position is accurately known.
To determine the phase-range, the receiver mixes the incoming satellite signal with a locally-generated
j
signal [43]. Then, the calculation of the phase-range L A (TA ) can be achieved by [43]:
j

j

L A ( TA ) = c( TA − T j ) + B A

(1)

with c = 299,792,458 m s−1 in vacuum and time TA being the time when the signal was received.
Time T j resembles the time when the signal was transmitted by the satellite. TA includes additionally
a time offset τ originating from the clock offset of the receiver. By assuming t to be the true system
time, TA can be expressed as TA = t + τA . Likewise, T j includes τ j , which represents the clock
offset of the satellite from the system time, that is T j = t + τ j . The subscripts A, B, C, etc., indicate
receiver-speciﬁc quantities, and the superscripts j, k, l, etc., indicate satellite-speciﬁc quantities and
j
j
j
with B A = λ0 ( ϕ0A − ϕ0 − NA ) [43]. Here, λ0 is the wavelength of the carrier signal; ϕ0A is the initial
j

phase of the receiver local oscillator; and ϕ0 is the initial phase of the transmitted satellite signal at
j
t0 . NA

j

initial time
is called carrier-phase integer ambiguity [44]. B A is not an integer, but includes
unknown phase offsets of the receiver and satellite [43].
j
The ﬁrst term of Equation (1) is the pseudorange ρ A from satellite j to receiver A. Accordingly,
including clock biases and atmospheric error terms, Equation (1) can be written as [43]:
j

j

j

j

j

L A ( TA ) = ρ A + c(τA − τ j ) + Z A − I A + B A +  p

(2)

with ZjA being the message delay due to the troposphere, Ij being the delay due to the ionosphere
and  p , which incorporates measurement errors related to receiver hardware and multipath effects.
Now, as the goal is to achieve the precise position information, Equation (2) includes still several
uncertainties (clock biases, ionospheric delay and tropospheric delay) that need to be taken care of.
The differencing techniques introduced in the following paragraphs can be used to mitigate
these effects.
3.1. Single Differencing

Figure 11 illustrates the geometry of single differencing that is based on calculating the difference
j
ΔL AB between range Aj (distance from receiver A to satellite j) and Bj (distance from receiver B to
satellite j) according to Equation (2). That is [43]:
j

j

j

j

j

ΔL AB = Δρ AB + cΔτAB + ΔZ AB − ΔI AB + ΔB AB + Δ AB

(3)

First, it can be observed in Equation (3) that the satellite clock bias τ j is removed by calculating
the range differences. Furthermore, in the case of short (<10 km) baselines (distance from receiver
j
j
A to receiver B), the ionospheric and tropospheric effects are nearly the same, that is Z A = ZB and
11
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j

I A = IB , so that Equation (3) can be further simpliﬁed to ΔL AB = Δρ AB + cΔτAB + ΔB AB + Δ AB [44].
Although many uncertainties can be removed by single differencing, the receiver clock biases ΔτAB are
not removed. This can be achieved by using double differencing.
satellite j

Bj

Aj

receiver B
unknown position

receiver A
known position
baseline

Figure 11. Geometry of single differencing with the known position of receiver A and the unknown
position of receiver B. Both receiver measure their distance ρ to the same satellite j.

3.2. Double Differencing

Figure 12 illustrates the geometry of double differencing. Here, both receivers A and B track
j
simultaneously two satellites j and k. The single differences ΔL AB and ΔLkAB can be calculated as
jk

shown in Section 3.1 by using Equation (3). The double difference ∇ΔL AB is the difference between
j
ΔL AB

the single differences
and ΔLkAB . The upside-down triangular symbol ∇ is a mnemonic device
to emphasizes that the calculated differences are between two points in the sky. Finally, the double
difference is [43]:
jk

j

∇ΔL AB = ΔL AB − ΔLkAB
jk

jk

= ∇Δρ AB + ∇ΔB AB + ∇Δ AB
satellite k

satellite j

Bj

Ak
Bk

Aj

receiver B
unknown position

receiver A
known position
baseline

(4)

Figure 12. Geometry of double differencing with the known position of receiver A and the unknown
position of receiver B. Both receiver measure their distance ρ to satellites j and k.
jk

j

Equation (4) includes the phase-range ambiguity ∇ΔB AB . ΔB AB is reduced in single differencing

to

j
B AB

jk
B AB

j
j
j
j
= λ0 ( ϕ0A − ϕ0B ) − λ0 ( NB − NA ).
k ) − λ ( N j − N j ) as it
λ0 ( NBk − NA
0
B
A

Now, in double differencing, the ambiguity reduces to

=
is assumed that each receiver logs all incoming satellite
signals at exactly the same time. Doing so, it becomes obvious that the range-phase ambiguity becomes
an integer, which is another advantage of the double differencing technique. Finally, estimating
and validating the integer ambiguity can be achieved by using the pseudorange solution and then
constraining the estimations to an integer solution [45]. The detailed steps of resolving the integer
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ambiguity can be found for example in [44,45]. When the integer ambiguity is ﬁxed, the carrier phase
range measurements result in precise positioning results in the mm-range.
4. Experimental Results

Figure 13 shows a photo of the Weitinger Neckartal Bridge on Highway 81 from Stuttgart to
Singen. The bridge is 900 m long and around 127 m above ground at its highest point. The bridge is
made of ﬁve spans, and its two end spans consist of inverted cable stay towers that support massive
beam spans of 263 m on the southern side and 234 m on the northern side. The bridge has four lanes,
two for each driving direction. The total width of the bridge deck is 31.5 m.

Figure 13. Photo of the Neckar Valley bridge near Weitingen in southwest Germany.

Figure 14 shows the schematic of the Neckartal Bridge indicating the deployed GNSS receiver
nodes together with the two relay nodes and the GSM base station. Three GNSS receivers were placed
on the deck of the bridge, one above the ﬁrst pillar (Node E2), one just in the middle of the span
between Pillars 1 and 2 (Node E3) and one in the middle of the bridge (Node E4). A GNSS reference
node (E1) was placed on the ground before the bridge. As the distances from E1 and E4 to the base
station were quite large, they only logged the data. Due to the strong attenuation of the radio waves by
the steel girder box, the data could not be sent directly from the bridge deck to the GSM node located
inside the steel girder box. Therefore, the data were sent from the GNSS sensor node to a relay node
located below the deck on top of one pillar, as shown in Figure 15b.

Figure 14. Deployment of the wireless sensor network consisting of three rover nodes, a reference
node, two relay nodes and the GSM base station.

Figure 15a exemplary shows a GNSS receiver antenna attached to the bridge by magnets. It can
be seen that the antennas have a unobstructed view of the horizon.
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Figure 15. (a) Photo of a GNSS antenna attached to the side of the steel bridge by magnets. (b) Photo
of the relay node on top of the ﬁrst pillar.

The above-described points E1, E2, E3 and E4 have been installed with GNSS equipment and
measured for a period of 40 min. Then positions E2 and E3 were logging and sending data for four
consecutive days applying a logging period of three times 30 min per day. For reasons of clarity,
the following processing examples are showing selected samples of 10 min for each of the mentioned
points taken from the ﬁrst 40 min interval.
At ﬁrst, the GNSS raw data are processed by applying the software RTKLib [44] developed
by T. Takasu and A. Yasuda at the Laboratory of Satellite Navigation, Tokyo University of Marine
Science and Technology, Japan. The RTKLib offers a sophisticated post-processing module, RTKPOST,
that applies ambiguity ﬁxing strategies, to achieve the required accuracy for structural monitoring.
Depending on the distance between the GNSS base station and the rover point, accuracies in the region
of one to ﬁve millimeters are possible. To eliminate the main error sources of GNSS position, this
package applies double differencing as introduced above in Section 3.2 within an extended Kalman
ﬁlter. A detailed description of the applied algorithms may be found in [44].
The resulting point positions from GNSS processing are usually represented as Earth-centered
Earth-ﬁxed coordinates, referring to the WGS84 ellipsoid. As these coordinates have no direct
relation to the observed structure, the resulting coordinates have been rotated, in a manner that
the x- and y-coordinates are representing the longitudinal and transversal axes of the Neckartal bridge,
respectively, and the z-component represents the vertical axis. Figures 16–18 show the resulting time
series of the transformed point positions x, y and z for E2, E3 and E4.

(a)
(b)
(c)
Figure 16. Position E2 (a) x-, (b) y- and (c) z-displacements over time as measured by the GNSS sensor.

As can be seen in Figures 16–18, besides several short wave vibrations, there are also superposed
signiﬁcant low-frequency oscillations resulting from unknown sources, but that could be caused by
a varying dilution of precision as indicated by Casciati and Fuggini in [46]. Furthermore, the wind
forces the bridge to swing, and temperature effects cause strains in the load-carrying concrete pillars.
Oscillations induced by the heavy trafﬁc on the Autobahn A81 and multipath effects could be further
sources of these long wave signals. For example, Ni et al. compare in [47] displacements detected by
a GPS system to the displacements detected by a vision-based system. Both systems correlate well
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with each other, but Ni et al. observed additional low-frequency oscillations in the GPS measurements
that were not present in the vision-based measurements.

(a)

(b)

(c)

Figure 17. Position E3 (a) x-, (b) y- and (c) z-displacements over time as measured by the GNSS sensor.

(a)

(b)

(c)

Figure 18. Position E4 (a) x-, (b) y- and (c) z-displacements over time as measured by the GNSS sensor.

Keeping this in mind, it becomes obvious that for professional and efﬁcient vibration monitoring,
samples are best taken during nighttime, when there is almost no trafﬁc on the bridge, or the bridge
should be closed during this measurement campaign. However, to demonstrate the usability of the
developed GNSS sensor network for dynamic structural monitoring, these long-wave effects are simply
eliminated from the data samples before applying frequency analysis.
In order to eliminate the long-wave signals from the time series of each coordinate component
of the point positions x, y and z, we introduced a cubic spline approximation [48] as also shown in
Figures 16–18. The spline is generated by n cubic polynomials pn that partially approximate the point
position x, y and z over time as shown in Equation (5):
yt(k) + ν = f ( p̂),

(5)

where vector p̂ comprises the n sets of polynomial parameters pn,0 , pn,1 , pn,2 and pn,3 . These parameters
are determined within a least squares adjustment of the coordinates of the point position at the
respective point of time, xt(k) , yt(k) and zt(k) . For the y-coordinate component, for example, the system
of observation equations reads as Equation (6):
yt(k) + ν = p̂i,0 + p̂i,1 Δtk +
0 + ν = C ( p)

1
1
p̂ Δt2 + p̂ Δt3
2 i,2 k 6 i,3 k

(6)

With Δtk = t(k ) − t(0). The index i denotes the respective cubic polynomial pi depending on
the point of time. The length of each of the n polynomials can be predeﬁned by using a time interval
Δt that determines the length of each polynomial. In the following example, Δt was set to 30 s.
Therefore, each of the n-polynomials in the generated spline represents the point position during this
period. Furthermore, the quantity ν denotes the estimated residual for the introduced observation y.
For the residual, ν impliesthat its expected value is equal to zero, that is E(ν) = 0.
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With C ( p), we introduce a set of C-continuity conditions between two neighboring polynomials
pi and pi+1 . For the data presented in the following, we applied C0 , C1 and C2 continuity at the
transition of each polynomial pi to the polynomial pi+1 . C0 continuity hereby forces identical value
of the polynomial representation, that is f ( pi ) ≡ f ( pi+1 ). C1 continuity forces the identical value of
∂
∂
the ﬁrst derivative in time, that is ∂t
f ( pi ) ≡ ∂t
f ( pi+1 ), and C2 continuity forces the same value for the
2

2

second derivative in time as ∂∂2 t f ( pi ) ≡ ∂∂2 t f ( pi+1 ).
Applying spline approximation of the time series of the point positions leads to a smooth
representation over time. The estimated spline parameters p are carrying the long-wave components of
the recorded signals. The remaining residuals, resulting from the least squares adjustment, are now free
of average, as can be seen in Figures 19–21, which show the remaining residuals for the measurement
points E1, E2 and E4.

(a)

(b)

(c)

Figure 19. Position E2 (a) x-, (b) y- and (c) z-residuals over time.

(a)

(b)

(c)

Figure 20. Position E3 (a) x-, (b) y- and (c) z-residuals over time.

(a)

(b)

(c)

Figure 21. Position E4 (a) x-, (b) y- and (c) z-residuals over time.

The residuals can now be further analyzed, for example by performing a discrete time frequency
analysis by applying Equation (7):
ȳ + ν = ai sin(2π f i Δt + φi ).

(7)

Here, the quantity ȳ denotes the residual for the coordinate component y, resulting from the
above-described least squares adjustment. The quantity ai denotes the amplitude of the investigated
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frequency f i , and φi gives the respective phase offset. In Figures 22–24, the results from the analysis of
frequencies up to 5 Hz are shown for the GNSS points E2, E3 and E4.

(a)

(b)

(c)

Figure 22. Position E2 (a) x-, (b) y- and (c) z-frequencies over significance as measured by the GNSS sensor.

(a)

(b)

(c)

Figure 23. Position E3 (a) x-, (b) y- and (c) z-frequencies over significance as measured by the GNSS sensor.

(a)

(b)

(c)

Figure 24. Position E4 (a) x-, (b) y- and (c) z-frequencies over significance as measured by the GNSS sensor.

Our analysis reveals a frequency response in the x-direction at 1.31 Hz, visible in Figures 22a, 23a
and 24a. The signiﬁcance/amplitude at position E2 is lower compared to the amplitudes at positions
E3 and E4. This reﬂects the fact that E2 is above a pillar and as such is expected to make fewer
movements, whereas nodes E3 and E4 were placed between two pillars. The biggest movements were
expected at position E4, which also has the greatest amplitude compared to the others.
By further analyzing the GNSS spectrograms achieved by using a short-time Fourier transform
on the measurement data at position E4, an additional peak is visible at 0.33 Hz mainly in the lateral
movement of the bridge, but also in longitudinal movement. Figure 25 visualizes the spectrograms
for the x-, y- and z-direction at Position E4 from 0 to 1 Hz. Figure 25c also clearly shows the GNSS
inherent additional noise in the z-direction (up/down) compared to the x- and y-direction.
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(a)
(b)
(c)
Figure 25. Spectra of the GNSS sensor at position E4 in directions (a) x, (b) y and (c) z.

Comparing GNSS and Acceleration Measurements

As there are no structural response data available for this bridge, we placed an accelerometer at
Position E4, to measure its movements in the x-, y- and z-directions, to verify the GNSS measurement
data. The following Figures 26a–c show the frequency responses over time from 0 to 5 Hz as measured
by the accelerometer. In the x-direction (Figure 26a), the sensor clearly shows the 1.3-Hz response
that was also detected by the GNSS sensor, as can be seen for example in Figure 24a. Furthermore,
the x-direction acceleration data show a signiﬁcant frequency at 0.33 Hz, as well as several frequencies
above 2 Hz. The 0.33-Hz resonance is also visible in the GNSS dataset as for example visualized in
Figure 25a,b, but the frequencies above 2 Hz could not be detected by the GNSS sensors.
In the y-direction, the accelerometer measurements indicate a resonance frequency around 2 Hz,
and in the z-direction, there appears to be several frequencies in the range from 1 to 5 Hz. Although
the acceleration measurements in the z-direction are generally noisier, four frequencies can be seen,
the ﬁrst at around 1.3 Hz, the second around 2.5 Hz, the third at 3.7 Hz and the fourth around 5 Hz.
The GNSS data show in the z-direction some response in the area between 2.7 Hz and 4 Hz (Figure 24c),
but clearly not as signiﬁcant as the measurements taken with the accelerometer.

(a)
(b)
(c)
Figure 26. Spectra of the acceleration sensor at the position E4 in directions (a) x, (b) y and (c) z.

In summary, the data presented here clearly demonstrate the feasibility of the GNSS measurements
to detect low frequencies and underpins the assumption that the detected frequencies are real
structural resonance frequencies of the bridge. The comparison of the accelerometer and GNSS
sensor measurements shows that the GNSS sensor has a better sensitivity for lower frequencies than
the acceleration sensor, but is limited in its response to higher frequency signals probably due to their
lower amplitudes.
5. Conclusions

In this article, we present a novel wireless GNSS (global navigation satellite system) sensor
network with wake-up receivers for bridge monitoring. The wireless GNSS nodes support sampling
frequencies up to 20 Hz and intermediate data logging on SD cards. Due to the asynchronous
communication scheme provided by the wake-up receiver, the nodes reside in deep-sleep during
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times when no tasks need to be done, but are fully responsive at any time. Their ultra-low-power
requirements during inactive periods, in the range of a few μW, provide lifetimes of almost 200 days
without energy harvesting. A GSM gateway was developed that transfers the network data wirelessly
to a remote server. By using differential GNSS analysis, positioning calculation accuracies in the
millimeter range could be achieved, although superposed by long-wave effects. We introduced a cubic
spline ﬁtting on the raw positioning data to eliminate these long-wave effects. Investigation of the
remaining residuals revealed a resonance frequency of the bridge at 1.31 Hz. By further analyzing the
GNSS spectrograms, an additional resonance frequency at 0.33 Hz could be detected. To verify the
GNSS measurements, we placed an acceleration sensor on the bridge and compared the results of both
sensors. Although the accelerometer is more sensitive as it is more sensitive to small amplitudes, the
results of both sensors correspond well to each other below 2 Hz.
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Abstract: Once a reinforced concrete (RC) structure is damaged by ﬁre, the ﬁre damage assessment
should proceed to take appropriate post-ﬁre actions, including the decision-making of whether
it can be repaired for reuse or not. Since the assessment results of current ﬁre damage diagnosis
methods, however, highly depend on the subjective judgment of inspectors, it is hard to ensure their
objectiveness and reliability. This study, therefore, aims to develop a new ﬁre damage diagnosis
system (FDDS) based on fuzzy theory that can provide objective and comprehensive evaluation
results by considering all of the damage conditions observed from the inspection on RC structural
members exposed to ﬁre. In addition, the FDDS was applied to an actual ﬁre-damaged case reported
by the Architectural Institute of Japan (AIJ, 2009), and it appears that the proposed method provides
a reasonable estimation on the ﬁre damage grade of the ﬁre-damaged RC members.
Keywords: fuzzy; inference; min-max; ﬁre diagnosis; reinforced concrete

1. Introduction

The ﬁre damage levels of reinforced concrete (RC) structures signiﬁcantly depend on the size and
duration of the ﬁre [1,2]. If the ﬁre is small and short, the damage is likely to be small in a limited
range of the concrete members. If the concrete structure is exposed to high temperatures for a long
time, however, the damage is likely to be severe in a large number of the concrete members, resulting
in signiﬁcant reductions in their strength and durability performances, which thus threatens the safety
of the whole structure [3–5]. In particular, if spalling occurs to high-strength concrete columns exposed
to high temperatures, their reduced cross-section can lead to the stiffness and strength degradations of
the whole structure and can even cause the collapse of the structure. To determine the appropriate
repairing or strengthening method for the RC structures after ﬁre accidents, it is very important to
accurately and rapidly diagnose their ﬁre damage levels. According to the ﬁre damage diagnosis
methods presented in the Korea Concrete Institute (KCI) [1] and the Architectural Institute of Japan
(AIJ) [2], the ﬁre damage levels of RC structures are evaluated by ﬁve grades, as shown in Table 1,
based on the simple visual inspection or the detailed investigations on the ﬁre-damaged concrete
members. The diagnosis results, however, highly depend on the experience and knowledge of the
inspector; it is hard to ensure their objectiveness and reliability.
Fuzzy theory has been widely adopted in various modern engineering ﬁelds to solve many
complex problems [6,7], where many inﬂuencing factors need to be considered with large uncertainties,
and theoretical or numerical solutions are not available or at least difﬁcult to ﬁnd. Fuzzy theory
Appl. Sci. 2017, 7, 518
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has been also utilized for many decision-making procedures in the civil engineering ﬁelds [8–13].
For instance, Rao et al. [8] and Mo et al. [9] applied fuzzy theory for the optimization of their structural
or engineering design. Kim et al. [10,11] introduced a fuzzy-based assessment method to estimate the
durability and serviceability performances of reinforced concrete buildings and also developed the
crack diagnosis system that can identify the primary causes of cracks. Cho et al. [12] developed the
remaining service life evaluation method of concrete buildings by utilizing fuzzy theory, which can
consider the effects of multiple inﬂuencing factors on the deterioration of durability. Cho et al. [13]
also estimated the carbonation depth of a reinforced concrete member using the adaptive neuro-fuzzy
inference system, in which the ﬁeld inspection data had been trained to consider the combined
deterioration by multiple inﬂuencing factors. All of these systems aid us to diagnose or solve the
various engineering problems at the level of an expert. There has been, however, yet no study that
utilizes fuzzy theory for the ﬁre damage assessment. In this study, therefore, fuzzy theory was utilized
to establish the ﬁre damage diagnosis system (FDDS) that can comprehensively consider the various
inﬂuencing factors and also objectively evaluate the ﬁre damage levels of RC members.
Table 1. Fire damage grades [1,2].
Temperature

Damage Level

Grade

No damage
~300 ◦ C

I

Finishing material damage
(soot, surface exfoliation)

II

300~600 ◦ C

Concrete damage without steel damage
(small cracks in concrete or spalling)

600~950 ◦ C

Bond damage of steel bars
(large cracks in concrete or exposure of steel bars)

950~1200 ◦ C

Damage or buckling of steel bars
(large damage or deformation of structural members,
heavy exposure of steel bars in a wide area)

~1200 ◦ C

Concrete melting

2. Previous Research
2.1. Fire Damage Inspection

III

IV

V

As shown in Table 1, the ﬁre damage diagnosis methods presented in the KCI and AIJ
speciﬁcations [1,2] divide the ﬁre damage levels into ﬁve grades. This classiﬁes the structural members
exposed to a ﬁre below 300 ◦ C, having no or marginal ﬁre damage into the non-structural ﬁnishing
materials, as Grades I or II, respectively. The case where the structure is exposed to an intermediate
level of a ﬁre ranging from 300 ◦ C to 600 ◦ C and micro cracks and small spalling damages are observed
in column members can be classiﬁed into Grade III. When the structure is exposed to a relatively high
temperature ranging from 600 ◦ C to 950 ◦ C, having many large cracks and partial exposure of steel
bars, it is included in Grade IV. The case where the structure is exposed to a very high temperature
exceeding 950 ◦ C, having severe member deformation and large cracks, as well as heavy exposure
of steel bars in a wide area, is classiﬁed as Grade V. Thus, as indicated by the ﬁre damage diagnosis
methods presented in the KCI and AIJ speciﬁcations, the heating temperatures of the members is the
critical factor to determine the ﬁre damage grades of RC structural members [1–3].
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As shown in Table 2, the ﬁre damage inspections are conducted through the primary and
secondary investigations. In the primary ﬁeld inspection, concrete discoloration, cracks, spalling
and peeling are visually observed, and it is then determined whether the ﬁre damage level can
be categorized as Grade I or not. If not, a secondary investigation needs to be done through
non-destructive tests, mechanical tests, material sample examinations, analytical methods, etc.
The conventional ﬁre damage diagnosis method, however, has shortcomings in that it is difﬁcult
to consider the ﬁeld inspection results in a comprehensive and synthetic manner, and consequently,
the ﬁre damage grade is determined strongly depending on the subjective judgment of the inspector.
Therefore, this study proposed the FDDS based on fuzzy theory that can provide the ﬁre damage
grades in a reasonable and systematic manner.
Table 2. Checklist for ﬁre inspection [1,2].
Investigation

Method

Primary investigation

Visual inspection

(1) Concrete discoloration
(2) Crack width
(3) Spalling

Simple method

(1) Schmidt hammer test
(2) Concrete carbonation test

Mechanical test

(1) Concrete core sampling
(2) Steel bar sampling
(3) Vibration test
(4) Loading test

Material analysis

(1) UV spectrum method
(2)Microwave measurement
(3) Thermoluminescence measurement
(4) Ultrasonic test
(5) X-ray diffraction method

Numerical
analysis

(1) Estimation of Heating temperature
(2)Evaluation of residual strength
(3) Structural analysis of ﬁre damaged RC member

Simple
inspection

Secondary
investigation

Detailed
inspection

2.2. Fuzzy Theory

As previously mentioned, fuzzy theory is often used to solve complex engineering problems that
involve multiple and inter-dependent inﬂuencing factors with large uncertainties. In particular, it is
possible to numerically quantify uncertain variables through fuzziﬁcation [14]. Fuzziﬁcation is the
process that assigns a fuzzy value to a crisp value through a membership function, where the fuzzy
value (Yi ) can be expressed as follow:
(1)
Yi = (yi , μ A (yi )),

whereyi is the crisp value, μ A (yi ) is the degree of membership on the variable yi and the subscript A
stands for a fuzzy set that is composed of the fuzzy values (Yi ). The fuzzy set plays an important role
in fuzzy theory, such as the fuzzy inference, the fuzzy measure and the fuzzy integral. In addition,
the fuzzy sets are also used to compose fuzzy rules that deﬁne the correlation between the input and
output variables [14]. In this study, as shown in Figure 1, the fuzziﬁcation was performed on the
input variables of concrete discoloration, crack width, spalling, etc., and the ﬁre damage grades were
estimated through the fuzzy inference approach.
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Figure 1. Visual inspection and experimental investigation.

2.3. Fuzzy Inference
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Fuzzy inference [15] is a method for estimating the comprehensive results using given datasets
by approximate reasoning through the fuzziﬁcation of a general conditional proposition into a fuzzy
conditional proposition deﬁned as fuzzy sets. Among the fuzzy inference methods, the min-max
method proposed by Mamdani [16,17] was adopted in this study. Mamdani’s fuzzy inference system
has been widely used to take advantages of its simple reasoning approach and easy graphical
expression. Figure 2 shows an example for better understanding of the fuzzy inference system
utilized in this study, in which two fuzzy rules (the fuzzy Rules 1 and 2) were introduced. In this
 
example, μCj z j , which is the membership degree of the output value z j in the output fuzzy set Cj ,
can be expressed as a function of the two membership degrees μ Ai ( xi ) and μ Bi (yi ) of the input values
xi and yi in the input fuzzy sets Ai and Bi , respectively, based on the min-max method, as follows:
 

R 
μCj z j = ∨ μ Ai ( xi ) ∧ μ Bi (yi ) ,
n =1

(2)

where i and j ranges from 1 to q and k, respectively, q and k are the number of the input and output
fuzzy sets, respectively, R is the number of the fuzzy rules and ∨ and ∧ are the maximum and
minimum calculation operators, respectively. As expressed in Equation (2), the output fuzzy sets Cj
are derived by taking a smaller value between the membership degrees of the input fuzzy sets Ai
and Bi in each rule, and the maximum value of the output fuzzy sets Cj is taken as the combined
output fuzzy set C that is the ﬁnal result of the fuzzy inference. Then, the combined output fuzzy set
C needs to be converted into a quantitative crisp value through the defuzziﬁcation process. In this
study, the defuzziﬁed output value (zc ) was determined by the centroid method, i.e., the centroid of
the fuzzy set area shown in Figure 2, as follows:
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∑ μCj z j · z j

zc =

j =1

k
 
∑ μCj z j

,

j =1
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(3)

As expressed in Equations (2) and (3), the computational process of the fuzzy inference system
simply consists of the min-max and the defuzziﬁcation processes.

Figure 2. Mamdani fuzzy inference system.

3. Fire Damage Diagnosis System Using Fuzzy Theory
3.1. Combined Case of Primary Damages

The ﬁre damage diagnosis system developed in this study takes into account the inspection
data on the concrete discoloration (CD), the crack width (CR), the spalling depth (SP), the heating
temperature (TP), the ratio of the design-to-measured compressive strength of concrete (RCS) and the
concrete carbonation depth (CA) as the input variables, as shown in Figure 1 and Table 3. Here, it is
worth mentioning that the heating temperature (TP) is in fact supposed to be estimated by, for example,
discoloration of concrete or other measurements, such as the UV spectrum method, microwave
measurement, thermoluminescence measurement, ultrasonic test, X-ray diffraction method, etc.,
as listed in Table 2. The combined Case I of primary damages (CPD I) considers only the effects
of the concrete discoloration, crack width and spalling depth that can be simply obtained from
visual inspection without any ﬁeld measurement or laboratory testing. If the damage level of the RC
structures is marginal, which is pre-deﬁned as Grade A presented in the KCI and JCI speciﬁcation,
as shown in Table 1, the ﬁre damage diagnosis is then completed without additional ﬁeld inspection.
If the evaluation result at CPD I belongs to Grades B–E, the combined Case II of primary damages
(CPD II) should be carried out to determine the ﬁre damage grade in a more detailed manner. The CPD
II considers not only the input variables used in the CPD I, but also those obtained from the ﬁeld
measurement or laboratory testing, such as the heating temperature, the concrete compressive strength
and the concrete carbonation depth.
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Table 3. Input variable items for combined cases of primary damages (CPD I and II).
CPD I

Ranges of Grade

Grade

Concrete
discoloration

Soot
Pink
Light gray
Light yellow
Concrete melting

A
B
C
D
E

Crack width
(mm)

CR ≤ 0.1
0.1 ≤ CR < 0.2
0.2 ≤ CR < 0.3
0.3 ≤ CR < 0.5
0.5 ≤ CR

A
B
C
D
E

Spalling (mm)

No spalling
SP ≤ 15
15 ≤ SP < 20
20 ≤ SP < 25
25 ≤ SP

A
B
C
D
E

CPD II

Ranges of Grade

Grade

Heating
temperature (◦ C)

TP ≤ 300
300 ≤ TP < 600
600 ≤ TP < 950
950 ≤ TP < 1200
1200 ≤ TP

A
B
C
D
E

Crack width (mm)

CR ≤ 0.1
0.1 ≤ CR < 0.2
0.2 ≤ CR < 0.3
0.3 ≤ CR < 0.5
0.5 ≤ CR

A
B
C
D
E

Spalling (mm)

No spalling
SP ≤ 15
15 ≤ SP < 20
20 ≤ SP < 25
25 ≤ SP

A
B
C
D
E

Ratio of design
compressive
strength of
concrete to
measured strength

RCS ≥ 100
(in perfect condition)
RCS ≥ 100
(with slight damage)
85 ≤ RCS < 100
70 ≤ RCS < 85
70 ≥ RCS

C
D
E

Concrete
carbonation depth
(mm)

CA ≤ 5
5 ≤ CA < 10
10 ≤ CA < 15
15 ≤ CA < 30
30 ≤ CA

A
B
C
D
E

A
B

CD: concrete discoloration; CR: crack width; SP: spalling; TP: heating temperature; RCS: ratio of designed
compressive strength of concrete to measured strength; CA: concrete carbonation depth.

3.2. Membership Function

In order to use the input variables in the ﬁre damage diagnosis system based on fuzzy theory,
they should be fuzziﬁed ﬁrst, and the triangular and trapezoidal fuzzy sets were used in this study,
as shown in Figure 3. The membership function of a triangular fuzzy set can be deﬁned, depending on
the range of the input variable (x), as follows:
⎧
⎪
0
⎪
⎪
⎪
⎪
⎨ x−a
triangle( x; a, b, c) =

b− a

c− x
⎪
⎪
⎪
c−b
⎪
⎪
⎩0

x≤a
a≤x≤b
b≤x≤c

,

c≤x

(4)

where a, b and c are the constants representing the range of the input variable (x), as shown in Figure 3a.
In addition, the membership function of a trapezoidal fuzzy set can also be deﬁned, as follows:
⎧
⎪
0
⎪
⎪
⎪
⎪
⎪
⎪ x−a
 ⎨ b −a

trapezoid x; a , b , c , d = 1
⎪
⎪
⎪
⎪ d −x
⎪
d −c
⎪
⎪
⎩
0
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x≤a
a ≤x≤b
b ≤x≤c ,
c ≤x≤d
c ≤x

(5)
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where a , b , c and d are the constants representing the range of the input variable (x), as shown in
Figure 3b. As shown in Figure 4, the fuzzy sets of all of the input variables were carefully constructed
based on the detailed guidelines for the Safety Inspection Regulations of Korea Infrastructure Safety
and Technology Corporation (KISTEC) [18]. In particular, the concrete discoloration status was divided
into four categories: sooty, pink, light gray and concrete melting, as shown in Figure 4a, and the ranges
of the heating temperature depending on the discoloration condition were determined based on the
Fire Resistance of Reinforced Concrete Structures [1] published by the Korea Concrete Institute (KCI).

(a)ȱTriangularȱfuzzyȱsetȱ

(b)ȱTrapezoidalȱfuzzyȱsetȱ

Figure 3. Triangular and trapezoidal fuzzy sets [15].

(a)ȱMembershipȱofȱdegreeȱforȱconcreteȱdiscoloration

(b)ȱMembershipȱofȱdegreeȱforȱcrackȱwidthȱ

(c)ȱMembershipȱofȱdegreeȱforȱspallingȱ

(d)ȱMembershipȱofȱdegreeȱforȱtemperatureȱ

(e)ȱMembershipȱofȱdegreeȱforȱratioȱofȱ ȱ
concreteȱcompressiveȱstrength

(f)ȱMembershipȱofȱdegreeȱforȱ ȱ
concreteȱcarbonationȱdepthȱ

Figure 4. Fuzzy sets of input data.

3.3. Process for CPD I

As previously mentioned, in the CPD I, the visual inspection data on the concrete discoloration
(CD), the crack width (CR) and the spalling depth (SP) were utilized as the input variables. Mamdani’s
fuzzy inference method [16,17] is used to estimate the grade of each variable expressed as A–E, and the
ﬁnal ﬁre damage grade of an individual structural member is then determined by combining the
grades of all of the variables.
In the process of the CPD I, the fuzziﬁcations of the input variables are performed by substituting
each visual inspection datum into the corresponding fuzzy set shown in Figure 4a–c, and the fuzzy
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rules are then deﬁned as shown in Table 4, where the output fuzzy sets belong to all of the ﬁre damage
Grades A–E. For example, as shown in Figure 5, if the concrete color is observed from the visual
inspection as pink, slightly affected by light-gray, and the heating temperature is estimated to be 525 ◦ C,
the membership degree of the pink is estimated to be 0.75, and that of the light gray is estimated as 0.25.
The ﬁre damage grades of the concrete discoloration can then be estimated using the predeﬁned fuzzy
rules RCA 2 and RCA 3, for instance, as shown in Figure 6 and Table 4. Therefore, the membership
degree of the concrete discoloration belongs to ‘SH (slightly-high)’ of Grade A by as much as 0.75
according to the fuzzy rule RCA 2 and to ‘M (medium)’ by as much as 0.25 according to the fuzzy rule
RCA 3. As shown in the last step of Figure 6, the possibility (φ) of each fuzzy rule can be combined,
and the possibility (φ) of the concrete discoloration belonging to Grade A can then be estimated as
0.614 from the defuzziﬁcation process introduced in Equation (3). In addition, as shown in Figure 7,
the possibility of Grades B, C, D and E for the concrete discoloration can be estimated as 0.819, 0.716,
0.546 and 0.386, respectively.
Table 4. Fuzzy rules for input parameters.
Input Parameter

Concrete
discoloration

Crack width

Spalling

Rule No.

Fuzzy Rule

RCD 1

If CD is “soot”, then CDA is “VH” and CDB is “SH” and CDC is “M”
and CDD is “SL” and CDE is “VL”

RCD 2

If CD is “pink”, then CDA is “SH” and CDB is “VH” and CDC is “SH”
and CDD is “M” and CDE is “SL”

RCD 3

If CD is “light gray”, then CDA is “M” and CDB is “SH” and CDC is
“VH” and CDD is “SH” and CDE is “M”

RCD 4

If CD is “light blue”, then CDA is “SL” and CDB is “M” and CDC is
“SH” and CDD is “VH” and CDE is “SH”

RCD 5

If CD is “concrete melting”, then CDA is “VH” and CDB is “SH” and
CDC is “M” and CDD is “SL” and CDE is “VL”

RCR 1

If CR is “VL”, then CRA is “VH” and CRB is “H” and CRC is “SL” and
CRD is “L” and CRE is “VL”

RCR 2

If CR is “L”, then CRA is “H” and CRB is “SH” and CRC is “M” and
CRD is “SL” and CRE is “L”

RCR 3

If CR is “SL”, then CRA is “SH” and CRB is “H” and CRC is “SH” and
CRD is “M” and CRE is “SL”

RCR 4

If CR is “M”, then CRA is “M” and CRB is “VH” and CRC is “H” and
CRD is “SH” and CRE is “M”

RCR 5

If CR is “SH”, then CRA is “SL” and CRB is “H” and CRC is “VH” and
CRD is “H” and CRE is “SH”

RCR 6

If CR is “H”, then CRA is “L” and CRB is “SH” and CRC is “H” and
CRD is “VH” and CRE is “H”

RCR 7

If CR is “VH”, then CRA is “VL” and CRB is “M” and CRC is “SH” and
CRD is “H” and CRE is “VH”

RSP 1

If SP is “VL”, then SPA is “VH” and SPB is “H” and SPC is “SL” and
SPD is “L” and SPE is “VL”

RSP 2

If SP is “L”, then SPA is “H” and SPB is “SH” and SPC is “M” and SPD
is “SL” and SPE is “L”

RSP 3

If SP is “SL”, then SPA is “SH” and SPB is “H” and SPC is “SH” and
SPD is “M” and SPE is “SL”

RSP 4

If SP is “M”, then SPA is “M” and SPB is “VH” and SPC is “H” and
SPD is “SH” and SPE is “M”

RSP 5

If SP is “SH”, then SPA is “SL” and SPB is “H” and SPC is “VH” and
SPD is “H” and SPE is “SH”

RSP 6

If SP is “H”, then SPA is “L” and SPB is “SH” and SPC is “H” and SPD
is “VH” and SPE is “H”

RSP 7

If SP is “VH”, then SPA is “VL” and SPB is “M”and SPC is “SH” and
SPD is “H” and SPE is “VH”
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Rule No.

Fuzzy Rule

RTP 1

If TP is “VL”, then TPA is “VH” and TPB is “H” and TPC is “SL” and
TPD is “L” and TPE is “VL”

RTP 2

If TP is “L”, then TPA is “H” and TPB is “SH” and TPC is “M” and
TPD is “SL” and TPE is “L”

RTP 3

If TP is “SL”, then TPA is “SH” and TPB is “H” and TPC is “SH” and
TPD is “M” and TPE is “SL”

RTP 4

If TP is “M”, then TPA is “M” and TPB is “VH” and TPC is “H” and
TPD is “SH” and TPE is “M”

RTP 5

If TP is “SH”, then TPA is “SL” and TPB is “H” and TPC is “VH” and
TPD is “H” and TPE is “SH”

RTP 6

If TP is “H”, then TPA is “L” and TPB is “SH” and TPC is “H” and
TPD is “VH” and TPE is “H”

RTP 7

If TP is “VH”, then TPA is “VL” and TPB is “M” and TPC is “SH” and
TPD is “H” and TPE is “VH”

RRCS 1

If RCS is “VH”, then RCSA is “VH” and RCSB is “H” and RCSC is “SL”
and RCSD is “L” and RCSE is “VL”

RRCS 2

If RCS is “H”, then RCSA is “H” and RCSB is “SH” and RCSC is “M”
and RCSD is “SL” and RCSE is “L”

RRCS 3

If RCS is “SH”, then RCSA is “SH” and RCSB is “H” and RCSC is “SH”
and RCSD is “M” and RCSE is “SL”

RRCS 4

If RCS is “M”, then RCSA is “M” and RCSB is “VH” and RCSC is “H”
and RCSD is “SH” and RCSE is “M”

RRCS 5

If RCS is “SL”, then RCSA is “SL” and RCSB is “H” and RCSC is “VH”
and RCSD is “H” and RCSE is “SH”

RRCS 6

If RCS is “L”, then RCSA is “L” and RCSB is “SH” and RCSC is “H”
and RCSD is “VH” and RCSE is “H”

RRCS 7

If RCS is “VL”, then RCSA is “VL” and RCSB is “M” and RCSC is “SH”
and RCSD is “H” and RCSE is “VH”

RCA 1

If CA is “VL”, then CAA is “VH” and CAB is “H” and CAC is “SL” and
CAD is “L” and CAE is “VL”

RCA 2

If CA is “L”, then CAA is “H” and CAB is “SH” and CAC is “M” and
CAD is “SL” and CAE is “L”

RCA 3

If CA is “SL”, then CAA is “SH” and CAB is “H” and CAC is “SH” and
CAD is “M” and CAE is “SL”

RCA 4

If CA is “M”, then CAA is “M” and CAB is “VH” and CAC is “H” and
CAD is “SH” and CAE is “M”

RCA 5

If CA is “SH”, then CAA is “SL” and CAB is “H” and CAC is “VH” and
CAD is “H” and CAE is “SH”

RCA 1

If CA is “H”, then CAA is “L” and CAB is “SH” and CAC is “H” and
CAD is “VH” and CAE is “H”

RCA 7

If CA is “VH”, then CAA is “VL” and CAB is “M” and CAC is “SH”and
CAD is “H” and CAE is “VH”

VH: very high; SH: slightly high; H: high; M: medium; L: low; SL: slightly low; VL: very low.
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Figure 5. An example of concrete discoloration.

Figure 6. Possibility of ‘A’ grade for concrete discoloration.
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(a)ȱBȱgradeȱ( CDB )ȱ

(b)ȱCȱgradeȱ( CDC )ȱ

(c)ȱDȱgradeȱ( CDD )ȱ

(d)ȱEȱgradeȱ( CDE )ȱ

Figure 7. Possibility of ‘B’–‘E’ grade for concrete discoloration.
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In the CPD I evaluation, there are three input variable items (i.e., CD, CR and SP) and ﬁve ﬁre
damage grades (i.e., Grades A–E) for each variable item, and thus, a total of 53 (=125) fuzzy rules for
output parameters should be also predeﬁned, as shown in Figure 8. CPD I1 is the ﬁrst fuzzy rule that
is the case when the ﬁre damage grades of all of the input variables are Grade A, while CPD I125 is
the last fuzzy rule, which is the case when the ﬁre damage grades of all input variables are Grade E.
As in these two cases, when the grades of all of the input variables are the same (i.e., CDA , CRA
and SPA ), the resulting grades of their fuzzy rule can be easily determined. When the grades of the
input variables are different, however, it is not easy to determine the resulting grades of the fuzzy
rule, for which the weight factors should be introduced to combine the grades of the input variables.
Therefore, in this study, the weight factors of the input variables were determined as shown in Table 5,
based on the survey results obtained from the 72 professionals in the ﬁeld of structural design and ﬁre
safety [18]. They were 5.0, 3.78 and 3.19 for the concrete discoloration (CD), the crack width (CR) and
the spalling depth (SP), respectively, and the ﬁre damage grade of the CPD Ii was then determined by
the weighted average method. As shown in Figure 9, among the total 125 resulting grades, 4 of them
were Grade A, 32 were Grade B, 53 were Grade C, 32 were Grade D and 4 were Grade E.

Figure 8. Fuzzy inference process for CPD I.

Table 5. Weight factors based on survey results from 72 professionals [18].
Survey Item

Weight Factor

Concrete discoloration
Heating temperature

5.00

Concrete compressive strength
Concrete crack
Concrete carbonation

3.64
3.78
3.49

Surface condition

Peeling
Spalling
Leakage
Exposed steel bar

32

3.13
3.19
3.33
3.40

Figure 9. Fire damage grade of CPD Ii .
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The ﬁnal ﬁre damage grade of CPD I is determined using the min-max method. For example, if
the possibility of the concrete discoloration belonging to Grade A, i.e., μ(CD A ), is 0.5, that of the crack
width belonging to Grade B, i.e., μ(CR B ), is 0.3 and that of the spalling depth belonging to Grade C,
i.e., μ(SPC ), is 0.4, then the corresponding membership degree of the CPD I8 fuzzy rule, i.e., μ(CPD I8 ),
can be estimated to be 0.3 through the min operation, as follows:
μ(CPD I8 )

= μ(CD A ) ∧ μ(CR B ) ∧ μ(SPC )
,
= 0.5 ∧ 0.3 ∧ 0.4 = 0.3

(6)

Furthermore, the ﬁre damage grade of CPD I8 was determined as B by the weighted average
method as shown in Figure 9. Thus, the fuzzy value CPD I8 can be expressed as follows:
CPD I8 = ( B, μ(CPD I8 )) = ( B, 0.3),

(7)

This means that the ﬁre damage grade of CPD I8 was determined as B with the possibility of 0.3.
In the same way, the membership degrees of all the fuzzy values CPD Ii can be calculated, ranging
from 1 to 125. The membership degrees of all of the grades, i.e., μ(CPD IA ), μ(CPD IB ), μ(CPD IC ),
μ(CPD ID ) and μ(CPD IE ), can be estimated using the max operation, respectively, as follows:
μ(CPD IA ) = μ(CPD I1 ) ∨ μ(CPD I2 ) ∨ μ(CPD I6 ) ∨ μ(CPD I26 ),

(8a)

μ(CPD IB ) = max[μ(CPD I3−5,7−14,16−18,21,27−33,36,37,41,51−53,56,57,61,76 )],

(8b)

μ(CPD IC ) = max[μ(CPD I15,19,20,22−25,34,35,38−40,42−49,54,55,58−60,62,63,66−68,71,72,77−84,86−88,91,92,101−104,106,107,111,116 )],

(8c)

μ(CPD ID ) = max[μ(CPD I50,64,65,69,70,73−75,85,89,90,93−99,105,108−110,112−115,117−119,121−123 )],

(8d)

μ(CPD IE ) = μ(CPD I100 ) ∨ μ(CPD I120 ) ∨ μ(CPD I124 ) ∨ μ(CPD I125 ),

(8e)

The membership degree of the ﬁnal ﬁre damage grade of the CPD I, i.e., μ(CPD I), can be then
computed through the max operation, as follows:
μ(CPD I) = μ(CPD IA ) ∨ μ(CPD IB ) ∨ μ(CPD IC ) ∨ μ(CPD ID ) ∨ μ(CPD IE ),
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Furthermore, the ﬁnal ﬁre damage grade of CPD I is determined as the grade that has the
greatest membership degree among all of the grade membership degrees, i.e., μ(CPD IA ), μ(CPD IB ),
μ(CPD IC ), μ(CPD ID ) and μ(CPD IE ). Thus, the fuzzy value CPD I can be expressed as follows:
CPD I = ( X I , μ(CPD I)),

(10)

where X I is the ﬁnal ﬁre damage grade of the RC member considered through the CPD I process.
As previously mentioned, if X I is estimated as Grade A, no further detailed evaluation is required,
and if not, the combined Case II of primary damage (CPD II) evaluation needs to be conducted to
determine the ﬁnal ﬁre damage grade (X I I ) of the RC member.
3.4. Process for CPD II

The CPD II evaluation needs to be conducted when a more detailed assessment is required due to
severe ﬁre damages. The input variable items considered in the CPD II are the heating temperature (TP),
crack width (CR), spalling depth (SP), residual strength (RCS) and concrete carbonation depth (CA).
In the CPD II evaluation process, there are ﬁve input variable items and ﬁve ﬁre damage grades for
each input variable item, and thus, a total of 55 (=3125) fuzzy rules for output parameters should be
predeﬁned as done in the CPD I, as shown in Figure 10. The weight factors of the input variables in
the CPD II evaluation shown in Table 5 were also applied. Based on the same process done in CPD I,
the ﬁnal ﬁre damage grade evaluation of CPD II(X I I ) and its membership degree (μ(CPD II)) can be
obtained, and expressed in a fuzzy value form, as follows:
CPD II = ( X I I , μ(CPD II))

(11)

ȱ

Figure 10. Fuzzy inference process for CPD II.

4. Comparison of Evaluation Results

Table 6 shows some of the ﬁre-damaged RC members presented in “Diagnosis and Repair Methods
of Fire Damaged Buildings” published by the AIJ [2,19], which were obtained from the actual onsite
investigation on a ﬁre-damaged RC structure in Japan. The ﬁeld inspection data of the ﬁre-damaged
RC members are also summarized in Table 6, where those are classiﬁed into two categories, i.e., CPD I
and CPD II. The average compressive strength of the concrete cores taken from the columns, beams and
walls in the ﬁre-damaged area ranged from 25.1 MPa to 36.7 MPa, and those in the non-damaged area
ranged from 31.9 MPa to 35.5 MPa. The measured concrete carbonation depths in the ﬁre-damaged
region ranged from 10.9 mm to 26.5 mm, and those in the non-damaged region ranged from 2.7 mm
to 3.8 mm. In addition, the heating temperature was estimated at around 300 ◦ C on average in the
ﬁre damaged region. In particular, the heating temperature was estimated at about 410 ◦ C on the
surface of Beam 2 (Case 4), which means that it was exposed to a higher temperature compared to
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other members, and the carbonation depth was measured at 10.9 mm. In addition, the carbonation
depth of Wall 1 (Case 2) was measured at 26.5 mm, which was the largest among those of all members.
Table 6. Inspection data of ﬁre-damaged RC members [2,19].
Inspection Data

Inspection
Levels

Evaluation Items

Case 1
(Column)

Case 2
(Wall 1)

Case 3
(Wall 2)

CPD I

Concrete discoloration
Crack width (mm)
Spalling (mm)

Pink
0.21
7

Soot
0.23
19

Pink
0.37
0

CPD II

Heating temperature (◦ C)
Crack width (mm)
Spalling (mm)
Ratio of design compressive strength
of concrete to measured strength (%)
Concrete carbonation depth (mm)

250
0.21
7

290
0.23
19

290
0.37
0

90.10

92.39

91.83

13.50

26.50

26.00

Case 4
(Beam 1)

Case 5
(Beam 2)

Pink
0.29
27.50

Pink
0.32
0

410
0.29
27.50

280
0.32
0

74.10

87.88

10.90

16.00

Table 7 shows a comparison of the evaluation results estimated by professionals and those by the
FDDS proposed in this study. The column (Case 1) shown in Table 6 was discolored to pink, and soot
was also observed on the member surface, together with a 7 mm-depth spalling. In ‘Diagnosis and
Repair Methods of Fire Damaged Buildings’ published by AIJ [2,19], Grade B was imposed on the
ﬁre-damaged column (Case 1), based on the ﬁeld inspection data. The ﬁre damage grade assessed by
the FDDS was Grade B in both CPD I and CPD II evaluations, which is identical to that reported in the
AIJ document. In addition, as shown in Table 7, the FDDS evaluation results for Cases 2–5 were also
the same or very close to those estimated by the ﬁre inspection professionals based on the AIJ methods.
Therefore, it is considered that the FDDS proposed in this study can provide reasonable ﬁre damage
grades. It should be emphasized that the FDDS can provide consistent and objective evaluation results
because it can ensure comprehensive considerations of the inﬂuential factors (i.e., the ﬁeld inspection
data) in a systematic manner based on fuzzy theory. As the FDDS provides very similar ﬁre damage
grades to the inspection method widely used in current practices, it can be now straightly adopted for
the ﬁeld inspection. In addition, since the application of the FDDS can improve the reliability of the
ﬁre damage grades of RC members, it can be also very useful to establish appropriate post-ﬁre actions,
such as repairing or strengthening of the ﬁre-damaged RC members. The ﬁre damage diagnosis system
proposed in this study, however, can provide the ﬁre damage grades of individual RC members, but it
cannot give the overall ﬁre damage grade of an RC structure at the structural level. Thus, additional
research is yet necessary to extend its application to a building-level grade evaluation.
Table 7. Fire damage diagnosis results by the ﬁre damage diagnosis system (FDDS) and
inspection professionals.

Case
Case 1
(Column)
Case 2
(Wall 1)
Case 3
(Wall 2)
Case 4
(Beam 1)
Case 5
(Beam 2)

Inspection Results by
Professionals [2,19]

Fire Damage Diagnosis Results by FDDS
CPD I

Possibility

CPD II

Possibility

B

B grade

0.787

B grade

0.757

B

B grade

0.827

B grade

0.793

B

B grade

0.852

B grade

0.773

B

C grade

0.872

C grade

0.771

B

B grade

0.872

B grade

0.824
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This study was aimed at establishing the new ﬁre damage diagnosis system (FDDS), which can
comprehensively consider the ﬁeld inspection data in a systematic manner based on fuzzy theory and
thus objectively evaluate the damage levels of RC members exposed to ﬁre. In addition, the FDDS was
applied to an actual ﬁre-damaged case reported by the Architectural Institute of Japan [2], and the
resulting ﬁre damage grades of the RC members were compared to those by inspection professionals.
From this study, the following conclusions can be derived:
1.

2.

3.

4.

The existing ﬁre damage evaluation methods highly rely on the experience and knowledge of
the inspector, and thus, it is hard to ensure the objectiveness and reliability of his/her evaluation
results. The ﬁre damage diagnosis system (FDDS) proposed in this study, however, can provide
consistent and objective evaluation results because it can ensure comprehensive considerations
of the ﬁeld inspection data in a systematic manner based on fuzzy theory.
The FDDS evaluation results for the ﬁre-damaged case examined in this study were the same
or very close to those estimated by the ﬁre inspection professionals based on the AIJ methods.
As the FDDS provides very similar ﬁre damage grades to the inspection method widely used in
current practices, it can be now straightly adopted to the ﬁeld inspection.
The application of the FDDS can improve the reliability of the ﬁre damage grades of RC
members; it can be also very useful to establish appropriate post-ﬁre actions, such as repairing or
strengthening of the ﬁre-damaged RC members.
The ﬁre damage diagnosis system proposed in this study provides the ﬁre damage grades of
individual RC members only, but it cannot give the overall ﬁre damage grade of an RC structure
at a structural level. Thus, additional research is yet necessary to extend its application to
a building-level grade evaluation.
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Abstract: Polycrystalline diamond compact (PDC) bits are commonly used drill bits in the petroleum
drilling industry. Cracks often occur on the surface of a bit, which may result in the unexpected
suspension of the drilling operation, or even accidents. Therefore, the detection of surface cracks on
PDC bits is of great importance to ensure continuous drilling operation and to prevent accidents.
However, it is extremely difﬁcult to detect such cracks by visual inspection or other traditional
nondestructive testing (NDT) techniques due to the small size of cracks and the irregular geometry
of bits. As one emerging NDT technique, eddy current pulsed thermography (ECPT) can instantly
detect surface cracks on metal parts with irregular geometry. In this study, the feasibility of ECPT of
detecting surface cracks on the tungsten carbide matrix of PDC bits was investigated. A successive
scanning detection mode is proposed to detect surface cracks by using ECPT with a low power
heating excitation unit and small-size coils. The inﬂuence of excitation duration on the detection
result was also investigated. In addition, principal component analysis (PCA) was employed to
process the acquired IR image sequences to improve detection sensitivity. Finally, the whole shape
of a crack was restored with processed images containing varied cracks segments. Based on the
experimental results, we conclude that the surface cracks on the tungsten carbide matrix of PDC bit
can be detected effectively and conveniently by ECPT in scanning mode with the aid of PCA.
Keywords: polycrystalline diamond compact (PDC) bits; the tungsten carbide matrix; surface crack
detection; eddy current pulsed thermography; PCA

1. Introduction

Polycrystalline diamond compact (PDC) bits have been widely used in the onshore and offshore
petroleum drilling industry for many years. However, after a PDC bit has served for a long period of
time, or when it encounters complicated geological formation conditions during its service life, defects
may occur on its surface or inside. These defects include abrasion, wear, cutting teeth falling-off,
surface cracks, stress concentration, and so on [1,2]. Among these defects, surface cracks are fatal
defects because they may gradually expand and ﬁnally lead to the entire failure of the PDC bit.
Moreover, the dimensions of the surface crack, especially the width, are usually very small, which
makes it difﬁcult to be detected by visual inspection.
The magnetic particle testing technique has been widely used for detecting surface defects on
the drilling bit matrix. However, in order to avoid a situation where the remaining contamination
reduces the detection sensitivity, surface cleaning is usually required, which makes the detection job
much more time-consuming and complicated. Therefore, several other testing techniques have been
Appl. Sci. 2017, 7, 429
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employed to detect surface or internal defects in drilling bits in recent years. Lund et al. conducted
nondestructive inspection for internal defects on a rotary drill bit using an ultrasonic technique [3].
Sullivan et al. proposed a method based on an ultrasonic phased array to identify and characterized
internal defects in a rotary drill component [4]. Williard et al. demonstrated that a scanning acoustic
microscope (C-SAM) can be used to detect defects at the PDC cutter of a drill bit [5]. Bellin [6] proposed
a method of acoustic emissions for testing the toughness of PDC inserted in a drill bit. These testing
techniques showed sound inspection capabilities for PDC bits. However, there are still disadvantages
in these methods, such as the difﬁculties of using acoustic couplant on the irregular surface of PDC
bits, low detection efﬁciency, or indirect detection results. Therefore, it is necessary to develop other
effective and suitable methods for detecting surface cracks on PDC bits.
Combining high sensitivity of eddy current testing and visualization of IR thermography, eddy
current pulsed thermography (ECPT), a kind of active thermography, has been widely applied to detect
surface defects on conductive materials. Previous research has demonstrated the efﬁcacy of ECPT
to detect surface cracks on steel wires [7], metal compressor blades [8], and rail track due to rolling
contact fatigue [9], etc. In addition, He et al. detected steel corrosion and investigated the inﬂuence
of testing parameters on detection accuracy of ECPT [10,11]. Xu et al. investigated the feasibility of
ECPT for hidden crack detection on corroded metal surfaces [12]. Xie et al. stated that multiple defects
on ferromagnetic or non-ferromagnetic metallic surfaces can be detected using ECPT [13]. ECPT has
also been used to detect various defects in carbon ﬁber composites [14,15]. However, there has not
been any report on the application of ECPT to detect surface defects on PDC bits. The main possible
difﬁculties for using ECPT to detect surface defects on PDC bits come from its large volume and
weight. Firstly, it is very difﬁcult to excite the whole bit one time because the required power of
heating excitation will be extremely high. Additionally, the size of the excitation coil needs to be large
enough to generate sufﬁcient heat for the entire surface of PDC bits. Therefore, it is not feasible to raise
the temperature of the tested object with one or several heating excitations to detect surface defects
on PDC bits using conventional ECPT. Hence, it is necessary to develop a new detection mode for
ECPT to detect surface cracks on PDC bits. Some researchers have proposed scanning thermography
techniques, such as line scanning thermography, scanning induction thermography, and so on [16–18].
These scanning thermography techniques can achieve defect detection on a large area or cylinder.
For example, Thomas et al. demonstrated that scanning induction thermography is effective for defect
detection of composite components with ﬂat surfaces [18]. Such achievements motivate us to develop
a new scanning mode for ECPT to detect surface cracks on PDC bits with more complicated geometry.
We aim to investigate the feasibility of using ECPT to detect surface cracks on the tungsten carbide
matrix of PDC bits in this work. A new scanning detection mode for ECPT is proposed according to
the surface features of the bit’s matrix. The inﬂuence of excitation duration on the detection result is
analyzed, and principal component analysis (PCA) is then used to process the IR image sequences
to further improve detection sensitivity. Finally, the whole crack is reconstructed by integrating IR
images of varied crack segments. The paper is organized as follows. After the introduction of the
research background in Section 1, the mechanism of detection of surface cracks on the matrix of PDC
bits using ECPT is described, and the theory of PCA for IR image processing is presented in Section 2.
Section 3 introduces the experimental setup. Section 4 presents experimental results and discussions.
Section 5 concludes the paper.
2. Methodology
2.1. Fundamental of ECPT

A basic schematic diagram of ECPT is shown in Figure 1a. A coil with high frequency alternating
current (AC) produces a short burst of electromagnetic excitation and thereby induces eddy currents
(ECs) in the conductive material. The induced ECs concentrate in a skin depth of homogeneous
material, and a local temperature rise can then be caused by the effect of Joule heating from the eddy
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currents. The heat will be conducted from the heated area to other places until a thermal balance
is ﬁnally reached. In case there is a surface crack in a conductive material, as depicted in Figure 1a,
the presence of a crack can cause a diversion in the EC ﬂow and heat conduction, which leads to
a different temperature distribution pattern on the surface [19]. Hence, the crack can be detected by
the variation of temperature distribution between the defect and the surrounding sound areas in the
IR images.

Figure 1. The detection mechanism for cracks on a polycrystalline diamond compact (PDC) bit:
(a) principle of eddy current pulsed thermography (ECPT); (b) temperature distribution excited by
an annular coil.

As mentioned above, due to its large volume and weight, it is difﬁcult to thermally excite and
detect the bit once using a small induction coil. In order to solve such a problem, ECPT with low
excitation power and a small-size coil is proposed here to detect surface cracks on the matrix of a PDC
bit in scanning mode.
From Figure 1b, we can see the temperature distribution of a specimen with a surface crack on
the matrix excited by an annular coil with a small size, which is calculated with COMSOL. For a
given position of the coil, only the annular region below the coil can be directly heated because the
size of the coil is much smaller than the length of the crack. It means that only the crack segment
within and around the annular coil labeled in Figure 1b can be directly detected each time. In order
to completely detect all segments of the crack, it is necessary to move the excitation coil to perform a
scanning heat excitation. However, it is difﬁcult to use continuous scanning approach presented in
previous work [18] because PDC bits have an irregular (rather than ﬂat) surface. Therefore, a successive
scanning mode is proposed for heat excitation on PDC bits. After ﬁnishing one heating excitation at
the present position (Position I), as shown in Figure 1b, the coil will be moved to the following position
(Position II). The rest can be done in the same manner until all positions are detected. Then, the crack
will be reconstructed by all segments in varied IR images captured in different positions. Obviously,
such scanning heating mode makes it possible to ensure that all positions of a bit matrix are effectively
heated because the coil can be placed in a ﬂexible and suitable manner for each position.
2.2. PCA-Based Image Reconstruction

Different regions, such as the crack, the coil, and the surrounding sound areas, present distinctive
thermal proﬁles in IR images. Therefore, we can take each region as an independent signal source and
separately enhance the features of cracks. Here, PCA is used for source separation for IR images.
Principal component analysis (PCA) [20–22] is a common image processing method usually
used in thermography to improve the sensitivity of crack detection. A detailed algorithm of PCA
40
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can be found in a previous work [19]. Figure 2 shows the schematic diagram of PCA-based image
reconstruction method. Firstly, the IR image sequences captured by the IR camera are converted


to gray-level image sequences. Here, X Nx , Ny , n represents the pixel value of gray-level image
sequences, which is a 3D matrix. The Nx × Ny means the resolution of camera, and n is the number


of images. Next, the 3D matrix X is transferred to a 2D matrix U Nx × Ny , n as the input data of
image processing. Then, the matrix U is processed by PCA, generating the principal components (PCs).
Finally, the appropriate PCs are transferred to 2D arrays to form new images, which can improve the
detection sensitivity and increase the signal-to-noise ratio of raw IR images.
Raw IR image sequence

Gray-level image sequence
X(Nx, Ny, n)
Data transfer (3D to 2D)

2D data Y(Nx × Ny, n)

PCA

PCs
Data transfer (1D to 2D)

Image reconstruction

Figure 2. Schematic diagram of principal component analysis (PCA)-based image reconstruction.

The solution of PCA is mainly based on eigenvalue decomposition of whitening matrix (EVD),
as shown in the following equation.
E{U (t)U (t) T } = EDE T

(1)

E is the orthogonal matrices of eigenvectors, D = diag(λ 1 , · · · , λ N ) represents the eigenvalue
matrix, and λ1 ≥ · · · ≥ λ N is the eigenvalues.
Eigenvalue decomposition can be expanded as
−1
E{U (t)U (t) T } = EDE T = ED0.5 D0.5 E T = W PCA
E{ X

Among them, E{X

PCA ( t ) X PCA ( t )

−T

PCA ( t ) X PCA ( t )

−T

−T
}WPCA
.

(2)

} = I, so Equation (2) can be simpliﬁed as

−1
−T
−1
−T
IW PCA
= W PCA
WPCA
.
E{U (t)U (t) T }= W PCA

(3)

Combining Equations (2) and (3), we can obtain the Equation (4) as follows:
WPCA = ( ED 0.5 )−1 = D0.5 E T .
Finally, the signal vector matrix (Nx × Ny , n) is separated by PCA:
X

PCA ( t )=

W PCA U (t).

(4)

(5)

Each column of the matrix X PCA (t) is a principal component, which can be transferred to a 2D
matrix and then used to conduct image reconstruction.
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The experimental setup in this study is shown in Figure 3a. An induction heating system
(EasyHeat 0224, Ambrell, NY, USA) is used for thermal excitation. In order to ﬁt the complex geometry
of a PDC bit, the excitation coil is designed as an annular coil as shown in Figure 3b. The induction
heating system provides a maximum excitation power of 2.4 kW, a maximum output current of 380 A,
and an excitation frequency range of 150~400 kHz. The temperature response of the specimen surface
is recorded by an infrared camera (SAT-HY6850) with 320 × 240 pixels at a frame rate of 25 Hz and
a spatial resolution of 1.3 rad. The thermal sensitivity of the camera is 80 mK and the accuracy is ±2%.

Figure 3. Experimental setup: (a) each part of the experimental system; (b) zoomed view of the
excitation coil.

A PDC bit retired from oil drilling ﬁeld is used as experimental specimen in this study, as shown
in Figure 4a. A PDC bit is comprised of three parts: a PDC cutter, a tungsten carbide matrix, and the
joint. There are two crossed surface cracks on the tungsten carbide matrix, which are labeled as Crack
I and Crack II, as shown in Figure 4b. Their widths are both less than 0.2 mm, which makes it very
difﬁcult for direct visual observation. The lengths of Crack I and Crack II are 88 mm and 21 mm,
respectively. Figure 4c shows the zoomed view of Crack I. The polycrystalline diamond compact
cutter comprises a thin layer of sintered polycrystalline diamond bonded to a tungsten carbide–cobalt
substrate. The tungsten carbide matrix is one kind of alloy steel that mainly includes W, Fe, T.C, F.C,
Si, Ni, Co, and other components. Its electrical conductivity is about 5.21 × 106 S/m and thermal
conductivity is 0.42 W/(cm·K). The conductivity of tungsten carbide makes it possible to heat the PDC
bit matrix by induction heating.

Figure 4. Cont.

42

Crack I

(c)

MDPI Books

Appl. Sci. 2017, 7, 429

Figure 4. Tested specimen: (a) the PDC bit; (b) two cross cracks on the surface: Crack I and Crack II;
(c) zoomed view of Crack I.

From Figure 3a, we can see that the size of the annular coil is too small to detect the surface cracks
on the bit matrix. Additionally, the power of the induction heating system is also limited for exciting
the whole bit at one time. Therefore, as discussed in Section 2.1, ECPT can be applied to detect the
cracks in a successive scanning manner. As shown in Figure 4b, the induction coil was successively
moved from Position A to Position E in such a way: the induction coil was moved 20 mm each time
and heat the PDC bit for 500 ms followed by a cooling time of 3.5 s at each position. Additionally,
the recording process of the IR camera is an ongoing process during the detection for the ﬁve positions.
After the excitation coil scanning the whole surface of bit matrix, each segment of each surface crack
can be roughly detected in sequence.
4. Results and Discussion

4.1. Analysis of Excitation Duration on Detection Ability of ECPT for Surface Cracks on PDC Bit Matrix

Due to the principle of ECPT that the effect of current obstruction by defect can cause a different
temperature distribution of the specimen surface, excitation current intensity and excitation duration
are two key parameters for ECPT testing. A larger excitation current intensity generally leads to more
obvious thermal contrast between the defect and the sound area. Therefore, the excitation current
intensity should be set as large as possible for different inspected objects. As a result, 350 A is chosen
as the excitation current intensity during the experiments. Additionally, the excitation frequency used
in the experiment is set to 200 kHz, at which the calculated penetration depth of the induced eddy
current is about 0.49 mm. For a speciﬁc eddy current heating system, the inﬂuence of current excitation
duration on the detection result differs with varied tested objects. Hence, it is necessary to conduct
an experimental investigation on determining the optimized excitation duration for detecting surface
cracks on PDC bits.
In this paper, Position D in Figure 4b is selected as an example to optimize the excitation duration.
With other detecting parameters unchanged, experiments with a series of excitation duration, including
100, 200, 300, 400, 500, and 600 ms, have been conducted respectively to detect the two cracks.
Considering the infrared camera worked at the frame frequency of 25 Hz, 100 IR image frames were
sequentially recorded for each position (the recording time of 4000 ms). Consequently, taking the
heating duration of 500 ms as an example, each IR image sequence can be divided into three periods:
frames from 1 to 10 (0~400 ms) as the stage before heating; frames from 11 to 23 (401~900 ms) as the
heating stage and frames from 24 to 100 (901~4000 ms) as the cooling stage (after heating).
According to the ﬁndings in previous works [12], the frame at the end time of heating excitation
stage in each infrared sequence was chosen for IR image analysis to evaluate the inﬂuence of heat
excitation duration on detection results. Figure 5 shows IR images recorded with different excitation
duration when the coil was located at Position D. We can see the segments of two cracks can be easily
recognized in Figure 5a–f despite the interference of excitation coil in visual ﬁeld.
To ﬁnd the optimum heating excitation duration, a criterion is necessary to ﬁnd the optimum
heating excitation duration. It is well known that the crack is easier to detect when the thermal contrast
between the defect and the surrounding sound area is higher. Hence, such thermal contrast can
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be used to evaluate the effectiveness of each excitation duration setting for ECPT. The temperature
response can certainly be used to calculate the thermal contrast. Additionally, there is a proportional
relationship between the intensity of each pixel in the IR image and the temperature response of the
corresponding position. Therefore, the intensity contrast of the IR image can be used to represent the
thermal contrast. For simpliﬁed calculation, we convert the IR images to gray scale images and the
gray contrast (intensity contrast gray scale-level images) between the defect and its surrounding area
to represent that the thermal contrast is obtained as the criterion to assess the effectiveness of each
excitation duration setting for ECPT.
Here, we take Crack I as an example and the gray contrast between the crack and sound area
are calculated based on the IR images shown as Figure 5a–f. The calculated gray contrast is shown in
Figure 6. It can be seen from Figure 6 that the gray contrast rises with the increase of excitation duration
from 100 ms to 500 ms. However, when the excitation duration exceeds 500 ms, the gray contrast
decreases. The reason comes from the fact that there are two main factors affecting the contrast between
the defect and the surrounding sound area: temperature rising caused by the thermal excitation and
thermal balance resulted from the lateral heat conduction between the crack and its surrounding area.
In the early stages of heat excitation, the thermal contrast gradually increases because the effect of
temperature rising is dominant. With the increase in exciting duration, the inﬂuence of the lateral heat
conduction becomes more prominent, which makes the thermal contrast begin to decreases.
Additionally, it is a waste of energy and a higher risk to damage the tested object if the excitation
time is set too long. As a result, 500 ms is chosen as the optimum excitation duration for surface defect
detection on the tungsten carbide matrix of the PDC bit in the presented experiments.

Figure 5. IR image recorded at (a) 100 ms, (b) 200 ms, (c) 300 ms, (d) 400 ms, (e) 500 ms, and (f) 600 ms
when the coil is placed on Position D shown as Figure 4b.

Figure 6. Gray contrast between crack and sound area for each excitation duration.
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With the optimum excitation parameter, namely the excitation current of 350 A, the frequency
of 200 kHz, and the excitation duration of 500 ms, all segments of Crack I were tested by moving
coil at all positions shown in Figure 4b. The detection results are shown in Figure 7. As mentioned
before, only the crack segments within and around the annular coil can be directly detected at one
heating excitation position. From Figure 7a–e, it is found that all crack segments of Crack I are basically
recognized due to the thermal contrast in each IR image. Especially, the segments at Position A and
Position E are the starting tip and the end tip of Crack I, respectively. Meanwhile, Crack II with a
smaller length can be clearly observed as a horizontal bright line in Figure 7c,d. Consequently, it is
demonstrated that the surface cracks on the tungsten carbide matrix of PDC bits can be detected by
using ECPT in a successive scanning mode.

Crack II
Crack I

Crack I
Crack I

(a)

(b)

(c)

Crack II

Crack I

(d)

(e)

Figure 7. IR images recorded when the coil is placed at (a) Position A, (b) Position B, (c) Position C,
(d) Position D, and (e) Position E. Positions A~E is corresponding to Figure 4b.

4.3. PCA Processing for IR Images

From the analysis of IR images above, it is obvious that ECPT can be used to detect the presence
of the surface cracks on PDC bits in a successive scanning mode. However, due to the effects of a low
SNR (signal-to-noise ratio) and non-uniform heating, it is difﬁcult to make a precise characterization of
the crack geometry. For example, the shape of each segment of Crack I is hard to identify in Figure 5a–f.
As discussed in Section 2.2, PCA is effective to eliminate effects of noise and non-uniform heating
in the raw IR images to enhance the features of the cracks. Hence, PCA is introduced as an image
processing method to improve the detection result of ECPT for the cracks on tungsten carbide matrix
of PDC bit. Here, we take the condition of the coil located at Position D as an example to illustrate the
effectiveness of image processing with PCA.
There are several suggestions for selection of the IR image frames as the input of PCA method.
He et al. found that the IR image sequences before the time of when the thermal responses of the
defects and the intact areas appear in inversion pattern are suitable for PCA analysis [10]. According
to this ﬁnding, IR image sequences from frame 10 to 30 (400~1200 ms) were selected as the inputs for
PCA processing because the cracks show higher thermal response than those of surrounding sound
areas in these IR image frames. Generally, the ﬁrst four principal components obtained by PCA carry
most of information regarding the original data, which can be used for image reconstruction and defect
feature enhancement [21].
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The reconstructed images by the ﬁrst two principal components are shown in Figure 8, which
shows the enhanced features of the cracks. Compared to the original IR image in Figure 7d,
the background noise has been greatly eliminated in Figure 8a, but the location and geometry of
the segments of Crack I and Crack II are not greatly enhanced. The main reason may come from the
remaining effect of non-uniform heating along the annular coil. However, from Figure 8b, we can
see that Crack I and Crack II are well separated from the surrounding areas because the effect of
non-uniform heating is almost eliminated. Hence, it is easy to characterize the important features of
the segments of the two cracks from Figure 8b. Besides, with the help of the PCA method, the crack
information can be automatically obtained from an IR image sequence to avoid the trouble of manually
identifying defect information from a large number of IR image frames. Therefore, the PCA method
is proven as one of the effective methods to improve the detectability of ECPT for surface cracks on
matrix of PDC bit by greatly enhancing the features of cracks from the image reconstructed with the
second principal component.

(a)

(b)

Figure 8.
Image reconstructed by (a) the ﬁrst principal component and (b) the second
principal component.

4.4. Crack Reconstruction for ECPT in Successive Scanning Mode

As mentioned above, using ECPT in a successive scanning approach, different segments of surface
cracks can be detected by sequentially moving the coil to different positions. Considering that only
one segment of each crack can be recognized in an IR image sequence captured at a certain coil
position, it is necessary to reconstruct a crack with all segments in different IR images. Here, Crack
I is taken as example to illustrate the process of crack reconstruction. In order to reconstruct the
entire shape of Crack I, the original IR images obtained under ﬁve coil positions are cut into some
image patches. These patches containing the distinct segments features of Crack I are then selected
to put together in sequence, which ﬁnally obtains the reconstructed image of Crack I, as shown in
Figure 9a. As a comparison, the images reconstructed by using the PCA processing method are
also used to reconstruct Crack I in the same approach above and the integrated image of Cracks
I is shown in Figure 9b. It is found that the whole shape of Crack I is quite rough and broken in
Figure 9a, but Figure 9b shows more distinct features of Crack I. It demonstrates the effectiveness
of the PCA method on the enhancement of detectability for ECPT. Compared with the true shape of
Crack I shown in Figure 4c, we can ﬁnd that Crack I has been reconstructed in a more continuous
and precise manner, as shown in Figure 9b. Therefore, with the help of crack reconstruction, we can
obtain the necessary information to characterize the whole crack based on the detailed detection results
of crack segments, which further prove the feasibility of using ECPT to detect surface cracks on the
matrix of PDC bit in the proposed successive scanning mode. However, there is still a shielding effect
from the annular coil in Figure 9b, which interferes with the complete shape restoration of the crack.
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The problem may be solved by designing a new coil with special geometry, which will be achieved in
our future investigation.

Figure 9. Crack reconstruction using (a) raw IR images and (b) a reconstructed image by the second
principal component.

5. Conclusions

The feasibility of eddy current pulsed thermography (ECPT) on surface crack detection for
polycrystalline diamond compact (PDC) bit is investigated in this paper. A successive scanning
detection mode is proposed to make ECPT with low heating excitation power and small-size coil
suitable for surface crack detection on the tungsten carbide matrix of a PDC bit. Experiments using
ECPT were conducted for detecting two cross surface cracks on the tungsten carbide matrix of a
PDC bit. Based on the gray contrast calculated from IR images, the optimum excitation duration is
determined as 500 ms for the used heating excitation system and the PDC bit. With the coil successively
moving from one position to another, all the segments of each are detected. The principal component
analysis (PCA) is then introduced to enhance the features of cracks in IR images, which is demonstrated
as a useful approach to improve the detectability of ECPT for surface crack detection on the matrix of
the PDC bit. Finally, by integrating the reconstructed images from the second principle component
that contain the information of varied segments of the crack, the entire shape of the crack can be
approximately restored, which further demonstrates the feasibility of ECPT to detect surface cracks
on the matrix of PDC bits in a successive scanning mode. Consequently, ECPT provides a promising
technique to detect surface cracks on the matrix of PDC bits. It is noted that the latest development of
a novel pulse-compression technique would be very useful for further improvement of the proposed
detection technique [23]. In the future, we will conduct a further investigation on improving the
detectability of ECPT for the surface defect detection of PDC bits, which mainly focuses on numerical
simulation to reveal the optimization mechanisms of detection parameters, designing a new coil with
special geometry, and the integration with the novel pulse-compression techniques.
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Abstract: As the last barrier of nuclear reactor, prestressed concrete containment vessels (PCCVs)
play an important role in nuclear power plants (NPPs). To test the mechanical property of PCCV
during the integrated leakage rate testing (ILRT), a ﬁber Bragg grating (FBG) sensor was used to
monitor concrete strain. In addition, a ﬁnite element method (FEM) model was built to simulate
the progress of the ILRT. The results showed that the strain monitored by FBG had the same trend
compared to the inner pressure variation. The calculation results showed a similar trend compared
with the monitoring results and provided much information about the locations in which the strain
sensors should be installed. Therefore, it is conﬁrmed that FBG sensors and FEM simulation are very
useful in PCCV structure monitoring.

Keywords: prestressed concrete containment vessel (PCCV); ﬁber Bragg grating (FBG);
integrated leakage rate test (ILRT); ﬁnite element method (FEM); structure health monitoring (SHM)

1. Introduction

The prestressed concrete containment vessel (PCCV) of the nuclear power plant (NPP) is the last
barrier of the nuclear reactor. The PCCV is so important that many sensors were installed during
construction to monitor different physical quantities. For example, vibrating wire strain gauges were
used to monitor the concrete structure strain, invar wires were used to monitor vertical deﬂection,
and so on. After the construction of the PCCV, there were few cracks (2 visible cracks in total at the
height of +22 m in this paper) in the concrete. To verify the construction quality, mechanical properties
and airtightness of the PCCV, the integrated leakage rate testing (ILRT) was implemented with a certain
time interval. After the ILRT, new cracks appeared due to the increasing pressure inside the PCCV.
After the second ILRT at another PCCV, there were about 20 cracks at the same location. Some of them
may lead to air leakage due to the increasing inner pressure, so concrete strain monitoring is very
important. As a consequence, it would be very useful to monitor PCCV deformation during the ILRT.
In the construction of the PCCV, about 20 to 60 vibrating wire strain gauges were embedded in
concrete to monitor strain. At the same time, the thermocouples were also embedded to monitor the
Appl. Sci. 2017, 7, 419
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temperature change for temperature compensation. However, once the embedded strain sensors are
damaged, there should be a method to compensate.
Nowadays, ﬁber optic sensors are widely used in the civil engineering structure health monitoring
(SHM). Glišić and Simon [1] used the stiff Surveillance d’Ouvrage par Fibers Optics (SOFO) sensor
to monitor the concrete deformation at a very early concrete age. The results showed that the SOFO
sensor can monitor concrete deformation. SOFO was also used for concrete strain measurement system
in monitoring the 1:4 scale model of the PCCV built by Sandia National Laboratories [2]. Zhao et al. [3]
used white light interferometer (WLI) method to monitor the rebar expansion by coiling the ﬁber
optic on the rebar’s surface. Apart from these, Brillouin optical time domain analysis (BOTDA) was
widely used in the tunnel, bridge, pipelines and so on. Inaudi and Glišić [4] used Brillouin and
Raman scattering to detect leakage in the brine and gas pipelines. They identiﬁed the leakage position
successfully. In order to verify whether ﬁber Bragg grating (FBG) could be used in the NPP structure,
Ferdinand et al. [5] did a series of experiments. Fortunately, FBG showed good resistance to γ-ray
irradiations. This meant FBG could be used in the PCCV structure even in conditions where FBG
received nuclear radiation. In order to monitor the prestress force of prestress tendon, Jang et al. [6]
installed FBG on the PCCV cylindrical wall during the ILRT. The results showed that the vertical strain
was 17–25 με and the hoop strain was about 54–90 με. Besides, the impact signal analysis technique
was used in evaluating the prestress force of bonded tendons and showed good potential. Moreover,
FBG was widely used in other ﬁelds. Leng and Asundi [7] used FBG to monitor the cure progress
of carbon ﬁber reinforced plastic (CFRP) composite materials and detected the occurred damage
successfully. Wan et al. [8] adopted long-gauge FBG sensors to monitor the strain and deﬂection
of a prestressed box bridge. The FBG monitoring data was used to detect damage of the bridge.
Perry et al. [9] welded FBG on the strand to measure the prestress force. This weld fabrication allowed
the instrumented strand to measure the stress up to 1300 MPa. Li et al. [10] used an active thermal
probe to detect steel reinforcement corrosion. Due to the poor thermal conductivity of corrosion
products, they used carbon ﬁber strands to generate heat and FBG temperature sensors to monitor the
temperature change. The results suggested that there was a correlation between corrosion severity and
temperature response.
Since ﬁber optic sensors exhibit numerous advantages such as superior durability, high sensitivity,
electromagnetic interference immunity and γ-ray irradiation immunity, using them in PCCV
monitoring is a good choice. When the embedded vibrating wire strain gauges are damaged,
the ﬁber optic sensors can compensate. In this paper, FBG was proven to be able to monitor the
strain development of PCCV cylindrical wall.
Except for the engineering application, researchers used ﬁnite element method (FEM) model to
simulate the PCCV and analyzed the failure model. As PCCV was designed to withstand certain inner
pressure even in the case of a loss of coolant accident (LOCA), Hu and Lin [11] used the FEM model
with a nonlinearity constitutive model to predict the ultimate pressure capacity and failure mode.
The results found that the ultimate pressure capacity of the PCCV was 0.886 MPa, which was 86%
higher than the design pressure. Cracks were likely to occur near the apex of the dome, the junction of
the dome and cylinder and the bottom of the cylinder. Sang et al. [12] used an axisymmetric model
and a 3D model to simulate 1:4 scale model of the PCCV. Both high temperature loading and internal
pressure were considered in the analysis. The analysis results indicated the temperature affected the
behavior of liner plate, but had little impact on the ultimate pressure capacity of the PCCV. Lee [13]
used a degenerated shell element in FEM model for ultimate pressure capacity evaluation. For precise
simulation, this FEM model involved many material properties including a tension stiffening model,
shear transfer mechanism, crack occurrence criteria and so on. The results showed the initial crack
occurred at the internal pressure 0.83 MPa. In contrast to paper [11], the crack began in the middle part
of the wall and then spread to the upper part of the wall at pressure 1.14 MPa. Other than the whole
PCCV FEM model, the simpliﬁed model was also used. Bílý and Kohoutková [14] used part of the
cylindrical wall of PCCV for sensitivity analysis. The sensitivity analysis of seven types of geometry
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and ﬁve kinds of load step was conducted. Results showed that the steel liner and temperature effect
were the most important factors. Jones et al. [15] compared the bonded PCCV with unbonded PCCV
in FEM modeling and predicted the failure at the extreme inner pressure. The results indicated that
the cylinder wall deformations were larger with bonded tendons and so were the peak strains during
the internal pressurization. Shokoohfar and Rahai [16] adopted a nonlinear FEM model to analyze
the thermal and mechanical behaviors of the PCCV that was subjected to temperature loading and
internal pressure. The analysis showed that the temperature had little impact on the ultimate pressure
capacity of the PCCV.
In this paper, we adopted FBG to monitor the PCCV during the ILRT. Moreover, the FEM model
was built to simulate the pressurization and depressurization process. Firstly, the monitoring results
were compared to the variation trend of pressure platform. Secondly, the rationality of the monitoring
results was discussed because of abrupt temperature drop. Thirdly, the FEM model calculation results
were compared with the monitoring results to testify the FEM model. Last, the calculation results were
analyzed for sensor placement.
2. The Experimental Process and the FEM Model
2.1. Basic Principle of FBG

The FBG working principle was explained in the paper [17,18]. If FBG and the host material were
bonded perfectly, the strain of host material would be transferred to FBG. Then the wavelength shift of
FBG (Δλb ) would be inﬂuenced by the load induced strain (ε1 ). The temperature change (ΔT). Δλb is
given by Equation (1).




Δλb
= 1 − pe ε1 + 1 − pe αh ΔT + ξΔT
(1)
λb

The parameter pe is the optical ﬁber photo-elastic coefﬁcient, αh is the thermal expansion
coefﬁcients of the host material and ξ is the thermo-optic coefﬁcient [18]. From Equation (1), it is clear
that the stain measured by FBG will depend on the strain of host material, the thermal expansion of host
material and the temperature inﬂuence on index of refraction of the ﬁber optic sensor. Since concrete is
a composite material, αh varies at different locations. To simplify the calculation, thermal expansion of
concrete was not considered in strain calculation. In order to separate ﬁber optic expansion caused
by temperature from the monitoring strain, the temperature compensating method [19] was used.
The temperature-compensating FBG (FBG-T-01, manufactured and calibrated by NingBo ShanGong
Intelligent Security Technology, Co., Ltd., Ningbo, China) and strain FBG (SQ-FBG-GS01, manufactured
and calibrated by NingBo ShanGong Intelligent Security Technology, Co., Ltd.) were calibrated in the
laboratory before installing them in-site.
2.2. FBG Sensors Deployment

During the in-site monitoring, FBG sensors were installed on PCCV cylindrical wall at an NPP in
China. The top elevation of the auxiliary structure is 22 m as shown in Figure 1b. Apparently, the roof
of auxiliary structure provided large space for installing FBG. As a result, the monitoring location was
chosen at the mid height of the PCCV (see Figure 1a).
On the cylindrical wall of PCCV, two kinds of FBG were installed as shown in Figure 2.
The Figure 2a shows the general measuring point which consists of a vertical direction strain FBG
and a circumferential direction strain FBG. In total, there were four general measuring points around
the PCCV. Besides, Figure 2b shows the crack measuring point which consists of two circumferential
FBG sensors which are perpendicular to the concrete crack. During installation, these two strain FBG
sensors were pasted across the concrete crack. Both general measuring points and crack measuring
points had a temperature-compensating FBG beside the strain FBG.
Before installation, FBGs were divided into six groups and fusion spliced together. Here were
the processes of the installation. Firstly, the concrete surface was polished to clear the dust away.
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Secondly, the FBGs were pasted on the cylindrical wall by using No. 502 glue for primary ﬁxing.
Thirdly, epoxy resin was smeared on FBGs for reinforcement and protection. After those processes,
the optic ﬁber connecting line was pasted on concrete surface. At last, a ﬁber optic connecting line
was connected to Optical Sensing Interrogator sm125 (manufactured by MICRON OPTICS) for data
collection. In order to distinguish those FBG in one channel, the wavelength of each FBG and the
speciﬁc location was recorded after installation.
The measuring points are located at the middle of the PCCV as shown in Figure 3. The speciﬁc
locations of each FBG are summarized in Figure 3.

(a)

(b)

Figure 1. The location of ﬁber Bragg grating (FBG) measuring points on the prestressed concrete
containment vessel (PCCV). (a) Prospect of the measuring points; (b) Close shot of the measuring points.

(a)

(b)

Figure 2. Two types FBG measuring points. (a) General measuring point; (b) Crack measuring point.

Figure 3. The measuring point locations on the PCCV and the speciﬁc location of each measure point
(length unit: m).
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Due to the importance of the PCCV, the concrete structure must be sufﬁciently conﬁned and
leak-tight both in service life and even in the event of LOCA. To test the mechanical property and the
leakage rate of the PCCV, ILRT was carried out. ILRT should be conducted every 10 years. During the
ILRT, the pressure inside the containment vessel will increase and decrease according to a certain plan.
And the ILRT pressure time table is shown in Figure 4.

Figure 4. The pressure time table.

In Figure 4, there are several pressure platforms such as 0.21, 0.42, 0.483 MPa and so on.
These pressure platforms lasted for several hours for engineers to measure the leakage rate and
ﬁnd the structure defects. The design pressure of the PCCV is Pd = 0.42 MPa and the ultimate pressure
is 1.15 Pd = 0.483 MPa. After the ILRT, the pressure reduced to 0 MPa. In-site, FBGs were installed
three days before ILRT and data was collected 12 h before ILRT.
2.4. The FEM Model
2.4.1. Hypothesis

Assuming that the surface strain of PCCV was a constant value after construction, which means
the temperature inﬂuence, the prestress loss of prestress tendon, the shrinkage and creep of concrete
and other factors did not cause strain on the surface of the cylindrical wall. Then, the pressurization
and depressurization process inside the PCCV was simulated. Because there was no cavity like the
equipment hatch at the measuring points’ side on the cylindrical wall, the cavity on concrete wall was
not modeled for simpliﬁcation.
2.4.2. Geometry

Prior to FEM modelling, the 3D geometric model was built. The cross section of the PCCV is
shown in Figure 5a and the layout of the prestress tendons in cylindrical wall is shown in Figure 5b.
As shown in Figure 5b, the thickness of cylindrical wall is 0.9 m, and thickness of anchorage block is
1.5 m. The steel liner is a 6-mm thick steel plate on the inner surface of the cylindrical wall.
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Figure 5. The geometric dimension of PCCV. (a) The cross section of PCCV (length unit: m); (b) Layout
of prestress tendons in cylindrical wall (length unit: m).

2.4.3. Material

In previous research, the results of [11] showed material nonlinearity would have an effect on
the displacement of the PCCV when the internal pressure was beyond 0.886 MPa. According to the
results in [15], the radial displacement, the tendon strain and concrete strain changed a little from
the pressure 0 MPa to 0.585 MPa. This meant that the material of concrete structure and the tendons
was still in the elastic stage during this pressurization period. In addition, the results of paper [16]
showed the radial displacement of containment. The strain of tendon changed little and seemed to
be proportional to pressure before the pressure reached 0.6 MPa. According to the works mentioned
above, the material of concrete and tendons was still in the elastic stage if the inner pressure was
under 0.585 MPa. As a result, the elastic material property was adopted to simplify the FEM model.
The material properties of FEM model are listed in Table 1.
Table 1. Material properties of the ﬁnite element method (FEM) model.
Material

Elasticity
Modulus (MPa)

Poisson Ratio

Density (kg/m3 )

Concrete
Steel liner
Prestress tendon
Rebar

3.45 × 104
2.1 × 105
1.9 × 105
2 × 105

0.2
0.28
-

2500
7850
7850
7850

Thermal Expansion
Coefﬁcient
1.2 × 10−5
-

The PCCV was prestressed by 223 horizontal, 144 vertical and 174 dome tendons with the nominal
cross section area 2.85 × 10−3 , 5.4 × 10−3 and 2.85 × 10−3 m2 . In order to simulate the prestressing
force, thermal expansion coefﬁcient was adopted. Through temperature fall, the prestressing force was
applied on every prestress tendon. The temperature fall magnitude was calculated by Equation (2).
σ = E · ε = E · α · ΔT

(2)

σ is prestress force, E is elasticity modulus of tendon, ε is tendon strain, α is the thermal expansion
coefﬁcient, ΔT is temperature fall magnitude. The prestressing force of all the tendons was 1413 MPa.
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Through Equation (2), the temperature fall magnitude ΔT was −603.846 ◦ C. Besides, six kinds
of reinforcements in two directions were modeled on the inner, outer and middle of concrete
cylindrical wall.
2.4.4. Mesh

The concrete wall was meshed by 26,172 hexahedral solid elements of a basic size of 2 m.
The concrete wall thickness direction was divided into 10 fractions to provide enough nodes for
coupling the tendon nodes with concrete nodes. The steel liner was meshed with 1632 shell elements
of size 2 m. The steel liner and concrete wall were connected by ﬁxed contacts. Prestress tendon and
steel rebar were meshed by 172,834 linear elements of size 2 m. In addition, rebar and concrete were
also connected by ﬁxed contacts. In total, the FEM model had 277,371 nodes. The FEM model is shown
in Figure 6.

(a)

(b)

(c)

Figure 6. The FEM model. (a) Concrete; (b) Tendon and rebar; (c) Steel liner.

2.4.5. Load

Firstly, the model was constrained in six directions at the bottom of PCCV foundation slab.
Secondly, self-weight was applied to the PCCV. Thirdly, prestress force was applied to all tendons.
At last, inner pressure was applied on the steel liner to simulate ILRT. The pressure direction was
perpendicular to the inner surface of steel liner. The load step history of inner pressure variation was
in proportion to the real pressure time table as shown in Figure 4.
The load step history is listed in Table 2. In the calculation, it is assumed that the time unit is
an hour. The inner pressure change time of 40 h is in proportion to the real time history of about 230 h.
Table 2. Load step history.
Load Step

Time (unit: h)

Gravity
Prestress
Inner pressure

20
20
40

3. Results
3.1. Monitoring Results
3.1.1. General Measure Points

After about 230 h of measurements, the data were processed with temperature compensating
and then exchanged to strain [19]. The results from measuring point No. 1 (MP 1) to measuring point
No. 4 (MP 4) are plotted in Figure 7. The vertical direction strain is shown by the red line while the
circumferential direction strain is shown by the green line. In addition, pressure time table is a dashed
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line in every picture. As can be seen from Figure 7, the height of pressure time table is set the same
which indicates the pressure variation trend. The pressure value 0 MPa and 0.483 MPa is marked
beside the pressure time table.

(a)

(b)

(c)

(d)

Figure 7. The monitoring results in vertical direction and circumferential direction. (a) Measuring
point MP 1; (b) MP 2; (c) MP 3; (d) MP 4.

From Figure 7a–d, it is clear that the strain in two directions had the same trend compared with
pressure variation. Using FBG to monitor PCCV is feasible. Take the results of MP 1 as an example.
The strain maintained almost the same at 0 με during the ﬁrst 12 h, then the strain of cylindrical wall
increased along with the pressure increase. At the time of pressure 0.483 MPa, the circumferential
direction strain reached the maximum 200 με whereas the vertical direction strain was about 40 με.
This meant circumferential direction expansion was larger than the vertical direction expansion.
After the highest pressure, the strain decreased along with the pressure decrease. However, there were
many differences from MP 1 to MP 4 which might be caused by different location, concrete material
property and so on.
There was a phenomenon that the measuring strain from 121 h to 148 h was 10 με lower than
the strain from 73 h to 98 h (see Figure 7a–d). However, the pressure was the same value, 0.42 MPa,
during the two periods. Meanwhile, the temperature changed regularly on the order of 5 ◦ C during
the test. If the thermal expansion coefﬁcient of concrete is 1 × 10−5 , 5 ◦ C would cause 50 με every
day, which is visible in the vertical direction strain (see Figure 7a). The strain discrepancy between 73
and 98 h and 121 and 148 h may be caused by the temperature ﬂuctuation. However, the temperature
between these two periods seemed not very large, so there may be another reason explaining this
phenomenon. The reason for this phenomenon might be that the FBG was ﬁxed on the concrete
wall by glue instead of a bolt. Although a bolted connection might be a better choice, a bolt was not
used in order to protect the concrete surface. Obviously, glue creep might occur during the ILRT.
As a consequence, the creep led to a tiny strain on each FBG.
During the last 30 h (200 h to 230 h), as shown in Figure 7a,d, the vertical direction strain
decreased with value −30 με and −100 με. Considering that the vertical direction strain changed
about 50 με at highest pressure, this decrease was very huge. The main cause of this phenomenon was
concrete material thermal contraction. As mentioned before, αh was not considered in Equation (1) for
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simpliﬁcation. Therefore, temperature compensation FBG could not compensate the thermal expansion
of concrete. Fortunately, the thermal expansion or contraction strain of concrete material was relatively
small when the temperature changed regularly.
In site, an abrupt temperature drop of about 11 ◦ C happened at between 200 h and 230 h
(see Figure 8). This phenomenon caused an abrupt strain decrease as shown in Figure 8a.
During the ﬁrst 200 h of monitoring, the temperature changed with a certain circulation. In general,
the temperature decreased to the minimum value about 23 ◦ C at night and increased to the maximum
value of about 30 ◦ C in daylight. However, at 200 h, temperature had a sudden drop about 11 ◦ C.
Because the concrete of the PCCV was sensitive to temperature change, it had a thermal contraction
strain about −100 με in the vertical direction.

(a)

(b)

Figure 8. Comparison between the strain of MP 1 and measured temperature. (a) MP 1; (b) Temperature
of each measure point.

That vertical direction strain was sensitive to an abrupt temperature drop while circumferential
direction strain was not sensitive to temperature drop was an interesting phenomenon. One possible
cause was that the prestressing in the circumferential and vertical directions was different. Due to
the higher value of compression strain caused by the circumferential tendons which will be later
discussed in the Section 3.2.1, the strain caused by temperature abrupt drop would have less effect on
the circumferential direction strain. The real cause of this phenomenon needs further study.
3.1.2. Crack Measure Points

Apart from four general measurement points, the results of two crack measuring points are shown
in Figure 9. The crack is shown in Figure 2b. In site, the crack was vertical so that two FBG sensors were
horizontal with an upper one and a lower one in height. The strain of crack No. 1 seemed just like the
general measuring points. However, the strain of crack No. 2 reached 330 με which was the maximum
of all FBGs. In contrast to other measuring points, during the time from 100 h to 123 h, the strain
of crack No. 2 had a sharp increase of about 130 με at 0.483 MPa compared to 0.42 MPa. As the
pressure inside the PCCV increased, the compression strain in the circumferential direction decreased
(see Figure 10). During this period, the prestress loss happened. In the actual engineering, the prestress
was conducted to the concrete by the grouting in the prestress duct. However, the prestress was not
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uniform so the crack started to open at the low prestress site. As shown in Figure 9, the strain of crack
No. 2 was larger than for crack No. 1 at 0.42 MPa. This meant that the prestress loss at crack No. 2 was
larger than that at crack No. 1. Now that the cracks had opened, this meant the prestress was overcome
by the inner pressure. Without the prestress constraint, crack No. 2 had larger strain variation due
to the prestress loss. It was possible that the strain of crack No. 2 continued to increase. As a result,
the PCCV was not tight enough and the leakage might happen there due to increasing inner pressure.
Therefore, crack No. 2 should be paid more attention.

(a)

(b)

Figure 9. The strain of two crack measuring points. (a) Crack No. 1; (b) Crack No. 2.

Figure 10. The results of vertical direction strain and circumferential direction strain.
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In the FEM model, the elements 10,801, 10,426, 9426 and 14,401 were close to the measuring
points from MP 1 to MP 4. Besides, element 10,076 and element 9451 were close to crack 1 and
crack 2. Therefore, the results of the elements mentioned above were summarized. The strain of
vertical and circumferential direction is shown in Figure 10. During the time from 0 to 20 h, the strain
in two directions had little change. At the prestress load step (time from 20 to 40 h), the strain
in two directions was compression strain with huge difference in magnitude. At the end time of
prestress force, the vertical and circumferential direction strains were −482 and −166 με. At the
time of maximum inner pressure, the vertical and circumferential direction strain came to −250 and
−93 με. It was clear that the concrete cylindrical wall was still subjected to the compression strain
at maximum inner pressure. This meant that there was no tension strain occurring at the concrete
surface. The prestress tendons were still working to protect the concrete from cracking and the material
was still elastic. Because the FEM model was ideal, especially in that the concrete material property
difference was not considered, there was little difference between each measuring point.
3.2.2. The Strain Distribution

The principal object of this part was to ﬁnd the regularities of strain distribution on the cylindrical
wall. The strain in two directions was calculated and compared to the monitoring results. At the
maximum inner pressure, the strain distribution in two directions is shown in Figure 11.

(a)

(b)

Figure 11. The strain distribution contour in two directions at the maximum inner pressure.
(Deformation scale factor is 500.) (a) Vertical direction strain contour; (b) Circumferential direction
strain contour.

The vertical strain on concrete surface is ε22 (Figure 11a). ε22 varied from 82 με to 127 με with
elevation from +4 m to +40 m. The junction of the dome and cylinder which was near the ring girder
had the maximum value. As the ring girder was the place where the vertical prestress tendons and
dome tendons were anchored, this place might bear stress concentration. Besides, the minimum
principal direction strain is the same as circumferential strain (see Figure 11b). The circumferential
direction strain showed small difference from elevation 0 m to +45.8 m with magnitude from 211 με to
297 με. The maximum strain, about 382 με, also occurred at the junction of the dome and cylinder.
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As a consequence, the strain in two directions was relatively high at the junction of the dome and
cylinder. According to the strain distribution regularities, more FBG sensors should be installed at
this place.
3.2.3. Comparison between Monitoring Results and Calculation Results

As mentioned previously, the concrete surface strain was compression strain from the calculation
results (see Figure 10). In the engineering, the strain sensors could only measure the strain development
after the installation time. As a result, the strain of time 40 h (see Figure 10) was set as a baseline.
Then the calculation strain subtracted the baseline value during the ILRT. Obviously, the strain was
positive after subtraction. In the FEM model, elements 10,801, 10,426, 9426 and 14,401 were close
to measuring points 1 to 4. The results of these elements are plotted in Figure 12. In each direction,
the strain discrepancy was small. The maximum discrepancy value is 12 με in the circumferential
direction at 0.483 MPa (Figure 12b).

(a)

(b)

Figure 12. The calculation results in two directions. (a) Vertical direction strain; (b) Circumferential
direction strain.

In order to testify the calculation results, the comparison between monitoring results and
calculation results was made (Figure 13). Because there was little difference between the calculation
results of four measuring points, the calculation results of MP 4 were chosen as a representation.
The monitoring results and calculation results were plotted in Figure 13.
It turned out that the calculation results were consistent with monitoring results of four measuring
points during the ﬁrst 110 h. However, the discrepancy became larger and larger after 110 h. During the
time from 200 h to 230 h, the decrease rate of monitoring results became faster, mainly due to the
abrupt temperature drop (see Figure 8b). The huge discrepancy was caused by temperature change.
In the future, temperature change simulation should be done for more precise simulation.
Compared to vertical direction strain, circumferential direction strain was not sensitive to abrupt
temperature drop during 200 h to 230 h (see Figure 13b). The calculation results showed good
consistence with monitoring results.
Figure 14 shows the concrete strain-inner pressure relationship. Comparing the calculation results
with monitoring results, it was clear that both monitoring results and calculation results showed
a similar trend. During the pressurization process, the monitoring results kept almost linear growth
until 0.4 MPa. When it came to 0.45 MPa and 0.483 MPa, the monitoring results even decreased while
the calculation results were still linear. The calculation results maintained almost the average value of
the monitoring results of four measuring points during pressurization. During the depressurization
process, the monitoring results were almost below the calculation results. This phenomenon might be
caused by glue relaxing of FBGs.
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Figure 13. The comparison between monitoring results and calculation results. (a) Vertical direction;
(b) Circumferential direction.

(a)

(b)

(c)

(d)

Figure 14. Concrete strain-inner pressure relationship. (a) Vertical direction during pressurization;
(b) Circumferential direction during pressurization; (c) Vertical direction during depressurization;
(d) Circumferential direction during depressurization.
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Then, on comparing the vertical direction monitoring results with circumferential direction,
it seemed that there were more ﬂuctuations in vertical direction monitoring results. In order to verify
this conclusion, linear regression was used in data ﬁtting of each measuring point because the trend
of monitoring results was almost linear. At the same time, the ratio of residual sum of squares (RSS)
to total sum of squares (SYY) [20] could be calculated as shown in Table 3. The smaller the ratio is,
the more accurate the linear regression will be and fewer ﬂuctuations will exist. From Table 3, it can be
concluded that the circumferential monitoring results had fewer ﬂuctuations both in the pressurization
process and depressurization process.
Table 3. The ratio of residual sum of squares (RSS) to total sum of squares (SYY).
Phase

Measure Point

Vertical

Circumferential

pressurization
pressurization
pressurization
pressurization
depressurization
depressurization
depressurization
depressurization

MP 1
MP 2
MP 3
MP 4
MP 1
MP 2
MP 3
MP 4

0.5372
0.0785
0.0516
0.1244
0.2718
0.0388
0.0083
0.0954

0.0193
0.0106
0.0071
0.0324
0.0033
0.0026
0.011
0.0046

The reason of this phenomenon should be discussed. Because the maximum values of vertical
direction and circumferential direction were 50 με to 70 με and 150 με to 240 με respectively,
the external disturbance especially temperature change of concrete material would have greater
effect on vertical direction monitoring results. As a result, there were fewer ﬂuctuations in
circumferential direction.
Apart from these, the ratios listed in Table 3 were relatively small. This meant the concrete
strain–inner pressure relationship was almost linear. That is, the material of PCCV was still in the
elastic stage. Therefore, the material elastic hypothesis of FEM model mentioned above was proven.
4. Conclusions

In this paper, the PCCV monitoring project by using FBG sensors provided us much information
about the PCCV structure during the ILRT and showed good potential. Because the monitoring
results of each strain FBG had the same trend compared with pressure variation, the feasibility of
FBG had been proven. The results showed FBG could be widely used in PCCV structure health
monitoring. During the data process stage, the FBG strain caused by temperature change could
be eliminated by temperature-compensating FBG. However, the strain caused by concrete thermal
expansion or contraction could not be eliminated by using temperature-compensating FBG. According
to the monitoring results, the vertical direction strain changed about −100 με due to the abrupt
temperature drop of 11 ◦ C. Nevertheless, the circumferential direction strain was not sensitive to
abrupt temperature drop compared to vertical direction strain.
The monitoring results of each measuring points indicated that the circumferential direction
strain was higher than vertical direction strain during ILRT. However, strain magnitude differences
existed between four measuring points. This might be caused by the direction and the concrete
material property.
There were two cracks monitored by four FBGs. The results showed that crack No. 1 had the
same trend compared with general measuring points while crack No. 2 had a sudden increase about
130 με at 0.483 MPa. Attention should be paid to the sudden increase of crack No. 2 to prevent
further cracking.
In addition, a FEM model was built to simulate the ILRT process. Because the maximum inner
pressure was 0.483 MPa and this magnitude was far from the ultimate inner pressure, the elastic
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material property was chosen for simpliﬁcation. The calculation load step history in proportion to real
ILRT time was imposed on the FEM model. The results showed that there was little difference on the
strain magnitude of each direction due to the homogeneous material property. Besides, the calculation
results were very close to the monitoring results, so the calculation results were proven. In addition,
the strain distribution contour in two directions could give advice about where strain sensors should
be installed. According to the results, more FBGs should be installed at the junction of the dome
and cylinder. Moreover, the concrete strain–inner pressure relationship was compared between
monitoring results and calculation results. Apparently, the relationship was almost linear. There were
more ﬂuctuations in the vertical direction monitoring results which might be caused by temperature
change. Because the concrete strain–inner pressure relationship was almost linear, the material elastic
hypothesis of FEM model mentioned above was proven.
Acknowledgments: The research was supported by the Research Project of Suzhou Nuclear Power Research
Institute (SNPI) under Grant No. R-2014SZLM11TM, and the National Natural Science Foundation of China
under Grant No. 51278085 and No. 51479031.

Author Contributions: Xuefeng Zhao, Kaixing Liao, Changsen Sun, Xianglong Kong and Jinke Li conceived and
designed the experiments; Xuefeng Zhao, Kaixing Liao, Changsen Sun, Xianglong Kong, Jinke Li, Shengyuan Li
and Xinwang Zhang performed the experiments and collected the monitoring data; Jinke Li, Xuefeng Zhao,
Kaixing Liao and Xianglong Kong analyzed the data; Jinke Li built the FEM model; Jinke Li and Xuefeng Zhao
wrote the paper.
Conﬂicts of Interest: The authors declare no conﬂict of interest.

References
1.
2.

3.

4.
5.
6.
7.
8.
9.
10.

11.
12.
13.

Glišić, B.; Simon, N. Monitoring of concrete at very early age using stiff SOFO sensor. Cem. Concr. Compos.
2000, 22, 115–119. [CrossRef]
Hessheimer, M.F.; Shibata, S.; Costello, J.F. Functional and Structural Failure Mode Overpressurization
Tests of 1: 4-Scale Prestressed Concrete Containment Vessel Model. In Proceedings of the 17th
International Conference on Structural Mechanics in Reactor Technology (SMiRT 17), Prague, Czech Republic,
17–22 August 2003; H02-3.
Zhao, X.; Cui, Y.; Wei, H.; Kong, X.; Zhang, P.; Sun, C. Research on corrosion detection for steel reinforced
concrete structures using the ﬁber optical white light interferometer sensing technique. Smart Mater. Struct.
2013, 22, 1693. [CrossRef]
Inaudi, D.; Glisic, B. Long-Range Pipeline Monitoring by Distributed Fiber Optic Sensing. J. Press.
Vessel Technol. 2010, 132, 763–772. [CrossRef]
Ferdinand, P.; Magne, S.; Marty, V.; Georges, T. Optical ﬁbre Bragg grating sensors for structure monitoring
within the nuclear power plants. Proc SPIE 1994, 2425, 11–20.
Jang, J.B.; Hwang, K.M.; Lee, H.P.; Kim, B.H. An assessment of the prestress force on the bonded tendon by
SI and impact signal analysis techniques. Nucl. Eng. Des. 2013, 255, 9–15. [CrossRef]
Leng, J.; Asundi, A. Structural health monitoring of smart composite materials by using EFPI and FBG
sensors. Sens. Actuators A Phys. 2003, 103, 330–340. [CrossRef]
Wan, C.; Hong, W.; Liu, J.; Wu, Z.; Xu, Z.; Li, S. Bridge Assessment and Health Monitoring with Distributed
Long-Gauge FBG Sensors. Int. J. Distrib. Sens. Netw. 2013, 2013, 494260. [CrossRef]
Perry, M.; Yan, Z.; Sun, Z.; Zhang, L.; Niewczas, P.; Johnston, M. High stress monitoring of prestressing
tendons in nuclear concrete vessels using ﬁbre-optic sensors. Nucl. Eng. Des. 2014, 268, 35–40. [CrossRef]
Li, W.; Ho, S.; Song, G. Corrosion Detection of Steel Reinforced Concrete Using Combined Carbon Fiber
and Fiber Bragg Grating Active Thermal Probe. Smart Mater. Struct. 2016, 25. Available online: http:
//iopscience.iop.org/article/10.1088/0964-1726/25/4/045017/meta (accessed on 14 March 2016).
Hu, H.; Lin, Y. Ultimate analysis of PWR prestressed concrete containment subjected to internal pressure.
Int. J. Press. Vessel. Pip. 2006, 83, 161–167. [CrossRef]
Sang, H.N.; Moon, I.H.; Lee, J.B.; Kim, J.H. Analysis of Prestressed Concrete Containment Vessel (PCCV)
under Severe Accident Loading. Nucl. Eng. Technol. 2008, 40, 77–86.
Lee, H.P. Shell ﬁnite element of reinforced concrete for internal pressure analysis of nuclear containment
building. Nucl. Eng. Des. 2011, 241, 515–525. [CrossRef]

64

14.
15.
16.
17.
18.
19.
20.

MDPI Books

Appl. Sci. 2017, 7, 419

Bílý, P.; Kohoutková, A. Sensitivity analysis of numerical model of prestressed concrete containment.
Nucl. Eng. Des. 2015, 295, 204–214. [CrossRef]
Jones, C.A.; Dameron, R.; Sircar, M. Improving the state of the art in FEM analysis of PCCVs with bonded
and unbonded prestress tendons. Nucl. Eng. Des. 2015, 295, 782–788. [CrossRef]
Shokoohfar, A.; Rahai, A. Nonlinear analysis of pre-stressed concrete containment vessel (PCCV) using the
damage plasticity model. Nucl. Eng. Des. 2016, 298, 41–50. [CrossRef]
Hill, K.O.; Meltz, G. Fiber Bragg grating technology fundamentals and overview. J. Lightwave Technol. 1997,
15, 1263–1276. [CrossRef]
Pereira, G.; McGugan, M.; Mikkelsen, L.P. Method for independent strain and temperature measurement in
polymeric tensile test specimen using embedded FBG sensors. Polym. Test. 2016, 50, 125–134. [CrossRef]
Jung, D.W.; Kwon, I.B.; Choi, N.S. Application of a Temperature-Compensating FBG Sensor to Strain
Measurement. Adv. Mater. Res. 2007, 26–28, 1089–1092. [CrossRef]
Weisberg, S. Applied Linear Regression; John Wiley & Sons: Hoboken, NJ, USA, 2005; pp. 35–36.
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

65

Article

MDPI Books

applied
sciences

Improved Tensor-Based Singular Spectrum Analysis
Based on Single Channel Blind Source Separation
Algorithm and Its Application to Fault Diagnosis

Dan Yang 1,2 , Cancan Yi 1,2,3, *, Zengbin Xu 1,2,4 , Yi Zhang 1,2 , Mao Ge 1,2 and Changming Liu 1,2,3
1

2
3
4

*

Key Laboratory of Metallurgical Equipment and Control Technology,
Wuhan University of Science and Technology, Ministry of Education, Wuhan 430081, China;
yangdan@wust.edu.cn (D.Y.); xuzengbing@163.com (Z.X.); yizhang_de@163.com (Y.Z.);
ge1656372625@gmail.com (M.G.); liuchangming@wust.edu.cn (C.L.)
Hubei Key Laboratory of Mechanical Transmission and Manufacturing Engineering,
Wuhan University of Science and Technology, Wuhan 430081, China
The State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology,
Wuhan 430081, China
State Key Lab. of Digital Manufacturing Equipment & Technology,
Huazhong University of Science and Technology, Wuhan 430081, China
Correspondence: meyicancan@wust.edu.cn; Tel.: +86-27-6886-2857; Fax: +86-27-6886-2212

Academic Editor: César M. A. Vasques
Received: 9 March 2017; Accepted: 16 April 2017; Published: 20 April 2017

Abstract: To solve the problem of multi-fault blind source separation (BSS) in the case that the
observed signals are under-determined, a novel approach for single channel blind source separation
(SCBSS) based on the improved tensor-based singular spectrum analysis (TSSA) is proposed. As the
most natural representation of high-dimensional data, tensor can preserve the intrinsic structure of the
data to the maximum extent. Thus, TSSA method can be employed to extract the multi-fault features
from the measured single-channel vibration signal. However, SCBSS based on TSSA still has some
limitations, mainly including unsatisfactory convergence of TSSA in many cases and the number
of source signals is hard to accurately estimate. Therefore, the improved TSSA algorithm based on
canonical decomposition and parallel factors (CANDECOMP/PARAFAC) weighted optimization,
namely CP-WOPT, is proposed in this paper. CP-WOPT algorithm is applied to process the factor
matrix using a ﬁrst-order optimization approach instead of the original least square method in
TSSA, so as to improve the convergence of this algorithm. In order to accurately estimate the
number of the source signals in BSS, EMD-SVD-BIC (empirical mode decomposition—singular value
decomposition—Bayesian information criterion) method, instead of the SVD in the conventional
TSSA, is introduced. To validate the proposed method, we applied it to the analysis of the numerical
simulation signal and the multi-fault rolling bearing signals.

Keywords: blind source separation (BSS); tensor-based singular spectrum analysis (TSSA);
CANDECOMP/PARAFAC weighted optimization (CP-WOPT); fault diagnosis

1. Introduction

In the ﬁeld of mechanical fault diagnosis, vibration signals always contain a wealth of information
about equipment operating status. Thus, a powerful signal processing method is necessary to extract
the possible faults [1–4]. Generally, various sensors are used to obtain the vibration signals of the
mechanical equipment. Characteristic information, such as fault feature frequencies, can be extracted
from the obtained vibration signals [5,6]. However, one mechanical fault is usually accompanied
by other faults. For example, simultaneous gear fault and bearing fault are common in a damaged
Appl. Sci. 2017, 7, 418
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decelerator. Therefore, the acquired signal is generally coupled by multiple fault signals along with
the background noise, which brings out a consequence that the characteristics of the fault component
cannot be directly identiﬁed. As an effective approach to solve the problem of complex multiple
faults, blind source separation (BSS) can be used to separate the linear mixtures of different unknown
source signals [7–10]. Since the limitation by the cost of equipment, installation conditions and others
cases, the measurement scheme using a single sensor is generally considered. Consequently, we
can only obtain single channel complex multiple faults signals. Therefore, the research on the fault
diagnosis method of rotating machinery under single channel condition has a very wide range of
engineering applications.
The single channel blind source separation (SCBSS) [11], which can separate each source signal
from the collected composite signals obtained by single sensor, is a special case in BSS. However,
compared with BSS, there is a serious problem that the number of source signals is not less than the
number of observation signals in SCBSS. Hence, the signal decomposition is needed to achieve the
SCBSS. In the study of complex fault diagnosis under single channel condition, the general solution
to this problem is not unique and various approaches have been proposed, ranging from applying
independence assumptions to non-negativity and sparsity constraints [12]. Currently, research in this
area mainly focuses on the virtual multi-channel method. The space-time method was ﬁrst proposed
by Davies and James [13]. After obtaining a virtual multi-channel signals by delaying the single
mixed observation signal, the independent component analysis (ICA) [14] algorithm was utilized to
separate the source signals from the obtained virtual multi-channel signals. Hong [15] applied wavelet
decomposition to the single-channel signal and a virtual multi-channel signals using sub-frequency
band signals was obtained, followed by employing the ICA method. Mijovic et al. [16] proposed the
Ensemble Empirical Mode Decomposition (EEMD) [17] to decompose the mixed single channel signal
into a plurality of intrinsic mode functions (IMFS ). Moreover, Wang et al. [18] proposed a new method
to achieve the separation of complex fault signals by combining with the EEMD and the ICA method.
Guo et al. [19] also discovered that the EEMD-ICA method can reduce the dimension to solve the
single channel separation problem. Wu et al. [20] applied the EMD-ICA method to the simulation
research of bearings and gears with mixed faults. The common character of SCBSS method is based
on a virtual multi-channel signal, which is constructed as the input data of the separation algorithm,
thus we can obtain a better separation effect. However, the constructed multi-channel signal by the
above-mentioned method is difﬁcult to maintain the characteristics of the observed signal, and it
may be interfered by the noise or other components. Hence, the frequency domain characteristics
of separated signals may be distorted, and a good separation effect may not be achieved. The above
methods mainly use EMD or the improved EMD to construct virtual multi-channel signals, which
can transform underdetermined condition to positive deﬁnite condition in BSS. However, EMD still
have some problems, such as modal aliasing [21] and edge effect [22]. Therefore, the traditional SCBSS
method has obvious deﬁciencies in the analysis of multi-faults.
Compared with a one-dimensional space, a multi-dimensional signal always contains more
information. As the most natural representation of multi-dimensional data, tensor can preserve
the intrinsic structure of the data to the maximum extent. Tensor decomposition method can
extract the useful components in the original measured vibration signal. Consequently, the tensor
decomposition algorithm has broad application prospects in signal processing and has great practical
engineering signiﬁcance in some aspects such as pattern recognition and big data processing.
CANDECOMP/PARAFAC (CP) decomposition [23,24] is a commonly used tensor decomposition
method. If the rank of the tensor is R, the CP decomposition can factorize a tensor into a sum of
R-component rank-one tensors [25]. By the proposed decomposition model, three factor matrixes
representing the combination of the vectors can be obtained from the rank-one components. Recently,
the tensor-based singular spectrum analysis (TSSA) algorithm, which provides an effective way for
solving the above problem of SCBSS, was proposed by Saeid et al. [26] and has been applied to the ﬁeld
of EEG signal processing. Firstly, the one-dimensional times series can be segmented as a matrix using
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a non-overlapping window. Then, each row of matrix can be expressed as a reconstructed attractor
matrix through phase space reconstruction [27]. The obtained every reconstructed attractor matrix
formed the corresponding slice of the tensor, thus a 3D tensor was obtained to be decomposed.
Then, the above-mentioned CP tensor decomposition method was used here. The key step is
performed by the alternating least squares method (ALS) [28] to obtain the three-factor matrix. The
TSSA method combines the advantages of the phase space reconstruction, the SSA [29], and the
tensor decomposition. However, the TSSA still has some problems when applied to the SCBSS,
mainly including unsatisfactory convergence and poor estimating accuracy of the number of the
original signals.
In this paper, an improved TSSA decomposition method using the weighted optimization CP
tensor decomposition model is proposed. The improve method is the so-called CANDECOMP/PARAFAC
weighted optimization (CP-WOPT), which is deﬁned as the ﬁrst-order optimization to solve the
least squares objective function over all the factor matrices simultaneously, so as to improve the
convergence of this algorithm. Faced with the difﬁculty in determining the number of original signals,
a commonly accepted method is introduced, namely EMD-SVD-BIC [30], which can estimate the
number of original signals accurately. Firstly, the intrinsic mode functions (IMFS ) of a signal are
obtained by using the EMD method. Then, the singular value decomposition (SVD) on the matrix
is performed, which consists of the IMFS from the observed signal using SVD. We can obtain the
distribution of eigenvalues about the source data. Finally, the BIC is used here to judge the number of
source signals. The validity of the proposed method is veriﬁed by the numerical simulation signal and
the measured vibration signal of the fault test bench in public dataset.
The rest of this paper is structured as follows: In Section 2, the basic theory introductions of the
TSSA algorithm and blind source separation are brieﬂy described. Then, the proposed single channel
blind source separation (SCBSS) method based on the CP-WOPT model is developed. The analysis
results of numerical simulation signal and bearing fault signal are, respectively, described in Sections 3
and 4. Section 5 concludes the paper.
2. Theory
2.1. The TSSA Algorithm

The TSSA method mainly contains two stages, the embedding operation process and the tensor
decomposition process. In the embedding stage, a one-dimensional time series x with length n is
mapped into a 3D tensor X .
In the embedding stage, two works need to be achieved. Firstly, x is segmented as a matrix X
with the size of [n/l ] × l by using a non-overlapping window of size l, and the obtained matrix X is
shown as:
⎛
⎞
x(1)
x(2)
. . . x( l )
⎜ x( l + 1)
x( l + 2)
. . . x(2l ) ⎟
⎜
⎟
(1)
X=⎜
⎟
⎝ ...
⎠
x( I − 1) ∗ l x( I − 1) ∗ l + 1 . . . xn
Then, the matrix X is converted to tensor X , as demonstrated in Figure 1. Each slice of the
X is a reconstructed attractor matrix, which comes from the row of matrix X through phase space
reconstruction. The segmentation is performed in one direction.
The slice Xi:: of tensor X in Figure 1 is formed from the i-th row of matrix X using the phase space
reconstruction. In Figure 1, K is the reconstructed window length, J is the reconstructed embedding
dimension and τ is the delay time. Moreover, we know that l = ( J − 1) × τ + K. The way of converting
a matrix to a tensor can be explained by the following Equation:

Xijk = X(i, (k + ( j − 1) × τ)), i = 1, 2, . . . , I; j = 1, 2, . . . , J; k = 1, 2, . . . , K
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where J and τ can be determined by the False Nearest Neighbor algorithm (FNN) [31], thus we can
obtain a 3D tensor with the size I × J × K.

Figure 1. The construction process of the slices of tensor X .

In the second stage, the obtained 3D tensor needs to be decomposed. The CP tensor decomposition
method, which factorizes a tensor into a sum of component rank-one tensors, is used here. It can be
considered as a generalization of bilinear principal component analysis (PCA) [32,33]. The fundamental
expression of the CP based on outer product of the three factor matrices is given as [34,35]:

X =

R

∑ ar ◦ br ◦ cr + E

r =1

(3)

where R is the rank of tensor X . ar ∈ R I ×1 , br ∈ R J ×1 and cr ∈ RK ×1 are the vector elements of factor
matrices A ∈ R I × R , B ∈ R J × R , C ∈ RK × R . Tensor E ∈ R I × J ×K is the residual term. Hence, the CP
model can be approximately expressed as:

X ≈  A, B, C  =

R

∑ ar ◦ br ◦ cr

r =1

The above-mentioned decomposition model is shown in Figure 2.

(4)

Figure 2. Illustration of an R-component canonical decomposition and parallel factors (CP) model for a
3D tensor.

The TSSA algorithm uses the iterative least squares method to seek the factor matrix, namely
CP-ALS, and the main ideal of the algorithm is to make the following error function to reach
a minimum:
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(5)

First, A, B, and C should be given an initial matrix which is generally the random factor matrix.
Then, B and C are ﬁxed to solve for A; A and C are ﬁxed to solve for B; and A and B are ﬁxed to solve
for C in an alternating fashion until reaching some convergence. However, the convergence of tensor
decomposition may be poor using the iterative least squares method, which will lead to an unstable or
even wrong result. Thus, we develop an improved TSSA algorithm based on the CP-WOPT model in
this paper.
2.2. The Improved TSSA Algorithm Based on CP-WOPT Model

Due to the poor decomposition convergence of the CP-ALS algorithm, the CANDECOMP/PARAFAC
weighted optimization (CP-WOPT) approach is employed as the optimization algorithm. A non-negative
weights tensor W ∈ R I × J ×K with the same size as X is deﬁned. If most of the entries in X are zero or
X is a sparse tensors, the tensor W will be a zero tensor as Wi1 i2 ...i N = 0. Otherwise, the element of
tensor W is equal to 1 as Wi1 i2 ...i N = 1. Equation (5) can be replaced by:
f W (A, B, C) =

1
W ∗ X −  A, B, C 2
2

(6)

Let Y = W ∗ X , Z = W ∗ [A, B, C]. The tensor Y can be ﬁxed as neither W nor X change during
the iterations, and tensor Z represents the weighted reconstruction tensor of CP decomposition. Thus,
Equation (6) is equivalent to:
1
(7)
f W (A, B, C) = Y − Z 2
2
The goal of CP-WOPT algorithm is to obtain the factor matrixA, B, C to minimize the weighted
error function deﬁned in Equation (6). The algorithm based on the gradient method, which has
better convergence performance, is used to solve Equation (7). Let A−1 = B  C, B−1 = A  C, and
C−1 = A  B, where the operator  denotes Khatri–Rao product of two matrices. Then, the gradient
values is deﬁned as follows [36]:
∂ fW
= (Z(1) − Y(1) )A−1
(8)
∂A
∂ fW
= (Z(2) − Y(2) )B−1
∂B
∂ fW
= (Z(3) − Y(3) )C−1
∂C

(9)

(10)

Consequently, we can ﬁnd the minimum value of the error function based on gradient values to
estimate the value of each factor matrix.
2.3. The Basic Theory of Blind Source Separation

Assume that there are R source signals being linearly mixed into J observed signals. For each
signal, N samples are available. The following BSS model is considered:
T = DS + N

(11)

where T = [t1 , t2 , . . . , t J ] ∈ R N × J contains the observed data, S = [s1 , s2 , . . . , sR ] ∈ R N × R with the
R unknown source signals. D ∈ R R× J represents the unknown composite matrix and N ∈ R N × J
denotes additive noise. Commonly, the problem of BSS can be divided into three situations: the
underdetermined BSS with the condition of R > J; the positive deﬁnite BSS if R = J; and the
over-determined BSS when R < J. A clearly model of BSS is as shown as Figure 3.
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Figure 3. The typical model of blind source separation (BSS).

The general goal in BSS is to recover the unknown source in S and the unknown composite vectors
in D, given only the observed data T, as shown in Figure 3. The research of this paper is concerned
about the single channel underdetermined BSS, namely SCBSS, which means the number of observed
signals is less than that of the source signals and the number J is equal to 1. Hence, the observed
data T will be a vector with length n. Therefore, the target of SCBSS is to obtain the unknown source
U ∈ [u1 , u2 , . . . , uR ] and the unknown composite vectors P from the observed vector T. Additionally,
the most important part aims to recover source U, which should be as close to the unknown source S
as possible.
Obviously, if the composite matrix D is known, the SCBSS will be a very simple problem of linear
equations to obtain the source signals. However, in the practical engineering condition, the composite
D is ordinarily unknown, so recovering the source signals has become a signiﬁcant problem, especially
in the underdetermined condition. The general solution to this problem is not unique and various
approaches have been proposed, ranging from applying independence assumptions to non-negativity
and sparsity constraints. Then, the independent component analysis (ICA), which assumes the sources
to be statistically independent, is introduced. However, the ICA is a typical matrix separation method,
which demands the strictly statistical independence. Conversely, in actual situations, the sources
may not always be statistically independent; therefore, the result provided by ICA method was not
satisfactory as expected.
The improved TSSA based on CP-WOPT is proposed in this paper, which is mentioned in the
Section 2.2. The observed data can be converted into a tensor ﬁrstly. Then, using the CP-WOPT
method to solve the obtained tensor, we can get R rank-1 sub-tensor and divide them into several parts.
Therefore, we can choose some parts sub-tensors to reconstruct as vector data, which can be regarded
as the expected source signals. The number of the divided tensors is equal to the number of the source
signals, which can be determined by the method of EMD-SVD-BIC [30].
EMD-SVD-BIC algorithm can be performed by three steps. Firstly, the IMFs of single-channel
observation signal x (t) ∈ R N is obtained by EMD, thus we can get a multi-dimensional dataxim f (t) =

( x (t), c1 (t), c2 (t), . . . , cl (t), rl (t))T , where ci (t), (i = 1, 2, . . . , l ) is the IMFs and rl (t) is remainder. Then,
we can solve the correlation matrix as R x = E sim f (t)sim f H (t) + σ2 I M−n , where sim f (t) represents

the source signal component, M = l + 2, I M−n is unit matrix, and σ2 denotes the noise power. Next,
the SVD operator is applied to R x and the following formula can be obtained:
R x = Vs Λs VsT + Vb Λb VbT

(12)

where Λs = diag{λ1 ≥ λ2 . . . ≥ λn } is the principal eigenvalues in descending order and Λb ∈
diag{λn+1 , λn+2 . . . , λ M } contains M − n eigenvalues of noise components. Therefore, the dimension
of the noise subspace can be determined by judging the number of the smaller eigenvalue of the
correlation matrix under the assumption that the eigenvalue corresponding to noise components is
relatively small. However, the threshold of eigenvalues between the useful signal and noise components
cannot be accurately estimated, so the dimension of the noise subspace is hard to determine. Finally, in
order to solve the problem of threshold setting, Bayesian information criterion (BIC) [30] is used to
estimate the dimension of useful signal and noise subspace in this paper.
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BIC can be used to estimate the source number of non-Gaussian signal, and has a potential for
mechanical multi-fault signal separation. BIC establishes the method of source number estimation
based on the Bayesian Minaka selection model and can be expressed as:
k

− N/2

BIC(k ) = ( ∏ λ j )
j =1

∼

where σ k

2

∼

σk

− N (l − k)/2

N −(dk +k)/2

l

(13)

= ( ∑ λ j )/(l − k), dk = lk − k(k + 1)/2, 1 ≤ k ≤ l, l is the number of non-zero
j = k +1

eigenvalues. The objective of BIC is to identify the number k = m of the maximum of the cost function.
This implies that m corresponds to the estimated number of source signals.
3. Simulation Signal Analysis

Bearings are mainly used to support rotating parts in mechanical equipment and their vibration
signals always contain much information, such as fault characteristics, along with noise. The key step
of fault diagnosis is an effective feature extraction of vibration signals. Commonly, the vibration signals
contain harmonic components, modulation components and noise components. In order to evaluate
the effectiveness of the proposed method for fault diagnosis, the simulation signals are generated
as follows:
(14)
y ( t ) = x1 ( t ) + x2 ( t ) + n ( t )
x1 (t) = 2e(−0.2π f1 t) sin(2π f 1 t)
x2 (t) = sin(2π f 2 t)

(15)
(16)

where x1 (t) is the shock signal with the frequency of f 1 = 50 Hz, x2 (t) is the harmonic signal with
the frequency of f 2 = 10 Hz, and n(t) is a Gaussian white noise with a variance of 0.5. Thus, y(t) is
a composite single-channel signal, which is combined by the shock signal, the harmonic signal and
the noise. The sampling frequency of the signal is chosen as 6000 Hz and the sampling point is set as
4000 N. Original shock signal without noise in the time-domain is shown in Figure 4a and the harmonic
signal without noise is shown as Figure 4b. Figure 4c is the composite original single-channel signal
without noise in the time-domain, and Figure 4d is composite signal with noise.

Figure 4. The time response of different components: (a) original shock signal in time-domain;
(b) original harmonic signal in time-domain; (c) composite signal without noise in time-domain; and
(d) composite signal with noise in time-domain.
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According to Figure 4d, we can ﬁnd that the characteristics of two constituted signals in
the time-domain cannot be clearly indicated under the strong background noise. In the section
of simulation signal analysis, in order to accurately evaluate the proposed method on signal
reconstruction under noisy conditions, the proposed method, conventional TSSA based on CP-ALS,
the traditional BSS method-Fast Independent Component Analysis (Fast-ICA) [37], and EMD-ICA are
employed to the comparative analysis process.
IMFS is obtained by EMD to the measured single channel composite signal. Thus, the composite
signal and the IMFS of the decomposition can form a new multidimensional observation signal. In this
way, the dimension of the observation signal can be increased, so that the new observation signal can
be in accordance with the blind source separation condition. Then, we can obtain the correlation matrix
about the new observation matrix, and the singular value decomposition of the correlation matrix is
performed. Finally, the number of source signals can be judged further by the Bayesian information
criterion. The BIC value is shown as Figure 5. According to the Figure 5, when k = n = 2, we can
obtain the maximum BIC value, which indicates the number of source signals should be 2, thus we
achieve the goal of estimating the correct number of source signals.
Maximum value of BIC
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Figure 5. The Bayesian information criterion (BIC) value of composite original.

After obtaining the number of source signals, the above-mentioned four different SCBSS methods
are used to analyze the composite simulation signal. The result of Fast-ICA is shown in Figure 6,
where Figure 6a presents the recovered shock signal in time-domain and Figure 6b presents the
recovered harmonic signal. From the ﬁgure, it can be seen that the Fast-ICA cannot extract the shock
signal and the recovered harmonic signal with noise. Hence, the Fast-ICA method is not suitable to
achieve the accurate separation of composite original signal, which contains shock signal and high
background noise.
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Figure 6. The performance of fast-independent component analysis (ICA): (a) recovered shock signal
in time-domain; and (b) recovered harmonic signal in time-domain.

The operator of EMD is employed for the simulation signal and the result is shown in Figure 7.
Firstly, several IMFS can be obtained from the composite original signal using EMD. Then, we need to
calculate the correlation coefﬁcient between each IMFs and the original composite signal.
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Figure 7. The intrinsic mode functions (IMFS ) of simulation signal.

In Table 1, it can be seen that the correlation coefﬁcient of IMF4 and IMF7 are greater than
that others. Since they have large relativity with the original signal, these IMFs are chosen as the
representation of source signal, and the others IMFS belongs to unconcerned noise signal. Then, the
Fast-ICA method is applied to them and the results are plotted (Figure 8). Figure 8a presents the
recovered shock signal in the time-domain and Figure 8b presents the recovered harmonic signal.
From the graph, it can be seen that, same as Fast-ICA, the EMD-ICA decomposition also has poor
performance in extracting the shock signal and the harmonic signal. Thus, an advanced method should
be developed.
Table 1. The correlation coefﬁcient between each IMF and the simulation signal.
IMF1

IMF2

IMF3

IMF4

IMF5

IMF6

IMF7

IMF8

IMF9

IMF10

0.052

0.043

0.003

0.352

0.203

0.311

0.806

0.086

0.056

0.069
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Figure 8. The result provided by empirical mode decomposition and independent component analysis
(EMD-ICA): (a) shock signal in time-domain; and (b) harmonic signal in time-domain.

Furthermore, the conventional TSSA based on CP-ALS is applied to the simulation signal.
The corresponding result is plotted in the Figure 9. It is demonstrated that TSSA based on CP-ALS has
better reconstruction performance than Fast-ICA and EMD-ICA. However, the reconstruction accuracy
should still be improved.
The results of proposed TSSA method based on CP-WOPT in this paper are shown in Figure 10.
Figure 10a presents the recovered shock signal in the time-domain and Figure 10b presents recovered
harmonic signal.
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Figure 9. The result provided by canonical decomposition and parallel factors by alternating least
squares method (CP-ALS): (a) shock signal in time-domain; and (b) harmonic signal in time-domain.

Figure 10. The analysis result provided by the proposed method: (a) recovered shock signal in
time-domain; and (b) recovered harmonic signal in time-domain.

In Figure 10, it can be seen that the proposed method successfully extracts the two source signals
from the composite single-channel signal. To evaluate the capacity of the proposed method more
accurately, the index of similarity is chosen as the evaluation index. If the calculated value approaches
1, it indicates the extracted signal is very similar to the original signal. Otherwise, the extracted signal
is not needed. After calculating the similarity between the recovered signal in Figure 10 and original
signal in Figure 4, the value is close to 1, which demonstrates the advantage of proposed method for
blind source separation.
4. Experimental Signal Analysis

In actual operation, a bearing is an important part of rotating machinery, and the inner ring, outer
ring and rolling elements are related to each other. Therefore, there is a strong correlation between
the different vibration sources. Limited by the experimental conditions, only one channel observation
signal is monitored. The proposed method in this paper is used to detect the coupling faults such as
the inner ring, outer ring and rolling elements. The multiple-fault experimental data about bearing in
this paper are provided by the University of Cincinnati, USA [38]. Experimental apparatus is shown as
Figure 11. There are four Rexnord ZA-2115 double row tapered roller bearings with the circle diameter
of 2.815 cm installed on the spindle, and each race has 16 rollers. The roller diameter is 0.331 cm,
taper is 15.17◦ , the spindle Speed is 2000 r/min and the data sampling frequency is 20 kHz. The data
analyzed in this paper are the No. 1 dataset in the database, in which the bearing with outer ring and
inner ring fault is simulated. The fault frequencies of inner ring and rolling element in the bearing are
calculated as follows:
n
d
f i = (1 + cos α) f r
(17)
2
D
fb =

D
d 2
[1 − ( ) cos2 α] f r
2d
D
75
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where f i is the characteristic frequency of the inner ring fault of rolling bearing, f b is the characteristic
frequency of the rolling element fault, f r is the rotational frequency, n is the number of the rolling
element, d is the diameter of the rolling element, D is the pitch circle diameter of bearing, and α is the
contact angle of rolling element. Finally, we calculate and determine the fault frequency of inner ring
as f i = 296.8 Hz. The rolling element faulty frequency is f b = 139.84 Hz, and the rotational frequency
is equal to f r = 33.3 Hz. The speciﬁc parameters of bearing are shown in Table 2.

Figure 11. Bearing Fault experimental table.
Table 2. The speciﬁc parameter of bearing.
d

D

n

α

fr

fi

0.331

2.815

16

15.17◦

33.33

296.8

fb

139.84

To realize the blind source separation of single-channel composite signal in an experiment station,
ﬁrstly, the EMD is used to decompose the composite signal, and the mode components IIMF1–IMF10
are obtained. Then, the original signal and the decomposed mode components are decomposed by
SVD to obtain characteristic values. Finally, the number of source signals is determined as “2” by using
the BIC, as shown in Figure 12.

Figure 12. The BIC value of experimental signal.

The collected composite original single-channel signals in the time-domain and the frequency-domain
are shown in Figure 13a,b, respectively. According to Figure 13a, we notice that the characteristics
of original signals in the time domain performance cannot be clearly identiﬁed due to the strong
background noise, which makes it hard to identify whether the bearing fails and to ﬁnd the location of
the fault.
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Figure 13. The response of measured vibrational signal: (a) collected composite original single channel
signal in time-domain; and (b) collected composite original single channel signal in frequency-domain.

In order to accurately evaluate the effectiveness of proposed method in this paper, the EMD-ICA
and the conventional TSSA based on CP-ALS are used in the comparative study. The EMD is used
to decompose the composite signal, and pluralities of IMFs are obtained. Then, two IMFS are chosen
according to the maximum correlation coefﬁcient between the IMFs and the composite signal, which
can be regarded as the input data of ICA. The results are shown in Figure 14. We can make a conclusion
that the recovered signals in frequency are both uncorrelated with fault frequency; therefore, the
EMD-ICA is difﬁcult to inspect the multiple faults characteristics.
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Figure 14. The result provided by empirical mode decomposition and independent component analysis
(EMD-ICA): (a) recovered No. 1 fault signal; and (b) recovered No. 2 fault signal.

Then, the conventional TSSA based on CP-ALS is employed to the measured fault signal analysis.
The result is plotted in Figure 15. It is indicated that the multi-fault such as inner ring and rolling
element faulty still cannot be separately identiﬁed by the conventional method.
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Figure 15. The result provided by canonical decomposition and parallel factors by alternating least
squares method (CP-ALS): (a) recovered No. 1 fault signal; and (b) recovered No. 2 fault signal.
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The results of the proposed TSSA method based on CP-WOPT in this paper are shown in Figure 16,
where Figure 16a,b, respectively, represents the recovered No. 1 fault signal and the recovered No. 2
fault signal, all in frequency domain.
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Figure 16. The results derived by the proposed method: (a) the ﬁrst result in frequency-domain
derived by the proposed method; and (b) the second result in frequency-domain derived by the
proposed method.

Fortunately, we can ﬁnd the rotational frequency f r , and the fault frequency of the rolling element
fb in Figure 16a. In Figure 16b, the rotational frequency and its frequency multiplication, the bearing
fault frequency of inner ring fi , and the twice faulty frequency of inner ring 2 f i can be identiﬁed.
Thus, we can determine that there are two faults in the bearing: the inner ring fault and the rolling
element fault. The result is consistent with the theoretical calculation [38]. Therefore, the effectiveness
of proposed method for blind source separation is demonstrated, and it has obvious advantages in
extracting weak multi-fault features under the strong background noise in a single-channel signal.
5. Conclusions

The blind source separation of single-channel composite signal has important theoretical
signiﬁcance and practical value in the extraction of multi-fault feature for mechanical equipment.
The research work reported in this paper has two main contributions: ﬁrstly, a novel single channel
blind source separation method using tensor-based singular spectrum analysis based on CP-WOPT
is proposed, which can obtain a better convergence of tensor decomposition and a higher reliable
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results. Then, EMD-SVD-BIC method was introduced to estimate the number of source signals in the
single-channel blind source separation. Moreover, the method is illustrated by numerical simulation
signal and has an application in the analysis of faulty rolling bearing experimental signal, enabling
the identiﬁcation of fault source signal. It is demonstrated that the proposed method has better
performance in solving SCBSS problem than the traditional signal processing methods.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (Grant
Nos. 51475339, 51405353, 51505346, 51375354); the Natural Science Foundation of Hubei province (Grant No.
2015CFB306 and No. 2016CFA042); the Research Project of Hubei Education (Grant No. Q20151103); the State Key
Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology (Grant No. ZR201603);
and the Open Research Foundation of State Key Lab. of Digital Manufacturing Equipment & Technology in
Huazhong University of Science & Technology (Grant No. DMETKF2017010). The authors also appreciate the free
download of the original bearing failure data and one photo picture provided by The Intelligent Maintenance
System Center at University of Cincinnati.
Author Contributions: Dan Yang and Cancan Yi conceived and designed the experiments; Dan Yang and Yi Zhang
performed the experiments; Dan Yang ,Cancan Yi and Zengbin Xu analyzed the data; Dan Yang, Mao Ge and
Changming Liu contributed reagents/materials/analysis tools; Dan Yang and Cancan Yi wrote the paper.
Conﬂicts of Interest: The authors declare no conﬂict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Zhao, X.; Li, M.; Song, G.; Xu, J. Hierarchical ensemble-based data fusion for structural health monitoring.
Smart Mater. Struct. 2010, 19, 045009. [CrossRef]
Zhao, X.; Wang, R.; Gu, H.; Song, G.; Mo, Y.L. Innovative data fusion enabled structural health monitoring
approach. Math. Probl. Eng. 2014, 2014, 369540. [CrossRef]
Yan, X.G.; Edwards, C. Robust sliding mode observer-based actuator fault detection and isolation for a class
of nonlinear systems. Int. J. Syst. Sci. 2008, 39, 349–359. [CrossRef]
Yan, X.G.; Edwards, C. Nonlinear robust fault reconstruction and estimation using a sliding mode observer.
Automatica 2007, 43, 1605–1614. [CrossRef]
Yi, C.; Lv, Y.; Dang, Z.; Xiao, H.; Yu, X. Quaternion singular spectrum analysis using convexoptimization and
its application to fault diagnosis of rolling bearing. Measurement 2017, 103, 321–332. [CrossRef]
Yi, C.; Lv, Y.; Dang, Z.; Xiao, H. A Novel Mechanical Fault Diagnosis Scheme Based on the Convex 1-D
Second-Order Total Variation Denoising Algorithm. Appl. Sci. 2016, 6, 403. [CrossRef]
Belouchrani, A.; Abed-Meraim, K.; Cardoso, J.F.; Moulines, E. A blind source separation technique using
second-order statistics. IEEE Trans. Signal Process. 1997, 45, 434–444. [CrossRef]
Sadhu, A.; Goldack, A.; Narasimhan, S. Ambient modal identiﬁcation using multi-rank parallel factor
decomposition. Struct. Control Health Monit. 2015, 22, 595–614. [CrossRef]
Abazarsa, F.; Nateghi, F.; Ghahari, S.F.; Taciroglu, E. Blind modal identiﬁcation of non-classically damped
systems from free or ambient vibration records. Earthq. Spectra 2013, 29, 1137–1157. [CrossRef]
Abazarsa, F.; Nateghi, F.; Ghahari, S.F.; Taciroglu, E. Extended blind modal identiﬁcation technique for
nonstationary excitations and its veriﬁcation and validation. J. Eng. Mech. 2015, 142, 04015078. [CrossRef]
Gao, B. Single Channel Blind Source Separation. Master’s Thesis, University of Newcastle upon Tyne,
Newcastle upon Tyne, UK, 2011.
Cichocki, A.; Zdunek, R.; Phan, A.H.; Amari, S.I. Nonnegative Matrix and Tensor Factorizations: Applications to
Exploratory Multi-Way Data Analysis and Blind Source Separation; John Wiley & Sons: New York, NY, USA, 2009.
Davies, M.E.; James, C.J. Source separation using single channel ICA. Signal Process. 2007, 87, 1819–1832.
[CrossRef]
Choi, S. Independent component analysis. Encycl. Biom. 2015, 917–924. [CrossRef]
Hong, H.; Liang, M. Separation of fault features from a single-channel mechanical signal mixture using
wavelet decomposition. Mech. Syst. Signal Process. 2007, 21, 2025–2040. [CrossRef]
Mijovic, B.; De, M.V.; Gligorijevic, I.; Taelman, J. Van Huffel, S. Source separation from single-channel
recordings by combining empirical-mode decomposition and independent component analysis. IEEE Trans.
Biomed. Eng. 2010, 57, 2188–2196. [CrossRef] [PubMed]

79

17.

18.
19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.
33.
34.
35.
36.
37.
38.

MDPI Books

Appl. Sci. 2017, 7, 418

Huang, W.; Cai, N.; Xie, W.; Ye, Q.; Yang, Z. ECG Baseline Wander Correction Based on Ensemble Empirical
Mode Decomposition with Complementary Adaptive Noise. J. Med. Imaging Health Inform. 2015, 5, 1796–1799.
[CrossRef]
Wang, H.; Chen, J.; Dong, G. Feature extraction of rolling bearing’s early weak fault based on EEMD and
tunable Q-factor wavelet transform. Mech. Syst. Signal Process. 2014, 48, 103–119. [CrossRef]
Guo, Y.; Huang, S.; Li, Y. Single-mixture source separation using dimensionality reduction of ensemble
empirical mode decomposition and independent component analysis. Circuits Syst. Signal Process. 2012, 31,
2047–2060. [CrossRef]
Wu, W.; Chen, X.; Su, X. Blind source separation of single-channel mechanical signal based on empirical
mode decomposition. Chin. J. Mech. Eng. 2011, 47, 12–16. [CrossRef]
Spanos, P.D.; Giaralis, A.; Politis, N.P. Time–frequency representation of earthquake accelerograms and
inelastic structural response records using the adaptive chirplet decomposition and empirical mode
decomposition. Soil Dyn. Earthq. Eng. 2007, 27, 675–689. [CrossRef]
Wu, F.; Qu, L. An improved method for restraining the end effect in empirical mode decomposition and its
applications to the fault diagnosis of large rotating machinery. J. Sound Vib. 2008, 314, 586–602. [CrossRef]
Nion, D.; Sidiropoulos, N.D. Adaptive algorithms to track the PARAFAC decomposition of a third-order
tensor. IEEE Trans. Signal Process. 2009, 57, 2299–2310. [CrossRef]
Kiers, H.A.L. A three–step algorithm for CANDECOMP/PARAFAC analysis of large data sets with
multicollinearity. J. Chemom. 1998, 12, 155–171. [CrossRef]
Kolda, T.G.; Bader, B.W. Tensor decompositions and applications. SIAM Rev. 2009, 51, 455–500. [CrossRef]
Kouchaki, S.; Sanei, S.; Arbon, E.L.; Dijk, D.J. Tensor based singular spectrum analysis for automatic scoring
of sleep EEG. IEEE Trans. Neural Syst. Rehabil. Eng. 2015, 23, 1–9. [CrossRef] [PubMed]
Han, L.; Romero, C.E.; Yao, Z. Wind power forecasting based on principle component phase space
reconstruction. Renew. Energy 2015, 81, 737–744. [CrossRef]
Tomasi, G.; Bro, R. PARAFAC and missing values. Chemom. Intell. Lab. Syst. 2005, 75, 163–180. [CrossRef]
Golyandina, N.; Zhigljavsky, A. Singular Spectrum Analysis for Time Series; Springer Science & Business Media:
New York, NY, USA, 2013.
Chen, S.; Gopalakrishnan, P. Speaker, environment and channel change detection and clustering via
the bayesian information criterion. In Proceedings of the DARPA Broadcast News Transcription and
Understanding Workshop, Lansdowne, VA, USA, 8–11 February 1998; Volume 8, pp. 127–132.
Kennel, M.B.; Brown, R.; Abarbanel, H.D.I. Determining embedding dimension for phase-space
reconstruction using a geometrical construction. Phys. Rev. A 1992, 45, 3403. [CrossRef] [PubMed]
Carroll, J.D.; Chang, J.J. Analysis of individual differences in multidimensional scaling via an N-way
generalization of “Eckart-Young” decomposition. Psychometrika 1970, 35, 283–319. [CrossRef]
Wold, S.; Esbensen, K.; Geladi, P. Principal component analysis. Chemom. Intell. Lab. Syst. 1987, 2, 37–52.
[CrossRef]
Harshman, R.A.; Berenbaum, S.A. Basic concepts underlying the PARAFAC-CANDECOMP three-way factor
analysis model and its application to longitudinal data. Present Past Middle Life 1981, 435–459. [CrossRef]
Burdick, D.S. An introduction to tensor products with applications to multiway data analysis. Chemom. Intell.
Lab. Syst. 1995, 28, 229–237. [CrossRef]
Acar, E.; Dunlavy, D.M.; Kolda, T.G.; Mørup, M. Scalable tensor factorizations for incomplete data.
Chemom. Intell. Lab. Syst. 2011, 106, 41–56. [CrossRef]
Long, L.; Sheng, L. EEG Signal Denoising Based on Fast Independent Component Analysis. Comput. Meas. Control
2014, 11, 077.
NASA Ames Prognostics Data Repository, Bearing Data Set. Available online: https://ti.arc.nasa.gov/tech/
dash/pcoe/prognostic-data-repository/#bearing (accessed on 13 April 2017).
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

80

Article

MDPI Books

applied
sciences

Research on the Blind Source Separation Method
Based on Regenerated Phase-Shifted
Sinusoid-Assisted EMD and Its Application in
Diagnosing Rolling-Bearing Faults
Cancan Yi 1,2,3 , Yong Lv 1,2 , Han Xiao 1,2, *, Guanghui You 4 and Zhang Dang 1,2
1

2
3
4

*

Key Laboratory of Metallurgical Equipment and Control Technology, Wuhan University of Science and
Technology, Ministry of Education, Wuhan 430081, China; meyicancan@wust.edu.cn (C.Y.);
lvyong@wust.edu.cn (Y.L.); mr_dangzhang@163.com (Z.D.)
Hubei Key Laboratory of Mechanical Transmission and Manufacturing Engineering,
Wuhan University of Science and Technology, Wuhan 430081, China
The State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology,
Wuhan 430081, China
Zhejiang Institute of Mechanical & Electrical Engineering, Hangzhou 310053, China; yough_zime@163.com
Correspondence: xiaohan@wust.edu.cn; Tel.: +86-27-6886-2857; Fax: +86-27-6886-2212

Academic Editors: Richard Yong Qing Fu and David He
Received: 7 January 2017; Accepted: 17 April 2017; Published: 19 April 2017

Abstract: To improve the performance of single-channel, multi-fault blind source separation (BSS),
a novel method based on regenerated phase-shifted sinusoid-assisted empirical mode decomposition
(RPSEMD) is proposed in this paper. The RPSEMD method is used to decompose the original
single-channel vibration signal into several intrinsic mode functions (IMFs), with the obtained IMFs
and original signal together forming a new observed signal for the dimensional lifting. Therefore,
an undetermined problem is transformed into a positive deﬁnite problem. Compared with the
existing EMD method and its improved version, the proposed RPSEMD method performs better in
solving the mode mixing problem (MMP) by employing sinusoid-assisted technology. Meanwhile,
it can also reduce the computational load and reconstruction errors. The number of source signals is
estimated by adopting singular value decomposition (SVD) and Bayes information criterion (BIC).
Simulation analysis has demonstrated the superiority of this method being applied in multi-fault BSS.
Furthermore, its effectiveness in identifying the multi-fault features of rolling-bearing has been also
veriﬁed based on a test rig.
Keywords: blind source separation; regenerated phase-shifted sinusoid-assisted EMD; fault diagnosis

1. Introduction

For the diagnosis of mechanical faults, vibration signals always contain a wealth of information
as they indicate the operating status of the equipment, with speciﬁc physical meanings. There is no
doubt that fault diagnosis technology, based on vibration signal processing, is critical for monitoring
the health of key structures or equipment [1–5]. Generally, different sensors are utilized to obtain
mechanical vibration information, from which the features of the running state are characterized [6–8].
In the practical production environment or industrial ﬁeld, the fault of a certain part in mechanical
equipment is always accompanied by other faults—for instance, faults often occur in the bearings and
gears simultaneously. As a result, the measured vibration signals are always overwhelmed by signals
from multi-fault vibration sources and other measurement noise [9]. Consequently, there should be
close attention paid to the theory of multi-fault signal analysis.
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Blind source separation (BSS) is one of the effective methods for solving the compound-fault
problems as mentioned above [10,11]. It can be used to separate or recover the unknown source signals
through the observed signals in cases where the source signals cannot be acquired accurately [12–14].
In the fault monitoring of mechanical equipment, the obtained vibration signals of gear and roll
bearing from the complex transmission system are often produced by cross-interference. In many
cases, only one sensor can be installed, due to the high cost of the hardware and the space limitation.
Therefore, research on separation methods of single-channel compound-faults would have extensively
practical signiﬁcance. Single-Channel Blind Source Separation (SCBSS) is a special case of blind
source separation, which only requires a single sensor to separate multiple source signals [15,16].
Compared with the classical BSS method, the SCBSS method only satisﬁes the condition when the
number of source signals is more than the number of observed signals [17–19]. Therefore, a novel
method should be developed to achieve the BSS under the speciﬁc condition of a single channel. In the
theoretic research of compound-fault diagnosis under a single channel, the main focus falls on methods
of virtual multi-channels.
The space-time method was ﬁrst proposed by Davies [20], with its key idea relying on delaying
the single-channel mixed signal to obtain the virtual multi-channel signal, which was thereafter
processed by Independent Component Analysis (ICA) [21–28]. Similarly, the wavelet decomposition
of the original signal was performed to decompose the single-channel signal into multiple sub-band
signals [29]. After that, the Ensemble Empirical Mode Decomposition (EEMD) was used to decompose
the single-channel mixed signal into a series of Intrinsic Mode Functions (IMFs) [30], followed by
the ICA separation for recovering the original signals [31]. To date, EMD algorithm and its
modiﬁed versions have been widely used in signal processing due to its advantages of orthogonality,
completeness and adaptability. As a result, these algorithms demonstrate a great superiority in the
analysis of non-stationary signals [32]. The vibration signals can be decomposed into a series of IMFs.
Nevertheless, its decomposition is not stable and there is a mode mixing problem (MMP). This MMP
results in a certain IMF component containing different scale signals or similar scale signals existing
in different IMFs, which makes it difﬁcult to completely achieve the signal adaptive decomposition
based on EMD [33,34]. To solve this, the EEMD was proposed to alleviate this so-called “mode mixing”
phenomenon with a noise-assisted version [35–37]. Considering the uniform distribution of white
noise power spectral density, different auxiliary white noise was added to the original signal, so that
the signal was continuous at different scales. Following this, the inﬂuence of the introduction of
noise was eliminated by an averaging operation. Based on previous research, Yeh et al. improved
EEMD methods [38] by introducing the auxiliary noise in positive and negative forms, which aims
to eliminate the residual auxiliary noise in the reconstructed signals. In addition, the number of the
added noises can be lower, with the subsequent computational efﬁciency being higher. This method
is called complementary ensemble empirical mode decomposition (CEEMD) [38]. Recently, a tensor
decomposition algorithm has been applied to the ﬁeld of EEG signal processing [39], which provides a
potential way for solving the above SCBSS problem. However, SCBSS based on tensor decomposition
still has some limitations, which mainly includes unsatisfactory convergence and obscure estimate of
tensor rank.
EMD and its improved editions have some positive effects on signal decomposition. However,
they have a problem of large computation requirements. In addition, if the amplitude and the iteration
number of the added white noise are not appropriate, some undesirable components will appear in
the results of decomposition. Thus, the IMF component needs to be recombined and subsequently
processed. In essence, the purpose of adding white noise is to change the distribution of the extreme
points of the signal. Since the employed signal is asymptotically stable and the extreme points are
distributed evenly after adding white noise for several times, there is no need to add white noise for
integration and average decomposition in the whole process.
Inspired by the idea of getting assistance from random noise, the sinusoid-assisted method may
be another powerful tool for EMD. In this paper, a novel regenerated phase-shifted sinusoid-assisted
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EMD (RPSEMD) is introduced [40]. RPSEMD is intended to solve the problem of MMP by designing
sinusoids and a high-performance phase-shifting scheme. The observed signal is decomposed by
RPSEMD to solve the problem of mode mixing and large computation costs. The lift-dimensional signal
is realized by RPSEMD, with the undetermined blind source separation problem being completely
solved. Additionally, the accurate estimation of the number of source signals is achieved using
the Bayesian information criterion (BIC) [41]. Moreover, the joint diagonalization method based
on four-order accumulation is employed to realize the multi-fault separation [42]. The results of
the numerical simulation and experiment show that the proposed method has obvious advantages
compared to the blind source separation of single-channel composite fault and performs well in the
extraction of the fault features of rolling-bearing.
2. Theoretical Descriptions
2.1. Regenerated Phase-Shifted Sinusoid-Assisted EMD Theory

EEMD is an improved EMD algorithm, which is known as empirical mode decomposition with
additive noise. It is presented as a means of inhibiting the mode mixing phenomenon (MMP) and to
ensure that the decomposed IMFs have a certain physical meaning. The small amplitude of white noise
is introduced into the signal, which is analyzed during the whole process according to the conventional
EMD. The uniform distribution features of white noise can make the extreme distribute more evenly in
all scales, which has a positive function in inhibiting the discontinuity of IMFs. The EEMD algorithm
is described as follows:
(a)
(b)
(c)
(d)

Gaussian white noise with mean zero and standard deviation is added to the decomposed signal
x (t). Meanwhile, the normalization treatment is carried out;
The IMFs of all the scales are obtained by using EMD algorithm to decompose the
normalized signal;
Repeat the above two steps (a)–(b) for n times, where the added random white noise for every
time is required to obey normal distribution;
Make an average of n-groups totality of IMF components by EMD decomposition and obtain
n

n

n

x (t) = ∑ ∑ cij (t) + ∑ r j (t), where cij (t) is the i-th IMF components obtained from the j-th
i =1 j =1

j =1

decomposition and r j (t) is the remainder.

From the above analysis, it can be seen that EEMD can reduce the mode mixing and energy
leakage to a certain degree. However, it is unnecessary to add white noise for unlimited times and
reduce the effects of white noise on signal decomposition by calculating the average every time,
as this is a very time-consuming process. Moreover, the amplitude of the additive noise is selected by
principles from experience, which causes some difﬁculties in real applications. For instance, if there is
a signal with complex composition, the added noise with small amplitude is of no use, while adding
noise with a larger amplitude may instead lead to several spurious modes.
The novel points about the introduced RPSEMD method is summarized into two aspects. First,
the sinusoid-assisted signal is set as the auxiliary signal:
sk (t| ak , f k , wk ) = ak cos(2π f k t + wk )

(1)

where ak , f k , and wk denote the amplitude, frequency and phase, respectively. Following this,
the sinusoid-assisted signal sk is obtained by the intrinsic mode (IM) selected using clustering analysis.
Secondly, varied wk is performed to change the positions of the extreme point and to enhance the
decomposition effect. The main computational process of RPSEMD is described as follows:
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Initialize k = 1;
Apply standard EMD algorithm to x (t) and then determine ak and f k with the resulting IMFs.
wki is acquired by uniformly sampling in [0, 2π ] with the phase shifting number I(1 ≤ i ≤ I).
After this, sk (t| ak , f k , wk ) is obtained.
The standard EMD algorithm of x (t) + sk (t| ak , f k , wk ) is performed, which aims to obtain the
ﬁrst IMF. The ﬁnal IMF ck (t) is calculated by averaging all these ﬁrst IMFs.
Remove ck (t) from x (t): x (t) ← x (t) − ck (t) . Let k = k + 1;
Repeat the above steps (b)–(d) multiple times until no more IMF can be produced. Consequently,
the ﬁnal x (t) is regarded as the residue r (t).

Basically, the determination of the parameter (ak , f k ,wk ) is signiﬁcant for the RPSEMD method.
Under these circumstances, the initial IMFs obtained by EMD are represented as cik (t) (1 ≤ k ≤ K ).
For the extreme point of ci1 (t), it is necessary to obtain its instantaneous amplitudes ai1 (e) and
instantaneous frequency f i1 (e), where e indicates the index of an extreme point. Hierarchical clustering
is executed according to the distribution characteristics for the instantaneous frequencies of an extreme
point. Repeatedly classify f i1 (e) into P clusters until any two clusters satisfy the following conditions:
f 1 / f 2 > 1.5 or f 2 / f 1 < 0.67

(2)

Through the iterated algorithm, the one with the highest frequency, namely p0 -th cluster,
is determined as the target IM. Following this, we can obtain f k = f c p0 and ak = ac p0 . The solution of
shifted phase wk can be deﬁned as follows:
wki =

2π
i, 0 ≤ i ≤ N − 1
N

2.2. The Basic Principle of Blind Source Separation

(3)

BSS is a special process of recovering the source signal only from the observed signal, under the
condition that the parameters of the source signal and transmission system are unknown. Let A be an
M × N unknown mixing matrix. Thus, the instantaneous mixing model is expressed as
x (t) = As(t)

(4)

where the observed signal is denoted as x (t) = ( x1 (t), x2 (t), ..., x M (t)) T , the statistically independent
source signal is represented as s(t) = (s1 (t), s2 (t), ..., s N (t)) T with N ≤ M. The goal of blind source
separation is to ﬁnd the N × M separation matrix W (W = A−1 ) according to the observed signal
x (t). Thus, the recovered source signal can be obtained by using the method of feature matrix
joint-approximate diagonalization, which is based on the four-order accumulation matrix [42].
2.3. Source Number Estimation Based on Bayesian Information Criterion

Generally, BSS belongs to underdetermined blind source separation in the ﬁeld of mechanical
fault diagnosis. Basically, this involves the number of multi-channel observation signals being
less than the number of source signals, especially in the situation of a single-channel observation
signal. Since RPSEMD has the ability to adaptively decompose signals into a series of linear and
stationary IMFs, it is hypothesized that the IMFs obtained from RPSEMD can solve the problem
of underdetermined BSS. Nevertheless, the number of source signals of the system should be
ﬁrst estimated. The single channel observation signal x (t) is decomposed by RPSEMD to obtain
sub-band components ci (t)(i = 1, 2, ...d) and the remainder rd (t). Following this, x (t) and the
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sub-band components of the decomposition are composed of a multi-dimensional observation signal
xim f (t) = ( x (t), c1 (t), ..., cd (t), rd (t)) T . In addition, the correlation matrix of xim f (t) is deﬁned as
H
R x = E[ xim f (t) xim
f ( t )]

(5)

where the operator of H is the complex conjugate transformation. When the noise belongs to
Gaussian distribution and the corresponding IMFs are not relevant, the correlation matrix of
xim f (t) = ( x (t), c1 (t), ..., cd (t), rd (t)) T is expressed as
R x = E[s(t)sH (t)] + σ2 Iv−d

(6)

where v is the dimension of new observed signal xim f (t), Iv−d is unit matrix and σ2 is the noise power.
Performing singular value decomposition on R x gives the following expression:
R x = Vs Λs VsT + Vz Λz VzT

(7)

where Λs
=
diag{λ1 , ..., λd } are the principal eigenvalues in descending order,
while Λz = diag{λd+1 , ..., λv } is the characteristic values for noise. Commonly, there is often
clear distinction of the characteristic value between the noise components and useful signals.
Therefore, for an accurate estimation of the covariance matrix and under the premise that the noise
variance is relatively small, the dimensions of noise subspace of R x can be determined through judging
the feature eigenvalue. Thus, the number of source signals can be obtained theoretically. However, it is
difﬁcult to determine the threshold value of the main characteristic value and the noise characteristic
value. Therefore, the dimension of the noise subspace cannot be judged accurately. In order to solve
the problem of threshold setting, the Bayesian information criterion (BIC) is employed to estimate
the dimensions of the source signal and the noise subspace. BIC establishes the method of source
number estimation based on the Bayesian Minaka selection model [41]. Thus, the BIC model can be
approximately expressed as
k

BIC(k ) = ( ∏ λ j )
j =1

∼

where σ k

2

− N/2

∼

σk

− N (l − k)/2

l

N −(dk +k)/2

(8)

= ( ∑ λ j )/(l − k), dk = lk − k(k + 1)/2, 1 ≤ k ≤ l, l is the number of non-zero
j = k +1

eigenvalues. The goal of BIC is to ﬁnd the maximum value of the cost function, which corresponds to
the estimated number of source signals.
2.4. The Main Computational Steps of the Proposed Method

The main steps of the proposed BSS method for a single-channel composite signal based on
RPSEMD are described as follows:
(1)
(2)

(3)
(4)

Decompose the single-channel observation signal x (t) by RPSEMD, with a series of linear and
stationary IMFs c1 , c2 , ..., cn and residual component r1n being obtained;
The new multi-dimensional observation signal xim f = ( x, c1 , c2 , ..., cn , r1n ) T is composed by IMFs
obtained from RPSEMD and the original signal itself. In this way, the dimension of the observation
signal can be increased, so that the new observation signal can be analyzed in accordance with
the blind source separation theory;
Estimate the number of source signals by employing the Bayes information criteria;
According to the estimation number of the source signal, the method of feature matrix joint
diagonalization based on the four-order accumulation is used to perform blind source separation

85

MDPI Books

Appl. Sci. 2017, 7, 414

∧

on the recombination observation signal xim f , so as to obtain the estimation s of the source
signal s.
3. Simulation Signal Analysis
3.1. The Performance of Mode Decomposition Provided by the Proposed Method

For the ﬁrst simulation, we present a classical mode mixing example here. A modulating pure
signal plus an intermittent harmonic signal will inevitably lead to mode mixing when it is analyzed by
EEMD, due to the local nature of the method. The analyzed signal is y = x1 + x2 with
⎧
0
⎪
⎪
⎪
⎪
⎪
⎨ sin(2π f 1 (n − 501))
x1 =
0
⎪
⎪
⎪ sin(2π f 1 (n − 501))
⎪
⎪
⎩
0

if
if
if
if
if

1 ≤ n ≤ 200
201 ≤ n ≤ 400
401 ≤ n ≤ 600
601 ≤ n ≤ 800
801 ≤ n ≤ 1000

x2 = sin(2π f 2 n)(1 + sin(2π f 3 n)) 1 ≤ n ≤ 1000

(9)

(10)

where f 1 = 0.255, f 2 = 0.065 and f 3 = 0.032. The mixed simulation signal is plotted in Figure 1. Table 1
shows the parameter selection for EEMD.

Figure 1. The simulation signal: (a) original intermittent harmonic signal; (b) modulating pure signal;
(c) compound signal.
Table 1. The parameter settings for Ensemble Empirical Mode Decomposition (EEMD).
Noise Standard Deviation

Ensemble Size

Maximum Number of Sifting Iterations

0.2

200

500

Moreover, the result provided by the introduced method and EEMD is drawn in
Figures 2 and 3, respectively.
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Figure 2.
The result provided by the regenerated phase-shifted sinusoid-assisted EMD
(RPSEMD) method.

Figure 3. The result provided by the EEMD method.

The optimal amplitude of the noise is set as 0.2 and the ensemble size is 200 for the EEMD method.
Nevertheless, parameter selection is not necessary for RPSEMD. It can be seen from Figure 2 that
the IMF1 and IMF2 correspond to the original intermittent harmonic signal and modulating pure
signal, respectively. However, more unreasonable mode functions have been generated in EEMD.
Thus, RPSEMD outperforms EEMD in the mode decomposition of complex signal.
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Rolling-bearings and gears are always the critical components for rotating machinery. If they are
under running and heavy load for a long time, they are prone to fatigue damage. Commonly, the basic
fault model of a gear is described as [43]
K

sm (t) =

∑ Ak cos(2πk f m t + φk )

(11)

k =1

where f m is gear-mesh frequency, k is the order of harmonic components, Ak and φk correspond to the
amplitude and phase of the k-th harmonic respectively.
There are many types of the simulation signal models for bearing faults, with the most typical
one having been proposed by Randall [44]. Thus, the simpliﬁed model of the rolling-bearing inner
race fault is expressed as follows:
M

sb (t) =

∑ [ A0 · cos(2π fr t + φA ) + CA ] · e−B(t−iT−τi ) · cos[2π f n (t − iT − τi ) + φw ]

i =0

(12)

where A0 is the amplitude of resonance; f r is the rotational frequency; φ A , φw , C A are selected as
arbitrary constants; B is the attenuation coefﬁcient; T is deﬁned as the average time between two
impacts with T = 1/ f i ; f i is the inner race fault characteristic frequency; τi is regarded as the time
lag from its mean period due to the presence of slip and f n is the resonance frequencies of the
bearing system.
In order to validate the proposed method without loss of generality, the following gear fault
simulation signal based on Equation (11) is studied:
s1 = cos(2π f 1 t + 25) + 0.55 cos(4π f 1 t + 60)

(13)

where the mesh frequency is set as f 1 = 150 Hz. Meanwhile, the inner race fault model s2 is
examined according to Equation (12), with the parameter selection being listed in Table 2. Furthermore,
the noise components s3 cannot be neglected and they can be deﬁned as additive white Gaussian noise,
whose variance is 0.5 and average is 0.
Table 2. The parameter selection for inner race fault simulation signal s2 .
A0

fr (Hz)

f i (Hz)

τi

0.003

29

156

0.01

f n (Hz)
2000

CA

φA

φw

B

1

0

0

800

In order to randomly mix the three simulated original signals, a random 3 × 3 matrix (A is
optionally employed by the computer as
⎛

⎞
−0.9371 0.3212
0.4948
⎜
⎟
A=⎜
0.0151
−1.2158 ⎟
⎝ 0.8352
⎠
1.0945
−1.1645 1.5908

(14)

According to the instantaneous mixed signal model x (t) = As(t), where x = ( x1 , x2 , x3 ) and
s = (s1 , s2 , s3 ), three mixed signals can be obtained.
We assumed that only a single-channel composite signal is measured, due to the limitation of
monitoring conditions in the process of blind source separation of mechanical failure. Following this,
the time-domain diagram of the original simulation signal s1 , s2 and the analyzed single-channel
composite signal x1 (t) are shown in Figure 4.
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Figure 4. The time domain response of s1 , s2 and the single channel compound signal x1 (t): (a) the
time-domain of s1 ; (b) the time-domain of s2 and (c) the analyzed single channel signal x1 (t).

Figure 5 presents the IMF components obtained by RPSEMD. The IMFs provided by EEMD for
the mixed fault simulation signal is plotted in Figure 6. When comparing Figures 5 and 6, the RPSEMD
result has better correspondence with the ideal IMFs. For instance, the IMF2 has a greater similarity
with the rolling-bearing fault signal. Moreover, IMF5 and IMF4 correspond closely to the gear fault
signal. However, the IMFs provided by EEMD have less relevance to the original source signal.
From the graph, it can be seen that the RPSEMD has obvious advantages in the signal decomposition
for the simulation signal, which can be used to identify the source signal.

Figure 5. The intrinsic mode functions (IMFs) provided by RPSEMD.
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After this, the single-channel observation signal x1 (t) and its intrinsic mode
function ( IMF1 , IMF2 , ..., IMF7 ) are collected to form a new multi-dimensional signal
xlim f = (x1 , IMF1 , IMF2 , ..., IMF7 )T , whose correlation matrix is expressed as Rx = E(xlim f (t)xlim f H (t)).
Following this, the singular value decomposition (SVD) to the correlation matrix R x is performed,
with the feature vector Λ = diag{λ1 , λ2 , ..., λ8 } being obtained.
According to the BIC value shown in Figure 7, the number of source signals is determined as two,
which is consistent with the physical truth. In addition to the original single-channel signal, it was
necessary to select one component from the inherent IMFs obtained by RPSEMD, thus satisfying the
basic conditions of BSS.

Figure 7. The Bayesian information criterion (BIC) of the composite original signal.
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Since the IMF2 has the maximum correlation with the original signal, it can be chosen as the
preferred mode component and is used together with the original single-channel signal to form
xlim f = ( x1 , I MF2 ) T . It is employed as a new multi-channel observation signal to achieve the blind
source separation by the approach of feature matrix joint diagonalization, based on the four-order
accumulation. The results provided by the proposed method are plotted in Figure 8. When comparing
Figures 4 and 8, it was found that the time-domain waveform of the two components obtained by the
proposed method corresponds well with the original source signals.

Figure 8. Result of blind source separation provided by the proposed method: (a) The ﬁrst component
obtained by the proposed method and (b) The second component obtained by the proposed method.

To verify the effectiveness of the proposed method, EEMD based on feature matrix joint
diagonalization is applied to the simulation signal. Since the IMF5 generated by EEMD has the
maximum correlation with the original signal, the new observed multi-channel signal is expressed as
xlim f = ( x1 , I MF5 ) T . Following this, the result is plotted in Figure 9, which shows that the compound
fault can hardly be identiﬁed. Thus, we can make a conclusion that the proposed method not only
realizes the decomposition of single-channel vibration signal, but also further achieves the BSS.

Figure 9. Results of blind source separation provided by the EEMD: (a) The ﬁrst component obtained
by EEMD and (b) The second component obtained by EEMD.
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Generally, the rolling-bearing is an important part of machinery. In the actual operation, the inner
ring, the outer ring and rolling element parts are related to each other. Hence, there is a strong
correlation between the different vibration sources. Limited by the testing experiment, one channel
observation signal is monitored in normal conditions. In order to verify the validity of the proposed
method in the experiment, this signal was used to detect the coupling faults of the inner and outer rings
of a rolling-bearing. The experimental apparatus was provided by the experimental center of institute
of mechanical automation in Wuhan University of Science and Technology, which is customized by the
American SQi company. This apparatus was composed of a motor drive, encoder, and fault simulation
of the two-level reduction gear box and load device. The speciﬁc device is shown in Figure 10.

Figure 10. Fault simulation experimental table for the rolling-bearing of a gear box. (a) The physical
map of the test rig; (b) The structure diagram of the test rig: 1-motor, 2-encoder, 3-gearbox, 4-measured
point and 5-load device.

In this paper, the deep-groove ball bearing ER-16k (FAFNIR, Springﬁeld, MA, USA) with faults
on the outer and inner rings was simulated. According to the bearing parameters and the coefﬁcient of
the gear transmission ratio, the frequency of the inner ring and the outer ring of the bearing fault were
calculated, which are listed in Table 3.
Table 3. Main characteristic frequencies of the SQi simulation test table.
Rotating
Frequency

Transmission
Frequency

Output Frequency

Inner Ring Fault
Frequency

f

0.29f

0.11f

5.43f
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It is noted that f is the actual motor rotational frequency, which corresponds to the input shaft
frequency. Motor rotating frequency was set to be 30 Hz. As the speed of the three-phase asynchronous
motor will ﬂuctuate, the measured rotating frequency is f = 29 Hz in reality. Hence, the characteristic
frequencies of the inner and outer rings of the bearing can be calculated as f i = 157.47 Hz and
f o = 103.59 Hz, which are shown in Table 4. The original time-domain waveform and frequency
spectrum of the measured single-channel are shown in Figure 11.
Table 4. Characteristic frequencies of FAFNIR deep groove ball bearing.
Rotating Frequency f /Hz

Inner Ring Fault Frequency f i /Hz

Outer Ring Fault Frequency f o /Hz

29

157.47

130.59

Figure 11. Time domain and frequency spectrum of a single channel composite signal. (a) The time
response of a measured single channel vibration signal; (b) The frequency domain of measured single
channel vibration signal.

In order to perform the blind source separation of a single-channel composite signal in the
experiment station, the RPSEMD was ﬁrst employed to decompose the composite signal, with the
mode components then being obtained. Subsequently, the original signal and the decomposed mode
components were decomposed by SVD to obtain characteristic values, before the number of source
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signals was determined by the method of BIC. Following this, the new observation signal was processed
by the proposed blind source separation and the analyzed result is drawn in Figure 12.

Figure 12. Result of blind source separation in the frequency domain provided by the proposed method.
(a) The ﬁrst component obtained by the proposed method. (b) The second component obtained by the
proposed method.

Figure 12a,b present the frequency spectrum of the estimated signal by the proposed method.
From Figure 12a, the rotating frequency f r and its double frequency 2 f r can be inspected. In addition,
the inner ring fault frequency f i , its double frequency 2 f i and its third harmonic frequency 3 f i can
also be identiﬁed. Moreover, the modulation phenomenon is rather obvious, which can further
prove the inner fault of roll-bearing. Analogously, the outer ring fault frequency f o , its double and
triple frequencies can also be found in Figure 12b. Therefore, the method proposed in this paper can
accurately identify the fault frequency of the inner ring and the outer ring, which achieves the blind
source separation of a multi-fault composite signal in the experimental table.
In a similar way, the above-mentioned EEMD method for BSS [31] was compared with the
proposed method, with the result being plotted in Figure 13. Nevertheless, it has little difference
in the frequency domain and only the inner ring fault frequency f i can be identiﬁed. Based on
Figures 12 and 13, we can make the judgment that the proposed method performs better in actual,
measured multi-fault signal separation.
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Figure 13. Result of blind source separation provided by EEMD. (a) The ﬁrst component obtained by
EEMD; (b) The second component obtained by EEMD.

5. Conclusions

Single-channel blind source separation algorithm (SCBSS) has important theoretical and practical
values in the multi-fault feature extraction for mechanical equipment. The main work in this paper
is summarized as follows: (1) A novel regenerated phase-shifted sinusoid-assisted empirical mode
decomposition (RPSEMD) method was introduced for signal decomposition. It not only inhibited
the mode mixing problem during the whole decomposition process, but also had superiority without
parameter selection. As it produces the better performance of adaptive signal decomposition, it was
ﬁrst applied to the blind source separation of a single-channel composite signal in health monitoring
of key mechanical equipment; (2) Based on the Bayesian information criterion and singular value
characteristics generated by SVD model, the number of source signals was accurately estimated;
(3) Through theoretical analysis and experimental tests, it was shown that the method proposed in
this paper could effectively extract the fault features and solve the problems of multi-fault separation.
Therefore, the proposed method could serve as a powerful tool in multi-fault identiﬁcation.
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Abstract: A sophisticated hierarchical neural network model for intelligent assessment of structural
damage is constructed by the synergetic action of auto-associative neural networks (AANNs)
and Levenberg-Marquardt neural networks (LMNNs). With the model, AANNs aided by the
wavelet packet transform are ﬁrstly employed to extract damage features from measured dynamic
responses and LMNNs are then utilized to undertake damage pattern recognition. The synergetic
functions endow the model with a unique mechanism of intelligent damage identiﬁcation in
structures. The model is applied for the identiﬁcation of damage in a three-span continuous bridge,
with particular emphasis on noise interference. The results show that the AANNs can produce
a low-dimensional space of damage features, from which LMNNs can recognize both the location
and the severity of structural damage with great accuracy and strong robustness against noise.
The proposed model holds promise for developing viable intelligent damage identiﬁcation technology
for actual engineering structures.
Keywords: auto-associative neural network; Levenberg-Marquardt neural network; wavelet packet
transform; damage feature extraction; damage assessment; nonlinear principal component analysis;
bridge structure

1. Introduction

Structural damage identiﬁcation has been an active research focus that has been receiving
increased attention over the years in the civil engineering ﬁeld. Structural accidents have once
again demonstrated the necessity of developing valid techniques for early-stage structural damage
identiﬁcation [1,2]. In general, structural damage identiﬁcation can be divided into four progressive
levels: judgment of damage occurrence, determination of damage location, discrimination of damage
severity, and assessment of remaining structural life [3,4]. Typical damage identiﬁcation methods
found in the literature are usually developed by processing structural dynamic responses. Such
methods can be largely categorized into two groups: vibration-based damage detection methods [5–7]
and wave-propagation-based damage inspection methods [8–10].
An active branch of vibration-based damage identiﬁcation is damage pattern recognition based
on artiﬁcial intelligence methods [11–15]. The most popular artiﬁcial intelligence method used
Appl. Sci. 2017, 7, 391
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in structural damage diagnosis is artiﬁcial neural networks (ANNs), providing the advantages
of self-adaptiveness, generalization, and real-time processing [16–18]. Representative studies of
ANN-based damage pattern recognition are described as follows. Worden et al. [19,20] applied
ANNs to evaluate the location and severity of damage in monotonic structures. Ni et al. [21]
proposed an ANN-based method using measured modal properties to detect damage in steel frames,
testifying to the effectiveness of discriminating positions and degrees of multiple instances of damage.
Zubaydi et al. [22] used ANNs to interrogate damage in the side shells of a ship structure, illustrating
the capacity of ANNs to discover such damage. Sahoo et al. [23] proposed a hybrid neuro-genetic
algorithm to automate the design of a neural network for different types of structures. The neural
network was trained considering frequency and strain as the input parameters, location and the amount
of damage as the output parameters. Its performance was demonstrated using two test problems and
the results were quite encouraging. Hakim and Razak [24] summarized the existing studies of using
measured frequent response functions (FRFs) as inputs to ANNs for structural damage identiﬁcation,
with the conclusion that FRFs held fair advantages over modal parameters in damage characterization.
In recent years, the wavelet signal processing technique, referring to the wavelet transform
(WT) [25–28] and the wavelet packet transform (WPT) [29–35], has been incorporated into ANN-based
damage pattern recognition, and that technique has become an active research focus of vibration-based
structural damage identiﬁcation. In this aspect, representative studies are as follows. Yam et al. [36]
developed a method integrating ANNs and WT to locate and quantify damage in polyvinyl chloride
sandwich plates, with satisfactory results obtained. Zhu et al. [37] integrated a wavelet real-time
ﬁltering algorithm, adaptive neuro-fuzzy inference system (ANFIS), and an interval modeling
technique to process structural response signals and excitation data. The method they proposed
could rapidly identify unknown damage and small damage. Diao et al. [38] combined WPT and ANNs
to establish a two-step damage detection method that could locate and quantify damage with great
robustness. Tara et al. [39] proposed a synergetic approach of damage detection by linking ANNs
and WT, in which the wavelet energy was used as a damage feature to discriminate different damage
patterns. Yan et al. [40] used probabilistic neural networks aided by the WPT to detect structural
damage under ambient vibration. Evagorou et al. [41] extracted features from the moments of the
probability density functions of the wavelet coefﬁcients obtained through WPT, and then developed
a classiﬁcation algorithm on the basis of a probabilistic neural network. Torres et al. [42] preprocessed
the acoustic-ultrasonic responses using the discrete WT to produce wavelet coefﬁcients. The produced
wavelet coefﬁcients are then processed by the AANN for outlier analysis-based damage detection in
pipeworks, with the damage detected accurately. In general, studies have emphasized the advances of
ANNs in recognizing different damage patterns, aside from stating the capability of WT or WPT in
extracting damage features.
Despite the prevalence of using ANNs for structural damage identiﬁcation, a notable imperfection
is that ANNs commonly take on the sole function of damage pattern recognition [43–45], they have
barely played any role in extracting damage features to date. Owing to the ﬂexibility and versatility,
ANN techniques have marked potential for creating damage features. This potential can be of
important signiﬁcance in expanding the capacity of ANNs to be used in the ﬁeld of structural damage
identiﬁcation. To this effect, this study presents an innovative hierarchical wavelet-aided neural
intelligent diagnosis model that can achieve the functions not only of damage pattern recognition but
also of damage feature extraction.
2. Fundamental Theories
2.1. Wavelet Packet Transform (WPT)
The WPT is deﬁned by the expressions [46,47]:

100



√
( j)
2∑ h(k )un (2t − k )
; n, k = 0, 1, 2, · · ·
√ k
( j)
( j)
u2n+1 (t) = 2∑k g(k )un (2t − k )
( j)

u2n (t) =

(0)

(0)

MDPI Books

Appl. Sci. 2017, 7, 391

(1)

where u0 (t) = ϕ(t) is the scaling function, u1 (t) = ψ(t) is the wavelet function, j is the
decomposition level, k is the translation parameter, and n is the modulation parameter. The terms
h(k) and g(k ) are quadrature mirror ﬁlters, and the corresponding function sets H = {h(k )}k=z and
G = { g(k )}k=z denote the low pass ﬁlter and the high pass ﬁlter, respectively. The recursive relations
between the jth and the ( j + 1)th level components of WPT are given in the equations:
f ji (t) = f j2i+−1 1 (t) + f j2i+1 (t)
f j2i+−1 1 (t) = H f ji (t)
f j2i+1 (t)

=

G f ji (t)

(2)
(3)
(4)

After being decomposed for j times, the sum of the component signals can represent the original
signal f (t) as:
2j

f (t) =

∑ f ji (t)

i =1

(5)

The process of WPT for the original signal can be perceived as a binary tree (Figure 1), in which
f (t) is at the top layer. At the ﬁrst decomposition layer, f (t) is decomposed by the ﬁlters H and
G, giving its approximate component signal A and detail component signal D. A and D are then
decomposed by H and G again, respectively, leading to two new pairs of approximate and detail
component signals, {AA, AD} and {DA, DD}. For the next layer, the ﬁlters H and G are used in the same
way to process each component signal AA, AD, DA, and DD, creating new pairs of approximate and
detail component signals, and so on. In the end, at the jth layer, a total of 2 j component signals can be
produced. All the component signals generated by the WPT up to the fourth layer are displayed in
Figure 1, in which each component signal is termed a wavelet packet node.

Figure 1. Schematic of wavelet packet transform (WPT) of a time-domain signal. A: approximate
component signal; D: detail component signal.

In Figure 1, the upper-left part is the WT procedure; the component signals with yellow
backgrounds D, AD, AAD, AAAD and AAAA are just the results of the WT. Hence, the WT is a subset
of the WPT. Unlike the WT that merely covers the lower frequency part, the WPT provides even more
and exhaustive decomposition along the whole frequency scope, because each left detail signal is
decomposed again in a similar way to decompose the approximation signal. The down sampling
operation of WPT causes the switch of the order of the low and high-pass components in a subsequent
decomposition, hence producing a frequency content that follows a Gray code sequence [47].
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Nonlinear principal component analysis (NLPCA) is deemed to be a nonlinear generalization
of principal component analysis (PCA) [48], generally used for data compression and dimension
reduction, and can be realized by the following procedure.
Let X be an original data set of high dimension. X is projected by a nonlinear function vector U
into a new data set T of low dimension:
(6)
T = U (X)
T can be projected back into the original space by another nonlinear function vector V, giving X̂
X̂ = V ( T )

X̂ is the reconstruction of X with the residual error X
 = X − X̂
X

(7)

(8)

The functions U and V are properly chosen to minimize the residual error. With appropriate U
and V, Equations (6) and (7) can be used to project a high-dimensional data set X to a low-dimensional
data set T with little information loss, which is the essence of NLPCA.
Compared to the PCA, the NLPCA has two distinctive features: (i) it has advantages over the
standard PCA in removing not only linear but also nonlinear correlations in variables; (ii) the nonlinear
principal components (NPCs) from NLPCA are parallel in importance rather than being in decreasing
order like those of the PCA.
Recent studies have reported that ANNs can implement some component analysis methods such
as sensitivity analysis [49]. Likewise, they can be used to conduct NLPCA. Auto-associative neural
networks (AANNs) have been demonstrated as a sophisticated strategy to carry out NLPCA [50].
The technological key lies in constructing an auto-associative learning framework by placing the
high-dimensional data set X at both the input and target output layers. As shown in Figure 2, AANNs
consist of ﬁve layers: the input layer, the mapping layer, the bottleneck layer (low-dimensional space),
the remapping layer, and the output layer. After being well trained by controlling the resident error
deﬁned by Equation (8), AANNs perform Equation (6) by projecting X of high dimension from
the input layer to T of low dimension in the bottleneck layer via the mapping layer; meanwhile,
AANNs perform Equation (7) by projecting T from the bottleneck layer to X̂ in the output layer via the
remapping layer.

Figure 2. Auto-associative neural networks (AANNs) for damage feature extraction from wavelet
packet node energies (WPNEs). (A) mapping layer; (B) bottleneck layer; (C) remapping layer.
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Alternatively, AANNs can be seen as a combination of two individual networks, NN1 and NN2,
with symmetrical structures. NN1 consists of the input layer, the mapping layer, and the bottleneck
layer, whereas NN2 consists of the bottleneck layer, the remapping layer, and the output layer. The two
networks integrate by sharing the bottleneck layer. It has been illustrated that for a neural network,
one hidden layer with a nonlinear activation function is sufﬁcient for modeling arbitrary nonlinear
functions, so both NN1 and NN2 are able to model a nonlinear function if their activation functions in
the hidden layer are nonlinear [50]. To ensure that the AANNs are capable for NLPCA, they should
have nonlinear activation functions for the mapping and remapping layers.
3. Damage Identiﬁcation Paradigm

A hierarchical neural intelligent model for structural damage identiﬁcation is established by
integrating the function of AANNs for extracting damage features with that of the LMNNs for
recognizing damage patterns.
3.1. Formation of Damage Features Using AANNs
3.1.1. Wavelet Packet Node Energies (WPNEs)

The WPNEs of structural dynamic responses are newly emerging damage indices used in
intelligent damage identiﬁcation methods in recent studies [29,51]. Let f (t) be an acceleration response
of a structure subjected to an excitation. The WPNEs can be deﬁned on f (t) as:
E(i, j) =




2


∑dij [k]
k

dij [k ] =



 
f , unj,k (t) =
f (t)unj,k (t)

(9)

(10)

where i labels the ith wavelet packet node at the jth layer, dij [k ] is the WPT coefﬁcient of the ith wavelet
packet node, k is the translation parameter, and unj,k (t)is the wavelet packet function. The principle
of using WPNEs to represent damage is that damage can modulate the structural dynamic response,
and therefore it can change the WPNE distribution derived from the dynamic response. Compared
to traditional dynamic features such as frequency or modal shape, WPNEs are much more sensitive
to damage. Moreover, WPNEs are more robust than some newer damage features such as the WPT
coefﬁcient. In what follows, WPNEs are used to characterize damage.
The operation of WPNEs in characterizing damage are related to the wavelet packet function and
the decomposition level of the WPT. In this study, the wavelet packet function is set at Daubechies4
(db4) and the number of decomposition layers is set at six. The choice of the db4 wavelet as the
mother wavelet in the WPT to decompose the acceleration for damage identiﬁcation is based on the
trial-and-error method. The trial-and-error method is a general method for determining the proper
mother wavelet for use in the WT-based structural damage detection, typically referring to [42,51].

T
Equations (9) and (10) give rise to the vector of WPNEs, e p = e1,p , e2,p , · · · e64,p . Although this vector
carries sufﬁcient damage information, its high dimensionality causes considerable difﬁculty in the
efﬁcient representation of damage. In particular, it is unfeasible to employ the vector of WPNEs as
damage features to frame an intelligent damage pattern recognition paradigm. This instance entails
a procedure of extracting damage features from WPNEs. The extracted damage features should have
the characteristic of low dimensionality and also preserve the damage information of the WPNEs.
3.1.2. Damage Feature Extraction

NLPCA was previously introduced in the ﬁeld of structural damage detection, where it was
mainly used to deal with environmental effects [52,53]. In this article, it helps build damage features.
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Considering that the WPNEs vector e p is a column vector, a matrix E is constructed from the WPNEs
vectors e p of m samples as follows:
⎡

e1,1
e2,1
..
.
e64,1

⎢
⎢
E=⎢
⎢
⎣

e1,2
e2,2
..
.
e64,2

···
···
..
.
···

e1,p
e2,p
..
.
e64,p

···
···
..
.
···

⎤

e1,m
e2,m
..
.
e64,m

⎥ 
⎥
⎥=
⎥
⎦

e1

e2

· · · ep

· · · em



(11)

Extraction of damage features from WPNEs is tackled by the NLPCA strategy that is implemented
by the AANNs, with the structure depicted in Figure 2. The number of neurons at the input layer or
output layer (M) ﬁts the dimensions of the WPNEs. According to [49], the number of neurons of either
the mapping layer or the remapping layer N should be chosen such that:
2N < M

(12)

The bottleneck layer will produce NPCs that represent the extracted damage features. Therefore,
the number of NPCs (r) equals the number of neurons in the bottleneck layer. r is properly chosen
to ensure that the extracted damage features contain the sufﬁcient damage information stored in the
WPNEs. The activation functions in the mapping and remapping layers are the sigmoid functions σ
and λ, respectively, whereas the activation functions at the bottleneck and output layers are the pure
line functions β and δ, respectively, as indicated in the circle of the corresponding layer in Figure 2.
The cost function, measured by the mean squared error (MSE), directs the training of the AANNs,
with the MSE deﬁned by [50]:
m 64 
2
MSE = ∑ ∑ ei,p − êi,p
(13)
p =1 i =1

where m is the number of samples. ei,p and êi,p are the target values and prediction values of the
AANNs, respectively.
When the inputs and the target output are both set to WPNEs, the AANNs are forced to build
a mapping from the inputs to the outputs. This mapping can produce a converted low-dimensional
vector of WPNEs, i.e., the NPCs of WPNEs. In a well-trained AANN, the matrix of NPCs Cr×m with
r  64 is generated from the bottleneck layer. The C matrix is formed:
⎡
⎢
⎢
C=⎢
⎢
⎣

c1,1
c2,1
..
.
cr,1

c1,2
c2,2
..
.
cr,2

· · · c1,p
· · · c2,p
..
...
.
· · · cr,p

···
···
..
.
···

c1,m
c2,m
..
.
cr,m

⎤
⎥ 
⎥
⎥=
⎥
⎦

c1

c2

· · · cp

· · · cm



(14)

where c p is a vector of NPCs for a damage sample. The NPCs carry almost all the damage information
of WPNEs but have lower dimensionality than the WPNEs. This peculiarity enables NPCs to be valid
damage features for intelligent damage pattern recognition.
3.2. Damage Pattern Recognition

With the damage features extracted by AANNs as inputs, LMNNs are utilized to perform
damage pattern recognition. The LMNNs are back-feed forward neural networks equipped with
the Levenberg-Marquardt algorithm. This algorithm endows LMNNs with distinctive efﬁciency and
precision in convergence [54]. As shown in Figure 3, the LMNNs consist of three layers: an input
layer, a hidden layer, and an output layer. The Greek letters in the neuron circles represent activation
functions of the corresponding layer. In the hidden layer, the activation function ε is the sigmoid
function and in the output layer, θ is the pure line function. The inputs are the NPCs constructed
from the AANNs, Cr×m with r  64; the outputs Sz×m describe the spatial element distribution of
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the structure being inspected (Figure 3). The value of each entry from 0 to a denotes the extent of the
damage, with a denoting the upper limit of the severity of possible damage. The spatial position of
this entry in Sz×m indicates the damaged element of the structure.

Figure 3. Levenberg-Marquardt neural networks (LMNNs) for damage pattern recognition. (A) input
layer; (B) hidden layer; (C) output layer.

To train the LMNNs, a certain number of damaged cases of the test structure need to be considered
to construct the training sample set. Furthermore, more different damaged cases are demanded as
testing samples for the network, to test its generalization ability after being well trained. For the
particular model proposed here, due to the validity of the choices of inputs, relatively fewer training
samples can train the LMNNs adequately. During the course of training, the LMNNs try to ﬁnd out the
underlying relationship between damage features (inputs) and damage states (outputs) by constantly
adjusting the weight and bias of the hidden layer and output layer. MSEs between the outputs and the
targets are considered as the cost function of the LMNNs. After being well trained, the LMNNs can
build nonlinear mapping between damage features and damage states. This mapping will be able to
recognize new unknown structural damage states.
3.3. Hierarchical Neural Network Model

The synergetic action of AANNs and LMNNs constructs a hierarchical neural network model for
intelligent damage assessment, as shown in Figure 4. In the process of damage identiﬁcation, AANNs
are responsible for damage feature extraction and LMNNs account for damage pattern recognition.
Distinctive features of the proposed model in damage assessment are:
(i)

WPNEs are much more sensitive to damage than WPT coefﬁcients, natural frequencies,
and mode shapes.
(ii) AANNs acting as a smart NLPCA tool can extract damage features from WPNEs.
Such extracted damage features have lower dimensionality than WPNEs while preserving enough
damage information.
(iii) LMNNs can capture the underlying relations between damage features and damage states,
on which they can recognize structural damage patterns.
(iv) The special structure of the hierarchical neural network model requires a small set of training
samples of damaged cases to produce accurate prediction results of damage identiﬁcation with
great noise robustness.
(v) The hierarchical neural network model is easily implemented in a computational language, e.g.,
Matlab, to create an automatic program of intelligent damage assessment.
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The three-span continuous bridge is a typical item in civil infrastructure. The effectiveness of the
proposed model is veriﬁed by detecting damage in a three-span continuous bridge (Figure 5) with
span lengths 15, 20, and 15 m, respectively, similar to the engineering case used in [55]. The material
properties of the bridge are listed in Table 1 and this bridge is modeled using ten beam elements.
An impact force with a maximum magnitude of 100 N is exerted at the midpoint of the bridge,
and the acceleration response of this point is measured. A duration of 20 s of acceleration response
is recorded, with the sampling frequency of 100 Hz. From the acceleration response, the traditional
modal properties including natural frequencies and mode shapes are ﬁrst analyzed for damage
characterization. Unfortunately, in the cases of damage with the stiffness reduction ratio (SRR)
below 10%, the maximum change in the traditional parameters induced by the damage is less
than 5%, insufﬁcient to reﬂect the damage. This example, illustrating the incapacity of traditional
modal characteristics to portray damage, calls for a more sophisticated method to undertake damage
identiﬁcation of the bridge.
Table 1. Material properties of the bridge.
Properties

Values

Mass density
Young’s modulus
Cross-sectional area
Moment of inertial
Damping ratio

7800 kg/m2
200 GN/m2
5 × 10−2 m2
4.17 × 10−6 m2
0.01

4.1. Damage Cases

Damage is fabricated by reducing the stiffness of a ﬁnite element of the bridge. Damage severity is
described by the SRR. For each element, a set of 30 damaged cases is elaborated with SRRs ranging from
1% to 30% (Table 2). In total, 150 damaged cases are created in which damage occurs independently
in one element of half of the bridge with various severities, considering the structure’s symmetry.
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For each damaged case, an impact force is exerted to vibrate the bridge, with the acceleration responses
measured at the midpoint of the bridge.

ȱ

Figure 5. Three-span continuous bridge.
Table 2. Layout of damage cases.
Case Number

Damaged Element

1–30
31–60
61–90
91–120
121–150

1
2
3
4
5

4.2. Damage Feature Extraction

SRR (%)
1, 2, . . .
1, 2, . . .
1, 2, . . .
1, 2, . . .
1, 2, . . .

, 30
, 30
, 30
, 30
, 30

For preprocessing, the WPT is employed to process the acceleration responses and generate
WPNEs. Let f p (t) be the acceleration response generated from the pth damaged case. The db4
wavelet optimally selected is used to decompose f p (t) up to the sixth layer, resulting in 64 WPNEs.
Figure 6a,b show the WPNEs and their normalized forms of the intact case, where the normalization is
conducted as:


ei,p − e
(15)
ei,p =
σ
where e and σ are the mean value and the standard deviation of the WPNE vector.
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Figure 6. Extracted nonlinear principle components (NPCs) from wavelet packet node energies
(WPNEs) using AANNs. (a) WPNEs; (b) Normalized WPNEs; (c) Normalized NPCs.

In accordance with the procedure described in Section 3.2, the AANNs are employed to extract
damage features from the WPNEs. By the trial-and-error method, the optimal number of neurons in
the bottleneck layer of the AANNs is determined as 5; by the rule stated in Equation (12), the number
108

MDPI Books

Appl. Sci. 2017, 7, 391

of neurons in the mapping layer as well as the remapping layer is given as 20. When the WPNEs are
individually placed in the input layer and the output layer, the AANNs can be driven to train under
the control of the cost function, i.e., MSE. Once the AANNs are well trained, as indicated by the MSE
arriving at the stop criterion, the outputs of the bottleneck layer generate the NPCs, leading to ﬁve
NPCs. These NPCs are the damage features extracted from the WPNEs, as illustrated in Figure 6c for
the intact case.
The damaged cases listed in Table 2 can be divided into five groups in terms of the damaged
elements (locations), from Ele 1 to Ele 5, with Ele being an abbreviation of element. Damaged cases in
same group differ from each other according to their different damage severities. Visualization of the
NPCs is utilized to indicate their feasibility to characterize damage. The first three NPCs of all damage
cases are plotted in Figure 7a, with Figure 7b–d providing progressively zoomed-in displays of the
portion covered by the zoomed-in window. In these figures, there are five dotted curves extending
to different directions, each comprising a sequence of separated dots. Each curve denotes a group of
damage cases with the damage located at the same element; each dot of a curve labels a damage case of
specific damage severity. The dispersion of the dotted curves indicates the effectiveness of the NPCs to
reflect different damage locations; the separation of the dots in one curve designates the efficiency of the
NPCs to characterize different damage severities. Clearly, the NPCs can be used to characterize not only
the damage location but also the damage severity, even in damaged cases with the SRR less than 5%.

ȱ

ȱ

(a)ȱOriginalȱnonlinearȱprincipleȱcomponentsȱ(NPCs)ȱ

ȱ
(b)ȱZoomedȬinȱcubeȱinȱ(a)ȱ

(c) ZoomedȬinȱcubeȱinȱ(b)

(d) ZoomedȬinȱcubeȱinȱ(c)

Figure 7. Visualization of the capability of NPCs to characterize damage by a progressively
zoomed-in cube.
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Following damage feature extraction using the AANNs, the LMNNs are used to recognize the
damage location and severity. The inputs of LMNNs are the extracted damage features as illustrated in
Figure 6c, and the outputs are ﬁve dimensional vectors [SEle 1 , SEle 2 , SEle 3 , SEle 4 , SEle 5 ], among which
SEle k denotes the SRR of the kth element of the bridge. SEle k takes the value of the interval [0, 0.3],
suggesting that the maximum severity of damage considered is SRR = 30%. When the SRR varies from
1% to 30% for each element, 150 damaged cases are elaborated, as listed in Table 3. These damaged
cases and the intact case are divided into a training set and a testing set of samples. The training set
consists of 16 cases including 15 damaged cases that the SRR = 10%, 20%, 30% for each element and
the intact case; the testing set comprises 135 damaged cases with SRRs differing from those in the
training set. The training sample set is used to train the LMNNs with the cost function of MSE to
control the training.
Table 3. Training and testing set of samples for damage identiﬁcation.

Element

Training Set
SRR (%)

Testing Set
SRR (%)

1

10
20
30

1, 2, . . . , 9
11, 12, . . . , 19
21, 22, . . . , 29

2

10
20
30

1, 2, . . . , 9
11, 12, . . . , 19
21, 22, . . . , 29

3

10
20
30

1, 2, . . . , 9
11, 12, . . . , 19
21, 22, . . . , 29

4

10
20
30

1, 2, . . . , 9
11, 12, . . . , 19
21, 22, . . . , 29

5

10
20
30

1, 2, . . . , 9
11, 12, . . . , 19
21, 22, . . . , 29

Note: the intact bridge (SRR = 0) is a case of the training set.

The LMNNs are considered well trained when the MSE reaches the stop criterion of 2 × 10−5 .
This criterion is determined by a trial-and-error method to ensure enough accuracy (avoiding excessive
training) and high efﬁciency. At this stage, fed with the damage feature vectors of the test samples,
the LMNNs produce the estimated vectors of [SEle 1 , SEle 2 , SEle 3 , SEle 4 , SEle 5 ] for every sample.
The difference between the estimated vectors and the target output vectors indicates the error of
the damage identiﬁcation. For instance, for the result corresponding to Ele 1, Figure 8a presents the
output of Ele 1 estimated by the LMNNs for all the test samples; Figure 8b presents the associated
target outputs; Figure 8c depicts the difference between the estimated values and the target outputs,
i.e., the damage identiﬁcation error. Clearly, the Ele 1 output of the LMNN approximates the target
very well. For all the test samples, the damage identiﬁcation results are given in Figure 9a–c for the
estimated values, targets outputs, as well as the identiﬁcation error. Firstly, the damage location can be
detected with great accuracy; there are few incorrect judgments of the damage location. For the aspect
of damage severity, some errors obstruct from obtaining a very precise prediction of the severity of
damage. However, those errors are within a small range. As seen in Figure 9c, the errors are all below
an upper limit of about seven, indicating that the detection may only fail for some minor damage. In a
word, the results show that the proposed hierarchical neural network model can effectively detect both
the location and severity of damage.
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Notably, the proposed model has considerable generalization capability; it can capture the
underlying relations between damage features and damage states on the basis of a fairly limited
number of training samples.

(a)

(b)

(c)

Figure 8. Identiﬁcation of damage in Ele 1 of the bridge. (a) Damage estimate; (b) Target output;
(c) Damage identiﬁcation error.
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Figure 9. Identiﬁcation of damage in the bridge in noise-free condition. (a) Damage estimate; (b) Target
output; (c) Damage identiﬁcation error.
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Robustness against measurement noise is a key factor for assessing the performance of the damage
detection methods [56,57]. The capability of the proposed model to identify damage in noisy conditions
is examined by using noisy acceleration responses to simulate actual measurements. The noisy
acceleration response is elaborated by adding random Gaussian white noise to the acceleration
response obtained from the numerical simulation of the bridge. The noise intensity is quantiﬁed by the
signal-to-noise ratio (SNR):
A
(16)
SNR = 20 log10 S
AN

where AS and A N denote the root mean squares of the numerical acceleration response and the noise,
respectively. Three high noise levels of SNR = 10 dB, 20 dB, and 30 dB are considered to be used
in the analysis of damage identiﬁcation. At each noise level, the hierarchical neural network model
is implemented, with the identiﬁcation results presented in Figure 10a–c for SNR = 10 dB, 20 dB,
and 30 dB, respectively. From the ﬁgures, (i) damage location can be discriminated by the model,
with errors merely obstructing the judgment in some minor damaged cases; (ii) the results in the noisy
conditions show that the model gives an excellent prediction of damage severity, even better than
that for the noise-free condition. The effect of noise on damage identiﬁcation is indicated by the MSE
and maximum error, given in Table 4. From the MSE, we can see that this model still functions in
noisy conditions with quite a low error; from the maximum error, it is evident that errors are mostly
controlled below the medium level, so that they may only interfere with the identiﬁcation of minor
damage. Therefore, conclusions can be obtained that the proposed hierarchical neural network model
can locate and quantify damage in the bridge with great accuracy and strong robustness against noise.
Table 4. Mean square error (MSE) of damage identiﬁcation in noisy conditions.

Noise
MSE
Maximum error

SNR (dB)
10

20

30

∞

4.892
13.1

4.94
7.048

7.138
10.462

3.309
7.044

(a)
Figure 10. Cont.
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Figure 10. Identiﬁcation of damage in the bridge in severely noisy conditions. (a) signal-to-noise ratio
(SNR) = 10 dB; (b) SNR = 20 dB; (c) SNR = 30 dB.

The merit of the robustness against noise of the proposed model is primarily attributed to
1 WPT. The WPT is an integral transform that has the
two factors, i.e., the WPT and the NLPCA: 
function of denoising. Moreover, a WPNE resulting from the WPT is formed with the summation
2 NLPCA.
of wavelet packet node coefﬁcients squared, which is an operation of assimilating noise. 
For some WPNEs of lower magnitude, they are commonly dominated by noise. Such WPNEs can
be almost eliminated by the NLPCA due to their insigniﬁcance when conducting NLPCA for feature
extraction, resulting in the reduction of noise. The two factors endow the proposed model with the
merit of robustness against noise.
5. Comparison with Traditional Methods

The performance of the proposed model is compared to that of a traditional neural-network-based
damage assessment method that integrates the general linear PCA and back-propagation neural
networks (BPNNs) to identify structural damage [58]. By the way of illustration, this method is used to
re-perform the procedure of identifying damage in the bridge in noisy condition. As an alternative to
the NLPCA, the PCA is employed to extract damage features from the WPNEs, and then the BPNNs are
utilized to recognize damage patterns. Fed with the extracted damage features using PCA, the BPNNs
predict the location and severity of the damage, giving the results of the damage identiﬁcation shown
in Figure 11. The results of damage prediction measured by MSE is 5.365 and by maximum error is
12.763. Conspicuously, this traditional model does not identify the severity of the damage with great
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accuracy. In particular, a relatively signiﬁcant error of damage identiﬁcation occurs in the cases whose
damage is located in Ele 2 and Ele 5. By comparing Figure 11 with Figure 9, it can be easily seen that the
proposed hierarchical identiﬁcation model assesses the damage with greater accuracy, the performance
of which is superior to that of the traditional method. This conclusion is further veriﬁed quantitatively
by much lower magnitude of MSE and smaller value of maximum error for the proposed model than
the traditional one for other cases. The comparison between the two methods demonstrates the great
signiﬁcance and effectiveness of the proposed hierarchical neural network based model.

(a)

(b)

Figure 11. Identiﬁcation of damage using a typical method in the noise-free condition. (a) Damage
estimate; (b) Identiﬁcation error.

6. Concluding Remarks

This study proposes a hierarchical neural network model for intelligent damage identiﬁcation of
bridge structures. This model features the synergetic functions of AANNs in extracting damage features
from WPNEs, together with the functions of LMNNs in recognizing damage patterns. The model is
applied to damage identiﬁcation in a three-span bridge structure, with its high accuracy of identifying
the location and severity of damage and its strong robustness against noise substantiated. The marked
strength of the model in portraying damage is attributed to three factors: (i) The WPNEs contain
much richer damage information than some traditional modal features, in that the WPNEs carry not
only modal damage information but also non-modal damage information; (ii) Damage features, i.e.,
NPCs, extracted from WPNEs using AANNs, inherit the advantages of both WPT in denoising and
NLPCA in accommodating noise. Firstly, the noise is spread during the wavelet packet decomposition,
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and their effects are greatly weakened during this procedure. Secondly, using NLPCA to process the
energy can also remove a part of the noise as this technique omitting some less important information
of the original data. Hence, the damage features can characterize damage in severely noisy conditions;
(iii) LMNNs are powerful in capturing the underlying relations between damage features and damage
states, providing the possibility of recognizing damage patterns efﬁciently. The proposed model
provides a prototype for creating effective technologies to identify damage intelligently in realistic,
complex engineering structures.
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Abstract: The damage identiﬁcation of a reticulated shell is a challenging task, facing various
difﬁculties, such as the large number of degrees of freedom (DOFs), the phenomenon of modal
localization and transition, and low modeling accuracy. Based on structural vibration responses, the
damage identiﬁcation of a reticulated shell was studied. At ﬁrst, the auto-regressive (AR) time series
model was established based on the acceleration responses of the reticulated shell. According to the
changes in the coefﬁcients of the AR model between the damaged conditions and the undamaged
condition, the damage of the reticulated shell can be detected. In addition, the damage sensitive
factors were determined based on the coefﬁcients of the AR model. With the damage sensitive factors
as the inputs and the damage positions as the outputs, back-propagation neural networks (BPNNs)
were then established and were trained using the Levenberg–Marquardt algorithm (L–M algorithm).
The locations of the damages can be predicted by the back-propagation neural networks. At last,
according to the experimental scheme of single-point excitation and multi-point responses, the impact
experiments on a K6 shell model with a scale of 1/10 were conducted. The experimental results
veriﬁed the efﬁciency of the proposed damage identiﬁcation method based on the AR time series
model and back-propagation neural networks. The proposed damage identiﬁcation method can
ensure the safety of the practical engineering to some extent.
Keywords: reticulated shell; damage detection; time series modeling; Levenberg–Marquardt
algorithm; impact experiment; neural networks

1. Introduction

Long-span spatial structures are widely used in stadiums, theaters, exhibition centers, airport
terminals, and many other large scale structures. Any one of these structures can simultaneously
house a large number of occupants. As a result, guaranteeing the integrity of these structures is of
great importance. Structural health monitoring (SHM) systems should be established for important
buildings. For important buildings undergoing construction, a long-term health monitoring system
should also be set up to monitor the health condition of the buildings during the construction and
service stages. It is essential to monitor structural conditions and detect damage in real-time for future
construction projects [1]. For structural health monitoring projects, one of the core approaches used is
damage identiﬁcation.
The study of SHM has attracted numerous interests in different ﬁelds of application. By using SHM
technologies, the real-time damage detection of various structures, including concrete structures [2–6],
Appl. Sci. 2017, 7, 362

119

www.mdpi.com/journal/applsci

MDPI Books

Appl. Sci. 2017, 7, 362

pipeline structures [7–12], and steel structures [13–19], can be investigated in order to provide early
warning and hopefully to avoid accidents. In the aerospace industry, several application areas have
garnered signiﬁcant interests. Rapid inspection of satellite structures for pre-launch veriﬁcation has
been achieved using the SHM technologies [20–22].
Currently, damage identification based on the variation of modal parameters, such as resonant
frequencies [23–25], mode shapes [26,27], mode shape curvatures [28,29], and modal strain energy [30–32],
have been widely adopted. Most reticulated shell structure damage detection methods are also
based on a variation of the modal parameters [33–37]. The methods based on modal parameters
usually rely heavily on fast Fourier transform, which will cause bias errors. These errors will reduce
the detection accuracy of the modal parameters. Since we can only acquire an incomplete set of
modal parameters by experiments, we had to resort to methods of model reduction or modal shape
expansion. These methods will lead to the loss of physical meaning of the damage factors. The damage
identiﬁcation of a reticulated shell has a number of associated difﬁculties due a large number of
degrees of freedom (DOFs), the phenomenon of modal localization and transition, and low modeling
accuracy. These characteristics will cause a problem in that the model parameters are not in the same
order between the damaged conditions and the undamaged condition, which will further reduce the
accuracy of the damage identiﬁcation based on the variation of the modal parameters. In order to
overcome the above difﬁculties, a damage identiﬁcation method based on the vibration response of
the structure can be adopted [38–40].
In this paper, a novel application of a damage detection method based on the time series model
and back-propagation neural networks (BPNNs) using acceleration responses is developed. Firstly,
the damage was identiﬁed by the auto-regressive (AR) time series model based on the changes in
model coefﬁcients. Secondly, the damage location was determined by the back-propagation neural
networks in which the damage sensitive factors were used as inputs and the damage positions were
used as outputs. Lastly, in order to verify the validity of this method, impact experiments of a K6 shell
model with a 1/10 scale was conducted by using the scheme of single-point excitation and multi-point
responses. Experimental results demonstrated the effectiveness of the proposed method in the damage
identiﬁcation of reticulated shell.
2. Methodologies
2.1. The Auto-Regressive Time Series Model

In a health monitoring system, a series of original acceleration data can be obtained from sensors
placed on various locations of a structure with a certain sampling frequency. These data constitute
the time series. The initial acceleration data should be pre-processed to remove the mean and the
trend. After pre-processing, the acceleration time histories are compared to those time histories from
different loading states (i.e., sizes, directions, and positions of loads) and different environmental cases.
Assuming the signals before and after the damage are linear stationary, the AR model is established
as follows:
Xt = ϕ1 Xt −1 + ϕ2 Xt −2 + · · · + ϕ p Xt − p + a t
(1)
where Xt is the pre-processed acceleration signal, ϕi is the ith AR coefﬁcients, p is the order of the AR
model, and at is the residual term [38].
In Equation (1), the optimal model order is determined using the Akaike information criteria
(AIC) and the AR coefﬁcients are determined using the least squares method. Structural damages
can cause changes to the acceleration responses, based on which the identiﬁcation of damage can
be achieved using the difference in AR model coefﬁcients between the damage and the undamaged
states of the structure. Using the ﬁrst four AR coefﬁcients, a damage-sensitive feature, DSi is deﬁned
as follows:
(2)
DSi = ϕi f − ϕid
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where DSi is the ith damage-sensitive feature, ϕi f and ϕid are the ith AR coefﬁcients for damage and
undamaged state, respectively. If the value of DSi is zero, the structure is in the undamaged state. If
not, the structure is in the damaged state.
2.2. Back-Propagation Neural Network

A neural network is a powerful tool of pattern classiﬁcation and is suitable for the identiﬁcation of
the inherent characteristics before and after damage [41–44]. The traditional back-propagation neural
network is a multi-layer feed-forward neural network, which consists of one input layer, one hidden
layer, and one output layer, as shown in Figure 1.

Figure 1. The architecture of a back-propagation neural networks (BPNNs).

If Nh is the numbers of nodes in the hidden layer, it can be calculated by the Formula (3) [45].

Nh ≤ 4 Ni ( No + 3) + 1
(3)

where Ni is the number of nodes in the input layers and No is the number of nodes in the output layers.
The traditional back-propagation neural network employing the gradient descent algorithm
can easily slow down the training process and fall into a local minimum. Here, we use the
Levenberg–Marquardt algorithm (L–M algorithm), which is an improved training algorithm. It is a
global optimization algorithm which computes and adjusts the connection weights according to the
information from all samples. The L–M algorithm originated from the Newton optimization algorithm
while integrating the gradient descent method, in order to reduce the computational complexity and
accelerate the training rate of the network. The L–M algorithm is very suitable for solving the problems
related to damage identiﬁcation of spatial structures with large numbers of joints and bars.
2.3. Damage Detection Flowchart

Figure 2 illustrates the procedure of the proposed damage detection method, which is described
as follows:
(1)
(2)
(3)
(4)
(5)
(6)

Measure the acceleration responses of the reticulated shell structure before and after damage
under the excitation condition.
Obtain the stationary random acceleration signals by using the data pre-processed method
introduced in Section 2.1.
Establish the auto-regressive time series model (AR model) by using the modeling method
introduced in Section 2.1.
Detect the damage of the reticulated shell according to the changes in the coefﬁcients of the AR
model before and after damage.
Obtain the damage sensitive factors by using Equation (2).
Train the back-propagation neural networks (BPNNs) by using the method introduced in
Section 2.2, with the damage sensitive factors as the inputs and the damage positions as
the outputs.
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Find the locations of the damages by testing the trained BPNNs.
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This paper develops the novel application of a damage detection method based on the time series
AR model and BPNNs using acceleration responses of the reticulated shell. This method has the
advantages of relaxing the requirement of prior knowledge about the excitation input and the modal
parameters. It effectively eliminates the method’s dependency on modeling accuracy and improves
the damage detection accuracy for a reticulated shell.

Figure 2. Flowchart of the proposed damage detection method.

3. Experimental Setup

Impact experiments on a K6 shell model with a scale of 1/10 were conducted in order to verify
the efﬁciency of this damage identiﬁcation method based on the time series model and the improved
BPNNs. The proposed damage identiﬁcation method can serve as a reference for practical engineering.
3.1. Experiment Model

As shown in Figure 3, a K6 single-layer spherical shell (span × height: 3 m × 0.5 m) with a scale
of 1/10 was constructed. The shell was composed of 90 seamless steel tubes (Φ13 × 2). We simulated
the roof load by attaching solid steel balls. These solid steel balls were all the same size, each with the
diameter of 150 mm and the weight of 13.2 kg. There were 19 steel balls in total. The material properties
of the experimental model are shown in Table 1 and the lengths of the bar elements are shown in
Table 2. According to the principle of equivalent stiffness, we simulated the structural damage by
replacing certain bar elements with smaller sized elements. The cross-section of the replacement
elements and their corresponding damage degrees are shown in Table 3. The replacement elements
and the model were bolted through the end plate, as shown in Figure 4. The model base was composed
of 18 welded square steel tubes (100 mm × 200 mm × 4 mm) and 18 ball joints at the outer ring of
the reticulated shell were connected to the base. The base was ﬁrmly connected to the ground by the
anchor bolt.
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Figure 3. Photo of test model of the K6 single-layer spherical shell.

Figure 4. Connection between the model and replacement element.
Table 1. Material characteristics of experimental model.
Grade of Steel

Elastic Modulus E (N/m2 )
2.07 ×

Q235

Steel Density (kg/m3 )

Poisson’s Ratio

7800

0.3

1011

Table 2. The lengths of the bar elements (mm).
Main Rib
Elements

First Ring
Elements

Second Radial
Elements

Second Ring
Elements

Third Radial
Elements-1

Third Radial
Elements-2

Third Ring
Elements

35.2

532.1

659.4

538.3

577.8

688.9

520.9

Table 3. The cross-section of the replacement elements and their corresponding damage degrees.
Damaged Degree

0

40%

50%

60%

70%

80%

Cross-section

Φ13 × 2

Φ10 × 3

Φ10 × 2

Φ9 × 2

Φ8 × 2

Φ7 × 2

3.2. Experimental Scheme

Based on the experimental scheme for single-point excitation and multi-point responses, a single
vertical downward point excitation on the top joint of the lattice shell model was excited by an impact
hammer in order to get the acceleration response. The top joint of the lattice shell model had the largest
vibration amplitude during the testing. Thus, the acceleration signal from the top joint had the best
signal to noise ratio.
Since the number of sensors is limited in practical health monitoring projects and the number of
shell nodes is large, we placed the sensors based on the particle swarm optimization algorithm (PSO) in
this experiment. Particle swarm optimization was inspired by the simulation of a simpliﬁed social mode
for a group of birds, ﬁrstly proposed by Kennedy in 1995 [46]. The method has characteristics of ease
of implementation, high quality of solutions, computational efﬁciency, and speed of convergence [47].
For the optimization of the sensors, the ﬁtness function can be deﬁned based on bending deformation
energy. Minimization values calculated based on the ﬁtness function were desired in the optimization
123

MDPI Books

Appl. Sci. 2017, 7, 362

procession. Though comparing the evaluation of a particle’s previous best value and the group’s
previous best, the velocities and positions of particles were updated until the optimal positions were
found. The optimal sensor positions, as shown in Figure 5, can be obtained for a given sensor number.
The effects of the number and locations of the sensors were studied by the authors to some extent
in [48]. Under the condition of a given sensor’s location, the damage detection accuracy can be
improved with an increase in the number of sensors.

Figure 5. The optimal sensor placement positions.

The accelerometers were attached to the model ﬁrmly using strong magnets. The accelerometer
used was the ICP accelerometer (model INV9822, China Orient Institute of Noise & Vibration, Beijing,
China), which was manufactured by Beijing Orient Institute of Noise & Vibration. The hammer used
was an MSC-3 impact hammer and the data acquisition instrument was a 24-bit high precision USB
data acquisition instrument (model INV3018A). The instrumentation of the impact experiments is
shown in Figure 6.

Figure 6. Instrumentation for impact experiments.

As a reticulated shell has a large number of degrees of freedom (DOFs), smaller damage levels
of the elements can only affect the structural stiffness matrix slightly. Thus, smaller damage levels to
an individual element have a relatively-low effect on the whole structure bearing capacity. On the
other hand, due to various inevitable errors in the experiment, slight variations of test signals caused
by the smaller damage levels of an individual element may be hidden by different kinds of random
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errors, such as model errors and measurement errors. Therefore, we set damage levels between 40%
and 80% in the experiment, as shown in Table 4. A higher level of damage to an individual element
will increase the nonlinear inﬂuence on the structural vibration, which will cause instability failure
more quickly. Instability failure is one of the most important causes for a reticulated shell to collapse.
Table 4. The damage and undamaged conditions.
Damage Element Number and Damage Degree

Speciﬁcations of Replacements

Undamaged condition

Condition
GK1

No damage

Φ13 × 2 (undamaged)

Double component
damage training
condition

GK2
GK3
GK4
GK5
GK6

No. 8 and 38: 50% damage
No. 8 and 67: 50% damage
No. 22 and 38: 50% damage
No. 22 and 67: 50% damage
No. 38 and 67: 50% damage

Φ10 × 2
Φ10 × 2
Φ10 × 2
Φ10 × 2
Φ10 × 2

Double component
damage experiment
condition

GK7
GK8
GK9
GK10

No. 8 and 67: 40% damage
No. 22 and 38: 60% damage
No. 22 and 67: 70% damage
No. 38 and 67: 80% damage

Φ10 × 3
Φ9 × 2
Φ8 × 2
Φ7 × 2

The codes of the bar elements are shown in Figure 7. We can obtain acceleration responses of the
six optimal node locations for the damaged conditions and undamaged condition. Take Node 9 as an
example, the acceleration response of Node 9 for GK9 condition is shown in Figure 8.

Figure 7. The codes of the elements.

Figure 8. Acceleration responses of Node 9 for GK9.
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From the impact experiments on the single layer shell model, we obtained the acceleration
responses of six nodes under different damage conditions. The sampling frequency was 500 Hz and
the recording duration was 20 s. The 10,000 data points from the 5th second to the 25th second were
chosen. In order to check the robustness of the method, 3% noise was added to the acceleration signal
to build the AR model. Taking GK7, GK8, GK9, and GK10 as examples, a comparison of the ﬁrst four
coefﬁcients of the constructed AR model between the undamaged condition and damaged condition
is shown in Table 5. As we can see from Table 5, compared with the undamaged condition GK1, the
AR model coefﬁcients ϕi were changed under the damaged condition of GK7, GK8, GK9, and GK10,
which indicates that damage has occurred.
Table 5. A comparison of auto-regressive (AR) model coefﬁcients between the undamaged condition
and damaged condition.

Number of the Nodes

Undamaged Condition

Damaged Condition

GK1

GK7

GK8

GK9

GK10

Node 9

ϕ1
ϕ2
ϕ3
ϕ4

−3.08
5.627
−9.294
13.99

−3.165
5.403
−7.658
10.25

−3.496
6.802
−11.09
16.61

−3.708
7.637
−13.14
20.9

−3.209
5.378
−7.433
9.613

Node 11

ϕ1
ϕ2
ϕ3
ϕ4

−3.074
5.509
−8.796
13.18

−3.403
6.362
−9.887
14.35

−3.174
5.772
−9.19
13.78

−3.21
6.006
−9.806
15.15

−3.391
6.323
−9.857
14.45

Node 13

ϕ1
ϕ2
ϕ3
ϕ4

−3.191
6.135
−10.76
17.28

−3.627
7.446
−12.9
20.78

−3.168
5.186
−7.004
9.16

−3.456
6.485
−10.11
14.99

−3.038
4.658
−6.053
8.029

Node 15

ϕ1
ϕ2
ϕ3
ϕ4

−3.05
5.534
−8.938
13.35

−3.384
6.198
−9.564
13.87

−2.986
4.536
−5.832
7.439

−2.927
4.618
−6.559
9.219

−2.992
4.745
−6.477
8.446

Node 17

ϕ1
ϕ2
ϕ3
ϕ4

−3.37
6.882
−11.91
18.52

−3.296
6
−9.375
13.65

−3.077
5.252
−7.925
11.41

−2.928
5.029
−7.84
11.29

−3.154
5.507
−8.37
11.99

Node 19

ϕ1
ϕ2
ϕ3
ϕ4

−2.939
5.223
−8.489
12.83

−3.336
6.047
−9.355
13.64

−3.517
7.164
−12.67
20.85

−3.587
7.271
−12.58
20.3

−2.883
4.454
−6.095
8.032

Damage factors DSi for the damaged conditions and the undamaged condition damage were
calculated according to Equation (2). Based on the training conditions in Table 4, the network sample
database was constructed. The structure of the BPNNs was set as 24 input nodes, 70 hidden nodes,
and 5 output nodes. The maximum training times was 500. The training accuracy was 10−10 , and the
learning factor was η = 0.01. The momentum coefﬁcient was α = 0.9 and the transfer function was
the logarithmic sigmoid function. The neural networks were able to be established based on the L–M
algorithm. After training, the neural networks were able to map any nonlinear relationships between
the inputs and the outputs [49]. Then the experimental results were inputted into the BNPP model
to identify the damage locations. The training conditions and experiment conditions are shown in
Table 4. The network training process is shown in Figure 8 and the results of the network experiment
are shown in Table 6. From Table 6, we can conclude that the damage identiﬁcation method based on
the time series model and L–M algorithm for a long-span spatial shell structure can accurately identify
the damage locations. It can be proven that this method is accurate, feasible, and has a certain degree
of anti-noise ability.
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In Figure 9, we can conclude that the network training process based on L–M algorithm
realizes convergence very quickly. To further illustrate the effectiveness of the L–M algorithm, the
training process based on traditional training algorithm is shown in Figure 10, which shows that the
convergence speed of the network training process based on the traditional algorithm is very slow.
The damage conditions for the two different training algorithms are the same. These results further
verify the effectiveness of the proposed damage identiﬁcation method.
Table 6. The prediction result of networks when two elements are damaged (the target result of
networks in the parenthesis).
Element Number

GK7

No. 8 and 38
No. 8 and 67
No. 22 and 38
No. 22 and 67
No. 38 and 67
results

6.51 × 10−15 (0)
1(1)
3.4 × 10−9 (0)
2.45 × 10−6 (0)
7.21 × 10−8 (0)
true

GK8
1.93 × 10−7
2.25 × 10−8
1(1)
2.64 × 10−7
1.59 × 10−7
true

GK9
(0)
(0)
(0)
(0)

3.54 × 10−8
4.04 × 10−8
2.96 × 10−4
1(1)
4.77 × 10−8
true

GK10

(0)
(0)
(0)
(0)

6.67 × 10−10 (0)
3.54 × 10−8 (0)
8.55 × 10−4 (0)
1.1 × 10−7 (0)
1(1)
true

Figure 9. The training process based on the Levenberg–Marquardt (L–M) algorithm.

Figure 10. The training process based on the traditional algorithm.
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For the damage identiﬁcation of a reticulated structure, the proposed damage identiﬁcation
method based on the AR model and the L–M algorithm was veriﬁed by experiments on a model
structure. The major conclusions of the study are summarized as follows:
(1)

(2)

(3)

(4)

The AR model was established based directly on the acceleration responses of the nodes. Using
the coefﬁcients of the AR model, the damage sensitive features were deﬁned. Taking the
damage sensitive features as the inputs and the damage locations as the outputs, an improved
back-propagation neural network was established based on the L–M algorithm. The trained
network can be used to detect the damage location of a reticulated shell. The proposed damage
detection method does not require modal parameter identiﬁcation and excitation information.
It improves the accuracy of damage identiﬁcation to some extent.
According to the principle of equivalent stiffness, we simulated the structural damage by
replacing cross-sectional elements with smaller sized elements. The experiment scheme of
single-point excitation and multi-point responses was adopted. Then, we conducted impact
experiments on a K6 single-layer spherical shell with a scale of 1/10. The experimental results
showed that the damage detection method based on the AR model and the L–M algorithm
improved back-propagation neural network accurately identiﬁed the damage and the location of
the damage that occurred in the reticulated shell.
Accuracy of the damage identiﬁcation method is inﬂuenced by some factors, such as the sensor
placement, neural network structure, and training algorithm of the neural network. In this paper,
the sensor placement was optimized based on the particle swarm optimization algorithm.
The L–M algorithm was used to train the back-propagation neural network, which has the
characteristics of faster training speed and better local searching ability. In addition, the accuracy
of damage identiﬁcation is effectively improved.
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Abstract: This study analyzes the phenomenon of performance deterioration in fully grouted rock
bolts in tunnels with a dry, hot environment and high geothermal activity with a focus on temperature
effects on interfacial bond performance. Three groups of fully grouted rock bolt specimens were
designed based on similar mechanical principles. They were produced and maintained at 20 ◦ C,
35 ◦ C, and 50 ◦ C. Through the indoor gradual loading tensile test of specimens, variations of
axial force and shear stress between the rock bolt and mortar adhesive interface were obtained
under different environmental temperatures. Distribution of the axial force and shear stress on the
anchorage section were found under different tensile forces. Results showed that, with an increase in
specimen environmental temperature, maximum shear stress of the rock bolt section became smaller,
while shear stress distribution along the rock bolt segment became more uniform. In addition,
the axial force value at the same position along the pull end was greater, while axial stress along the
anchorage’s length decayed faster. With an increase in tensile force under different temperatures,
the axial force and maximum shear stress of rock bolt specimens along the anchorage section has
a corresponding increase.
Keywords: tunneling engineering; fully grouted rock bolt; interfacial bond strength; shear stress;
axial force distribution

1. Introduction

As an important support method in tunnel engineering, rock bolt supports are widely used in
design and construction. When rock bolts are applied in a geothermally active tunnel, a series of
physical and chemical reactions can arise affecting the anchorage system. These reactions may lead
to bond behavior degradation and structural damage to the anchorage body, thus compromising the
durability and safety of the entire tunnel structure. Therefore, there is a need to study the effects of
temperature on bond behavior of the anchorage system’s interface. Anchorage performance in the
system mainly depends on interfacial bond strength between the rock bolt and grouting body, and on
the strength of the rock bolt rod body. In this context, the complex nature of interfacial bond strength
is therefore the focus of this study of the anchoring system.
In the exploration of stress characteristics of the rock bolt’s interface under the action of the
tensile load, it is generally accepted at present that frictional resistance of the anchoring section is not
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evenly distributed along the length of the rock bolt. Moreover, maximum shear stress appears near the
oriﬁce. Frictional resistance appears to have nonlinearly decreasing distribution along the rock bolt rod
body [1]. However, there is no uniﬁed conclusion about the speciﬁc distribution of shear stress. In 1970,
Philips [2] proposed a formula for the distribution of friction resistance along the length of a rock
bolt according to the power function. According to the formula, frictional resistance at the external
end of the anchorage body was the maximum frictional resistance. After many experiments, it was
found that this feature did not agree with ﬁeld measurements. Based on the displacement solution of
Mindlin, supposing that the adhesive material and that the rock and soil mass were the same kind
of elastic material, You [3] derived an elastic solution for shear stress distribution of an anchorage
body. Zhang and Tang [4] established a hyperbolic function model for the load transfer of bolts and
derived a calculation formula for the distribution of frictional resistance and shear displacement along
the length of a rock bolt. On the supposition that a whole anchorage system is in an elastic condition,
and considering the axial stress distribution on the rock bolt, Zhong et al. [5] derived a calculation
formula for the shear stress along the length distribution of a rock bolt. In order to better reﬂect the
nonlinear and softening characteristics of the relationship between shear stress and shear displacement
of an anchorage interface, Zhang and Yin [6] established a composite exponential-hyperbola nonlinear
shear slip model. Based on that model, interfacial mechanical characteristics for the whole system,
from the elastic stage to the rock and soil mass interface slip of the anchored section, were analyzed.
Huang [7] established a shear slip model of a double exponential curve of an anchorage interface by
analyzing the characteristics of the relationship between shear stress and the shear displacement of the
load transfer of the anchored section. Delhomme et al. and others [8–11] carried out many theoretical
analyses and experimental studies on the mechanical principles and anchorage mechanism of the rock
bolt. Yao et al. [12] derived the rock bolt interface shear stress produced by the deformation of the
surrounding rock, taking the displacement of rock as the functional parameter, thereby allowing the
location of the neutral point and axial force distribution of a fully grouted rock bolt to be determined.
Based on the damage characteristics of rock and soil under the action of shear stress and the load
transfer mechanism of rock bolts in rock and soil mass, Zou et al. and others [13–15] established
a differential equation for the load transfer of a rock bolt when the rock and soil mass was damaged,
and derived an analytical solution of the distribution of axial force, shear displacement, and side
friction along the length of a rock bolt.
Though numerous studies have been conducted on interfacial bond performance of a rock bolt,
little research focuses on the interfacial properties of fully grouted rock bolts under high temperature.
Results have indicated that the failure mechanism of fully grouted rock bolts under high temperature
and the load transfer mechanism of the interface are very complicated. Consequently, studying
the distribution of the axial force and shear stress of the interface of fully grouted rock bolts is of
great theoretical and practical signiﬁcance for understanding the mechanism of anchorage to the
surrounding rock. In this paper, through a tensile test of fully grouted rock bolts produced under
different environmental temperatures, the distribution and size of axial force and shear stress of the
rock bolt’s interface are analyzed. Ideally, this will lead to the improved application of fully grouted
rock bolts in support engineering for tunnels with high geothermal activity, and provide data and
theoretical support for the formulation of relevant standards [16,17].
2. The Mechanical Principle of the Interfacial Bond between the Rock Bolt and the Grouting Body

It is generally believed that the bond-slip is divided into three stages according to the failure
process of tensile test. These stages are the elastic stage, the plastic slip stage, and the residual shear
stage [5]. Under the action of axial tensile force, when shear stress on the surface between the rock
bolt and the grouting body is smaller than the shear strength on the interface, the tensile force at this
time is less than the ultimate tensile force under an elastic state. Under a complete elastic state, there
is no relative displacement between interfaces. When the tensile force increases continuously, once
the shear stress on the surface between the rock bolt and the grouting body is greater than the shear
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strength on the interface, the extrusion plastic zone will develop in the front of the deformation plane.
The extrusion plastic zone will expand continuously and form a squeezing wedge accumulation and a
new extrusion slip surface. When the extrusion slip surface is crushed, the interface will slip and come
into the plastic ﬂow state. With a further increase in tensile force, shear stress decreases signiﬁcantly
and transverse fracture and failure happen on the anchorage body. Finally, the anchorage body is then
separated from the hole wall and enters the residual shear stage [18]. Shear stress on the interface of
the anchorage body increases with the increase in tensile force. The variations are shown in Figure 1.
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Figure 1. Shear stress variation law along with the tensile force: (a) elastic stage; (b) plastic slip stage;
(c) residual shear stage.

Considering shear strength between the rock bolt and grouting body and supposing that the
anchorage body material conforms to Hooke’s law, along the direction of the rock bolt length, a micro
rock bolt segment whose length is dz is taken at the place where the distance from the pull end is z, as
shown in Figure 2. On the supposition that axial displacement u(z) is produced under the action of
axial force P(z) , according to the static equilibrium relationship and the principle of the load transfer
method, it can be concluded that the shear displacement of z at any position on the interface between
the anchorage body and the rock bolt equals the value of the axial displacement of the rock bolt under
the action of tensile force (this does not consider the deformation of the rock bolt itself) [5].
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Figure 2. Schematic diagram of the interaction between rock bolts and the grouting body.

When the calculated position of z on the interface between the rock bolt and the grouting body
is at the position of j on the strain gauge, combined with Equation (1) and based on the variation in
strain value of the strain gauge at each point, which is arranged along the axial direction of the rock
bolt, Equation (2) can be obtained. Equation (2) is used to calculate the axial force at point j. According

133

MDPI Books

Appl. Sci. 2017, 7, 327

to the strain value of two adjacent points and Equation (3), the average value of shear stress on the
interface between the rock bolt and the grouting body of two adjacent points can be obtained [19].
ε (z) =

du(z)
dz

=−

P(z)

(1)

AE

P( j) = ε ( j) EA

(2)

[ε ( j) + ε ( j+1) ] EA
(3)
πdΔz
where P( j) is the calculated value of the axial force at the point j; τ(i) is the average value of shear stress
between point j and point j + 1. ε ( j) and ε ( j+1) are the strain values measured by the strain gauge at the
point j and point j + 1; E is the elastic modulus of the rock bolt. A and d are the cross-sectional area and
diameter of the rock bolt rod, respectively; Δz is the distance between adjacent strain gauges.
τ(i) =

3. Test Schemes
3.1. Test Introduction

In this test, an ordinary hollow thread rock bolt was used. Cement mortar with a water/cement
ratio of 0.45 and a cement/sand ratio of 1.00 was used as the grouting material. Three anchorage body
specimens whose anchorage section lengths were 100 cm were made. Strain gauges were attached
to the surface of the rock bolt along the axial direction. The anchorage body specimens were then
maintained in a constant temperature box at temperatures of 20 ± 0.2 ◦ C, 35 ± 0.2 ◦ C, and 50 ± 0.2 ◦ C,
respectively. Indoor tensile tests were then carried out for all specimens after 28 days of environmental.
During the procedure of step loading, the strain value at the mark position on the interface under each
step loading was recorded. The ﬁrst step loading of the test was 5 kN. Afterwards, each level of load
was 10 kN. The tests were stopped when the load reached 110 kN.
3.2. Test Materials and Device
(1) Test materials

Rock bolt: Rock bolts complying with standard TB/T 3209-2008, “Technical condition of hollow
rock bolt” were provided by Hangzhou Tuqiang Engineering Materials Co., Ltd. (Hangzhou, China).
The types of the rock bolt were φ25 × 5. In order to measure the tensile properties of the rock bolts and
study the effects of temperature stress on performance, according to the requirements of the Chinese
national standard, “Metallic Materials Tensile Testing at Ambient Temperature (GB/T 228-2002),” these
rock bolts were sampled, marked, and stretched. Test results for the mechanical performance of these
rock bolts are shown in Table 1.
Table 1. Mechanical parameters of rock bolts.
Parameters

Maximum Tensile Force
(kN)

Cross Sectional Area
(mm2 )

Ultimate Tensile Strength
(MPa)

Elongation
(%)

Test values

161.5

314.2

514

19.47

Cement: The type of the cement was P·O 42.5 Lafarge ordinary Portland cement produced
by Dujiangyan City, Sichuan Province. The density of the cement was 3.1 g/cm3 , the speciﬁc
surface area was 328 m2 /kg, and the water requirement of normal consistency was 26.8%. The main
parameters are shown in Table 2. Detection results showed that all indicators met the Chinese national
standard requirements.
Steel pipe: Seamless steel pipes of type DN75 were used. The wall thickness was 5 mm and the
material type was Q235.
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Resistance strain gauge: Type BFH120-3AA gauges with a resistance value of 119% ± 0.2% were
used. The sensitivity coefﬁcient and sensitive gate size were 2.05% ± 0.23% and 6.9 mm × 3.9 mm,
respectively. It is a kind of self adhesive strain gauge.
Strain gauge binder: Cyanoacrylate adhesive 502 produced by a Beijing chemical plant
(Beijing, China) and South 704 silicone rubber produced by Liyang Kangda Chemical Co., Ltd.
(Liyang, China) were used. The binder could endure temperatures from −50 ◦ C up to +250 ◦ C,
conforming to Q/320481KD-001-2010, “Single Pack Room Temperature Environmental Silicone Rubber
Executive Standard.”
Table 2. Material parameters of cement.

Project

Fineness

Initial Setting
Time (s)

Final Setting
Time (s)

Stability

Test results
National standards

3.9
≤10

171
>45

259
<600

Qualiﬁed
/

(2) Test instrument

Compressive
Strength (MPa)
3d

28 d

30
≥17

49
≥42.5

Static strain gauge: The static strain gauge was a model JC-4A produced by the Beijing Chuanger
Building Test Technology Development Co., Ltd. (Beijing, China) and was connected to a PC through
the CAN bus.
Rock bolt shank tension meter: The model YML-30B rock bolt shank tension meter was produced
by Shanghai ShenRui Testing Equipment Co., Ltd. (Shanghai, China).
3.3. Strain Gauge Layout and Test Procedure

Considering the distribution of shear stress along the length of the rock bolt under axial load,
strain gauges were mostly arranged around the tensile end of the rock bolt rod. The distance between
strain gauges changed from 20 cm to 10 cm. Longitudinal strain gauges were attached on the surface of
the rock bolt rod along the length direction and each strain gauge had a number. The speciﬁc layout of
the strain gauge is shown in Figure 3. Three specimens produced under environmental temperatures
of 20 ◦ C, 35 ◦ C, and 50 ◦ C, labeled D2, D3, and D5, respectively, were tested.
Marking the strain gauge
number at the end of wire

N1 measuring
point

N2 measuring
point

N3 measuring
point

N4 measuring N5 measuring
point
point

Anchoring section

Figure 3. Strain gauge layout (unit: mm).

N6 measuring
point

1 Firstly, the surface of the measuring point is ground
The speciﬁc steps of this test are as follows: 
with a grinding wheel and scrubbed with acetone, and the coordinate line of strain gauge is drawn.
Secondly, the bottom of the strain gauge and the surface of the measuring point are brushed with
a thin layer of binder. Strain gauges are attached to the surface of the rock bolt along the axial direction
according to design requirements. The bubbles and excess binder are squeezed out until the strain
gauge is tightly bonded to the rock bolt. Thereafter, protection and sealing treatment are carried out.
2 The steel pipes, which are 100 cm long,
A thin layer of the silica gel is attached to the strain gauge. 
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are used as the forming die. Rock bolts with strain gauges are inserted into the middle of the steel
3 The gap between the steel
pipes, leaving a reserved length at the end of 5 cm in the lower portion. 
pipe and the rock bolt is ﬁlled with conﬁgured cement mortar. The thickness of the cement mortar
surrounding the bolt is 25 mm, as shown in Figure 4 and a hammer is used to tap on the bottom of
4 Shrinkage curves of cement mortar in a high
steel pipe to make sure the concrete was condensed. 
temperature environment have been previously obtained. The shrinkage mainly occurs at an early age,
within 3 days. Then, the shrinkage rate slows down and becomes steady. Thus, molded specimens
5 Molded
are maintained in a standard environmental environment for 1 day as shown in Figure 5. 
6 Tensile tests are carried out
specimens are maintained under respective temperatures for 28 days. 
on all specimens as shown in Figures 6 and 7. When the load is applied, the steel bafﬂe and steel pipe
form a reaction frame depending on the friction between steel pipe and grouting material. The load
will be transferred to a rock bolt. Test data and observation are recorded.

Rock bolt

Grouting body
Steel pipe

Figure 4. Section of rock bolts (unit: mm).

ȱ
Figure 5. Forming diagram of rock bolt specimens.

ȱ
Figure 6. Tensile test of rock bolts.
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Figure 7. Schematic diagram of rock bolts with steel bafﬂe (unit: mm).

4. Results and Discussion
4.1. Distribution of Internal Force under Different Loads

According to Equations (2) and (3), the axial force and average shear stress of the bonding interface
of the anchorage body specimen can be obtained after processing test data. Through the action of
tensile force, the distribution curves of the axial force and shear stress along the length of the anchorage
body under environmental temperature of 20 ◦ C, 35 ◦ C, and 50 ◦ C were obtained and are shown in
Figure 8.
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Figure 8. Axial force and shear stress distribution diagrams under different loads: (a,d) for Specimen
D2; (b,e) for Specimen D3; (c,f) for Specimen D5.

As can be seen from Figure 8a, the axial force on the interface of Specimen D2 decreases gradually
from the pull end of the anchorage section to the non-pull end under different loads. With an increase
in tensile force, the shape of the curve rises slightly upward. Moreover, the maximum shear stress at
the pull end of the anchorage section increases correspondingly and tends to zero as it comes close to
the end (Figure 8d). On the supposition that it has entered the stage of elastic-plastic reinforcement,
the shear stress reaches its peak value near the end of the anchorage section and the peak value moves
continuously parallel along the length of the anchorage body.
During the test procedure of Specimen D3, the strain gauge, which was 10 cm from the pull end
of the anchorage section, was damaged. The axial force value at a distance of 10 cm from the pull end
of the anchorage section and the shear stress distribution value at a distance from the pull end of less
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than 25 cm were missing. When tensile force was increased to 110 kN, the strain gauges near the pull
end of anchorage section had already failed. As can been seen from Figure 8b,e, the variation in axial
force and shear stress on the interface of the rock bolt specimen along the length of the anchorage body
is similar to that of the 20 ◦ C specimen (D2). Axial force and shear stress all gradually decreased from
the pull end to the opposite end of the anchorage section until they became zero.
In the case of Specimen D5, the average shear stress value of the anchorage section at the top
10 cm could not be obtained due to failure of the strain gauge. When the tensile force was increased
to 90 kN, the reading of the strain gauge near the pull end of the anchorage body was abnormal.
Figure 8c,f show that the variation in shear stress and axial force along the length of the anchorage
body is almost the same at 20 ◦ C and 35 ◦ C. Axial force and shear stress all gradually decreased from
the pull end to the non-pull end until they became zero.
4.2. Effect of Temperature on the Axial Force and Shear Stress on the Interface of Specimens

Analysis of temperature effects on the distribution of axial force and shear stress of the anchorage
section was achieved by changing the physical and mechanical properties of anchorage material.
The ratio of elastic modulus in forming the medium of anchorage system has a large impact on the
value and the distribution form of axial force and shear stress of the rock bolt. When the value and the
distribution of axial force and shear stress of the anchorage body under the action of high temperature
were analyzed, the data of four representative groups whose tensile force were 10 kN, 30 kN, 70 kN,
and 90 kN were chosen, and relevant analyses were carried out.
(1) Effect of temperature on axial force

From Figure 9, it can be seen that, under the same tensile force, with an increase in environmental
temperature, the axial force along the length of the anchorage body decreases more slowly. Decay law
along the length of the anchorage body is the slowest at an environmental temperature of 50 ◦ C,
followed by axial force at 35 ◦ C and 20 ◦ C. With an increase in temperature, the axial force at the same
place from the pull end of the anchorage body becomes larger.
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Figure 9. The distribution diagrams of axial force under different tensile force. (a) Tensile force is 10 kN.
(b) Tensile force is 30 kN. (c) Tensile force is 70 kN. (d) Tensile force is 90 kN.
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From Figure 10, it can be seen that, under the same tensile force, with an increase in temperature,
the decay law of shear stress along the length of anchorage body becomes slower. At the point near
the pull end of the anchorage body, with an increase in temperature, the maximum value of shear
stress becomes smaller which means the interface bond strength between rock bolt and grouting body
decreases gradually. With an increase in temperature, when the depth exceeds a certain value along
the length of the anchorage body, the shear stress at the same point increases gradually, which means
the distribution of the shear stress along the length of the anchorage body becomes more uniform.
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Figure 10. The distribution diagrams of shear stress under different Tensile force. (a) Tensile force is
10 kN. (b) Tensile force is 30 kN. (c) Tensile force is 70 kN. (d) Tensile force is 90 kN.

It can be seen from the above result that the axial force and shear stress all gradually decreased
from the pull end to the non-pull end until they became zero. High temperature has little inﬂuence on
the fully grouted rock bolt used in tunnel support construction with high geothermal activities. If the
surrounding rock is a kind of nonabsorbent rock, the surrounding rock will prevent the evaporation
of water in the process of cement hydration. If the surrounding rock is absorbent rock, water will
evaporate, which will affect the performance of the anchorage system. Thus, it is very important
to take measures to avoid the evaporation of water during the strength growth process in future
anchor construction.
The anchorage system is a heterogeneous material. The stress distribution is not to be linear, with
the maximum load at the rock bolt head and zero stress not at the end. The point of zero stress is called
the critical point. The critical length is different because of a different diameter, the roughness of the
rock bolt, and a different strength of grouting material. Therefore, it is suggested that the design length
of the rock bolt be longer than the critical length.
5. Conclusions

In this paper, the size and distribution of axial force and shear stress on the interface of fully
grouted rock bolts produced under different environmental temperatures are studied systematically,
with the following conclusions obtained:
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With an increase in environmental temperature, the maximum shear stress on the interface
between rock bolt and grouting body becomes smaller, while the distribution of shear stress along
the length of the anchorage section becomes relatively uniform. A high temperature has little
inﬂuence on the fully grouted rock bolt used in tunnel support construction with high geothermal
activities. It is very important to avoid the evaporation of water during the strength growth
process in future anchor construction.
With an increase in tensile force, the axial force and maximum shear stress on the interface
between the rock bolt and the grouting body along the anchorage section increase correspondingly.
Axial force and shear stress all gradually decreased from the pull end to the non-pull end until
they became zero. The design length of the rock bolt should be longer than the critical length.
The performance of the anchorage system is also related to other factors except high geothermal
The deformation of the surrounding rock will produce a large tensile force on the rock bolt.
The coupling of high temperature and load will lead to further deterioration of the anchorage
system. In addition, the roughness of the surrounding rock will affect the ultimate pull-out force
of rock bolts. These are very important research areas for the future.
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Abstract: To evaluate damage state and residual resistance of concrete-encased steel frame-reinforced
concrete core tube buildings under earthquake actions, a criterion of damage assessment based
on dynamic characteristics is proposed in this paper. Dynamic characterization experiments were
conducted on a 10-story and 1/5 scaled building model using velocity sensors on each ﬂoor, and
natural frequencies were obtained based on the measured data. Modal analysis was carried out
using a nonlinear ﬁnite element program, and the simulation results of the dynamic characteristics
agreed well with experimental ones. Then, the damage processes under different seismic wave inputs
were revealed based on ﬁnite element analysis, and the max story drift angle was chosen to reﬂect
the damage state and to quantify the degree of damage. A criterion of seismic damage assessment
is proposed based on the relationship between the quantitative damage value and the dynamic
characteristics, in which the higher order modes were considered. Moreover, inﬂuencing factors,
including earthquake intensity and structural stiffness ratio, were analyzed, and the results indicated
that the proposed damage index based on dynamic characteristics can account for the higher-order
modes and provides an innovative approach to evaluate the seismic damage.
Keywords: damage evaluation; earthquake; concrete encased structures; dynamic characteristics

1. Introduction

Concrete-encased composite structures are widely used in high-rise buildings owing to their
excellent seismic performance, high rigidity and low cost. The hybrid structural systems with
concrete-encased composite frames and reinforced concrete core tubes have been adopted in many
super high-rise buildings especially in the US [1], China [2] and Japan [3,4].
Many studies have been performed on hybrid structural systems by large-scale pseudo-static
tests, pseudo-dynamic tests and shaking table tests to investigate the fundamental mechanisms and
seismic behavior. The research objects included hybrid structural systems consisting of steel frames,
concrete-encased steel frames, and concrete-ﬁlled steel tubes [5–10]. They attempted to understand the
seismic response, seismic behavior and failure characteristics of the hybrid structural system. However,
such tests are very expensive and even the largest shaking table in the world cannot simulate the
damage process of full-scale super high-rise buildings. As an alternative, numerical simulations based
on accurate models have been widely accepted as an important technique to study earthquake-induced
structural behavior, by which the entire dynamical catastrophe processes from material damage and
local failure to integral collapse can be replicated to a certain extent [11–15].
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The results of the above mentioned experiments and simulations indicated that a well-designed
frame-core tube structural system possesses good seismic performance, but unfavorable failure mode
can still occur in some states. As the two parts that resist lateral force, the frame and the core tube,
cooperatively operate with different stiffness, an unequal distribution of shear in the two components
is caused [16,17]. To effectively prevent earthquake-induced structural collapse, the damage stage and
the residual bearing capacity of structures should be properly predicted in this structural system.
A seismic damage model actually reﬂecting strength and stiffness degradation under cyclic
loading is the basis of structural safety margin evaluation and post-earthquake restoration. Based on
the initial strength criterion and deformation, seismic damage assessment models based on energy
criteria were proposed [18,19]. Afterwards, the losses of motion stability and the loss of vertical bearing
capacity were taken as criterions to judge the collapse of structures [20]. A stress wave-based active
sensing method was also used to detect damage in concrete structures [21–27]. The piezoelectric smart
aggregates were adopted for structural health monitoring [28–30]. However, the existing criterions
cannot reﬂect the inﬂuence of loading amplitude and loading path on the cumulative damage of the
structures. Since the damage and collapse of a structure is a complex dynamic instability problem,
collapse criterion and damage evaluation index on the level of the overall structure should be developed
and be applied to concrete-encased steel frame-reinforced concrete core tube structures.
In this paper, a 1/5 scale and 10-storey concrete encased steel frame-reinforced concrete core tube
building model was constructed according to the design code of China (GB50023-2009). The prototype
structure was designed with 8 degrees of seismic fortiﬁcation. The specimen was measured for
a proposed criterion of seismic damage assessment. Dynamic characterization experiments were
conducted using velocity sensors on each ﬂoor. The natural frequencies were obtained based on the
experimental data. Modal analysis was also carried out using a nonlinear ﬁnite element program based
on a ﬁber model in OpenSees. The modal analysis considered geometric nonlinearity and material
nonlinearity. Then, the damage process under different seismic wave input was revealed based on
ﬁnite element analysis, and the max story drift angle was chosen to reﬂect the damage state and to
quantify the damage degree. The structural dynamic characteristics indexes such as vibration modes
and frequencies can be well detected according to non-destructive structure. A criterion of seismic
damage assessment was proposed based on the relationship between the quantitative damage value
and dynamic characteristics. The author hopes to provide references for damage evaluation, structural
health monitoring and post-earthquake restoration of concrete-encased steel frame-reinforced concrete
core tube buildings.
2. Experimental Program
2.1. Details of Specimen

The experimental specimen was constructed in the Civil Engineering Experimental Center
of Yangtze University (Jingzhou, China). The specimen was a model of a concrete encased steel
frame-reinforced concrete core tube built in an 8-degree seismic fortiﬁcation intensity zone. The model
was 1/5 reduced-scale of 10 stories with a total height of 8700 mm. To ensure experimental safety,
the slab of the top ﬂoor was not constructed. The planar of specimen was a square with dimensions
of 1800 mm × 1800 mm. The depth of the foundation, the ﬁrst story and the rest of the stories were
500 mm, 1000 mm and 800 mm respectively. The specimen consisted of a concrete encased steel frame
and a reinforced concrete core tube. The steel skeleton was pre-buried inside the foundation, as shown
in Figure 1.
The concrete-encased steel frame system consisted of 12 concrete-encased columns with cruciform
section and 20 steel beams on each story. As shown in Figure 2, the longitudinal bars in columns were
4 mm in diameter. As shown in Figure 3a, steel beams were rigidly connected with columns and the
substantial details of specimen were shown in Figure 3b.
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The reinforced concrete core tube was 600 mm × 600 mm in square. The core tube in ﬁrst two
stories was 60 mm in thickness and for the rest it measured 40 mm. Two holes with 500 mm × 300 mm
in dimension were set on each story to simulate the elevator doors. Double-layer meshed bars were set
in the edge of the holes as shown in Figure 4a. The internal steel mesh reinforcement and the view
of reinforced concrete core tube were shown in Figure 4b. Concealed columns were pre-buried in
the corners of core tube, which improved the bearing capacity and was beneﬁcial to the connection
between beams and columns. The thickness of ﬂoor slabs is 30 mm.
Premixed concrete was used. To determine the average concrete compressive strength three
cylinders (150 × 300 mm) were tested. The measured concrete compressive strength was 41.5 MPa.
The longitudinal bars and hoop reinforcements used were 4 mm in diameter. The results of the
characterization tests are shown in Table 1.
Table 1. Materials properties of steel.
Material

Yield Strength f y
(N/mm2 )

Ultimate Strength f u
(N/mm2 )

Elastic Modulus Es
(N/mm2 )

Φ4 bars
Steel plate

305
327

424
463

2.1 × 105
2.0 × 105

According to Architectural Structure Load Standards (GB50009-2001) of China, live and dead load
were considered as 2.0 kN/m2 and 1.6 kN/m2 respectively, which took the weight of ﬁller wall into
account. Appropriate combination of the loads was calculated and achieved by preloading sandbags
on each ﬂoor. The design of the concrete-encased steel frame-reinforced concrete core tube building
was governed by the earthquake actions.

Figure 1. Dimension of specimen: (a) cross section; (b) elevation (unit: mm).
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Figure 2. (a) Column section and dimension; (b) dimension of steel skeleton (unit: mm).

Figure 3. (a) Beam cross-section; (b) beam-column connection (unit: mm).

Figure 4. (a) Shear wall with an opening; (b) details of Shear wall (unit: mm).

2.2. Test Setup and Procedure

The pulsation method was applied to measure the dynamic characteristics of the specimen.
Vibration pickup sensors (China Orient Institute of Noise & Vibration, Beijing, China) were installed
on the center of each ﬂoor, which took the earth pulse as the vibromotive source as shown in
Figure 5. The vibration pickup sensors and signal acquisition system were shown in Figure 5d;
two measurements were taken for accurate results. The sensors were applicable for structures with low
natural frequency at the range of 2 Hz to 100 Hz. Due to the symmetry of the cross section, vibration
modes in only one horizontal direction were measured. As shown in Figure 6, data collected from the
sensors indicated a resonance phenomenon at f 0 = 5.942 Hz, which showed the primary frequency.
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Figure 5. (a) Arrangement of vibration pick-up instruments; (b) the steel skeleton; (c) measurement
instrument; (d) details of the instrument.

Figure 6. Natural frequency.

Furthermore, modal analyses of higher order frequencies based on the measured datas were
conducted by the Data Acquisition and Signal Processing (DASP) program. The principle and
procedure are shown as the follows [31,32].
Dynamic characteristics for structure can be expressed by the dynamic equation.
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(1)

.

..

where M, C and K are matrices of mass, damping and stiffness, respectively; x, x and x are the response
vectors of displacement, velocity and acceleration, respectively; f (t) is the vector of exciting force.
Laplace transform method is applied on Equation (1).



Ms2 + Cs + K X (s) = F (s)

where s is a complex variable.
The matrix of generalized impedance Z(s) can be expressed as:


Z (s) = Ms2 + Cs + K
The matrix of frequency response H(s) can be expressed as:

 −1
H (s) = Ms2 + Cs + K

(2)

(3)

(4)

When s = j f , jf is column matrix of frequency at j-column. Equation (3) can be expressed as:


Z( f ) = K − f 2 M + j f C
Matrix of vibration mode can be expressed as:
Φ = [φ1 , φ2 , · · · , φn ]

(5)

(6)

where φn is the n-order of vibration mode.
A symmetric matrix has weighting orthogonal characteristic, and M, C and K are respectively
expressed as:
⎞
⎛
..
.
⎟
⎜
⎟
(7)
Φ T MΦ = ⎜
mr
⎠
⎝
..
.
⎛
⎜
Φ T CΦ = ⎜
⎝
⎛
⎜
Φ T KΦ = ⎜
⎝

..

⎞
.

⎟
⎟
⎠

cr
..
..

.
⎞

.

⎟
⎟
⎠

kr
..

.

where mr , cr and kr are mass, damping and stiffness at r-order.
According to Equations (7)–(9), Equation (5) can be expressed as:
⎛
⎜
Z ( f ) = Φ− T ⎜
⎝

..

⎞
.

⎟ −1
⎟Φ
⎠

zr
..

where zr = kr − f 2 mr + j f cr , jf is frequency at j-column.
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(12)

kr
mr
cr
ϕr =
2mr f r
f2 =

(13)
(14)

where ϕr , fr and φr are vibration mode at r-order mode, damping ratio and frequency, respectively;
and mr , cr and kr are mass, damping and stiffness at r-order, respectively.
H(f ) is actually linear superposition of frequency response from the vibration pickup sensors.
The frequency values of the ﬁrst ﬁve orders were calculated by the measured data through the theories
above. The corresponding frequencies are shown in Table 2.
Table 2. The frequency values of ﬁrst ﬁve vibration modes.
Vibration Mode

1

2

3

4

f (Hz)

5.942

18.981

25.130

37.935

3. Finite Element Analysis

5

50.034

In this section, a ﬁnite element model of the concrete-encased frame-reinforced concrete core
tube building is constructed based on ﬁber column element and layered shell element in OpenSees.
OpenSees has the advantages of excellent nonlinear computation capacities and accurate simulation
for elastic-plastic behavior of structures [33,34]. Reasonable constitutive relations and element types
are respectively adopted and described as follows. The concrete and steel mechanical properties are
related to the measured data.
3.1. Material Modeling

The “Concrete02” material as uniaxial concrete material object with tensile strength and linear
tension softening is described by the curve as shown in Figure 7. The modiﬁed Kent–Park uniaxial
concrete model is adopted for the material properties. Both unconﬁned and conﬁned concrete ﬁbers in
this constitutive model consider tensile strength with linear degeneration. The strain–stress constitutive
relationship can be expressed in Equations (15)–(18) [35].
⎛


fc

−

2ε
0.002



2
ε
0.002



⎜
σ = ⎝ f c [1 − Z (ε − 0.002)]
0.2 f c
Z=

ε ≤ 0.002
0.002 ≤ ε ≤ ε 20
ε ≥ ε 20

0.5
ε 50u + ε 50h − 0.002

3 + 0.002 f c
0.002 f c − 1000

3
B
ε 50h = ρs
4
sh

ε 50u =

(15)

(16)

(17)

(18)

where σ is stress; ε is strain; f c is compressive strength; ρs is stirrup ratio; B is width of core concrete;
and sh is stirrup spacing.
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The “Steel02” material is in OpenSees, as uniaxial Giuffre–Menegotto–Pinto steel material objects
with isotropic strain hardening are allocated to columns and beams. The von Mises yield criterion
is used for steel. The stress–strain curve exhibits two stages, including elastic and hardening stages,
as shown in Figure 8. The reinforcement element is embedded in concrete so that the strain of the
reinforcement is compatible with that of concrete element [36]. Es is elastic modulus of steel; f y is
yield strength; and Ep is the strain-hardening ratio and takes the value of 0.001 [37]. The “Steel02”
material and “Concrete02” material take the properties which are with nonlinear stress–strain
constitutive relations.

Figure 8. Stress–strain curve of steel, f y : yield strength; Ep : strain-hardening ratio; Es : elastic modulus
of steel.

3.2. Elements of Component

The nonlinear beam–column element is adopted, which considers the effects of P-Δ and large
deformations, which P and Δ are static load and displacement, respectively [38]. The extra inner
forces will be transmitted to the surrounding elements of beam and column through the inner force
redistribution. Therefore, reasonable material and element forms need to be selected. Columns and
beams are simulated by “dispBeamColumn” element, which is a ﬁber element based on stiffness
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method. Each element is divided into four integration points; the Gauss–Lobotto quadrature rule is
adopted to integrate iteration as shown in Figure 9. Each point has corresponding weight function ω
and distribution of integral point ξ. The beam section is assembled by material stiffness and stress by
ﬁbers at local coordinate system as illustrated in Figure 10 [39]; each ﬁber exhibits different constitutive
material models.

Figure 9. Distribution of integral points and weighting function.

Figure 10. Fiber distributions in section of steel beam.

The shear wall is simulated by the “ShellMITC4” element. The “ShellMITC4” is a type of shell
element in program, which is a bilinear isoparametric formulation to improve the thin-plate bending
performance. It can account for the development of nonlinear membrane forces. The “LayeredShell”
is adopted for the shear wall ﬁber section, which is based on the mechanics of composite materials.
It considers the geometric nonlinearity of large deformations. A shell element is divided into several
layers along the thickness direction and each layer is endowed appropriate material property to
consider the coupling effect of bending and shear. The double-layer mesh reinforcement of core
tube is treated as the equivalent steel layer. In the computational process the strain and curvature
of the core layer are obtained, afterwards other layers are calculated according to the plane section
assumption. The stress at each layer is solved by the respective constitutive equation of material.
Finally, the inner force of shell element is educed by numerical integration. The longitudinal and
transverse reinforcement is dispersed into the orthotropic reinforcement layer distributing uniformly
in physical location, as illustrated in Figure 11 [40,41]. Table 3 shows the Component of model.

Figure 11. Schematic diagram of “LayeredShell”.
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Table 3. Component of model.
Item

Quantity

Node
“dispBeamColumn” element
“ShellMITC4” element

340
420
220

3.3. Comparison between Experimental Investigations and FEA
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Finite element modal analysis is conducted on the experimental specimen. The sections and
material properties are same as the test specimen. The damping percentage is 0.05 according to Code
for Seismic Design of Buildings (GB50011-2001) of China. The ﬁrst ﬁve order frequencies are calculated,
which agree well with experimental results as shown in Table 4. Comparison between ﬁnite element
result and test result indicates the accuracy of the ﬁnite element modal analysis.
Table 4. Comparison of frequencies, FEA: ﬁnite element modal analysis.
Order

Frequencies of Specimen (Hz)

Frequencies of FEA (Hz)

1
2
3
4
5

5.942
18.981
25.130
37.935
50.034

5.864
18.126
23.974
36.469
48.433

4. Seismic Damage Evaluation
4.1. Structural Damage Analysis under Earthquake Action

Absolute Error (%)
1.312
4.504
4.601
3.865
3.199

The El-Centro wave is selected as a representative ground motion input to investigate the damage
process. Acceleration–time history and elastic response spectrum of El-Centro wave are shown in
Figure 12. The analysis time increment is 0.02 s to ensure the accuracy and convergence. Fundamental
period T0 of specimen measured in the above experiment is 0.169 s, the corresponding acceleration
in response spectrum is Sa = 0.67g, where g is acceleration of gravity. This intensity of earthquake
is appropriate to reﬂect dynamic characteristics of hybrid structure [42,43]. Specimen experiences
different degree of stiffness degradation, which eventually leads to the increase of period. Period-time
history curves for the ﬁrst seven vibration modes are shown in Figure 13.

Figure 12. Cont.
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Figure 12. (a) Time history curve of acceleration of El-Centro wave; (b) response spectrum.

Figure 13. Time history curve of period for the ﬁrst seven vibration modes.

Displacement-time history curves and acceleration-time history curves of the top node are shown
in Figures 14 and 15. Furthermore, the total shear resisted by the columns and the core wall at the
bottom are shown in Figure 16. At the initial stage when t = 1.2 s, periods of all vibration modes remain
constant, no stiffness degradation occurs, and the core wall bears 53.37% of total shear. When t = 3.2 s,
periods increase in varying degrees. Concrete-encased steel frame slightly damages and shear is
redistributed to core wall. Lateral displacement of specimen increases gradually and reaches maximum.
Subsequently when t = 4.8 s, periods increase rapidly especially in the ﬁrst and the second vibration
modes. Core wall resists 77.36% of the total shear.

Figure 14. Displacement–time history curves.
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Figure 15. Acceleration–time history curves.
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Figure 16. Shear distribution of columns and core wall at the bottom.

4.2. Criterion of Seismic Damage Assessment

According to Standard for Seismic Appraisel of Building (GB50023-2009) of China, structural
damage is classiﬁed into ﬁve levels, as shown in Table 5 and Figure 17. D is the index for assessing
damage of structure.
Table 5. Damage index (D) related to damage level.
Intact State

Minor Damage

Medium Damage

Serious Damage

D ≤ 0.08

0.08 < D ≤ 0.16

0.16 < D ≤ 0.60

0.60 < D ≤ 1.0

Collapse
D>1

Figure 17. Seismic damage with the consideration of max story drift angle (θ max ).
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The dynamic characteristics at each loading time including higher-order vibration modes are
obtained by ﬁnite element modal analysis. Furthermore, the max story drift angle θ max was chosen to
reﬂect the damage state and to quantify the damage degree. Seismic damage index at the end of each
loading point is expressed as Dθ = 1 − θmax,0 /θmax,D , where Dθ is the damage index which considers
max story drift angle θ max . θ max,0 and θ max,D are the max story drift angles at initial and damage
stage, respectively.
The frequencies of the ﬁrst seven vibration modes and Dθ at each loading stage are shown in
Table 6. The results show the degradation of frequencies relating to loading history, which means
different degrees of damage.
Table 6. Degradation of frequencies related to time history.

Time
1s
2s
3s
4s
5s
6s
7s
8s
9s
10 s
11 s
13 s
15 s

Frequencies of Vibration Modes (Hz)
1

2

3

4

5

6

5.833
5.819
5.266
4.902
3.392
3.164
2.670
2.624
2.587
2.558
2.542
2.538
2.565

5.888
5.834
5.328
5.112
3.407
3.167
2.675
2.632
2.595
2.569
2.550
2.546
2.580

7.999
7.865
7.184
7.097
6.826
6.680
6.592
6.519
6.447
6.382
6.310
6.229
6.221

22.957
22.553
20.534
20.284
18.622
17.513
16.835
16.129
15.267
14.620
14.162
13.866
13.856

23.691
23.326
21.277
20.877
19.231
18.149
17.361
16.393
15.576
14.925
14.548
14.162
14.077

23.895
23.425
21.459
21.231
20.704
20.492
20.284
20.000
19.724
19.380
19.048
18.671
18.574

7

39.124
38.402
35.088
34.843
34.130
33.670
33.223
32.680
32.154
31.646
31.027
30.358
30.184

Dθ

0.00145
0.0227
0.18822
0.38641
0.50969
0.63802
0.72402
0.75483
0.77435
0.78807
0.79134
0.80114
0.80065

When specimen is subjected to the seismic load, severe damage occurs in frame and core tube.
The degeneration of fundamental frequency is an important parameter to reﬂect structural damage.
The common damage assessment based on natural frequency is expressed as Equation (19) [44].
D = 1−

f i2
f 02

(19)

where fi and f 0 are the frequencies at damage and initial stage, respectively.
However, with the increase of structure height and the increase of irregularity, the inﬂuence of
higher-order mode shapes cannot be neglected. In this paper, damage index D with the consideration
of higher-order vibration modes is proposed as Equations (20)–(22), which considers structural form
and frequency detection method [45].
D = 1−

m

f2

i =1

0

!αβ

∑ αi fi2

(20)

where αi is weighted coefﬁcient. It can be expressed as:
m

αi = ( m + 1 − i ) / ∑ ( m + 1 − i )
i =1

D = 1−

f2
2 m
γi i2
∑
m + 1 i =1 f 0
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where m is the quantity of higher-order vibration modes; fi is frequency at the loading time of i-th
order vibration mode; γi is participation factor of the i-th vibration mode and can be calculated as
γi = (m + 1 − i)/m; and α and β are inﬂuence coefﬁcients associated with the structural form and
frequency detection method, which take values of 1.0 and 1.2, respectively.
5. Seismic Damage Analysis
5.1. Inﬂuence of Earthquake Intensity

In order to adequately study the inﬂuence of ground motion parameters on the dynamic response
of structure, the El-Centro wave was selected and eight suitable intensities were selected in the time
history analysis. The main index δ = PGV/PGA was adopted to evaluate the seismic intensity, where
PGV (Peak Ground-motion Velocity) and PGA (Peak Ground-motion Acceleration) are peak ground
velocity and acceleration, respectively. Enough vibration modes m are taken into consideration and in
this paper m = 10. Seismic damages of a concrete-encased steel frame-reinforced concrete core tube
building under different intensity are evaluated, and the relationship of δ-D is shown in Figure 18.

Figure 18. δ-D curve.

Fitting the curve above and equation can be expressed as Equation (23), where the determination
coefﬁcient R1 2 is 0.990.
(23)
D = 0.804 − 0.697e−δ/0.049

In general, D continuously increases with increase of δ. Structure rapidly damages when δ < 0.118
and then experiences serious damage. Damage of the concrete-encased steel frame-reinforced concrete
core tube building is sensitive to minor seismic intensity.
5.2. Structural Stiffness Ratio

The concrete encased steel frame and the reinforced concrete core tube are major components
which bear the lateral force. Different structural stiffness leads to unequal distribution of the total
lateral force. Structural stiffness ratio λ can be expressed as:

λ=H
CF = η
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Ew Iw
12i
H2

(24)

(25)

Ew Iw =

EIq
1+
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(26)

9μI
H 2 Aq

where H is height; CF is the shear stiffness of column; η is the stiffness modiﬁed coefﬁcient; i is the
linear stiffness; Ew Iw is the bending stiffness of shear wall; EI is the total stiffness; i is linear rigidity;
and I is moment of inertia. In the analysis of the internal force and displacement of structures, the
inﬂuence of shear deformation should be considered. The most effective and simple method is to
multiply the bending stiffness Ew Iw by a coefﬁcient μ. μ is the shear-forced coefﬁcient which takes
value of 1.2 in rectangular cross section [46]; and Aq is the equivalent cross-sectional area.
The characteristics of lateral displacement curves are relatively different, as shown in Figure 19,
which SRC frame and RC core tube are steel reinforced concrete frame and reinforced concrete core
tube, respectively. Lateral deformation of hybrid structure μ is mainly inﬂuenced by structural stiffness
ratio, as shown in Figure 20. The structure mainly performs property of bending as λ ≤ 1 but property
of shear as λ ≥ 6.

Figure 19. Lateral displacement curves: (a) SRC frame; (b) RC core tube.

Figure 20. Comparison of lateral displacement curve, λ: structural stiffness ratio.

Fitting the curve in Figure 21 and the equation can be expressed as Equation (27), where the
determination coefﬁcient R2 2 is 0.971.
D = e−1.154+0.183λ−0.007λ
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2

(27)
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In contrast to the inﬂuence of δ, the hybrid structure had slight damage and experienced medium
damage at λ < 3.118. However, the ultimate damage degree was slight less than that of δ.

Figure 21. λ-D curve.

6. Conclusions
(1)

(2)

(3)

A dynamic characteristics test was conducted on a 1/5 scale and 10-storey concrete-encased steel
frame-reinforced concrete core tube building model. The natural frequency was measured by the
high precision USB (Universal Serial Bus) acquisition instrument, and higher order frequencies
through modal analysis were obtained. As a result, ﬁrst ﬁve order frequencies were obtained
according to experimental data.
Modal analysis was carried out using a nonlinear ﬁnite element program based on the ﬁber
model. The simulation results agreed well with those of experiments. The damage process under
El-Centro wave was analyzed. Compared with the intact state, the ﬁrst two frequencies of the
ultimate state had an obvious degradation of about 56.16%, and the higher frequencies had
an obvious degradation of about 21.87%. The max story drift angle increased from 0.819% to
4.062%, and the proportion of the total shear in the core tube increased from 53.37% to 77.36%.
The max story drift angle was chosen to reﬂect the damage state and to quantify the damage
degree on ﬁve levels. A criterion of seismic damage assessment was proposed with the
consideration of higher-order vibration modes and its validity was conﬁrmed by ﬁnite element
analysis. The inﬂuence of earthquake intensity and structural stiffness ratio on dynamic
characteristics were discussed. This work is hoped to provide references for structural health
monitoring and quantifying the degree of post-earthquake restoration.
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Abstract: In order to solve two problems with the traditional optimization method of steel reinforced
high strength high performance concrete (SRHPC) frame structures, a fuzzy mathematics and
performance-based optimization method for the life-cycle cost of SRHPC frame structures is proposed.
In the optimization program, quantitative seismic performance indicators of SRHPC frame structures
are determined according to the experimental results of SRHPC columns. Furthermore, by considering
the fuzzy reliability of structures under each performance level, the life-cycle optimization model
of SRHPC frame structures can be established. In order to solve the problem of too many variables
and constraints in the optimization process, a two-step optimization method is proposed. Finally, an
optimization example is carried out through the MATLAB program to demonstrate the feasibility of
this model.
Keywords: steel reinforced high strength high performance concrete frame columns; life-cycle
cost model; fuzzy mathematics; fuzziness reliability; optimization method

1. Introduction

In recent years, the application of cost-effectiveness criteria in the building sector has become
more extensive; for example, Iannaccone and Masera [1,2] developed external insulation prefabricated
panels based on cost-effectiveness criteria to reduce energy consumption in the process of building
use. However, they only considered the costs and beneﬁts of the structure from the aspect of energy;
the seismic performance of the structure was not taken into account.
A structural optimization design method based on cost-effectiveness criteria with consideration
of seismic performance has been widely applied in the design of steel structures [3–7] and reinforced
concrete structures [8–10]. In addition, the optimal design method of steel-concrete composite elements
and structures has been studied by some researchers [11–15]. However, there are two problems
with these optimization methods: (1) they only consider the initial cost of the structures as the
optimization objective, leading to poor structural performance and poor ability to resist natural
disasters; and (2) there are too many optimization variables and constraints in the optimization
program, leading to a complicated optimization process.
Reinforced concrete (RC) is widely applied in the building sector and, with the development
of science and technology, many new concrete and structural forms have appeared (for example,
ﬁber-reinforced concrete, high strength, high performance concrete, etc.). Steel is combined with
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high strength, high performance concrete to form steel reinforced high strength high performance
concrete (SRHPC) composite structures [16,17]. As a kind of steel-concrete composite structure,
SRHPC composite structures can make full use of the excellent mechanical properties and durability of
high-performance concrete and enhance the cooperative working ability of steel and concrete [18–20].
Compared with RC structures, SRHPC structures have high bearing capacity, stiffness, and ductility.
When the bearing capacity is equal, the section size of the SRHPC structural member is smaller, thus
the overall material cost can be reduced. Although numerous SRHPC structures have been erected
worldwide over the past few decades, the research and application of the optimization design of
SRHSC structures is relatively scarce, which often leads to poor structural seismic performance and
the waste of materials. Thus, a more efﬁcient design optimization framework for SRHPC buildings
is required.
Based on fuzzy mathematics, this paper puts forward a fuzzy theory and performance-based
optimization method for the life-cycle cost of SRHPC frame structures to solve the problems
discussed above. The speciﬁc research methods are as follows: (1) according to the seismic test
results of the SRHPC frame columns of our research group and other researchers, the quantitative
seismic performance indicators of SRHPC frame structures were determined. Based on this, the
performance-based seismic design method was introduced into the structural optimization program;
(2) Considering the fuzzy reliability of structures under each performance level, the fuzzy mathematics
theory was introduced into the Monte Carlo method to establish the fuzzy reliability calculation method
of the SRHPC frame structures; (3) Considering the fuzziness of the seismic response spectrum, a fuzzy
seismic response spectrum was established, and used as the basis for the calculations of the seismic
effect and reliability of the structure; (4) The reliability calculation was simpliﬁed with the explicit
function of inter-story drift, and then structural fuzzy reliability calculation for different performance
levels were achieved. Thereby, the fuzzy theory and performance-based life-cycle optimization model
of SRHPC frame structures was established.
2. Experimental Study on Seismic Performance of SRHPC Frame Columns

Should engineers only consider the initial cost as the optimization objective, a lowest level design
scheme that meets the requirements of the speciﬁcation will be obtained. This scheme would not take
long-term economic and social beneﬁts into account, which decreases the ability of the structure to
resist natural disasters and is likely to cause signiﬁcant losses. Thus, a performance-based seismic
design method was introduced into the optimization method of SRHPC frame structures to effectively
solve the problem mentioned above. However, to combine the performance-based seismic design
method with the optimization method of SRHPC frame structures, the following work needed to be
undertaken: ﬁrst, the performance objectives of the SRHPC frame needed to be set; and second, it was
necessary to select and quantify appropriate performance indicators.
2.1. Determination of Performance Objectives

The determination of performance objectives was the key to the performance-based seismic design
method. The seismic performance objectives referred to the maximum structural damage expected
when the structure was subjected to an earthquake. In this article, the performance objectives were
determined as per Chinese seismic design speciﬁcations [21], as shown in Table 1.
Table 1. Structural seismic objective performance in China’s seismic code.
Performance Levels
Seismic risk level

Frequent earthquake
Occasional earthquake
Rare earthquake

No Damage

Repairable

No Collapse

1
2
3

—
1
2

—
—
1

1: First level of seismic fortiﬁcation target; 2: Second level of seismic fortiﬁcation target; 3: Third level of seismic
fortiﬁcation target; —: unacceptable seismic fortiﬁcation target.
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Once the performance objectives of the SRHPC framework were determined, a suitable
performance index was chosen to describe the performance of the structure. The performance indices
commonly used are a deformation index (such as inter-story drift); an energy index (such as the
McCabe-Hall index); or a double index of deformation and energy (such as the Park-Ang index) [22].
The Chinese seismic design speciﬁcations [21] adopted inter-story drift to describe the three-level
fortiﬁcation standard, i.e., “no damage from a small earthquake, repairable after a medium earthquake,
non-collapse after a severe earthquake”. Other standards, such as FEMA273, also adopted inter-story
drift to deﬁne the performance level of the structure. For the above reasons, inter-story drift was
selected as the performance index in the performance-based seismic optimization design of SRHPC
frame structures.
2.3. Quantization of SRHPC Framework Seismic Performance Index

It was essential to quantify the seismic performance index for the optimization design of SRHPC
frame structures. However, SRHPC frame structures are a new type of structure system and little
research has been undertaken on its deformation ability, there is no corresponding standard or literature
providing a quantization value of the inter-story drift of the SRHPC frame structures. Thus, to obtain
the quantitative seismic performance indices, the test data of the SRHPC frame columns of our team
and other researchers were analyzed and satisﬁced [23]. The results of the drift angle range under
different failure patterns of the SRHPC columns are shown in Table 2.
Table 2. The distribution value of inter-story drift of steel reinforced high strength high performance
concrete (SRHPC) frame columns under different failure patterns.
Failure Patterns
Failure Stage
component cracking
component yielded
ultimate load
component failure

Bending Failure

Shear Bond Failure

Shear Diagonal Compression Failure

I

m

I

m

I

[1/300, 1/190]
[1/160, 1/115]
[1/108, 1/60]
[1/55, 1/32]

1/242
1/141
1/78
1/39

[1/205, 1/101]
[1/115, 1/78]
[1/83, 1/51]
[1/38, 1/21]

1/151
1/110
1/63
1/30

[1/135, 1/110]
[1/90, 1/60]
[1/59, 1/31]
[1/25, 1/18]

m

1/123
1/71
1/35
1/21

I: The distribution value of story drift angle; m: The mean value of story drift angle.

2.3.1. The Performance Index Quantization of SRHPC Frame Structures

Based on the results shown in Table 2 and certain adjustment principles, the inter-story drift
of SRHPC frame columns was adjusted to obtain the quantization value for the different seismic
performance levels. The adjustment principles are as follows: (1) at the “no damage” performance level,
the columns of the SRHPC frame structures should be crackless, and the allowable cracking degree of
the inﬁlled wall and the damage of non-structural components should be taken into consideration;
(2) under the “repairable” performance level, the tensile reinforcement is yielded, the cover concrete
of the frame columns partially spalls off, and core concrete does not crush; the shear crack width is
less than 2 mm, and the residual deformation is no more than 1/400 [24]; (3) at the “serious damage”
performance level, the building is on the edge of collapse. Therefore, protecting safety must be
recognized as the main goal, and all factors that threaten safety should be considered.
Based on the discussion above, the seismic performance objectives of SRHPC frame structures
and corresponding quantitative values were obtained and are shown in Table 3.
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Table 3. The quantitative value for seismic performance objectives of SRHPC frame structures.
Earthquake Intensity

Minor Earthquake

Medium Earthquake

Major Earthquake

performance level
economic acceptability for renovation of building
safety
threshold for story drift angle

no damage
complete acceptance
safe
1/450

repairable
acceptable
safe
1/135

no collapse
unacceptable
life safe
1/50

3. Performance-Based Optimization Model for the Life-Cycle Cost of SRHPC Frame Structures
3.1. Performance-Based Life-Cycle SRHPC Frame Optimization Mathematical Model

The total cost of the structure over the life-cycle consists of three parts: (1) the initial cost of the
structure; (2) the cost of structural inspection and repair; and (3) the expected loss of the structure.
In general, the cost of the structural inspection and repair in the structural optimization design stage
were not considered, but after the optimal design was established, we selected reasonable repair
methods and maintenance time. As the cost of the structural inspection and repair is inﬂuenced
by many factors such as the materials, methods, time interval of the inspection and the methods of
maintenance and repair, this can make it difﬁcult to determine cost in the design stage. Therefore, only
the initial cost and the expected loss of the structure were considered in the optimization design stage.
The aim of the performance-based seismic design was an economically feasible design method
pursued through optimizing the life-cycle cost. Therefore, based on the seismic optimization model that
Cheng and Li [25] put forward (discussed above), and taking into consideration the fuzziness existing in
seismic analysis and the structural failure of SRHPC frame structures, a fuzzy- and performance-based
life-cycle cost optimization model of the SRHPC frame structures was developed. The model is shown
as follows:
The design variables that needed to be solved are shown in Equation (1):
X = { x1 , x2 , · · ·, xn } T , X ∈ R.

(1)

The optimization object function is shown in Equation (2):
np

MinW ( X ) = α1 C0 ( X ) + α2 ∑ C f i Pf i ( X ).
i =1

Optimization constraints are shown in Equations (3)–(5):
 
Pf i ( X ) ≤ Pf i , i = 1, ..., n p

(2)

(3)

g j ( X ) = 0, j = 1, 2, ..., p

(4)

hk ( X ) ≤ 0, k = 1, 2, ..., q.

(5)

In the literature, the range of the ratio of the failure loss expectation to the initial cost of the
structure under different damage levels is recommended [26]. In this paper, the mean values of the
ratio ranges of each damage level were taken as the parameter to calculate the failure loss expectation
and are shown in Table 4.
Table 4. The ratio of the failure loss expectation to the initial cost of the structure at different
damage levels.
Damage Degree

Intact

Slight

Moderate

Extensive

Collapse

Ratio

0.02

0.105

0.3

0.7

1.0
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In Equation (2), α1 and α2 are weighted coefﬁcients used to reﬂect the importance of different
structures. With the decrease of α1 , α2 becomes larger, which means that the loss caused by structural
failure is also larger and the structure is more important. By comparing the reliability of the SRHRC
frame structure with the different weight coefﬁcients shown in Section 5.2, it can be seen that the
structure reliability index is stable when the weight coefﬁcient α1 is [0.4, 0.6]. Therefore, the weighting
factors α1 = 0.4, α2 = 0.6 were recommended for the SRHPC frame structures.
3.2. The Calculation Method of SRHPC Frame Structure’s Optimization in Stages

A reasonable design result of the SRHPC frame structure was obtained by using the method
proposed in the Chinese seismic design speciﬁcations before optimization. Meanwhile, by considering
the fact that concrete strength grade and steel yield strength were identiﬁed before design, and
the change in longitudinal bars has little effect on the seismic performance of SRHPC frame
structures, the parameters mentioned above were taken as the constants, and the beam, column
section size, and steel section size were taken as optimization variables of the optimization model.
In summary, the optimization design variables of the life-cycle optimization model of the SRHPC
frame structures are:
"
#
af
af
af
af
bij,c hij,c bij,b hij,b bij,c bij,b tij,c tij,b
.
(6)
X=
w
w
w
w
sv
sv
sv
sv
hij,c
hij,b
tij,c
tij,b
dij,c
dij,b
sij,c
sij,b
In order to simplify the optimization process and effectively control the number of design variables
and constraints, the optimization process was divided into two stages:
3.2.1. The First Optimization Stage under a Minor Earthquake
1.

Design Variables

In the ﬁrst stage, in order to minimize the sum of the initial cost of the structure and the expected
loss at the “no damage” performance level, the beams, column section size, section area of section
steel, and stirrup’s reinforcement ratio of beam and column were optimized at this stage. Due to the
inﬂuence of the height of beams and columns being greater than that of width on structural seismic
behavior, this paper only takes the height of the section as one design variable, and the width of the
section was determined by its aspect ratio according to standard design requirements. The design
variable vector X in the ﬁrst optimization stage is shown in Equation (7):

$
a
a
w
w
sv
sv
Aij,b
Aij,c
Aij,b
ρij,c
ρij,b
.
X = bij,c hij,c hij,b Aij,c
2.

Optimization Objective
The optimization objective in the ﬁrst stage is shown in Equation (8):
MinW ( X ) = α1 C0 ( X ) + α2 C f s Pf s .

3.

Constraints
(1) Capacity Constraints
The capacity constraint of the column is shown in Equation (9):
Vij,c ≤

1
γRE

!
sv
Aij,c
0.58
0.16
w
f c bij,c h0ij,c + 0.8 f yv sv h0ij,c +
f a Aij,c
+ 0.056Nij,c .
λij,c + 1.5
sij,c
λij,c
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(9)

The capacity constraint of the beam is shown in Equation (10):
Vij,b ≤
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!
sv
Aij,b
1
w
0.06 f c bij,b h0ij,b + 0.8 f yv sv hoij,b + 0.58 f a Aij,b
.
γRE
sij,b

(10)

(2) Construction requirements;
(3) The performance requirement under a minor earthquake is shown in Equation (11):
Δsi ≤ [Δs].

(11)

(4) The requirements of conceptual design are shown in Equation (12):


c
a
b
a
+ E a Iij,c
≥ 1.4 Eb Iij,b
+ E a Iij,b
.
Ec Iij,c

(12)

3.2.2. The Second Optimization Stage under a Medium or Major Earthquake
1.

Design Variables

Second stage optimization is the detailed optimization of the section size of steel after obtaining
the section size of the beam column and the section area of the steel; the optimization design variable
vector in this stage is shown in Equation (13):


af
af af af w
w
w
w
hij,b
tij,c
tij,b
.
X = bij,c bij,b tij,c tij,b hij,c
2.

Objective Function

(13)

The sum of failure loss expectation of a structure corresponding to the failure of
“moderate damage” and “severe damage” performance level was the optimization objective in the
second stage. The objective function is shown in Equation (14):
MinW ( X ) = C f m Pf m + C f l Pf l .
3.

(14)

Constraints

(1) Construction requirements;
(2) Ductility constraint of SRHPC frame column.
The frame columns should have good ductility as it gives the structure plastic internal force
redistribution, which gives full play to the ability of each component and prevents brittle failure.
In order to ensure the sufﬁcient ductility of the component, the ductility coefﬁcient of frame column
should meet Equation (15):
μij,c = 65.45( f c )

−0.551



v
ρij,c

0.36

×

Nij,c
c + f Aa
f c Aij,c
a ij,c

!−0.665

≥ 3.

(15)

(3) Performance requirements under a medium or major earthquake are shown in Equation (16):
Δmi ≤ [Δm], Δli ≤ [Δl ].

(16)

Comparing the number of optimization variables in Equations (6), (7), and (13), it can be seen
that for each stage of optimization, the number of optimization variables was reduced. At the same
time, the column ductility constraints and the performance requirements under a medium or major
earthquake do not need to be considered during the ﬁrst stage of the optimization process, and the
bearing capacity constraint does not need to be considered during the second stage of the optimization
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process. Therefore, the number of constraints in each stage is also reduced, which effectively simpliﬁes
the optimization process.
4. The Calculation of Reliability Based on Fuzzy Mathematics

In traditional reliability analysis theory, the calculation of structural failure probability is from the
perspective of certainty, which is unreasonable due to the deﬁnite limit value being used to determine
structural failure and the fuzziness of structure failure being ignored. Therefore, this paper introduced
fuzzy mathematics to calculate fuzzy failure probability, which is needed to solve fuzzy loss expectation
in terms of life-cycle cost and the multi-objective optimization model of SRHPC frame structures.
The performance function to calculate performance-based seismic reliability of SRHPC frame is
shown in Equation (17):
f (u0 , X, P) = u0 − u( X, P),
(17)

where u0 is the random variable used to express the structural resistance term that represents inter-story
drift, whose standard value has been shown in Table 3; u( X, P) is the load effect term, which also
represents the story drift (only horizontal earthquake action is considered in this paper), where X is a
random variable vector related to the attribute of the structure itself (e.g., component size, material
characteristics, etc.) and P is a random variable vector related to loading.
4.1. The Calculation Method of Fuzzy Reliability

Among the general set U1 = {u1 , u2 , ..., um }, the membership of every element is deﬁnite, which
means that whether an element belongs to set U—or not—is certain. However, due to the natural
characteristics of the thing itself, many sets do not have a deﬁnite boundary to provide a clear deﬁnition
and evaluation standard. This uncertainty is called fuzziness and a subset that has a fuzzy boundary
is called a fuzzy subset. Zadeh (1965) proposed using a value in a closed interval [0, 1] to represent
 which is called the “membership degree”,
the subordinative degree of element ui to fuzzy subset A,
(ui ) and is usually denoted by ui,A . Obviously, the greater ui,A , the higher the
and expressed by A
subordinative degree. When ui,A is equal to 1, element i belongs to subset A. In contrast, when ui,A
is equal to 0, element i does not belong to subset A absolutely. The general set is a special case of
fuzzy set.
When using traditional reliability theory to judge the reliability of a structure, the state of the
structure jumps directly from reliability to failure, as shown in Figure 1a. However, in practical
engineering, the process of a structure’s state from reliability to failure is gradual and there exists a
fuzzy transition state, as shown in Figure 1b, so the deterministic failure criterion is neither scientiﬁc
nor does it correspond to the actual engineering.
R

R

Reliable area R>S

Reliable area
Z d

r

2

Z d r1

d

1

r

Failure area
Z t r2

Failure area R<S
S

S

(a)ȱ

(b)

Figure 1. The working state of the structure in the theory of reliability. (a) Structural working state in
traditional reliability theory; and (b) structural working state in fuzzy reliability theory.

To solve the problem that exists in traditional reliability theory, this paper adopted the membership
 to express this gradual process, which considers the fuzziness
function of fuzzy performance function Z
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existing in structural failure. A performance function that can consider the fuzziness of structural
failure is shown in Equation (18):

=R
 − S.
Z

(18)

There are several methods to develop membership function, e.g., the fuzzy statistical method, the
assignment method, using “objective measurement” for reference and dualistic contrast compositor,
etc. Due to the necessity of a large body of fuzzy statistics and expert evaluation for the establishment
of a reasonable membership function, the assignment method was adopted for the sake of simplicity
and the half-ladder type distribution was assumed as the membership function. Based on this,
the membership function of fuzzy performance functions is shown in Equation (19):
⎧
⎪
⎪
⎨1

A Z (z) = − rz−−rr2
2
1
⎪
⎪
⎩0

z ≤ r1
r1 < z < r2 .
z ≥ r2

(19)

When the membership function of fuzzy performance function was established, the value of the
upper and lower bounds r1 , r2 of the fuzzy transition area needed to be determined, i.e., “the tolerance”.
There are many ways to determine “the tolerance”, in which the ampliﬁcation coefﬁcient method
in Reference [27] is commonly used in engineering and is also adopted in this paper. Based on
conventional design experience, an amplifying coefﬁcient λ (0.05—0.4 times of general allowable
values) was introduced to determine “the tolerance” of fuzzy intervals in this method. For SRHPC
frame structures, using coefﬁcient λ to multiply the value of inter-story drift limit values corresponding
to different performance levels are shown in Table 3, and “the tolerance” of the fuzzy membership
function corresponding to the different performance level of SRHPC frame structures can be obtained.
4.2. The Calculation Method of Structural Reliability

When calculating the reliability of the structure through a direct analytical method, the joint
density function of the basic random variable must be obtained and multiple integrations must be
calculated, but it is often difﬁcult to achieve a satisfactory result. However, as a method to calculate
structural reliability, the Monte Carlo method has certain advantages: the computed results will not be
inﬂuenced by the function form; any distribution can be considered; and the calculation process can be
conducted by a computer program with good stability. Therefore, this method was chosen to calculate
the reliability of structures by programming [28].
 was adopted to represent the gradual
The membership function of fuzzy performance functions Z
process from reliability to the failure of the structure. According to fuzzy random probabilistic theory,
the fuzzy failure probability of SRHPC frame structure is shown in Equation (20):
+∞

 
 =
Pf = P Ω
f (z)μ(z)dz,
−∞

(20)

 is the fuzzy failure event of frame structure; f (z) is the probability density function used to
where Ω
show the randomness of a structural failure event; and μ(z) is the membership function used to show
the fuzzy of structural failure event.
To describe the fuzzy transition area of structural failure, the indicator function I [ g( Xi )] in the
 as
traditional Monte Carlo method was replaced by the membership function of fuzzy function Z,
shown in Equation (21):
⎧
⎪
z i ≤ r1
⎪
⎨1
I [ g( Xi )] =

r2
− rz2i −
−r1
⎪
⎪
⎩0
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where Xi = ( xi1 , xi2 . . . , xin ) is the ith sample vector of the random vector X = ( x1 , x2 . . . , xn ).
The moment estimation value of structural failure probability can be calculated through Equation (22):
P̂f =

nf
1 N
,
I [ g( Xi )] =
N i∑
N
=1

where N is the total sample number.
The sample variance of moment estimation is shown in Equation (23):
σ̂2 =


1 
P̂ 1 − P̂f .
N f

4.3. Fuzzy Seismic Spectra

(22)

(23)

In order to obtain the load effect S in the performance function—which is presented in the form
of story drift—the seismic response spectra will be discussed.
The seismic response spectrum in Chinese seismic design speciﬁcations [21] contains three fuzzy
factors: seismic intensity; site classiﬁcation; and classiﬁcation of design earthquake. Classiﬁcation of
design earthquake is a parameter used to reﬂect the epicenter distance. According to Chinese seismic
design speciﬁcations [21], most areas in China only take nearby earthquakes into consideration in
seismic design, and few areas need to consider distant earthquakes (approximately 5% of the county
towns). Therefore, this paper does not take into consideration the fuzziness of classiﬁcation of the
design earthquake, but deﬁnes it according to the speciﬁcations. The method used to assess the
fuzziness of seismic intensity and site classiﬁcation, and components of the seismic response spectrum,
is discussed below.
4.3.1. Fuzziness of Seismic Intensity

Owing to historical reasons, earthquake academics and engineers still use discrete settings of
seismic intensity, such as the 12 seismic intensity grades shown in Equation (24).
U = { I1 , I2 , ..., I12 } = {1, 2, ..., 12},

(24)

where Ii and the number represent the grade of seismic intensity.
Due to the variation of damage caused by earthquakes, seismic intensity, as a comprehensive
measure of earthquake intensity, should be continuous and not divided into different grades. Thus, if
degree 12 is still the highest intensity, the seismic intensity should be a continuous value on the real
axis, and its value range should be a closed interval (Equation (25)), not discrete points.
Z = { I | I ∈ [0, 12]} = [0, 12]

(25)

As discussed above, the fuzziness of seismic intensity is due to the use of a discrete set of seismic
intensity indicators to represent the variation in damage caused by earthquakes. Seismic intensity can
become a deterministic variable without fuzziness when it is regarded as an earthquake intensity index
that changes continuously. In this way, seismic intensity is actually a representation of ground motion
parameters. In the seismic response spectrum shown in the Chinese seismic design speciﬁcations [21],
seismic intensity represents the maximum of horizontal seismic coefﬁcient αmax .
When the discrete seismic intensity is transformed into a continuous variable, the relationship
between αmax and seismic intensity is shown as Equation (26):
αmax = 0.04 × 2( I −6) .
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The construction site is divided into four classes (Class I, II, III, IV, respectively) in the Chinese
seismic design speciﬁcations [21] based on the mean shear wave velocity and the thickness of the
overburden. Furthermore, Class I is also divided into two sub-classes, I0 and I1 . The classiﬁcation
approach mentioned above is convenient for engineers to use, but it is quite difﬁcult to accurately
identify the class of a site based on the site deﬁnition, especially for sites with high fuzziness that are
near the boundary of two adjacent classes.
The fuzziness of site classiﬁcation is determined by the complexity of the site, and cannot be
eliminated by mathematical methods. However, in this paper, fuzzy grade vector W was ﬁrst obtained
on the basis of fuzzy comprehensive evaluation, before a comprehensive evaluation value Tg [21] was
obtained; this is a non-fuzzy variable and is related to site classiﬁcation.
Only when the mean shear wave velocity of a site is vs > 800, and the overburden thickness is 0
does the site belong to Class I0 , so there was no need to do a fuzzy comprehensive evaluation of site
I0 [21].
4.3.3. Fuzzy Comprehensive Evaluation of Site Classiﬁcation

According to item 4.1.6 in the Chinese seismic design speciﬁcations [21], mean shear wave
velocity and overburden thickness are taken as the main evaluation factors of site classiﬁcation, and
the normal function shown in Equation (27) was assigned as the membership function of different
evaluation factors:
⎡
!2 ⎤
x − mj
⎦,
⎣
(27)
μ( x ) = exp −
bj

where m j and b j are used to reﬂect that the membership function of two adjacent site classes has the




same value at its demarcation point and m j = 0.5 x j + x j+1 , b j = 0.6 x j+1 − x j , x j , and x j+1 are
threshold values of adjacent site classes.
The evaluation factor set of mean shear wave velocity U1 and overburden thickness U2
corresponded to the evaluation grade domains V and W of the site, respectively. Due to the difference
in the evaluation grade domain, this paper adopted the fuzzy operator M(•, +) and the two-step
evaluation method to carry on multi-factor comprehensive evaluation of site classiﬁcation.
(1) First-step Evaluation

As discussed above, U1 = {u1 } is a single factor set, where μ1 is the evaluation factor for the
equivalent shear wave velocity; V = {v1 , v2 , v3 , v4 } is a fuzzy vector of site classiﬁcation evaluation
grade domain where ν1 , ν2 , ν3 , ν4 are the membership of a site in Class I, II, III, or IV, respectively.
A = { a1 , a2 , a3 , a4 } is a corresponding single factor fuzzy relation vector, where ai is the membership
of the mean shear wave velocity to site classiﬁcation.
During ﬁrst-step evaluation, there is only one evaluation factor, i.e., equivalent shear wave
velocity, so the fuzzy relationship mentioned above is the membership degree of the equivalent shear
wave velocity to the site classiﬁcation.
Thus, we can calculate the membership function of equivalent shear wave velocity from the
Chinese seismic design speciﬁcations [21] and Equation (27). The mathematical and graphic expression
of this function are shown in Equation (28) and Figure 2, respectively.

A1 ( v s ) =

⎧
⎨1

0 < vs ≤ 110

⎩e−( vs −48110 )

A2 (vs ) = e−(

2

vs > 110

vs −200 2
60 )
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Figure 2. Membership function of mean shear wave velocity.

(2) Second-step Evaluation

W = {w1 , w2 , w3 , w4 } is the evaluation grade fuzzy vector of site classiﬁcation where w1 , w2 ,
w3 , w4 are the membership of a factor to four site classes. The fuzzy relation matrix of overburden
thickness is shown in Equation (29):
⎡

b11
b21
b31
b41

⎢
⎢
B=⎢
⎣

b12
b22
b32
b42

b13
b23
b33
b43

b14
b24
b34
b44

⎤
⎥
⎥
⎥,
⎦

(29)

where brs (r = 1, 2, . . . 4; s = 1, 2, . . . 4) is the membership of the overburden thickness of the rth site
category to the sth site category. The evaluation grade fuzzy quantity of site classiﬁcation W can be
obtained based on a comprehensive evaluation. W = VB = V (, +) B, where, V is the measurement
matrix of the evaluation factors.
Based on the Chinese seismic design speciﬁcations [21] and Equation (27), the mathematical
and graphic expression of the membership functions of overburden thickness are shown in
Equations (30)–(33) and Figure 3a–d, respectively.
When 800 ≥ vs > 500,

1 d=0
μ1 (d) =
(30a)
0 d>0
μ2 (d) = 0, d ≥ 0
μ3 (d) = 0, d ≥ 0
μ4 (d) = 0, d ≥ 0.
When 500 ≥ vs > 250,
μ1 (d) =

μ2 (d) =

⎧
⎨1

0<d≤3

−3 )
⎩e−( d2.4

2

⎧
−7 )2
⎨e_( d2.4
⎩1

d>3
0<d<7
d≥7

μ3 (d) = 0, d ≥ 0
μ4 (d) = 0, d ≥ 0.
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Figure 3. Membership function of thickness of covering layer. (a) 800 ≥ vs > 500; (b) 500 ≥ vs > 250;
(c) 250 ≥ vs > 150; and (d) vs ≤ 150.

171

MDPI Books

Appl. Sci. 2017, 7, 269

As per the site characteristic period value given in Table 5.1.4.2 of the Chinese seismic design
speciﬁcations [21], the calculation method for site characteristic period Tg is shown in Equation (34):
Tg =

4

4

i =1

i =1

∑ wi Tgi / ∑ wi .

(34)

Since Class I0 is not necessary when carrying out the fuzzy comprehensive evaluation, the
corresponding characteristic site period value of Class I0 can be obtained directly from Table 5.1.4.2 of
the Chinese seismic design speciﬁcation [21].
(4) The fuzzy seismic response spectrum

The steps for determining the fuzzy seismic response spectrum are as follows:
(1)
(2)

Obtain the maximum value of horizontal earthquake inﬂuence coefﬁcient αmax from Equation
(26).
Identify the depth of site overburden layer d based on the site drilling geological data, and
n

calculate the equivalent shear wave velocity vs according to formula vs = d0 / ∑ (di /vsi ).
i =1

(3)

(4)

(5)
(6)

Calculate single factor fuzzy relation vector A = ( a1 , a2 , a3 , a4 ) in accordance with the
membership function of equivalent shear wave velocity in Equation (28). During ﬁrst-step
evaluation, there is just one evaluation factor, which is equivalent shear wave velocity, so the
fuzzy relation mentioned above is also the membership degree of the mean shear wave velocity
to every site classiﬁcation evaluation grade, that is V = A, vi = ai .
According to the membership functions Equations (30)–(33) of overburden thickness, calculate
the evaluation factors of the fuzzy relation matrix for B. The calculation formula of the fuzzy
vector of evaluation grade for site classiﬁcation is W = VB = V (, +) B.
Calculate the comprehensive evaluation value of site characteristic period Tg according to
Equation (34).
After obtaining parameters αmax and Tg , which are given full consideration of fuzziness,
use the parameters of the earthquake response spectrum curve from the Chinese seismic design
speciﬁcations [21] before the fuzzy earthquake response spectrum can be obtained.

4.4. A Simpliﬁed Method for the Calculation of Reliability

The performance function of SRHPC frame structures in the process of reliability calculation
(Equation (17)) is a highly nonlinear implicit function of the design variable, so, if Equation (17) is
used directly to calculate the reliability, there will be a large amount of computation and not easy
to converge. Therefore, in this paper, the reliability calculation of the SRHPC frame structure was
simpliﬁed and the performance function at different performance levels was changed into an explicit
form. Finally, the form of the changed function is shown in Equation (35):


f u0 , u p = u0 − u p ,

(35)

where u p is the explicit form of the random variable of seismic effect.
After such a simpliﬁcation, only the standard values and probability characteristics of random
variables u0 and u p could be obtained for calculating the reliability degree of SRHPC structure; the main
steps are as follows:
(1)

Obtain the probability statistic characteristics of the structural resistance term and the seismic
effect term, which mainly includes the distribution pattern, the mean value, and the variable
coefﬁcient. This paper assumes the resistance term and seismic effect term expressed in the
inter-story drift form and their distribution type is lognormal distribution [29,30].

172

(2)

(3)

MDPI Books

Appl. Sci. 2017, 7, 269

Calculate the standard values of the SRHPC frame structural seismic effect according to the fuzzy
seismic response spectrum, then obtain the average values of the earthquake effect according to
Step (1). The standard values of the SRHPC frame structural resistance term are the quantitative
values of the performance index, which were obtained in Section 2.3.1 and shown in Table 3.
Next, the mean value of the resistance item can be obtained by Step (1).
After obtaining the types of probability distribution, average and the variation coefﬁcient of the
resistance and seismic effect items, an explicit performance function was established, as shown in
Equation (35). The fuzzy reliability degree of the frame structure under different performance
levels can be calculated according to the improved Monte Carlo simulation method mentioned in
Section 4.

5. Optimization Example
5.1. Example

In this paper, the example of optimization is a two-span and three-story SRHPC frame structure
whose elevation arrangement is shown in Figure 4. In this example, seismic intensity, site classiﬁcation,
and the classiﬁcation of design earthquake are constant, while the height of beams and columns and
the area of steel in a component are used as decision variables. Predetermined design parameters
remain the same based on the experiment design, and we can view the initial value of the experiment
as the initial value of the design variable.
Predetermined design parameters: strength grade of concrete = C80 design value of compressive
strength f c = 56.40 Mpa, design value of tensile strength f t = 3.69 Mpa; section steel with Q235, design
value of tensile strength f a = 210 Mpa; longitudinal reinforcement with HRB335 steel, yield strength
f y = 310 Mpa; stirrup with HPB235, yield strength f yv = 210 Mpa.
Material unit prices:
Concrete: 1.0 × 10−3 RMB/(mm2 ·m);
Section steel: 2.886 × 102 RMB/(mm2 ·m);
Longitudinal reinforcement: 2.340 × 10−2 RMB/(mm2 ·m);
Stirrup: 2.106 × 10−2 RMB/(mm2 ·m).

Figure 4. Elevation of SRHPC frame and cross-sectional drawing of beams and columns (unit of length:
mm; unit of elevation: m).

173

5.2. Optimization Program

MDPI Books

Appl. Sci. 2017, 7, 269

MATLAB language was used for the optimization analysis of an SRHPC frame structure, as
shown in Figure 5. The optimal iteration process based on fuzzy reliability included two layers, the
outside layer and the inner layer. The outer layer was used to optimize the design variables, and the
inner layer conducts the fuzzy reliability analysis of the structure. The optimization process is shown
in Figure 5 and the main programs are presented in a paper by Wei [31].
Initialize the random variables
and design variables so that the
initial values conform to the
constraints

Modify
design
variables

Reliability analysis module

Structural reliability
analysis, Calculate failure
loss expectation

Read current design variable value

Calculate the objective
function value

Establish the reliability analysis model
of the structure

Optimal solution

Using Monte Carlo simulation
algorithm to calculate the reliability

Convergence?

Figure 5. The ﬂow chart of the optimization design of an SRHPC frame structure.

The life-cycle cost of the structure is related to the selection of the weight coefﬁcient in the
optimization objective function. In this paper, the optimization of the SRHPC frame structure shown in
Figure 4 with different weight coefﬁcient combinations was carried out and the relationship between
the reliability of the structure and the weight coefﬁcient α1 was obtained, as shown in Figure 6.
By analyzing the results in Figure 6, it was found that structural reliability decreased with the increase
of the weight coefﬁcient α1 , which means that the reliability of the structure is reduced and failure
probability increases. Meanwhile, it was also found that the structural reliability was stable when the
weight coefﬁcient α1 was [0.4, 0.6]. Therefore, the weighting factors α1 = 0.4, α2 = 0.6 are recommended
for the SRHPC frame structures.
Using the procedures mentioned above to optimize the SRHPC frame structure shown in Figure 4,
we obtained the results shown in Figure 7 and Table 5. By analyzing the results in Figure 7 and Table 5,
it was found that the initial cost of the structure declined by 31.0%, while the structure failure loss
expectation only increased from 31.6% of initial cost to 38.2%. The life-cycle total cost of the structure
dropped by 27.31% after optimization when the optimization method described in this paper was
adopted. Therefore, the purpose of this optimization method was achieved.
3.0
minor earthquake
medium earthquake
major earthquake

Target reliability

2.8
2.6
2.4
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Figure 6. The relationship between reliability and weight coefﬁcient α1 .
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Table 5. A comparison of the costs before and after optimization.
Cost

Initial Cost/RMB

Failure Loss Expectation/RMB

Before optimization
After optimization

13,377
9261

4227
3535

6. Conclusions and Future Research

Life-Cycle Cost/RMB
17,604
12,796

In this paper, a performance-based life-cycle cost optimization method of SRHPC frame structures
was studied, and the following conclusions obtained:
(1)

(2)

(3)

(4)

A fuzzy mathematics and performance-based optimization method for the life-cycle cost of
SRHPC frame structures was proposed that can not only obtain good economic beneﬁts, but also
guarantee the performance of the structure so that the structure design can achieve a balance
between economy and reliability.
After considering the complexity of the design optimization of SRHPC frame structures,
a two-stage optimization calculation method was proposed. This method can effectively reduce
the number of design variables and constraints in the optimization process as well as simplify
the optimization process.
The fuzzy reliability theory was proposed to consider the fuzziness existing in the failure of the
SRHPC frame. Fuzzy mathematics was adopted to develop the fuzzy seismic response spectra to
consider the fuzziness existing in seismic intensity and site classiﬁcation.
The proposed optimization was programmed by MATLAB, and an example was used to verify
the optimization method where the life-cycle cost of the structure dropped by 27.31% after
optimization. The results show the effectiveness and feasibility of the optimization method.

However, due to various limiting factors, relevant follow-up studies are necessary, and can be
summarized as follows:
(1)

(2)

In this study, the SRHPC frame columns’ test data were considered the main object of analysis to
quantify the performance index of the SRHPC frame structures; the impact of other components
on the SRHPC frame structures was not considered.
The actual initial cost of a structure includes not only the cost of materials, but also the machinery
costs, labor costs, and so on. This study only considered the loss of the initial material costs of
a structure. The impact of the loss of the non-structural and maintenance costs of the structure
were not considered.
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Abbreviations
=
=
=
=
=
=
=
=

X
i
j
W (X)
C0 ( X )
Cfi
Pf i ( X )

 )C f i
Pf i ( X
Pf i

design variable vector;
refer to the ith layer of the SRHPC frame structure;
refer to the jth row column or beam of the given ﬂoor;
life-cycle total cost;
initial cost of structure;
loss value of structure corresponding to each performance level;
fuzzy failure probability of structure corresponding to each performance level;
loss expectation of structure corresponding to each performance level;

= reliability target value corresponding to each performance level;

p, q
α 1 , α2
bij,c , hij,c
hij,b
a , Aa
Aij,c
ij,b

=
=
=
=
=

w , Aw
Aij,b
ij,c

= the web’s area of section steel in SRHPC frame beam and column;

sv , ρsv
ρij,b
ij,c

= stirrup’s reinforcement ratio of beam and column;
the loss value of structure corresponding to “no damage”, “moderate damage”,
=
and “severe damage” performance levels;
the fuzzy failure probability corresponding to “no damage”, “moderate damage”,
=
and “severe damage” performance levels;
= the shear span ratio of column and beam;
= the strength grade of concrete;
= the calculated height of frame column;
= the yield strength of the stirrup and section steel;
the design value of axial pressure of frame column considering seismic
=
action combination;
= the seismic adjustment coefﬁcient of bearing capacity;
= shearing force design value of column and beam;
= diameter and spacing of stirrups in column and beam;
story drift of structures corresponding to “no damage”, “moderate damage”,
=
and “severe damage” performance levels;
threshold for story drift corresponding to “no damage”, “moderate damage”,
=
and “severe damage” performance levels;
= the ﬂexural stiffness of the column and beam;

C f s, C f m, C f l
Pf s , Pf m , Pf l
λij,c λij,b
fc
h0ij,c , h0ij,b
f yv , f a
Nij,c
γRE
Vij,c , Vij,b
sv , dsv , ssv , ssv
dij,c
ij,b ij,c ij,b
Δsi, Δmi, Δli

[Δs], [Δm], [Δl ]
c , Eb I b
Ec Iij,c
ij,b
a , Ea I a
E a Iij,c
ij,b
af

af

af

the number of constraints in equality and inequality;
weighted coefﬁcient, used to reﬂect the importance of different structures;
the width and height of the SRHPC frame column;
the height of the SRHPC frame beam;
the area of section steel in SRHPC frame column and beam;

= the shear stiffness of the section steel of column and beam;
af

bij,c , tij,c , bij,b , tij,b

= the section steel ﬂange’s width and thickness of column and beam;

w , tw , hw , tw
hij,c
ij,c ij,b ij,b

= the section steel web’s height and thickness of column and beam;

v
ρij,c

= the volume radio of reinforcement;
the random variable used to express the structural resistance term, which represents
=
inter-story drift, whose standard value can be seen in Table 3;
= the load effect term, which represents in-story drift.

μ0
μ( X, P)
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Abstract: A sensor failure will lead to sensor measurement distortion, and may reduce the reliability of
the whole structure analysis. This paper studies the method of monitoring information reconstruction
based on the correlation degree. For the faulty sensor, the correlation degree of the normal response
of this sensor and the measurements of the other sensors is calculated, which is also called the
correlation degree of reconstructed variables and response variables. By comparing the correlation
degrees, the response variables, which are needed to establish the correlation model, are determined.
The correlation model between the reconstructed variables and the response variables is established
by the partial least square method. The value of the correlation degrees between the reconstructed
variables and the response variables, the amount of the monitoring data which is used to determine
the coefﬁcients of the correlation model, and the number of the response variables are used to
discuss the inﬂuence factors of the reconstruction error. The stress measurements of structural health
monitoring system of Shenzhen Bay Stadium is taken as an example, and the effectiveness of the
method is veriﬁed and the practicability of the method is illustrated.
Keywords: structural health monitoring; responses reconstruction; correlation model; stress
measurements; Shenzhen Bay Stadium

1. Introduction

The sensors are the basic instruments of the structural health monitoring system, while the
measurements of sensors are the necessary information for estimating the structural safety. However,
the operation duration of a sensor is limited and the sensor measurements may be abnormal because of
sensor failure or environmental inﬂuences [1]. The technique for reconstructing the sensor information
should be developed as a result, which can ensure saving the complete monitoring information for
structural safety estimation. The monitoring information is diverse in the different measured locations
and the different types of structural responses, which are correlated with each other to some extent [2].
That is to say, it is necessary to reconstruct the information for the failure sensor using the effective
correlation model between the failure sensor and the other normal sensors.
For the sensor information reconstruction, the researchers proposed several methods to solve the
question. For the problem of data distortion in the structural health monitoring system of a bridge,
Huang [3] analyzed the relationship of the monitoring data by using Granger causality testing [4]
in which the sensor data with a closer relationship is selected to be the input vector for an extreme
learning machine to recover the missing sensor signal data. However, the individual prediction value
could be a large error, and the training results need to be further improved because the tendency of
the predicted data is not consistent with the theory value. The radial basis function (RBF) neural
Appl. Sci. 2017, 7, 243

179

www.mdpi.com/journal/applsci

MDPI Books

Appl. Sci. 2017, 7, 243

network model is another method to recover the unreliable data, which is also easy to fall into a
local optimum [5]. The Kalman ﬁltering method was proposed to build the model between structural
displacements and structural accelerations [6], in which the structural model parameters and external
excitation should be known in advance. The method of data compression sampling is used for data
recovery of wireless sensors, while the recovery data error would be larger for the accelerations when
the sparse of the original data becomes worse [7]. Feng [8] proposed a data recovery method based on
a least square support vector machine. A forecasting model based on the method is established, and
signal recovery is accomplished by on-line learning diagnosis. However, this method mainly aims
at the data reconstruction of the sensor within short duration, and the effect is not good for a high
sampling rate and for long-term failure prediction.
This paper, thus, focuses on the structural responses and the correlation model between the
reconstructed variable and the response variable is established, which can be used for reconstructing
the sensor information. In this paper, the correlation degree and the partial least square method are
applied to the data reconstruction of the fault sensors. As the strain sensors are placed on the roof
steel structure of Shenzhen Bay Stadium, the strain measurements represent the distributed responses
of the structure and have an inherent association, which is suitable to verify the effectiveness of the
proposed method in the paper as well.
2. Correlation Model of Monitoring Data
2.1. Correlation Analysis of Monitoring Data

The monitoring structural responses from different locations and different types of sensors are
in the correlated relationship. The Pearson correlation coefﬁcient is an index to measure the linear
correlation degree of structural responses.
The structural response matrix of m measuring points under the load in n time steps is denoted
as X:
⎡
⎤
x11 x12 · · · x1m
⎥

 ⎢
⎢ x21 x22 · · · x2m ⎥
X = x1 x2 ... xm = ⎢
(1)
..
..
.. ⎥
⎢ ..
⎥
.
.
. ⎦
⎣ .
xn1

xi =

xi1

xi2

···

xn2 · · ·
T

xnm

xin

(2)

In the Equations (1) and (2), xi represents the measurements of the measuring point i under the
load of n time steps. When the fault sensor works in normal, the measurement of the measuring point
where the fault sensor located is denoted as y. The Pearson product-moment correlation coefﬁcient [9]
of the measurement from the arbitrary measuring point and the measuring point where the faulty
sensor located is denoted as ρi
ρi =

E(xi − μxi )(y − μy )
cov(xi , y)
=
σx i σy
σx i σy
σx i =


1 n 
xi (k) − μxi
n − 1 k∑
=1

σy =


1 n 
y(k ) − μy
∑
n − 1 k =1

cov(xi , y) =

2

2



1 n 
xi (k) − μxi y(k ) − μy
∑
n − 1 k =1
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In Equation (3), σxi and σy represent the response variance of the measurement point i and
the fault sensor, respectively; cov(xi , y) is covariance, xi (k) and y(k ) represent the measurement of
point i and the fault sensor in the kth time step, respectively; μxi and μy are the mean value of the
measurements xi and y, respectively.
2.2. Correlation Modeling Using Partial Least Squares and Multiple Regression
2.2.1. Reconstructed Variable and Response Variables

The correlation coefﬁcients of the normal measurement of fault sensor and the measurements of
the other sensors are calculated, which are also called the correlation coefﬁcients of the reconstructed
variable and response variables. The correlation matrix can be denoted as P:

P=

· · · ρm

ρ2

ρ1



(7)

The correlation coefﬁcients are sorted from larger value to small value based on their absolute
values, while the updated correlation coefﬁcient’s sorting matrix can be denoted as DP :

· · · ( ρ )i

DP = {(ρ)1

· · · (ρ)m

%

(8)

(ρ)i represents the ith correlation coefﬁcient absolute value, while (ρ)1 is the largest correlation
coefﬁcient absolute value and (ρ)m is the smallest correlation coefﬁcient absolute value, respectively.
The corresponding measurement to (ρ)i is denoted as (x)i , while the updated structural response
sorting matrix can be denoted as DX :

· · · (x) i

DX = {(x)1

· · · (x) m

%

(9)

The faulty sensor information is considered as the reconstructed variable YP , and p measurements
are selected as response variables XP :
XP = {(x)1

· · · (x) p

(x)2

%

(10)

Y P = {y}

(11)

2.2.2. Establishment of Correlation Model Using the Partial Least Square Method
The reconstructed variables and response variables are standardized as:

(x)i∗ =

( x ) i − μ(x) i
σ(x) i

y∗ =

(12)

y − μy

(13)

σy

The response variables XP and the reconstructed variable YP are standardized into E0 and
F0 , respectively:
%
&
E0 = (x)1∗ (x)2∗ · · · (x)∗p
(14)
F0 = {y∗ }

(15)

The main components set of E0 and F0 can be obtained by using principal component analysis,
which are denoted as T and U, respectively:
'
T=

%
t1

t2

...
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th

...

tA

(16)

'
U=

%
u1

...

u2

uh

...

uA
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(17)

The regression equations regarding E0 and F0 using partial least squares [10] and ﬁrst principal
components are:
(18)
E0 = t1 p1 T + E1
F0 = t1 r1 T + F1
where the regression coefﬁcient vector is:
E0T t1

p1 =

 t1 2
F0T t1

r1 =

 t1 2

The regression equations for the hth principal component are:
E h −1 = t h p h T + E h
F h −1 = t h r h T + F h
where the regression coefﬁcient vector is:
EhT−1 th

ph =

rh =

 t h 2
FhT−1 th

 t h 2

(19)

(20)

(21)

(22)
(23)

(24)

(25)

The relationship between the hth principal component th and the hth axis of E0 is:
t h = E h −1 w h

(26)

where wh is the unit eigenvector corresponding to the maximum eigenvalue θh 2 of matrix
E h −1 T F h −1 F h −1 T E h −1 .
According to the Equations (18), (19), (22), and (23), E0 and F0 can be expressed as:
E0 = t1 p1 T + t2 p2 T + · · · + th ph T + Eh
F0 = t1 r1 T + t2 r2 T + · · · + th rh T + Fh
Substituting Equation (26) into Equation (22) yields:
E h = E h −1 (I − w h p h T )
Substituting Equations (26) and (29) into Equation (27) yields:
h

Eh = E0 ∏ (I − w j p j T )
j =1

Substituting Equation (30) into Equation (26) yields:
h −1

th = Eh−1 wh = E0 ∏ (I − w j p j T )wh = E0 wh ∗
j =1
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(30)

(31)

wh ∗ =

h −1

∏ (I − w j p j T )wh
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(32)

j =1

Substituting Equation (31) into Equation (28) yields:
F0 = E0 w1 ∗ r1 T + · · · + E0 wh ∗ rh T + Fh

(33)

Assuming the number of the principal components is h when the principal components satisfy
the cross-validation principle. Meanwhile, Fh approaches 0, which can be ignored. Equation (33) is
written as:
F0 = E0 (w1 ∗ r1 T + · · · + wh ∗ rh T )
(34)
Substituting Equations (14) and (15) into Equation (34) yields:
⎡

h

∗
⎢ ∑ r j w j1
⎢ j =1
⎢
⎢
...
⎢ h
∗
∗
∗ ⎢
⎢
y∗ = [(x)1 . . . (x)i . . . (x) p ]⎢ ∑ r j w ji ∗
⎢ j =1
⎢
...
⎢
⎢ h
⎣
∑ r j w jp ∗

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

j =1

If:

h

αi ∗ =

∑ rj wji ∗

j =1

then:

y ∗ = α1 ∗ ( x ) 1 ∗ + · · · + α p ∗ ( x ) p ∗

(35)

(36)

(37)

Substituting Equations (12) and (13) into Equation (37), the correlation model between the
reconstructed variable and the response variables is:
y(i ) = α1 (x(i ))1 + · · · + α p (x(i )) p + α0
2.2.3. The Reconstruction Error Evaluation Index

(38)

The average absolute error between the reconstructed value and actual value ea is:
ea =

1 n
|y(k) − y0 (k)|
n i∑
=k

(39)

The average relative error between the reconstructed value and actual value eb is:
eb =



1 n  y(k ) − y0 (k ) 
∑

 × 100%
n k =1
y0 ( k )

(40)

where y(k) represents the reconstructed response of kth time step of the supposed fault sensor, and y0 (k )
represents the actual response of kth time step of the supposed fault sensor, respectively.
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The structural health monitoring system of Shenzhen Bay Stadium began to be implemented in
2010, while the continuous monitoring of the steel roof in both the construction phase and service
phase began to be carried out at the same time [11]. The stress measurements of the sensors located at
the support members are chosen as the basic analysis data for example. The layout of sensors located
at the support members are shown in Figures 1 and 2. There are six supports, two rods of which are
being monitored and four stress monitoring points are arranged on each rod; the sensor installation of
support is shown in Figure 3. For example, the number of eight stress monitoring points at support 3-1
can be denoted as 3-1-1, 3-1-2, 3-1-3, 3-1-4, 3-1-5, 3-1-6, 3-1-7, and 3-1-8, respectively.

Figure 1. Stress monitoring point of the support connecting rod.

Figure 2. Distribution of the stress sensor.

Figure 3. The sensor installation of two support connecting rods.

3.2. The Correlation Model of the Reconstructed Variable and the Response Variables

The sensor at location 3-1-4 is assumed to be failure on 16 May 2014. The stress monitoring
information of this point is considered as the reconstructed variable. The measurements of the other
locations are considered as the available response variables. The stress monitoring data from 7 May
2014 to 10 May 2014 are selected to calculate the correlation coefﬁcients between measurements from
location 3-1-4 and the other locations, which are shown in Table 1.
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Table 1. The correlation degree of stress monitoring data between stress sensor 3-1-4 and other
stress sensors.
Ranking

Sensor Location

Correlation Coefﬁcient

Ranking

Sensor Location

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

3-1-8
3-6-6
3-3-2
3-2-8
3-1-7
3-2-4
3-1-6
3-2-6
3-5-7
3-2-3
3-5-4
3-6-3
3-5-5
3-3-6
3-5-6
3-1-5
3-1-1

0.6831
0.5437
0.5194
0.4656
0.4212
0.4121
0.4006
0.3735
0.3688
0.3677
0.3608
0.3512
0.3425
0.3289
0.2745
0.2608
0.2487

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
-

3-1-2
3-6-1
3-5-1
3-1-3
3-2-7
3-6-8
3-3-7
3-2-2
3-3-1
3-3-3
3-2-5
3-5-2
3-5-8
3-5-3
3-6-4
3-2-1
-

Correlation Coefﬁcient
0.2076
0.1975
0.1962
0.1623
0.1113
0.0915
0.0742
0.0632
0.0624
0.0547
0.0424
0.0214
0.0156
0.0141
0.0108
0.0031
-

In Equation (38), there is no exact number demanded of the response variables, which may depend
on the detailed examples and the special value of the correlation coefﬁcients. Generally speaking,
the historical measurements can be used to identify the effectiveness when the different number of
responses variables selected. If four response variables are chosen to build the correlation model,
that is to say, p = 4, then:
DP = {0.6831

−0.5437 −0.5194 0.4656

'
XP1

=
=

'

%

(x)1

(x)2

σ3−1−8 (t)
YP1

(x)3

(x)4

σ3 − 6 − 6 ( t )

σ3 − 3 − 2 ( t )
(
= {y1 }= {σ 3−1−4 (t)

%

σ3 − 2 − 8 ( t )

(41)

%

(42)

(43)

The correlation model of the reconstructed variable and the response variable is:
y1 (i ) = 1.01(x(i ))1 + 0.05(x(i ))2 − 0.09(x(i ))3 + 0.10(x(i ))4 − 20.73

(44)

The stress monitoring data of the stress sensor 3-6-6, 3-3-2, 3-1-8, and 3-2-8 are used to reconstruct
the stress measurements of the sensor located at point 3-1-4 on 16 May 2014. The contrast curves
between reconstructed values and actual values are shown in Figure 4. The reconstructed values
have the same trend as the actual values, and there are small differences between them. The average
absolute error is 0.89 MPa and the relative error is 2.71%.

Figure 4. The comparison between the reconstructed value and the actual value: (a) the curve of
reconstructed value and the actual value; and (b) the curve of absolute error.
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In order to discuss the inﬂuences of the selection of response variables, two additional cases are
discussed, which are:
'
%
XP2 = (x)13 (x)14 (x)15 (x)16
'
%
(45)
= σ3−5−5 (t) σ3−3−6 (t) σ3−5−6 (t) σ3−1−5 (t)
'

and:
XP3

=
=

'

%

(x)30

(x)31

σ3−5−8 (t)

(x)32

(x)33

σ3 − 5 − 3 ( t )

The correlation model using XP2 is:

σ3 − 6 − 4 ( t )

σ3 − 2 − 1 ( t )

%

y2 (i ) = 0.02(x(i ))13 + 0.01(x(i ))14 + 0.39(x(i ))15 + 0.02(x(i ))16 − 23.85

(46)

(47)

The contrast curves between reconstructed values and actual values are shown in Figure 5.
The average absolute error is 0.97 MPa and the relative error is 2.97%.

Figure 5. The reconstructed value and the actual value using response variable XP2 : (a) the curve of
the reconstructed value and the actual value; and (b) the curve of reconstruction error.

The correlation model using XP3 is:

y3 (i ) = −0.01(x(i ))30 + 0.01(x(i ))31 − 0.01(x(i ))32 − 0.01(x(i ))33 − 32.03

(48)

The contrast curves between reconstructed values and actual values are shown in Figure 6.
The average absolute error is 1.03 MPa and the relative error is 3.13%.

Figure 6. The reconstructed value and the actual value using response variable XP3 : (a) the curve of
the reconstructed value and the actual value; and (b) the curve of reconstruction error.

The errors of the reconstructed information using different correlation coefﬁcients of the response
variables are summarized in Table 2.
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Table 2. The summarized errors using different response variables.
Response Variables

ea (MPa)

eb

XP1
XP2
XP3

0.89
0.97
1.03

2.71%
2.97%
3.13%

It can be seen from Table 2 that the errors become larger when the coefﬁcients of response
variables become smaller, in which the average absolute error and relative error are minimum
when XP1 is chosen as the response variables. It indicated that the response variables with closer
correlation to the reconstructed variable should be chosen, which is better for the reconstruction of the
sensor measurements.
3.4. Inﬂuence of Monitoring Data Quantity on Reconstruction Error

In order to discuss the inﬂuences of the selection of response variables, two additional cases
are discussed. The original stress monitoring data is collected from 7 May 2014 to 10 May 2014 to
calculate the correlation coefﬁcients between measurements from location 3-1-4 and the other locations.
The stress monitoring data of two additional cases are from 7 May 2014 to 12 May 2014 and from 7 May
2014 to 14 May 2014, respectively.
The correlation model using stress monitoring data from 7 May 2014 to 12 May 2014 is:
y4 (i ) = 0.89(x(i ))1 + 0.09(x(i ))2 − 0.20(x(i ))3 + 0.04(x(i ))4 − 33.62

(49)

The contrast curves between reconstructed values and actual values are shown in Figure 7.
The average absolute error is 0.65 MPa and the relative error is 1.99%.

Figure 7. The reconstructed value and the actual value using data from 7 May 2014 to 12 May 2014:
(a) the curve of reconstructed value and the actual value; and (b) the curve of reconstruction error.

The correlation model using stress monitoring data from 7 May 2014 to 14 May 2014 is:
y5 (i ) = 0.35(x(i ))1 − 0.16(x(i ))2 − 0.11(x(i ))3 + 0.03(x(i ))4 − 39.45

(50)

The contrast curves between the reconstructed values and the actual values are shown in Figure 8.
The average absolute error is 0.22 MPa and the relative error is 0.68%.
The errors of the reconstructed information using stress monitoring data from different time
periods are summarized in Table 3.
It can be seen from Table 3 that the errors become smaller when the quantity of stress monitoring
data become larger, in which the average absolute error and relative error are a minimum when the
stress monitoring data from 7 May 2014 to 12 May 2014 is chosen to build the correlation model.
This indicated that the larger quantity of stress monitoring data should be used, which is better
for reconstruction of sensor measurements. In theory, the number of measurements larger than the
unknown coefﬁcients is the basic requirement for regression function identiﬁcation; in fact, there are
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noises and temperature effects included in the measurements, the measurements in at least one full
day are better.
Table 3. The summarized errors using stress monitoring data from different time periods.
Data Acquisition Time

ea (MPa)

eb

2014.05.07~2014.05.10
2014.05.07~2014.05.12
2014.05.07~2014.05.14

0.89
0.65
0.22

2.71%
1.99%
0.68%

Figure 8. The reconstructed value and actual value using data from 7 May 2014 to 14 May 2014: (a) the
curve of the reconstructed value and the actual value; and (b) the curve of the reconstruction error.

3.5. Inﬂuence of Response Variable Number on Reconstruction Error

In order to discuss the inﬂuences of the different number of response variables, three additional
cases are discussed, which are:
%
(51)
XP5 = {(x)1 (x)2 (x)3
(x)4 (x)5
XP6 = {(x)1
XP7 = {(x)1

(x)2

%

(x)2
(x)3

(x)3
(x)4

The correlation model using XP5 is:

(x)4
(x)5

(x)5

(x)6

(x)6

(x)7

(52)

%

y6 (i ) = 1.33(x(i ))1 + 0.10(x(i ))2 − 0.03(x(i ))3 − 0.08(x(i ))4 − 0.20(x(i ))5 − 32.82

(53)

(54)

The contrast curves between reconstructed values and actual values are shown in Figure 9.
The average absolute error is 0.80 MPa and the relative error is 2.45%.

Figure 9. The reconstructed value and actual value using response variables XP5 : (a) the curve of the
reconstructed value and the actual value; and (b) the curve of reconstruction error.

The correlation model using XP6 is:

y7 (i ) = 1.33(x(i ))1 + 0.11(x(i ))2 − 0.04(x(i ))3 − 0.11(x(i ))4 − 0.16(x(i ))5 + 0.08(x(i ))6 − 30.95 (55)
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The contrast curves between reconstructed values and actual values are shown in Figure 10.
The average absolute error is 0.80 MPa and the relative error is 2.44%.

Figure 10. The reconstructed value and actual value using response variables XP6 : (a) the curve of the
reconstructed value and the actual value; and (b) the curve of reconstruction error.

The correlation model using XP7 is

y8 = 1.30(x)1 + 0.09(x)2 − 0.07(x)3 − 0.08(x)4 − 0.19(x)5 + 0.12(x)6 + 0.13(x)7 − 26.93

(56)

The contrast curves between the reconstructed values and the actual values are shown in Figure 11.
The average absolute error is 0.77 MPa and the relative error is 2.36%.

Figure 11. The reconstructed value and actual value of the response variables XP7 : (a) the curve of
reconstructed value and the actual value; and (b) the curve of the reconstruction error.

The errors of the reconstructed information using different number of the response variables are
summarized in Table 4.
Table 4. The summarized errors using different number of the response variables.
Response Variable

ea (MPa)

eb

XP1
XP5
XP6
XP7

0.89
0.80
0.80
0.77

2.71%
2.45%
2.44%
2.36%

It can be seen from Table 4 that the errors become smaller when the number of response variables
become larger, in which the average absolute error and relative error are minimum when XP7 is chosen
as the response variables. However, there is only a slight difference between these discussed cases,
and the number of the response variables with the same level of correlation coefﬁcients inﬂuencing the
errors of the reconstructed variables.
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In this paper, a method of sensor information reconstruction based on the correlation degree is
proposed. The monitoring information of a faulty sensor can be reconstructed by the correlation model
and the measurements of other normal sensors. Based on the structural health monitoring system of
Shenzhen Bay Stadium, the stress measurements of sensors located at support members are used to
verify the proposed method. Furthermore, the inﬂuences for the errors of reconstructed monitoring
information of a faulty sensor caused by three kinds of factors are discussed in the paper, which are
the selection of response variables with different correlation, the quantity of the measurements from
different time periods, and the number of response variables. The selection of response variables and
the quantity of the measurements from different time periods are two main factors, which inﬂuence the
reconstructed information errors for the faulty sensor directly. The number of the response variables
inﬂuences the errors of reconstructed information a little if the selected response variables are in the
same correlation level to reconstructed variable. Furthermore, the proposed method is veriﬁed its
effectiveness to a real world project.
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Abstract: The health conditions of complicated concrete structures require intrinsic cement-based
sensors with a fast sensing response and high accuracy. In this paper, static, modal, harmonic, and
transient dynamic analyses for the 0–3 type piezoelectric cement-based material with interdigitated
electrodes (IEPCM) wafer were investigated using the ANSYS ﬁnite element numerical approach.
Optimal design of the IEPCM was further implemented with electrode distance (P), electrode width
(W), and wafer density (H) as the main parameters. Analysis results show that the maximum stress
and strain in the x-polarization direction of the IEPCM are 2.6 and 3.19 times higher than that
in the y-direction, respectively; there exists no repetition frequency phenomenon for the IEPCM.
These indicate 0–3 type IEPCM possesses good orthotropic features, and lateral driving capacity
notwithstanding, a hysteresis effect exists. Allowing for the wafer width (W p ) of 1 mm, the optimal
design of the IEPCM wafer arrives at the best physical values of H, W and P are 6.2, 0.73 and 1.02 mm
respectively, whereas the corresponding optimal volume is 10.9 mm3 .
Keywords: piezoelectric cement-based sensor/actuator; interdigitated electrodes; ﬁnite element
numerical analysis; static/dynamic characteristic; optimal design

1. Introduction

The health status of modern concrete infrastructures requires considerable intrinsic cement-based
sensors for real-time monitoring [1–3]. The electrical properties of these sensors are frequently
employed as sensing signals reﬂecting the stress or strain under external static and or dynamic loadings
of the cement concrete matrix which is incorporated with some microscale or nano scale additives, such
as carbon ﬁbers (CFs), carbon nanotubes (CNTs) [4–10], or lead zirconate titanate (PZT) powder [11–16].
As Li et al. [11,15], Huang et al. [12], Chaipanich et al. [13], Luo et al. [14], Gong et al. [16], Lan et al. [17],
Song et al. [18–20], and Jaitanong et al. [21] reported, the 0–3 type piezoelectric cement-based
composite (PCM) wafer has excellent piezoelectric self-sensing and self-driving responses, and a
good compatibility with long-life concrete. Therefore, it is easy to realize the ﬁne regulation of
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performance indicators through changing the ﬁllers’ contents [14]. These superior features render
PCMs, after curing and waterproof encapsulation, as novel candidates of sensors/actuators embedded
in concrete-based infrastructures for structural health monitoring (SHM) [15].
Nevertheless, the driving performance in the non-polarized direction of the 0–3 type PCM is not
so strong and it cannot produce enough stress or displacement in a speciﬁc direction for engineering
needs [19,20]. Owing to interdigitated electrode (IE) technology, the polarization direction of the
piezoelectric device with IEs is the same as the voltage-driving one, rendering a great improvement of
the in-plane strain/stress-driving capacity, and obvious orthotropic features [22–28]. Zhang et al. [22]
documented that the 1–3 type PCM with IEs possessed a high piezoelectric constant and superior
orthotropic features with different receiving sensitivities for the stress waves from orthogonal directions.
Hagood et al. [23,24] studied the piezoelectric characteristics of a pure PZT wafer with IEs and its
application criteria by simulating the method. Roundy et al. [25] found that the harmonic resonant
frequency of a PZT sheet with IEs is small and the resonance is more likely to happen, but its
electromechanical coupling coefﬁcient is lower than that of the general PZT. Lin et al. [26] reported that
the narrow electrode ﬁnger spacing, thin interlayer, small ﬁber thickness, and high volume fraction of
a piezoelectric ceramic ﬁber were all positive with the enhancement of the free strain performance
of the piezoelectric ﬁber composite with IEs. Liu et al. [27] reported that the electrospinning of
polyvinylidene ﬂuoride (PVDF) and a CNT piezoelectric nanoﬁber array on IEs fabricated a ﬂexible
sensing device, and found that PVDF/CNT crystallization as spherical composite structures can
enhance the piezoelectric properties of PVDF ﬁbers and effectively convert the mechanical energies of
low-frequency ambient vibrations and impacts into electrical signals. Chidambaram et al. [28] studied
the converse mode piezoelectric coefﬁcient for PZT thin ﬁlm with IEs, where the ﬁlm with IEs showed
a lower average piezoelectric stress than that with parallel-plate electrode, and effectively prevented
cracking. However, to the best knowledge of the authors, there is no research work on the use of the
IE technique in 0–3 type PCMs, and no exploration into the orthotropic and driving properties of the
corresponding PCM. The 0–3 type PCM with IEs (IEPCM) indeed can be regulated with almost the
same durability, Young’s modulus and acoustic impedance as concrete structures, and it effectively
makes up for the deﬁciencies and defects in the engineering application of the common piezoelectric
element. Meanwhile, as mentioned above [19,22], the ﬁnite element software ANSYS is a powerful
tool for simulating and analyzing static and dynamic responses of diversiﬁed materials on multi-ﬁeld
coupling problems.
In this work, we utilized ANSYS to simulate the sensing, driving, and orthotropic properties of
the 0–3 type IEPCM, including static stress/strain, modal vibration, harmonic response and transient
dynamic analysis. The ﬁnal pitch at the center of the electrode (P), the electrode width (W), and the
thickness (H) as the design variables for the optimal design of the IEPCM were also investigated. These
studies not only effectively strengthen the piezoelectric sensing and or driving capacity mechanism of
the 0–3 type IEPCM, but also provide guidelines for future experimental design. The ultimate goal is to
improve the self-sensing and driving performances in a speciﬁc direction of the 0–3 type IEPCM. In the
meantime, the outcomes of this study should meet the in situ detection requirements of complicated
concrete structures and widen the applications of the IEPCM in SHM.
2. Methodology
2.1. Establishment of Characteristic Matrix of IEPCM

Due to the absence of piezoelectric capacity for the cement-based material, the piezoelectric
property of IEPCM is up to that of the PZT powders [22]. That is, the higher the doping of PZT powder
content acquires the better piezoelectric properties. Allowing for the requirements of the mechanical
toughness and compatibility to concrete for the composite materials, we launched the simulation of
the 0–3 type PCM mainly consisting of PZT-4 type powder and525-type sulphur aluminate cement
by volume mixing ratio as 0.75:0.25. The polarization direction in the x-axis is set as positive, and
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conductive silver paste is coated on the top surface of PCM rectangular solid wafer as IEs pattern
in the x-axis, as illustrated in Figure 1. The elastic stiffness coefﬁcient matrix (c), dielectric constant
matrix (ε) and piezoelectric stress constant matrix (e) of the IEPCM obtained by using ANSYS can be
correspondingly given as follows [21].

Figure 1. The outline conﬁguration of piezoelectric cement-based material with interdigitated
electrodes (IEPCM).

The piezoelectric constant d33 of the IEPCM is calculated by the parallel model formula, as
expressed in Equation (1),
V 1 d133 s233 + V 2 d233 s133
d33 =
(1)
V 1 s233 + V 2 s133

where V 1 and V 2 denotes the volume fraction of the component 1 (piezoelectric phase) and component 2
(hydrated cement phase); s133 and s233 is the elastic compliance constant of component 1 (piezoelectric
phase) and 2 (hydrated cement phase), respectively. Allowing that the cement base phase has no any
piezoelectric properties, the piezoelectric constant d33 of IEPCM means the piezoelectric constant d133
of piezoelectric ceramic.
According to the series model formula of composite materials, we can get the dielectric constant
of IEPCM, as shown in Equation (2).
(2)
ε = V 1 ε1 + V 2 ε2
where ε1 and ε2 denotes the dielectric constant of piezoelectric phase and hydrated cement
paste, respectively.
The relative dielectric constant of common cement phase is around ﬁve, which is sufﬁciently small
when compared with the piezoelectric ceramic. Therefore, the contribution of ε2 can be neglected and
thus the dielectric constant of IEPCM becomes ε = V 1 ε1 .
Similarly, the elastic stiffness coefﬁcient of IEPCM is proportional to the elastic modulus of the
two phases, and can also be acquired by the series model formula of composite materials, as given by
c=

c1 V 1 E1 + c2 V 2 E2
V 1 E1 + V 2 E2

(3)

where c1 , c2 is the elastic stiffness coefﬁcients of the piezoelectric and cement phase, respectively;
E1 and E2 represents the corresponding elastic modulus, respectively.
The E1 and E2 of piezoelectric and cement phase is generally equal to 76.5 and 25 GPa, respectively.
The E2 value is comparable to E1 , which is not to be neglected, but the coefﬁcient of stiffness matrix of
cement phase can be omitted when compared with that of the piezoelectric phase. The elastic stiffness
coefﬁcients of IEPCM can be represented by
c=

c1 V 1 E 1
V 1 E1 + V 2 E2

(4)

The density of IEPCM is set as 7600 kg/m3 , and three coefﬁcients in the c, ε, and e matrices of
PZT-4-type piezoelectric ceramics are selected in accordance to Reference [22].The corresponding c,
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ε, and e matrix of IEPCM in ANSYS simulation system are calculated by Equations (1)–(4), and the
results are shown in Tables 1–3, respectively. It is worth to pointing out, the encoding sequence of c, e
is consistent to the order of the input parameters in ANSYS.
Table 1. Elastic stiffness coefﬁcient matrix in short circuit state of IEPCM c (GPa).
Item

Value

Item

Value

Item

Value

C11
C12
C13
C14
C15
C16

103.7
67.0
67.0
0
0
0

C22
C23
C24
C25
C26

119.1
70.2
0
0
0

C33
C34
C35
C36

119.1
0
0
0

Item

Value

Item

Value

Item

Value

C66

23.5

(Symmetry)
23.5
0
0

C44
C45
C46

28.0
0

C55
C56

Table 2. Dielectric coefﬁcient matrix in clamping state of IEPCM ε (nF/m).
ε11

ε22

ε33

4.22

4.85

4.85

Table 3. Piezoelectric stress coefﬁcient matrix of IEPCM e (×C/m2 ).
Stress Direction

X Axis

Y Axis

e11 (15.1)
e21 (−5.2)
e31 (−5.2)
e41 (0)
e51 (0)
e61 (0)

e12 (0)
e22 (0)
e32 (0)
e42 (12.7)
e52 (0)
e62 (0)

E-Field Direction
X
Y
Z
XY
YZ
XZ

2.2. Piezoelectric Constitutive Equation of IEPCM

Z Axis

e13 (0)
e23 (0)
e33 (0)
e43 (0)
e53 (0)
e63 (12.7)

The direction 1, 2, 3 of IEPCM is set as parallel to the z-axis, y-axis, and x-axis, respectively.
Since the interdigitated ﬁnger electrode alternately appears on the same surface with the positive and
negative electrodes (as shown in Figure 1), it makes the polarization centerline of the left half part
electrode points to the negative direction of the x-axis, and the polarization centerline of other part
points to the positive. Here, ﬁrst, the polarized direction pointing to the positive part of the x-axis
is considered. The piezoelectric equations related with the stress (T) and electric displacement (D)
under the unconstrained boundary conditions and short-circuit state are constructed supposed the
strain S and the electric ﬁeld intensity E as independent variables. The constitutive relation between
D, T matrix and S, E matrix are shown in Equations (5), (6-1) and (6-2), respectively. Second, if the
constant values in Table 2 are taken as opposite ones, the corresponding piezoelectric equations with
the polarized direction points to the negative part of the x-axis can also be constructed.


⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

T1
T2
T3
T4
T5
T6

⎤

⎡

⎥ ⎢
⎥ ⎢
⎥ ⎢
⎥ ⎢
⎥=⎢
⎥ ⎢
⎥ ⎢
⎦ ⎣

E
c33
E
c33
E
c33
0
0
0

E
c33
E
c33
E
c33
0
0
0

E
c33
E
c33
E
c33
0
0
0

0
0
0
E
c66
0
0

T = cE S − eE
D = et S + ε s E
0
0
0
0
E
c44
0

0
0
0
0
0
E
c44
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⎥⎢
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S6
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0
0
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e15
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⎡
⎡

⎤ ⎡
D1
e33
⎢
⎥ ⎢
⎣ D2 ⎦ = ⎣ 0
D3
0

e31
0
0

e31
0
0

0
0
0

0
0
e15

⎤⎢
⎢
0
⎢
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⎢
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0
⎣

2.3. Modeling of IEPCM
(1)

(2)

(3)
(4)

S1
S2
S3
S4
S5
S6

⎤
⎥ ⎡
⎥
εS
⎥
⎥ ⎢ 33
⎥+⎣ 0
⎥
⎥
0
⎦

0
S
ε11
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⎤⎡
⎤
E1
0
⎥⎢
⎥
0 ⎦⎣ E2 ⎦
S
E3
ε11

(6-2)

Establishment of material model—the same solid 226-type element is employed to establish two
material models. The matrix coefﬁcients shown in Tables 1–3 are fed into ANSYS software in
sequence, and to establish the material model 1 with the polarized direction pointing to the
positive part of the x-axis. The material model 2 can be constructed by feeding with opposite
values in Table 2 and the same values in Tables 1 and 3.
Establishment of geometric model—a small rectangle with length (L) of 0.00025 m, width (B) of
0.01 m and H of 0.001 m is established. Two hundred rectangles are copied along the positive
direction of x-axis, an integrity rectangle are grown up with L of 0.05 m. Moreover, the W, P of
this IEPCM is designed as 0.00025 m, 0.0001 m, respectively.
Grid meshing—the material model 1 and model 2 is selected and deﬁned, the unit size is divided,
and grid meshed, respectively.
Voltage load applying—voltage load (0 V, 10 V) is applied onto the negative, positive electrodes,
in turn. For simpliﬁcation, the main supporting parts of positive and negative electrodes are
neglected in this simulation.

3. Static/Dynamic Response Characteristics of IEPCM
3.1. Static Response Analysis of IEPCM

Here, the ratio of the transverse stress and strain of the IEPCM in the y-axis to the corresponding
longitudinal ones in the x-axis are focused on. The static stress and strain distributions in the x- and
y-direction of the IEPCM are shown in Figure 2a,b and Figure 3a,b.

Figure 2. Static stress distributions of IEPCM under applied 10 V voltage: (a) x-direction; (b) y-direction.

The maximum stress in the x-direction was 3.41 MPa, and it appeared on both ends
of the IEPCM as shown in Figure 2a,b. Moreover, most of the stresses were about 0.704
MPa. The maximum stress in the y-direction was 1.31 MPa, and it also appeared on both
ends of the IEPCM. Obviously, the corresponding IEPCM showed different driving stress
responses in the transverse and longitudinal directions. As can be seen from Figure 3a,b, the
maximum strain of the IEPCM in the x-direction was 6.07 με, and it appeared on both ends.
In the middle region, the strain from the left to right sides between neighboring electrodes was altered
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from a high to low value, and the maximum value was 2.47 με. The maximum strain in the y-direction
was 0.918 με, also appearing on both ends. In the middle region, the strain from the upper and lower
sides between neighboring electrodes was also altered from a high to low value, and the maximum
strain value was 1.16 με. The maximum strain ratio in the x-, y-direction at both ends, and in the middle
region of the IEPCM, was 3.19, 2.69, respectively. It shows that there is a great difference between the
transverse and the longitudinal strain, which presents an obvious orthotropic characteristic and can
effectively meet the basic requirements of engineering needs as well.

Figure 3. Static strain distributions of IEPCM under applied 10 V voltage: (a) x-direction; (b) y-direction.

Through numerical analysis of half the local area between a pair of opposite electrodes of an
interdigitated piezoelectric element, Hagood et al. found that there are quite different results between
the full model and local area because the latter ignored the inﬂuence from the other part [24]. Here,
a numerical simulation on the static analysis between neighboring electrodes of the IEPCM was also
studied in order to compare the difference between the full model and local area.
The static analysis results show that the maximum stress in the x- and y-direction in the full model
were both about three times larger than those in local area just between neighboring electrodes, which
shows that the size change in the x-direction has a signiﬁcant inﬂuence on the stress distributions in
the x- or y-direction. However, the maximum strain in the x- and y-direction in the full model are just
6.59%, 1.04% larger than that between neighboring electrodes, respectively, which indicates that the
size change in the x-direction has little inﬂuence on the strain distributions in the x- and y-direction.
Therefore, during the next numerical analysis and optimal design of the IEPCM, in order to
reduce the simulation time under the prerequisite of ensuring good quality and enhance the calculation
efﬁciency, the full model of the IEPCM is simpliﬁed into the local area between neighboring electrodes.
Supposing the driving strains in the x-direction are the state variables, the optimal results for the
control variables W, P, and the thickness of H can be acquired.
3.2. Modal Analysis of IEPCM

In fact, the vibration characteristics of a structure, such as the vibration shape, and the modal
frequency can be extracted through modal analysis, and when its natural frequency has no repeated
phenomenon, it indicates that its principal mode is orthogonal. Here, the lower surface of the IEPCM is
ﬁxed, the applied voltage between the upper and lower surface is deﬁned to be 0 V, and then its modal
analysis with ﬁrst 40 order frequencies is analyzed by the modal frequency ranging from 10 kHz to
300 kHz. Figure 4 shows the fourth-order vibration mode of the IEPCM.
It is not difﬁcult to observe from Figure 4 that the modal frequency of the IEPCM appears starting
from 200 kHz, and the resonance frequency is 210.3 kHz. The frequency distribution is crowded
together, but there is no repeated frequency phenomenon, which implies that the principal mode of
the IEPCM is orthogonal [19].
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Figure 4. The fourth-order vibration mode of IEPCM.

3.3. Harmonic Response Analysis of IEPCM
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As is known, the harmonic frequency distributions and resonance response amplitudes of a
structure can be achieved from the harmonic response analysis. In accordance with Reference [22],
the harmonic response frequency range was set from 200 kHz to 500 kHz, the load sub-step was set
as 30, and the harmonic response analysis of the IEPCM was carried out. The strains in the x- and
y-direction on one point near the left edge on the top surface of the IEPCM were extracted and focused
on, and the corresponding strain features changing with the frequency were obtained, as shown in
Figure 5.

Figure 5. Strain distributions of IEPCM vs. frequency: (a) x-direction; (b) y-direction.

As can be seen from Figure 5a,b, there exists a similar change trend in the strain in the x- and
y-direction as the frequency increases. Before 400 kHz, the strain in both the x- or y-direction slowly
climbs up, and then sharply rises up to the maximal values (1.59 με, 1.25 με) and quickly drops down
to the bottom during the 400–440 kHz range, which indicates the harmonic frequencies of the IEPCM
in both directions are about 420 kHz [21]. When the frequency increases to 480 kHz, the strain in the
x- and y-direction resumes to a balanced value 1.0 με, 0.58 με, respectively. It is worth noting that the
resonance responses (strains in the x- or y-direction) near the harmonic frequency of 420 kHz are not to
be neglected, which implies the work frequency of the IEPCM should be shifted away from 420 kHz.
3.4. Transient Response Analysis of IEPCM

Transient response analysis is also called the time-history dynamic response analysis of a structure
bearing, at any time, a varying load. The transient response analysis of a structure can effectively
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alleviate and even avoid the negative impact aroused from structural resonance and fatigue. An AC
voltage of 10 Vrms with a period of 0.4 s was applied to the electrodes. The voltage step was set as
0.2 Vrms. The transient dynamic analysis of the IEPCM was implemented. Similarly, the strains in
the x- and y-direction on one point near the left edge on the top surface of the IEPCM were extracted,
the corresponding features changing with time are shown in Figure 6, and its hysteretic characteristics
were also analyzed.

Figure 6. Strain distributions of IEPCM vs. time: (a) x-direction; (b) y-direction.

As demonstrated in Figure 6a,b, the strain ﬂuctuates along with time; some hysteresis
characteristics exist for the IEPCM, which may bring forth some negative effect on the fatigue. In fact,
other than the inﬂuence from the IEPCM material itself and the production process, the load region of
the driving voltage has a great inﬂuence on the curve shape. The amplitude of each strain response is
different from the others. Therefore, during the preparation of the IEPCM, it is essential to ensure the
positive and negative electrodes of the IEPCM are symmetric as far as possible, including the main
branch corresponding to the positive and negative electrode branches [28].
4. Optimal Design of IEPCM

The optimal design of the IEPCM through ﬁnite element simulation can save the volume
consumption of the material ahead of the experiment. Here, the local area just between neighboring
electrodes is focused on; the ﬁnite element design model of the IEPCM is optimized with the voltage
on the positive electrode, applying up to 100 V. The wafer width (W p ) of the IEPCM is ﬁxed at 0.001
m, the P, W and H of the IEPCM are supposed as the design variables, and their changing scopes
are set as 0.001 m ≤ P ≤ 0.015 m, 0.0003 m ≤ W ≤ 0.0009 m, 0.001 m ≤ H ≤ 0.015 m, respectively.
Assuming the maximum stress in the x-direction does not reach the ultimate stress of the IEPCM, the
effect of the stress of the IEPCM can be accordingly neglected. The maximum strain in the x-direction
(TMAX ) is selected as a state variable, and the objective function is the total volume of the IEPCM
(V TOT ). The scope of TMAX is restricted by the condition TMAX ≥ 60 με through preliminary simulation.
Figure 7 shows the V TOT changing trend along with the number of iterations.
Based on the results shown in Figure 7, we conclude that the V TOT optimization design for the
IEPCM requires eight iteration cycles, and the V TOT values have sharp ﬂuctuations for the ﬁrst ﬁve
iterations. After that, the V TOT comes to a low plateau, and the optimal V TOT appears at the eighth
iteration. Thus, the optimal values of W, P, and H of the IEPCM are 0.00073 m, 0.00102 m and 0.00062 m,
respectively, and the corresponding state variable TMAX is 95.3 με, whereas the optimized V TOT is
10.9 mm3 . It is noted that the maximum strain TMAX along W p appears in the center line between
neighboring electrodes.
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Figure 7. The changes in the material volume of IEPCM vs. iteration numbers.

5. Conclusions

A numerical study on the static and dynamic responses of 0–3 type IEPCM was carried out to
investigate its orthotropic properties and lateral electromechanical driving capacities. The objective of
this work is to develop an electromechanical driving theory and to provide experimental guidance for
0–3 type IEPCMs. The signiﬁcant ﬁndings are summarized as follows.
(1)

(2)

(3)

The maximum strain ratio at both ends of IEPCM in the x- and y-direction is 3.19, whereas that in
the middle region is 2.69. These values indicate that good orthotropic characteristics and lateral
piezoelectric driving capacity can be produced for 0–3 type IEPCMs.
The modal frequency distribution of the IEPCM is crowded together but with no repeated
frequency; the vibration mode of the IEPCM is orthogonal, whereas the resonance frequency is
210.3 kHz. The harmonic responses of the IEPCM either in the x- and y-direction are almost the
same at 420 kHz, which indicates some hysteresis characteristics exist. The load region of the
driving voltage has a signiﬁcant inﬂuence on the transient dynamic property of the IEPCM.
When the wafer width W p of 0–3 type IEPCM is set at 1 mm, the main physical parameters of the
optimal design for the IEPCM are achieved as follows: the thickness H is 0.62 mm, the electrode
width W is 0.73 mm, the electrode spacing P is 1.02 mm and the corresponding volume V TOT
is 10.9 mm3 .
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Abstract: A tunnel is a coupled system of the surrounding rock and the supporting structure.
The health status of a tunnel structure is complex and is inﬂuenced by various factors. In addition,
these factors are coupled and interacted with each other, which calls for the linguistic description of
the tunnel safety level. In this paper, we describe the health status of a highway tunnel structure in
terms of four levels: safe; basically safe; potentially unsafe and unsafe. Based on the analysis of the
safety characteristics of the tunnel structure and its proposed safety level, this research develops a
multi-level fuzzy synthetic evaluation model for the long-term safety evaluation system of a tunnel
structure. The Cang Ling Tunnel, which has embedded sensors to measure the stress values of the
secondary lining and the contact pressure, is used as an example to study the proposed method.
The results show that the structure of the entire Cang Ling Tunnel is in almost a safe condition under
the current conditions, which is consistent with the actual operational situation.
Keywords: long-term safety monitoring; structure health monitoring; fuzzy synthetic evaluation;
Cang Ling Tunnel

1. Introduction

Over the past two decades, China has observed the rapid development of highway and railway
transportation systems, including many tunnels. In recent years, with the increase of the service
time of these tunnels, various problems, such as lining cracks, water leakage, and even falling linings,
have been widely observed and attracted attention from practicing engineers and academic researchers.
The concepts of “prevention” and “early discovery” have been developed and gradually put into
practice. Speciﬁcally, the long-term structural monitoring of tunnels that pass through complex and
special environmental conditions has received additional attention in recent years. One example is
the research on the application of structural health monitoring in Hangzhou Qiantang River Tunnel
done by Wu et al. [1]. Ke et al. studied the structural health monitoring system for Nanjing Yangtze
River Tunnel [2]. The stress of the secondary lining was selected as a long-term monitoring project
and was successfully applied in Cang Ling Tunnel in Zhejiang province [3]. Li et al. successfully
established a long-term health monitoring system for the Mo Tianling Extra-long Highway Tunnel [4].
Effective monitoring techniques were adopted to ensure the operation security of Xiamen Xiang’an
Subsea Tunnel [5]. Located in Antwerp, Belgium, the Liefkenshoek tunnel was studied in terms of the
structural health response to tidal ﬂuctuations [6]. Due to their particular and complex engineering
environment, Su et al. studied the long-term structural health monitoring of subsea tunnels [7].
A tunnel monitoring system was set up to monitor joint movements in the concrete tunnel lining of an
existing London underground tunnel [8]. Structural monitoring is also used in a typical metro tunnel
located in Rome, Italy [9].
Appl. Sci. 2017, 7, 203
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With the development of sensors and other monitoring techniques, new monitoring methods are
gradually applied to structural health monitoring of tunnels. Zhang et al. presented an automatic crack
detection and classiﬁcation methodology for subway tunnel safety monitoring [10]. The application
of the ﬁber Bragg grating (FBG) sensing technology for safety monitoring during railway tunnel
construction was researched [11]. Tunnel structural health monitoring can also be achieved by
terrestrial laser scanning [12].
Since a tunnel is a coupled system of the surrounding rock and the supporting structure,
the health status of the tunnel structure is inﬂuenced by the stability of the surrounding rock. Hence,
the stability of the surrounding rock is of great importance. The stability of the surrounding rock is
usually inﬂuenced by the lithology, the geological conditions, the initial geostress ﬁeld conditions,
the topography, the ground water conditions, etc. Therefore, there is enormous uncertainty about the
stability of the surrounding rock. In addition, the structural health status is inﬂuenced by the shape
and size of the tunnel section, the support type, and the construction method. Furthermore, the factors
that inﬂuence the health of the tunnel structure interact with each other, together determining the
long-term health status of the tunnel structure [3]. Thus, the tunnel structural health monitoring is
a complex system. In the literature, intelligent methods, including neural networks [13–15], genetic
algorithms [16,17], fuzzy logic methods [18–20], Analytic Hierarchy Processes (AHP) [21,22], etc., have
been developed to deal with complex systems. Among these methods, the fuzzy logic method is of
particular interest in monitoring structural or tunnel safety, which is commonly described by linguistic
variables, such as safe, basically safe, potentially unsafe, and unsafe. In the fuzzy logic family, the
fuzzy synthetic evaluation method is frequently used. The synthetic evaluation method is a general
evaluation of phenomena affected by a variety of factors. If this evaluation process involves fuzzy
factors, then it is called a fuzzy synthetic evaluation method. The fuzzy synthetic evaluation method is
widely used in civil engineering, such as structural health evaluation, engineering quality, engineering
performance, structural variation, etc. Since these problems are inﬂuenced by complex and uncertain
factors, it is difﬁcult to make a quantitative evaluation using an analytic method. However, by using
the fuzzy synthetic evaluation method, these problems can be solved. In addition, this method can
combine qualitative factors with quantitative factors, making the evaluation results more objective and
in accordance with the actual accident situation. Consider that the fuzzy synthetic evaluation method
has been widely used in bridge, slope, and other engineering ﬁelds with success. For instance, Shang
used multi-level fuzzy synthetic evaluation to evaluate a bridge’s structural health [23]. According to
the theory of fuzzy synthetic evaluation, the multi-level fuzzy synthetic evaluation model of bridge
maintenance is extended [24]. Wu and Wang applied the fuzzy comprehensive evaluation method to
slope stability [25]. Based on the method of fuzzy mathematics, a slope stability analysis of the fuzzy
synthetic evaluation model is established and the grading index of the slope stability is determined [26].
The fuzzy synthetic evaluation is also widely adopted around the world and in many academic ﬁelds.
For instance, the fuzzy synthetic evaluation was used to assess the urban air quality in Istanbul [27].
The fuzzy synthetic evaluation was also used in pipe inspection [28]. In addition, it can be used
in decision-making for drilling waste discharges [29]. Therefore, in order to the long-term health
monitoring data to evaluate the structural safety of the tunnel and ensure it is in good working
condition, the fuzzy synthetic evaluation method is used to evaluate the structural health status of the
tunnel in this paper.
In view of this, through the long-term health monitoring system of the Cang Ling Tunnel,
the real-time values of structural stress can be acquired. Based on the latest data of the structural
stress, the health status of the structure of the tunnel is evaluated using the multi-level fuzzy synthetic
evaluation method. Thus, the structural safety of the Cang Ling Tunnel during the operation can be
evaluated and corresponding measures can be taken.
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2. Determination of the Evaluation Methods and Ideas for the Tunnel Structural Health
2.1. Selection of Evaluation Method for Tunnel Structural Health

Up to now, for the quantitative safety evaluation of tunnel structures in China, the formulas
recommended in the Code for Design of Highway Tunnel [30] and the Code for Design of Railway
Tunnel [31] have frequently been applied. Using the formulas, the stress status of a certain section of
the tunnel structure can be obtained (the axial force and bending moment). Though this method can
meet the requirements of the safety evaluation of the structure to a certain extent, as mentioned above,
the health monitoring of a tunnel structure is a complex system, inﬂuenced by various factors such
as the geological condition, the section types, and the construction method. The inﬂuencing factors
include qualitative and quantitative indices, which are related and interact with each other. Thus, it is
obviously inappropriate to evaluate the health status of the tunnel structure with the above simple
quantitative evaluation method [3]. Moreover, many of these factors are coupled and interact with
each other. It is difﬁcult to obtain a reasonable evaluation using the common method of one-level
fuzzy synthetic evaluation. The so-called one-level fuzzy synthetic evaluation means that, during the
evaluating process, a number of inﬂuencing factors can be listed. Then each factor can be seen as a
single evaluation factor. However, if the inﬂuencing factors of each factor in one-level fuzzy synthetic
evaluation are further listed, then that makes it a two-level or multi-level fuzzy synthetic evaluation.
Therefore, the method of multi-level fuzzy synthetic evaluation is more suitable to evaluate the health
status of a tunnel structure. The steps of this method are illustrated in Figure 1.
Confirm
judgment
target

Analysis of
evaluation
index

Establish
index
system

Confirm
evaluation
criteria

Determine
index
weighted
value

Establish
evaluation
model

Comprehen
-sive
evaluation

Figure 1. Steps of the fuzzy comprehensive evaluation method.

2.2. Evaluation Idea for Tunnel Structural Health

Due to the great differences in the geological conditions, hydrogeology, topography, and
geomorphology features along the full length of the tunnel, especially for long tunnels, different
types of lining structures, section types, and construction methods must be designed. The entire tunnel
is virtually divided into different segments with the same characteristics. In these segments, the rock
condition, the characteristics of the stress ﬁeld, the development of the groundwater, the tunnel depth,
the support types and parameters, the section shapes, and the construction methods are basically
the same.
In order to scientiﬁcally evaluate the health status of a tunnel structure, it is necessary to obtain
the in situ long-term monitoring data. However, it is neither realistic nor necessary to embed long-term
monitoring elements within the entire range of the tunnel to obtain the information. From the
perspectives of economics and the similar characteristics of some segments of a tunnel, it is only
necessary to select limited typical sections, which can reﬂect the characteristics of all the segments of
the tunnel project to conduct the long-term monitoring.
The basic idea behind the evaluation of the long-term health status of a tunnel structure is
shown in Figure 2. It is based on the structural stress information from sensors embedded in typical
sections. Through the comprehensive analysis of many factors that inﬂuence tunnel structural safety,
the multi-level fuzzy synthetic evaluation method was adopted to evaluate the structural safety of each
typical monitoring section that represents the overall safety status of each segment. Those segments all
have the same conditions as the typical monitoring section. Then the long-term safety status of the
entire tunnel can be evaluated.
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Figure 2. The evaluation processing diagram of long-term health of the tunnel structure.

3. Application of the Fuzzy Synthetic Evaluation Method to Cang Ling Tunnel Structural
Health Evaluation
3.1. General Situation of Application Engineering

The Cang Ling Tunnel is located in the middle of Zhejiang province. The full length of this
highway tunnel is about 7500 m, which means the tunnel is extra-long. The maximum buried depth of
the tunnel is 768 m. Moreover, the tunnel is located in the high initial geostress ﬁeld (the maximum
principle stress is about 20 MPa). The tunnel passes through the ground, which is made up of granite
porphyry and ignimbrite. The surrounding rock is rated as graded II, III according to the Code for
Design of Highway Tunnels [30]. The geological structure of this region is relatively simple and the
rock mass integrity is good (Figure 3). Considering the special conditions, such as the extra-long length
and the deep buried depth, the concept of long-term health monitoring is developed and put into
practice gradually. At the beginning of 2009, when the tunnel began operations, the long-term health
monitoring system for the tunnel structure was basically established.
In order to know the initial geostress ﬁeld and its inﬂuence on the stability of the tunnel, the
hydraulic fracturing technique was used near the axis of the tunnel. Three holes were drilled to
carry out the initial geostress testing work. Combined with multiple regression analysis, the stress
distribution on the axis of the tunnel is obtained [32], providing basic data for the long-term structural
health evaluation of Cang Ling Tunnel (Figure 4).
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Figure 3. Plane and vertical sectional diagram of Cang Ling Tunnel.
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Figure 4. The principal stress ﬁeld distribution along the axial direction of Cang Ling Tunnel.

3.2. Choice and Implementation of Long-Term Health Monitoring Project

The concept of structural safety based on stress is clear, and stress monitoring can easily and
directly reﬂect the mechanical characteristics of the surrounding rock and supporting structure
compared with the traditional deformation monitoring. Therefore, the tunnel structural health
monitoring system based on long-term stress monitoring has been proposed and established gradually
in recent years [3,4]. At the same time, with the increase of tunnel service time, lining structures,
especially primary supports, will deteriorate gradually during the operation. The load will be
transferred to the secondary lining, which will gradually become an important bearing unit. Final
tunnel safety will be reﬂected in the existing status of the secondary lining. Based on the above idea,
the variation characteristics of the contact pressure (contact pressure means the pressure between the
primary support and the secondary lining, similarly hereinafter) and the internal force of the secondary
lining are major concerns for the long-term monitoring project of Cang Ling Tunnel (Figure 5).
The embedded sensors, including pressure cells and strain gauges, are respectively located on vaults,
both sides of the spandrel, and the side walls of the secondary lining. The pressure cells are located
between the primary support and the secondary lining. They are ﬁxed on the primary support with
cross buckles before the secondary lining is applied. Two strain gauges are symmetrically buried in
the inside and outside of each monitoring section. The embedding process is as follows: Firstly, the
embedded strain gauges should be symmetrically strapped in the middle of the secondary lining
main rebar with tying wires. Then, the wires should be guided along the waterproof to the reserved
cavity located on the side walls of weak cable channel, which is convenient for networking and to
subsequently transmit the monitoring data to the LAN. The variation of the contact pressure and the
secondary lining stress are the focus when monitoring the entire life cycle of the Cang Ling Tunnel,
which can help with judging the safety of the supporting structure. Figures of the reserved cavity,
pressure cell, and strain gauge in the ﬁeld are shown in Figure 6.
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ĸ
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Figure 5. Layout diagram of the long-term monitoring sensors in Cang Ling Tunnel.
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Figure 6. Embedding ﬁgures of the reserved cavity, pressure cell, and strain gauge in the ﬁeld.
(a) Pressure cell; (b) Strain gauge; (c) Reserved cavity.

According to the rock condition, the grade of the surrounding rock, the section type, and the
support parameters, the Cang Ling Tunnel is divided into 20 segments (Table 1). The characteristics of
hydrogeology, stress ﬁeld status, support types, and parameters are basically the same in each segment.
In each segment, sensors are embedded in typical sections to carry out long-term monitoring.
Table 1. Segment classiﬁcation and typical monitoring sections in Cang Ling Tunnel.
Serial
Number
1
2
3
4
5
6
7
8
9
10

Mileage of
the Segment
ZK94+760~ZK95+400
ZK95+400~ZK96+350
ZK96+350~ZK97+073
ZK97+073~ZK97+550
ZK97+550~ZK98+600
ZK98+600~ZK99+400
ZK99+400~ZK100+160
ZK100+160~ZK100+900
ZK100+900~ZK101+700
ZK101+700~ZK102+200

Typical
Monitoring
Section

Serial
Number

ZK94+900
ZK95+609
ZK96+370
ZK97+093
ZK97+655
ZK98+895
ZK99+521
ZK100+220
ZK101+050
ZK101+900

11
12
13
14
15
16
17
18
19
20

3.3. The Classiﬁcation of Health Levels for a Tunnel Structure

Mileage of
the Segment

K95+304~K95+850
K95+850~K96+650
K96+650~K97+650
K97+650~K98+469
K98+469~K99+100
K99+100~K99+969
K99+969~K100+719
K100+719~K101+150
K101+150~K102+300
K102+300~K102+365

Typical
Monitoring
Section
K95+350
K96+000
K96+790
K98+000
K98+490
K99+240
K100+000
K100+740
K101+535
K102+340

The structural health status of a tunnel is a very abstract concept. It is necessary to divide the
health status into several measurable safety levels. At present, the main methods are the three-class
classiﬁcation method, the four-class classiﬁcation method, the ﬁve-class classiﬁcation method, and the
10-class classiﬁcation method.
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Of these classiﬁcation methods, the three-class classiﬁcation method is relatively simple. It is
mainly used for the evaluation of the results of the tunnel inspection (the daily inspection, the regular
inspection, and the special inspection). The ﬁve-class classiﬁcation method is based on the four-class
classiﬁcation method. However, the classiﬁcation of the 10-class classiﬁcation method is too detailed.
In the health evaluation of the highway tunnel structure, some conditions are not necessary. Therefore,
on the basis of the existing tunnel health level classiﬁcation method, considering the wide application
of the four-class classiﬁcation method, the health status of the structure of the Cang Ling Tunnel
is divided into four levels. There are: V = {ν1 , ν2 , ν3 , ν4 } = {I,II,III,IV}. Among them, ν1 means the
structure is safe, ν2 means the structure is basically safe, ν3 means the structure is potentially unsafe,
and ν4 means the structure is unsafe. The meanings of each level are shown in Table 2.
Table 2. Health levels of a tunnel structure.
Health Levels
Level I (Safe)

Evaluation

The structure is safe. The structure is intact or has tiny cracks.
In this stage, pedestrians and trafﬁc safety will not be affected.
Maintaining daily monitoring is enough

Level II (Basically Safe)

The structure is basically safe. The structure is slightly damaged or has tiny cracks.
In this stage, pedestrians and trafﬁc safety will not be affected. Maintaining daily
monitoring is enough. Whether the structural stress will develop further or not
should be determined by the combined judgment of the long-term monitoring project.
Strengthening the monitoring frequency and daily maintenance are suggested

Level III (Potentially Unsafe)

The structure is potentially unsafe. The structure is seriously damaged or has cracks.
In this stage, pedestrians and trafﬁc safety will be affected sooner or later. Further
development will lead to the decrease of the structure function or even the failure of
the structure. Increasing the monitoring frequency and taking strengthening
measures as soon as possible are suggested

Level IV (Unsafe)

The structure is unsafe. The structure is seriously damaged and the damage
continues to develop. In this stage, pedestrians and trafﬁc are endangered.
Immediately increasing the monitoring frequency and taking reinforcement
measures are suggested

3.4. Application of Fuzzy Synthetic Evaluation of Long-Term Structural Health in Cang Ling Tunnel
3.4.1. Establishment of the Evaluation Model

When using the fuzzy method to evaluate the health status of a tunnel structure, one of the key
points is establishing the evaluation model. Through the in-depth analysis of the various factors
affecting the health status of the tunnel structure, coupled with the long-term monitoring project
carried out in the Cang Ling Tunnel, the two-level fuzzy synthetic evaluation model of the structural
health status for the Cang Ling Tunnel is established. This model is shown in Figure 7.
From Figure 7, it can be seen that the multi-level fuzzy synthetic evaluation model of the tunnel
structural health is divided into three layers. The ﬁrst layer is the target layer, including a target object.
The target object is the health evaluation system of the tunnel structure. The second layer is the control
layer, including the factors that may inﬂuence the health status of the tunnel structure. The factors are
the stress characteristics of the structure U1 , the engineering geological characteristics U2 , the initial
geostress characteristics U3 , the tunnel section characteristics U4 and other inﬂuencing factors U5 .
The third layer is the index layer, consisting of 14 indices that may inﬂuence the control layer factors
(Figure 6).
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Figure 7. Fuzzy synthetic evaluation model.

It should be noted that in order to quickly determine the current status of the health and safety
of the tunnel structure, the internal force (the axial force and the bending moment) of the secondary
lining obtained by long-term monitoring are converted into safety factors U12 in the evaluation model
according to the conventional safety formulas (Equations (1) and (2)) in the Code for Design of Highway
Tunnels [30]:
(1)

When the eccentricity e0 ≤ 0.2h, where “h” is the thickness of the secondary lining, the section of
the concrete is an axial compression member or a compression member with a small eccentricity.
The bearing capacity is controlled by the compressive strength. The safety factor is calculated
as follows:
K ≤ φαR a bh/N,

(1)

where: Ra : The ultimate compressive strength of the concrete, which is applied according to the
Code for Design of Highway Tunnel [30]. K: The safety factor. N: The axial force of the section
(KN). B: The width of the secondary lining. Take b = 1 m. h: The thickness of the secondary
lining (m). φ: The longitudinal bending coefﬁcient of the member, φ can be taken as φ = 1. α:
The eccentric inﬂuencing coefﬁcient of the axial force that is applied according to the Code for
Design of Highway Tunnels [30].
(2)

When the eccentricity e0 > 0.2h, the section of the concrete is a compression member with a
large eccentricity. The bearing capacity is controlled by the tensile strength. The safety factor is
calculated as follows:
1.75Rl bh
,
(2)
K ≤ φ 6e
( h0 − 1) N

where Rl is the ultimate tensile strength of the concrete, which is applied according to the Code
for Design of Highway Tunnels [30]. Other symbols are the same as in Equation (1).
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3.4.2. The Determination of Criteria and Weight of Each Index in the Evaluation Model

In order to scientiﬁcally evaluate the structural health status of Cang Ling Tunnel, it is necessary
to establish the relationship between each index in the fuzzy synthetic evaluation model and the health
level of the structure. In other words, it is necessary to establish the evaluation criteria for each factor.
1. Research on the evaluation criteria of the internal force and contact pressure for the tunnel structure.

With the increase of service time of the tunnel, the primary support will deteriorate gradually,
as has been mentioned before, or the bearing capacity of the primary support will gradually decrease
due to corrosion and other reasons. From now on, the load of the surrounding rock will gradually
transfer to the secondary lining. The secondary lining will become an important bearing unit.
The safety of the tunnel structure will also be reﬂected in the safety of the secondary lining. Therefore,
the internal force of the secondary lining is the most important information for the safety of tunnel
structure during the operational period. In the tunnel structure safety evaluation system that is based
on the values of the internal force of the secondary lining (the axial force and bending moment), the
key point is scientiﬁcally deﬁning the bearing capacity of the supporting structure under different
safety conditions. Therefore, based on the self-designed horizontal loading device, and taking the Cang
Ling Tunnel as the prototype, the authors carried out a destructive model test for the surrounding
rock-supporting system of the tunnel over the entire life cycle (Figure 8) [13]. The whole test bench is
5.34 m × 5.44 m × 2.4 m, including the 3.64 m × 3.64 m × 0.3 m test trough and the 3 m × 3 m × 0.3 m
model specimen. The model specimen is laid between two 25 mm thick steel plates. The upper and
lower boundary of the cover plate is conﬁned by two box beams whose sizes are 0.6 m × 0.4 m. In order
to keep the specimen in the plane strain state in the loading process, two sets of 4–6 high precision
hydraulic jacks of 60 t in total are connected with the upper two boxes beam to control the vertical
displacement of the specimen. The initial geostress ﬁeld is achieved by eight high precision hydraulic
60-t jacks. Two jacks are applied in each direction of the load in the way of surface force through
the load distribution beam. The oil pressure is driven by the air pressure through an electric pump.
After using the WY-300/V type hydraulic regulator to adjust the hydraulic pressure, two sets of
different loads are exported, according to the predetermined value. This system can guarantee the
stability accuracy of the load applied at each level.
The model test steps are as follows:
(1)

(2)

(3)

(4)

(5)

In order to keep the plane strain state and reduce the friction between the test tank and the
simulated surrounding rock, the upper and lower steel plate and the distribution beam are
buttered. Then the ﬁlm is pasted on the upper and the lower steel plate to isolate the surrounding
rock and the butter;
According to the different factors of surrounding rock, wires are pulled around the test tank to
control the feeding quantity. After artiﬁcial leveling, a compaction rammer is used. Compacted
density is controlled by the cutting ring method. The upper steel plate is lifted after compaction,
then the vertical jack is installed to restrain the vertical displacement;
According to the initial geostress ﬁeld of each section in the similarity comparison tests,
the specimen is loaded with the initial geostress before the excavation of the tunnel.
Then the tunnel is excavated in the middle of the surrounding rock under the initial geostress
ﬁeld. Rock bolts are inserted and a steel arch is installed when necessary;
The primary support is constructed and the pressure cells are ﬁxed to it with cross buckles.
Then, the secondary lining with strain gauges is placed in the excavated model tunnel to simulate
the construction process of the tunnel;
The wires of the pressure cells and the strain gauges are connected to the strain acquisition
instrument and the displacement meters are displayed. When the strength of the primary support
reaches the design strength, the specimen is loaded with the initial geostress ﬁelds of different
sections, from small to large, until the main structure of the tunnel is destroyed (lateral pressure
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coefﬁcient is ﬁxed during the loading process). When the structure is stable after the loading of
each level of initial geostress ﬁeld, corresponding strain, pressure, and displacement are measured
by the data acquisition instrument controlled by a computer;
The behavior of the secondary lining from the ﬁrst crack appearing to the ﬁnal complete failure is
recorded in detail. The structural failure characteristics, damage location, crack width, depth,
etc. are paid attention to. After the secondary lining is completely destroyed, the specimen is
unloaded and the test is ﬁnished;
The data are arranged and analyzed. Based on the data, a study of the mechanical behavior of
the main structure of the tunnel under different initial geostress ﬁelds during construction and
operation can be carried out.

Thus, the corresponding bearing capacity (the axial force and the bending moment) of the
secondary lining under different security levels can be acquired, providing the criteria for the rational
judgment of the structural health status of the Cang Ling Tunnel (Table 3). The corresponding
relationship between the health level and safety factors of the structure can be determined by the
following steps. First, the axial force and bending moment of the secondary lining obtained by the
tests are converted to safety factor through Equations (1) and (2). According to the appearance of the
secondary lining structure during the tests (such as the existence of the cracks and the development
of the cracks, etc.) and the rule of the displacement, the health level can be determined. Then the
corresponding relationship between the health level and safety factors can be determined according to
their values.

(a)

(b)

Figure 8. Entire life cycle loading and destructive model test for the secondary lining. (a) Test
equipment diagram; (b) Failure diagram of lining structure.
Table 3. The evaluation criteria for the stress characteristics of the structure in the evaluation model.
Section
Type

Classiﬁcation

Enlarged
section

Inﬂuencing Factor

45
35

Health Level

Level I

Level II

Level III

Level IV

Contact pressure (kPa)
Safety factor

<540
>4.49

540~1012
4.49~2.54

1013~1263
2.55~1.01

>1263
<1.01

Contact pressure (kPa)
Safety factor

<420
>4.23

420~720
4.23~2.16

721~878
2.17~1.12

>878
<1.12

30

Contact pressure (kPa)
Safety factor

<390
>4.46

390~640
4.46~2.37

641~814
2.38~0.99

>814
<0.99

Surrounding rock
of grade II

30

Contact pressure (kPa)
Safety factor

<482
>4.215

482~709
4.22~1.95

710~810
1.96~1.15

>810
<1.15

Emergency
parking area

40

Contact pressure (kPa)
Safety factor

<395
>3.71

395~590
3.71~1.82

591~781
1.83~0.96

>781
<0.96

Vehicle cross
channel

50

Contact pressure (kPa)
Safety factor

<443
>3.91

443~626
3.91~2.15

627~874
2.16~1.02

>874
<1.02

Surrounding rock
of grade IV
Standard
section

The Thickness of
the Lining (cm)

Surrounding rock
of grade III

213

2. Analysis of the criteria for other factors in the evaluation model.

MDPI Books

Appl. Sci. 2017, 7, 203

As for the acquisition of the evaluation criteria of other indices in the model, plenty of research
results about the stability classiﬁcation of the tunnel at home and abroad are available. Afterwards,
combined with the index value of the Code for Design of Highway Tunnel [30] and numerical analysis,
the evaluation criteria can be determined and are shown in Table 4 [30,33–35]. The design and
construction levels are acquired by consulting construction and design experts and taking a wide range
of surveys. The inﬂuence of the shape of the tunnel is determined mainly by numerical simulation.
The displacement and stress characteristics of tunnels with different section shapes are analyzed to
determine the inﬂuence of the shape of the tunnel.
Considering the inﬂuence of each factor and its index in the evaluation model on the health of
the tunnel structure are not the same, in order to reﬂect the different inﬂuencing degree of each factor,
a 1–9 scale method in the AHP is applied to analyze the weight of each factor in the evaluation model.
It can mainly be divided into four steps by using the AHP to solve the problem. Step 1 is establishing
the hierarchical structure of the problem. First, the complex problem is divided into several parts,
which are called elements. Then, these elements are divided into several groups according to their
properties, forming different layers. The elements in the same layer dominate the elements of the
next level, and are governed by the elements of the upper level. These upper and lower dominance
relations form a hierarchical structure. The hierarchical relationship of this model is shown in Figure 7.
Step 2 is constructing the comparison and judgment matrix. As for the safety of the main structure
during the operation of the Cang Ling Tunnel, based on the analysis of the weight of each factor,
the scale of the judgment matrix is determined by consulting experts and then comparison and
judgment matrices can be constructed. When an element is compared with another element, the more
important the former element is compared the latter one, the smaller the scale of the judgment matrix is.
The range of the scale is from 1 to 9, which is the 1–9 scale method. The judgment matrices are
constructed according to these scales. Step 3: the relative weights of the comparison factors are
calculated by the characteristic roots method that is normally used. According to the judgment matrix
constructed in Step 2, the characteristic roots can easily be obtained. The characteristic roots method
means that the problem of obtaining the weights can be converted into a problem of obtaining the
characteristic roots. Step 4 is judging the consistency of the judgment matrix. The weight of each factor
and its index in the evaluation model are determined and listed in Table 5, hoping to make it coincide
with the actual situation. The judging matrices can be adjusted when it is necessary in this step.
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Service time of the tunnel/year
Design and construction level
Seismic intensity

Span of the tunnel/m
Inﬂuence of the shape of the tunnel
(height-span ratio)
Favorable
11~20
Relatively high
4~5

0~10
High
1~3

6~15

0~5
Very favorable

5–10

4
7
Favorable ( 45
π~ 36
πrad)

<5

1
πrad)
Very favorable (0~ 12

Tunnel is near to the small
fault or passes through
small fracture zone

Small fault nearby or the
fracture zone is far away

No fault or fracture zone
nearby

Inﬂuence of the
fault fracture zone

Angle between the axis of the tunnel and
the direction of the maximum principal
stress
Initial geostress inﬂuencing factor, SRF

0.55~0.36
26~125

0.75~0.56
11~25

1.0~0.76
0~10

21~40
Normal
6~7

Generally favorable

16~20

Generally favorable
( 15 π~ 13 πrad)
11–20

>40
Low
8~12

Disadvantage

>20

>20

Disadvantage (> 13 πrad)

0.35~0
126~300
Large fault has a certain
effect, or the tunnel is near
to the large fault or the
fracture zone or passes
through them

30~0

50~0

Level IV

MDPI Books

Other inﬂuencing factors

Cavity characteristics

Stress ﬁeld characteristics

Engineering geological
characteristics

60~31

75~51

90~76
120~61

Level III

100~91

Level II

200~121

Level I

Rock quality
designation RQD/%
Rock compressive
strength/MPa
Rock integrity Kυ
Groundwater conditions/L · min/10 m

Health Level Inﬂuencing Factor

Table 4. Safety criterion value of other factors in evaluation model.
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Table 5. Weight of each factor and its relevant indices in the evaluation model.
Control Layer

Weight of the Control Layer

Index Layer

0.524

Contact pressure
between layers
Conventional safety evaluation

Stress characteristics of
the main structure

Engineering geological
characteristics

Rock quality designation RQD
Rock compressive strength
Rock integrity coefﬁcient
Situation of the
underground water
Inﬂuence of the fault and the
fracture zone

0.244

Angle between the axis of the
tunnel and the direction of the
maximum principal stress
Initial geostress inﬂuencing
factor, SRF

0.107

Stress ﬁeld characteristics

Cavity characteristics

Span of the tunnel
Inﬂuence of the shape of the
tunnel (height-span ratio)

0.063

Other inﬂuencing factors

Service time of the tunnel
Design and construction level
Seismic intensity

0.063

3.4.3. Determination of the Membership Function

Weight of the Index Layer
0.5
0.5

0.206
0.367
0.206
0.125
0.096

0.667
0.333
0.5

0.5

0.320
0.558
0.122

Another key problem in fuzzy synthetic evaluation is the determination of the membership
function. The key to determining the fuzzy relation is to determine the membership degree of each
factor, which means determining the quantitative relationship between the evaluation factors and the
evaluation levels. The function to measure the membership degree between the evaluation factors
and the evaluation levels is called a membership function. Considering the strong subjectivity of
experts’ opinion, the membership function is determined by mathematical functions. The inﬂuencing
factors in the evaluation model include qualitative and quantitative indices. As for quantitative indices,
they can be obtained directly from the membership function when determining the subordinate degree.
As for qualitative indices, they should be properly quantiﬁed ﬁrst. Then, the subordinate degree can
be obtained from the membership function.
The stress characteristics of a tunnel structure, through the analysis of the existing data, almost
follow the normal distribution [36]. Therefore, it is expressed in the normal form when constructing
the membership function. As for the engineering geological characteristics and the seismic intensity,
the normal distribution is also commonly used when determining the membership function of each
index because of their large discreteness [34,35].
Considering that the types of the index functions are almost the same, the difference is only
reﬂected in the parameters of membership function. This paper takes the structure type of the grade
IV standard section whose lining thickness is 45 cm as an example. The membership functions of the
contact pressure are:

μI =

e−(

⎧
−776 )2
⎨ e−( x292.5
x
μII =
⎩ e−( x−209776 )2 x
x ≥ 270

x −1335.4 2
e−( 114.4 )
μIV =
1

x < 270

1
x −270 )2
292.5

< 776
≥ 776

μIII

⎧
1137.5 )2
⎨ e−( x−209
=
1137.5 )2
⎩ e−( x−114.4

x < 1335.4 .
x ≥ 1335.4

x < 1137.5
x ≥ 1137.5

As for the determination of three quantitative index membership functions—the ground stress
inﬂuencing factor (SRF), the span of the tunnel, and the service time of the tunnel—trapezoidal
membership functions are constructed. The membership functions of the tunnel span are listed
as follows:
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μI =

⎧
⎪
⎪
⎨1

3 − 0.4x

⎪
⎪
⎩0

x<5
5 ≤ x ≤ 7.5 μII =
x ≥ 7.5

μIV

⎧
⎪
0
⎪
⎪
⎪
⎪
⎪
⎪
⎨0.4x − 2
1

x<5
5 ≤ x ≤ 7.5
7.5 ≤ x ≤ 10 μIII =

⎪
⎪
⎪
⎪
⎪5 − 0.4x 10 ≤ x ≤ 12.5
⎪
⎪
⎩
0
x ≥ 12.5
⎧
⎪
0
x < 17.5
⎪
⎨
= 0.4x − 7 17.5 ≤ x ≤ 20 .
⎪
⎪
⎩1
x ≥ 20
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⎧
⎪
0
⎪
⎪
⎪
⎪
⎪
⎪
⎨0.4x − 4
1

⎪
⎪
⎪
⎪
⎪8 − 0.4x
⎪
⎪
⎩
0

x < 10

10 ≤ x ≤ 12.5

12.5 ≤ x ≤ 17.5

17.5 ≤ x ≤ 20
x ≥ 20

As for qualitative indices, they are divided into four levels on the basis of the available information:
excellent (0.9), good (0.7), average (0.5), and poor (0.3). The evaluation values can be obtained according
to the given evaluation criteria, followed by quantiﬁcation using the trapezoidal membership function.
The membership function is constructed as shown in Figure 9:

 (x)
1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

x

1.0

Figure 9. Figure of membership function for qualitative indices.

4. Evaluation of Structural Health Status of Cang Ling Tunnel Based on Filed Data

In order to accurately evaluate the current structural safety status, the value of each index in
the evaluation model should be obtained. Through the investigation of the design data, construction
data, and related research results of the Cang Ling Tunnel, the stress characteristic of the structure
is obtained by the long-term monitoring sensors that were embedded during the construction.
These data can be obtained by automatic inspection of the established long-term health monitoring
network system. Due to the numerous data, this paper only takes the segment of K102+300~K102+365
on the right line as an example to illustrate.
The surrounding rock in this segment is mainly granite–porphyry and the surrounding rock is
classiﬁed as grade IV. The thickness of the secondary lining is 45 cm. The long-term monitoring sensors
embedded in the section of K102+340 acquire the contact pressure and the stress of the secondary
lining. The data of the vault are shown in Figure 10.
As we can see from Figure 10, the contact pressure and the bending moment tend to gradually
converge after about 700 days. The axial force tends to converge after about 750 days. This is because
the data of the crown are stable after about 750 days and at this time the values of the crown almost
reach the maximum. Therefore, the data at 2500 days are taken as stress indices to evaluate the safety
of the structure. The value axial force is 1.52 × 106 N, the bending moment is 3.68 × 103 N·m,
and the contact pressure is 275 kPa. Through a series of analyses, the index values are
set as: [275, 5.0, 52.5, 98.7, 0.52, 10, 0.7, 54.35, 4.5, 12.22, 0.65, 7.5, 0.75, 5]. Substituting the above
index values into the membership functions, the fuzzy relationship matrix R of the index layer can
be obtained.
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Figure 10. Time-history curve of the contact pressure, axial force, and bending moment of the vault
(K102+340 section). (a) Contact pressure; (b) Axial force; (c) Bending moment.
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It should be noted that in Figure 10, since the time span of the horizontal coordinate is pretty long,
some parts of the time-history curve show a sudden increase. However, the actual variation time is
still pretty long. Take the contact pressure of the vault (Figure 10a) for instance: the contact pressure
began to increase signiﬁcantly at day 665 and gradually converges after about 700 days. The increasing
stage is about a month. However, compared with the total of 2496 days, this month looks just like a
few days.
In this paper, the fuzzy relationship matrix of the stress characteristics of the structure R1 is
given as:
"
#
0.9997 0.053 0 0
.
(3)
R1 =
0.804 0.203 0 0
After obtaining the fuzzy relationship matrix Ri , the Ui = Wi × Ri is used to carry out the fuzzy
operation (Wi means the weight matrix of the index layer). Then the fuzzy relationship matrices of the
control layer Ui can be obtained:
U1 = W1 · R1 =




0.5

0.5

"

·

0.9997 0.053 0 0
0.804 0.203 0 0

#



=

Similarly, the fuzzy relationship matrix V of the target layer is
⎡

V = Wi · Ui =


0.524



=

0.556

0.276

0.244

0.107 0.063


0.181 0.012 .

0.902

0.128

0


0 .

⎤
0.902 0.128
0
0
⎢ 0.114 0.553 0.321 0.046 ⎥
⎥
 ⎢
⎢
⎥
0
0.667
0 ⎥
0.063 · ⎢ 0.333
⎢
⎥
⎣ 0
0.556 0.444
0 ⎦
0.32 0.616 0.058 0.13

(4)

(5)

According to the principle of maximum membership degree, it can be known that the current
health status of the tunnel structure in segment K102+300~K102+365 is level I, which means this
segment is safe.
The health status of each segment of the Cang Ling tunnel can be evaluated as above. The current
structural health status within the entire range of the tunnel can be obtained (Figure 11): Results reveal
that the structure of the Cang Ling Tunnel is almost at level I health status. Only a small number of
segments are at level II, which shows that the Cang Ling Tunnel is safe, consistent with the actual
operational situation.
3

3

2

2

1

1

0

0

(a)

(b)

Figure 11. Structural safety status of Cang Ling Tunnel at present. (a) Left line; (b) Right line.
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Based on the application of the fuzzy synthetic method to the long-term health status evaluation
of a selected tunnel structure and the associated analysis, the following conclusions can be made:
(1)

(2)

(3)

(4)

(5)

(6)

A tunnel is a coupled system of the surrounding rock and the supporting structure. The safety
status of the tunnel structure is a complex system that is inﬂuenced by various factors. In addition,
these factors are coupled and interact with each other, which calls for a linguistic description of
the tunnel safety level. Therefore, the fuzzy synthetic method should be adopted;
According to the investigation and analysis of the safety status classiﬁcation of tunnels at home
and abroad, and combined with the present situation of safety status classiﬁcation of tunnel
structures in China, the health status of a highway tunnel structure is divided into four levels:
safe, basically safe, potentially unsafe, and unsafe. In this research, the fuzzy synthetic method is
proposed to evaluate the tunnel safety level;
With the increase of service time of the tunnel, the primary support gradually deteriorates.
The safety of the tunnel structure will be reﬂected in the safety of the secondary lining. Therefore,
the stress of the secondary lining and the contact pressure between the primary support and the
secondary lining are selected as a long-term monitoring project. Long-term monitoring sensors
are embedded to acquire structural stress characteristics, providing data for structural safety
evaluation. The sensors that monitor the stress of the secondary lining and the contact pressure
are embedded in the lining of the Cang Ling Tunnel. From these sensors, the stress data for the
safety evaluation of the tunnel structure are obtained;
Through analysis of the various factors affecting the health status of the tunnel structure, coupled
with the long-term monitoring project carried out in the Cang Ling Tunnel, the two-level fuzzy
synthetic evaluation model of the structural health status for the Cang Ling Tunnel is established.
The fuzzy synthetic evaluation model mainly includes the stress characteristics of the tunnel
structure, the engineering geological characteristics, the characteristics of the initial geostress, and
the characteristics of the tunnel section. Moreover, the factors are reﬁned into 14 speciﬁc indices;
As for the tunnel structural health, through the analysis of the distribution characteristics of
the inﬂuencing indices, the membership functions of indices in the fuzzy synthetic evaluation
model are established. The types of membership functions are mainly normal distribution
and trapezoidal distribution. The corresponding relationship between each index in the fuzzy
synthetic evaluation model and the health level of the tunnel structure and the determination
criteria are established using model tests, ﬁeld tests, and other methods. By using the AHP, the
weight of each index in the safety evaluation system of tunnel structure is obtained. According to
the membership functions, the determination criteria, and the weight values of the evaluation
model, the subordinate degree is obtained using the method of fuzzy mathematics;
According to the principle of maximum membership degree, based on the contact pressure
and the stress of the secondary lining acquired by the long-term health monitoring sensors of
Cang Ling Tunnel, the health status of the main structure of Cang Ling Tunnel is evaluated using
the proposed fuzzy synthetic evaluation. The results show that the current health status of most
of Cang Ling Tunnel is at level I safety status. Only a small number of segments are at the basic
safety status, which is level II.
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Abstract: Dielectric characterization of concrete is essential for the wireless structural health
monitoring (SHM) of concrete structures. Guo Biao (GB) concrete refers to the concrete mixed
and cast in accordance with the Chinese standard. Currently, China is the largest producer and
consumer of concrete in the world. However, minimal attention has been paid to the dielectric
properties of GB concrete. This paper presents the results of the dielectric constant of GB concrete,
where three regression models have been used to present the measurement data from 10 MHz to
6 GHz. The objective is to provide a data set of nominal values of the dielectric constant for ordinary
GB concrete. The ﬁnal goal is to facilitate a compressive strength evaluation via the measured
dielectric constant. Measurements of the dielectric constant and compressive strength for ﬁve types
of ordinary concrete have been undertaken, after 28 days of curing. As the main contribution in this
work, the correlation model between the compressive strength and dielectric constant of GB concrete
is realized.

Keywords: dielectric characterization; dielectric constant; Chinese standard concrete; Debye model;
Jonscher model; structural health monitoring (SHM)

1. Introduction

Concrete is a heterogeneous cementitious material and the second most consumed material
in the world. Concrete has long been used for all types of civil structures worldwide. In China,
abundant megaprojects use cement concrete as basic building blocks, or as precast beam components
in civil structures. According to the Chinese National Bureau of Statistics, China’s commodity concrete
production was 1.64 billion cubic meters (BCMs) in 2015, and when compared to the value of 0.74 BCMs
in 2011, it has increased by 222% [1]. This value indicates that China is the largest producer and
consumer of concrete in the world, and its production roughly occupies about 15% of global production.
The concrete which is mixed and cast to conform to the Chinese standard is termed the Guo Biao
(GB) concrete [2,3]. There are many similarities between the Chinese standard concrete (JGJ55) and
the European one (EN206-1). For example, the compressive strengths are both classiﬁed as C30, C35,
C40, and so on, indicating that the minimum values of the corresponding compressive strengths are
30 MPa, 35 MPa, 40 MPa, and so on. However, the use of superplasticizer is recommended by the
EN206-1, whereas the Chinese concrete does not strictly require this in JGJ55. The main differences
among the worldwide standards are the physical properties (e.g., density) of the raw materials used,
such as cement, sand, and coarse aggregate.
Ordinary cement concrete behaves like a brittle material, where cracks occur in the course
of its long-term use. Such cracks are inevitable due to a variety of natural or man-made factors,
Appl. Sci. 2017, 7, 177
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and cause the compressive strength to decline, leading to structure deformation, and thus affecting
the performance of structural integrity. Numerous nondestructive testing or evaluation (NDT/E)
methods have been developed for the prediction of compressive strength, development monitoring,
and the evaluation of standard concretes [4–16]. Conventional NDT/E techniques, such as visual
inspection, rebound hammers, the pull-off resistance correlation method [4,5], and the maturity test [6],
etc., often suffer from inaccuracy, being cost-intensive and time-consuming. Recently, state-of-the-art
NDT techniques were developed for the monitoring, prediction, and evaluation of the mechanical
deformation of concrete structures [7–20]. In particular, the piezoceramic-based smart aggregates play
a signiﬁcant role in concrete structural health monitoring (SHM) [7–10], wherein the determination
of concrete properties was performed by using the travel time of longitudinal waves over a known
distance, between smart aggregates. Electrical resistance and resistivity measurements were employed
as a relation to the microstructure development of concrete mix, such as pore structure, porosity,
and pore-size distribution, etc., and hence, for compressive strength prediction and evaluation [11–15].
Electrical conductance at microwave frequency has also been used in [16], as a function of the
mobility and concentration of the ions in the pore solution of cementitious composites. More recently,
novel methods were proposed, based on the communication of electromagnetic waves at low (stress
wave) [17,18], highly nonlinear solitary wave [19], and high (microwave) [20] frequencies, used for
concrete characterization, concrete surface moisture detection, and strength estimation, respectively.
Their ultimate purpose was to detect damages, evaluate health conditions, alleviate hazards, and extend
the working life of civil structures.
All of the described DNT techniques have their relative pros and cons, and no unique technique
has been identiﬁed as perfect in all aspects, including the reduction of the life-cycle cost (LCC) [21].
The LCC comprises the initial cost, maintenance or repair cost, and cost of failure, power efﬁciency,
and effectiveness. With the increasingly international widespread use of GB concrete, the demand for
novel NDT/E techniques and those combining multiple techniques [22] for concrete-based structures,
in terms of compressive strength prediction, evaluation, and other mechanical properties, is highly
expected. Thus, this topic is of importance in the areas of cross-disciplinary research. One of the
most important physical properties that governs electromagnetic wave propagation, is the relative
dielectric constant (εr ) of the concrete. Thus far, studies on the dielectric properties of cementitious
materials have received great attention in civil engineering [23–31]. The use of real-time dielectric
constant measurements to evaluate the corresponding variation in the compressive strength of concrete,
is a technique that will be well suited for SHM.
In this paper, the authors present experimental results on the dielectric characterization of standard
concrete. Regression modeling of the measured values and analysis, against the water-to-cement ratio
of the 28-day concrete, will be considered. Figure 1 illustrates a big picture of the dual-disciplinary
experimental work on the dielectric constant and compressive strength of standard concrete.
The objective of this study is to develop a data set of nominal values of the dielectric constant for
the GB concrete, in accordance with the Chinese standard JGJ55-2011 [2]. Correlations between the
dielectric constants and compressive strengths will be considered. Ordinary concrete is a heterogeneous
porous material. When the maximum size of the coarse aggregates (31.5 mm used in this study) are
comparable to the signal’s wavelength, extreme heterogeneous dielectric characteristics may arise.
Therefore, a signal frequency of 10 GHz is the highest frequency of interest in this study.
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Figure 1. A big picture illustrating the cross-disciplinary work for compressive strength evaluation,
using the dielectric constant of 28-day cement concrete.

2. Materials and Methods
2.1. Design and Fabrication of GB Concrete

In order to study the relationship between the compressive strength and respective dielectric
constant of GB concrete, common ordinary GB concrete with a number of different water to cement
(w/c) ratios, was investigated. The aim of this research was to study the dielectric behaviors of
the ordinary concrete that only contained basic raw materials, namely water, cement, sand, coarse
aggregate, and air (in the form of porosity). It is known that the dielectric constant of cementitious
materials is inﬂuenced by the addition of chemical admixtures, supplementary cementitious materials,
or ﬁbers [23,24]. Therefore, as a primary study, no other admixtures, such as superplasticizer or
chemical agents, were included in the concrete mix.
Second to water, cement is the crucial, yet non-negligible, constituent for making concrete.
The three major standards of internationally-used Portland cement are the American ASTM C159,
the Chinese GB175, and the European EN197. In this study, the cement used was the ordinary type
of Portland cement P.O. 42.5 that conformed to GB175-2007, and was supplied by Shanshui Cement
Group Ltd. The minimum 28-day compressive strength of P.O. 42.5 is 42.5 MPa, which is equivalent to
CEM 42.5N when considering the EN197. Medium silica sand was used, with mean and maximum
sizes of 1.1 mm and 5.0 mm, respectively, whereas the maximum particle size of the coarse aggregate
was 31.5 mm. In both the compressive strength test and dielectric test, relatively small sizes of concrete
specimens were used, rather than large concrete structures. Throughout the experimental study,
the authors consciously chose the required raw materials, and computed the required quantities
in accordance with the design code of the Chinese standard concrete, JGJ55-2011 [2]. In order to
maintain the ﬂow-ability of the fresh concrete, the selected concrete unit water content was 205 kg/m3
(mw0 ), as superplasticizer was not used. Accordingly, the GB concrete specimens (C30, C35, C40, C45,
and C50), which had a dimension of 150 mm × 150 mm ×150 mm [3], with respective w/c ratios, were
calculated as summarized in Table 1. The accurate amounts of mix proportions were determined by
using the volume method, as given by [2]:
m g0
m
m
mc0
+
+ s0 + w0 + 0.01α = 1,
ρc
ρg
ρs
ρw
βs =

ms0
× 100%.
m g0 + ms0

where
mc0 —cement content per cubic meter of concrete;
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mg0 —coarse aggregate content per cubic meter of concrete;
ms0 —sand content per cubic meter of concrete;
mw0 —water content per cubic meter of concrete;
ρc —density of cement, 3000 kg/m3 , the mid-range suggested by [2];
ρg —density of coarse aggregate, 2700 kg/m3 ;
ρs —density of sand, 2650 kg/m3 ;
ρw —density of water, 1000 kg/m3 ;
α—percentage of entrapped air in concrete mix, 1.0;
βs —sand rate, determined in accordance with the Chinese standard (GB) [2].

In addition to the proportions of raw materials (Table 1), both the physical and chemical
properties of the cement affect the dielectric properties of GB concrete. The chemical composition as
a percentage of weight, and the physical properties of the ordinary type of Portland cement P.O. 42.5,
were considered, as listed in Tables 2 and 3, respectively. The slump values recorded for all types of
fresh concrete fell in the range of 75–90 mm, which met the requirements of the standard JGJ55-2011 [2].
It is known that a high percentage of entrapped air will likely reduce the concrete’s physical density,
thus reducing the compressive strength, but increasing the water permeability. Therefore, all of the
cast concrete specimens of each batch were placed onto a vibrating table (Figure 2) for compacting,
until no further air bubbles were noticeable, before natural curing. In this study, four specimens per
GB concrete type were prepared. Three specimens were used for the 28-day compressive strength test,
whereas one specimen was reserved for the purpose of dielectric characterization.
Table 1. Chinese Standard Concrete mix proportions.
GB Concrete

Water (kg/m3 )

Cement (kg/m3 )

Sand (kg/m3 )

Coarse Aggregate (kg/m3 )

w/c

C30
C35
C40
C45
C50

205
205
205
205
205

342
380
418
456
513

760.15
697.05
638.71
602.83
560.21

1037.51
1067.63
1092.21
1095.29
1087.47

0.60
0.54
0.49
0.45
0.40

Table 2. Chemical Composition (wt %) of Portland cement, ordinary type P.O. 42.5.
CaO

SiO2

Al2 O3

SO3

MgO

FeO

K2 O

LOI

61.2

22.4

5.6

3.5

1.9

2.2

0.4

2.8

Table 3. Physical Properties of Portland cement, ordinary type P.O. 42.5, conforms to GB175-2007.
Setting Time

Flexural Strength (MPa)

Compressive Strength (MPa)

Density
(kg·m−3 )

Initial Setting

Final Setting

3-day

28-day

3-day

28-day

2900–3100

≥45 min

≤10 h

≥3.5

≥6.5

≥16.0

≥42.5

Figure 2a shows the removing of concrete from the anchor concrete mixer, ready for pouring into
150-mm cubic molds, whereas Figure 2b displays the vibration table used for uniform vibration, to rid
the specimens of air bubbles. The weight variations of raw materials against the GB concrete type
were examined. Table 1 shows that the amount of cement gradually reduces, whereas the sand usage
increases with increasing w/c. This, in turn, indicates the reasonable cost increment when using the
GB concrete type. After mixing and casting, all of the specimens were demolded after 24-h of natural
air curing, and were then moved into a standard curing room (RH = 100%, T = 22 ± 2 ◦ C) for a moist
curing period of 28 days.
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Figure 2. Photographs for GB concrete mixing and casting: (a) anchor type of concrete mixer;
(b) elimination of entrapped air from specimens using vibration table.

2.2. Method of Dielectric Constant Measurement

Dielectric properties describe the physical-chemical properties related to the energy storage and
energy dissipation of the concrete materials subjected to an external electric ﬁeld excitation. A complex
relative permittivity, which consists of real and imaginary parts (εr − jεr ), is commonly used to
quantitatively and qualitatively deﬁne the dielectric characterization of concrete materials [27–31].
The real part of the complex permittivity is also known as the dielectric constant, which indicates the
amount of energy stored inside the concrete element.
In this study, we used the dielectric probe measurement method, wherein an open-ended coaxial
(OEC) probe was used, to determine the dielectric constant of GB concrete after 28 days of curing.
The OEC probe method is one of the most popular techniques for measuring the dielectric properties
of cement-based materials [32–35]. The method has the advantages of being simple, yet maintaining
direct-contact, being nondestructive, and having a wide operating bandwidth in the microwave
frequency regime. Its well-developed theory makes it possible to obtain sufﬁciently accurate results
for both medium-loss and high-loss media [35,36]. However, the 28-day concrete becomes low-loss
dielectric material, and its loss factor (imaginary part of complex permittivity) is known to be small,
approaching zero. Unfortunately, these loss values could not be accurately determined by using
Keysight’s measurement solutions, particularly at frequencies below 200 MHz [37]. In view of this
obstacle, the research scope of this paper is therefore limited to the investigation of the real part of the
relative complex permittivity. Hereafter, we simply use the term “dielectric constant” to indicate the
real part of the relative complex permittivity (εr ).
During the measurement, a Keysight vector network analyzer (E5080A) was used to measure the
reﬂection coefﬁcient. In order to minimize the measurement errors, air, a metallic short-circuit block,
and distilled water were used for the calibration, as shown in Figure 3. A total of 20 randomly selected,
non-overlapping positions on four side surfaces, were measured by using the OEC probe. Namely,
ﬁve measurements took place on each surface while discarding the top and bottom faces, in order to
avoid surface roughness. The complex permittivity was automatically computed from the measured
reﬂection coefﬁcient, via the Keysight materials measurement suite (N1500A). The dielectric constant
was computed and recorded in the computer-based network analyzer E5080A, which connected with
the OEC probe and an electronic calibration-kit through a 1-meter long ﬂexible cable, as illustrated
in Figure 3. Throughout the dielectric measurement, the average value, regarded as the dielectric
constant, along with the standard deviation of each GB concrete specimen, was taken. The measuring
frequency was set in the range of 10 MHz to 6 GHz, which covered the most popular cellular phone
and WiFi communication frequencies.
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Figure 3. Experimental setup of dielectric constant measurement.

3. Experimental Results

In this section, measurement results of the compressive strength and dielectric constants of GB
concrete after 28 days of curing, will be presented and discussed. The real part of the complex relative
permittivity, or the dielectric constant of each type of GB concrete, will be modelled by the Jonscher
model. The aim of this study is to obtain the value at any frequency from 100 MHz, up to a very high
frequency (e.g., 10 GHz). Further, the correlation between the compressive strength and dielectric
constant of each GB concrete can be determined at any frequency up to 10 GHz.
3.1. Compressive Strength after 28-Day Curing

In order to obtain the average strength values, three 150-mm cubes were used for the compressive
strength tests of the GB concrete: C30, C35, C40, C45, and C50. All concrete specimens were moist-cured
in a curing room for 28 days. The compression test was undertaken after the measurements of complex
permittivity had been recorded, wherein all surfaces of the concrete specimens were deliberately dried,
as the surface moisture will sensitively affect the accuracy of the measured permittivity. Figure 4
shows the average strength of each GB concrete type with the corresponding standard deviation,
where the nonlinear relationship between the compressive strength and water-to-cement (w/c) ratio,
was observed. From the strength results, all fabricated GB concretes were veriﬁed as fulﬁlling the
Chinese standard JGJ55-2011 [2]. The average 28-day compressive strengths grow nonlinearly with
decreasing w/c ratios, in a way that follows a 2-term power law, as given by:
f cs (w/c) = 1.57(w/c)−2.75 + 30.5

Figure 4. Measured average compressive strength and standard deviation versus w/c ratio.
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Equation (3) is obtained by the curve ﬁtting of the six measured data, with the essential
goodness-of-ﬁt, as shown in Figure 4. One can estimate the compressive strength of the GB concrete
using Equation (3), as long as the w/c is given in the range of 0.40 to 0.60.
3.2. Measured Dielectric Constants

Through the measurement using the OEC probe, the average values of the dielectric constant
(real-part of relative permittivity) versus the frequency, for all types of GB concrete after 28 days
of moist curing, namely, C30, C35, C40, C45, and C50, were manipulated. The measurement was
performed under laboratory conditions (T = 23 ± 2 ◦ C, RH = 50% ± 10%). The measured average
dielectric constant versus the frequency of all GB concrete, is displayed in Figure 5. It is noted that
very interesting and reasonable results were achieved, wherein the average values were obtained in
the order of the GB concrete types.

Figure 5. Average values of the measured dielectric constant versus frequency.

3.3. Dielectric Constant Modelling

In order to characterize the measured dielectric constants of GB concrete, which have a common
dispersive nature with increasing frequency, three types of mathematical regression models were
considered, and will be discussed in this section.
3.3.1. First-Order Exponential Model

In many natural quantitative problems, the ﬁrst-order exponential function is recognized to be
well-suited for analysing the quantities of decay, when both the initial (K + C) and ﬁnal (C) values are
known. The real-part of the dielectric permittivity (relative dielectric constant) can be described as
an exponential function of frequency (f ), as given by:
ε r ( f ) = K exp(−b f ) + C

(4)

where b is a time constant in seconds. As f = 1/b, the ﬁrst term is exponentially decayed by 36.8%.
3.3.2. Debye Model

The 28-day concrete is basically a low-loss heterogeneous dielectric material. Peter J. W. Debye
postulated that dielectric excitation and relaxation responds according to the relaxation mode [38].
The following expressions describe the relaxation phenomenon which occurred in the concrete
dielectrics [39]:
ε
− ε∞
+ ε∞
(5)
ε r ( f ) = static
1 + (2π f τ )2
εr ( f ) =

(ε static − ε ∞ )
2π f τ
1 + (2π f τ )2
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where εstatic and ε∞ are limiting values at very low and very high frequencies, respectively; τ is the
relaxation time in seconds.
3.3.3. Jonscher Model

The Jonscher model uses complex electric susceptibility (χe ) to describe the sum of various
susceptibilities related to polarizations responding to an applied electric ﬁeld. A real part of the
relative effective permittivity at the very high frequency (ε∞ ), was used to describe the limiting low
value of the dielectric constant, whereas the complex permittivity holds a format of εr − jεr , as given
by [40,41]:
) * n −1
f
+ ε∞
(7)
ε r ( f ) = χr
fr
) * n −1
 nπ 
f
ε r ( f ) = χr
cot
(8)
fr
2
where

n is an empirical parameter in the range of 0 to 1 for modelling the dielectric loss;
χr is the real part of χe ;
fr is an arbitrarily chosen reference frequency. In this study, we picked fr = 0.1 GHz.

The three dielectric constant regression models all involve three ﬁtting parameters, respectively,
as expressed in Equations (4)–(8). Although the exponential model only gives a real-part description,
its frequency response is found to be very similar to that from the Debye model. Figure 6 shows
curve ﬁtting of the three models, in both the linear- and log-frequency scale. The use of the log-scale
gives a clear insight into the regressions at low frequencies, whereas the linear scale plots provide
the ﬁt conditions at high frequencies, viz., 2 to 6 GHz. While dielectric permittivity models were
only available in the literature up to 1 or 2 GHz, e.g., [29,41], the dielectric dispersion of concrete
at higher frequencies is therefore the focus in this study. This is owing to the current popularity of
wireless communication signals, such as the 4G cellular phone signals and the indoor WiFi signals,
whose penetration abilities through concrete walls very much depend on the dielectric properties.
From Figure 6b, it is observed that, in general, the Jonscher model provides the best ﬁt to the measured
data in all cases, when compared to the other models, whereas the Debye model identiﬁes the same
trends of decay as the exponential model. By comparing expressions (4) and (5), one can express the
relation of the time constant (b) in terms of the relaxtion time (τ), as shown below.

Figure 6. Dielectric characterization of GB concrete via curve ﬁtting to measured data using the
ﬁrst-order exponential model, Debye model, and Jonscher model, expressed in (a) linear scale;
(b) log-frequency scale.
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(9)

) *
Δε
2
1
b∼
f or (2π f τ )2  1
= ln(2π f τ ) − ln
f
f
K

(10)

Table 4. First-order Exponential Model: Fitting Coefﬁcients and Goodness of Fit for Equation (4).
GB Concrete

w/c

K

b

C

R2

SSE

C30
C35
C40
C45
C50

0.60
0.54
0.49
0.45
0.40

0.967
1.213
1.148
1.466
1.926

4.268
8.496
8.017
7.374
6.862

3.305
3.597
4.018
4.332
4.973

0.938
0.939
0.975
0.956
0.971

0.155
0.170
0.063
0.189
0.226

Table 5. Debye Model: Fitting Coefﬁcients and Goodness of Fit for Equation (5).
GB Concrete

w/c

τ

εstatic

ε∞d

R2

SSE

C30
C35
C40
C45
C50

0.60
0.54
0.49
0.45
0.40

0.891
1.798
1.689
1.529
1.481

4.177
4.661
5.029
5.621
6.692

3.303
3.598
4.018
4.331
4.973

0.928
0.927
0.970
0.949
0.967

0.181
0.202
0.076
0.222
0.256

An interesting ﬁnding has been observed, where the limiting values of the dielectric constant
increase in order with the GB concrete types. The mathematical relations of the dielectric constant,
compressive strength, and initial water contents of GB concrete, will be further examined and discussed
in the next section. All regression coefﬁcients (with 95% conﬁdence bounds) and goodness-of-ﬁts
of the three models are summarized in Tables 4–6, respectively. The goodness-of-ﬁt was obtained
by using the curve-ﬁtting tools in MATLAB, which are represented by the sum of squares due to error
(SSE) and the R-square (R2 ) [42]. These two indications are interrelated, and are sufﬁcient to validate
the regression model by using any values between 0 and 1. When R2 = 1 and SSE = 0, the proposed
regression model is indicated as a perfect ﬁt for the observation data.
Table 6. Jonscher Model: Fitting Coefﬁcients with fr = 0.1 GHz and Goodness of Fit for Equation (7).
GB Concrete

w/c

n

χr

ε∞j

R2

SSE

C30
C35
C40
C45
C50

0.60
0.54
0.49
0.45
0.40

0.622
0.273
0.385
0.422
0.485

0.674
0.396
0.446
0.624
0.921

3.116
3.559
3.955
4.233
4.797

0.987
0.973
0.991
0.990
0.997

0.032
0.075
0.022
0.042
0.020

Based on the values of the goodness-of-ﬁt listed in Tables 4–6, the authors can justiﬁably state
that the Jonscher model outperforms the other models for the whole frequency range of 0.1 to 6 GHz.
This corroborates the previous ﬁnding reported in [40,41]. Therefore, one can use the dielectric
constant values obtained from the Jonscher model for further correlation with compressive strength
and GB concrete. The ultimate goal is to establish tracking variables for the purpose of civil structural
health monitoring.
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Using the results of the Jonscher model of GB concrete, the dielectric constant values at 0.5 GHz,
2.45 GHz, 5.0 GHz, and 10 GHz were computed and compared, as summarized in Table 7. It is known
that the compressive strength of concrete is a decreasing function of increasing w/c, whereas the
dielectric constant is a function of frequency and the initial values of w/c. Therefore, the computed
dielectric constant at various frequencies can be further described by a double power law, as a function
of w/c and f, given by:
 w   w p
+ ( f )q
(11)
,f =
εr
c
c
where p and q are the regression coefﬁcients for the w/c and f, respectively.

Table 7. Calculated dielectric constant at 0.5, 2.45, and 5.0 GHz using the Jonscher model, Equation (7).
GB Concrete

w/c

ε (0.5)

ε (2.45)

ε (5.0)

ε (10) = ε∞

C30
C35
C40
C45
C50

0.60
0.54
0.49
0.45
0.40

3.48
3.68
4.12
4.48
5.20

3.32
3.60
4.02
4.33
4.97

3.27
3.58
4.00
4.30
4.92

3.116
3.559
3.955
4.233
4.797

Figure 7 shows the regression curves of the computed dielectric constant versus the
water-to-cement ratio, whereas the regression coefﬁcients and the goodness-of-ﬁts are listed in Table 8.
As can be seen, all curves are virtually consistent, presenting decreasing trends with an increasing
w/c ratio. A small dispersion with a frequency increasing beyond 0.5 GHz is observed. It is worth
noting that, apart from the limiting case of 0.5 GHz, the difference between the pair of power curves,
e.g., 2.45 GHz and 5.0 GHz, is sufﬁciently small, particularly within the standard deviations of the
measured data at 2.45 GHz. Therefore, the frequency dispersion has a minimal effect on the computed
values of the dielectric constant, as shown in Figure 7.

Figure 7. Dielectric constant versus water-to-cement ratio of GB concrete.

Table 8. Regression coefﬁcients (with 95% conﬁdence bounds) and goodness-of-ﬁts for Equation (11).
f (GHz)

p

q

R2

SSE

0.50
2.45
5.0
10

−1.482
−1.445
−1.438
−1.434

−0.3358
0.1992
0.1010
0.0428

0.9902
0.9976
0.9985
0.9929

0.018
0.004
0.002
0.012
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By combining Equations (3) and (11), one can establish the correlation between the compressive
strength and the dielectric constant of GB concrete, via the common variable of w/c, as given by:
  r

f cs ε r , f = ε r + A

(12)

where r and A are the regression coefﬁcients, whose values and the goodness-of-ﬁts are summarized
in Table 9.
Table 9. Regression coefﬁcients (with 95% conﬁdence bounds) and goodness-of-ﬁts for Equation (12).
f (GHz)

r

A

R2

SSE

0.50
2.45
5.0
10

1.943
1.988
1.997
2.010

25.99
26.07
26.12
26.49

0.9996
0.9996
0.9985
0.9997

0.5606
0.5970
0.5931
0.4922

Figure 8a shows the correlations between the compressive strength and dielectric constant of
GB concrete, at various frequencies. The correlation has been described by the power law function
expressed in (12). By further considering the standard deviations of both of the measured data,
Figure 8b illustrates the correlation at a frequency of 2.45 GHz. It is noteworthy to describe that the
frequency dispersion has a minimal effect on the dielectric constants, where the discrepancies are far
less than the standard deviations from the measurement. The relatively high standard deviation from
the dielectric constant is attributed to the high heterogeneity of the GB concrete, where the maximum
size of the coarse aggregates used in the fabrication was 31.5 mm.

Figure 8. Compressive strength versus dielectric constant of GB concrete, (a) at various frequencies;
(b) at 2.45 GHz with both the standard deviations from measurement.

5. Conclusions

This paper presents the dielectric characterization of GB concrete, using three permittivity models.
Namely, the ﬁrst-order exponential model, the Debye model, and the Jonscher model were used to
characterize the measured dielectric constants. The ﬁve common types of GB concrete, C30, C35, C40,
C45, and C50, were fabricated in accordance with the Chinese standard JGJ55-2011, whereas their
measured compressive strengths were analyzed against the water-to-cement ratio. The purpose of
this study was to develop an innovative model for the correlation between the compressive strength
and the dielectric constant of the standard GB concrete. The ultimate goal was to establish a model of
dielectric constants for future SHM of concrete structures. The following remarkable ﬁndings can be
drawn within the scope of this study:
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The measured dielectric constant of 28-day concrete is best regressed and predicted by using the
Jonscher model, rather than the other selected models, whereas the ﬁrst-order exponential model
and Debye model have a similar and equivalent performance.
The modeled dielectric constant of 28-day concrete decreases with increasing w/c. The nonlinear
variation can be described by using a double power-law function.
The compressive strength of 28-day concrete increases with an increasing average dielectric
constant in a power-law function. This correlation model shows that the compressive strength
of concrete will decrease, due to the reduction of the dielectric constant of concrete structures.
For instance, cracks occurring inside the concrete structure.
The presented results will be very useful for the future design of concrete-embedded
antennas [43,44] and wireless power transfer to embedded sensors [45]. Nevertheless, further
investigation into the imaginary part of complex permittivity, namely the loss factor of concrete,
which has a different initial water content, is one of the immediate research works.
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Abstract: Clamped ﬁber Bragg grating (FBG) sensors have been widely applied in engineering strain
measurements due to their advantages of high ﬂexibility and efﬁciency. However, due to the existence
of the interlayer, the strain measured by the encapsulated FBG sensor is not equal to the strain of
the host material, which causes strain measurement errors. In this paper, the strain transfer analysis
of a clamped FBG sensor based on the shear-lag theory is conducted to improve the accuracy of
strain measurements. A novel theoretical model for the axial strain distribution of a clamped FBG
sensor is proposed. It is also discussed how the gauge ratio and interlayer thickness affect the strain
transfer rate. The accuracy of the proposed theoretical model is veriﬁed by experimental tensile tests.
The theoretical value of the strain transfer rate matches well with the tested value.
Keywords: strain transfer analysis; clamped ﬁber Bragg grating (FBG) sensor; shear-lag theory;
gauge ratio; interlayer thickness

1. Introduction

Fiber Bragg grating (FBG) sensors have attracted wide attention from the civil and mechanical
research community because of its many merits such as small size, high sensitivity, and immunity
to electromagnetic interference [1]. In common practice, a bare optical ﬁber is encapsulated into
a capillary tube with adhesives for real structural monitoring applications. Due to the interaction
effect between different materials with different mechanical properties, the strain measured by FBG
sensors is smaller than that of the strain of the host material. The error caused by the strain transfer
rate between the host material and the FBG sensor cannot be ignored, especially in real applications.
Recently, some research has concentrated on analyzing the strain transfer rate of FBG sensors and the
accuracy of strain measurements from FBG sensors has been continually improved. Nanni et al. [2]
considered that when the elastic modulus of the interlayer was equal to the optical ﬁber, the maximum
strain of the host material was transferred by the interlayer. Pak et al. [3] proposed a theoretical model
for the coated optical ﬁber embedded in composite materials. Results revealed that when the elastic
modulus of the coated layer was equal to the average elastic modulus of the host material and optical
ﬁber, the maximum strain can be sensed by the FBG sensor. Ansari et al. [4] acquired a theoretical
expression describing strain transfer rate (α) based on the shear-lag theory, which was suitable for
short ﬁber composites. Moreover, the theoretical results were veriﬁed through a series of experiments
involving white light interferometry. On the other hand, Li et al. [5] assumed the same strain change
rate between the gauge length center and the host material, amending Ansari’s results to obtain the
Appl. Sci. 2017, 7, 188
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actual strain with better accuracy [4]. It also revealed that the maximum strain transfer ratio occurred
in the middle of the optical ﬁber sensor. Moreover, Li et al. [6] discussed the inﬂuencing parameters
on strain transfer rate. Sun et al. [7] made an improvement on Li’s study by taking into account
temperature variations and nonaxial stresses. Yuan et al. [8] evaluated the interaction between the
matrix and optical ﬁber, giving the distributions of interfacial shearing stress. To achieve the accurate
surface strain monitoring of the host material, Chai et al. [9] established the mechanical model of the
surface FBG sensor and derived a general expression of the relation between the FBG sensor strain
and the host material strain. Zhou et al. [10] presented the strain transfer mechanism and the error
modiﬁcation theory of an embedded FBG sensor. Zhou et al. [11] also studied the long-term service
performance of FBG strain sensors embedded in concrete structures. The creep constitutive relation of
concrete was introduced to analyze the strain transfer and the ﬁnite element method was used to verify
the theoretical analysis results. Chen et al. [12] studied the transfer efﬁciency of substrate package FBG
sensors, established the strain transfer model and compared it with experimental tests. A package
mode of beryllium bronze was put forward and analyzed by using ﬁnite element analysis software
ANSYS (ANSYS 16.0, ANSYS Inc., Pittsburgh, PA, USA). Calculation results show that characteristics
of strain transfer of beryllium bronze package is normal, but it has a good protection performance
for FBG sensors. Tan et al. [13] investigated the strain transfer factors of a pasted FBG under bending
parts, establishing a pasted FBG strain transfer model by theoretical analysis. The strain transfer
parameters were analyzed by a simulated analysis method. Experimental and simulation results
show that the length and the middle layer thickness have the dominating effect on the strain transfer
rate of FBG sensors. Wan et al. [14] reported that the relationship between the matrix strain and the
surface-attached ﬁber strain is governed by the effectiveness of shear transfer through the adhesive
and polymeric coating.
It should be noted that in the abovementioned previous studies, the strain transfer analysis
theories are based on the models of surface pasted or embedded FBG sensors. This paper proposes
an innovative strain transfer model for a clamped FBG sensor. The axial strain distribution principle
of the optical ﬁber in consideration of the gauge length and interlayers is developed. The theoretical
analysis results are veriﬁed by experimental tensile tests.
2. Basic Theory

An FBG sensor consists of a ﬁber core, cladding layers and coating layers. The main component
of the ﬁber core is SiO2 , which is usually mixed with some inﬁnitesimal amount of GeO2 to change the
refractive index of the sensor. As the refractive index of the ﬁber core is larger than that of the cladding
layer, the light is totally reﬂected through the ﬁber core to achieve a long distance transmission of the
signal with little energy loss. When the broadband light is transmitted to an FBG sensor, the light with
a speciﬁc wavelength is reﬂected, which is satisﬁed with the Bragg condition [15,16], that is,
λB = 2ne f f Λ

(1)

where λB , ne f f and Λ are the FBG wavelength, the refractive index of the ﬁber core and the FBG
period, respectively.
When the strain and temperature change simultaneously, the wavelength shift equation is
expressed as follows:
(2)
Δλ/λ = [(1 − Pe )ε + (α + ξ)ΔT ]

where Δλ is the FBG wavelength shift; Pe is the FBG strain-optic coefﬁcient; α is the FBG thermal
expansion coefﬁcient; ξ is the FBG thermo-optic coefﬁcient; and ΔT is the temperature variation [17].
3. Theoretical Strain Transfer Analysis

A clamped FBG sensor model comprises an m-segment and an n-segment of the ﬁber, as shown
in Figure 1, where the m-segment is glued, and the n-segment is unrestrained. The m-segment length
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is deﬁned as the interlayer length, and the n-segment length as the gauge length. A, B, C, D points are
boundary points of interlayer. A micro unit of an m-segment is shown in Figure 2, and a mechanical
model of a micro unit of the interlayer is shown in Figure 3. Three appropriate assumptions are applied
in this study to simplify the model,
1.

2.
3.

The optical ﬁber is linearly elastic with its m-segment and n-segment having the same mechanical
properties. The mechanical properties of optical ﬁber are impacted by taking advantage of phase
masks and ultraviolet irradiation methods when processing FBG writing. The FBG sensor does
not carry the external force directly, and the axial strain is supposed to transfer from the host
material to the optical ﬁber by the interlayer shear deformation.
The interlayer is a hollow cylinder, which is homogeneously coated on the ﬁber surface to
undergo the shear deformation, regardless of its axial deformation.
There is no relative slip between the FBG sensor and the interlayer.

Figure 1. Mechanical model of clamped ﬁber Bragg grating (FBG).

Figure 2. Mechanical model of m-segment micro unit.

Figure 3. Mechanical model of interlayer micro unit.

3.1. Strain Transfer Rate Distribution of the m-Segment of the Optical Fiber

The origin of the coordinate system is selected as point B to show the mechanical model of the
micro unit of the m-segment from Figure 2, and the following equation can be obtained:
2πr g · τg ( x, r g ) · dx + πr g 2 · dσg = 0
239
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dσg
2 · τg ( x, r g )
=−
dx
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(4)

where σg , τg ( x, r g ) and r g are the ﬁber normal stress, the ﬁber surface shear stress and the ﬁber radius,
respectively. Similarly, the equation can be modiﬁed as:
2πr j · τ j ( x, r j ) · dx − 2πr g · τg ( x, r g ) · dx + π(r j 2 − r g 2 ) · dσ j = 0
τ j ( x, r j ) =

r j 2 − r g 2 dσj
rg
· τg ( x, r g ) −
·
rj
2r j
dx

(5)

(6)

By substituting Equation (4) into Equation (6), the following formula can be obtained:
τ j ( x, r j ) = −

τ j ( x, r j ) = −

r j 2 − r g 2 dσj
r g 2 dσg
·
−
·
2r j dx
2r j
dx

r j 2 − r g 2 Ej dεj
Eg r g 2 dεg
·(
+
·
·
)
2r j
dx
2r j
Eg dx

(7)

(8)

The optical ﬁber and interlayer have the same strain change rate. Therefore, the following
approximation equation can be obtained as:
dεg ∼ dεj
=
dx
dx

(9)

Due to the large difference in the elastic modulus between the optical ﬁber and the interlayer,
their mechanical relationship can be simpliﬁed as:
r j 2 − r g 2 Ej dε j
dεg
∼
·
·
)
= o(
2r j
Eg dx
dx
Submitting Equations (9) and (10) into Equation (8), we have:
τ j ( x, r j ) = −

r2g
2r j

·

r2g
dσg
dεg
=−
· Eg ·
dx
2r j
dx

(10)

(11)

The interlayer produces the shear deformation, which can be described as:
du
τ j ( x, r ) = Gj · γ( x, r ) ∼
= Gj ·
dr

(12)

where τ j ( x, r j ), r j , u, γ, Ej , G j are the surface shear stress, the interlayer radius, the axial displacement,
the shear strain, the elastic modulus and the shear modulus of the interlayer, respectively. Eg is the
elastic modulus of optical ﬁber,


ri

rg

τ j ( x, r )·dr =

ui

uj

Gj · du

(13)

where ui and ri are the matrix displacement and the inner radius of steel pipe, respectively; and u j is
the ﬁber displacement comprising the longitudinal deformations of the m-segment and the n-segment.
 r
i
rg

τ j ( x, r )·dr =

 r
i

(−

rg

r2g
2r j

· Eg ·

dεg
) · dr
dx

(14)

As can be seen from Figure 1, the displacement compatibility equation is proposed as follows,
derived from Equations (13) and (14),
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ui − u g −

ug
L1

·

L2
2

E

= − 2Ggj · r2g · ln( rrgi ) ·

dεg
dx

= − k12 ·

dεg
dx
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(15)

where u g , L1 , L2 are the displacement of the m-segment of the optical ﬁber, the interlayer length and
the gauge length, respectively. In the tests, ﬁber is encapsulated in the steel pipe by using adhesive.
The inner radius of steel pipe is equal to the radius of interlayer, which can be measured as:
Gj =

Ej
2(1 + μ)

(16)

in which μ is Poisson ratio; and,
k2 =

1

(1 + μ) ·

Eg
Ej

(17)

· r2g · ln( rrgi )

L2
where a = 1 + 2L
, a is deﬁned as the gauge ratio parameter. Then we have the following equation
1
from Equation (15):
1 dεg
(18)
ui − a · u g = − 2 ·
dx
k

Taking the derivation of Equation (18) with respect to x, the second-order differential equation is
shown as follows:
dε2g
− a · k 2 · εg = − k 2 · εi
(19)
dx2
The general solution of this differential equation is:
εg (x) = C1 · e

√

akx

+ C2 · e −

√

akx

+

εi
a

(20)

where C1 and C2 are two integral constants. As point A and point D have no constraints, the boundary
conditions can be expressed as:
(21)
εg (L 1 ) = εg (−L1 ) = 0
The integral constants are acquired as:
C 1 = C2 = −

ε
+
$ i√
2a · cosh − a · k · L1

(22)

The strain transfer rate distribution of the m-segment of the optical ﬁber is:
αm ( x ) =

√
,
εg ( x )
1
cosh( a · k · x )
√
=
1−
εi
a
cosh( a · k · L1 )

3.2. Strain Transfer Rate Distribution of the n-Segment of the Optical Fiber

(23)

The average strain transfer rate is the average strain in the afﬁxed range of the optical ﬁber divided
by the matrix strain. Average strain transfer rate of the n-segment is:
εg
α=
=
εi

. L1
0

√
,
εg ( x )dx
1
sinh( a · k · L1 )
√
=
1− √
εi · L1
a
a · k · L1 · cosh( a · k · L1 )

(24)

According to the equivalent section method, equilibrium equations of B+ and B− sections are
presented as follows:
Eg · εg2 ( x ) · π · r2g = Eg · εg ( x ) · π · r2g
(25)
εg2 ( x ) = εg ( x )
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The strain transfer rate of a clamped FBG sensor is equal to the average strain transfer rate in the
range of afﬁxed optical ﬁber:
α=α=

√
,
1
sinh( a · k · L1 )
√
1− √
a
a · k · L1 · cosh( a · k · L1 )

(27)

The m-segment of the optical ﬁber is constrained by the interlayer with uniformly distributed
surface shear stress, generating the non-uniform axial strain as observed in Equation (23). Because there
are no constraints, the n-segment of the optical ﬁber has a constant section stress with the uniform
axial strain as shown in Equation (27). For clamped FBG sensors, the strain transfer rate is equal to the
average strain transfer rate in the afﬁxed range of optical ﬁber. In contrast, the strain transfer rate of
an embedded FBG sensor is equal to maximum strain transfer rate along the optical ﬁber.
4. Theoretical Analysis Results
4.1. Strain Transfer Rate of a Clamped FBG Sensor

Table 1 lists the physical parameters and mechanical properties of materials, which will be used
in the following analysis. Strain transfer rate distribution of the m-segment of the optical ﬁber is
from Equation (23), while the other part is calculated from Equation (27). The 0 point in Figure 4 is
located in the middle of the ﬁber, which is different from the previous point. The strain transfer rate
distribution curve of a clamped FBG sensor with different gauge ratios is demonstrated in Figure 4.
Those parameters are consistent with Table 1. The curve is composed of two parts: a symmetric curve
and a straight line. The region from A to B of the curve shows an increasing trend for the maximum
strain transfer rate. The strain transfer rate keeps constant in the region of B–C. The strain measurement
of a clamped FBG sensor is equal to the average strain of the bonded range, which reveals the actual
stress state of the matrix.
Table 1. Physical and mechanical parameters.
Symbol

Value

Eg
Ej
μ
rg
h
A
L1

72,000
30
0.48
62.5
440
1.25
25

strain transfer rate

Parameter/Unit
Elastic modulus of optical ﬁber/MPa
Elastic modulus of interlayer/MPa
Poisson ratio
Radius of optical ﬁber/μm
Interlayer thickness/μm
Gauge ratio parameter
Interlayer length/mm
0.9
0.8
0.7
0.6

a=1.25
a=1.5
a=2
a=3

0.5
0.4
0.3
0.2
0.1
0.0
-70

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

distance/mm

Figure 4. The axial distribution of FBG strain transfer rate.
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When gauge ratio parameters are equal to 1.25, 1.5, 2 and 3, the maximum strain transfer rates
are respectively 79.63%, 61.87%, 35.63% and 14.54%, and the average strain transfer rates are 66.82%,
46.66%, 25.04% and 9.91%, respectively. Considering the inﬂuence from the gauge length of the optical
ﬁber, when the gauge ratio parameter is larger, the strain rate is lower. As a result, it is predicted that
the strain transfer rate of a clamped FBG sensor could be improved if the gauge ratio parameter is
reduced. Therefore, increasing the interlayer length and decreasing the gauge range are proposed as
measures to improve the strain transfer rate.
4.2. Main Factors Affecting the Strain Transfer Rate
4.2.1. Effect of the Gauge Ratio

Based on the previous theoretical analysis, the gauge ratio is an important factor that can affect
the strain transfer rate. FBG strain transfer rate vs. gauge ratio curve is shown in Figure 5, based on
the default parameters as shown in Table 1. The gauge ratio is a value of the gauge length divided by
the interlayer length. It can be seen from Figure 5 that the maximum and average strain transfer rates
increase with the reduction of the gauge ratio. In order to obtain the accurate strain using a clamped
FBG sensor, the gauge ratio should be reduced appropriately in the process of sensor fabrication.
maximum strain transfer rate
average strain transfer rate

100

transfer rate/%

80

60

40

20

0
0

1

2

3

4

the gauge ratio
Figure 5. Gauge ratio-FBG strain transfer rate.

4.2.2. Effect of the Interlayer Thickness

5

Due to the shear deformation of the interlayer under external stress, interlayer thickness is
an important inﬂuencing factor. Figure 6 shows the relationship between the interlayer thickness and
the strain transfer rate of a clamped FBG sensor. Interlayer thickness is equal to the radius of the
interlayer minus the radius of the optical ﬁber, that is, the interlayer thickness depends on the diameter
of the steel pipe. When the interlayer thicknesses are 2.5 μm, 7.5 μm, 17.5 μm, 27.5 μm, 37.5 μm,
337.5 μm, 737.5 μm, 1137.5 μm, 1537.5 μm and 1937.5 μm, the strain transfer rates are 76.36%, 73.80%,
70.85%, 68.89%, 67.38%, 55%, 50.86%, 48.76%, 47.38% and 46.37%, respectively. With the increase of the
interlayer thickness, the strain transfer rate decreases accordingly. This tendency becomes slower with
a larger thickness. Reducing the thickness of the interlayer contributes to increasing the strain transfer
rate. However, in the actual encapsulation processing, if the interlayer thickness is too small, it will
be hard to inject adhesive and cement to bond the optical ﬁber. In the following experimental tests,
the inner radius of the capillary tube is selected as 500 μm and the interlayer thickness is 440 μm.
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2000

Figure 6. Interlayer thickness vs. strain transfer rate of a clamped FBG sensor.

5. Experimental Veriﬁcation

Based on the strain transfer rate model, a clamped FBG sensor is designed for experimental
tensile tests. A bare FBG sensor, as shown in Figure 7, is bonded into a capillary tube along the
axis, with a tube diameter of 1 mm, a length of 25 mm, and a gauge length of 12.5 mm, respectively.
The matrix material is shown in Figure 8. The other experimental parameters are adopted by the
default parameters from Table 1. Epoxy adhesive 353ND is used, curing at 70 ◦ C for half an hour.
As can be seen from Figure 8, a strain gauge, a bare FBG sensor and a clamped FBG sensor are bonded
on the matrix with a section size of 10 mm × 40 mm.

Figure 7. Bare FBG sensor.
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Figure 8. Matrix material.

Loading steps by universal testing machine are as follows:
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(1). Specimen is clamped by supports on the testing machine. The pre-loading applied to the specimen
is 30 kN, and the step loading is 5 kN every ten seconds until the total loading of 60 kN.
(2). In ten seconds pause time, the resistances of the strain sensor and FBG demodulators are acquired
as the immediate data.

Since the regression correlation coefﬁcient R2 is more than 0.99, the calibration curve of
the clamped FBG sensor measurement is linear. The linear calibration equation is expressed as
y = 0.00086x + 1528.15, as shown in Figure 9. The calibration equation of the bare FBG sensor
measurement is y = 0.00123x + 1528.02 as shown in Figure 10.
1528.7

Data
Linear Fit of Data

wavelength/nm

1528.6

1528.5

y=0.00086x+1528.15
2
R =0.99

1528.4

1528.3

1528.2
0

100

200

300

400
-6

strain/10

500

Figure 9. Calibration curve from tests on a clamped FBG sensor.
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600

Figure 10. Calibration curve from tests on a bare FBG sensor.

The average strain transfer rate of the clamped FBG sensor is equal to the encapsulated FBG
sensor strain divided by the matrix strain, which is measured by the demodulator. α, εe , εm , Δλe ,
Kε are the test value of the average strain transfer rate of a clamped FBG sensor, the encapsulated FBG
sensor strain, the matrix strain, the clamped FBG sensor wavelength shift, and the strain sensitivity
coefﬁcient of a bare FBG sensor, respectively. The experimental test value of the average strain transfer
rate of a clamped FBG sensor can be obtained as follows:
α=

εe
Δλe
0.00086
=
=
= 69.9%
εm
Kε · ε m
0.00123

The theoretical value of the average strain transfer rate can be calculated from the following
formula, by using the parameters in Table 1.
α=

√
,
1
sinh( a · k · L1 )
√
= 64.6%
1− √
a
a · k · L1 · cosh( a · k · L1 )

The average strain transfer rate of the clamped FBG sensor from the experimental test is 69.9%
and the theoretical result is 64.6%. The error is less than 5%, indicating a good agreement, and the
theoretical model is demonstrated to be suitable for the strain transfer analysis of the clamped FBG
sensor. However, the possible reasons why the theoretical result is a little smaller than the test result
are discussed as follows:
(1)

(2)

(3)

Parameter error: The strain transfer rate of the theoretical model involves the elastic modulus
of the optical ﬁber, shear modulus of the interlayer, Poisson ratio, etc. This may generate errors
because of the difference between the used and actual values in testing conditions.
Model error: Some assumptions of the theoretical model lead to model errors. For example,
the defect of the n-segment optical ﬁber appears in the writing process, which could alter the
mechanical properties.
Test error: This is one important error source including sensor zero drift, asynchronous acquisition
and the artiﬁcial reading error.

6. Conclusions

Theoretical analysis of the strain transfer rate of a clamped FBG sensor not only provides the
secondary correction method of the matrix strain, but also lays the foundation for the clamped FBG
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sensor design including the sensitivity coefﬁcient calibration and optimal design. This paper develops
a theoretical model which describes the strain relationship between the matrix and the clamped FBG
sensor, considering the effects of the gauge ratio and the interlayer thickness. It is observed from the
analysis results that a decrease in the gauge ratio or the interlayer thickness can obtain a larger strain
transfer rate. Experiment tests are carried out to verify the effectiveness and accuracy of the proposed
theoretical model, which can be extended to other encapsulation types of FBG sensors.
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Abstract: Double-arched tunnel is a special and complex underground structure which needs
to be monitored carefully during construction. Taking the Gangkou tunnel as the engineering
background, this paper presents a case study of ﬁeld monitoring of a representative double-arched
tunnel. Typical cross sections were chosen in each class of surrounding rock masses in the tunnel
area and different types of sensors were embedded in designed locations, and the deformations and
forces of both surrounding rocks and lining structures were monitored systematically. The dynamic
evolution as well as the spatial distribution characteristics of the monitoring data including the
internal displacements of surrounding rocks and the contact pressures between surrounding rocks
and primary linings, the axial forces in rock bolts and the internal forces in both steel arches and
secondary linings were analyzed. The monitoring and analysis results show that the deformations
and forces of both surrounding rocks and lining structures are directly related to the construction
procedures, geological conditions and locations in the double-arched tunnel. According to the
results, some reasonable suggestions were provided for the improvement of the tunnel construction.
This study will provide useful reference and guidance for the design, construction and monitoring of
similar engineering projects in future.
Keywords: double-arched tunnel; new Austrian tunnelling method surrounding rocks; linings; rock
bolts; ﬁeld monitoring

1. Introduction

Double-arched tunnel is a kind of special parallel tunnel structure which is quite different from
the separated tunnel and the small spacing tunnel, and there is a central division wall which supports
both the left and the right tunnel arches. At present, the double-arched tunnel has been successfully
and widely applied in railway, highway and subway engineering, especially in those areas under
complicated geological and topographic conditions when there are difﬁculties in the application of
the separated tunnel [1–3]. Owing to the large span of the double-arched tunnel and its complex
structure as well as the frequent stress conversion between surrounding rocks and tunnel linings, the
construction of the double-arched tunnel is quite challenging with great difﬁculties and high risks.
Engineering accidents, such as failures and collapses of surrounding rocks are prone to occur in the

Appl. Sci. 2017, 7, 169

248

www.mdpi.com/journal/applsci

MDPI Books

Appl. Sci. 2017, 7, 169

construction of the double-arched tunnel, which, therefore, has received wide attention from scholars
and engineers in the ﬁeld of tunnel engineering [4–7].
Among many tunnelling construction methods, the new Austrian tunnelling method (NATM) [8]
is the most popular method used in the construction of the double-arched tunnel, which has proved to
be a very economical and ﬂexible mode of construction [9]. The NATM is a technique through which
the drilling and blasting method is adopted to excavate a tunnel in rock, and a shotcrete liner and rock
bolts are used as a main support system [10,11]. The most important of all, based on the concept of
“as-built or during-excavation classiﬁcation system”, the NATM requires dynamic observations of the
geological conditions of excavation faces and the performance of underground supporting structures
such as the linings [12]. Rock mass classiﬁcation systems most commonly RMR [13] and Q system [14]
are utilized to translate these observed data to provide an estimate of the required excavation methods
and support system components during tunneling [15]. As we can see, ﬁeld monitoring is the core
of the new Austrian tunnelling method and plays an irreplaceable role in judging the stability of
surrounding rocks and evaluating the rationality and safety of supporting structures [16–18].
Current researches regarding the monitoring strategies for NATM tunnels tend to estimate forces
and stresses in the linings by using the back analysis from the monitored displacements based on the
proposed thin shell-theory [19–23]. However, there are still some notable exceptions by using direct
stress measurement on condition of proper installation of the monitoring equipment. For example,
Bonapace measured radial earth pressure by means of pressure cells to check the compatibility of soil
fracture grouting and the NATM technique [22]. Based on the direct monitoring strategy, many scholars
have made plenty of researches with respect to the ﬁeld monitoring of the tunnel construction by NATM.
However, these monitoring objects mainly concentrate in the single-arched tunnel, researches referring
to the systematic ﬁeld monitoring aiming at the double-arched tunnel are relatively few [24,25].
In this paper, the Gangkou double-arched tunnel in the Jinhua-Wenzhou expressway
(Zhejiang Province, China) provided the engineering background and monitoring of the deformations
and internal forces of both surrounding rocks and supporting structures was carried out. The ﬁeld
monitoring revealed the internal displacements of surrounding rocks, the contact pressures between
surrounding rocks and primary linings, the axial forces in rock bolts and the internal forces in steel
arches and secondary linings. The aims of this research are as follows: (1) to obtain the state of
the forces and deformations of surrounding rocks, and to judge the stability of surrounding rocks
and tunnel linings and to make timely warnings of possible engineering accidents in the tunnel
construction; (2) To obtain the stress strain state of supporting structures, to optimize supporting
types and parameters, to offer reasonable excavating methods corresponding to different classes of
surrounding rocks and to ensure the safety and quality of the double-arched tunnel during construction.
2. Field Monitoring Project
2.1. General Situation

The Gangkou double-arched tunnel was excavated by the new Austrian tunnelling method
(NATM). The NATM is a construction technique which takes rock bolts and shotcrete as main
supporting measures and emphasizes on timely supporting to control both deformations and stress
relaxation of surrounding rocks and carries out ﬁeld monitoring of the stresses and deformations
of surrounding rocks and supporting structures to guide the design and excavation of tunnels.
The Gangkou tunnel is 500 m long and it is located between K89+680 and K90+180 in the
Jinhua-Wenzhou highway. According to the engineering geologic investigation data, the lithology in
the tunnel region is hard and dense tuff with blocky structures as well as good anti-weathering ability.
The discontinuities are well-developed in the rock masses in the tunnel region including a fault and
tectonic joints. The fault, oriented 225/115, is located approximately in the middle of the tunnel line.
Although the rock masses in the fault zone and its affected zone are quite fragmentized and the rock
quality designation (RQD) in the area ranges from 25% to 30%, the width of the fault is no more than
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0.5 m, hence it has only a limited inﬂuence on the stability of the rock mass in this area. In addition,
there are three sets of shear joints, the orientations of which are respectively 39/52, 230/70 and 90/75.
The groundwater mainly consisting of the Quaternary pore phreatic water and the bedrock ﬁssure
water is of shortage. Figure 1 presents the longitudinal and selected cross sections of the Gangkou
double-arched tunnel.
According to the well-known RMR classiﬁcation system of rock masses [26] and analysis on
the data obtained from the geological prospecting, the surrounding rock masses in that area can
be classiﬁed into three categories: class III, class IV and class V. Detailed physical and mechanical
parameters of these three different classes of rock masses are shown in Table 1.
Table 1. Physical and mechanical parameters of three different classes of rock masses (class III, class IV
and class V respectively).
Rock Mass
Classiﬁcation

Cohesion
(MPa)

Internal Friction Angle
(◦ )

Elastic Modulus
(GPa)

Unit Weight
(kN/m3 )

III
IV
V

1.3–1.4
0.5–0.7
0.07–0.10

36◦ –38◦
32◦ –34◦
27◦ –29◦

7–10
4–6
0.8–1.9

33.0–35.0
31.5–33.0
27.5–31.5

2.2. Tunnel Structure

The structures of the Gangkou tunnel vary a great deal in different classes of surrounding rocks.
Figure 1 shows the geometric dimensions of the double-arched tunnel in different classes of rock
masses. In the primary lining in the class III surrounding rocks, the grouted rock bolts which are made
up of hot-rolled ribbed bar (HRB) round steel with length of 250 cm and yield strength of 33.5 MPa
were ﬁxed in surrounding rocks of main tunnels after excavating each one by spacing of 120 × 100 cm2
in longitudinal and circumferential directions, the diameter and length of which are 25 mm and 250 cm
respectively. I-shape joist steel arch with weight of 16.9 kg/m and cross-sectional area of 21.5 cm2
was arranged by longitudinal spacing of 250 cm and round bar with diameter of 8 mm was adopted
as steel mesh by spacing of 20 × 20 cm2 in longitudinal and circumferential directions. The sprayed
concrete was used with thickness of 25 cm and compressive strength of 25 MPa (C25). Moreover,
the secondary lining adopted the model-building reinforced concrete with compressive strength of
35 MPa (C35) and thickness of 35 cm and the deformed steel bar with diameter of 22 mm was adopted
as main reinforcement in the concrete by longitudinal spacing of 20 cm. Besides, composite waterproof
layer was ﬁxed between primary and secondary lining, with thickness of 1.5 mm. Detailed support
parameters in class IV and V surrounding rocks are respectively shown in Tables 2 and 3.
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Figure 1. Longitudinal and cross sections of the Gangkou double-arched tunnel.

Appl. Sci. 2017, 7, 169

Thickness of
sprayed concrete:
20 cm.

Sprayed concrete
Thickness of formworking
concrete: 40 cm;
Diameter of main
reinforcement: 2.2 cm;
Spacing of main
reinforcement: 20 cm.

Secondary lining
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Thickness of
sprayed concrete:
25 cm.

Sprayed concrete

Thickness of formworking
concrete: 50 cm;
Diameter of main
reinforcement: 2.2 cm;
Spacing of main
reinforcement: 20 cm.

Secondary lining
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class V
surrounding rocks

Steel arch
No.14 hot rolled joist
steel with
a cross-sectional area
of 21.5 cm2 ;
Longitudinal spacing:
150 cm.

Rock bolt
Diameter: 2.5 cm;
Length: 350 cm;
Longitudinal and
circumferential spacing: 120,
50 cm
Material: HRB 335 round steel.

Table 3. Detailed parameters of primary and secondary supports in class V surrounding rocks.

class IV
surrounding rocks

Steel arch
No. 14 hot rolled joist
steel with a
cross-sectional area of
21.5 cm2 ;
Longitudinal spacing:
200 cm.

Rock bolt
Diameter: 2.5 cm;
Length: 300 cm;
Longitudinal and
circumferential spacing: 120,
50 cm
Material: HRB 335 round steel.

Table 2. Detailed parameters of primary and secondary supports in class IV surrounding rocks.
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Typical drilling and blasting method was applied for the excavation of the double-arched tunnel.
The cross section of the tunnel was excavated partially in several stages with minor advance being
controlled at about 0.5 m in each cycle of drilling and blasting. Millisecond blasting technique was
achieved by high-precision digital electronic detonator and the delay time between each interval was
controlled with a range from 5 to 8 ms, making for better blasting effect and minimization of the
blasting vibration strength. The diameter of each blast hole is designed to be 42 mm and the blast
hole depth ranges from 0.7 to 1.9 m depending on its location. Rock emulsion explosive was adopted
with density ranging from 950 to 1300 kg/m3 and velocity of detonation (VOD) ranging from 3500 to
4500 m/s. To prevent overbreak in perimeter, smooth blasting was achieved by using the explosive
cartridge with diameter of 25 mm in contour blast holes. While in other blast holes, the cartridge with
diameter of 32 mm was adopted.
Two different construction methods including the three heading excavation method (class IV
and class V) and the central heading excavation method (class III) were applied respectively in the
construction process (see Figures 2 and 3). Figure 2 demonstrates the construction sequences for
constructing the double-arched tunnel in class IV and V rock masses by the three heading excavation
method, also named as three-pilot drift heading method, in which the middle drift and twin-side drifts
were excavated prior to excavating the main tunnels in order to reduce the disturbance of unstable
surrounding rock. As shown in Figure 2, the numbers of 1–7 represents the construction steps and the
red dotted-line box denotes the construction stages where ﬁeld monitoring was carried out. Step 1:
excavate the middle drift and construct the vertical middle wall; Steps 2, 3: excavate the twin-side
drifts; Step 4: excavate upper bench and support the primary lining of the left main tunnel; Step 5:
excavate core rock masses and construct the inverted arch of the left tunnel; Similarly, Step 6: excavate
upper bench and support the primary lining of the right main tunnel; Step 7: excavate core rock masses
and construct the inverted arch of the right tunnel; After all these steps above, both the secondary
linings of the left and right tunnels are constructed. The advance footage of each construction cycle is
2.4 m. Figure 3 shows the construction procedures of the double-arched tunnel in class III rock masses
by the middle heading pilot method.

ȱ

Figure 2. Schematic diagram of the three heading method in class IV and V rock masses.
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Figure 3. Schematic diagram of the central heading method in class III rock masses.

2.4. Monitoring Parameters and Methods

During the construction of the Gangkou tunnel, the internal displacements of surrounding
rocks were measured by the multi-point extensometers (see Figure 4), the contact pressures between
surrounding rocks and primary linings were directly measured by the vibrating-wire pressure cells
and the axial forces in rock bolts were obtained by the vibrating-wire bolt force gauges (see Figure 5).
In addition, the vibrating-wire steel strain gauges (see Figure 6) were adopted to measure the strains
on the upper and the lower ﬂanges of the I-shaped steel arches and then on basis of the assumption
that the stresses are distributed linearly in the cross section of the steel, the stresses can be calculated
through the stress-strain relationship according to the classical mechanics of materials, as shown in
Equation (1).
1
1
(1)
N1 = E1 (εinner + εouter ) A; M1 = E1 (εinner − εouter )W
2
2
where, N1 and M1 represent the axial force and the bending moment in the steel arch respectively;
E1 denotes the elastic modulus of the I-shaped joist steel, being equal to 210 GPa; εinner and εouter are
respectively the measured strain values on the upper and the lower ﬂanges of the I-shaped steel arch
and the tensile strain is regarded to be positive while the compressive strain is negative; A represents
the cross-sectional area of the No. 14 I-shaped joist steel which is equal to 21.5 cm2 , W is the section
modulus in bending of the joist steel, being equal to 102 cm3 .

Figure 4. Multi-point extensometer.
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Figure 5. Rock bolt force gauge.

Figure 6. Layouts of the steel strain gauges.
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Furthermore, the internal forces in the secondary linings were obtained through the calculation of
the strains measured by the embedded concrete strain gauges (see Figure 7). The internal forces in the
secondary linings can be calculated by Equation (2). In the practical application, the internal forces can
be obtained from the observed strains by computer programming. Detailed monitoring parameters
and methods are presented in Table 4.
N2 =



1 
1 
E2 εinner + εouter bh; M2 =
E2 εinner − εouter bh2
2
12

(2)

where, N2 and M2 respectively denote the axial force and the bending moment to be calculated;
E2 denotes the elastic modulus of the secondary lining; εinner and εouter are respectively the measured
strain values on the inner and outer side of the secondary lining; b and h respectively represent the per
unit length and the thickness of the secondary lining.
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Figure 7. Layouts of the concrete strain gauges.
Table 4. Monitoring parameters and methods.
No.

Parameters

Sensors and Sensing
Devices

1

internal displacements of
surrounding rocks

multi-point
extensometer, dial
indicator

100 mm

0.1 mm

2

contact pressures between
surrounding rocks and
primary linings

vibrating-wire
pressure cell,
cymometer

0.6 MPa

±1.5% F.S

3

axial forces in rock bolts

vibrating-wire bolt
force gauge,
cymometer

2000 kN

±1.0% F.S

4

internal forces in
steel arches

vibrating-wire steel
strain gauge,
cymometer

3000 με

±1.0% F.S

5

internal forces in
secondary linings

embedded concrete
strain gauge,
cymometer

3000 με

±1.0% F.S

2.5. Monitoring Sections and Measuring Points Layouts

Range

Accuracy

Frequency

2–4 times/day (displacement
velocity > 10 mm/day);
once/day (5–10 mm/day);
once/2 days (1–5 mm/day);
once/week (<1 mm/day).

2–4 times/day (construction
time 1–15 days);
once/day (16–30 days);
once/week (30–90 days);
once/month (>90 days).

Since the Gangkou double-arched tunnel is structurally symmetrical and the geological conditions
in the tunnel area are basically similar, instead of monitoring the deformations and stresses of the
surrounding rocks and lining structures in the entire cross section of the double-arched tunnel, only one
bore needs to be monitored. Typical monitoring sections were chosen in each rock mass classiﬁcation
in the tunnel area. These three monitoring sections are the K89+949 section (class III rock masses),
K90+105 section (class IV rock masses) and K89+729 section (class V rock masses), as shown in Figure 1.
The burial depths of the cross sections are, respectively, 56.0 m, 39.2 m and 40.5 m. According to the
Code for Design of Road Tunnel in China [26], these three cross sections are deep-buried. Therefore, the
same monitoring parameters in different cross sections can be compared. The layouts of the measuring
points in different classes of surrounding rocks are shown in Figures 8 and 9.
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Figure 8. Layout diagram of the measuring points in class IV and V surrounding rocks (K90+105,
K89+729 respectively).

ȱ

Figure 9. Layout diagram of the measuring points in class III surrounding rocks (K89+949).

3. Monitoring Results and Analysis
3.1. Internal Displacements of Surrounding Rocks

Figures 10 and 11 depict time history plots of the internal displacements in class V surrounding
rocks at positions B and C (see Figure 8) in the K89+729 section. As shown in the ﬁgures, the changing
trend is closely related to the construction procedures, which mainly includes three stages of change:
(1) after the multi-point extensometers had been installed at the right places, the measured values of the
internal displacements at each location of surrounding rocks kept increasing rapidly and the growth
rate was on the rise as well. After the construction of the initial supports, the displacements at each
point reached to about 50% of the ultimate stable values; (2) the internal displacements at each location
of surrounding rocks continued to increase whereas the increasing rate gradually slowed down after
the initial supports were completed. Till the completion of secondary linings, the increments of the
displacements accounted for about 40% of the ﬁnal values; (3) after keeping small growth rate for
a short period, the internal displacements of surrounding rocks did not reach the stable state until the
construction of secondary linings.
Figure 12 shows the ﬁnal distribution of the internal displacements in the cross sections
corresponding to three different classes of rock masses (class III, class IV and class V) (layouts of
the measuring points are shown in Figure 4). As we can see from Figure 12: at the same location in
the monitoring section, the internal displacements of surrounding rocks are larger in the area that
is closer to the tunnel excavation contour line. The displacements are relatively larger in the area
within 3 m from the tunnel excavation contour line, which should be seen as the key monitoring area.
At different locations in the same monitoring section, the internal displacements of surrounding rocks
at the tunnel vault are greater than that at the tunnel spandrel while the displacements at the tunnel
spandrel are greater than that at the side wall of the tunnel. In addition, the internal deformations of
surrounding rocks are relatively larger in the cross section with lower-level surrounding rock masses.
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For example, the ﬁnal stable-state value of the internal displacement at the vault in the cross section
K89+949 (class III) is about 20 mm while the value becomes about 40 mm in the section K90+105
(class IV) and it reaches up to 60 mm in the section K89+729 (class V).

ȱ

Figure 10. Time history plots of the internal displacements in class V rock masses at position B in the
K89+729 section.

ȱ

Figure 11. Time history plots of the internal displacements in class V rock masses at position C in the
K89+729 section.

ȱ

Figure 12. Final distribution of the internal displacements in three different classes of rock masses
(class III, IV and V) and the values in the ﬁgure represent the internal displacements in class V
surrounding rocks.

3.2. Contact Pressures between Surrounding Rocks and Primary Linings

The time history plots of the contact pressures between surrounding rocks and primary linings in
the K89+729 section are presented in Figure 13. As shown in the ﬁgure, after the earth pressure cells
had been installed in the right places, the contact pressures between surrounding rocks and primary
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linings increased rapidly and the increasing tendency did not slow down until the completion of the
primary lining construction. The pressures reached up to 90% of the ﬁnal stable-state values about
5 days after the construction of primary linings. When the construction of secondary linings was
ﬁnished, the contact pressures almost stopped increasing. At this time, the state of surrounding rocks
could be considered stable.
Figure 14 presents the ﬁnal distribution of the contact pressures between surrounding rocks and
primary linings in the cross sections corresponding to different classes of surrounding rocks (class III,
IV and V). It can be seen from Figure 14 that at different locations in the same cross section, the
pressures at the tunnel vault are higher than that at the spandrel, while the pressures at the spandrel
are higher than that at the side wall. As an important bearing structure of the double-arched tunnel,
the existence of the middle wall is able to effectively ease the surrounding rock pressures on the
primary linings near the middle wall, resulting in the decreasing of the contact pressures on that side.
In addition, the contact pressures between surrounding rocks and primary linings are greater in the
cross section with lower-level surrounding rocks. For instance, the contact pressure at the tunnel vault
in the cross section K89+949 (class III) is about 0.15 MPa while the pressure in the section K90+105
(class IV) is about 0.25 MPa and the pressure reaches up to 0.30 MPa in the section K89+729 (class V).

ȱ

Figure 13. Time history plots of the contact pressures between surrounding rocks and primary linings
in the K89+729 section.
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Figure 14. Final distribution of the contact pressures between surrounding rocks and primary linings
in the cross sections in different classes of rock masses (class III, IV and V).

Since there is no deﬁnite calculating formula concerning the surrounding rock pressures of the
double-arched tunnel, the surrounding rock pressures can be estimated through Protodyakonov’s
theory. According to the theory, the span length and the height of the tunnel balance arch as well as
the surrounding rock pressures can be calculated by those formulas as shown below:
a0 = a + 2b tan(45o −
b0 =
259
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ϕ0
)
2

(3)

(4)

q = γb0
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(5)

where, a0 and b0 respectively represent the span length and the height of the tunnel balance arch,
a and b respectively represent the designed span length and height of the tunnel, ϕ0 stands for
the calculating internal friction angle of surrounding rocks, f stands for Protodyakonov’s ﬁrmness
coefﬁcient of surrounding rocks, γ is the rock density and q is the surrounding rock pressure at the
tunnel vault.
"


a + 2b tan 45o −
q1 = γ
2f

ϕ0 
2

⎡

#

= 31.5 × ⎣


12.39 + 2 × 6.5 × tan 29o −

29o
2

2 × 1.8

⎤

⎦ ≈ 0.14MPa

(6)

The cross section K89+729 in class V surrounding rocks (ϕ0 = 29◦ , γ = 31.5 kN/m3 , f = 1.8) is taken
as a case. According to the formulas above, the calculated surrounding rock pressure at the left or right
tunnel vault is 0.14 MPa (see Equation (6)), which is far lower than the ﬁeld measured value 0.30 MPa.
In this case (see Figure 15, case 1), the left and the right tunnel arches are regarded independent of each
other, which is clearly not in accord with that actual situation. As is known, during the construction
of the double-arched tunnel, the left and the right tunnel arches interact with each other and both
have signiﬁcant inﬂuence on the mechanical behaviors of each other. Therefore, when calculating the
surrounding rock pressures of the double-arched tunnel, both the left and the right arches should be
taken into consideration. At present, since there is no clear calculation method, based on the balance
arch theory, a simpliﬁed calculation model is established to estimate the surrounding rock pressures of
the double-arched tunnel. That is to consider these two arches as an entire single-arched structure, as
shown in the Figure 15, case 2. In this case, the calculated value is 0.25 MPa (see Equation (7)). As is
shown, although both the calculated values in these two cases are lower than the ﬁeld measured value
0.30 MP, the calculated value in case 2 is much closer to the measured value than that in case 1, which
indicates that both the left and the right arches should be considered when calculating the surrounding
rock pressures through the balance arch theory. In addition, the difference between the theoretical
calculated value and the ﬁeld measured value reﬂects the complexity of surrounding rocks during the
construction of the double-arched tunnel, which in turn illustrates the necessity to carry out on-site
monitoring projects during the excavation of the double-arched tunnel.
"


2a + 2b tan 45o −
q2 = γ
2f

ϕ0 
2

#

⎡

= 31.5 × ⎣


12.39 × 2 + 2 × 6.5 × tan 29o −
2 × 1.8

29o
2

⎤

⎦ = 0.25MPa (7)
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Figure 15. Schematic diagram of the tunnel balance arch curves of the double-arched tunnel in two cases.
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Figures 16 and 17 show the dynamic evolution of the axial forces in rock bolts at B and C locations
in the K89+729 section during the tunnel construction. According to the ﬁeld monitoring data, the
axial forces in rock bolts present regular changes in stages: (1) When the installation of the rock bolts
was completed, the axial forces in the rock bolts at different locations increased rapidly at a gradually
increasing growth rate. After the construction of the primary linings, the values of the axial forces
at each point in the rock bolts took up 60% of the ﬁnal stable-state values and the growth rate of
the axial forces began to slow down. This indicates that most of the axial forces in rock bolts were
generated during the construction of the primary supports, owing to the fact that the sprayed concrete
had not played its full role of supporting during this period, which then made the rock bolts bear
the majority of the surrounding rock loadings; (2) After the construction of the primary supports, the
axial forces in rock bolts remained on increasing slowly. From the completion of the primary supports
to the completion of the second linings, the increments of the axial forces in rock bolts in this period
accounted for about 30% of the ultimate stable values; (3) After the completion of the secondary linings,
the axial forces in rock bolts increased slightly and then reached a steady state eventually.
Figure 18 demonstrates the ﬁnal distribution of the axial forces in rock bolts in different sections
corresponding to class III, IV and V surrounding rocks (layouts of measuring points are shown in
Figure 5). It can be seen from the ﬁgure that each single rock bolt bears pure tensile stresses which are
relatively larger in the middle of the rock bolt and lower at the two ends. At different locations in the
same section, the axial forces in rock bolts at the tunnel vault are larger than that at the right spandrel,
while the axial forces in rock bolts at the right spandrel are larger than that at the side wall, which are
even greater than that at the left spandrel of the tunnel. This indicates the initial load bearing effects
of the middle wall signiﬁcantly lower the axial forces in the rock bolts close to the side of the middle
wall, therefore it is necessary to take measures to strengthen the anchoring forces. The stable values
of the axial forces in rock bolts are larger in the cross section with lower class of surrounding rock
masses, the stable value of the axial forces in rock bolts in the section K89+949 (class III) is about 12 kN,
the stable value in the section K90+105 (class IV) is about 18 kN, whereas the value in the section
K89+729 (class V) becomes about 25 kN. Among them, the maximum value of the axial forces in rock
bolts is 25 kN and the tensile stress is 50.9 MPa by calculation (see Equation (8)). The body of the rock
bolt (diameter: Φ25 mm) used in the tunnel is made of hot-rolled ribbed bar (HRB) 335 round steel,
of which the ultimate tensile stress is 168.4 MPa. It is quite clear that the actual bearing capacity of
the rock bolt has not been utilized to its full potential, which is far less than the designed bearing
capacity. Therefore, under the premise of ensuring the stability and safety of surrounding rocks, it can
be acceptable to reduce the number of the rock bolts, to increase the bolt spacing and to strengthen the
anchoring forces appropriately.
σ=

25 × 10000
≈ 50.9 MPa
0.25π × 252

(8)

ȱ

Figure 16. Time history plots of the axial forces in rock bolts at location B in the K89+729 section.
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Figure 17. Time history plots of the axial forces in rock bolts at location C in the K89+729 section.

ȱ

Figure 18. Final distribution of the axial forces in rock bolts in different sections respectively
corresponding to class III, IV and V surrounding rocks. The values in the ﬁgure are the axial forces in
rock bolts in class V surrounding rocks.

3.4. Internal Forces in Steel Arches

Figures 19 and 20 present the dynamic evolution of the internal forces in steel arches (including
the axial forces and the absolute values of the bending moments) at different locations in the K89+729
section during construction. As shown in the ﬁgures, after the completion of steel arches, the steel
arches immediately began to bear loadings and the internal forces at each location in steel arches kept
increasing rapidly. Till the completion of primary linings, the axial forces and the bending moments
in steel arches took up almost 50% of the ﬁnal values. After the construction of the primary linings,
the axial forces and bending moments in steel arches continuously increased, however the growth rate
signiﬁcantly slowed down. Till the completion of the second linings, the increments of the internal
forces in steel arches accounted for about 40% of the ﬁnal stable values in this period. After that,
the internal forces in steel arches increased slightly and then reached the steady state eventually.
Figure 21 demonstrates the ﬁnal distribution of the internal forces in steel arches at two typical
sections respectively corresponding to class IV and V surrounding rocks (layouts of the steel strain
gauges are shown in Figure 6). The ﬁgure shows that the axial forces are compressive along the full
length of the steel arches. The axial forces in steel arches at the tunnel vault are obviously smaller
than that at the side wall, while the absolute values of the bending moments reach the maximum
both at the vault and the side wall of the tunnel, which indicates that the steel arch vault is the most
unfavorable position to bear loadings. In addition, the axial forces and bending moments in steel
arches are relatively larger in the monitoring section with lower class of surrounding rocks.
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Figure 19. Time history plots of the bending moments in steel arches in the K89+729 section.

ȱ

Figure 20. Time history plots of the axial forces in steel arches in the K89+729 section.

ȱ

Figure 21. Final distribution of the bending moments and axial forces in steel arches in different classes
of surrounding rocks.

3.5. Internal Forces in Secondary Linings

Figures 22 and 23 present the time history plots of the internal forces (including axial forces
and absolute values of bending moments) in the secondary linings in the K89+729 section during
45 days after the construction of secondary linings. As shown in the ﬁgures, after the secondary linings
were ﬁnished, they immediately began to bear internal forces. The internal forces increased greatly at
the very beginning and then the growth rate gradually slowed down, the internal forces tended to
stabilize 30 days after the construction of secondary linings. On condition of the surrounding rock
pressures, the secondary linings began to contact with the primary linings little by little and then
the contact pressures between the two gradually increased, resulting in rapid growth of the internal
forces in secondary linings at the early stage, at this time both the primary and secondary linings
bear surrounding rock pressures together. When the redistribution of the internal forces in both the
primary and secondary linings became balanced, the internal forces in secondary linings tended to
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stabilize. This changing trend fully illustrates that the secondary linings not only serve as a structure
for sufﬁcient safety margin but also bears certain loads in the construction and long-term operation
periods of the Gangkou tunnel.
Figure 24 shows the ﬁnal distribution of the internal forces in secondary linings in the cross
sections corresponding to different classes of rock masses (class III, IV and V respectively). It can
be seen from Figure 24 that the absolute values of the bending moments in secondary linings at the
vault and the side wall are relatively larger than that at the spandrel while the axial forces along the
secondary linings are basically the same, which indicates that the vault of the secondary lining is the
most disadvantaged loading position. As is shown, the internal forces in secondary linings are larger
in the section with lower class of rock masses.

ȱ

Figure 22. Time history plots of the absolute values of the bending moments in secondary linings in
the K89+729 section.

ȱ

Figure 23. Time history plots of the axial forces in secondary linings in the K89+729 section.

ȱ

Figure 24. Final distribution of the internal forces in secondary linings in the cross sections
corresponding to three different classes of rock masses (class III, IV and V respectively).
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This paper comprehensively presented a case study of ﬁeld monitoring of the deformations and
forces of both surrounding rocks and linings during the construction of a representative double-arched
tunnel-the Gangkou tunnel. In the typical cross sections corresponding to three different classes
of surrounding rocks (class III, IV and V), the internal displacements of surrounding rocks, contact
pressures between surrounding rocks and primary linings, axial forces in rock bolts and internal
forces both in steel arches and secondary linings were measured scientiﬁcally. The dynamic evolution
and the spatial distribution characteristics of these monitoring data were analyzed and discussed
carefully. The monitoring and analysis results show that the deformations and forces of both
surrounding rocks and lining structures are directly related to the construction procedures, geological
conditions and measuring locations in the double-arched tunnel. And according to the results, some
reasonable suggestions were provided for the improvement of the tunnel construction. From this
study, the conclusions are drawn as follows:
(1)

(2)

(3)

(4)

(5)

The dynamic evolution of the internal displacements of surrounding rocks is closely related to
the tunnel construction procedures. The internal displacements of surrounding rocks did not
reach the stable state until the completion of the secondary linings. At different locations in
the monitoring section, the internal displacements of surrounding rocks at the tunnel vault are
greater than that at the tunnel spandrel, which are even greater than that at the side wall of
the tunnel. The internal deformations of surrounding rocks are larger in the cross section with
lower-level surrounding rock masses.
The contact pressure between surrounding rocks and primary linings converged rapidly and
it generally reached its stable state within 5 days after the construction of primary linings.
The monitoring results show that the existence of the middle wall is able to effectively transfer
the surrounding rock pressures on the primary linings near the middle wall, resulting in the
decreasing of the contact pressures at that side. The contact pressures between surrounding
rocks and primary linings are greater in the cross section with lower-level surrounding rocks.
In addition, based on Protodyakonov’s theory, a simpliﬁed method was proposed to estimate the
surrounding rock pressures of the double-arched tunnel and the calculated values are in better
agreement with the measured values.
Single rock bolt bears pure tensile stresses which are relatively larger in the middle of the rock
bolt and lower at the two ends. At different positions in the same cross section, the axial forces in
rock bolts at the tunnel vault are higher than that at the spandrel, which are even higher than
that at the side wall of the tunnel. Through calculation, the tensile stress of a single bolt is far less
than its ultimate tensile stress, which shows that the rock bolt does not play its role to the full
potential and it is necessary to take appropriate measures to strengthen the anchoring forces.
The internal forces in steel arches increased greatly at the very beginning. As the excavation
proceeded, the growth rate gradually slowed down and eventually the forces tended to stabilize
after the construction of secondary linings. By analysis of the internal forces at different positions
in steel arches, it is found that the steel arch vault is the most disadvantaged loading position.
The secondary linings not only serve as a structure for sufﬁcient safety margin but also bear certain
loadings in the construction and long-term operation periods of the Gangkou tunnel. The lower
the rock mass classiﬁcation, the larger the internal forces in secondary linings. The internal forces
in secondary linings are larger in the cross section with lower class of rock masses.
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Abstract: The deterioration and failure of steel bridges around the world is of growing concern for
asset managers and bridge engineers due to aging, increasing volume of trafﬁc and introduction
of heavier vehicles. Hence, a model that considers these heuristics can be employed to validate
or challenge the practical engineering decisions. Moreover, in a time of increased litigation and
economic unrest, engineers require a means of accountability to support their decisions. Maintenance,
Repair and Rehabilitation (MR&R) of deteriorating bridge structures are considered as expensive
actions for transportation agencies and the cost of error in decision making may aggravate problems
related to infrastructure funding system. The subjective nature of decision making in this ﬁeld could
be replaced by the application of a Decision Support System (DSS) that supports asset managers
through balanced consideration of multiple criteria. The main aim of this paper is to present the
developed decision support system for asset management of steel bridges within acceptable limits of
safety, functionality and sustainability. The Simpliﬁed Analytical Hierarchy Process S-AHP is applied
as a multi criteria decision making technique. The model can serve as an integrated learning tool for
novice engineers, or as an accountability tool for assurance to project stakeholders.

Keywords: steel bridge; deterioration; remediation; asset management; decision support system;
health monitoring; Multi Criteria Decision Making (MCDM)

1. Introduction

Steel bridges are subject to continuous degradation and many of them in existence, which were
constructed 50–100 years ago, have exceeded, or are approaching the end of their design life [1].
With many now listed on heritage registers, road authorities have extra incentive to rehabilitate these
structures to their former glory. Hence, selecting the most beneﬁcial remediation concept is paramount.
The service life of a bridge can be subdivided into four phases [2]: Phase A—Design, planning
and construction; Phase B—Propagation of damage has not yet begun but initiation processes are in
progress; Phase C—Deterioration propagation has just started; and Phase D—Extensive damage is
occurring. According to the Law of Fives, one dollar spent in Phase A, is equivalent to ﬁve dollars
spent in Phase B; twenty-ﬁve dollars in Phase C; and one hundred twenty-ﬁve dollars in Phase D.
Implying this rule is the basis for any asset management decision making.
This justiﬁes the importance of employing structured decision support models to assist in
improving the bridge network and effective distribution of the allocated budget [3].
Most of the bridge management systems base their decision making process on optimisation of life
cycle cost and parameters such as social and environmental impacts are usually ignored. According to
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Abu Dabous and Alkass (2008), applying the optimised life cycle methodology may cause difﬁculties
particularly when the available fund is larger or lower than the computed life cycle cost [3].
The beneﬁt to cost (B/C) ratio technique can also be employed at the project level to compare
different remediation strategies. This parameter is introduced as the beneﬁt gained by moving from
one repair solution to another more expensive option divided by the related extra costs. The beneﬁts
include those for both the user and the agency. User beneﬁts are measured in terms of cost reductions
or savings to the user as a result of an improvement. Agency beneﬁts are deﬁned based on the present
value of future savings because of the expenditures. Over exaggeration of cost as a constraint and
subjectivity of beneﬁt evaluation are the negative aspects of this technique.
In mathematical optimisation models, an optimal solution can be reached through the manipulation
of the trade-off between the objectives and the constraints. Jiang (1990) constructed an optimisation
model using integer-linear programming for the Indiana Department of Transportation (INDOT) [4].
Three key solutions were considered: bridge replacement, deck replacement and deck rehabilitation.
Each option is represented a zero-one variable: “0” if the activity is not selected and “1” if it is selected.
The model subdivides the decision problem into stages; each year is defined as a stage. The Markov chain
technique is used to predict the future bridge condition at each stage, and integer-linear programming
is employed to maximise the effectiveness of the network. The only criterion considered in this model
was the budget and the fact that only one strategy can be undertaken. As the age of bridge increases,
the condition rating gradually decreases [5].
The 1991 the FHWA sponsored a bridge management system (BMS) called “Pontis”. This bridge
management software was adopted quickly and is one of the primary systems used for bridge
management [6]. The current bridge management systems do not provide detailed information
for accurately selecting remediation strategies. Hence, many efforts have focused on enhancing the
condition rating and maintenance procedures. The development of a decision support system for bridge
remediation will complement these efforts.
The research presented in this paper deals with the development of a decision support system
for asset management of steel bridges using Multi Criteria Decision Making (MCDM) methods.
In infrastructure management, MCDM has emerged as a support to integrate various stakeholder
preferences and technical information [7]. These methods are useful ways in optimising decisions under
complex environment and can better formulate the problem with respect to reality. They are able to
consider qualitative as well as quantitative factors in the decision-making process. However, as each
MCDM technique has different properties suited for different problems, there is no simple answer which
technique to use for a specific problem. Scoring and weighting systems are critical in multi criteria
decision analysis [8]. The proposed model provides an extensive knowledge base for defect identification
and selecting appropriate repair methods and is the first decision support system that has been developed
for management of steel bridges. Therefore, the proposed system contributes to the efforts aimed at
improving the remediation process. To achieve this aim, the following tasks were accomplished:
(1)
(2)
(3)
(4)

an extensive literature review;
seeking expert judgment through interviewing asset managers;
developing the model, the knowledge base and the decision tree; and
system validation through a case study.

The quality of the DSS depends on both the quality and extent of its knowledge included.
The knowledge base of the developed DSS discussed in this paper was obtained from the literature and
also from expert judgement. A questionnaire was sent to bridge asset managers of thirty public and
private transportation agencies to collect information about bridge inspection techniques, common
remedial strategies and major criteria for decision making.
As illustrated in Figure 1, the proposed model has three main components: System Input
including risk assessment and condition rating, the inference element which performs constraints
priority ranking and treatment priority setting through a decision analysis tool and ﬁnally the system
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output which is the ﬁnal remediation plan. A compilation of the most commonly used remediation
treatments, following an industry peer review have been used during the development stage of this
system. Therefore, the constructed model provides a valuable tool for the veriﬁcation, or rejection of
remediation decisions.
The individual and measurable objectives of this study are to:

•
•
•
•
•
•

investigate deterioration mechanisms associated with steel bridges;
explore the constraints that govern the selection of remediation concepts;
examine the compliance of each concept to the dominant constraints;
task proﬁle the procedures used by the industry to develop a DSS;
test and reﬁne the system through a case study to ensure output meets heuristics and industry
standards; and
Systematically recommend a suitable course of action for a given situation.

Figure 1. The Proposed Decision Model for Remediation Planning.

2. Deterioration Mechanism

The two most common forms of deterioration in steel bridges are fatigue and corrosion. In some
cases, these mechanisms have a combined effect that results in the decline of the structure.
2.1. Fatigue

In steel bridges, fatigue is the most common deterioration mechanism, reported by the American
Society of Civil Engineers (ASCE), contributes to approximately 90% of all metallic failures, and is
often a limiting factor in the load carrying capacity of steel bridges [9].
The cost involved in maintaining or repairing fatigue related deterioration, can in some instances
exceed the initial investment. Similarly, imposed load restrictions due to the presence of fatigue cracks,
can result in major disruptions for commuters [10].
Fatigue is a form of fracture failure that results from crack initiation and propagation to ﬁnal failure
of metallic elements subjected to cyclic loading [9]. Failure may occur at stress levels below that of the
materials tensile yield stress and is dependent on the application of external loads, geometric features,
material properties, and the presence of stress concentrations and/or aggressive environments [9].
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Mechanical failure occurs in the presence of stress concentrations that permit fatigue crack
propagation under cyclic loading [11]. Common sources of stress concentration include: surface
anomalies (roughness, inhomogeneous microstructure, and dents); geometrical variations (sharp
edges, notches and threads); and localised forms of corrosion [12].
Crack initiation can be explained with reference to the slip band mechanism at a microscopic level.
Upon the application of a cyclic load, displacement of microscopic grains due to sliding crystallographic
planes will cause plastic deformation [10]. Dependent on the metallic properties, the exposed slip
step may immediately be covered in an oxide layer. Similarly, strain hardening will develop from an
increase in the applied load, thus, preventing a reversal of this effect, and introducing microscopic
intrusions and extrusions that promote fatigue crack propagation [10].
The transition from crack initiation to propagation refers to growth that is no longer dependent on
surface conditions, rather the materials ability to prevent further crack growth [13]. Crack propagation
will generally proceed after each cyclic load, in a direction perpendicular to the applied stress.
This growth can be represented by benchmarks and striations on the fracture surface that radiate
outwards from the point of crack initiation in a concentric pattern [12].
Striations correspond to the growth of fatigue cracks during each cyclic load, and will vary
in width dependent on the magnitude of applied stress, whilst benchmarks are indicative of
interruptions caused by changes in the applied stress, temperature variations, or the presence of
corrosive mechanisms during the propagation stage [10].
Striations (microscopic) and benchmarks (macroscopic) on the fracture surface provide reliable
evidence of fatigue failure. The propagation of fatigue cracks will continue until a critical size is
reached [10,12].
Fatigue failure will generally occur suddenly and without prior warning in a brittle like manner,
once propagation reaches a critical size [9].
2.2. Corrosion

The corrosion of steel is not only limited to steel bridges but extends to all types of steel structures.
According to Roberge (2008) the annual cost of corrosion for countries such as the United States,
the United Kingdom, Australia, Japan, Kuwait, Germany, Sweden, Finland, China and India is
somewhere between one and ﬁve per cent of the nation’s GNP [14].
The continual shift of anodic and cathodic sites provides the necessary environment for uniform
corrosion to prosper. This mechanism works on reducing the thickness and thus, the load carrying
capacity of steel members [15]. However, this type of attack is of less concern than more invasive
modes such as crevice and pitting corrosion, as it is relatively easy to detect and manage [14].
Galvanic corrosion occurs between dissimilar metals that have varying potential differences when
situated in corrosive environments. According to the galvanic series, the metal with the greatest
tendency to corrode will become the anode, while the less reactive metal will become the cathode.
In the presence of an electrolyte, the anode will corrode as electrons ﬂow from anodic to cathodic
regions [10]. The rate of deteriorative loss is dependent on the presence of electrolytes, the potential
difference, and the size ratio between cathodic and anodic sites [14].
Crevice corrosion manifests itself in gaps that exist between metals, and metals to non-metals in
steel structures, whereby the crevice behaves as the anode and the exterior the cathode. This localised
form of attack requires conditions that allow for stagnant pooling of liquids for extended periods of
time (e.g., small holes, welds, joints, and around washers and bolts). In some circumstances, crevice
corrosion may require over 12 months to initiate, however, deterioration will occur at an ever-increasing
rate once the mechanism is developed.
Pitting corrosion is a major cause of steel bridge failure, due to difﬁculties associated with the
detection of pits that are typically covered with corrosive products [14]. The accelerated growth of this
deterioration mechanism can be explained by the autocatalytic nature of this process, with surface
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anomalies generally the origin for deteriorative loss. Temperature is also a limiting factor, as corrosion
of some materials will not proceed within a certain temperature range.
3. Condition Rating

Condition assessment is the evaluation of the differences between the as-built and as-is states
of the structures. It is an essential step for providing reliable inputs for any bridge management
system. In fact, the consistency of decisions to ﬁnd a remediation strategy or budget allocation is
highly dependent upon the accuracy of the diagnosis process and condition assessment. The subject
can be a bridge element, a group of similar components within a span, or in all spans, and eventually
the entire bridge.
With the aim of being consistent within the common practices the proposed methodology is based on
four condition states in which the bridge element condition ranges from 1 to 4 in rising order. The general
description of the condition states for reinforced concrete bridge elements is presented in Table 1.
Table 1. Road and Trafﬁc Authority (RTA) condition rating system [16].
Condition State

Description

1

There is no evidence of section loss or damage or cracking.

2

Surface rust or minor pitting has formed or is forming. There is no measurable loss of section.
There may be minor deformations that do not affect the integrity of the element. There are no cracks
in the steel or welds. All bolts and rivets are in sound condition.

3

Heavy pitting may be present. Some measurable section loss is present locally, but not critical to
structural integrity and/or serviceability of the element. There may be some loose or missing bolts or
rivets. Defects have been assessed as not sufﬁcient to impact on the ﬁnal strength and/or
serviceability of the element.

4

Section loss is sufﬁcient to warrant analysis to determine the impact on the ultimate strength and/or
serviceability of either the element or the bridge.
There may be cracks and/or deformations in the steel or welds. There may be numerous failed or
missing bolts or rivets. Defects may impact on the strength and/or serviceability of the component.

In this rating system, the bridge is divided into elements generally made of a similar material.
The bridge inspector estimates and records the quantities of the bridge element in each condition
state independently. The total quantity must be estimated in the correct units for the elements.
The measurement units are square meters (deck, pier, and pile), meters (joints and railings) or each
(bearing pad, waterway, etc.). Perhaps the most important constraint used to determine the urgency
and extent of remediation, is the assigned condition rating given following a bridge inspection.
The available concepts for any given situation are dependent on the severity and type of deterioration.
For example, the option of no action taken will not be considered for a structure with the highest
condition rating following severe corrosion, rather, treatments such as strengthening, rehabilitation,
or member replacement will be justiﬁed as a plausible course of action [17].
4. Remedial Treatments

Most real-world decisions are drawn from feasible solutions that have been termed as “satisﬁcing”
solutions. Several factors inﬂuence the decision in any repair and rehabilitation project. Some of
these parameters are the availability of funds, severity of the defect, and the effect of the proposed
remediation method on the service life of the bridge and also on trafﬁc disruption [6]. In the case of
steel bridges, some treatments are exclusive to either fatigue or corrosion remediation while others are
suitable for both purposes. Exclusive treatments for corrosion include cleaning and painting, thermal
metallic spraying and cathodic protection. For fatigue, crack repair treatments, removal of the crack
tip by drilling and member strengthening, can be used. Bolting or welding splice plates and member
replacement are suitable for the remediation of both deterioration mechanisms. The following are the
main treatment options.
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Fatigue cracks that originate from sources of stress concentration, geometric variations, or from
localised corrosive deterioration are often encountered by bridge inspectors and engineers. If these
cracks are not repaired in a timely manner, a severe reduction in load carrying capacity may be
experienced [18].
Crack-stop holes are extensively used for emergency repair, whilst, a more permanent solution is
sought after and engaged [19]. This involves a hole of speciﬁc diameter drilled at the tip of the formed
crack, thus, relieving the stress concentration. The crack-stop hole may then be sealed with epoxy resins,
or protective coatings to prevent the ingress of moisture. The installation of a tensioned bolt, or cold
expansion around the perimeter of the hole, may also be exercised for improved strength characteristics.
It must be mentioned, that the above methods will not guarantee further crack propagation, thus
continual monitoring of the structure is a necessity.
Alternatively, epoxy based resins can be used to prevent the ingress of air and moisture in minor
fatigue cracks. For more signiﬁcant cracking found in compression members, ﬁeld welding is generally
undertaken, while, for tension members the perceived safety risk of welding often leads authorities to
alternate methods, such as member replacement.
In addition, shot peening and Ultrasonic Impact Treatment is an effective technique used to extend
the fatigue life, improve reliability, and reduce subsequent maintenance costs for steel structures [19,20].
These properties are achieved by propelling small hard particles at high velocities onto metallic surfaces,
thus inducing compressive stresses on the surface [10].
4.2. Cleaning

Cleaning of steel structures is primarily undertaken to remove debris or other contaminants prior
to the application of a new protective system, and should be conducted in accordance with standards
for preparation and pre-treatment of surfaces. Hand-tool, power-tool, and abrasive blast cleaning
methods are most commonly used within industry.
4.3. Protective Coating

Protective coatings applied following adequate preparation, not only provide a physical barrier
between the environment and structure, but may also satisfy aesthetic needs [21]. The compatibility
of existing and proposed costing systems requires deliberation prior to ﬁnal selection. The two most
widely accepted protective systems include: paint and metallic coatings.
4.4. Cathodic Protection

Cathodic protection is based on the notion that the cathode in a galvanic cell will not corrode.
The wide spread application of cathodic protection has been seen around the world for use on steel
bridges [10]. An induced electrical current or less noble metal may be used as the sacriﬁcial anode for
this process [22].
Sacriﬁcial anodes provide an inexpensive and effective means of cathodic protection, whereby
less noble metals supply additional electrons to the structure, to prevent the formation of
corrosive mechanisms. Routine monitoring of the structure will ensure continued protection,
as an electrochemical path free from obstructions, such as air pockets or insulators is required.
Impressed current supplied via an external power source is another effective defence mechanism
that exploits the idea of cathodic protection. Specially mounted anodes linked to the positive terminal
are connected to the structure through the negative terminal [14].
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Strengthening is often adopted as a preferred remedial measure for deteriorative loss or
fatigue cracking, as opposed to the more expensive and arduous task of member replacement.
Recent developments in this ﬁeld have led road authorities to consider alternatives such as FRP
wrapping, other than conventional steel plate strengthening [23].
Bolting or welding additional strengthening or splice plates to increase the cross sectional area of
deteriorated steel components, has been successfully implemented by many road authorities around
the world. However, induced stress concentrations and distortions introduced during this process,
may contribute to reduced structural performance. Inadequate friction between bolted members can
often impede the transfer of loads through these strengthening plates. Likewise, welding items to
deteriorated members may severely diminish structural integrity. Hence, thorough evaluation of the
structure is required prior to the selection of a given course of action, to ensure compliance is achieved.
Problems introduced during the mechanical attachment of steel strengthening plates, such as those
previously mentioned, can often limit the structures service life. Thus, the use of emerging technologies,
especially from the ﬁbre reinforced polymer industry, has resulted in favourable outcomes for road
authorities. In particular the use of carbon ﬁbre reinforced polymer strips, have provided such beneﬁts
as: reduced weight; non-corrosive characteristics; high stiffness and strength-to-weight ratios; ease of
installation to problem areas; improved fatigue properties; and lower maintenance costs. Hence,
the use of FRP for strengthening purposes is gaining momentum within industry. However, further
research into the long-term capabilities of this technology is required before absolute conﬁdence can
be obtained [23].
4.6. Member Replacement

In the event that deterioration is beyond economically feasible or beneﬁcial repair, member
replacement can be considered. Examination of the bridge will determine the parameters of
rehabilitation. With temporary supports, load restrictions, or diverting trafﬁc, typical courses of
action exercised by road authorities during the remediation process. Hence, signiﬁcant cost and
disruptions on the road network come about from member replacement [17].
Table 2 shows the major deterioration and defects, causes, common locations, detection methods
and common strategies for remediation of steel bridges. The available concepts ﬂowchart, as seen in
Figure 2, illustrates the treatments considered for a given situation, after non applicable concepts have
been “pruned”.
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Figure 2. Available Concepts for Each Given Deterioration Scenario.
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Common Locations:
>Horizontal surfaces.
>Corners.
>Any places of water ponding.
>Locations of untreated corrosion where a layer
of rust has been formed.
Detection:
>Visual Inspection.
>Acoustic emission.
Common Location:
>Bolted Reinforcement plates.
>Riveted reinforcement plates.
>Gusset plates.
>Splice plates.
Detection:
>Visual Inspection.
Common Location:
>Welded joints.
>Bolted Joints.
>Riveted Joints.
Detection:
>Visual Inspection.

Surface corrosion caused by either direct
chemical or electrochemical attack with the
production rust of the surface of a metal.

Pitting corrosion is where small holes and pits
form from extremely localised corrosion. The
pitting corrosion can be formed between metal
and metal or non-metal materials.

The build-up of debris and corrosive substances
in small gaps or crevices in the structure creating
a stagnant environment underneath, make it
difﬁcult to spot the development of crevice
corrosion. The crevice might be formed by a
bolted joint or rivet even non-metallic materials.
Occurs due to contact between two different
metals which are exposed to some form of
corrosive instigator such as rainwater and
seawater. In this process, the two metals which
have different reactive potential are in contact
with a conducting and corrosive liquid.

Pitting corrosion

Crevice corrosion

Galvanic corrosion

Common Locations/Detection

Surface corrosion

Causes
Common Locations:
>Corners.
>Riveted joints.
>Deck joints.
Detection:
>Visual Inspection.
>Acoustic emission.

Sub-Categories

Cleaning and Painting:
>Brushing.
>Spot repairs concentrate on the small
areas of corroded steel.
>Spot repairs plus over coating.
>Full coat removal and repainting of
the bridge.
>Abrasive shot blasting.
>Flame cleaning.
>Acid pickling.
Protective Coating and Cathodic
Protection:
>Primer and Painting (Zinc Rich vs.
Aluminium Rich), >Thermal spray
metalizing,
>hot dip galvanising,
>Chlorinated rubber coating.
>Epoxy.
Reinforcement:
>Steel plate reinforcement.
>CRFP reinforcement.
>Member Replacement.

Remediation Strategies

MDPI Books

Corrosion

Deterioration

Table 2. Major Defects, Causes, Common Locations, Detection Methods and Remediation Strategies for Steel Bridges.
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>Bridge down-grade.
>Drill hole at tip of crack.
> Crack Stitching.
>Mechanical Peening.
>Ultrasonic Peening.
>Plate Reinforcement.
>CFRP Reinforcement.
>Member Replacement.

Common Location:
>Rivet Holes.
>Bolt Holes.
>Welds.
>Bracings under wind or trafﬁc loads.
Detection:
>Piezoelectric sensor.
>Acoustic Emission.

Fatigue cracking can be induced where there is a
defect in welds during fabrication, and if there
are ﬂuctuating stress occurring internally or
there is inappropriate structural component
where has low fatigue strength.

Fatigue Cracking

>Hydrogen “Bake-out”
(Heat Treatment).>Member
Replacement and the using of
peening techniques.

Common Location:
>Web connection plates, cover plates and gussets.
Detection:
>Dye penetrant and Radiography methods.

Cold cracking
(hydrogen cracking or
hydrogen embrittlement)

Cold cracking are induced by the brittle
microstructure and the presence of the hydrogen
as well as the accumulations of stress level.

Stress corrosion cracking is the cracking induced
from the combined inﬂuence of tensile stress and
a corrosive environment.

Stress corrosion cracking

Remediation Strategies
Surface Cleaning and Corrosion
protection: >Abrasive blast cleaning +
protective coating.
>Primer and painting.
>Epoxy.
>Chlorinated rubber coating.
>Member Replacement.

Common Locations/Detection
Common Location:
>Cover plates and gussets.
>Web connection plates and eye-bars and pin
plates.
Detection:
>Dye penetrant method.

Causes

Sub-Categories
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Cracking

Deterioration

Table 2. Cont.
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The decision making process involves a case-by-case evaluation, to identify the potential risks
associated with any course of action. Bridge asset managers have various criteria that must be coped with
when endeavouring to propose the best possible action for bridges. The main idea of using criteria is to
evaluate the performance of alternatives in relation to the goals of the decision maker based on a numeric
scale. According to Lemass and Carmichael (2008), as a result of incomplete information, uncertainty,
misinformation and the changing priorities of decision makers, the list of technical constraints should be
bounded by the inclusion of subjective criteria such as safety and reliability [24].
These important constraints and their interrelationships were identiﬁed through the expert
judgement obtained from the questionnaire. Table 3 shows the identiﬁed risks and subsequent
constraints for bridge remediation. This list is by no means inclusive, with other project speciﬁc criteria
identiﬁed during the risk evaluation process.
Table 3. Major Risks and Client Constraints for Bridge Remediation.
Criteria

Risks

Safety

Potential injury/fatality
Damage to property

Client Constraint

Serviceability

Low level of service
Difﬁcult to access the element
Insufﬁcient level of expertise
Closure of a strategic/regional route

Sustainability

Excessive remediation cost
Excessive work implications
Environmental damage

Minimal cost
Minimal work implications
Minimal environmental damage

Legal/Political

Major changes in standards

Minimum vulnerability to legal/political pressures

Minimal damage/Maximum safety of the public

6. Decision Analysis Tool

Maximum service life
Easy access to element/site
Maximum availability of skilled labour
Minimal trafﬁc disruption

Multi Criteria Decision Making (MCDM) tools are used in order to deal with various problems that
engage criteria and to attain greater transparency and accuracy of the decision making process [2]. MCDMs
go deeper along a holistic approach, aggregating all the data including that of a subjective nature. Almost
all the MCDM approaches share some common mathematical components: values for decision alternatives
are allocated for each criterion, and then multiplied by associated weights to produce a total score [7].
Various decision making tools have been investigated. Simple Multi Attribute Rating
Technique (SMART) and Analytical Hierarchy Process (AHP) have been identiﬁed as the most
applicable techniques.
Analytical Hierarchy Process (AHP) is a multi-attribute decision making method that belongs to
a broader category of tools known as “additive weighting methods”. The AHP was proposed by Saaty
(1991) and employs an objective function to aggregate the different aspects of a problem where the main
goal is to choose the option that has the highest value of the objective function. AHP is grouped as
compensatory methods, in which constraints with low scores are compensated by higher scores on other
factors, but in contrast to the utilitarian techniques, the AHP uses pair wise comparisons of criteria
where all individual criteria are paired with all other criteria and at the end results accumulated into
a matrix [25]. The advantages of the AHP method are that it offers a systematic approach through
a hierarchy and it has objectivity and consistency. On the other hand, the main limitations are that
calculation of a pair-wise comparison matrix for each factor is a complex task and as the number of
alternatives and/or criteria increases, the number of calculations for comparison matrix rises considerably.
Moreover, if a new option/alternative is added, all the calculations have to be restarted [26].
The process of AHP includes three phases: decomposition, comparative judgments, and synthesis
of priority. Through the AHP method, decision problems are decomposed into a hierarchy, and both
qualitative and quantitative data can be used to derive ratio scales between the decision elements at each
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hierarchical level by means of pairwise comparisons. The top level of hierarchy represents overall goals
and the lower levels correspond to criteria, sub-criteria, and alternatives. With comparative judgments,
decision makers are requested to set up a matrix at each hierarchy by comparing pairs of criteria or
sub-criteria. A scale of values ranging from 1 (indifference) to 9 (extreme preference) is employed to
express the preferences. Finally, in the synthesis of priority stage, each comparison matrix is then solved
by an eigenvector technique for determining the weight of criteria and alternative performance.
The comparisons are often documented in a comparative matrix, which must be both transitive
such that if, i > j and j > k then i > k where i, j, and k are alternatives; for all j > k > i and reciprocal,
aij = 1/aji . Priorities are then estimated from the AHP matrix by normalising each column of the matrix,
to derive the normalised primary eigenvector by A·W = λmax ·W; where A is the comparison matrix;
W is the principal Eigen vector and λmax is the maximal Eigen value of matrix A [26,27].
Through the AHP process, inconsistency of the comparisons can be estimated via consistency
index (CI) which is used to ﬁnd out whether decisions break the rule of transitivity, and by how
much. A threshold value of 0.10 is considered satisfactory, but if it is more than that then the CI is
estimated by using the consistency ratio CR = CI/RI where RI is the ratio index. CI is further deﬁned
as CI = ((λmax − n))/((n − 1)); where λmax as above; n is the dimension [27]. The average consistencies
of ration index RI from random analysis are shown in Table 4.
Table 4. Random Inconsistency Index [28].
N

RI

1
2
3
4
5
6
7
8
9
10

0
0
0.58
0.9
1.12
1.24
1.32
1.41
1.45
1.49

The key advantages of the AHP method are that it presents a systematic approach and it has
reliability and objectivity and for calculating weighting factors for criteria [29]. It can also provide
a well-tested technique which allows analysts to include multiple, non-monetary attributes of decision
alternatives into their decision making.
Simple Multi Attribute Rating Technique (SMART) is independent of the decision alternatives.
While the incorporation of value functions makes the decision modelling process somewhat
complicated, the advantage of this method is that the ratings of choices are not relative, therefore
shifting the number of alternatives will not in itself change the decision scores of the original
options [30]. If new items are necessary to be added to the model after its initial construction, and the
alternatives are acquiescent to a direct rating method, then SMART can be a suitable option
A rational balance has to be made between the simplicity of SMART and complexity of AHP.
In this research identiﬁcation of the appropriate criteria and weighting them have been of great
signiﬁcance. The eigenvector approach of AHP is a suitable method to provide accurate and reliable
judgements and its advantages justify its complexity. The proposed method is a combination of these
two techniques, introduced as Simpliﬁed Analytical Hierarchy Process (S-AHP) which will be further
explained in the following section.
Strategy Selection Using S-AHP

Through the S-AHP, the problem is broken down into a hierarchy, including three major levels:
goal, criteria (objectives) and alternatives. Sometimes the decision criteria are required to be broken
down into more speciﬁc sub-criteria in another level of hierarchy.
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S-AHP deals with identifying the main goal and proceeding downward until the measure of
value is included. Figure 3 shows a four-level hierarchy structure considering the general aspects of
the problem. The overall goal of the ranking is Bridge Remediation. The second level holds the main
objectives (criteria) to achieve the goal. The third level contains the sub criteria to be employed for
assessing the objectives. The ﬁnal level includes the remediation alternatives. Each item has a weight
indicating its importance and reﬂecting the organisational policy. These weights are deﬁned and
allocated by the decision makers using the pair wise comparison approach embedded in the AHP
system and will vary for different problems with different decision makers [31]. The AHP has the key
beneﬁt of allowing the users to conduct a consistency check for the developed judgment regarding to
its relative importance among the decision making items. Therefore, the decision maker(s) can modify
their evaluations to supply more informed judgments and to improve the consistency. The allocated
weights in Figure 3 are based on an expert judgment for a generic Bridge Management System (BMS).
The procedure can provide ﬂexibility in selecting the criteria to be used and even decreasing or
increasing the numbers of levels (associated with the criteria) in the hierarchy.
The overall value of each alternative for a four level hierarchy (as shown in Figure 3) Xj is
expressed as follows:
n

Xj =

∑ Wk Wki aij

i =1

-

(1)

j = 1, ..., m
Wk is the overall weight of criterion k
Wki is the overall weight of the ith sub-criterion in the category of criterion k
aij is the ranking of jth alternative in respect to the ith sub criterion and kth criterion.

Figure 3. Typical Hierarchy Structure for Bridge Remediation [17].

Figure 4 presents a ﬂow chart of the proposed ranking procedure for strategy selection, which can
be applied for each bridge that requires intervention.
After criteria selection, the eigenvector approach of AHP will be used in order to deﬁne the vector
of constraints’ priorities. Finally, the SMART technique will be applied to rank the remedial options.
Generally, because of budget limitation, bridge asset managers have to deﬁne the level of
satisfaction for the different elements, considering the structural signiﬁcance and material vulnerability
of those components. For example, a bridge manager may decide to leave a barrier with the ESCI of 3
in service for a long period of time contenting to some general routine maintenance. The system does
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not have any default for that and the system user (decision maker) should assign the target values
for the acceptable threshold of element condition. The most applicable alternatives are primarily
proposed by the inspector(s) mainly based on technical considerations and further reﬁned by the
bridge maintenance planner.
Figure 4 shows the ﬂowchart of the proposed method for strategy selection and
remediation planning.

Figure 4. Flow Chart of the Proposed Method for Strategy Selection at Project Level.

7. Model Validation through a Case Study

To ascertain the relevance of the proposed system in practical situations, a case study (courtesy of
RMS) was used for testing. The chosen scenario involved severe pitting corrosion on the underside of
the top chords of all steel truss spans, including the lift-span truss, on the Bateman’s Bay Bridge as
depicted in Figure 4. This iconic landmark, in service since 1956, plays a pivotal role for transportation
on the South Coast of NSW, thus, efﬁcient rehabilitation of the structure is paramount.
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After visual inspection of the bridge by the author, it was determined that the bridge has
considerable corrosion on the surface of the steel, making up approximately 15% of the total area of the
structure. The surface corrosion on the structure is therefore classed as severe. Other defects noted on
the structure include pitting rust on the underside of the members on the truss span, breaking down of
paint on the top and western edges on the plate girder spans. There was also some crevice corrosion
occurring around joints.
As a conclusion, deterioration mechanism and condition rating were speciﬁed, as corrosion
and 3, respectively. For these constraints, four possible courses of action have been nominated.
These included: splice plates; steel plate strengthening; ﬁbre reinforced polymer strengthening;
and partial member replacement. The dominant criteria proposed by the asset manager were
Safety, Service life, Remediation Cost, Trafﬁc Disruption, Environmental Impact and Heritage
Signiﬁcance/Aesthetic Appeal. Figure 5 illustrates the three level hierarchy structure constructed for
remediation planning of the Bateman’s Bay Bridge.

Figure 5. Bateman’s Bay Bridge (Photo: Taken by the Author).

The experts were then requested to compare the major criteria in pairs with respect to the overall
goal. The AHP method has been applied to determine the vector of priority (VOP) for the introduced
objectives based on the experts’ judgments. The AHP matrix and the VOP (eigenvector of the AHP
matrix) are presented in Figure 6 and Equation (2), respectively.
⎡
⎢
⎢
⎢
⎢
VOP = ⎢
⎢
⎢
⎣

0.1376
0.4581
0.2627
0.0453
0.0663
0.0299

⎤

⎡

⎥ ⎢
⎥ ⎢
⎥ ⎢
⎥ ⎢
⎥=⎢
⎥ ⎢
⎥ ⎢
⎦ ⎣
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Service Life
Safety
Cost
Environment
Trafﬁc Disruption
Heritage/Aesthetic

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(2)
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Figure 6. Three Level Hierarchy Structure for Remediation of Bateman’s Bay Bridge.

Figures 7 and 8 illustrate the application of AHP and pairwise comparison of the identiﬁed criteria
in the developed system.

Figure 7. AHP Matrix for Criteria Weighting.

Figure 8. Pairwise Comparison of the Major Criteria in the Developed DSS.
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Since the decision makers may be unable to provide consistent pairwise comparisons, it is
demanded that the comparison matrix should have an adequate level of consistency, which can be
checked by using the following consistency ratio (CR):
CR =

(λmax − n)/(n − 1)
RI

(3)

where,

λmax = 9.73(0.1376) + 1.9(0.4581) + 4.79(0.2627) + 25.33(0.0453) + 16.83(0.0663) + 29(0.0299) = 6.59

In order to calculate λmax , the values in front of brackets are the summations in AHP matrix in
Figure 7, and the quantities inside the brackets are the corresponding VOPs.
Random inconsistency index (RI) is extracted from Table 4 provided by Saaty (2004).
The Consistency Ration (CR) has been estimated based on Equation (2). Since the value of CR is
less than 1 (see Equation (4)), the accomplished judgement is consistent.
CR =

(λmax − n)/(n − 1)
= 0.095 < 0.1
RI

(4)

As shown in Table 5, four different alternatives have been identiﬁed for rehabilitation of the
affected area: “Splice Plates”; “Steel Plate Strengthening”; “FRP Strengthening”; and “Partial Member
Replacement”. All the above mentioned options have been ranked against the given criteria (using
SMART method) and their overall scores have been estimated using Equation (1). “Partial Member
Replacement” obtained the highest score in this decision analysis. The system has performed well
against past decisions undertaken by the RMS in 2009.
To rehabilitate this historical bridge and to avoid potential litigation, RMS performed member
replacement on the deteriorated sections. The decision was found to be in union with the recommended
course of action provided by the system.
Table 5. Global Priorities of Different Major Strategies.
Alternative
Criteria
Service Life
Safety
Cost
Environmental Impact
Trafﬁc Disruption
Aesthetic Appeal
Overall Score

Weights/%

Splice Plates

Steel Plate
Strengthening

FRP
Strengthening

Partial Member
Replacement

13.76
45.81
26.27
4.53
6.63
2.99
100

3
4
3
3
2
2
336.16

4
4
2
3
2
2
204.37

4
4
3
4
3
3
364.07

5
5
2
3
1
4
382.57

8. Conclusions

The digital revolution and artiﬁcial intelligence have opened the door for smarter infrastructure.
Nowadays, scientists and practitioners have the technology to understand how a tunnel, a building,
a bridge, or a railway line is performing during its service life. This will lead to improved asset
management, as decision makers will know how to prioritise the assets and when, and how,
to manage it more competently. Application of decision support models for management of civil
infrastructure also enables more economic design, reduced costs and greater efﬁciencies, both in the
cost of construction and in the subsequent asset management costs, delivering beneﬁts to multiple
stakeholders [32].
Corrosion and fatigue can have a detrimental effect on the serviceability and structural lifespan of
a steel bridge. Corrosion caused by the oxidation of the iron can attack the structure and eventually
shrink the cross-sectional area of the member. It can also freeze joints which are assumed to be free

284

MDPI Books

Appl. Sci. 2017, 7, 168

to move, such as pins, bearings and hangers. Fatigue cracks initiating from high stress regions can
propagate through the members in the structure, essentially causing the member to loose cross-sectional
area. Both of these reduce the load carrying capacity of the bridge. This research has proposed
a decision system for the remediation of steel bridges based on multi-criteria analysis. The mechanism
of deterioration on steel bridges were investigated and identiﬁed and the remediation treatments
used for these deterioration mechanisms have been analysed. The decision system based on the
Simpliﬁed Analytical Hierarchy Process (S-AHP) has been proposed as the main model for strategy
selection. In this framework the eigenvector approach of the AHP is chosen for criteria weighting.
The S-AHP accounts for the uncertainty and complexity associated with the values representing the
relative importance while creating a sensitive evaluation of the consistency in judgments. The system
allows the user to deﬁne the beneﬁts of the criteria that are important to them, so that an appropriate
treatment can be found for the deteriorated structure. The system was then tested to ensure that the
model can be used in a practical environment.
One of the key strength of the system is that the main model can be applied to other types of civil
infrastructure such as dams, tunnels, pavements and buildings.
As a subsequent outcome of this study, several areas have been identiﬁed to require further
research and development, in order to improve the versatility and practical application of the system.
The recommendations for future study are to:

•

•

•

Extend the capabilities of the proposed system to consider impact damage, as this deterioration
mechanism is often encountered by engineers and bridge inspectors. This would further enhance
the usefulness of the system as an integrated leaning and accountability tool.
Incorporate relevant standards and procedures used during the rehabilitation process with the
recommendation. This would require the system to consider a broader range of site speciﬁc
constraints, to ensure all relevant policies were addressed. Additionally, the system would need to
be reviewed on a consistent basis to guarantee superseded standards and policies were updated,
to avoid possible litigation for misuse.
Recommend available materials for each concept that are compatible with the existing. This would
require additional information being entered into the system about the current bridge structure.
A review of these materials would need to be conducted on a regular basis to ensure they meet
current industry practice.

In summary, the DSS developed as part of this research offers reliable recommendations for the
selection of remediation concepts, in response to the deterioration of steel bridges. Thus, the system
can not only provide assurance to project stakeholders, but can be introduced as an accelerated
learning tool for novice engineers. Furthermore, should additional study in this area be conducted,
and the recommendations as above implemented, the DSS can become an effective tool to optimise the
strategies undertaken by road authorities, to counter increasing deterioration on aging steel bridges.
Acknowledgments: The authors would like to thank all the survey respondents including bridge asset managers,
and researchers for supporting this research. Their contribution was highly valuable and necessary in the
development of the decision support system.

Author Contributions: Maria Rashidi, Maryam Ghodrat and Bijan Samali designed and conceived the
methodology. Brett Kendall, Maria Rashidi and Chunwei Zhang performed the experiments and inspections.
All the authors have contributed to the analysis and preparation of the manuscript.
Conﬂicts of Interest: The authors declare no conﬂict of interest.

References
1.
2.

Mahmoud, K. Recent Developments in Bridge Engineering; CRC Press-Taylor and Francis Group:
Boca Raton, FL, USA, 2003.
Rashidi, M.; Lemass, B. A Decision Support Methodology for Remediation Planning of Concrete Bridges.
J. Constr. Eng. Project Manag. 2011, 1, 1–10. [CrossRef]
285

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

MDPI Books

Appl. Sci. 2017, 7, 168

Dabous, S.A.; Alkass, S. Decision Support Method for Multi-Criteria Selection of Bridge Rehabilitation
Strategy. Constr. Manag. Econ. 2008, 26, 881–891. [CrossRef]
Jiang, Y. The Development of Performance Prediction and Optimization Models for Bridge Management Systems;
Purdue University: West Lafayette, IN, USA, 1990.
Elbehairy, H.; Hegazy, T.; Elbeltagi, E.; Souki, K. Comparison of two evolutionary algorithms for optimisation
of bridge deck repairs. Comput. Aided Civ. Infrastruct. Eng. 2006, 21, 561–572. [CrossRef]
Yehia, S.; Abudayyeh, O.; Fazal, I.; Randolph, D. A decision support system for concrete bridge deck
maintenance. Adv. Eng. Softw. 2007, 39, 202–210. [CrossRef]
Kabir, G.; Sadiq, R.; Tesfamariam, S. A review of multi-criteria decision-making methods for infrastructure
management. Struct. Infrastruct. Eng. 2014, 10, 1176–1210. [CrossRef]
Zavadskas, E.; Liias, R.; Turskis, Z. Multi-attribute decision making methods for assesment of quality in
bridges and road construction: State of the art surveys. Balt. J. Road Bridge Eng. 2008, 3, 152–160. [CrossRef]
Ancich, E.; Brown, S.; Chirgwin, G.; Madrio, H. Fatigue Implications of Growth in Heavy Vehicle Loads and
Numbers on Steel Bridges; IABSE Symposium Report; IABSE: Bangkok, Thailand, 2009; pp. 11–44.
Callister, W.D.J. Materials Science and Engineering—An Introduction; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2007.
Maranian, P. Reducing Brittle and Fatigue Failures in Steel Structures; American Society of Civil Engineers:
Reston, VA, USA, 2010.
Schijve, J. Fatigue of Structures and Materials; Springer: Berlin, Germany, 2009.
Fajdiga, G.; Sraml, M. Fatigue Crack Initiation and Propagation Under Cyclic Contact Loading.
Eng. Fract. Mrch. 2009, 76, 1320–1335. [CrossRef]
Roberge, P.R. Corrosion Engineering Principles and Practice; The McGraw-Hill Companies, Inc.:
New York, NY, USA, 2008.
Kogler, R. Corrosion Protection of Steel Bridges: Steel Bridge Design Handbook; US Department of Transportation:
Washington, DC, USA, 2015.
RTA Bridge Inspection Procedure; Road and Trafﬁc Authority (RTA): Sydney, Australia, 2007.
Rashidi, M.; Samali, B.; Sharaﬁ, P. A new model for bridge management: Part B: Decision support system for
remediation planning. Aust. J. Civ. Eng. 2016, 14, 46–53. [CrossRef]
Agrawal, A.; Kawaguchi, A.; Chen, Z. Deteriration Rates of Typical Bridge Elementsin New York. ASCE J.
Bridge Eng. 2010, 15, 419–429. [CrossRef]
Crain, J.S.; Simmons, G.; Bennett, C.; Barrett-Gonzalez, R.; Matamoros, A.; Rolfe, S. Development of
a Technique to Improve Fatigue Lives of Crack-Stop Holes in Steel Bridges. Transp. Res. Board 2010, 1, 69–77.
[CrossRef]
Campbell,
F.
Elements
of
Metallurgy
and
Engineering
Alloys;
ASM
International:
Geauga County, OH, USA, 2008.
Sivasankar, B. Engineering Chemistry; The McGraw-Hill Companies, Inc.: New York, NY, USA, 2008.
Czarnecki, A.; Nowak, A. Time-Variant Reliability Proﬁles for Steel Girder Bridges. Struct. Saf. 2008, 30,
49–64. [CrossRef]
Schnerch, D.; Rizkalla, S. Flexural Strengthening of Steel Bridges with High Modulus CFRP Strips.
J. Bridge Eng. 2008, 13, 192–201. [CrossRef]
Lemass, B.; Charmichael, D. Front-End Project Management; Pearson Prentice Hall: Sydney, Australia, 2008.
Saaty, T. Response to Holder’s comments on the Analyic Hierarchy Process. J. Oper. Res. Soc. 1991, 42,
918–924. [CrossRef]
Saaty, T. Decision making—The Analytic Hierarchy and Network Processes (AHP/ANP). J. Syst. Sci.
Syst. Eng. 2004, 13, 1–35. [CrossRef]
Bello-Dambatta, A.; Farmani, R.; Javadi, A.; Evans, B. The Analytical Hierachy Process for Contaminated
Land Management. Adv. Eng. Inform. 2009, 23, 433–441. [CrossRef]
Ishizaka, A. Development of an Intelligent Tutoring System for AHP; University of Basel-Department of Business
and Economics: Basel, Switzerland, 2004.
Kim, S.; Song, O. A MAUT approach for selecting a dismantling scenario for the thermal column in KRR-1.
Ann. Nucl. Energy 2009, 36, 145–150. [CrossRef]
Valiris, G.; Chytas, P.; Glykas, M. Making Decisions Using the Balance Scorecard and the Simple
Multi-Attribute Rating Technique. Perform. Meas. Metr. 2005, 6, 159–171. [CrossRef]
286

31.
32.

MDPI Books

Appl. Sci. 2017, 7, 168

Rashidi, M.; Samali, B.; Sharaﬁ, P. A new model for bridge management: Part A: Condition assessment and
priority ranking of bridges. Aust. J. Civ. Eng. 2016, 14, 35–45. [CrossRef]
Cambridge Centre for Smart Infrastructure and Construction (CSIC). Innovation Brings Opportunities to Smart
Infrastructure; Cambridge Centre for Smart Infrastructure and Construction: Cambridge, UK, 2016.
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

287

Article

MDPI Books

applied
sciences

A Two-Step Strategy for System Identiﬁcation of Civil
Structures for Structural Health Monitoring Using
Wavelet Transform and Genetic Algorithms
Carlos Andres Perez-Ramirez 1 , Arturo Yosimar Jaen-Cuellar 1 , Martin Valtierra-Rodriguez 1 ,
Aurelio Dominguez-Gonzalez 1 , Roque Alfredo Osornio-Rios 1 ,
Rene de Jesus Romero-Troncoso 2 and Juan Pablo Amezquita-Sanchez 1, *
1

2

*

Faculty of Engineering, Autonomous University of Queretaro, Campus San Juan del Rio,
Rio Moctezuma 249, Col. San Cayetano, 76805 San Juan del Rio, Mexico;
cperez@hspdigital.org (C.A.P.-R.); ayjaen@hspdigital.org (A.Y.J.-C.); martin.valtierra@uaq.mx (M.V.-R.);
auredgz@uaq.mx (A.D.-G.); raosornio@hspdigital.org (R.A.O.-R.)
CA Telematica, División de Ingenierias Campus Irapuato Salamanca, University of Guanajuato,
Carr. Salamanca-Valle de Santiago Km. 3.5 + 1.8, 36885 Salamanca, Mexico; troncoso@hspdigital.org
Correspondence: jamezquita@uaq.mx; Tel.: +52-427-274-1244

Academic Editors: Gangbing Song, Chuji Wang and Bo Wang
Received: 16 November 2016; Accepted: 17 January 2017; Published: 24 January 2017

Abstract: Nowadays, the accurate identiﬁcation of natural frequencies and damping ratios
play an important role in smart civil engineering, since they can be used for seismic design,
vibration control, and condition assessment, among others. To achieve it in practical way, it is required
to instrument the structure and apply techniques which are able to deal with noise-corrupted and
non-linear signals, as they are common features in real-life civil structures. In this article, a two-step
strategy is proposed for performing accurate modal parameters identiﬁcation in an automated manner.
In the ﬁrst step, it is obtained and decomposed the measured signals using the natural excitation
technique and the synchrosqueezed wavelet transform, respectively. Then, the second step estimates
the modal parameters by solving an optimization problem employing a genetic algorithm-based
approach, where the micropopulation concept is used to improve the speed convergence as well as the
accuracy of the estimated values. The accuracy and effectiveness of the proposal are tested using both
the simulated response of a benchmark structure and the measurements of a real eight-story building.
The obtained results show that the proposed strategy can estimate the modal parameters accurately,
indicating than the proposal can be considered as an alternative to perform the abovementioned task.
Keywords: smart civil structures; modal parameter estimation; synchrosqueezed wavelet transform;
optimization problem; genetic algorithms; micropopulation

1. Introduction

Over the last years, retrieving information about the behavior of civil structures under different
scenarios is a task of paramount importance, since an inadequate design may not be able to stand the
normal vibrations produced by the operational conditions, causing economic, structural, and human
catastrophes. In this regard, the estimation of modal parameters, such as natural frequencies and
damping ratios, of civil structures has become an important tool because they can reﬂect their dynamic
behavior under natural and artiﬁcial excitations. Modal parameters are widely used in applications
such as seismic design for civil and earthquake engineering [1–3], vibration control [4], condition and
damage assessment [5–7], and development or update of analytical models [8,9]. Hence, their accurate
estimation allows providing more reliable and suitable information of the structure, improving the
performance and results of the aforementioned applications.
Appl. Sci. 2017, 7, 111
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In order to obtain the modal parameters of a civil structure, it must be excited either using
human-made equipment or naturally-produced vibrations. The former involves the utilization of
hammers, drop weight or shakers; however, the in-test structure must be closed in order to allow the
realization of the tests. Moreover, the energy available from these sources limits their utilization in
real-life structures. For these reasons, the utilization of natural sources (e.g., vibrations produced by
wind, traffic loadings, and small seismic waves) is usually preferred because: (i) they can properly excite
a civil structure regardless of its size; (ii) the normal operation is not interrupted; and (iii) they are the
typical vibrations that every civil structure is subjected during its service period [10]. In this regard,
as these types of sources are of a non-stationary nature, producing a noisier response than the one
obtained using human-made equipment, the modal parameter identification (MPI) becomes a challenging
task, since the noise levels compromise the results accuracy [11] if classical algorithms are employed.
During the last two decades, a branch of algorithms have been speciﬁcally designed for performing
the MPI of civil structures using ambient vibrations, including fast Fourier transform (FFT)-based
methods [12,13], the autoregressive model-based models [14,15], random decrement technique
(RDT) [16], natural excitation technique combined with the eigensystem realization algorithm
(NExT-ERA) [17,18], and stochastic subspace identiﬁcation (SSI) methods [19,20], among others.
Despite the excellent results obtained using the abovementioned techniques, some difﬁculties remain
unsolved. For example, FFT-based methods have problems when they process non-stationary and noisy
signals; further, the detection of closely-spaced modes is troublesome. The use of autoregressive models
requires an appropriate selection of the algorithm to estimate the model coefﬁcients, since the accuracy
of the estimated results relies on the coefﬁcients [21]. Regarding RDT, the accuracy of the technique
might be affected when non-stationary signals are processed [22]. On the other hand, although SSI and
NExT-ERA can deal better with noise-corrupted signals, the detection of closely-spaced modes usually
requires selecting a higher order in the estimated model, which might generate false or spurious
frequency components [23,24], making necessary the utilization of further stages to detect and separate
the real frequencies from the ﬁctitious ones.
In order to lessen the abovementioned difﬁculties, other advanced approaches such as the wavelet
transform (WT) and the empirical mode decomposition (EMD) have been explored to perform the
MPI of civil structures. WT has become an important tool in MPI, because it can be used to analyze
nonlinear and non-stationary signals, characteristics found in the measured signals [25,26]; however,
a carefully selection of the mother wavelet and its parameters must be done in order to ensure
a good time-frequency resolution. Moreover, it is sensitive to noisy signals [26]. On the other hand,
the EMD method is an adaptive scheme, which is designed to process nonlinear and non-stationary
signals according to the frequencies contented in the time-series signal. Its utilization, however,
is limited in the MPI because of the so-called mode mixing effect, which is the assignment of more than
one frequency to each frequency band, limiting the accurate estimation of the modal parameters [27].
Although different improvements to the EMD method have been proposed to mitigate this effect [27,28],
the developed techniques still have problems when they deal with noisy signals. From this point of
view, other signal processing techniques should be explored in order to perform the MPI in an accurate
and reliable way. MPI of real-life structures, especially large ones, is complicated; in fact, a single
computational technique may not be sufﬁcient. The works developed by [28–31] show that the
utilization of multi-paradigm approaches can lead to develop methodologies capable of dealing
with noisy signals, as well as to improve accuracy, efﬁciency, and stability of the resulting algorithm.
Recently, a methodology based on the utilization of the synchrosqueezed wavelet transform (SWT) in
combination with Hilbert transform (HT), and Kalman Filter (FK) is proposed for MPI [11]. The work
proposed in that article uses SWT to decompose the signal into its individual modes; then; for each
mode, and it is applied HT to obtain its instantaneous amplitude, which is used to estimate both the
natural frequency and damping ratio. It should be pointed out that the methodology has to make use of
KF in order to smooth the obtained instantaneous amplitude since any imperfection in this signal could
potentially cause a miscalculation of these values. KF requires setting different parameters to obtain
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the best possible result, making necessary to design a procedure to ﬁnd out these values, which change
depending on the nature of the sensors used to acquire the signal. Evidently, sometimes they can
be difﬁcult to reach in a practical way, thus deteriorating the accuracy and reliability of the modal
parameters value. For these reasons, it should be desirable to develop a new methodology that does
not require designing calibration procedures to ensure the best possible result, and also to improve
the accuracy of the modal parameters values. In particular, as the damping ratios usually have
a very small value, the accurate estimation of the damping ratio is a complicated issue [32]. In the
literature, many problems that involve the search and selection of the best-suited parameters for
speciﬁc models have been solved by means of optimization algorithms, where genetic algorithms (GA)
have demonstrated to be an efﬁcient tool for solving these problems [33].
Taking advantages of the multi-paradigm approaches, this paper proposes a new methodology
based on the utilization of the SWT fused with GA to identify natural frequencies and damping ratios
of civil structures. In general, it uses two steps to estimate the modal parameters of civil structures.
In Step 1, the mode extraction is performed by using the NExT and SWT algorithms, where NExT
converts the measured response into a free-decay one and SWT decomposes the converted signal into
its fundamental components. In Step 2, the natural frequencies and damping ratios of every mode are
calculated using a GA-based approach, where a fusion of novel objective functions for the estimation
of natural frequencies and damping ratios is proposed. It is worth noting that the appropriate selection
of the search space and the utilization of the micropopulation concept will reduce the required time to
estimate the optimal solution, allowing its obtaining in a practical way. In order to validate the efﬁcacy
and performance of the proposed methodology, two study cases are carried out. For the ﬁrst one, the
benchmark of the International Association for Structural Control American Society of Civil Engineers
Structural Health Monitoring (IASC-ASCE SHM) Task Group, which consists of a four-story 2 × 2 bay
3D steel frame structure is used, where the simulated response obtained from a ﬁnite element analysis
(FEA) model is processed to obtain its modal parameters. The obtained results are compared with
other methodologies [11,34,35]. Regarding the second study case, the real measurements obtained
from an eight-story steel frame subjected to white noise input in a shaking table test are also processed
to estimate its modal parameters.
2. Methodology

Figure 1 shows a schematic diagram of the proposal to perform the MPI of civil structures.
The proposal is based on two steps. In Step 1, the measured vibration signal is converted in
a free-decay response and separated into individual mono-components using the NExT and SWT
methods, respectively. In Step 2, the natural frequency (NF) and damping ratio (DR) of each individual
component is calculated in an automatic manner using an optimization scheme solved by a GA-based
approach. The fundamental concepts of the aforementioned techniques and their use in the proposal
are described in the following subsections.

Figure 1. Proposed methodology block diagram (GA, genetic algorithms).
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NExT method was proposed by James et al. [36] to estimate and extract the response (a free-decay
one) produced broadband dynamic excitations using the acquired response samples. It presents
a slightly improved capability to deal better with noisy signals, which allows obtaining better free-decay
responses unlike random decrement technique [37]. For this reason, NExT method has been employed
in this work and in several applications, such as health monitoring [38–40]. This method assumes
that any civil structure, subjected to broadband signals as excitation source, can be represented by the
following motion equation:
..
.
M R xy (τ) + C R xy (τ) + KR xy (τ) = 0
(1)
where M, C, and K are the mass, damping, and stiffness matrices, respectively; x and y are the
measurement positions. Analyzing the aforementioned equation, it is seen that the cross-correlation
..
function R xy (τ) fulﬁlls the homogenous equation of motion; hence, it can be treated as the free-damped
..

response of the structure. R xy (τ) is estimated by using the following equation:
..

R xy (τ) =

1 N
x [n]y[n − k]
N n∑
=0

(2)

where x and y are the reference signal and the in-test signal, respectively, N is the length of the signals,
and k is the variable index that goes from 0 to 2N −1.
2.1.2. Mode Extraction
..

Once the free-decay vibration of measured signal, R xy (τ), is obtained using the NExT method,
the SWT is employed to decompose it in its individual mono-components, xi (t), which correspond
to the excited modes of the analyzed structure. SWT is capable of analyzing nonlinear, transient,
and non-stationary signals. Further, it has been proven to be a reliable tool to detect components in
highly noisy environments without compromising the quality of the retrieved individual modes [11,41].
In general, the SWT of a time signal is obtained in four steps [42]. Firstly, the continuous WT
(Wf (a,b)) of the signal is calculated; secondly, using the obtained wavelet coefﬁcients, the phase
transform, ωf , is employed to estimate the instantaneous frequency of the in-test signal by means of:

ω f ( a, b) =

⎧
⎪
⎨





W f ( a, b) > 0




W f ( a, b) = 0

− j ∂[W f ( a,b)]
∂b
W f ( a,b)

⎪
⎩ ∞

(3)

where Wf , a, and b are the wavelet coefﬁcient, scale and time offset, respectively. Later, the calculated
wavelet coefﬁcients Wf (a,b) are reassigned to the time-frequency domain. Hence, every point (a,b) is
converted to another point (ωf (a,b),b) using an operator named synchrosqueezed (Tf ). This operation
allows enhancing the frequency location and is deﬁned as:
T f (ωl , b) = Δω−1

∑

ak :ω f ( a,b)∈[ωl −Δω/2,ωl +Δω/2]

W f ( ak , b) ak−3/2 (Δa)k

(4)

where Δω = ωl − ωl −1 and Δa = ak − ak −1 .
Finally, each individual mono-component, xi (t), of the original signal, detected in the previous
step, is recovered as follows:
!
−1
Re
xi (t) = 2Rψ
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−1
where Rψ
is a constant calculated as:

Rψ =

 ∞
ψ̂(ξ)
0

ξ
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(6)

dξ

where ψ is the wavelet mother selected and ˆ denotes the Fourier transform of ψ. An in-depth
explanation of SWT can be found in [42]. It should be pointed out that if the frequency value of the
mode is desired, tools like the Fourier or Hilbert Transforms must be used [11].
2.2. Step 2: Modal Parameters Identiﬁcation

Once divided the time signal into its fundamental modes or mono-components using SWT,
a mathematical expression, which describes the behavior of each obtained mode is necessary.
The obtained mono-components present a free-decay response; hence, the following equation can
be used:
)
*

xi (t) = Ai e−2πζi f i t cos 2π f i

1 − ζ2i t

(7)

where Ai , fi , and ζi are the amplitude, frequency and damping ratio values of the i-th mode, respectively.
In general, the search of these parameters for modeling a real signal can be solved by proposing
an optimization scheme.
GA is one of the most employed methods to solve optimization problems, since global optimal
solutions can be found [30]. A ﬂow chart of the stages required for implementation of the GA is shown
in Figure 2. In Step 1, the initial population is generated, usually randomly, to ensure a diversity of
potential solutions. In Step 2, the population is evaluated in one or more objective functions in order
to ﬁnd the best individuals and their ﬁtness values, which are used in the next Step 3. In this step,
it is checked if the population fulﬁlls the criterion established to end the algorithm execution. If the
population cannot be considered as the solution, an additional step (Step 4) must be executed, where the
genetic operators (reproduction, crossover, and mutation) are applied to obtain a new population.
The reproduction employs the best individuals, which have the highest ﬁtness value, to be part of
the new population. On the other hand, the crossover operation uses the current best individuals
to create new ones employing several crossover points, at the same position in the used individuals.
The delimited parts are swapped to create the new individuals. A crossover probability value is used to
select the order of swap. Finally, the mutation modiﬁes speciﬁc position values according to a mutation
probability value. It should be noticed that the abovementioned operators manipulate the individuals
in bit manner, i.e., the operations are performed in a bit-to-bit basis. Once the new population is
created, they are evaluated and tested until the stop criterion is reached. When the algorithm ﬁnalizes
its execution, the ﬁnal population is designated as the problem solutions (Step 5).

Figure 2. Flow chart of the GA execution.
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GA uses many potential solutions or individuals, usually about 100, to estimate the solution [43].
This can produce a low convergence speed in the best scenario, or can cause a premature convergence
or stagnation, which means that the estimated value is close enough to the solution (not an optimal
solution); but its value does not change through the generations [33]. In order to lessen the
abovementioned limitations, the concept of micro-GA has been presented by [44], which consists of
utilizing a very small population, usually four or ﬁve individuals per generation [45]. This allows
ensuring that the used time to evaluate the population is less than the required by the classical GA;
further, the convergence and the diversity required are guaranteed by using the same operators than
the classical GA. For this reason, micro-GA is used in this work.
Figure 3 illustrates the graphical description of the micro GA-based approach proposed for
performing the MPI. Employing the advantages of micro-GA, in this work, four individuals are used
since they provide an adequate compromise between diversity and computational time required to
ﬁnd the solution. On the other hand, the design space, i.e., the values that the natural frequencies and
damping ratios can take, is also set. Table 1 summarizes the range of possible values for both the natural
frequency and damping ratios, which will be estimated by the proposed micro-GA scheme. It should
be noticed that in these ranges the natural frequencies and damping ratios values of civil structures
can be found [46]. Thus, this range will allow obtaining the optimal solutions. Each individual has
a length of 32 bits, the ﬁrst 16 bits are used for the candidate natural frequency, whereas the last 16 bits
contain the candidate damping ratio. The initial values of the population are generated randomly,
ensuring that they are in a normal distribution in order to guarantee a diversity of potential solutions.

Figure 3. Proposed micro-GA scheme for the modal parameter identiﬁcation (MPI).
Table 1. Range of values used for every modal parameter.
Modal Parameter

Minimum Value

Maximum Value

Natural Frequency (Hz)
Damping Ratio (%)

0.01
0.01

100
20

Once generated the initial population, the next step is to evaluate their performance.
Recalling Equation (7), it is observed that the produced signal depends of two variables: frequency and
damping ratio. The amplitude of each mode is taken as the ﬁrst value of the recovered signal,
which corresponds with the maximum amplitude of signal. Therefore, it is necessary to use different
functions to evaluate the impact of the subtle changes in the values of frequency and damping ratio in
the ﬁnal solution. For evaluating the natural frequency value, the following equations are proposed:
f 1 = corr (ym , y)
f 2 = corr ( gm , g)
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(10)

where f 1 represents the correlation of each mono-component estimated by the micro-GA (ym ) using
Equation (7) and by SWT (y); and f 2 is the correlation of the envelopes of each mono-component
obtained by the micro-GA (gm ) and by SWT (g). The envelope of each signal is obtained as follows:

g=

y2 + y2h

(11)

where yh is the Hilbert Transform of y [47]. Finally, f 3 represents the histograms difference of the
signals y and ym .
It is important to mention that the correlation measures the similarity between two signals and
the histogram gives the shape and distribution of the signal. Therefore, the combination of these
equations provides useful information for the detection of the subtle changes that are produced when
the estimated values are close to their exact counterparts. For this reason, the following objective
function is proposed to optimize the natural frequency value:
J1 = w1 f 1 + w2 f 2 + w3 f 3

(12)

where w1 , w2 , and w3 are ponderation weights used to set a level of importance of each function, fi ,
of the objective function. It was found, from previous experimentations, that 0.5, 0.45, and 0.05 for
w1 , w2 , and w3 , respectively, were the best values since they allow estimating the natural frequency
value with the lowest error, indicating that correlation between the two signals provides the most
information to obtain an accurate frequency value.
On the other hand, in order to evaluate the damping ratio value, the envelope of the in-test signal
and the one constructed are employed. Thus, the following evaluation function is proposed:
f = corr ( gm , g)
Therefore, Equation (13) allows setting the following objective function:
J2 = f

(13)

(14)

Once the obtained values with the proposed objective functions in Equations (12) and (14) are
evaluated, the next step is to verify the criterion for stopping the generation of new populations. In this
regard, it is used the maximization criterion of the objective functions, since it is desired to calculate
the highest correlation value, because it will indicate that the signal, constructed with Equation (7),
has the most resemblance with the mono-component obtained by SWT. If the criterion is not achieved;
then, it is necessary to create a new population based on the current one. To this purpose, the best
individual, the one that produces the signal with the highest correlation value with respect of the
in-test one, is used directly as the ﬁrst individual of the new generation. The other individuals are
created using the crossover operator with the best individual of the former generation and the two
remaining individuals. After investigating the number of different crossover points, the four-point
crossover is used in this paper with a small mutation probability value, since this value must reﬂect its
real-life counterpart [48,49]. Further, both the crossover and mutation probabilities are usually selected
according to the desired application [50]. In this work, it is found that 0.5 and 0.007 are the crossover
and mutation probability values that allow obtaining the best results. The abovementioned procedure
is repeated until no improvements of the correlation value in a certain value of iterations, and for each
retrieved mode by SWT. It should be pointed out that the combination of the abovementioned objective
functions, Equations (12) and (14), allows avoiding the utilization of schemes to smooth the envelop,
since it is only used for comparison purposes in the proposed approach, unlike the work presented
in [11], which uses it as a fundamental part of the estimation of the modal parameters formulas,
making the proposal inherently more robust to the aforementioned variations of the envelop form.
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The validation of the efﬁcacy and performance of the proposed methodology for identifying and
quantifying the modal parameters (NF and DR), the phase I of the benchmark problem developed by
the IASC-ASCE structural health monitoring task group is used [51]. It consists of a FE-based code
of a four-story 2 × 2 bay 3D steel frame constructed at the University of British Columbia (UBC),
located at Vancouver, the British Columbia, Canada. Figure 4 shows the overall dimensions of the
structure and the location of the sixteen sensors used to measure vibration data during the excitation.
The structure was excited using broadband input signals applied in both horizontal directions (x and y).
Using a sampling frequency of 1000 Hz, 20 s of the structure response were acquired resulting in
20,000 samples. Every mode has a damping ratio of 1%. The measured vibration response of sensors
7 (x-direction) and 6 (y-direction) are selected to carry out the analysis. Figure 5 depicts the acquired
signals in the x- and y-directions by the abovementioned sensors, respectively.

Figure 4. Benchmark structure used and the location of the used sensors.

Figure 5. Measured signals in the: (a) x- and (b) y-directions.

Following the proposed methodology, which is implemented in MATLAB, the measured vibration
signals of sensors 7 and 6 are converted to their free-decay response employing NExT method.
Recalling from Section 2, the method uses reference signals. Caicedo [52] suggests that these signals
should be far away of the in-test ones. In this regard, sensors 15 (x-direction) and 14 (y-direction)
fulﬁll with the aforementioned suggestion and, hence, they are used as the references. In this example,
only 2000 samples of obtained signal are selected because they allow obtaining the free-decay response
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correctly; thus, the original signal transformed to a new signal of 2.0 s. Figure 6 shows the obtained free
responses for the x- and y-directions. Then, the obtained free-decay responses in the x- and y-directions
are separated in individual modes using the SWT, each with a single frequency corresponding to
one modal response. The Gaussian wavelet is employed as wavelet mother since it provides the best
time-frequency resolution [11].

Figure 6. Estimated free damped response in the: (a) x- and (b) y-directions.

Once the individual modes using the SWT are obtained, the natural frequencies and damping
ratios are calculated using the micro-GA approach. Figures 7 and 8 illustrate the convergence graphs
for the NF, DR, and correlation value for the x- and y-direction, respectively. It is seen that the estimated
values reach the optimal solution when the correlation values are 0.9, indicating that modes estimated
by SWT-micro-GA scheme are remarkable similar to the ones extracted by SWT. Further, it is seen
that for all the modal parameters, their values are reached within 80 generations, indicating that
the convergence rate is fast, making evident that the proposed objective functions, along with the
micropopulation concept, allows increasing the convergence rate. A graphical illustration of the
similarities is shown in Figure 9, where it is conﬁrmed in a visual way that both modes are very similar.

Figure 7. Convergence graphs of the: (a) natural frequency; (b) damping ratio; and (c) correlation value
for the x-direction modes.
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Figure 8. Convergence graphs of the: (a) natural frequency; (b) damping ratio; and (c) correlation value
for the y-direction modes.

Figure 9. Estimated modes by the GA-based approach in the: (a) x- and (b) y-directions.

Table 2 summarizes modal parameters calculated using the proposal and the ones estimated
by the FEA model. Additionally, the estimated natural frequencies and damping ratios using the
methodologies proposed by Li et al. [34], Amini and Hedayati [35], and Perez-Ramirez et al. [11]
are presented. In general, the results presented in this table show that the proposal can identify and
estimate the ﬁrst eight modes detect by the FEM model in an accurate way. In particular, the NF value
is very close to the theoretical one, as the maximum deviation is found to be about 0.5%. These results
show that the objective function, described by Equation (12), can be considered as an adequate
maximization function. On the other hand, the results obtained by Perez-Ramirez et al. [11] and
Li et al. [34] show that the same eight NF are also found with their proposals. It is worth noting
that the former uses the complex mode indicator function as a signal processing tool; however,
the maximum deviation was found to be about of 23%, indicating that this function may not be able
to deal with noisy and time-variant signal properly. On the contrary, the results estimated by the
former show that this methodology can be considered as accurate, as the deviations are quite similar
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to the ones obtained by the proposal. Even when the maximum deviation (0.33%) is lower than the
one obtained with this proposal, more NF modes have a signiﬁcant lower deviation compared with
the aforementioned methodology. The work reported by Amini and Hedayati [35] use the sparse
component analysis, a blind source separation technique, to analyze the response. It is evident that
they cannot estimate the third NF of the y-direction. By the presented results, it is seen that this
methodology cannot be considered as accurate, as the maximum deviation is higher than 10%. It is
important to mention that they only analyze the y-direction; hence, the other four natural frequencies
of the x-direction are not considered.
In addition, the obtained results allow to afﬁrm that the damping ratios values estimated
by the proposal are more accurate than the ones calculated by Amini and Hedayati [35] and
Perez-Ramirez et al. [11], since a maximum error for the proposal and the other two works are: 6%,
12% and 15%, respectively. In particular, the proposal outperforms the methodology of the former
reference by achieving an error reduction of over 50%. This reduction can be achieved as the proposal
uses the envelope values in a qualitative way, that is, how similar are the two envelopes, making them
inherent more robust to any slightly spike that can be presented. On the contrary, the methodology
of Perez-Ramirez et al. [11] is more susceptible to these spikes, as the value is an integral part of
the equations used to obtain the DR value. It can be seen that the approach used by Amini and
Hedayati [35], show that the used methodology can successfully estimate the DR with a reasonable
accuracy, indicating that their methodology has a better performance to estimate the aforementioned
values. The main objective of Li et al. [34] is to ﬁnd the best FE-based model; thus, the authors
do not estimate the damping ratios of structure. From these works, it is evident that the ones that
use multi-paradigm approaches lead to better estimations of the modal parameters. Further, it is
worth noting that Su et al. [53] mentioned that for obtaining an accurate value, it should be present
a maximum error of 2% and 20% for natural frequency and damping ratio, respectively. In this regard,
the proposed methodology contributes to demonstrate the abovementioned statement, as the obtained
results can be considered as accurate.
In summary, the obtained results demonstrate that the proposal is an excellent tool to identify and
quantify the NF and DR. This is proven as the errors between the obtained values and the theoretical
counterparts do not exceed 0.5% and 0.6%, respectively. Moreover, the validity of the proposed
objective function is also demonstrated, as the correlation value of the estimated modes compared to
the original ones is higher than 0.9.
Table 2. Identiﬁed modal parameters of the benchmark structure shown in Figure 4. (FEA: ﬁnite
element analysis.)

Mode (Direction)
1 (y)
2 (x)
3 (y)
4 (x)
5 (y)
6 (y)
7 (x)
8 (x)
Mode (Direction)
1 (y)
2 (x)
3 (y)
4 (x)
5 (y)
6 (y)
7 (x)
8 (x)

Natural Frequency (Hz) (Error %)
FEA

Li et al. [34]

Amini and Hedayati [35]

Perez-Ramirez et al. [11]

New Methodology

9.410
11.79
25.54
32.01
38.66
48.01
48.44
60.15

8.48 (9.88)
9.03 (23.41)
23.07 (9.67)
25.45 (20.49)
36.32 (6.05)
41.81 (12.91)
46.57 (3.86)
56.09 (6.75)

10.62 (12.86)
25.39 (0.59)
47.97 (0.08)
-

9.407 (0.03)
11.82 (0.20)
25.55 (0.03)
31.95 (0.20)
38.61 (0.13)
47.97 (0.08)
48.50 (0.10)
60.35 (0.33)

9.39 (0.21)
11.72 (0.59)
25.59 (0.20)
32.03 (0.06)
38.67 (0.03)
48.05 (0.08)
48.65 (0.44)
60.16 (0.02)

FEA

Li et al. [34]

Amini and Hedayati [35]

Perez-Ramirez et al. [11]

New Methodology

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

-

1.03 (3)
0.88 (12)
0.90 (10)
-

0.90 (10)
0.96 (4)
0.88 (12)
0.85 (15)
0.86 (14)
1.04 (4)
1.0 (0)
1.10 (10)

1.02 (2)
1.06 (6)
0.98 (2)
0.94 (6)
1.01 (1)
0.95 (5)
1.0 (0)
1.04 (4)

Damping Ratios (%) (Error %)

298

4. Application to an Eight-Story Building

MDPI Books

Appl. Sci. 2017, 7, 111

In order to evaluate the performance of the proposed methodology under real-life conditions,
the eight-story steel frame experimental data are used to estimate its natural frequencies and damping
ratios. A graphical illustration of the structure is shown in Figure 10. The building has H-shaped
columns with dimensions of 1.5 m × 1.1 m × 9.44 m (width, length, and height). Additionally,
lead plates of 250 kg are piled on each ﬂoor; hence, each ﬂoor has a total mass of 325 kg. The base of the
building was subjected to white noise excitation in the long-span direction. This structure is located in
the National Center for Research on Earthquake Engineering, Taiwan, and is also used by Su et al. [53].
The responses were measured using eight velocity sensors distributed on the eight stories and located
at the center of each ﬂoor. The sensor employs a sampling rate of 200 Hz during 100 s, thus each signal
contains 20,000 samples. The measured vibration response of sensor 4 is used indistinctly to estimate
the modal parameters of the structure. Figure 11 depicts the signal measured by sensor 4.

Figure 10. General overview of the eight-story building analyzed.

Figure 11. Sensor used for estimating the modal parameters of the eight-story building.

Using the proposal, the acquired vibration data are transformed to the to free-damped vibration
form using NExT method. In an analogous way to the previous example, sensor 8 is used as the
reference signal to estimate the free-decay response, since this sensor is far away from selected sensor
4 to estimate the modal parameters of structure. In this case, sensor 8 satisﬁes this speciﬁcation
recommended by Caicedo [52]. In this example, 1000 samples signal are selected to estimate the
free-damped vibration form. This means that the original signal is converted to a new signal of 5.0 s,
as shown in Figure 12. This number of samples is sufﬁcient to estimate the free-damped form. Then,
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once obtained the free-damped response, it is processed by SWT in order to extract the individual
modes contained in the signal, which are illustrated in Figure 13.

Figure 12. Free-damped response estimated for the eight-story building.

Figure 13. Individual modes recovered by synchrosqueezed wavelet transform (SWT).

Finally, the micro-GA approach is used to obtain the natural frequencies and damping ratios of
extracted modes, obtained in the previous step, of the analyzed building. Table 3 presents the values
of estimated natural frequencies and damping ratios values using the proposal and FEA. Further,
the estimated modal parameters of eight-story steel frame using the methodologies proposed by
Su et al. [53] and Perez-Ramirez et al. [11] are also presented. It is observed that these methodologies
present similar results to the estimated by FEA model, which indicates that they can be considered
as accurate; however, it is important to mention that the methodology proposed by Su et al. [53]
requires calibration for each structure analyzed, limiting an automatic estimation of the parameters.
On the other hand, it is also seen a slightly difference between the estimated DR values using the
methodologies proposed by Su et al. [53], Perez-Ramirez et al. [11], and the values obtained with
the proposal. It should be noticed that for this case, there are no reference values for the DR; thus,
the comparison is performed in a qualitative way, that is, how similar are the values obtained with
the different methodologies. In general, it can be seen that the proposal obtains similar values
compared with those obtained by Su et al. [53]. The difference between the values obtained by
Perez-Ramirez et al. [11] and the proposal is due to that the KF still delivers a signal with some spikes
that affect its quality, deteriorating the estimated results by HT, as the mathematical operations used
for obtaining the value (a derivative) can be affected by the spikes, even a slightly one. On the contrary,
the proposed methodology demonstrates to be efﬁcient to perform the MPI of automatic manner,
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as neither requires the proper selection of the AR model number (Su et al. [53]) nor the ﬁne tuning of
the KF parameters (Perez-Ramirez et al. [11]).
Table 3. Estimated natural frequencies and damping ratios of the eight-story steel frame.
Natural Frequency (Hz)
Mode (Direction)
1
2
3
4
5
6

FEA

Su et al. [53]

Methodology Proposed by
Perez-Ramirez et al. [11]

2.01
6.49
12.38
19.80
26.46
34.36

2.11
7.00
12.86
19.15
25.89
33.42

2.10
6.98
12.84
19.14
25.90
33.39
Damping Ratio (%)

Mode (Direction)
1
2
3
4
5
6

FEA

Su et al. [53]

Methodology Proposed by
Perez-Ramirez et al. [11]

2.01
6.49
12.38
19.80
26.46
34.36

1.40
0.90
0.70
0.40
0.90
1.0

1.69
1.28
0.75
0.41
0.95
0.89

5. Conclusions

New Methodology
2.15
7.03
12.95
19.53
26.17
34.16

New Methodology
1.57
0.95
0.65
0.33
0.98
1.11

In this work, a new methodology based the utilization of an optimization algorithm, the micro-GA,
fused with SWT for detecting and estimating the natural frequencies and damping ratios values of civil
structures in an automatic manner is presented. In order to demonstrate the efﬁciency of the proposal,
two study cases are presented: (1) a benchmark problem, a numerical model selected from the literature
with aiming at comparison with other methodologies; and (2) a real-life eight-story building.
The results for the numerical simulation show that the presented methodology is effective in
detecting and quantifying the modal parameters of structure, since the obtained errors for natural
frequencies and damping ratios have a maximum value of 0.5% and 6%, respectively. This is conﬁrmed
since the proposed methodology detects all the modal parameters of the benchmark problem with
a remarkably improved accuracy, unlike the abovementioned methodologies, indicating that the
proposed novel objective functions that involve the use of the correlation, histogram, and envelope,
as well as its weights proved to be effective to solve the MPI. It is worth noting that the proposal
allows obtaining an error reduction of over 50% compared to the results presented in [11]. Particularly,
it should be pointed out that this proposal only uses the envelope in a quantitative way, i.e., to estimate
how similar is the proposed signal with the reference one, whereas the work presented in [11] uses the
envelope to directly estimate the modal parameters, making necessary the utilization of schemes to
smooth the envelope. On the other hand, by means of the micropopulation concept, the proposal also
demonstrated to be fast as only 80 generations were required to estimate the modal parameters values.
In the eight-story building example, the results show that the proposal is efﬁcient for identifying
and estimating the ND and DR values of the building using dynamic vibrations, a challenging routine,
as the measured signals can be time-varying or transient, as well as noisy, conﬁrming that proposed
objective functions are efﬁcient to deal with this task. Additionally, the results show that proposed
methodology does not require a previous knowledge of structure or an initial value or specialized
calibration for estimating the modal parameters with accuracy unlike the methodology proposed by
Su et al. [53].
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As a future work, it is necessary to explore the convenience to adapt the proposed methodology to
analyze the response of building that have adaptive capabilities, such as smart structures or structures
that deal with varying loads.
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Abstract: The 2016 Ecuador M 7.8 earthquake ruptured the subduction zone boundary between the
Nazca plate and the South America plate. This M 7.8 earthquake may have promoted failure in the
surrounding crust, where six M ≥ 6 aftershocks occurred following this mainshock. These crustal
ruptures were triggered by the high coulomb stress changes produced by the M 7.8 mainshock. Here,
we investigate whether the six M ≥ 6 aftershocks are consistent with the positive coulomb stress
region due to the mainshock. To explore the correlation between the mainshock and the aftershocks,
we adopt a recently published high-quality ﬁnite fault model and focal mechanisms to study the
coulomb stress triggers during the M 7.8 earthquake sequence. We compute the coulomb failure
stress changes (ΔCFS) on both of the focal mechanism nodal planes. We compare the ΔCFS imparted
by the M 7.8 mainshock on the subsequent aftershocks with the epicenter location of each aftershock.
In addition, the shear stress, normal stress, and coulomb stress changes in the focal sources of each
aftershock are also computed. Coulomb stress changes in the focal source for the six M ≥ 6 aftershocks
are in the range of −2.17–7.564 bar. Only one computational result for the M 6.9 aftershock is negative;
other results are positive. We found that the vast majority of the six M ≥ 6 aftershocks occurred in
positive coulomb stress areas triggered by the M 7.8 mainshock. Our results suggest that the coulomb
stress changes contributed to the development of the Ecuador M 7.8 earthquake sequence.
Keywords: Ecuador M 7.8 earthquake; ﬁnite fault model; coulomb failure stress; stress triggering;
focal mechanisms

1. Introduction

The 2016 M 7.8 earthquake occurred offshore of the west coast of Northern Ecuador, where
the plate boundary between the Nazca and the South America plates lies (Figure 1). During this
earthquake, at least 668 people were killed, and 27,732 people were injured. More than 7000 buildings
were destroyed, including most of the town of Pedernales and its surrounding urban areas [1].
The urban earthquake disaster is growing throughout the world and has become a serious problem in
developing countries. Unless earthquake monitoring is improved, subsequent aftershocks will have
more disastrous social and economic consequences [2]. Due to its unique geodynamic environment,
seven M > 7 earthquakes have occurred within 250 km of this event since 1900.
The M 7.8 mainshock was followed by six M ≥ 6 aftershocks, the largest being an M 6.9 aftershock
on 18 May about one month after the mainshock. The epicenter locations and focal mechanisms of
these aftershocks are consistent with the plate boundary subduction zone between the Nazca and the
South America plates.
Appl. Sci. 2017, 7, 88
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Figure 1. The epicentral region of the 2016 Ecuador M 7.8 earthquake. The earthquake occurred as
a result of shallow thrust faulting on the plate boundary subduction zone between the Nazca and
South America plates, where the Nazca plate subducts eastward beneath the South America plate with
a rate of 61 mm/year (modiﬁed from US Geological Survey (USGS) [3]).

In recent years, many seismology scientists worldwide have focused on coulomb stress triggering
and the correlation between the mainshock and subsequent aftershocks in an earthquake sequence.
Much research on large earthquake sequences has concluded that stress changes from the mainshock
affect the locations of subsequent aftershocks [4–6]. The coulomb stress triggering theory has been
proposed for evaluating aftershock hazards after great earthquakes. This theory implies that coulomb
stress changes due to a mainshock can promote nearby faults closer to failure stress and trigger
the occurrence of some aftershocks. It was thought that small coulomb stress changes can alter the
likelihood of earthquakes on nearby faults [7,8]. The occurrence of earthquake activity can be promoted
when the coulomb stress increases as little as 0.1 bar on a seismogenic fault [9,10]. Small positive
changes in coulomb stress due to an earlier mainshock can trigger subsequent earthquakes.
The coulomb stress change triggered by a mainshock has been widely studied to explore its
interaction with aftershock activities. Coulomb stress triggering of moderate-to-large earthquakes has
been observed in the US [4,11–13], in Europe [14–16], on the Sunda Trench [17–19], and in Japan [20–25].
However, in South America and Ecuador, the stress triggering theory has yet to be extensively
studied [26–28]. The 2016 Ecuador earthquake sequence provides a unique opportunity to test the
interaction between a large subduction earthquake that imparted coulomb stress changes and the
subsequent seismicity. In this study, based on the Coulomb 3.3 software [29] (3.3, USGS, Menlo Park,
CA, USA), which implements the elastic half space of Okada [30], we investigate the coulomb stress
triggering theory with the 2016 Ecuador M 7.8 earthquake sequence. Firstly, we collect the focal
mechanism solutions of six M ≥ 6 aftershocks from the USGS (US Geological Survey). Secondly,
we compute the coulomb stress changes on both nodal planes of these events. We determine the
regional stress direction from the principal axes. Thirdly, we compute the coulomb stress, normal
stress, and shear stress changes in the focal source of each M ≥ 6 aftershock. Our primary goal is to
ﬁnd the correlation between the coulomb stress changes and the spatial distribution of the following
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aftershocks. In addition, we want to determine whether the coulomb stress triggering theory can
explain the Ecuador M 7.8 earthquake sequence.
2. The Coulomb Stress Triggering Hypothesis
2.1. Coulomb Failure Criterion

The coulomb failure criterion is commonly adopted to quantify the effect of static stress change
on a fault plane. The trend of rocks to rupture in a brittle manner is considered to be a function of both
shear and conﬁning stresses, commonly formulated as the coulomb failure criterion [8]. A seismogenic
fault rupture permanently deforms the crustal medium and modiﬁes the tectonic stress ﬁeld, increasing
or decreasing the stress on nearby faults as a function of the location, geometry, and slip direction.
The coulomb failure stress (CFS) is deﬁned as follows [31]:
CFS = τ − s − μ(σn − p)

(1)

where τ is the shear stress along the fault plane (positive in the interred direction of slip). s is cohesion,
and μ is apparent friction coefﬁcient, which ranges from 0.6 to 0.8 for most intact rocks [31]. σn is the
normal stress on the fault plane, and p is the ﬂuid pressure, respectively. The coulomb failure stress
change can be deﬁned as follows:
ΔCFS = Δτ + μ Δσn
(2)

where Δτ is the shear stress change on a given failure plane (positive in the fault slip direction). Δσn is
the normal stress change (positive for fault unclamping or compression). μ = μ(1 − β) is the effective
coefﬁcient of friction, which includes the effects of pore pressure changes and generally ranges from 0
to 0.8. β is Skempton’s coefﬁcient, and the range is from 0 to 1. The previous study showed that the
μ is typically found to be around 0.4 (μ = 0.75, β = 0.47) for subduction zones [28]. Previous studies
have employed values of 0.2 ≤ μ ≤ 0.75 to compute coulomb stress changes and have discussed the
robustness of the obtained conclusion for different settings of apparent coefﬁcients of frictions [32–34].
In this paper, we investigated μ = 0.2, 0.4, 0.6, and 0.8, respectively. The computed results show
that there is no signiﬁcant differences, which is consistent with previous conclusions. A priori, the
models with μ = 0.4 can minimize the uncertainty, as discussed by King et al [8]. Here, we take the
computation results with μ = 0.4 for the following analysis and discussion. Positive values of the
coulomb stress change promote rupture and negative values inhibit rupture. It seems that the coulomb
stress increases as low as 0.1 bar can trigger the occurrence of subsequent aftershocks [7,8].
The coulomb stress change relies on the source model of an earthquake, the geometry, the slip
direction of the receiver fault (fault receiving stress from a mainshock), and the effective coefﬁcient of
friction. Here, we utilize this model to estimate how the Ecuador M 7.8 mainshock transferred stress in
the epicentral region. By assuming a Young's modulus of 8.0 × 105 bar and a Poisson’s ratio of 0.25,
we compute the coulomb stress change in an elastic half-space. The effective friction coefﬁcient is
0.4. We make two complementary computations. First, we resolve coulomb stress changes on both
nodal planes of each M ≥ 6 aftershock. Second, we compute the normal, shear, and coulomb stress
changes in the focal source of each M ≥ 6 aftershock. The coulomb failure stress changes, produced
by the Ecuador M 7.8 mainshock, is important for us to investigate the cause and mechanism of the
larger aftershocks.
2.2. Finite Fault Model

A more realistic ﬁnite fault failure model is critical for the following calculation of coulomb
stress changes. Here, we choose a variable ﬁnite fault model that was inverted from Global
Seismic Network (GSN) broadband waveforms by Gavin Hayes (Figure 2) [35]. This model can
be downloaded from https://earthquake.usgs.gov/archive/product/ﬁnite-fault/us20005j32/us/
1460878551639/web/20005j32_coulomb.inp. Distribution of the amplitude and slip direction for
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subfault elements of the fault rupture model are determined by the inversion of teleseismic body
waveforms and long period surface waves [36,37]. Gavin Hayes used GSN broadband waveforms
downloaded from the National Earthquake Information Center (NEIC) waveform server and analyzed
38 teleseismic broadband P waveforms, 9 broadband SH waveforms, and 53 long period surface
waves, selected based on data quality and azimuthal distribution. Waveforms were ﬁrst converted to
displacement by removing the instrument response and then used to constrain the slip history using
a ﬁnite fault inverse algorithm [38].
As shown in Figure 2, the different colors indicate the slip amount. The deeper the color, the greater
the amplitude of the slip. Arrows indicate the slip direction (of the hanging wall with respect to the
foot wall). For the M 7.8 mainshock, the strike of the fault rupture plane is 29◦ and the dip is 15◦ .
The rupture surface is approximately 70 km along the strike and 20 km in the dip direction. The seismic
moment release based upon this plane is 7.1e + 27 dyne.cm.
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Figure 2. The ﬁnite fault model of the M 7.8 coastal Ecuador earthquake (unit: m). It is subdivided in
15 patches along the strike and 16 patches along the slip. Each patch is 13 × 9 km2 . The blue line within
each patch represents the slip direction. The bar on the right indicates the slip amount of each patch.

3. Coulomb Stress Changes Computed on Nodal Planes

We present here the high-quality focal mechanism solutions of six M ≥ 6 aftershocks from USGS
(Table 1). All of the aftershocks are within the depth range of 0–50 km, bounded by 0.3◦ –0.9◦ N
latitude and 79◦ –81◦ W longitude. Based on the ﬁnite fault model of the M 7.8 mainshock inverted by
Gavin Hayes [35], we compute the coulomb stress changes on both nodal planes of each subsequent
aftershock in their rake directions (Figure 3). We simulate the M 7.8 mainshock as dislocations in
an elastic half-space and compute the resulting static stress changes. Our computational results are
precise in the near ﬁeld where the details of the slip distribution are critical. Correspondingly, the
details of the slip distribution in the far ﬁeld become less important than the total moment of the
earthquake and the average orientation of the rupture plane [39]. Coulomb stress changes exhibit a
lobed pattern of alternating positive and negative stress changes on the receiver fault planes or nodal
planes. The computation of coulomb stress changes on both of the nodal planes are a direct test of the
coulomb hypothesis.

308

2

2

2016-04-20, M6.2
Nodal plane: 181,79,82

1.5

1
Latitude (°)

Latitude (°)

1
0.5
0

(a)
-1.5
-82

-81.5

-81

-80.5 -80 -79.5
Longitude (°)

-79

-78.5

-1.5
-82

-78

2

2016-04-20, M6.0
Nodal plane: 199,79,97

Latitude (°)

Latitude (°)

0
-0.5

0
-0.5
-1

(c)

-1.5
-82

-81.5

-81

-80.5 -80 -79.5
Longitude (°)

-79

-78.5

2

2016-04-22, M6.0
Nodal plane: 187,74,86

1.5

Latitude (°)

Latitude (°)

0
-0.5

-81

-80.5 -80 -79.5
Longitude (°)

2016-04-22, M6.0
Nodal plane: 22,16,104

0.5
0
-0.5

-1

-1

(e)

-1.5
-82

-81.5

-81

-80.5 -80 -79.5
Longitude (°)

-79

-78.5

2

2016-05-18, M6.7
Nodal plane: 168,77,79

1.5

Latitude (°)

0

-81

0.5
0

-1

-1

-81

-80.5 -80 -79.5
Longitude(°)

-79

-78.5

-78

ȱ

-79

-78.5

-79

-78.5

-78

-78

(h)

(g)
-81.5

-80.5 -80 -79.5
Longitude (°)

2016-05-18, M6.7
Nodal plane: 29,16,130

-0.5

-0.5

-1.5
-82

-81.5

1

0.5

-78.5

(f)

-1.5
-82

-78

1
Latitude (°)

-81.5

1

0.5

-79

(d)

-1.5
-82

-78

1

2

-80.5 -80 -79.5
Longitude (°)

0.5

-1

1.5

-81

1

0.5

1.5

(b)

-81.5

2016-04-20, M6.0
Nodal plane: 346,13,58

1.5

1

2

0

-1

-1

1.5

0.5

-0.5

-0.5

2

2016-04-20, M6.2
Nodal plane: 38,13,127

1.5

MDPI Books

Appl. Sci. 2017, 7, 88

-1.5
-82

-78

Figure 3. Cont.

309

-81.5

-81

-80.5 -80 -79.5
Longitude (°)

-79

-78.5

-78

ȱ

2
1.5

2

2016-05-18, M6.9
Nodal plane: 183,76,85

1.5
1
Latitude (°)

Latitude (°)

1
0.5
0
-0.5

(j)

(i)
-81.5

-81

-80.5 -80 -79.5
Longitude (°)

-79

-78.5

-1.5
-82

-78

2

2016-07-11, M6.3
Nodal plane: 178,71,79

1.5

1

-81.5

-81

-80.5 -80 -79.5
Longitude (°)

2016-07-11, M6.3
Nodal plane: 29,22,119

1
Latitude (°)

Latitude (°)

0

-1

-1

1.5

0.5

-0.5

-1.5
-82
2

2016-05-18, M6.9
Nodal plane: 23,15,110

0.5
0
-0.5

0.5
0
-0.5

-1

-1

-81.5

-81

-0.8

-80.5 -80 -79.5
Longitude (°)

-0.6

-79

-0.4

-78.5

-1.5
-82

-78

-0.2

-79

-78.5

-79

-78.5

-78

ȱ

(l)

(k)
-1.5
-82

MDPI Books

Appl. Sci. 2017, 7, 88

0

0.2

-81.5

-81

0.4

-80.5 -80 -79.5
Longitude (°)

0.6

0.8

-78

ȱ

ȱ

Figure 3. Illustration of coulomb stress changes on both nodal planes of six M ≥ 6 aftershocks
triggered by the 2016 Ecuador M 7.8 earthquake based on Gavin Hayes’s ﬁnite fault model (unit: bar).
(a) 2016-04-20, M 6.2, Nodal plane: 181,79,82, Depth: 11.5 km; (b) 2016-04-20, M 6.2, Nodal plane:
38,13,127, Depth: 11.5 km; (c) 2016-04-20, M 6.0, Nodal plane: 199,79,97, Depth: 11.0 km; (d) 2016-04-20,
M 6.0, Nodal plane: 346,13,58, Depth: 11.0 km; (e) 2016-04-22, M 6.0, Nodal plane: 187,74,86, Depth:
11.5 km; (f) 2016-04-22, M 6.0, Nodal plane: 22,16,104, Depth: 11.5 km; (g) 2016-05-18, M 6.7, Nodal
plane: 168,77,79, Depth: 16.0 km; (h) 2016-05-18, M 6.7, Nodal plane: 29,16,130, Depth: 16.0 km;
(i) 2016-05-18, M 6.9, Nodal plane: 183,76,85, Depth: 35.5 km; (j) 2016-05-18, M 6.9, Nodal plane:
23,15,110, Depth: 35.5 km; (k) 2016-07-11, M 6.3, Nodal plane: 178,71,79, Depth: 25.5 km; (l) 2016-07-11,
M 6.3, Nodal plane: 29,22,119, Depth: 25.5 km.

Figure 3 illustrates the coulomb stress changes triggered by the M 7.8 mainshock on both nodal
planes of the six M ≥ 6 aftershocks. As illustrated in Figure 3, the stress ﬁeld ﬁgures for each aftershock
are completely different because two different nodal planes are represented. Each ﬁgure shows the
characteristic areas of coulomb stress increases and areas of coulomb stress decreases caused by the
M 7.8 mainshock. The distributions of the six M ≥ 6 aftershocks are consistent with these stress change
patterns. Rises in coulomb stress appear to be sufﬁcient to trigger aftershock events, while coulomb
stress reductions effectively inhibit them. Among the six M ≥ 6 aftershocks, ﬁve of the hypocenters
plotted fall in regions of positive stress changes. Conversely, only one hypocenter falls within the
stress shadow of the mainshock, as shown in Figure 3i. Overall, we observe that the vast majority of
the aftershocks undergo positive coulomb stress change, which would promote or trigger rupture.
These ﬁndings suggest that the M 7.8 mainshock may have triggered the six M ≥ 6 aftershocks.
It should be noted that the focal mechanism solutions display geometry similar to the six M ≥ 6
aftershocks. Small uncertainties could remarkably affect the computation results. Therefore, we explore
the coulomb stress change on the focal mechanism solutions given by USGS. We assume that each
M ≥ 6 aftershock has a focal mechanism solution consistent with the regional tectonic stress ﬁeld.
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In this section, to further test whether the M 7.8 mainshock triggered subsequent aftershocks,
we also examine the shear, normal, and coulomb stress changes in the focal source for each M ≥ 6
aftershock. The coulomb stress changes in the focal source more accurately test the stress triggering
effect. Here, we present the USGS data to compute the coulomb stress change caused by the M 7.8
mainshock. As shown in Table 1, there is no obvious feature for the shear stress and normal stress
calculation results. However, for the coulomb stress, the majority of the calculation results was positive,
except for the result of the M 6.9 aftershock on the nodal plane: 183,76,85, which agrees well with
the result in Section 3. For the other ﬁve M ≥ 6 aftershocks, the coulomb stress changes on both fault
planes increased at varying degrees. We computed that the M 7.8 mainshock increased the coulomb
stress in the focal source of ﬁve M ≥ 6 aftershocks by at least 0.1 bar. Although some of the coulomb
stress changes are probably too small to cause subsequent aftershocks, these coulomb stress changes
can promote failure if the fault is already near failure or an advance future earthquake occurrence
if it is not. The results indicate that the majority of the M ≥ 6 aftershocks were triggered by the
coulomb stress caused by the M 7.8 mainshock slip. Few M ≥ 6 aftershock occurred where the stress is
computed to have dropped.
Table 1. The basic parameters of the M ≥ 6 aftershocks and stress change calculation results.
Stress Change (Bar)

Date

Aftershock

Latitude
Longitude

Depth
(km)

Strike Dip
Rake (◦ )

Shear

Normal

Coulomb

20 April

M 6.2

0.639
80.210

11.5

181,79,82
38,13,127

6.458
6.477

2.766
−0.260

7.564
6.373

20 April

M 6.0

0.708
80.035

11.0

199,79,97
346,13,58

3.006
3.015

−2.104
0.119

2.164
3.062

22 April

M 6.0

0.292
80.504

11.5

187,74,86
22,16,104

2.022
2.041

3.688
−0.485

3.497
1.847

18 May

M 6.7

0.426
79.790

16.0

168,77,79
29,16,130

−2.249
−2.175

13.871
5.837

3.299
0.159

18 May

M 6.9

0.495
79.616

35.5

183,76,85
23,15,110

−1.711
−1.739

−1.149
6.251

−2.170
0.762

11 July

M 6.3

0.581
79.638

25.5

178,71,79
29,22,119

−1.465
−1.449

1.030
−1.123

1.053
1.898

5. Discussion and Conclusions

Based on the seismic stress triggering theory and elastic dislocation theory, we compute the
coulomb stress changes on two inferred rupture planes according to the focal mechanism solutions of
each M ≥ 6 aftershock. The computation results show that the vast majority of the M ≥ 6 aftershocks
occurred within areas of coulomb stress increases (>0.1 bar). Based on the focal mechanism solutions
from USGS, we also computed the coulomb stress changes in the focal source of each aftershock.
These possible coulomb stress changes are greater than the threshold of coulomb stress triggering
(0.1 bar). As shown in Table 1, the majority of the coulomb stress calculation results is positive,
except for the result for the M 6.9 aftershock on the nodal plane: 183,76,85. For the other ﬁve M ≥ 6
aftershocks, the coulomb stress changes on both fault planes increased at varying degrees. Among
them, the maximum increase reached 7.564 bar and the minimum increase was 0.159 bar. Thus,
the M ≥ 6 aftershock distribution is well explained by the seismic coulomb stress changes caused by
the Ecuador M 7.8 mainshock.
In this study, the coulomb stress triggering among the Ecuador M 7.8 mainshock and subsequent
M ≥ 6 aftershocks was investigated. It should be noted that there is much randomness and uncertainty
as regards the time and location of an earthquake. Data and model uncertainties are still the biggest
obstacle in determining quantitatively whether coulomb stress triggered the subsequent aftershocks.
These uncertainties include the ﬁnite fault model, earthquake distribution, focal depth, and focal
mechanism solutions. The nodal plane uncertainties add random noise to the stress change estimates
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and systematically reduce a potentially large coulomb index [11]. It is difﬁcult to perfectly explain the
complex geological phenomenon by only the coulomb stress triggering hypothesis. The original aim
of this study is to provide a more reliable seismic hazard assessment in the Ecuador earthquake zone
by considering the interaction of the earthquake sequences.
In this paper, it should be noted that we only adopted one ﬁnite fault model inverted
from GSN broadband waveforms to compute the coulomb stress changes. However, the source
model has much inherent uncertainty due to input data errors, model assumptions, and model
estimation procedures [40]. Slip models using rectangle sub-faults artiﬁcially cause anomalous stress
concentration along the edge of each sub-fault, which will affect the coulomb stress computation
results. These uncertainties from the source model have yet to be fully studied. We attempted to
approach source model uncertainties by considering multiple source models for the 2015 Nepal
M 7.8 earthquake [41]. With the set of ﬁnite fault source models of the June 2000 M 5.9 Kleifarvatn
earthquake, Woessner propagated correlated fault model uncertainties to determine uncertainties
of coulomb failure stress change calculations [40]. In terms of the Ecuador M 7.8 earthquake, some
limitations apply to our uncertainty and robustness analysis. The most important factor is the lack of
reliable source models for this earthquake. Second, the fault model uncertainties should be regarded
as a lower-bound estimate of the true uncertainties, as uncertainties in the modeling procedure are
included via the global optimization procedure by Sudhaus [42].
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Abstract: Welded beam-to-column connections of high-rise steel structures are susceptive to fatigue
damage under wind loading. However, most fatigue assessments in the ﬁeld of civil engineering are
mainly based on nominal stress or hot spot stress theories, which has the disadvantage of dependence
on the meshing styles and massive curves selected. To address this problem, in this paper, the
equivalent structural stress method with advantages of mesh-insensitive quality and capability of
unifying different stress-life curves (S-N curves) into one is introduced to the wind-induced fatigue
assessment of a large-scale complicated high-rise steel structure. The multi-scale ﬁnite element model
is established and the corresponding wind loading is simulated. Fatigue life assessments using
equivalent structural stress method, hot spot stress method and nominal stress method are performed,
and the results are veriﬁed and comparisons are made. The mesh-insensitive quality is also veriﬁed.
The results show that the lateral weld toe of the butt weld connecting the beam ﬂange plate and the
column is the location where fatigue damage most likely happens. Nominal stress method considers
fatigue assessment of welds in a more global way by averaging all the stress on the weld section
while in equivalent structural stress method and hot spot method local stress concentration can be
taken into account more precisely.
Keywords: welded beam-to-column connections; wind-induced fatigue; equivalent structural stress
method; multi-scale

1. Introduction

Wind loading is a major loading to high-rise structures, which not only causes vibration but
may bring about fatigue problems as well, for the ﬂuctuating wind as a random loading can be
regarded as a sort of cycle loading for high-rise structures and may cause fatigue crack initiation in
components where large stress concentration exists and ﬁnally leads to fatigue failure. Several cases of
wind-induced fatigue failure of steel mast structures have been found in history [1]. As to high-rise steel
frame structures whose beam-to-column connections are mostly welded and local stress concentration
inevitably exists, fatigue cracks are prone to initiate near welded joints in beam-to-column connections,
which certainly brings potential danger of fatigue failure.
At present, fatigue life assessments in the ﬁeld of civil engineering are mainly based on nominal
stress or hot spot stress theories. For example, Repetto [2–4] selected several types of mast structures,
including telegraph poles and lamp-posts, and, by considering the changing wind speed and wind
direction simultaneously, performed fatigue assessment of along-wind and crosswind response effect
Appl. Sci. 2017, 7, 71
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on structures from the frequency domain and time domain, respectively. Jia [5,6] presented a practical
and efﬁcient approach for calculating wind-induced fatigue of tubular structures and studied the
effects of the wind direction and wind grid size on the high cycle fatigue of the structure. However,
the fatigue assessment of welded joints based on nominal stress and hot spot stress methods cannot
accurately consider the effect of the notch effect, which is a strong stress concentration near notch roots
or notch toes. As a result, many new methods and concepts based on local stress have been introduced
into practical engineering structures. Righiniotis [7] used the theory of critical distances (TCD) to
perform fatigue analysis of a riveted railway bridge by a global–local FE (Finite element) model.
Sonsino [8] applied notch stress concept for several engineering structures including MAG-welded
offshore K-nodes, sandwich panels for ship decks, spot-welded automotive doors and MAG-welded
automotive trailing links.
However, the drawbacks of the methods stated above are very clear. In nominal stress, joints are
classiﬁed into various joint types and each type owns a design S-N curve, which inevitably confuse
engineers when selecting the accurate curve, while in hot spot stress and local stress, the results are
largely dependent on the meshing style, which will bring high requirement of meshing density and
thus exhaust massive computing resources and time, especially in large scale complex structures.
Therefore, the desire to establish a mesh-insensitive method capable of unifying various curves into
one single curve has received considerable attention. The equivalent structural stress method is the
ideal combination of these two advantages.
In this paper, the equivalent structural stress method is introduced into the fatigue life assessment
of a typical high-rise steel braced frame structure. A multi-scale FE model is established and
the corresponding wind simulation is performed. The fatigue life of the welded beam-to-column
connection is assessed based on equivalent structural stress method, hot spot method and nominal
stress method and comparisons are made.
2. Equivalent Structural Stress Method

The equivalent structural stress method was ﬁrst proposed by Dong [9], who deﬁned the structural
stress (σs ) to be the superposition of a membrane component (σm ) and a bending component (σb ):
σs = σm + σb

(1)

A typical T-ﬁllet weld toe is illustrated in Figure 1, the stress distribution through the thickness at
the weld toe is assumed to be monotonic with the peak stress occurring at the weld toe. Two reference
sections are deﬁned, Section A–A, where the normal structural stress (σs ) is deﬁned at the weld toe,
and Section B–B, where a row of elements with same length of δ which represents the distance between
Sections A–A and B–B at the weld toe can be used in the FE model so both local normal stress σx (y)
and shear stress τxy (y) can be directly obtained from a FE solution. The plate thickness is t and the
transverse shear of the structural stress components is ignored. The local coordinate is established as
in Figure 1. By imposing equilibrium conditions that the force balances in x direction evaluated along
B–B and moment balances in Section A–A at y = 0 between Sections A–A and B–B, the structural stress
components σm and σb must satisfy the following conditions:
σm =
σm ·

t2
t2
+ σb · =
2
6

1
t

 t
0

 t
0

σx (y)dy

σx (y)ydy + δ
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(2)

 t
0

τxy (y)dy

(3)

Figure 1. Stress state in the weld toe.
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It is clear that if element size (δ) is small or transverse, shear, which is one of the integral terms
on the right-hand side of Equation (3), is negligible, and the integral representations of σb and σm in
Equations (2) and (3) can be directly evaluated at Section A–A in Figure 1.
In hot spot stress or other local stress analysis, the stress values within some distance from the
weld toe can change signiﬁcantly with the changing meshing style while in the equivalent structural
stress analysis the stress deduced from elementary structural mechanics theory will be less affected
by the meshing style, so the ﬁrst advantage of mesh-insensitive is achieved. By the effects of stress
concentration, thickness of plates and loading on the fatigue life of welds being considered, and based
on thousands of fatigue test data, the welded joint fatigue S-N curves based on the nominal stress
are compressed into a single master S-N curve based on the equivalent structural stress which can be
deduced from the structural stress σs above. As a result, the second advantage of unifying different
curves is realized.
This method has been applied to fatigue assessment of several types of welded joints including
butt welds, ﬁllet welds and spot welds and good correlation is proven [10,11]. Later, Dong extended this
method to medium and low cycle fatigue assessment, by deﬁning a structural strain parameter [12].
However, the appliance of this method to real three-dimensional complex structure is still tricky
because, in three-dimensional circumstances, the formulae are a little different from Equations (2)
and (3) and need modiﬁcation. Besides, in a large scale structure, acquiring detailed stress time-history
near welds needs multi-scale modeling technique, which is not an easy task.
3. High-Rise Steel Braced Frame Structure

A typical high-rise steel braced frame structure is chosen, which is located in a downtown area of
a medium city in China, with the plane shape to be a regular rectangular. The plane length is 70.65 m and
the width is 22.6 m. The building height is 71.6 m with 17 ﬂoors above the ground level and a one-ﬂoor
basement underground. The steel used in this structure has Poisson’s ratio 0.3 and elastic modulus
206 GPa. The box-section columns underground are steel reinforced concrete columns and those above
ground level are pure steel columns. The column sections change from 600 mm × 600 mm× 32 mm to
500 mm × 500 mm × 24 mm with the increase of height. The section of braces is mainly H-shape,
which is 350 mm × 300 mm × 18 mm × 24 mm, supported by BRB. The beams are hot-rolled H-beams
which are connected to columns by welded joints, as shown in Figure 2, where the two beam ﬂange
plates are connected by butt welds and the web plate is connected by ﬁllet welds.
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Figure 2. Beam-to-column connection.

4. Wind Simulation
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In simplicity, it is assumed that the wind direction is constant and always perpendicular to the
structural lateral surface and only along-wind response is taken into account. Since this building is
in China, the selection of design basic wind speed refers to Chinese speciﬁcations. Actually, if other
speciﬁcations are selected, the corresponding design basic wind speed can be transformed from
that in Chinese speciﬁcations by converting the standard height, terrain roughness, etc. The fatigue
assessment procedure stated in this paper keeps the same. According to Chinese speciﬁcations [13],
in this city, when the terrain roughness is deﬁned as Area B, which means the outskirts area of
the city, return period is 100 years, standard height is 10 m and average time interval is 10 min,
the standard mean wind pressure is p0 = 0.45 kPa and the mean wind speed can be calculated as
/
v0 = 1600p0 = 26.83 m/s. Since this structure is located in a downtown area (the terrain roughness
is deﬁned as Area C which means the downtown area with intensive buildings nearby), the mean wind
speed is transformed into v a0 = 20.23 m/s. The mean wind speed proﬁle takes the form of a power
law as:
) *α
z
(4)
U (z) = U0
z0
where z0 is the reference height which is taken as 10 m; U0 is the wind speed at the reference height;
which is taken as 20.23 m/s as stated above; and α is the exponent of the velocity proﬁle, which is 0.22
for this case.
The harmonic superposition method is used to generate the random ﬂuctuating wind time series,
and Davenport spectrum is adopted as the power spectrum of velocity ﬂuctuation [14], as shown in
Equations (5) and (6):
nSv (n)
4kx2
=
(5)
3/4
2
v10
n (1 + x 2 )
x = 1200

n
v10

(6)

where v10 is the mean wind speed in the standard height of 10 m, which is taken as 20.23 m/s as stated
above; n is the frequency of the ﬂuctuating wind; k is the terrain roughness factor of this area, which is
0.03; and Sv (n) is the power spectrum of velocity ﬂuctuation.
Due to the large height and width of the high-rise structure, the horizontal and vertical spatial
coherence of velocity ﬂuctuation needs to be taken into consideration simultaneously, the square root
of the coherence function Coh(d, n) is as shown in Equations (7) and (8):
Coh(d, n) = /

Su1 u2 (d, n)
= e−c
Su1 (l, n)Su2 (k, n)
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c=


1
2
2 2
n c x ( x − x ) + cz (z − z )
1
2 [v(z) + v(z

MDPI Books

Appl. Sci. 2017, 7, 71

(8)

)]

Wind velocity v(m/s)

where l and k are two points on the structural surface and their coordinates are (x, z) and (x’, z ),
respectively; the distance between them is d; Su1 u2 (d, n) is the cross spectrum; Su1 (l, n) and Su2 (k, n)
are the self-power spectrum of these two points; v(z)and v(z ) are the mean wind speed in the height
of z and z ; and cz and cx are constants, 10 and 16, respectively.
Because of the large computing amount involved in harmonic superposition method, during the
generation of wind ﬁeld it is not realistic to consider the horizontal and vertical spatial coherence of
each beam-to-column connection. Therefore, in order to simplify the procedure, a total of 17 height
reference points located at the height of each layer are selected in the vertical direction, and in the
horizontal direction along the width, three reference points in each layer is selected every 35 m. Thus,
a total of 51 wind time series are generated, whose duration is 50 s and the time interval is 0.1 s.
Figure 3 is a typical ﬂuctuating wind time-history obtained.
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Figure 3. Fluctuating wind time-history.

The obtained wind speed time-history is converted to power spectral density by inverse Fourier
transform and is compared with the target Davenport spectrum. As shown in Figure 4, the smooth
curve is the power spectral density curve of the Davenport spectrum, and the rest curve is the power
spectral density curve of the simulated wind speed and found to be in agreement with Davenport
spectrum well in most frequency bands.
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Figure 4. Power spectrum.

5. Multi-Scale Model

0

10

Multi-scale modeling is a numerical modeling technique involved in FE modeling, which refers to
the combined modeling of different scales. In multi-scale modeling, the important parts are modeled
with relatively ﬁne mesh while the parts which do not need attention are modeled with relatively
coarse mesh. By appropriate connections at the boundaries of different element models, the force
balance and deformation coordination are realized, thus more accurate results will be obtained by
spending less computing resources and time.
319

MDPI Books

Appl. Sci. 2017, 7, 71

In the structure, the beam-to-column connections in the ground ﬂoor are relatively easy to produce
stress concentration, because the horizontal wind force and the gravity of the structure ﬁnally transmit
to the ground ﬂoor through beams and columns. Since wind loading is much smaller than the gravity,
under the gravity, in a beam-to-column connection the upper beam ﬂange is easy to produce tension
while the lower ﬂange is easy to produce pressure, and as known to us all, when it comes to fatigue
damage prevention, pressure is more conductive to the structure than tension. Thus, the upper ﬂange
is the position where fatigue cracks are easier to initiate and the welds connecting upper beam ﬂange
and the column is where local model is required.
Thus, a multi-scale FE model is established by the commercial FE software ANSYS (ANSYS,
Inc., Canonsburg, PA, USA) with a global scale model, a local connection scale model and a local
weld scale model. In the global scale model, a model of the whole structure is established and beams
and columns are simulated by element BEAM188 and ﬂoors are simulated by element SHELL63, as
shown in Figure 5a. A typical beam-to-column connection considered to be more stress-concentrated
in the ﬁrst ﬂoor is chosen to establish the local connection scale model, whose beam and column are
simulated by element SHELL63, as illustrated in Figure 5b. The upper ﬂange plate on the inner beam
where the tension stress concentration usually happens is chosen to establish a local weld scale model,
which is simulated by eight-node element SOLID45, as shown in Figure 5c. The connections among
the three different scale models are created by establishing the rigid region which can provide the
desirable constraint equation. Thus, the multi-scale element model embodies the force transition from
the global scale to the local connection scale then to the local weld scale and the connection between
beam elements to shell elements then to solid elements.

Z
Y

X

(a)ȱ

ȱ
(b)ȱ

ȱ
(c)ȱ

Figure 5. Multi-scale element model: (a) global scale; (b) local connection scale; and (c) local weld scale.
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The structural windward surface is divided into several pressure regions, each of which contains
a beam-to-column connection, as illustrated in Figure 6. The wind pressure on each pressure region
can be approximately equivalent to a concentrated force in the region center, which is the exact
location where each beam-to-column connection is, as represented in Figure 6 as the black dot in the
pressure region center. Therefore, the simulated wind speed time history curves are transformed into
corresponding wind loading (concentrated force) time history curves by Equation (9).
Pi = Ai μs Wi (z, t)

= 12 Ai μs ρVi 2 (z, t) = 12 Ai μs ρ[vi (z) + vi (z, t)]2
$
+
= 12 Ai μs ρvi 2 (z) + 12 Ai μs ρ 2vi (z, t) + vi 2 (z, t)
1
2
≈ 2 Ai μs ρvi (z) + Ai μs ρvi (z)vi (z, t)

(9)

where Pi is the concentrated force exerted on i-th beam-to-column connection; vi (z), vi (z, t) and Vi (z, t)
are the mean wind speed, ﬂuctuating wind speed and the natural wind speed of i-th beam-to-column
connection and the natural wind speed is the sum of the mean wind speed and the ﬂuctuating wind
speed, respectively; ρ is the air density; Ai is the pressure region i-th beam-to-column connection
belongs to, which is illustrated in Figure 6 as the shaded area; and μs is the shape coefﬁcient of the
structure, and, for a rectangle, it is taken as 1.3 according to Chinese speciﬁcations.
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Figure 6. Pressure regions.

By time-history analysis, the stress time-history curve near the connecting weld of the selected
the beam-to-column connection can be obtained and thus the fatigue assessment can be performed.
6. Fatigue Assessment

Regarding three-dimensional structures, due to the three-dimensional solid elements involved,
a modiﬁcation of the formulae stated above is necessary, which is mainly based on two dimensional
planar circumstances. A three-dimensional isolated body is taken from the weld toe, where two
reference sections are deﬁned. They are AA’D’D along the thickness and BB’C’C deﬁned δ away from
AA’D’D. A local coordinate is established as shown in Figure 7 and the origin O is deﬁned at the
bottom of AA’D’D. By the space effect being considered, the modiﬁed formulae can be obtained by
imposing equilibrium conditions that the force balances in x direction evaluated along BB’C’C and
moment balances at Point O, as shown in Equations (10) and (11). The membrane stress σm3D and
bending stress σb3D can be got and the structural stress σs3D is obtained as Equation (12).
σm3D =

1 
(
wt

BB C C



σx (y)dzdy +

ABB A
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τzx dxdy +


DCC A

τzx dxdy

(10)
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σm3D t2 + σb3D t6
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= w1 BB C C σx (y)ydzdy + wδ BB C C τxy ( x, y)dzdy


t
t
+ 2w
τzx ( x, y)dxdy + 2w
τzx ( x, y)dxdy
ABB
A
DCC
A


+ w1
τzy x ( x, y)dxdy + w1
τzy x ( x, y)dxdy
ABB A

DCC A

σs3D = σm3D + σb3D

(12)
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Figure 7. 3D isolation body.

Based on the structural stress obtained, an equivalent structural stress parameter is formulated
and proven to be effective in unifying a great number of fatigue test results into a single narrow band,
called the master S-N curve. The equivalent structural stress ΔSe is deﬁned as:
ΔSe =

Δσs3D

(13)

t∗ (2 − m)/2m · I (r ) /m
1

where t∗ is a relative thickness, which is deﬁned as the division between plate thickness t and a unit
thickness (1 mm) as t∗ = t/1 mm. m is selected to be 3.6 based on a two stage crack growth model.
The life integral I(r) is a function of bending ratio r. They are deﬁned as:
r=

|σb3D |
|σb3D | + |σb3D |

(14)

1

I (r ) m = 0.0011r6 + 0.0767r5 + 0.0988r4 + 0.0946r3 + 0.0221r2 + 0.014r + 1.2223

(15)

After deﬁning the equivalent structural stress , the master S-N curve is deﬁned in the form of:
ΔSe = C · N h

(16)

where C and h are constants, as shown in Table 1. σ represents the standard derivation deﬁned with
respect to cycle to failure in log scale. Different curves based on the corresponding statistical basis are
illustrated in Figure 8. Here, the mean curve is selected, so C is 19930.2 and h is 0.32.
Table 1. Parameters for master S-N curve.
Statistical Basis

C

h

Mean
+2σ
−2σ
+3σ
−3σ

19930.2
28626.5
13875.8
31796.1
12492.6

0.32
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Figure 8. Master S-N curve.
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In the local weld model which consists of a butt weld near the ﬂange plate and a ﬁllet weld near
the web plate, ﬁve typical locations near the welds are selected, which are the lateral weld toe of the
butt weld on the column (Location 1), upper weld toe of the butt weld on the column (Location 2),
lower weld toe of the butt weld on the column (Location 3), the lateral weld toe of the ﬁllet weld
(Location 4) and the upper side of the ﬁllet weld (Location 5), as shown in Figure 9. These locations are
usually regarded as the dangerous locations where stress concentration exists.

Figure 9. Five typical locations.

Based on the modiﬁed equivalent structural stress formulae and the master S-N curve stated
above, the fatigue assessment of these ﬁve locations is carried out as follows.
First, by area map and area operation technology involved in ANSYS, the integral parts in
Equations (10) and (11) can be obtained and thus the membrane stress σm3D and bending stress σb3D
can be calculated, which are variables related to time. According to Equation (12), the structural stress
σs3D time-history can be obtained. Finally, the time-history of structural stress σs3D is converted to the
time-history of the equivalent structural stress ΔSe according to Equation (13).
Second, according to rain-ﬂow counting method and Palmgren–Miner linear accumulating
damage rule, the effective equivalent structural stress range ΔSeq which produces the same amount of
fatigue damage during this 50 s time as the time-history of the equivalent structural stress ΔSe does is
obtained according to Equation (19). The cycle number n50 during this 50 s time can also be obtaiend
according to rain-ﬂow counting method. As the formula of ΔSeq based on equivalent structural stress
method is a little different from that based on hot spot stress method, the deduction procedure is
detailed as follows.
When undergoing varied amplitude loading, the accumulating damage is:
k

D1 =

n

∑ Nii

k

=

i =1
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where ΔSei is the i-th equivalent structural stress range causing fatigue damage in the stress spectrum,
ni is the number of cycles under stress range ΔSei , and Ni is the number of failure cycles under the
action of ΔSei .
When undergoing constant amplitude loading, the accumulating damage is:
D2 =

∑ik=1 ni
∑k n
= i=1 i
N
h ΔSeq
C

(18)

To make these two equivalent, which means D1 = D2 , the effective stress range based on
equivalent structural stress method is calculated as:
⎛
⎜
ΔSeq = C ·⎝

⎞h
∑ik=1 ni
∑ik=1

ni

⎟
⎠

h ΔSei
C

(19)

Combined with the master S-N curve stated above, the number of failure cycles Neq under the
action of ΔSeq can be calculated by Equation (20) and the fatigue damage during this 50 s D50 is
obtained by Equation (21):
0
h ΔSeq
(20)
Neq =
C
n50
(21)
D50 =
Neq
By extending it to the time of one year, the annual fatigue damage Dannual and fatigue life T of
these six locations can be assessed by Equations (22) and (23):
Dannual = 31536000/50· D50
T=

1
Dannual

(22)
(23)

7. Results

The fatigue life assessment results obtained as the procedures detailed above are shown in Table 2.
Table 2. Fatigue assessment result based on equivalent structural stress method.
Location

ΔSeq /MPa

D50

Dannual

1
2
3
4
5

9.200
6.103
6.478
0.058
1.463

5.986 × 10−9
1.682 × 10−9
2.001 × 10−9
7.887 ×10−16
1.964 ×10−11

0.0038
0.0011
0.0013
4.974 ×10−10
1.239 ×10−5

T/year

265
943
792
2.010 ×109
8.074 ×104

In Table 2, it can be seen that the fatigue damage of the ﬁllet weld connecting the web plate and the
column is much smaller than that of the butt weld connecting the upper beam ﬂange plate and column,
which means in high-rise steel braced frame structure the butt weld connecting the upper beam ﬂange
plate and column is more dangerous in regards to fatigue damage. By comparing fatigue life and
damage of Locations 1–3, it can be discovered that the fatigue life of Location 1 is the shortest, which
means the lateral weld toe of the butt weld connecting the upper beam ﬂange plate and column is the
most dangerous location, whose fatigue life is 265 years, which meets the engineering design demands.
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After the results have been obtained, further discussion and veriﬁcation is necessary. In this
section, the effect of meshing style on the calculating results is discussed to verify the mesh-insensitive
quality. Furthermore, fatigue assessments based on hot spot stress and nominal stress are performed
and comparisons are made to verify the results.
8.1. Element Type and Size Impact Analysis

Since fatigue life assessment based on equivalent structural stress method is insensitive to meshing
style, it is indispensable to verify the negligible effect of changing element type and size on the
computing results near the weld. If the veriﬁcation is failed, it means the results are incorrect.
Take Location 3 as an example, for the alteration of meshing styles is relatively easy and convenient.
Different element types, which contain linear element SOLID45 (8 nodes) and quadratic element
SOLID95 (20 nodes), or different meshing sizes, which contain 1 mm and 2 mm in the vicinity of
Location 3 (in the direction perpendicular to the weld seam) as shown in Figure 10 are adopted,
respectively. Table 3 lists the description of these four meshing types. Time history analysis is
performed as previously stated. The results of effective equivalent structural stress range ΔSeq and
fatigue life are illustrated in Figure 11.
Table 3. Different meshing types.
Meshing Type

Element Type

Number of Nodes

Size Dimension/mm

1
2
3
4

SOLID45
SOLID45
SOLID95
SOLID95

8
8
20
20

2
1
2
1

15:06:32

15:08:01

19

(a)ȱ

(b)ȱ

ȱ

Figure 10. Different meshing style: (a) size dimension is 2 mm; and (b) size dimension is 1 mm.
6.478

6.504

6.512

6.516

800

6

700

5

600

Fatigue life(Year)

'Seq(MPa)

7

4
3
2
1
0

792

782

780

778

2

3

4

500
400
300
200
100

1

2

3

0

4

Meshing type

1

Meshing type

(a)ȱ

(b)ȱ

Figure 11. Calculating results using different meshing style: (a) ΔSeq ; and (b) fatigue life.
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According to the results obtained above, it can be found that with the decreasing element size
dimension and the use of high order elements, the effective equivalent structural stress range and
fatigue life assessment results based on equivalent structural stress method keep almost invariant,
which veriﬁes that the equivalent structural stress method is indeed mesh-insensitive.
8.2. Results Compared with Hot Spot Stress Method

As hot spot stress theory has been widely used in fatigue assessment in the ﬁeld of civil
engineering and proven to be quite reliable. It is necessary to compare the results obtained by hot
spot stress method and equivalent structural stress method so that the results obtained by equivalent
structural stress can be veriﬁed.
The hot spot stress represents the structural stress at the hot spot, which includes all stress raising
effects of a structural detail and excludes all stress concentrations due to the local weld proﬁle itself.
There are mainly two types of hot spot and they can be deﬁned as Type a, which is hot spot stress
transverse to weld toe on plate surface, and Type b, which is hot spot stress transverse to weld toe at
plate edge, as illustrated in Figure 12.

Figure 12. Two types of hot spot.

When hot spot stress is used to calculate the structural stress, a surface stress extrapolation can be
deﬁned. For Type a hot spot, a linear extrapolation is adopted, where the hot spot stress σhsa can be
calculated according to the stress of two reference points which are located 0.4t and 1.0t away from the
hot spot (σx1 , σx2 ), where t is the thickness of the adjacent plate, as deﬁned in Equation (24):
σhsa = 1.67σx1 − 0.67σx2

(24)

For Type b hot spot, a linear extrapolation of three reference points is adopted, where the hot spot
stress σhsb can be calculated according to the stress of three reference points which are located 4 mm,
8 mm and 12 mm away from the hot spot (σx1 , σx2 , σx3 ), as deﬁned in Equation (25):
σhsb = 3σx1 − 3σx2 + σx3

(25)

According to the IIW Recommendations [15], FAT90 curve is found to be the most proper S-N
curve, which is shown as Equation (26) and illustrated in Figure 13.
Δσhs m Nhs = Chs

(26)

where Δσhs is the hot spot stress range, Nhs is the number of failure cycles under the action of stress
range Δσhs , Chs is a constant and m’ is the negative reciprocal of S-N curve slope in double logarithmic
coordinates, which can be found in Table 4.
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Figure 13. FAT90 curve.
Table 4. Parameters for FAT90 curve.
Nhs ≤ 107

Knee Point Stress Range Δσkp

FAT
90

52.7 MPa
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10

8

Nhs > 107

m

Chs

m

Chs

3

1.458 × 1012

5

4.065 × 1015

After the time-history analysis is conducted and the hot spot stress is obtained as the procedure
above, the rain-ﬂow counting method and Palmgren–Miner linear accumulating damage rule are
utilized once again to convert the varied amplitude range to an effective range, which is shown as
Equation (27). The cycle number n50hs during this 50 s can also be obtained.
"
Δσe =

∑ik=1 ni (Δσhsi )
Neqhs

m

#1/m

(27)

where Neqhs is the cycle number during this 50 s, Δσhsi is the i-th hot spot stress range causing fatigue
damage in the stress spectrum, and ni is the number of cycles under stress range Δσhsi .
Based on the effective hot spot stress range Δσe , the number of failure cycles Nhs under the action
of Δσhs can be calculated by Equation (26) and the fatigue damage during this 50 s can be obtained
by Equation (21). Thus, the annual fatigue damage and fatigue life can be calculated according to
Equations (22) and (23) and the results are shown in Table 5. As can be concluded from the results
obtained by equivalent structural stress method above, the fatigue life of the ﬁllet weld connecting the
web plate and the column is much longer than that of the butt weld connecting the upper beam ﬂange
plate and column, so, for simplicity, only the three locations near the butt weld connecting the upper
beam ﬂange plate and column are calculated in hot spot stress method. Figure 14 illustrates the results
based on equivalent structural stress and hot spot stress.
Table 5. Fatigue assessment result based on hot spot stress method.
Location

Type of Hot Spot

Δσe /MPa

D50hs

Dannualhs

Ths /Year

1
2
3

a
a
a

12.155
9.367
9.819

1.005 × 10−8
2.733 × 10−9
3.457 × 10−9

0.0032
0.0009
0.0011

315
1160
917
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Annual damage

0.0035
0.0030

Equivalent structural stress method
Hot spot stress method
0.0038

0.0020

0.0011
0.0009

0.0010

0.0013
0.0011

0.0005
0.0000

1

943

1000

0.0025

0.0015

Equivalent structural stress method
Hot spot stress method
1160

1200

0.0032
Fatigue life(Year)

0.0040

2

600

315

265

200
0

3

917

792

800

400

Location

(a)ȱ
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1

2

Location

(b)

3

Figure 14. Comparison results of two methods: (a) Annual damage; and (b) Fatigue life.

According to Table 5 and Figure 14, it can be found that the discrepancy of results obtained by
hot spot stress and equivalent structural stress are mostly around 15%, which meets engineering
demands. The discrepancy maybe mainly stems from the complicated stress state involved in
large-scale structures, which are usually multi-axial stress state, while in small-scale welded joint test
specimens the stress state is relatively simple, which is usually single-axial stress state, so the fatigue
assessment using different methods agrees perfectly with each other. It can be found that the fatigue
damage calculated by equivalent structural stress is higher than that calculated by hot spot stress,
which means the fatigue assessment by equivalent structural stress method is more conservative and
tends to be safer when engineering structures are designed. Actually, compared with hot spot stress
method, the two greatest advantages of equivalent structural stress method lie in the mesh-insensitive
quality, which is very important when large-scale engineering structures are dealt with, and the
capability of unifying different curves into one master S-N curve, which can avoid the confusion when
the desired curve needs to be selected.
8.3. Results Compared with Nominal Stress Method

As most fatigue assessment in the ﬁeld of civil engineering is based on nominal stress, it is
necessary to compare the results obtained by nominal stress and equivalent structural stress so that
the advantage and disadvantage can be concluded.
In nominal stress assessment, the multi-scale FE model is replaced by a global one, as shown in
Figure 15, where beams and columns are completely simulated by element BEAM188 and the local
model with element SOLID45 is no longer necessary. It is no doubt that analysis using this global
model costs far less computing resources and time, at a cost of the confusion of selecting the proper S-N
curve and inability of considering the local concentration. According to the IIW Recommendations [15],
as there are so many curves involved during the selection of a desirable S-N curve, it seems that only
approximate welded joint detail can be found. Finally, FAT36 curve is found to be the most proper S-N
curve, which is described in Table 6 and shown as Equation (28) and illustrated in Figure 16.
Δσnom m Nnom = Cnom

(28)

where Δσnom is the nominal stress range, Nnom is the number of failure cycles under the action of
stress range Δσnom , Cnom is a constant and m’ is the negative reciprocal of S-N curve slope in double
logarithmic coordinates, which can be found in Table 7.
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Table 6. Description of FAT36 curve.
FAT36 Curve

Description
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'Vnom/MPa

Splice of rolled section with intermediate plate, ﬁllet welds,
weld root crack. Analysis base on stress in weld throat.

10

3

10

2

1

10 4
10

10

5

6

10
Nnom

10

7

10

Figure 16. FAT36 curve.
Table 7. Parameters for FAT36 curve.

FAT
36

Knee Point Stress Range Δσkp
58.5 MPa

Nnom ≤ 107

8

Nnom > 107

m

Cnom

m

3

2 × 1012

5

Cnom

6.851 × 1015

Based on FAT36 curve, the nominal stress can be determined by elementary theories of structural
mechanics based on linear-elastic behavior. Nominal stress σnom is the average stress in the plate at
weld toe of the structural detail, which can be deﬁned as:
σnom =

My
N
Mx
+
+
A
Ix
Iy

(29)

where N is the axial force, A is the section area of the plate, Mx and My are the moment in the two
mutually perpendicular directions on the plate section, and Ix and Iy are the inertia moment of the
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plate section. These parameters, which are all time series, can be obtained through the global FE model.
With the same wind time series utilized, time history analysis is performed.
The rain-ﬂow counting method and Palmgren–Miner linear accumulating damage rule are utilized
once again to convert the varied amplitude range to an effective range, which is shown as Equation (30),
and cycle number n50nom during this 50 s can be obtained:
"
Δσnom =

∑ik=1 ni (Δσnomi )
Neqnom

m

#1/m

(30)

where Neqnom is the cycle number during this 50 s, Δσnomi is the i-th nominal stress range causing
fatigue damage in the stress spectrum, and ni is the number of cycles under stress range Δσnomi .
Based on the effective nominal stress range Δσnom , the number of failure cycles Nnom under the
action of Δσnom can be calculated by Equation (28) and the fatigue damage during this 50 s can be
obtained by Equation (21). Thus, the annual fatigue damage Dannualnom and fatigue life Tnom can be
calculated according to Equations (22) and (23) and the results are shown in Table 8.
Table 8. Fatigue assessment using different methods.
Method

Location

D50nom

Dannualnom

Nominal stress
Equivalent
structural stress

Global
Location 1
Location 4

1.377 × 10−10
5.986 × 10−9
7.887 ×10−16

4.342 ×10−5
0.0038
4.974 ×10−10

Tnom /Year

2.3 ×104
265
2.010 ×109

According to Table 8, it can be found that the result obtained by nominal stress varies greatly from
and falls in between the results based on equivalent structural stress method of different locations of
the weld. It means nominal stress method considers the weld in a more global way, which averages
all the stress on the weld plate section and it cannot consider the local stress concentration accurately
while in equivalent structural stress method, the fatigue life of different parts vary greatly and in
the stress concentration zone, the fatigue life assessed is far less than that in other parts. As a result,
relative large discrepancy exists between the fatigue life result of the stress concentration zone based
on equivalent structural stress method and that averaged in the whole section by nominal stress
method. This phenomenon, which has been found in the relevant literature [16], is extremely obvious
in large-scale structures, although in small-scale welded joint tests, the two results can mostly agree
well with each other. This may be because of the complicated stress state involved in large-scale
structures while in small-scale welded joint tests the stress state is relatively simple.
Generally speaking, compared with the fatigue assessment based on equivalent structural stress,
the fatigue assessment based on nominal stress tends to be dangerous due to its less consideration of
local stress concentration. However, nominal stress method is still widely used in practical for its great
convenience of FE modeling and fast computing speed to estimate the fatigue life, which is especially
important involving complicated engineering project.
9. Conclusions

This paper has presented the fatigue life assessment of a typical steel high-rise steel braced frame
structure using the equivalent structural stress method. By establishing multi-scale FE model and
time-history analysis, fatigue assessment is performed using equivalent structural stress method.
As a result, Location 1, which is lateral weld toe of the butt weld connecting the upper beam ﬂange
plate and column, is found to be the most dangerous location and is likely subjected to fatigue damage.
This can provide reference to the design of steel high-rise steel braced frame structures. Furthermore,
the comparison of the results obtained by equivalent structural stress and hot spot stress show fatigue
damage calculated by equivalent structural stress is higher, which means the fatigue assessment by
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equivalent structural stress method is more conservative and tends to be safer. Meanwhile, the results
based on nominal stress reﬂects that nominal stress method considers the weld in a more global
way, which averages all the stress on the weld plate section and cannot take into account the local
stress concentration near the welds accurately. However, in nominal stress assessment, only global FE
model is required and the computing time is much shorter than that in equivalent structural stress or
hot spot stress. Therefore, nominal stress method, hot spot stress method and equivalent structural
stress method have their own advantages and disadvantages and selection needs to be determined
according to detailed circumstances. Generally speaking, in fatigue assessment of large-scale complex
structures, nominal stress method is recommended to be used to study the fatigue damage trend, and
is especially suitable for looking for the critical components regarding fatigue failure in large-scale
structures. Equivalent structural stress method or hot spot stress method if the conditions are allowed
(computing resources and time are abundant) is recommended to be used to analyze the fatigue life
accurately. Furthermore, the methodology stated in this paper can be applied similarly to any high-rise
steel structure, including mast structures and tower structures with welded joints, thus providing
reference to wind-induced fatigue assessment of any high-rise steel structure.
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Abstract: This paper presents the results of microwave and mechanical measurements of engineered
cementitious composites (ECCs) using a nondestructive microwave near-ﬁeld detecting technique.
The objective of this research is to investigate the correlations between effective conductance and
compressive strength of ECCs at various curing ages under the inﬂuence of different initial water
contents. Parallel measurements and regression analysis on compressive strength and microwave
conductance were undertaken. It is shown that the strength evolution of ECCs can be accurately
modeled and predicted by using microwave conductance at the early ages using bi-exponential
functions. Compressive strength grows as a function of decreasing effective conductance, whereas
the regression coefﬁcients of the correlation models have a linear variation with water-to-binder
ratios. These ﬁndings have highlighted the effectiveness of the microwave technique in detecting the
variation of liquid phase morphology and pore structure.
Keywords: engineered cementitious composite; strength prediction; microwave technique;
electrical conductance; structural health monitoring; water-to-binder ratio

1. Introduction

Determining the compressive strengths at different curing ages of ordinary concrete in situ is of
primary importance for ensuring safety in construction. The compressive strength estimated on the 28th
day has been widely used as a vital indication of the strength development of cementitious materials
in industry [1]. Over the past few decades, nondestructive detecting and monitoring techniques
have become popular in structure health monitoring (SHM) and evaluations as they offer many
advantages over the conventional destructive techniques. As the microstructures of cement-based
materials (CBMs), like pores and hydration compounds, govern their macroscale mechanical behavior,
great efforts and various techniques have been employed to study and evaluate the process and
the mechanism of microstructure during hydration in order to establish the strength prediction.
Conventional thermal-based monitoring of heat generation leading to temperature increases during
the hydration process was used in bridge and dam construction [2], whereas the compressive strength
of CBMs in relation to the reﬂection loss of ultrasonic waves was investigated in [3]. An ultrasound
technique was used to evaluate the compressive strength of CBM with added mineral admixtures,
where compressive strength and ultrasonic pulse velocity were measured and correlated for days 3, 7,
28 and 120 of the curing period [4]. The relationship between pulse velocity and compressive strength
was, hence, found to fall within the trend of exponential functions. A novel technique that made
use of a fuzzy logic system to correlate the early-age CBM strength with harmonic amplitudes using
smart aggregate was presented in [5]. Crack detection, hydration monitoring and energy harvesting
using similar embedded piezoelectric transducers were reported in [6–8]. Recently, good correlation
between acoustic emission energy at low frequency (25–100 kHz) and plastic strain energy of reinforced
Appl. Sci. 2017, 7, 35
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concrete specimens was established in [9,10]. An active acoustic method at a lower frequency of around
6 kHz was also employed [11] to monitor setting and hardening in concrete at early ages, wherein
the P-wave velocity and attenuation coefﬁcient were used to characterize the development of calcium
silicate hydrate (C-S-H) gel inside the concrete and, hence, predict strength growth during early ages.
However, the aforementioned detecting techniques require in situ embedded sensors to be set up and
or non-real time signal post-processing. For example, they need wired sensor pair matches, sensor
locations and alignments, and so on. All of these require prior precise arrangement and calibration, and
therefore will be high-cost and time-consuming, as they were applied to large-scale CBM’s monitoring.
Conversely, simple, direct detection of intrinsic electrical properties, e.g., direct current (dc)
resistivity, of CBM during hydration was proposed [12,13]. The four-probe (Wenner method) resistivity
measurement used a simple setup, where no embedded sensors and alignment were required.
However, the simple method suffers from accuracy problems due to the contact resistance between
electrodes and CBM specimens being tested, as well as due to the possible shrinkage gap. To
combat such problems, Li et al. introduced a non-contact measurement approach to monitor the
hydration process of early-age concrete through electrical resistivity using alternative current (ac)
transformer method [14]. It was found that non-contact resistivity measurement was appropriate for
precise monitoring of CBM at very early-age period since the technique was sensitive to the ionic
concentrations and mobility in the liquid or pore solution [15]. However, the transformer-based
method has its limitations in terms of operating frequency because the accuracy of measured resistivity
is a function of frequency [16]. The actual measured value is the complex impedance rather than the
pure resistance, and thus could not truly reﬂect the hydration process, especially at higher frequency
beyond 30 kHz. This is attributed to the high magnetization reactance and high core loss of the
transformer at high frequencies.
In this paper, the authors propose a microwave near-ﬁeld detecting approach to monitor the
development of microstructure of CBM via the change of effective conductance during early-age
hydration, where the degree of hydration relates to concrete’s temperature response [17]. Moreover,
the changes in the conductivity of hardening CBM are known to be the outcomes of microstructure
development in the hydrating CBM. The CBM can be considered as a homogenous dielectric slab with
an effective complex permittivity (εc = ε’ − jε”). Dispersion in CBM is mainly due to the presence of
liquid phase, which is actually a water solution of salts and chemical compounds sourcing from the
cement components. According to the extended Debye model of dielectric materials, the imaginary
part takes account of the energy losses due to the dielectric relaxation and the effective electrical
conductivity (σeff ) of CBM, and is given by [18]
ε e f f (ω) =

σe f f (ω)
σ
ωτΔε
= dc +
,
ω
ω
1 + ω2 τ 2

(1)

where σdc is the dc conductivity, and Δε = εdc − ε∞ is the difference between values of the real part
of the complex relative permittivity at very low and very high frequency, respectively, and τ is the
relaxation time in second (s) whereas ω is the angular frequency in s−1 .
From (1), it is known that the four-probe direct resistivity measurement method may only
account for part of bulk conductivity, namely, the dc conductivity of CBM during hydration.
Moreover, the losses due to dielectric relaxation and dipole polarization are not to be included in the
transformer non-contact measurement method because a low frequency (10 kHz) was used [14,15].
Nondestructive microwave near-ﬁeld detecting techniques have remarkable applications, such as
estimating compressive strength [19] and cure-state monitoring of CBM [20,21]. The chosen microwave
frequency allows electromagnetic (EM) energy to penetrate deeper into the specimen [21,22], and
hence a near-ﬁeld technique at a microwave frequency of 2 GHz was used in this study. The goal was
to measure the bulk effective conductance that accounted for all types of loss in order to monitor the
development of microstructure of CBMs under the inﬂuence of various water-to-cement ratios [21,23].
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The objectives and applications of the aforementioned studies were to make compressive strength
of CBM predictable and improve monitoring efﬁciency at early ages of the materials. However, these
studies were largely focused on the traditional materials like concrete, mortar, and or cement paste, with
less attention on the new type of cement composites. With the advent of ultra-ductile ﬁber-reinforced
composites like engineered cementitious composite (ECC) [24,25], substantial developments in
commercialization and research of ECC technologies have materialized both in the academic and
industrial communities [26–28]. ECC uses moderate amount of polyvinyl alcohol (PVA) ﬁber in
volume fraction of 2%, but offers tensile ductility several hundred times higher than the conventional
CBMs [25]. The present study developed two correlation models between compressive strength and
effective electrical conductance measured at early ages. The goal was to monitor the strength evolution
by means of early-age conductance and hence to predict the ﬁnal compressive strength under inﬂuence
of initial water-to-binder (w/b) ratios. It is known that compressive and ﬂexural strengths of ECC
are sensitive to initial water content at all ages. However, PVA ﬁbers are hydrophilic material so
they absorb water and provide a strong interfacial bond with the cementitious matrix and thereby
have a favorable effect on strength development. Furthermore, commercially available PVA ﬁber,
in general, has unknown water absorption characteristics. Therefore, one of the objectives in this
study was to differentiate the effect of tight water contents inside PVA-ECC matrixes using effective
electrical conductance.
2. Methodologies

The nondestructive microwave near-ﬁeld technique and the conventional (destructive) mechanical
compressive strength test were both employed in this study. The electrical conductance at a microwave
frequency used in this study is the normalized conductance (dimensionless) known as the effective
conductance, and it accounted for electromagnetic energy loss in cementitious material [18,21]. Initial
water content used during mixing plays a crucial role in the hydration reactions of cement binder
system. Water acts as conductive media and then, after the dielectric loss at microwave frequencies,
it combines the conductive loss effects associated with the acceleration of free ions in the interstitial
pore. Furthermore, the effective conductance is partly attributed to the dipolar loss effects associated
with molecular rotation of water, and the interstitial build-up of charges within the capillary pores.
Therefore, in this study the authors measured electrical conductance via the near-ﬁeld technique,
in which decrease in conductance directly reﬂects reductions of water content during hydration of
ECC specimens.
The average values of measured microwave data from each measurement were curve-ﬁtted and
modelled by means of bi-exponential regression functions. In order to evaluate the strength prediction
and strength evolution monitoring using microwave properties, the correlations between compressive
strength and microwave conductance were established via the method of curve mapping. Figure 1
shows the block diagram of the parallel processes undertaken in this study. The mix of PVA-ECC
materials and the casting of different shapes of specimens were performed on the same day, deﬁned
as Day-0. In consecutive experimental and computational processes, electromagnetic near-ﬁeld and
mechanical measurements were simultaneously performed for the same PVA-ECC materials with
different initial water-to-binder (w/b) ratios. The daily decay of conductance at early ages (ﬁrst 8 days)
as well as the growing compressive strength of ECC specimens for 28 days were modelled using
exponential regression functions. These two physical properties via respective early-age (conductance)
and mature-age (strength) models were then correlated, and the ultimate goal was to predict the
compressive strength by means of effective microwave conductance.
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Figure 1. A block diagram illustrating the parallel experimental processes.

2.1. PVA-ECC Specimen Mix Design

The ECC mixes integrate general purpose cement (Type-GP cement conforms to AS3972-1997),
ﬁne silica sand (supplied by Sibelco Australia), ASTM class-F ﬂy ash, polyvinyl alcohol (PVA) ﬁbers,
water, and admixture. The silica sand has a maximum size and a mean grain size of 250 μm and
122 μm, respectively. The PVA ﬁbers are the essential admixture that allows the ECCs to exhibit
excellent ductility and strain hardening behavior. A standard PVA ﬁber at a volume fraction of 2% was
used in this study. This ﬁber fraction has been proven to offer an interfacial bond and was tailored to
satisfy the strain-hardening criteria [24]. The mechanical and physical properties of the PVA ﬁbers
are listed in Table 1. Throughout the study, the standard mix design of PVA-ECC (ECC-M45) with a
water-to-binder (w/b) ratio of 0.255 as initiated by Li et al. [24,25] was used as the reference ECC mix,
which is designated as PE2. The binder system was deﬁned as the total amount of raw cementitious
materials, such as cement and ﬂy-ash. The ingredients and mix proportions of ECC mixes are given in
Table 2, where a sand-to-binder ratio (s/b) of 0.364 is used for all mixes. The use of ﬁne sand, ﬁber
volume fraction, ratios of s/b and w/b was optimized to satisfy the multiple cracking criteria [25].
The chemical compositions of the raw materials, Portland cement (PC), ﬁne sand (FS), and Class-F
ﬂy ash (FA-F), were analyzed by using the scanning electron microscope (SEM) of JEOL JSM6510LV.
The corresponding chemical compositions are shown in Table 3. From the analysis one can see that the
ECC mixtures have a higher amount and ﬁner particle size of chemical constituent of silica (SiO2 ) than
common concrete mixes.
Table 1. Mechanical and physical properties of polyvinyl alcohol (PVA) ﬁber.
Fiber

Diameter
(μm)

Length
(mm)

Tensile Strength
(MPa)

Flexural
Strength (GPa)

Speciﬁc
Gravity

PVA

38

8

1600

40

1.3

Shape

Color

straight

white

Table 2. Mix normalized proportions by weight of PVA-ECC specimens.
Specimen

Cement

Fly Ash

Sand

Water

w/b

s/b

HRWR

PVA (% Vol)

PE1
PE2(ECC-M45)
PE3

1
1
1

1.2
1.2
1.2

0.8
0.8
0.8

0.440
0.560
0.660

0.200
0.255
0.300

0.364
0.364
0.364

0.028
0.022
0.012

2
2
2
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Table 3. Chemical composition by weight of Portland cement (PC), ﬁne sand (FS) and ﬂy ash (FA-F).
Constituent

PC

FS

FA-F

CaO
SiO2
Al2 O3
SO3
MgO
FeO
TiO2
K2 O
LOI
Total

58.1
24.7
6.4
3.5
2.4
2.2
0.5
2.2
100

95.6
1.9
0.3
0.3
0.9
1.0
100

76.3
20.2
0.4
0.9
0.4
1.8
100

In order to investigate the effect of slight variations in w/b ratio, reference PVA-ECC materials
with decreases (w/b = 0.20) and increased (w/b = 0.30) initial water content were included in the
experimental program. The corresponding ECC materials are denoted as PE1 and PE3, respectively,
as displayed in Table 2. Except the use of high range water reducer (HRWR) admixture, all other
proportions with respect to cement remained constant for all ECC specimens. Owing to the water
demand from PVA ﬁbers, which affected the rheological properties to a different degree from batch to
batch, appropriate amounts of HRWR admixture were empirically added into the mixes. Moreover,
with the aim of improving ﬁber distribution and, hence, obtaining better mechanical properties of
ECC, a new mixing sequence [29] was used in this study. In order to obtain good plastic viscosity for
the ECC mixture, a 40 L Hobart planar mixer was used throughout the experiment program.
2.2. Microwave Near-Field Detecting Technique
2.2.1. Preparation of ECC Specimens for Microwave Measurement

For the purpose of obtaining conformity measurement, three ECC (PE1, PE2 and PE3) cubes with
200 mm sides were cast and prepared for daily measurement. The purpose of choosing a relatively
large cube size was to make an approximate inﬁnite half space as seen by the open-ended rectangular
waveguide (RWG) probe at R-band frequencies. After casting, the cubic specimens were moved inside
a laboratory for natural air curing for about 24 h and then demolded. The laboratory has an automatic
climate control to maintain a temperature of 24 ± 2 ◦ C and a humidity of 50% ± 5%.
2.2.2. Microwave Measurement Setup

The schematic of the measurement setup is illustrated in Figure 2; an Agilent N5225A performance
network analyzer (PNA) capable of generating continuous wave signals from 100 MHz to 50 GHz was
used. The monitoring of electrical properties of ECC specimens was undertaken by using an R-band
RWG probe (WR-430) that has an aperture size of 4.30 inches (109.22 mm) × 2.15 inches (54.61 mm).
The RWG probe was connected to a single port of PNA that supplied a constant output power of
−5 dBm via a ﬂexible microwave cable. At the beginning of daily measurement, a calibration was
the crucial procedure in order to achieve accurate measurement results. When calibrating the system
with RWG probe, the impedance of a ‘matched load’ was used as the impedance reference. The load
impedance was matched to the waveguide characteristic impedance across the frequency bandwidth
of R-band. Normalized impedance was then attained by setting OFFSET Z0 to 1 ohm for each standard
and setting system Z0 (SET Z0 ) of the PNA to 1 ohm [30].
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Figure 2. Schematic of microwave measurement setup.

2.2.3. Measurement Techniques

In measurement, the authors used the near-ﬁeld reﬂection wave approach [20,21]. The complex
reﬂection coefﬁcient (Г) was obtained and computed from the PNA using signal reﬂected from the ECC
specimen under test. The PNA was capable of direct displaying a normalized admittance (unit-less)
from the built-in inverse Smith chart with approximate loaded waveguide probe admittance (YL ).
The measured normalized admittance (yL ) has a complex form as
y L (ω) =

Zo
Y (ω)
= L
= g(ω) + jb(ω)
Z L (ω)
Yo

(2)

where Yo = 1/Zo is the waveguide characteristics admittance in unit of Siemens; g(ω) and b(ω) are,
respectively, the normalized conductance and normalized susceptance at frequency ω, and j is an
imaginary number with a value of the square root of −1.
In this study, a direct measurement of normalized admittance (both the real and imaginary
parts) in a single step was used. The reﬂection coefﬁcient with respect to the RWG aperture and the
normalized admittance have the following relationship:
Γ (ω) =

Yo − YL (ω)
1 − y L (ω)
=
Yo + YL (ω)
1 + y L (ω)

(3)

Effective electrical conductance was directly related to the dielectric properties of CBMs with high
water/moisture content at early ages, and thus more suitable for measurement of early-age CBMs
during hydration [21]. Daily near-ﬁeld measurement was undertaken for PE2 and PE3 specimens
from Day-1 to Day-8, whereas measurement of PE1 commenced on Day-2 due to its late casting and
hydration. For each specimen, 10 measurements were performed on non-overlapping locations of each
side surface excluding the top and bottom surface, to avoid high surface roughness. Therefore, a total
of 40 readings of normalized electrical admittance for each specimen were recorded in such a way that
the side-surfaces were rotated in turn for measurement. The average and standard deviation values of
these 40 measurements would be used to represent the daily variations of microwave properties for
each specimen. In order to obtain measurement results under consistent environmental conditions,
surface temperature and humidity of specimens were monitored during the measurement.
2.3. Mechanical Destructive Compression Test
2.3.1. Preparation of ECC Specimens for Compression Test

Compressive strength of cementitious materials is the main parameter utilized in civil structural
design processes, such as construction scheduling and formwork stripping, that call for this property,
particularly at their early ages. Following the regression modelling of compressive strength evolution,
the goal of this study is to establish correlations between electrical conductance at 2 GHz and
compressive strength of ECC matrixes having different initial water contents. To realize this, a
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number of cylindrical specimens for each specimen were cast for compression tests on Day-3, Day-7,
Day-14 and Day-28, respectively. Namely, three cylinders had a standard dimension of 100 mm in
diameter and 200 mm in height for compression test on the prescribed ages. Prior to the destructive
test, all specimens were capped with sulphur mortar in accordance with AS 1012.9 [31] in order to
ensure the cylinders had uniform bearing surfaces with minimum gaps for the contact surfaces of the
compression machine.
2.3.2. Compressive Strength Measurement

The compression tests were performed in accordance with ASTM C39 [32] for the cylindrical
specimens using a displacement control method. The axial concentric load was steadily applied to the
specimen using an INSTRON testing machine with 10 MN hydraulic load capacity. The compressive
load was transmitted through a steel bearing block that had a disc shape. The applied load with a rate
of 1 mm/min was applied until incidence of specimen failures, as shown in Figure 3. The average
value of the maximum compressive stress in MPa would be used for each specimen on each testing day.

ȱ

Figure 3. Destructive compression applied on an ECC specimen on Day-3.

3. Experimental Measurements and Results
3.1. Electrical Conductance Measurement from Early-Age ECCs

As mentioned before, the ECC specimens (PE1, PE2 and PE3) had small differences in their initial
water content, and moreover, the PVA ﬁbers had unknown water absorption in each batch of mix.
All of these factors would lead to a challenge in distinguishing ECC specimens using conventional
resistivity measurement methods. The nondestructive microwave near-ﬁeld technique is a powerful
way to detect such small differences at lower microwave frequency regimes, as illustrated in Figure 4.
It should be mentioned that the measurement of the PE1 specimen commenced on Day-2 whereas
the measurements of the other two started on Day-1. This was owing to the difﬁculty of modus
dismounting as the PE1 mix had the minimum water content per unit volume but needed a high
amount of HRWR in order to maintain the target workability. Figure 4a shows the detected normalized
conductance of all specimens having their values crossover (transition) [21] (see also Figure 7) on Day-3,
whereas Figure 4b shows the effective conductance in proportion with the water contents of PE1, PE2
and PE3 in order, across the R-band. It is observed that the electrical conductance decreases daily
according to a way of exponential decay although the values are hardly to be observed in frequency
domain of Figure 4. To verifyDay-3
this observations on the daily decay values
Day-4 of conductance in frequency
domain, the measured effective conductance was further expressed in temporal domain as shown in
Figure 5. The relative small values of electrical susceptance were not investigated in this study.
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Figure 4. Measured normalized conductance versus frequency: (a) on Day-3; (b) on Day-4.
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Conductance at 2 GHz
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4.2
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1
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Figure 5. Measured temporal response of electrical conductance at 2 GHz.

3.2. Mechanical Compression Test Results

Like other cementitious materials, the overall picture of ECC quality is predominantly reﬂected
by the compressive strength. It is known that the strength evolution process, hardening with time,
depends on the chemical reaction of binder (cement plus ﬂy-ash) with free water and hence the
development of a microstructure inside the composites. Three cylindrical specimens were prepared for
ECC with different w/b ratios for testing of compressive strength on Day-3, Day-7, Day-14 and Day-28,
respectively, using the conventional compression test method. Figure 6 shows the average values with
corresponding standard deviations of compressive strength of ECC specimens. It is observed, merely
from the measurement data, that the strength growing rate of PE2 is comparatively higher than other
counterparts. Nevertheless, the 28-day strength values show the ECC specimens have reasonable ﬁnal
strength gain at a mature age. Namely, PE1 specimens having the lowest w/b result in the highest
28-day strength whereas the PE2 and PE3 specimens have their lower strengths.

Compressive Strength (MPa)

60
50

PE1
PE2
PE3

40
30
20
10
0

3

7

Age (day)

14

28

Figure 6. Measured compressive strength results of three types of ECC specimens with age.

340

4. Mathematical Modelling of Experimental Results
4.1. Microwave Conductance Modelled by Bi-Exponential Regressions

MDPI Books

Appl. Sci. 2017, 7, 35

The authors modelled the temporal responses of effective conductance shown in Figure 5, using a
bi-exponential regression function, as given by
)
)
*
*
t
t
+ A2 exp − , 1 ≤ t ≤ 8
g2 (t) = A1 exp −
b
c

(4)

where g2 (t) is the regression function intended to model the reduction of conductance at 2 GHz as
shown in Figure 7, and t represents the time variable. A1, A2, b, and c are the regression coefﬁcients.
5.5

PE1G2 vs. d1
fit 1, g21
PE2G2 vs. d2
fit 2, g22

Conductance, G

5

PE3G2 vs. d3
fit 3, g23

4.5

4

3.5

3

1

2

3

4

5

Age (day)

6

7

8

9

Figure 7. Non-linear regressions of electrical conductance at 2 GHz using bi-exponential functions.

The bi-exponential function consists of two terms characterizing the decay in conductance with
age. The ﬁrst term is an approximate ramp function that imitates the steady slow decay in the later
response, namely, conductance decreases linearly from Day-4 to Day-8, whereas the second term is a
ﬁrst-order exponential decay function that imitates the rapid decay of conductance in the ﬁrst 3 days.
It is observed that the bi-exponential functions have excellent goodness of ﬁts, as veriﬁed by the values
of R2 , than the single time-constant exponential functions used in [20,21]. All the ﬁtting coefﬁcients of
(4) and goodness of ﬁts are summarized in Table 4.
Table 4. Regression coefﬁcients and goodness of ﬁts for Equation (4).
2 GHz

w/b

A1

b

A2

c

PE1 (g2,1 )
PE2 (g2,2 )
PE3 (g2,3 )

0.200
0.255
0.300

3.535
3.601
3.649

60.96
71.43
72.32

25.44
4.913
4.794

0.6358
0.8003
0.8708

R2

0.9999
0.9997
0.9993

To understand the physical meanings of the modelling functions, especially, the conductance
variations and their decaying rates against the strength development at early ages as well as the effect
of water-to-binder ratio (w/b), the step responses of the second term of regression functions were
examined, as shown in Figure 8a. It is observed that the acquired time constants of the normalized
curves (second terms) are distinguishable and varied as a function of w/b. We hence conclude that the
responses are reasonable against the initial water contents of the ECC mixes, and the time constant
(c) can be used to monitor the changes of moisture inside each specimen. As shown in Figure 8a, the
decay time constant (ci ) indicates the time/age for the bulk electrical conductance of an ECC material
decreasing in value to exp(−1) or 36.8% from a step decrease. The regression coefﬁcients A1 and c
varies linearly with increasing w/b, as shown in Figure 8b. The coefﬁcient A1 is the initial value of the
341

MDPI Books

Appl. Sci. 2017, 7, 35

ﬁrst term of the bi-exponential regression, which can be considered the extrapolation point of the slow
declining ramp function.
1
0.9
0.8

PE1, exp(-t/c1)

4

PE2, exp(-t/c2)

3.5

Coefficients: A1 , c

PE3, exp(-t/c3)

exp(-t/c)

0.7
0.6
0.5
0.4
0.3

3
2.5
2
1.5
1

0.2

0.5

0.1

0

0
0

0.2

0.4

0.6

0.8

Age (day)

1

1.2

1.4

A1
c, decay time const

0.18

1.6

0.2

0.22

0.24

0.26

0.28

water-to-binder ratio (w/b)

(a)ȱ

(b)

0.3

0.32

Figure 8. (a) Comparison of time constants for step responses; (b) Regression coefﬁcients A1 and c
(time constant) versus w/b.

4.2. Compressive Strength Modelled by using Bi-Exponential Regressions

Exponential regression methods are known to be well-suited for the ﬁtting of growing/decaying
data with time [13,20,21]. In particular, the mean compressive strength of cement concrete at times
other than 28 days can be estimated, as long as the type of cement is known [33]. In this study, the
measured results of compressive strength of ECCs, which grow with age for 28 days, were modelled
by using the bi-exponential regression as given in (5).
f c (t) = S1 exp

) *
)
*
t
t
+ S2 exp − , 0 ≤ t ≤ 28
d
e

(5)

where S1 and S2 are the initial values of the two exponential terms, respectively, and d and e are the
regression coefﬁcients. Table 5 summarizes all regression coefﬁcients and the goodness of ﬁt values,
whereas the regression curves are plotted against age as shown in Figure 9.
Table 5. Regression coefﬁcients and goodness of ﬁt for Equation (5).
ECC

w/b

S1

S2

d

e

PE1 (f c1 )
PE2 (f c2 )
PE3 (f c3 )

0.200
0.255
0.300

41.9
45.1
30.68

−41.82
−44.94
−30.63

143.947
534.759
72.727

3.960
3.347
2.820

Compressive Strength (MPa)

50

PE-CY-bi-exp

40
30
20

PE1 CS
PE2 CS
PE3 CS
fit 21, fcs21

10

fit 22, fcs22

0

fit 23, fcs23
0

5

10

15

Age (day)

20

25

30

R2

0.9998
0.9980
0.9996

Figure 9. Compressive strength modelled by using bi-exponential regression.

342

MDPI Books

Appl. Sci. 2017, 7, 35

0

50

-0.1

40

-0.2

30

-0.3

20

-exp(-t/e)

S1*exp(t/d)

For a better understanding the strength modelling using the bi-exponential regressions, the ﬁtting
curves (fcs21 , fcs22 , fcs23 ) of (5) were resolved into two terms as shown in Figure 10a for comparison.
We examined the fact that the ﬁrst terms are the approximate ramp functions with small slopes,
whereas the second terms are the exponential growth functions in which the strength curve has
different growing rates due to different initial water contents. Through further analysis of the unit-step
responses of the second terms of (5) as shown in Figure 10b by using the criterion of exp(−1), the
values of time constants e1 , e2 , and e3 are veriﬁed as the same as that given in Table 5. However, the
magnitudes of the time constants are in the reverse order of the initial water contents, i.e., e1 > e2 > e3 .
Figure 11a shows the variation of time constants versus the w/b; this linear curve indicates the strength
evolution is inversely proportion to the initial water content. Namely, the higher the w/b ratio of ECC
specimen features, the faster the rate of strength evolution; however, it has a lower ﬁnal strength. This
statement can be further veriﬁed using (5) by putting t = 28 days to obtain the compressive strengths
for PE1, PE2 and PE3 specimens, respectively, and compared with the measured data, as shown in
Figure 11b. Moreover, the 28-day strength of bi-exponential functions exhibits a linear decay relation
with w/b, which corroborates the results for the normal cementitious materials, e.g., [20,21]. This
decline relation is highly expected in this study of PVA-ECC specimens despite the unknown factor of
water absorption from the PVA ﬁbers.
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Figure 10. (a) Decomposition of bi-exponential regression for all specimens; (b) step response of second
term of (5) that shows the differences in time constant.
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Figure 11. (a) Regression coefﬁcient (time constant), e versus w/b; (b) comparison of the 28-day
strengths: measurement, regression values using (5).
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In this section, the correlations between compressive strength and electrical conductance are
established via data mapping of (4) and (5). As the ﬁrst step, effective conductance at 2 GHz is
calculated using (4) and compressive strength is obtained using (5), both through the bi-exponential
functions for the ﬁrst 8 days. The compressive strength of all ECC specimens is developing while
electrical conductance decays with time as shown in Figure 12a. All (three) strength-conductance
curves (S-C curves for short) have similar trends in accordance with hydration process—reducing the
free water whilst C-S-H gels are developed inside specimens. It is observed that the S-C curves of PE1
and PE2 have alike behaviors in the conductance range of 3.1 to 3.5, whereas the S-C curves of PE2
and PE3 have close behaviors in the conductance range of 3.6 to 5. Meanwhile, the S-C curves show
that when conductance equals 3.54 both the PE1 and PE3 specimens yield a strength value of 24 MPa
while PE2 exhibits a higher strength of about 28 MPa. This observation agrees with the strength values
of ECC specimens on Day-3 as shown in Figures 6 and 9. As the second step, all ECC mixes with
similar initial w/b ratios in the range of 0.20–0.30 are considered as a global set of S-C data from Day-1
to Day-8. A generic regression model is established by ﬁtting all S-C data using a single function in
bi-exponential form, as given by
f cs2 ( g2 ) = 3236 exp(−1.53· g2 ) + 19.97 exp(−0.14· g2 )

(6)

The bi-exponential regression function (6) ﬁtted with data as shown in Figure 12b, where the
goodness of ﬁt is R2 = 0.8829 and RMSE = 3.138. Electrical conduction at high frequency such as
2 GHz occurs due to dielectric relaxation, dipolar loss, and ion transport through pore solution and is
strappingly related to moisture content, porosity and ion concentration inside the CBMs. The reduction
of effective conductance reﬂects the growth of C-S-H gels and thus the strength gains. Therefore, one
can use this generic function to monitor the strength evolution of ECC specimens as long as the w/b
ratio has fallen into the range of 0.20–0.30.
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Figure 12. (a) Computed correlations between compressive strength and conductance directly using
regression functions (4) and (5); (b) proposed regression function (6) for ﬁtting of all S-C data.

As the ﬁnal step for forming correlations between compressive strength and effective conductance,
the effect of different w/b ratios on compressive strength is further considered. The authors developed
a more accurate regression function (7), by taking the w/b ratio as a dependent variable, as given by
f cs2 ( g2 ,

w
K
) = (w/b)
b
g2
−m

where K and m are the regression coefﬁcients of (7).
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Figure 13 shows the performance of the proposed regression functions as a function of effective
conductance at 2 GHz (g2). Function proposed for the PE1 (w/b = 0.20) mix is shown in Figure 13a
whereas functions ﬁtting individual data sets of PE2 (w/b = 0.255) and PE3 (w/b = 0.30) are shown in
Figure 13b. Table 6 summarizes the ﬁtting coefﬁcients and goodness of ﬁt for (7). The rational model
of (7) gives more meaning yet a simpler form than the bi-exponential model of (6), both the coefﬁcients
K and m are varying linearly with increasing w/b, which can be used as indications for distinguishing
water contents of ECC specimens.
Table 6. Regression coefﬁcients and qualities for Equation (7).
w/b

K

m

R2

PE1 (f c1 )
PE2 (f c2 )
PE3 (f c3 )

0.200
0.255
0.300

2.274
2.710
3.008

1.196
1.285
1.336

0.9814
0.9953
0.9979

50

PE1, fcs21 vs g21

45

Compressive Strength (MPa)

Compressive Strength (MPa)

50

ECC

Rational-PE1, (7)

40
35
30
25
20
15
10

PE2, fcs22 vs g22

45

Rational-PE2, (7)
PE3, fcs23 vs g23

40

Rational-PE3, (7)

35
30
25
20
15
10

5

4.8

4.6

4.4

4.2

4

3.8

3.6

Conductance at 2 GHz, g

3.4

3.2

3

5

2

(a)ȱ

4.8

4.6

4.4

4.2

4

3.8

3.6

Conductance at 2 GHz, g

(b)

3.4

3.2

3

2

Figure 13. (a) S-C correlation for PE1 (w/b = 0.20) specimen; (b) S-C correlations for PE2 (w/b = 0.255)
and PE3 (w/b = 0.30) specimens.

5. Conclusions

This paper presents the compressive strength prediction and correlations of engineered
cementitious composites (ECCs) by means of early-age microwave conductance using a nondestructive
microwave detecting technique. The measurements of effective conductance and compressive strength
were undertaken in parallel for the same type of ECC specimens with different water-to-binder ratios.
Near-ﬁeld measurement was conducted daily in the ﬁrst eight days whereas the compression test
was performed in accordance with the standard ASTM-C39 till 28 days of age. Innovative models for
the correlations of compressive strength against effective conductance were developed and analyzed.
The following conclusions can be drawn within the scope of this study:
1.
2.

3.

4.

The decay of conductance at 2 GHz is modelled by using the bi-exponential regression function (4),
where the time-constant of the rapid decay term increases as a function of increasing w/b.
The growth of compressive strength of ECC specimens till 28 days is found to be best ﬁtted by
using bi-exponential function (5). The time constant of the rapid growing term decreases as a
function of increasing w/b.
ECC specimens have the general trend—strength develops as a function of decreasing effective
conductance. This produced the ability of the microwave technique in monitoring the variation
of the liquid phase morphology and pore structure.
When considering the ECC specimens with similar w/b ratios in the range of 0.20–0.30, a generic
model is developed in a bi-exponential form for all ECC specimens as a whole, as given in (6).
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An accurate correlation model for strength–conductance is developed by including w/b as the
dependent variable. The rational correlation model effectively emulates the nonlinear evolution
of compressive strength with decreasing conductance. Moreover, the two coefﬁcients K and
m increase as a linear function of increasing w/b. This makes in situ nondestructive strength
predicting and monitoring feasible for concrete infrastructure.
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Abstract: Unmanned aerial vehicles (UAVs), commonly known as drones, are a rising topic in
remote sensing technologies for structural health monitoring. With technology advancement in
cameras, the visual inspection method using drones is gaining much attention in the ﬁeld of civil
engineering. However, although visual inspection methods are feasible for ﬁnding cracks in structures,
the limitations of image processing for ﬁnding internal damage or small defects cannot be ignored.
To overcome this problem, a possible application concept of UAV, combined with a vibration-based
non-destructive health monitoring method, is proposed. The idea is for the drone to temporarily
attach the piezoelectric transducer onto a speciﬁc region where excitation and data acquisition occurs
simultaneously. This eliminates the need for a structure to be covered with hundreds of sensors
for monitoring, as this concept uses a single piezoelectric transducer for monitoring a structure.
The proposed work offers new areas of research by converging UAV with a vibration-based method,
as associated problems are required to be solved.
Keywords: unmanned aerial vehicle (UAV); drone; structural health monitoring (SHM); piezoelectric
transducer; non-destructive testing

1. Introduction

Unmanned aerial vehicles (UAVs), commonly known as drones, are gaining a considerable
amount of attention in the ﬁeld of structural health monitoring (SHM). The visual inspection method
with image processing is a common concept when using drones to ﬁnd cracks, rusts, or other damage
types that can be visually identiﬁed. Due to the nature of the aforementioned method, damages is
usually identiﬁed when it has been noticeably progressed. For this reason, a new concept is required
to allow drones to identify damage at an earlier stage, or detect internal damage such as thickness
loss due to corrosion. To date, various authors have investigated structural health monitoring using
the electromechanical impedance (EMI) method, including monitoring of drones. However, there are
only a few studies available where drones are utilized to monitor structures which are focused on
image processing [1–3]. Ellenberg et al. performed an investigation on remote sensing capabilities of a
commercialized UAV (Parrot AR 2.0) for crack detection from various distances [1]. An algorithm was
developed in MATLAB for image post-processing where a ﬁeld test was conducted on a pedestrian
bridge in order to evaluate the performance of the UAV. Sankarasrinivasan et al. introduced an
approach involving a combination of hat transform and HSV thresholding technique for detecting
cracks using UAV for a real time SHM [2]. Field testing was conducted in the outdoor environment at
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Vel Tech University in India to evaluate the performance for the proposed study, during which factors
such as wind and random image noises resulted in a few erroneous results. Eschmann et al. used an
octocopter (a UAV with eight blades weighing 2.5 kg) for a building inspection where photos were
taken at high speed and frequency [3]. During the study, more than 12,000 photos were taken over the
four day period for crack inspection of the target structure.
In this work, a new concept of converging a drone with a vibration-based non-destructive
evaluation (NDE) method is proposed. Such a concept will allow one to potentially identify damage
at an earlier stage, reducing the overall maintenance cost of a structure. With the advancement in
measurement technologies, the equipment used for conducting NDE methods are becoming smaller,
lighter, and cheaper. Thus, with the new concept of equipping a drone with a vibration-based NDE
method, possibilities are created for new research areas in the ﬁeld of remote sensing-based structural
health monitoring.
2. Equipping a Vibration-Based NDE Method onto a Drone

The vibration-based NDE method introduced in this study uses a single piezoelectric (PZT)
material to act as both actuator and sensor. The method is known as the EMI technique, ﬁrst proposed
by Liang et al. [4]. Currently, this technique requires one to permanently attach a PZT transducer
onto the surface of the target structure, usually in 10 mm square sizes for performing the NDE
method [5–17]. Electrical impedance of the attached PZT transducer is usually measured using
equipment such as 4294A (Agilent Technologies, Santa Clara, CA, USA) costing up to 50,000 USD,
or the AD5933 evaluation board (Analog Devices, Norwood, MA, USA) costing less than 100 USD,
which is light enough for a drone to carry. The attached PZT excites the structure (thickness and radial
vibration modes) within a selected frequency range (usually between 20 and 400 kHz), creating a
standing wave at each frequency, whilst also acquiring data. By observing the 1-D equation introduced
by Liang et al. [4], the measured electrical admittance (inverse of impedance) of the PZT, Y(ω) is
directly related to the mechanical impedance of the host structure, Zs (ω). Thus, any changes in the
structure can be detected by measuring the electrical impedance. The rest of the variables, including
E

T , δ, d2 and Y
ω, a, ε33
xx represent the excitation frequency geometric constant, dielectric constant,
3x
dielectric loss tangent, coupling constant, and the PZT Young’s modulus.

)
T
Y (ω) = iωa ε33
(1 − iδ) −

*
Zs (ω)
E
d23x Y xx .
Zs (ω) + Za (ω)

(1)

Data analysis of the EMI method is achieved by comparing two impedance signatures, before and
after damage measurements have been recorded. A statistical technique known as the root mean square
deviation (RMSD) is used to quantify the variations for the two impedance signatures into a single
number. The RMSD equation is shown in Equation (2), where Re( Zk )i is the real part of the reference
impedance signature, and Re( Zk ) j is the real part of the corresponding impedance signature for each
measurement time at the kth measurement step. In general, the real part of an impedance signature is
used as it has been experimentally proven by the authors of this study that it performs better than the
imaginary part for damage identiﬁcation [18]. Here, large variations in the two impedance signatures
will result in a higher RMSD value.
)
RMSD =

∑

N
k =1



Re( Zk ) j − Re( Zk )i

2 1

∑

2
N
k=1 [ Re ( Zk )i ]

*1/2

.

(2)

One of the advantages of the EMI method is the use of the high frequency range, allowing one to
detect small defects. However, the sensing area at this frequency range is relatively small and a large
number of PZT transducers are required for monitoring large infrastructures. The concept introduced
here, for using a drone to monitor structures, requires the modiﬁcation of the PZT transducer so that
it is re-attachable. This means that it should be able to be temporarily attached to a structure, with
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a connection strong enough for a successful damage detection. To achieve this, the conventional
method of permanently attaching the PZT is modiﬁed so that it allows temporary attachment to a
host structure using magnetic force. This concept is shown in the red box in Figure 1, where the
PZT (5A4E, 0.5 mm thickness type purchased from piezo.com) is attached on top of a magnet (size
25 mm × 15 mm × 3 mm). This allows the PZT device to be easily attached and detached from a
structure, as long as the target structure is ferromagnetic. However, if the host structure is non-metallic
(e.g., concrete, composite, wooden structure etc.), a support magnet must be attached to the host
structure, as shown in Figure 1. The experiment setup is also shown in the ﬁgure, where a laptop is
connected to the AD5933 evaluation board with the positive and negative wires connected to the PZT
device. The drone used for the study is the commercial product model SYMA X5HW, costing 60 USD.
The package provides an application for a smart phone for real time visualization through a Wi-Fi
connection. The wires of the PZT device are attached to the drone, where it is controlled by the user.

Figure 1. Vibration-based drone structural health monitoring concept.

Although the PZT device is connected to the laptop through the AD5933 evaluation board, it is
possible for one to convert the board into a wireless system, eliminating the USB data cable shown
in the ﬁgure. Such a system has been investigated by several authors for attempting to create a
wireless impedance measuring device using the AD5933 chip. Some of the ﬁrst wireless impedance
measuring devices using this chip were created by Mascarenas et al. (2007) and Overly et al. (2008).
Mascarenas et al. presented a wireless system using the AD5933 impedance measuring chip with an
Xbee 2.4 GHz radio (MaxStream, Lindon, Utah, USA) and an ATmega128L microcontroller (Atmel,
San Jose, CA, USA). The performance of the proposed system was demonstrated by comparing the
results with those from the data acquisition system (National Instruments, Austin, TX, USA), measuring
the impedance up to 90 kHz [19]. Overly et al. created an extremely compact wireless impedance
measuring system with dimensions of 52 mm × 3.7 mm, using an ATmega128L microcontroller. The
performance of the system was compared to an Agilent 4294A impedance analyzer protecting against
corrosion, loosening and tightening bolts. Due to its small size, the system has a very low power
consumption, which would be suitable for the drone monitoring concept shown in this study [20].
First, since the EMI method is a vibration-based technique, it is vital to investigate whether
vibrations caused from the drone (wind or motor spinning) have any effect on the impedance signatures.
In order to check this, ﬁve impedance signatures were measured at hovering state in order to evaluate
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the repeatability performance of the drone equipped with the EMI method. Figure 2 shows the results
of measuring the impedance signatures in the frequency range from 30 to 70 kHz, during which
virtually no change in the signatures can be seen. This is an expected result as the EMI method uses a
high frequency range over 20 kHz and vibrations from the drone (e.g., motor blade, wind) are assumed
to be much lower than this value. Here, the largest difference between any two impedance signatures
did not exceed the value of 0.66%. Thus, this value can be deﬁned as the threshold value for the study
and any values below 0.66% should be ignored when identifying damage.

Figure 2. Impedance signatures measured at drone hovering state.

Having established that the impedance measurements are barely affected by the vibrations created
from the drone, the next step was to evaluate the repeatability of attaching and reattaching the PZT
device onto a structure. Since the impedance signatures are highly sensitive, reattaching the PZT device
can have a signiﬁcant impact on the impedance signature. In order to investigate this matter, the PZT
device is detached and reattached to a metal plate with dimensions of 100 mm × 100 mm × 0.15 mm,
with impedance signatures being measured each time in the 55 kHz to 70 kHz range. For the purpose
of the test, the reattachment was conducted in two ways. First, the reattachment was achieved by
manually controlling the drone when placing the PZT device at the corner of the metal plate, where the
magnetic force of the device allowed it to be temporarily attach to the surface. This process is shown in
Figure 3a where the impedance signatures were measured 10 times for every reattachment of the PZT
device. The second method of detaching and reattaching the PZT device was done manually, by using
the hands to try and achieve exactly the same location placement of the device each time, at the corner
of the plate. Again, 10 impedance signatures were acquired for a comparison with the results of the
previous 10 signatures. Figure 3b shows the RMSD values calculated from these two sets of data,
where the ﬁrst measurements were used as the reference signatures and the remaining signatures were
then compared to these values. The difference in the RMSD values for the two sets of data is clearly
visible, with the drone reattachment method being noticeably higher (between 4% and 7%) than when
the PZT device is reattached by the hands (2.5%~3.5%). This proves that replacement of the PZT device
onto the same location is a vital factor. However, the RMSD values in the range of 2.5% to 3.5% can
still be considered as high, and additional research is required to minimize the impedance signature
variations caused by replacement of the PZT device. Figure 4 shows the impedance signatures used
to obtain the RMSD values just discussed, in the frequency ranges from 55 to 70 kHz. As expected,
the reattachment of the PZT device using the drone (Figure 4a) has higher signature variations than
those in Figure 4b. Regardless, the general shape of the impedance signatures is maintained with
downward peaks being located at 63 kHz.
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Figure 3. (a) Piezoelectric (PZT) device reattachment test; (b) root mean square deviation (RMSD)
results for the reattachment test.

Figure 4. Reattachment of the PZT device: (a) by the drone; (b) manually.

3. Damage Detection Problems and Possibilities

In the previous section, the reattachment of the PZT device caused the impedance signatures to
vary, which can result in difﬁculty when identifying damage. The highest RMSD values produced
for the two different reattachment methods were approximately 7% when using the drone and 3.5%
for manual placement. Thus, it would be ideal for a structure experiencing damage to have higher
values as these two values can be deﬁned as the threshold values, in order to differentiate between
an intact case and a damage case. Keeping this in mind, the purpose of this section is to conduct two
experiments involving a progressive damage case and a thickness loss damage case. The setup of the
test specimens is shown in Figure 5. Figure 5a shows the PZT device attached to the metal plate, where
damage is introduced by cutting 1 mm each time (up to 20 mm), with the impedance signatures being
measured at every step. In Figure 5b, ﬁve plates are stacked with the PZT device attached at one end
of the stack. The stack is held together by the magnetic force (without any additional magnet) of the
PZT device, where it is detached and reattached 10 times for acquiring impedance signatures. After
measuring the impedance signature, a single layer of the metal plate is removed from the stack and
the PZT device is detached and reattached another 10 times, with the impedance signatures being
measured at each step. This process is repeated until the last plate of the stack is remaining, totaling
50 impedance signatures.
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Figure 5. Experiment setup for: (a) the progressive damage case; (b) thickness reduction case.

Figure 6a shows the impedance signatures for the experiment in Figure 5a, where 21 impedance
signatures (including the reference signature) can be observed. Although the signatures vary subject
to progressive damage, the intensity of signature variations are less severe compared to Figure 4. Thus,
this causes difﬁculty when identifying damage as damaged structure results in smaller signature
variations than variations caused from reattachment of the PZT device. Figure 6b shows RMSD values
by selecting the intact case as the reference signature, with all other signatures being compared to
this reference. The ﬁrst RMSD value which is calculated from the initial 1 mm cut damage results in
1.01% (red square dot), and the remaining RMSD values range between 1.4% and 1.8% (purple circle
dots). One possible explanation for the relatively low RMSD result (1.01%) for the ﬁrst RMSD value is
that the damage was conducted near a node (a point that vibrates with minimum amplitude), causing
small variations in the impedance signature. Using a line of best ﬁt (excluding the ﬁrst RMSD value),
shows a rising trend with an increase in damage intensity. For this progressive damage case, the RMSD
values are smaller than the values calculated from manually reattaching the PZT device (2.5%~3.5%).
Thus, a different approach other than using the RMSD equation, needs to be researched in order to
differentiate between an intact case and a progressive damage case using the presented PZT device.

Figure 6. Progressive damage case: (a) Impedance signatures; (b) RMSD results.

Figure 7a shows 50 impedance signatures measured for the experiment conducted in Figure 5b.
When observing this, a trend exists for the resonance peaks located at 35 kHz and 63 kHz, where
both peaks show a decrease in the amplitudes and a shift to the left direction as the thickness of the
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metal stack layer is reduced. Figure 7b shows the RMSD values calculated using the ﬁrst impedance
signature, with the remaining signatures being compared to this value. The red dotted lines in the
ﬁgure separate the RMSD values from a stack of ﬁve metal layers, to a single metal layer (ﬁrst nine dots
are measured from a stack with ﬁve layers, the next 10 dots are from a stack with four layers, and so
forth). Here, there is a clear difference in the RMSD values for the different number of layers, where ﬁve
layers (0.75 mm) result in values of 2%~4%, four layers in 4%~7%, three layers in 6%~10% (except for
the 23rd measurement), two layers in 10%~14%, and one layer in 12%~18%. Thus, for this metal stack
case, one can ﬁrst acquire the impedance signature at ﬁve layers for use as a reference signature, then
detach the PZT device for it to be used again in the future. When the stack experiences reduction in
thickness, the PZT device should be attached to the same spot for measuring the impedance signature
again. If the stack thickness has reduced to only two layers, a high possibility exists for the RMSD
value to be within the range of 10%~14%. In addition, one can increase the accuracy of the result by
simply measuring the impedance signature multiple times before averaging the RMSD values, as a
single measurement can result in an unexpected RMSD value, leading to a wrong prediction. Based
on this ﬁnding, it becomes possible for one to identify thickness reduction of structures subjected
to corrosion such as bridges, buildings, and offshore structures, by using a drone equipped with a
re-attachable PZT device.

Figure 7. Thickness reduction case: (a) Impedance signatures; (b) RMSD results.

4. Conclusions

This study proposes a new concept of employing UAV for structural health monitoring of
civil infrastructures, using a vibration-based NDE method. The concept surpasses the current
limitations of using a drone in combination with a visual inspection method and image processing.
The vibration-based method can detect small damages which are difﬁcult to identify, and internal
damages such as thickness reduction. The key idea of the concept is to make a PZT transducer that
can be temporarily attached and detached to a structure, which is a different way of conducting
the EMI method, in which the PZT transducer is permanently attached to the host structure for
damage identiﬁcation.
The ﬁrst part of the study investigates the effect of measured impedance signature while the drone
is in a hovering state. Due to the high frequency usage of the NDE method, the effect on the impedance
signature can be ignored. The second part of the study evaluated the repeatability performance of the
PZT device which is attached, detached, and reattached, to a stack of metal plates, where the RMSD
values were calculated and analyzed. The last section of the study investigated the performance of the
PZT device against two different damage types. During the ﬁrst, the PZT device was attached to a
metal plate with 1 mm progressive damage being introduced up to 20 mm, and during the second,
the PZT device was tested against a stack of metal plates subjected to a thickness loss. The RMSD
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values for the progressive damage case were noticeably less than the RMSD values calculated from
the signatures acquired by reattaching the PZT device on an undamaged plate. Thus, more research
is needed to solve this problem. However, the case of thickness reduction on a metal stack showed
results which validates the drone SHM concept. For each reduction in metal layers, the RMSD values
were within a speciﬁc range for all ﬁve layers. These were 2%~4%, 4%~7%, 6%~10%, 10%~14% and
12%~18% for 5 layers, 4, 3, 2, and 1 layer, respectively. Therefore, through a consideration of the
concept of using a drone equipped with a vibration-based NDE method, new possibilities have been
realized and existing problems will need solutions for turning this new concept into reality.
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Abstract: We developed a new approach for sizing subsurface defects in the square pulse
thermography of metallic plates by employing the oriented gradient of histograms. To size defects
with high accuracies is still a challenge in infrared (IR) thermography today. Especially for blurry
defects, accurate sizing of them is difﬁcult with existing methods. The oriented gradient of histograms,
which is used in the successful probability of boundary (Pb) contour detector in natural image
processing literature, is employed in this work to improve the sizing accuracy in square pulse
thermography. Experiments on a corroded steel plate with ﬂat blind holes have veriﬁed the
effectiveness of the proposed approach to size defects. Experimental results show that the proposed
approach can size distinct and blurry defects with high accuracies. Comparison research is also
implemented between the proposed approach and other sizing methods. The comparison results
show that the proposed approach is superior to existing methods.

Keywords: square pulse thermography; oriented gradient of histograms; defect sizing;
subsurface defect

1. Introduction

Defects in components can severely reduce the strength of a structure and may even result in
a serious failure of the structure. Non-destructive testing (NDT) is an essential technique to detect
defects on surface and subsurface defects in components. The objectives of NDT include detection
of defects and their characterization. Detection of defects aims to judge whether defects are present
in the tested specimen or not [1,2]. Characterization of defects is to determine dimensions of defects,
including depth, thickness, and size. The size of a defect is a critical factor which should be considered
when evaluating the remaining useful life and the capacity of a metallic component. Decision-making
in maintenance management of a metallic component usually depends on the size information of the
detected defects, and many NDT techniques have been used for defect sizing [3,4]. Consequently,
accurate sizing of defects is of great importance in NDT of metallic components.
Infrared (IR) thermography, an important NDT technique, has been widely applied to test
metallic components due to its advantages in terms of non-contact, efﬁciency, and safety [5–9].
The effectiveness of IR thermography in detecting subsurface defect in metallic components has
widely been validated in many studies [10–12]. However, defects usually present weak indications in
thermograms. Thermograms have more random noise compared to natural images due to the intrinsic
principle of IR thermography [13]. Moreover, surfaces of test objects are not always ideal for processing
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with black matt painting, which is a common way to enhance defect indications in IR thermogaphy.
For example, for a metallic part with a corroded surface, defect indications in thermograms are blurrier
due to the effect of corrosion material. Non-uniform heating also makes some defects blurry in
thermograms. Under non-uniform heating condition, defects obtaining less heating energy present
weaker indications than those in regions with intensive irradiation. Sizing of these blurry defects with
a high accuracy is signiﬁcantly difﬁcult in IR thermography.
Much research has focused on sizing defect in IR thermography. In general, these approaches
can be classiﬁed into temperature proﬁle-based, point-spread function (PSF)-based, and image
processing-based approaches. Full width at half maximum (FWHM) is the most widely used
temperature proﬁle-based approach [14,15]. In FWHM, the width of half maximum gray level along
horizontal and vertical lines in a selected IR thermal image is employed to describe the size of a
defect. Olga et al. thus proposed a gradient-based sizing means for pulsed IR thermography, which
is still widely being used today [16–18]. Maldague proposed a sizing method by computing the
product of the derivative of contrast and contrast gradient in [13]. All of these approaches can size
distinct defects with satisfactory accuracies. However, for blurry defects that present low observable
indications, the above-mentioned approaches usually cannot perform with a sufﬁcient accuracy.
Moreover, difﬁculties in searching for the peak temperature location and in selecting the reference
temperature make sizing blurry defects a time-consuming work.
PSF-based sizing approaches regard a captured thermal image as the convolution of the defect
shape function and a PSF. With a known PSF, the contour of a defect can be retrieved by implementing
deconvolution on the captured thermal image. Several PSF models have been proposed in IR
thermography [19,20]. However, PSF is a function of defect depth. The contour of a defect can
only be retrieved accurately on the condition that the depth of the defect is known. In other words,
depth retrievement should be implemented before sizing a defect when using PSF-based approaches.
This introduced step increases the workload of inspectors signiﬁcantly.
Image processing is another means of sizing defects in IR thermography. Some image
processing-based approaches have been proposed to size defects automatically. These approaches
are based on contour detection or image segmentation. Classic contour detectors, such as the Canny
operator and the Sobel operator, have been employed in IR thermography in the natural image
processing literature [21,22]. Recently, a new approach to detecting the tips of cracks in inductive
thermography was developed based on sparse greedy-based principle component analysis [23].
These contour detectors can provide accurate contour information for distinct defects. However,
defects are not always distinct in IR thermography due to the effects of non-uniform heating and
the depths of defects. Low observable defects are usually over-sized when applying these classic
contour detectors. Besides contour detection algorithms, image segmentation is another kind of image
processing-based sizing approach to distinguish defects from sound regions. Image segmentation
algorithms applied in IR thermography include thresholding [24–28], region growing [29], superpixel
segmentation [30], and anomaly detection [31]. Thresholding is the most commonly used method
because of its easily understandable and simple programming. However, sizing accuracies of these
image segmentation-based approaches are usually sensitive to the quality of thermal images.
Our work aims to develop a fast approach which can size defects with a satisfactory accuracy not
only for distinct defects but also for blurry ones in square pulse thermography. The proposed approach
is based on the oriented gradient of histograms, which is used to calculate gradient in the probability
of boundary (Pb) contour detector used in the natural image literature [32,33]. Testing results on
experimental thermal images demonstrate that the sizing accuracy in square pulse thermography can
be improved signiﬁcantly through the presented approach. Especially blurry defects, which may be
over-sized greatly by existing methods, are sized with high accuracies in the proposed approach.
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Figure 1 describes the ﬂowchart of the proposed sizing approach. It mainly includes preprocessing
of raw thermal images, contour detection of defects, and size calculation of defects. The preprocessing
step aims to enhance defect indications in thermal images using existing methods. Then, contour
detection is implemented by employing the oriented gradient of histograms. Finally, physical sizes of
defects are calculated based on the ratio between physical size and pixel number in the thermal image.

Figure 1. Flowchart of the proposed approach.

2.1. Preprocessing of Raw Thermograms

In the developed approach, each thermogram is ﬁrstly transformed into a gray level image.
After gray level transformation, the gray level of each pixel is proportional to its temperature.
The region of interest (ROI) that corresponds to the tested specimen is then extracted by using a simple
thresholding process on the ﬁrst thermal frame. Otsu’s thresholding method is employed in our work
because of its automated determination of threshold value [34].
There has always been a great deal of random noise in thermograms due to the intrinsic working
principle of IR thermography. Just like the adverse effect of random noise on the accuracy of the
contour detection of natural images, random noise in thermograms can also reduce sizing accuracy
signiﬁcantly. Hence, the denoising of thermogram is important for improving sizing accuracy. In our
work, all thermograms recorded during the heating period were averaged to diminish random noise,
as described in [25]. Then, the averaged thermogram was ﬁltered through the Gaussian low pass ﬁlter
as proposed in [26] to weaken the effect of random noise further.
2.2. Contour Detection Using the Oriented Gradient of Histograms

The oriented gradient of histograms has been used in Pb contour detectors and has been
a successful method in image processing literature [32,33]. For most classical gradient-based contour
operators, such as the Canny operator or the Sobel operator, the gradient at an investigated pixel is
calculated based on the gray levels of its neighbor pixels. Different from these methods, the oriented
gradient of histograms is calculated based on the intensity histogram of a local region, the center of
which is the investigated pixel.
The calculation of the oriented gradient for a pixel (m, n) is demonstrated in Figure 2. A circular
disc with a speciﬁed radius of r is placed at the investigated pixel and the disc is split into two half-discs
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by a diameter at angle θ, as shown in Figure 2a. According to the ﬁndings in the previous work [32],
when calculating the intensity histogram of each half-disc region, the gray level range of [0, 255] is
divided into 64 bins in our work; consequently, each bin covers an intensity range of about 4. Intensity
histograms of the two half-disc regions were calculated and are shown in Figure 2b,c, respectively.
The horizontal ordinate in the intensity histogram describes the intensity bins, and values at the vertical
ordinate are the count of pixels falling into each bin. The oriented gradient of histograms at pixel (m, n)
along direction θ is then described by the χ2 distance between the histogram g(i) of the lower half-disc
and the histogram h(i) of the upper half-disc:
G (m, n, θ) =

1 64 ( g(i ) − h(i ))2
2 i∑
g (i ) + h (i )
=1

(1)

For each pixel, the oriented gradient is calculated along different directions by changing the
value of θ. In our work, oriented gradients are calculated in nine directions by changing θ from 0◦ to
160◦ with an interval of 20◦ . Consequently, each pixel has nine oriented gradients corresponding to
nine directions. Only the maximum gradient of each pixel remains as the prominent gradient, and
a gradient map is then constructed with the prominent gradient of each pixel. In the constructed
gradient map, pixels around which gray levels change greatly will have large gradient magnitudes.
These pixels with large gradient magnitudes constitute the contours of the defects.
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Figure 2. Calculation of the oriented gradient of histograms: (a) a patch of a thermogram;
(b) histogram of the upper half-disc; (c) histogram of the lower half-disc; (d) oriented gradient map
after non-maximum suppression (NMS) processing.

The contour of a defect presents a wide border in the constructed gradient map. In order to
locate the defect contour more accurately, a narrow border with a pixel width should be determined.
Non-maximum suppression (NMS) is implemented for this object in this work. NMS is a commonly
used method in the image processing literature for obtaining a one-pixel width edge. Details of NMS
are given in [35]. Through NMS operation, only the local maxima pixels remain in the gradient map.
Consequently, the defect contour is indicated as a one-pixel width curve. The gradient map of Figure 2a
after NMS processing is shown in Figure 2d.
Once the contour of a subsurface defect is detected, the size of the defect can be easily calculated based
on the ratio between the physical size and the pixel number in the thermogram of the tested specimen.
3. Experiment Result and Discussion
3.1. Experimental Setup

The proposed approach was tested on experimental thermogram sequences. The experimental
setup for square pulse thermography is shown in Figure 3. Two Phillips QVF137 halogen lamps
with a rated power of 1000 W were used to generate square pulse thermal waves. The temperature
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distribution of the metallic surface was captured using a SAY-HY6850 infrared imager with a thermal
sensitivity of 80 mK and a resolution of 320 × 240. Both the lamps and the infrared thermal imager
were located on the same side with respect to the inspection surface of the specimen. The vertical
distance between the inspection surface and the lamps is 0.4 m, while that between the inspection
surface and the infrared thermal imager is 0.9 m. With these arrangements, one pixel represented about
1.47 mm in thermograms. The incidence angle of square pulse thermal waves was about 45◦ . In order
to verify the efﬁciency of the proposed approach for blurry defects, the lamps were mounted such that
their centers were 5 mm higher than the horizontal center line of the specimen. As a result, less heating
ﬂux was obtained by defects in the bottom row. Due to this non-uniform heating, indications of the
bottom row defects were greatly weakened in the captured thermograms.

ȱ
Figure 3. Photograph of the experimental setup.

Experiments were performed on a Q235 steel plate (320 × 320 × 6 mm3 ). The plate was placed in
a moist environment for about three months without any corrosion prevention. Then, the surface of
the plate was completely covered by corrosion material. Nine ﬂat-bottom blind holes with the same
diameter of 15 mm but with different depths (from D1 to D9: 0.55, 0.50, 0.65, 0.8, 0.65, 0.75, 0.70, 0.7,
1.0 mm) were machined, and detailed information of these defects is shown in Figure 4. If the surface
of the specimen had not been corroded and had been processed by black matt painting, indications
of these defects would be very distinct in thermograms. However, due to the effect of the corrosion
material, the indications of defects were weakened signiﬁcantly in the real test. Under this condition,
the performance of the proposed approach for blurry defects can be tested precisely.
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In order to verify the repeatability of the proposed approach, the specimen was tested four times,
and the specimen was rotated for 90◦ in each testing. During each testing, the specimen was heated for
8 s, and thermograms were recorded for 16 s with a sampling frequency of 25 Hz.
3.2. Sizing Results on Experimental Thermograms

The thermogram captured at 5.6 s from the heating beginning is shown in Figure 5a. In this
thermogram, defect D9 has the best contrast indication compared to that in other thermograms.
The gray level ROI image is shown in Figure 5b. From this image, it can be seen that the defects
present indications with various observable levels. The defect depth is a crucial factor resulting in the
difference in contrast indications of defects. A deeper defect presents a lower observable indication
and a more blurry contour according to heat conduction theory. Non-uniform heating is another reason
for the different defect indications. As stated previously, the centers of lamps were not aligned to the
horizontal center line of the specimen, which resulted in a serious non-uniform heating condition.
More heating energy was obtained by the upper part of the specimen. For defects in regions obtaining
lower heating energy, they presented lower contrast indications. The ampliﬁed views of the defects in
the right column are shown in Figure 5c. It can be seen that D3 presents as a distinct defect, while D6
and D9 have low contrast indications and blurry contours because D6 and D9 are deeper than D3 and
they obtained less heating energy.
D9 has extremely low observability and its contour is too blurry to be located, which makes the
sizing of this defect a challenge. This can also be observed in Figure 6, which shows the intensity
proﬁle along the line across the right column defects. The contrast between defect and sound region
varies greatly for D3, D6, and D9. Sizing results of FWHM for these defects are also demonstrated in
Figure 6. We can see that D3 was sized with the highest accuracy by FWHM due to its distinct contrast
indication. However, the estimated sizes of D6 and D9 by FWHM deviated from the real sizes, with
large errors of 4.7 mm and 5.3 mm, respectively. This result demonstrates that the sizing accuracy of
FWHM closely depends on the contrast level of the defect indication.
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(b)ȱ

(a)ȱ

ȱ

ȱ

(c)

Figure 5. Raw thermogram and preprocessed thermogram: (a) raw thermogram captured at 5.6 s
after the beginning of heating with testing direction of 0◦ ; (b) preprocessed thermogram through
gray level transformation and the region of interest (ROI) extraction; (c) ampliﬁed display of the right
column defects.

Figure 6. Intensity proﬁle along the investigated line shown in Figure 5b and estimated sizes by full
width at half maximum (FWHM).

The denoised thermogram after averaging processing and Gaussian low pass ﬁltering is shown
in Figure 7a. Figure 7b depicts the prominent oriented gradient map of this denoised thermogram.
In Figure 7b, it can be observed that pixels on defect contours have larger gradient values in the
prominent oriented map. After implementing NMS on the prominent gradient map, one-pixel width
contours of the defects were obtained and are shown in Figure 7c. As can be seen, the circular shape
of each defect has been retained well. Using the ratio between physical size and pixel number of the
tested specimen, defect sizes were calculated, and the results are illustrated in Figure 7c. The calculated
results show that the estimated size is approximately equal to the real diameter (15 mm) for all defects,
including the hardly observable D9. Most defects are accurately sized with a tiny error of 0.2 mm
(3.25%). As a comparison, the Canny operator was also employed on the denoised thermogram to
size the defect, and its sizing results are shown in Figure 7d, which indicates that most defects were
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sized by the Canny operator with an error of 3.2 mm (21%). The maximum sizing error of the Canny
operator is 4.6 mm (31%). A detailed comparison of the proposed approach to the Canny operator
and the FWHM is shown in Table 1. It can be observed that, when employing the Canny operator to
detect defect contours, the sizing error is generally larger than that of the proposed approach. FWHM
provides a slightly lower accuracy than the proposed approach for distinct defects (D1, D2, and D3).
However, the sizing accuracy of FWHM decreases greatly for blurry defects. In contrast, the proposed
approach provides satisfactory sizing result for these blurry defects with an accuracy similar to those
for the distinct defects.

(a)ȱ

(b)ȱ

(c)ȱ

(d)ȱ

Figure 7. Intermediate result and contour detection result: (a) denoised image; (b) prominent gradient
map; (c) sizing result of the proposed approach (inverse displayed for clarity); (d) sizing result of the
Canny operator (inverse displayed for clarity).
Table 1. Performance comparisons of sizing methods.

Methods
Canny operator
FWHM
Proposed approach

Sizing Error (mm)
D1

D2

D3

D4

D5

D6

D7

4.6
0.3
0.2

1.7
0.3
0.2

3.2
0.3
0.2

3.2
3.3
1.7

2.8
1.2
1.3

3.2
4.7
0.2

3.2
2.6
0.2

D8

D9

3.2
1.7
0.2

3.2
5.6
0.2

In order to investigate the performance of the proposed approach further, we tested the specimen
repeatedly by rotating the specimen 90◦ each time. Because lamps and specimen are not located at
the same height as described previously, top row defects always obtain more heating energy. As a
result, thermograms captured in each test vary greatly due to this non-uniform heating. The raw
thermogram with maximum contrast for D9 and the contour detection result of the proposed approach
for the testing directions of 90◦ , 180◦ , and 270◦ are shown in Figure 8. It can be observed that shapes
of all defects are described well by the proposed approach. The detailed sizing results for each test
are illustrated in Table 2. The maximum sizing error is 1.8 mm considering all tests. From the mean
error averaged on four tests, it can be found that sizing errors of all defects except D5 are within 1 mm.
By observing the surface of the tested specimen, we found that the surface corresponding to D5 is
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extruding due to the machining process. We think such a special surface condition corresponding to
D5 is the possible reason for its special sizing error, which is slightly larger than those of other defects.

(a)ȱ

(b)

Figure 8. Raw thermogram and contour detection result: (a) Raw thermogram with maximum contrast
for the lowest observable defect with testing directions of 90◦ , 180◦ , and 270◦ (from top to bottom).
(b) Contour detection result of the proposed approach (inverse displayed for clarity).
Table 2. Estimated defect sizes.

Estimated Size by the Proposed Approach (mm)
Defect
D1
D2
D3
D4
D5
D6
D7
D8
D9

Testing Direction

Defect Diameter (mm)

15

0◦

90◦

180◦

270◦

14.8
14.8
14.8
13.3
16.3
14.8
14.8
14.8
14.8

15.2
15.2
15.2
15.2
16.7
13.7
16.7
15.2
16.7

15.2
15.2
15.2
15.2
16.8
13.7
15.2
15.2
15.2

15.2
16.7
16.7
15.2
16.7
15.2
13.6
15.2
16.7
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Mean Error
0.1
0.5
0.5
0.3
1.6
0.7
0.1
0.1
0.9

4. Conclusions
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Although the sizing of defects in IR thermography has been researched for decades, sizing a blurry
defect accurately is still a challenge. In this work, the sizing of subsurface defects in square pulse
thermography of metallic plates is accomplished by employing the oriented gradient of histograms,
which is used in a Pb contour detector found in the natural image processing literature. The oriented
gradient of histograms is calculated based on the distribution of the gray level value in a local region
rather than the gray level value of a single pixel.
Experimental testing was implemented on a corroded steel plate on which nine ﬂat-bottom blind
holes with a diameter of 15 mm were machined. Attributed to the non-uniform heating and variation
of defect depths, defects presented different observable levels in raw thermograms. The experimental
result shows that the proposed approach succeeds in not only sizing distinct defects but also sizing
blurry ones with high accuracies. The sizing result of the proposed approach is compared to that of
the Canny operator and FWHM. The comparison shows that the proposed approach is superior to the
Canny operator in sizing not only distinct defects but also blurry ones. When sizing distinct defects, the
proposed approach has an accuracy similar to FWHM. However, it outperforms FWHM when sizing
blurry defects. We implemented experiments repeatedly by rotating the tested specimen 90◦ each time.
The sizing results of the proposed approach are generally stable although serious non-uniform heating
was stimulated in the experiments. Experimental results veriﬁed that the proposed approach can size
both distinct defects and blurry ones with a high and stable accuracy in square pulse thermography of
metallic plates. Based on the accurate size information provided by the proposed approach, a more
reasonable decision can be made in the maintenance management of metallic components. In the
future, we will test the performance of the proposed approach on IR thermography with other
excitation means.
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Abstract: Convex 1-D ﬁrst-order total variation (TV) denoising is an effective method for eliminating
signal noise, which can be deﬁned as convex optimization consisting of a quadratic data ﬁdelity term
and a non-convex regularization term. It not only ensures strict convex for optimization problems,
but also improves the sparseness of the total variation term by introducing the non-convex penalty
function. The convex 1-D ﬁrst-order total variation denoising method has greater superiority in
recovering signals with ﬂat regions. However, it often produces undesirable staircase artifacts.
Moreover, actual denoising efﬁcacy largely depends on the selection of the regularization parameter,
which is utilized to adjust the weights between the ﬁdelity term and total variation term. Using this,
algorithms based on second-order total variation regularization and regularization parameter
optimization selection are proposed in this paper. The parameter selection index is determined
by the permutation entropy and cross-correlation coefﬁcient to avoid the interference by human
experience. This yields the convex 1-D second-order total variation denoising method based on the
non-convex framework. Comparing with traditional wavelet denoising and ﬁrst-order total variation
denoising, the validity of the proposed method is veriﬁed by analyzing the numerical simulation
signal and the vibration signal of fault bearing in practice.
Keywords: second-order total variation denoising; convex optimization; non-convex regularization
term; permutation entropy; fault diagnosis

1. Introduction

Rolling bearing is widely used in rotating machinery, and its operating status directly affects the
safety and stable operation of the entire device, and even the whole production line. The failure rate
of bearing is relatively high in the actual process of mechanical equipment. Thus, fault identiﬁcation
of bearing state has great signiﬁcance in mechanical fault diagnosis [1,2]. To date, the detection
of bearing failure is mostly based on vibration signal processing. The main goal is to improve the
identiﬁcation accuracy on the fault characteristic frequency from the original vibration signal [3],
and one of important research objectives aims to reduce the noise component and improve the
signal-to-noise ratio (SNR).
The traditional denoising method primarily uses different ﬁltering algorithm for noise reduction,
which is based on the different frequency characteristic distribution of the useful signals and unwanted
signals such as noisy data. Time-frequency analysis is widely utilized in stationary and periodicity
signal analysis [4]. However, it cannot completely detect the useful information contained in the
original measurement signal. In particular, the mechanical equipment fault signal has tended to
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be non-stationary, non-linear, and non-Gaussian [5]. Therefore, there are some disadvantages for
traditional denoising methods in mechanical fault feature extraction. Many scholars have adopted
the wavelet transform as a tool for denoising due to its good time-frequency localization ability, but it
is restricted by proper choice of wavelet basis function and decomposition level [6,7]. Empirical
mode decomposition (EMD) is a new non-stationary signal adaptive processing method, which has
been widely used in one-dimensional signal processing [8]. However, this method also has some
obvious shortcomings, such as lack of rigorous theoretical support, model-aliasing and the endpoint
effect [9,10]. Moreover, some techniques have been heavily employed in fault diagnosis and fault
reconstruction for a class of nonlinear systems [11,12]. Traditional total variation (TV) algorithm is
another widely used signal processing method, especially in image processing and one-dimensional
signal processing [13,14], because it can suppress noise effectively and maintain a good image edge.
Commonly, TV algorithm is constituted by a quadratic data ﬁdelity term and a convex regularization
term [15]. Subsequently, novel convex 1-D total variation denoising was introduced by the fact that
non-convex regularizers can better recover ﬂat signal regions [16]. Therefore, the non-smooth convex
regularizer is replaced by a non-convex one such as logarithmic penalty or arctangent penalty [17,18].
It is proven that convex 1-D total variation denoising has better capacity than the traditional total
variation denoising method in signal reconstruction. Nevertheless, the regularization parameter is
employed to adjust the weights between ﬁdelity constraints and total variation term, which lack
objective evaluation criteria. Furthermore, the abovementioned convex 1-D total variation (TV)
denoising by the ﬁrst-order total variation operator always produces undesirable staircase artifacts.
Since the second-order difference is sparser than the ﬁrst-order difference, it has been widely
applied in image processing [19,20]. In order to improve the performance of signal reconstruction and
avoid the problem of staircase artifacts, the second-order total variation using non-convex penalty
function is ﬁrstly employed for vibration signal processing in this paper. Then, this paper distinguishes
the differences between unwanted signal such as noisy data and useful signals by permutation entropy
in dynamics characters. The concept of permutation entropy (PE) was proposed in the application of
measuring the complexity of one-dimensional time series [21]. It is an algorithm to describe irregular
and nonlinear systems, which cannot be quantitatively described in a relatively simple way. The PE
has the advantages of simple calculation and high sensitivity to signal change, which can be employed
to evaluate the denoising effect [22,23]. Nevertheless, the phenomena of excessive noise reduction
should be avoided, as it causes the details to be lost in the signal. Thus, the reconstructed signal must
maintain a certain similarity with original signal, which can be described by cross-correlation coefﬁcient.
Therefore, regularization parameter optimization method is proposed based on permutation entropy
and cross-correlation coefﬁcient in this paper. It not only will be able to ensure the greatest degree of
suppression noise, but also can improve the similarity between the signal after noise reduction and the
original signal, which can avoid the problem of excessive denoising. In order to verify the rationality
and feasibility of the proposed method, it is used to analyze the numerical simulation and the actual
fault vibration signal of rolling bearings in the bearing test rig and the fan in metallurgical industry.
The rest of the paper is organized as follows. In Section 2, the basic ideas of convex 1-D
second-order total variation denoising method are introduced. The simulation signal analysis
is described in Section 3. The fault bearing data from bearing test rig is analyzed in Section 4.
The industrial measurement signal analysis of faulty bearing in fan is illustrated in Section 5. The ﬁnal
conclusions are given in Section 6.
2. Theoretical Descriptions
2.1. The Basic Principle of Second-Order Total Variation Denoising Algorithm

Given that the original signal is expressed as x = [ x0 , x1 , x2 , ..., x N −1 ], where N is the length of
original time series. Then, the bidiagonal matrix D1 ∈ R(n−1)×n is deﬁned as:
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(1)

1

The expression of l p -Norm (p ≥ 1) is as follows:
1

xp = ( x1  p +  x2  p + · · · +  x N  p ) p

(2)

when p = 1 and p = 2, Equation (2) can be presented as Equations (3) and (4), respectively.

x1 = (| x1 | + | x2 | + · · · + | x N |)
x2 =



| x1 |2 + | x2 |2 + · · · + | x N |2

Then the ﬁrst-order total variation term can be noted by Equation (5):
TV(x) = D1 x1 =

N −1

∑

|x(n) − x(n − 1)|

n =1

(3)
(4)

(5)

Since the traditional total variation using ﬁrst-order difference has poor performance in signal
reconstruction, the second-order total variation is introduced in this paper, which is deﬁned in
Equation (6).
TV2 (x) = D2 x1 =

N −1

∑

|x(n + 2) − 2x(n + 1) + x(n)|

n =1

(6)

In Equations (5) and (6), TV(x) and TV2 (x) is represented as the operator of ﬁrst-order and
second-order total variation, respectively. Generally, the noisy signal y(n) was composed of useful
signal x(n) in additive Gaussian white noise w(n), which can be expressed as follows:
y(n) = x(n) + w(n)(n = 0, 1, · · · , N − 1)

(7)

Therefore, the one-dimensional second-order total variation denoising model can be attributed to
the following convex optimization problem:
1
F (x) = arg min y − x22 + λφ (TV2 (x))
x 2

(8)

In Equation (8), F (x) is the objective function: R N → R ; λ is the regularization parameter which
is to control the degree of smoothing; φ: R → R is a sparsity-promoting penalty function (regularizer).
The second term in the expression reﬂects the degree of signal variation.
2.2. The Proposed Optimized Convex 1-D Second-Order Total Variation Denoising Algorithm

In the basic theory of traditional total variation denoising algorithm, enhanced sparsity penalty
function is usually deﬁned as φ( x ) = x1 . However, it has been proven that the non-convex
penalties have more obvious advantages in signal reconstruction over convex penalties [16]. Therefore,
it is necessary to introduce an appropriate enhanced sparsity penalty function φ( x ) to improve the
sparsity of TV2 (x) and ensure the convexity of the objective function, which is conducive to solving
the problem. Typical non-convex penalty functions should be continuous, symmetrical and twice

372

MDPI Books

Appl. Sci. 2016, 6, 403

differentiable. The most common non-convex penalty functions are the logarithmic penalty and
arctangent penalty [17], which are shown in Equations (9) and (10):
1
log(1 + a | x |)
a
)
)
*
*
1 + 2a | x |
2
π
√
φ( x; a) = √
−
tan−1
6
a 3
3
φ( x; a) =

(9)

(10)

Considering the convexity condition, the parameter a should be selected in 0 < a < 1 .
4λ
After the identiﬁcation of new sparsity upgrade penalty function φ( x ), this paper uses
majorization-minimization (MM) approach to achieve fast convergence and Equation (11) is the
basic iterative solver equation.
x (k+1) = y − D2T (

−1
−1
1 
W D2 x (k)
+ D2 D2T ) D2 y
λ

φ (D x)

(11)

where W ( D2 x ) = D2 2x , x (0) = y, k = 1, ..., N. Generally, the number of iterations N is selected as 20,
which are usually sufﬁcient. Equation (11) indicates that the regularization parameter λ plays a very
important role in iterative solution processes, which is directly related to the actual noise elimination
effect. Therefore, the parameter λ optimization method is introduced based on permutation entropy
and cross correlation in this paper. Permutation entropy (PE) was proposed to detect random time
series and dynamics mutations. PE has a series of advantages: simple concept, fast computing speed,
strong anti-interference ability and good robustness, especially in nonlinear data analysis. Given the
time series x (i ) (i = 1, 2, ..., N) its phase space is reconstructed to obtain Hankel matrix.
⎛

x (1)
⎜ x (2)
⎜
⎜
x ( j)
Y=⎜
⎜
⎜ ..
⎝ .
x (K )

x (1 + τ )
x (2 + τ )
x( j + τ )
..
.
x (K + τ )

···
···
···
···

⎞
x (1 + ( m − 1) τ )
x (2 + ( m − 1) τ ) ⎟
⎟
⎟
x ( j + ( m − 1) τ ) ⎟
⎟
..
⎟
⎠
.
x ( K + ( m − 1) τ )

(12)

where j = 1, 2, ..., K, m and τ are denoted as embedding dimension and delay time
respectively, K = n − (m − 1)τ. Each row in the matrix can be seen as a reconstruction
component and there are K reconstruction components. The reconstructed matrix Y in each row
{ x ( j), x ( j + τ ), ..., x ( j + (m − 1)τ )} are rearranged in ascending order, and j1 , j2 , ..., jm indicate the
index of each element in the column of reconstruction components, namely:
x (i + ( j1 − 1)τ ) ≤ x (i + ( j2 − 1)τ ) ≤ · · · ≤ x (i + ( jm − 1)τ )

(13)

If there is an equal value in the reconstruction component such as x (i + ( j p − 1)τ ) = x (i + ( jq −
1)τ ), the elements should be aligned according to the values of j p and jq . In other words, when j p < jq ,
we can obtain the following Equation:
x (i + ( j p − 1)τ ) ≤ x (i + ( jq − 1)τ )
A set of symbols sequence can be obtained for each row in the matrix Y.
S(l ) = { j1 , j2 , . . . , jm }

(14)

(15)

where l = 1, 2, . . . , k, and k ≤ m!. There is a total of m! different symbol sequences {j1 , j2 , . . . , jm } in m
dimensional phase space, and symbol sequence S(l ) is just one of them. The probability of each symbol
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sequence was calculated and named as P1 , P2 , . . . , Pk . The permutation entropy (PE) of different
symbol sequences in time series x (i ) is deﬁned by the form of information entropy:
k

H p (d) = − ∑ Pj In( Pj )
j =1

(16)

The value of H p (d) indicates the degree of randomness of time series. Namely, the larger value
of H p (d) declares the greater randomness of time series, and vice versa. Therefore, the permutation
entropy can be used to detect the randomness of time series. Naturally, the permutation entropy for
random noise is large, while the permutation entropy of harmonic signal and the modulation signal
is small.
From Equation (8), the convex 1-D second-order total variation denoising algorithm involves
two parts, the former is ﬁdelity constraint 12 y − x 22 and the latter is the total variation term
φ ([TV2 (x)]). It is worthy of mention that λ is used to adjust the weights. If λ = 0, the total
variation term has no difference in the punishment, and the obtained signal x is equal to the original
signal y. Conversely, if λ tends to inﬁnity, the total variation penalty term works and the ﬁdelity
will be poor, which may deviate from the original signal x to a great extent. It should be noted that
a certain similarity between the signal after denoising and the original signal should be maintained to
avoid the phenomenon of excessive noise reduction. Therefore, a new evaluation index for selecting
parameter λ should be proposed to achieve balance in signal ﬁdelity constraints and total variation
term. To reasonably select parameters λ, this paper proposed a weighted index based on permutation
entropy PE_index and cross-correlation C_index as a measurement of denoising result, which can be
calculated by Equations (16) and (17), respectively.
C_index =

cov( x, y)
E (( x − x ) (y − y))
=
σx σy
σx σy

(17)

Consequently, the ﬁnal index PEC_index is determined as the ratio of the cross correlation
coefﬁcient and entropy arrangement in Equation (18). Basically, the larger value of PEC_index always
indicates better denoising result.
PEC_index = max(

C_index
)
PE_index

3. Simulation Signal Analysis
3.1. The Role of Permutation Entropy on Signal Randomness Detection

(18)

The embedding dimension m and delay time τ should be determined in permutation entropy
calculation ﬁrstly. Bandt [21] recommended that the embedding dimension m should be in the range
of 3–7. If m is too small, the reconstructed vector contains very little state and the algorithm loses its
meaning. If m is too large, the reconstruction phase space will homogenize the time series, which will
not only extend the computation time, but will also be unable to reﬂect subtle changes in sequence.
Thus, the parameter m = 6 is selected in this paper. Due to the fact that delay time τ has little impact
on the operation sequence, τ = 1 is chosen here. To validate the effect of permutation entropy on
signal random detection, the harmonic signal, modulation signal and Gaussian white noise signal were
analyzed, respectively. The expressions of harmonic signal and modulation signal are listed as follows:
s1 = sin(2π f 1 t)
s2 = [1 + 0.5sin(2π f 2 t)] sin(2π f 3 t)
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where N = 2048, f 1 = 500 Hz, f 2 = 5 Hz, f 3 = 10 Hz. s3 is the standard Gaussian white
noise. According to the deﬁnition of arrangement entropy, the values of three simulated signals
are chosen as 1.4429, 1.1938 and 6.3648, respectively. The result indicates that there is great difference
among the permutation entropy values of noise signal, harmonic and modulation signal. Generally,
the permutation entropy value of the noise signal is much larger than harmonic signal and modulated
signal. Therefore, the permutation entropy can be used to effectively evaluate the actual denoising.
3.2. Numerical Simulation Analysis

Generally, vibration signal is composed of a modulation component and a noise component.
Therefore, the simulation signal is generated to verify the effectiveness of the improved total variation
denoising method, which is listed as follows.
x = x1 + x2
x1 = sin(2π f 1 t + cos(2π f 2 t))

(21)
(22)

where x1 is a typical modulating signal with f 1 = 15 Hz and f 2 = 30 Hz. x2 is Gaussian white noise,
its mean value is 0 and variance is δ = 0.5. The clean signal x1 and noisy signal x2 are shown in
Figure 1, respectively. It can be seen that the modulation characteristics of the original signal in noisy
signal are difﬁcult to identify in Figure 1. Using the preferred regularization parameter selection
method based on the weights between permutation entropy and cross correlation coefﬁcient deﬁned
in Equation (18), the parameter can be selected as λ = 1.3.

(a)ȱ

(b)ȱ

Figure 1. The clean signal and noisy signal with δ = 0.5. (a) The time response of the clean signal;
(b) The time response of the noisy signal.
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To verify the validity of the different denoising methods, the performance is evaluated by
signal-to-noise ratio (SNR). Comparing with the traditional wavelet denoising method and the typical
total variation denoising method using ﬁrst-order total variation, the proposed second-order total
variation noise reduction method by non-convex penalty function deﬁned in Equations (9) and (10) is
used for simulation signal analysis. It is important to note that the ‘wden’ function is chosen as the
automatic 1-D denoising function and the wavelet basis function is set as ‘sym5’ in wavelet denoising.
Moreover, the wavelet basis function selection and parameter setting are the same in the remaining part
of this paper. The analysis results provided by different methods are shown in Figure 2. We can make
the conclusion that the proposed method can largely reduce the noise components from original signal
and maintain the key characteristics to the greatest extent. The proposed improved total variation
noise reduction method can acquire a larger value of SNR to 11.31 db under the condition of δ = 0.5.

(b)

(a)ȱ

ȱ

(c)

Figure 2. Comparison of the different denoising methods. (a) Simulation results of TV denoising;
(b) Simulation results of wavelet transforms denoising; (c) The results provided by the proposed method.

In order to evaluate the effect of different noise level for the simulated signal, we also calculate
the SNR after denoising by different methods in Table 1. It can be seen that the proposed method has
better noise reduction performance than other methods.
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Table 1. The performance of different denoising methods. SNR: signal-to-noise ratio; TV: total variation.

The Variance of Noise

The SNR after Denoising by Different Methods
The Proposed Method

TV Denoising

Wavelet Denoising

18.66
16.52
15.15
12.13
11.31
10.28

9.06
8.41
7.07
4.69
3.31
2.17

15.59
12.44
11.57
10.28
9.20
8.31

0.1
0.2
0.3
0.4
0.5
0.6

4. Experimental Veriﬁcation
4.1. Experimental Setup

A great impact on production can be caused in actual operation when failure occurs in rolling
bearing. The recognition of bearing failure mostly depends on bearing fault characteristic frequency
extraction. In order to verify the effectiveness of the proposed method in the experiment, the signal
of bearing test rig is employed to perform analysis. The structural of bearing test rig is shown in
Figure 3 and the whole experiment device is driven by a 220 V (550 W~50 Hz) AC motor. The position
of the yellow arrow in the ﬁgure is replaceable bearing. The electrical discharge machining (EDM)
method was used to pitting the replaceable bearing outer ring to simulate the bearing outer ring failure.
The vertical direction experiment acceleration signals of fault bearing on the right side of test bench
were collected by US CSI2130 Data Analyzers. The parameters of the bearing test rig failure frequency
are shown in Table 2. It is worthy of mention that the rotation frequency is f r = 24.17 Hz and fault
frequency of the outer race is f o = 87.01 Hz.

ȱ

Figure 3. Bearing test rig.

Table 2. The experiment parameter and failure frequency of bearing.
Rotation Speed r/min

Rotation Frequency/Hz

Sampling Rate/Hz

Sampling Time/s

Outer Fault/Hz

1450

24.17

16384

1

87.01
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Figure 4 shows the time-domain diagram of the measured vibration signals, which indicates that
the outer race fault feature is hardly detected by time-domain characteristic and it is necessary to
analyze using the advanced analysis method. Additionally, the noisy component has an impact on the
identiﬁcation of bearing fault characteristic frequency. In order to show the detailed information on
the signal with noise, the time scale is selected from zero to 0.25 s.

Figure 4. The measured vibration signal of bearing test rig in time-domain.

In order to compare the effect of different denoising methods for identifying mechanical failure
characteristic frequency, the wavelet analysis and the proposed second-order TV methods with
non-convex penalty function were used to analyze the measured bearing fault signal. After using
the regularization parameter selection method, we can obtain λ = 1.1. The results are shown in
Figures 5 and 6, respectively. The denoising result by the proposed method in time-domain was
shown in Figure 5a. Meanwhile, directly frequency spectrum analysis was carried out and plotted
in Figure 5b. From Figure 5b, it can be seen that the proposed method can clearly detect outer race
fault frequency 87 Hz ( f o ), second harmonic frequency 175 Hz (2 f o ), the third harmonic frequency
262 Hz (3 f o ), and quadruplicated frequency 349 Hz (4 f o ). Additionally, the rotation frequency f r and
its second harmonic frequency 2 f r can be inspected. The conclusion can be made that there is an outer
race fault on the bearing test rig, which is consistent with the actual situation. The typical wavelet
denoising method with previous parameter settings was also used to analyze the data and the results
are shown in Figure 6. Similarly, the time-domain graph and frequency-domain graph were plotted in
Figure 6a,b, respectively. Since the amplitude of fault frequency of the outer race is smaller than the
others, it can be hardly identiﬁed by the wavelet denoising method. Thus, the result demonstrated
that the proposed improved total variation method has greater superiority in signal denoising.
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Figure 5. Results obtained by the proposed method, (a) Reconstructed signal in time-domain by the
proposed method; (b) Reconstructed signal in frequency-domain by the proposed method.

Figure 6. Results obtained by typical wavelet denoising, (a) Reconstructed signal in time-domain by
wavelet; (b) Reconstructed signal in frequency-domain by wavelet.

5. Veriﬁcation by Industrial Bearing Fault Signal

To further verify the proposed improved total variation denoising method in the industrial ﬁeld
equipment fault diagnosis, the bearing signal of an exhaust fan in metallurgical industry was analyzed
in this paper. The exhaust fan is mainly used in iron-making processing, which is one of the important
pieces of equipment in the plant. The equipment structure diagram and bearing under test position is
shown in Figure 7.

ȱ

Figure 7. The structure diagram of the fan.
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In order to obtain the running state of the fan, the US Emerson CSI2130 vibration acquisition
equipment is used to test the vertical position of the bearing in Figure 7. The type of tested roller
bearing is SKF22230. Equipment operating parameters, data acquisition parameters and bearing fault
frequencies are shown in Table 3. The sampling rate is 2560 Hz, the rotation frequency is f r = 16.5 Hz
and the fault frequency of the outer race is f o = 135.3 Hz, respectively. The measured vibration signal
of an exhaust fan in time-domain is plotted in Figure 8. The time scale is selected from zero to 0.5 s so
as to display the the detailed information on the measured signal.
Table 3. The experiment parameter and failure frequency of fan.
Rotation Speed r/min

Rotation Frequency/Hz

Sampling Rate/Hz

Sampling Time/s

Outer Fault/Hz

993

16.5

2560

6.39

135.3

Figure 8. The measured vibration signal of an exhaust fan in time-domain.

Fan vibration signal is processed by the proposed improved total variation denoising method and
typical wavelet denoising method. The results are shown in Figures 9 and 10, respectively. In Figure 9,
only the outer race fault frequency and its second harmonic frequency can be detected by the wavelet
method, which are not obvious. However, the proposed improved total variation denoising method
can ﬁnd the 16.59 Hz ( f r ) rotating frequency, second harmonic frequency 33.13 Hz (2 f r ), third harmonic
frequency 49.69 Hz (3 f r ), the outer ring fault characteristic frequency 138 Hz ( f o ) and its second
harmonic frequency 276 Hz (2 f o ), shown in Figure 10. Therefore, we can identify the fault of outer race
in tested rolling bearing. Then, the ﬁrst bearing is maintained and disintegrated later. A large area
pitting on the outer ring is detected and the side surface of the radial has a serious scratch. The result
of the disintegrated bearing is signalled by the red arrow in Figure 11, which is consistent with the
results of the vibration testing and signal analysis. Thus, it is illustrated that the proposed approach
can be successfully used in industrial bearing fault signal processing.
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ȱ
(a)ȱ

(b)ȱ

Figure 9. Result provided by wavelet denoising. (a) Result of wavelet denoising in time-domain;
(b) Result of wavelet denoising in frequency-domain.

ȱ

(a)
Figure 10. Cont.
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Figure 10. Result obtained by the proposed method. (a) Result of proposed method in time-domain;
(b) Result of proposed method in frequency-domain.

ȱ

Figure 11. Picture of bearing components after test (outer race defect in bearing).

6. Conclusions

The main research work is described in the following three aspects: (1) The second-order total
variation denoising method based on non-convex regularization was proposed, which aimed to
guarantee the optimization problem was strictly convex and to improve the sparsity of the result.
Besides, it can avoid the problem of staircase artifacts; (2) The composite indicator of permutation
entropy and cross correlation coefﬁcient were utilized in this paper, which performs well in ensuring
greater signal-to-noise ratio and avoiding the detailed information loss caused by excessive denoising;
(3) The second-order total variation denoising method with non-convex penalty function was applied
to mechanical fault signal feature extraction. The results of numerical simulation signal, bearing fault
signal in test rig and the exhaust fan in metallurgical industry, demonstrated that the proposed method
has better denoising performance than the traditional TV method using ﬁrst-order difference operator
and wavelet denoising method.
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Abstract: In this paper, the Ogden model is employed to characterize the hyperelastic properties
of rubber, and on the basis of a pattern search algorithm and the Levenberg-Marquardt algorithm,
a professional method that can realize the comprehensive ﬁtting of the uniaxial tension, biaxial
tension, planar tension, and simple shear experimental data of hyperelastic materials was developed.
The experiment data from Treloar (1944) was ﬁtted very well, and the determined parameters by
using this method were proven correct and practical in the numerical veriﬁcation in ANSYS. Then,
the constitutive model of the hyper-viscoelastic materials combining the Ogden model with the
generalized Maxwell model was explained in detail, and the parameter identiﬁcation method was
also proposed by using the pattern search method. Then, three groups of relaxation tests of uniaxial
tension and four groups of simple shear tests with different loading velocities were conducted
to obtain the corresponding virtual experiment data. After discussing the constraints and initial
setting values for the undetermined parameters, these virtual data of different loading histories were
respectively employed to identify the parameters in the hyper-elastic model, and the accuracy and
the reliability of the estimated parameters were also veriﬁed in ANSYS.
Keywords: parameter identiﬁcation; Ogden model; pattern search algorithm; Levenberg-Marquardt
algorithm; generalized Maxwell model; numerical veriﬁcation

1. Introduction

With the rapid development of modern industrialization, rubbers are one of the most remarkable
materials having a wide range of applications in civil engineering, aerospace engineering, mechanical
engineering, automotive engineering, etc. In order to meet various requirements of the industry, special
ﬁllers, like carbon black or silica, with different proportions are usually added during vulcanization
for improving the strength and toughness properties, which in turn makes it difﬁcult to accurately
characterize the mechanical a properties of rubbers [1]. Rubbers usually present a number of interesting
features like hyperelasticity and hyper-viscoelasticity, many studies and experiments have been
performed to investigate these features. For the former one, the stress-strain relationship of the
hyperelasticity can be illuminated by a strain energy function W, and some mathematical models have
been developed for the function, among which the strain-invariant-based models mainly include the
Mooney-Rivlin model [2], the Yeoh model [3], and the Gent model [4], the principal-stretch-based
models mainly include the Ogden model [5]. All the models have been veriﬁed by experiment results,
for example Treloar’s experiment [6], and the Ogden model breaks through the limitation of the strain
energy function being the even power of the stretches, which is capable of more accurately ﬁtting
the experimental data when rubbers undergo extremely large deformations. Comparisons of the
Appl. Sci. 2016, 6, 386
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performances of 20 hyperelastic models are presented in the article from Marckmann and Verron [7].
More detailed reviews on the hyperelasticity of rubber can be accessed in several literatures [8–10].
The identiﬁcation of the parameters in theses hyperelastic models has also gained much attention.
For example, Twizell and Ogden [11] employed the Levenberg-Marquardt optimization algorithm
to determine the material constants in Ogden models, Saleeb et al. [12,13] developed a professional
scheme named COMPARE to get the parameters by using uniaxial tension, biaxial tension, and planar
tension data.
The constitutive relations for the viscoelasticity can be characterized by combining the elastic
components with viscous components. In the past decades, numerous studies focused on investigating
the viscoelasticity properties of rubber-like materials and many models explaining such behaviors
were proposed. In the range of small strain, the basis of linear viscoelasticity theory was presented
by Coleman et al. [14]. A relaxation-modulus constitutive function for the incompressible isotropic
materials based on the results of uniaxial and equal biaxial stress relaxation tests was developed
by McGuirt [15]. The phenomenological theory of linear viscoelasticity was proved powerful for
modelling the static and dynamic responses of rubber when subjected to small strain [16,17]. For the
ﬁnite deformation of viscoelastic materials, two important hypotheses were assumed. One is a split
of the free energy of viscoelastic solid into an equilibrium and a non-equilibrium part, and the other
one is a multiplicative decomposition of the deformation gradient tensor into elastic and inelastic
parts [18]. In such a framework, Huber and Tsakmak is generalized the application range of the
so-called three-parameter solids to the ﬁnite deformation [19]. Haupt et al. proposed a fairly
simple identiﬁcation method for the constants in a ﬁnite viscoelasticity model [20]. Yoshida et al.
presented a constitutive model comprised by an elastoplastic body with a strain-dependent isotropic
hardening law and a hyperelastic body with a damage model [21]. Amin et al. proposed an
improved hyperelastic constitutive equation for rubbers in compression and shear regimes [1,22,23],
the parameters in the equation were identiﬁed by experiment data and a nonlinear viscous coefﬁcient
was introduced to represent the rate-dependent properties. In recent years, a novel testing technique,
named nanoidentation, to identify the material parameters for thin polymer layers was developed,
a comprehensive review and the realization of the method for hyperelastic and viscoelastic models are
presented by Chen et al. [24–26]
In this paper, the Ogden model is taken to characterize the hyperelastic properties of rubber-like
materials. A professional method based on the pattern search algorithm (PSA) [27,28] and the
Levenberg-Marquardt algorithm (LMA) [29] was developed to ﬁt the unixial tension, biaxial tension,
planar tension, and the simple shear experimental data of hyperelastic materials. Then, combining
the generalized Maxwell model and the Ogden model as the constitutive model, the method that can
identify the parameters in the hyper-viscoelastic models by using experimental data with different
loading histories was also developed [24,25] and three groups of virtual relaxation tests and four groups
of simple shear tests were employed to verify the accuracy and reliability of the proposed method.
2. Parameter Identiﬁcation Method for the Hyperelastic Model

The constitutive models representing the hyperelastic properties of rubbers mainly include the
statistical models, the strain-invariant-based models, and the principal-stretch-based models, among
which the Ogden model is able to ﬁt the experiment data when rubbers undergo large deformations
(λ < 7). In the following sections, the parameter identiﬁcation method for the hyperelastic model and
the numerical veriﬁcation of these identiﬁed parameters are presented in detail.

386

2.1. Theories of the Ogden Model

MDPI Books

Appl. Sci. 2016, 6, 386

According to the theories of the continuum mechanics, there exists a strain energy function W for
the hyperelasticity properties of rubbers. The stresses can be obtained by the partial derivative of the
variable W with respect to the strain.
∂W
S=2
(1)
∂C

where C is the right Cauchy-Green deformation gradient tensor, S is the second Piola-Kirchhoff stress.
After transforming the second Piola-Kirchhoff stress to the Cauchy stress [30], we will get
T = − pI + 2

∂W
∂W −1
B−2
B
∂I1
∂I2

(2)

where F is the deformation gradient tensor, B is the left Cauchy-Green deformation gradient tensor,
I1 , I2 , I3 are the three strain invariants of B, and p is the undetermined hydrostatic pressure which can
be decided by the underlying equilibrium and boundary conditions of the particular problem.
In view of the nearly incompressible properties of the volume of rubbers, the strain energy of the
Ogden model can be deﬁned with Equation (3) without regard for the contribution of the volume strain.
W=

μ

∑ αnn (λ1 αn + λ2 αn + λ3 αn − 3)
n

(3)

In Equation (3), n is the number of terms considered for the Ogden model, μn , αn are the
undetermined parameters of the model, λi is the principal stretch.
In the uniaxial tension experiment, the deformation gradient tensor F and the left Cauchy-Green
deformation gradient tensor B are described as
⎛

λ1 2
⎜
B=⎝ 0
0

⎞
0
⎟
0 ⎠
1/λ1

0
1/λ1
0

(4)

Taking the boundary condition T22 = T33 = 0 into consideration, the corresponding nominal
stress for uniaxial tension is
f 1 = T11 /λ1 =

∑ μn (λ1 αn −1 − λ1 −αn /2−1 )
n

(5)

For the biaxial tension experiment, the boundary conditions are T22 = T33 , T11 = 0, λ2 = λ3 ,
and the nominal stress is
(6)
f 2 = T22 /λ2 = ∑ μn (λ2 αn −1 − λ2 −2αn −1 )
n

The boundary condition of the planar tension experiment is T33 = 0, λ2 = 1, and the nominal
stress is
f 3 = T11 /λ1 = ∑ μn (λ1 αn −1 − λ1 −αn −1 )
(7)
n

As for the simple shear experiment, the direction of the principal stretch is not consistent with the
direction of the applied deformation, rather it involves a rotation of axes [1]. The left Cauchy-Green
deformation tensor B is expressed as
⎛

1 + γ2
⎜
B=⎝
γ
0
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γ
1
0

⎞
0
⎟
0 ⎠
1

(8)

and the nominal shear stress is shown in Equation (9).
∑ μn (λ1 αn − λ1 −αn )
f 4 = T12 =

n
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(9)

λ1 + 1/λ1

where the principal stretch λ1 can be obtained by calculating the eigenvalues of the tensor B.

λ1 =

1+

γ2
+γ
2

0
1+

γ2
4

2.2. The Object Function for Parameter Identiﬁcation

(10)

Previous studies have shown that the constitutive parameters of a hyperelastic model identiﬁed
from a particular deformation mode may be invalid for other modes. For example, Charlton et al.
claimed that the parameters identiﬁed from the uniaxial test data fail in predicting biaxial or planar
tension responses [31]. So, it is of much signiﬁcance to take the four types of experiment data listed
above into consideration. This goal can be achieved by the least square procedure to make the
deviations of the experiment data and the ﬁtted data least. The object function is deﬁned as
min : S1 =

4

nq

q =1

i =1

∑ ωq ( ∑ (( f q )i − (σq )i )2 )

(11)

where ωq is the weight of different experiment type, if there exists no experiment data for a speciﬁc
type, we just need to set its ωq to be zero, if we want to emphasize the experiment data of a speciﬁc
type, we can set its ωq larger than others’. nq represents the number of the experiment data for each
type of experiment, ( f q )i is the theoretical value which is calculated by Equations (5)–(7) and (9), (σq )i
is the experiment data.
2.3. The Identiﬁed Parameters and the Numerical Veriﬁcation

In this paper, the uniaxial tension, biaxial tension, and planar tension data from Treloar are taken
as the experiment data [6], and the Ogden model is chosen as the hyperelastic model owing to its
favorable performances under large deformations. In order to solve Equation (11), the PSA is employed
as the ﬁrst step for its remarkable ability in searching for the global optimum results. Then, the L-M
algorithm is chosen to further optimize the results from the ﬁrst step due to the probable poor efﬁciency
of the PSA when approaching the optimum results. All the procedures are realized in MATLAB [32].
The number of terms considered for the Ogden model are respectively set as three and four,
and seven groups of different initial values of undetermined parameters for each one are iterated in
parallel. For the limited space and the similarity between the results of different groups, only the
ones with the least iterations and its corresponding deviation S1 are chosen and listed in Table 1.
The estimated parameters presented by Treloar are presented as well [6]. The unit of μi in Table 1 is
Mpa, and the item ‘PSA 169000+’ means more than 169 thousand iterations in PSA, and the ‘LMA 48’
means 48 iterations in LMA after the previous PSA procedure. Moreover, the computation time for the
whole procedure with an i7 CPU is about 6 h.
As the Table 1 shows, these three groups of parameters are all capable of ﬁtting the experiment
data very well, and the last group is the best owing to its least deviation 0.012., However, despite
thousands of iterations of the PSA and LMA, the two sets of the identiﬁed parameters in Table 1 may
not be the optimal results of Equation (12), because there may be local minimum points extremely
close to the global minimum one, and these local optimal points have not been excluded by the PSA
for their relatively excellent, not merely most excellent, competitions and they are identiﬁed by the
LMA. Even so, these identiﬁed parameters, being optimal or near-optimal, are still very useful due
to enough accuracy and controlled computation cost. Additionally, It should be mentioned that the
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PSA takes more than 200 thousand iterations to reduce the S1 from 0.1 to 0.0598, while the LMA only
takes 65 iterations to reduce the deviation from 0.06 to 0.012, which strongly reﬂects the inefﬁciency of
the PSA when approaching the global optimal point, and taking the LMA as a succeeding procedure
to further optimize results is practical and efﬁcient. In the last iteration of the LMA, the sensitivity
values for the items ∂S/∂ui and ∂S/∂αi are all more than 109 , which means accurate estimations of all
the parameters.
Table 1. Results of the identiﬁed parameters in Ogden model.

Iterations

Treloar

μ1
μ2
μ3
μ4
α1
α2
α3
α4
S1

0.6174
0.001176
−0.0098
1.3
5
−2
0.106

N=3

N=4

PSA 169000+

LMA 48

PSA 280000+

0.37282
1.0209 × 10−5
8.2746×10−3
1.8464
7.29012
−2.09521
0.0618

0.45262
2.642×10− 5
−0.01191
1.60617
5.70992
−1.98197
0.0333

0.64979
0.027261
0.0032134
−0.0095667
1.13221
4.526
1.1313
−2.0548
0.0598

LMA 65

0.806
0.0327533
2.3601×10−7
−0.004861
0.80939
8.9157
3.19726
−2.26312
0.0120

PSA: pattern search algorithm; LMA: Levenberg-Marquardt algorithm.

For the purpose of verifying the estimated parameters, the last group of the identiﬁed parameters
is taken as the example to predict the response of rubbers in different types of experiments in ANSYS.
The results of the numerical simulation, the ﬁtted data obtained by the use of the proceeding algorithm,
along with the experiment data from Treloar are all plotted in Figure 1.
Uniaxial tension (Trelor)
Uniaxial tension (Matlab)
Uniaxial tension (Ansys)
Planar tension (Trelor)
Planar tension (Matlab)
Planar tension (ANSYS)
Biaxial tension (Trelor)
Biaxial tension (Matlab)
Biaxial tension (ANSYS)

4

f (Mpa)

3
2
1
0

1

2

3

4

λ

5

6

7

Figure 1. Veriﬁcation of the determined parameters in Ogden model.

As illustrated in the Figure 1, the results identiﬁed by the PSA and LMA ﬁt the experiment data
very well. Besides, in the numerical simulation tests, the results of uniaxial tension and planar tension
coincide well with the experiment data (when the principal stretch is larger than 5, the FE analysis of
uniaxial tension tests cannot converge due to some uncertain reasons). However, the results of biaxial
tension tests differ a bit from the experiment data, the reason for the errors lies in that the boundary
conditions of the biaxial tension experiment cannot be accurately satisﬁed when the principal stretch
ranges from 1.5 to 1.9 in the simulation test.
The FE initial models of uniaxial tension, planar tension, and biaxial tension experiment and their
deformed shapes with the stretch being 5, 6.14, and 5.04 are presented respectively in Figure 2.
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Figure 2. The FE (ﬁnite element) models for numerical veriﬁcation: (a)initial model of uniaxial tension
experiment; (b) deformed model of uniaxial tension experiment (λ = 5); (c) initial model of planar
tension experiment; (d) deformed model of planar tension experiment (λ = 6.164); (e) initial model of
biaxial tension experiment; (f) deformed model of biaxial tension experiment (λ = 5.04).

3. Parameter Identiﬁcation Method for the Hyper-Viscoelastic Model

In the previous section, the parameter identiﬁcation method for the hyperelastic model was
explained in detail, this model is suitable for the numerical simulation of natural rubbers with low
damping. As for the high damping rubbers, they can be simulated by combining the Ogden model
with the generalized Maxwell model. In the following, theories of the hyper-viscoelastic model and
the parameter identiﬁcation method for the model were expounded.
3.1. Theories of the Hyper-Viscoelastic Model

The integration of the relaxation modulus for viscoelasticity is expressed in Equation (12)
σ( t ) =

 t
−∞

Y (t − ξ)dε(ξ)
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where Y (t − ξ) is the relaxation modulus function for characterizing the viscoelastic properties,
and dε(ξ) is the micro-strain of materials. Generally, when ξ < 0, the outer action is assumed to be 0,
so Equation (12) will be changed to
σ( t ) =

 t
0

Y (t − ξ)dε(ξ)

(13)

Equation (13) can be calculated by dividing the time t into n equal portions, then we will get
σ( t ) =

n  t i +1

∑

i =1 t i

Y (t − ξ)dε(ξ)

(14)

When ξ ∈ (ti , ti+1 ), the Young modulus of materials is assumed to be a constant Ei , and the Prony
series is introduced to characterize the relaxation properties. Besides, the strain loading speed is also
deemed as a constant λi , then Equation (14) will become
σ( t ) =

n  t i +1

∑

i =1 t i

m

λi Ei (μ0 +

∑ μk e−(t−ξ)/tk )dξ

k =1

(15)

where μk is the weight of modulus corresponding to the relaxation time tk , m is the number of terms
considered for the Prony series, μ0 is the weight of the equilibrium modulus. It is obvious for the
m

equation ∑ μk = 1 to be true, and the physical model of Equation (15) is presented in Figure 3.
k =0

u0 E i
u1 E i

Ș

uk E i

Ș

umE i

Ș

1

k

m

Figure 3. Physical model of the hyper-viscoelastic model.

In Figure 3, Ei , μ0 , μk shares the same meaning with that in Equation (15), ηk represents the
viscosity coefﬁcient and ηk = μk Ei tk , tk is the relaxation time included in Equation (15).
This physical model includes two main features, the ﬁrst one is that it substitutes the
stretch-dependent modulus spring for the constant modulus spring of the generalized Maxwell
model, which is based on an assumption that the modulus corresponded to the viscosity coefﬁcient ηk
is obtained by multiplying the instantaneous modulus Ei and the weight uk . The second one is that
the instantaneous modulus Ei can be decided by the hyperelasticity properties of materials, and the
weight uk is the undetermined parameters which are time independent.
If we stipulate that tk = 10k−1 t1 , which is adopted by the FE software LS-DYNA [33], then,
σ(t)can be expressed as
σ( t ) =

n  t i +1

∑

i =1 t i

λi Ei (μ0 +

m

∑ μk e−(t−ξ)/(10

k =1
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As mentioned before, Ei represents the instantaneous modulus of materials within the time
range from ti to ti+1 . It can be solved by the following procedures. Firstly, the fast stretch-stress
experiment data is obtained by conducting experiment at sufﬁciently high speed to exclude the viscous
effect. Then they will be ﬁtted by the Ogden model to decide the undetermined parameters, which
has been explained in the previous section. After acquiring the stretch-stress curve based on the
Ogden model,
 Ei will be solved by the derivation of the stress σ with respect to the principal stretch
λ, namely,

∂σ
∂λ t=t ,
i

or taking the secant modulus as a substitution for the tangent modulus, namely,

( σi + 1 − σi ) / ( λi + 1 − λi ) .
3.2. The Parameter Identiﬁcation Algorithm for the Hyper-Viscoelastic Model

According to Equation (16), the number of the undetermined parameters is m + 1, including
uk and t1 . Similarly to Equation (11), the object function for the parameter identiﬁcation of
hyper-viscoelastic model can be deﬁned as follows,
p

min : S2 =

nj

∑ ∑ ( fi − Ti )2

j =1 i =1

(17)

where p represents the number of the tests with different loading histories, n j is the number of the
experiment data for the jth group of experiment, Ti is the experiment data, f i is the theoretical value
which is calculated by Equation (16).
In order to get the global optimum results for the undetermined parameters in Equation (17),
the global optimal searching algorithm, namely pattern search algorithm, is also employed in this section.
3.3. Different Loading Histories and Virtual Experiment Data

Similarly, with the identiﬁcation in the Section 2.2, it is necessary to incorporate different loading
histories to guarantee the accuracy of the identiﬁed multi-parameters in Equation (17). Hence,
the relaxation tests of uniaxial tension and the simple shear tests with different loading velocities are
taken as examples in this study. Due to the lack of appropriate data for these experiments, we followed
the method applied in Chen et al. [24–26] and got the corresponding virtual experiment data by using
ANSYS, in which we assume the hyperelastic parameters are the same with the last group in Table 1,
and the viscoelastic part is characterized by the following Prony series,
P(ξ) = 0.4e−(t−ξ)/10 + 0.1e−(t−ξ)/100

(18)

In the virtual experiment, the ﬁnite element (FE) model for the relaxation tests is identical with
that in Figure 2a, and the model for the simple shear tests is illustrated in Figure 4. All the material
constants are determined by the above discussions.

Figure 4. Initial FE model for the simple shear test.

Then, three groups of data for relaxation tests and four groups of simple shear experiment data
with different loading velocities are obtained. As shown in Figure 5, the maximum stretch is 1.3 in
the relaxation tests with the loading time being respectively 3 s, 6 s, and 30 s, and the hold time being
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150 s. For the simple shear tests, the maximum shear strain is 1.0 with the loading velocities being
0.5/s, 0.1/s, 0.01/s, and 0.001/s.
0.2
Tload =30s Thold=150s

0.3

Tload =6s Thold=150s

0.2

0.0
0.3
0.2
0.1
0.0
0.3

0.01/s

0.001/s

0.1

Tload =3s Thold=150s

0.2
0.1
0.0
0

0.1/s

0.5/s

Τ12 (Mpa)

T11 (Mpa)

0.1

50

100

Time (s)

150

0.0
0.0

200

0.2

0.4

(a)

γ

0.6

0.8

1.0

(b)

Figure 5. Virtual experiment data (a) relaxation tests of uniaxial tension (b) simple shear tests.

3.4. Constraints and Initial Values of Parameters

Before presenting results, it is necessary to clarify the constraints as well as the initial setting
values for the undetermined parameters in the identiﬁed procedure. As for the weight uk , as well as
the summation of all uk except u0 , they should be always within the range from 0 to 1. While for the
relaxation time t1 , it should be positive and a suggested initial value is the main relaxation time of
materials, which can be determined by the point corresponding to the relaxed stress σ0.368 in creep
tests, here the σ0.368 is deﬁned as
σ0.368 = 0.368(σ0 − σ∞ ) + σ∞

(19)

in which the σ0 is the instantaneous stress and the σ∞ is the equilibrium stress.
The creep experiment of the material characterized by Equation (18) and the last group of
parameters in Table 1 is conducted in ANSYS, and the main relaxation time is 12.54 s.
As for the number of the terms considered for the Prony series, theoretically, the experiment data
in Figure 5 will be more accurately ﬁtted with a higher number, however, this may lead to uncontrolled
computation cost and sometimes unreasonable estimated parameters. In this study, the number to be
decided is suggested to make the largest relaxation time in Equation (16) the same order of magnitude
with the largest experiment time. For example, the largest experiment time in Figure 5 is 1000 s, so,
the number of the terms considered for the Prony series is 3 since the corresponding largest relaxation
time now is 1254 s.
In view of all the restrictions presented above, as well as the consideration of testing the reliability
of the pattern search algorithm, four groups of initial values for the undetermined parameters are
presented in Table 2. Besides, taking the third group as an example, the linear constraint equations for
the parameters during iterations are shown in Equation (20).
⎡
⎢
⎢
⎢
⎣

1 0 0 0 0
0 1 0 0 1
0 0 1 0 1
0 0 0 1 1

−1 0
0
0
0
0 −1 0
0
0 −1 0
0
0
0 −1

⎤T ⎡
⎥
⎥
⎥
⎦

⎢
⎢
⎢
⎣

t1
u1
u2
u3
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⎤
⎥ 
⎥
⎥ < 100
⎦

1

1

1

1

0

0

0

0

T

(20)

Table 2. The initial values for undetermined parameters.
Group

t1 /s

u1

u2

Group

t1 /s

u1

u2

1
2

12.54
30

0.1
0.7

0.05
0.2

3
4

12.54
30

0.1
0.7

0.05
0.2
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u3

0.01
0.05

3.5. Results and Discussions
3.5.1. Uniaxial Relaxation Tests

The identiﬁed parameters by each group of relaxation test are presented in Table 3. The original
values for the undetermined parameters t1 , u1 , u2 , and u3 are respectively 10, 0.4, 0.1, and 0.
Table 3. The identiﬁed parameters by the uniaxial relaxation tests.
Tload (s) = 3 s
Group

t1 /s
10

1
2
3
4

11.564
11.578
11.718
11.651

u1
0.4

u2
0.1

0.405
0.405
0.409
0.408

0.088
0.087
0.0698
0.072

Group

t1 /s
10

0.4

u2
0.1

1
2

9.643
9.648

0.395
0.395

0.093
0.093

Tload (s) = 6 s
u3
0

0.0706
0.072

S2
9.23 × 10−5
9.24 × 10−5
9.07 × 10−5
9.07 × 10−5

t1 /s
10

u1
0.4

u2
0.1

10.917
11.025
11.025
11.081

0.399
0.399
0.403
0.404

u3
0

S2

0.093
0.093
0.075
0.0735

0.075
0.0734

3.53 × 10−5
3.53 × 10−5
3.53 × 10−5
3.44 × 10−5

u3
0

S2

0.0765
0.0764

2.87 × 10−5
2.87 × 10−5

Tload (s) = 30 s
S2
2.99 × 10−5
2.99 × 10−5

Group

t1 /s
10

u1
0.4

u2
0.1

3
4

9.753
9.759

0.399
0.399

0.0755
0.0754

As shown in Table 3, all the groups with different loading histories and initial values are able
to identify the parameters in the hyper-viscoelastic models. The identiﬁed weight in each group is
nearly identical with its original one, while the weights u2 , and u3 in some groups, are a bit poorly
determined. For the identiﬁed relaxation time t1 , it becomes more accurate with the increasing of the
loading time Tload, and in the group of the Tload being 30 s, the identiﬁed relaxation time is about 3.6%
lower than its true value. Subsquently, the deviation S2 of each group decreases as the Tload increases
with the least one being 2.87 × 10−5 . Besides, for the results with the same loading time, the identiﬁed
parameters are little affected by the initial setting value and the number of terms for the Ogden model,
which indicates a strong reliability of the PSA.
3.5.2. Simple Shear Tests

For the four groups of simple shear experiment data in Figure 5, they are not employed separately
like the relaxation tests, instead all data with different shear velocities are combined together to
determine the global optimal results. Similarly, the PSA is utilized and the identiﬁed parameters are
shown in Table 4.
Table 4. The identiﬁed parameters by simple shear tests.
Group
1
2

t1 /s

u1

u2

10

0.4

0.1

9.547
9.546

0.403
0.403

0.1004
0.1004

S2
1.31 × 10−5
1.31 × 10− 5

Group
3
4

t1 /s

u1

u2

10

0.4

0.1

9.544
9.5235

0.4030
0.4025

0.1001
0.1016

u3

S2

0

−0.001
−0.001

1.3 × 10−5
1.3 × 10−5

It can be seen from Table 4 that the parameters in different groups are almost the same with each
other, and the weights u1 and u2 are almost accurately identiﬁed with the relaxation time a bit deviated
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from its true value. However, an abnormal negative value −0.001, extremely close to 0, of the weight
u3 is observed even though we have set constraints for all the weights as shown in Equation (20),
this unusual phenomenon may be an indication of the weight u3 redundant for the problem.
3.5.3. Veriﬁcation of the Identiﬁed Results

In order to verify the accuracy of the estimated parameters, one out of the four groups of the
identiﬁed parameters in Tables 3 and 4 are employed in ANSYS to predict the corresponding responses
of the hyper-viscoelastic materials. Comparisons of the results calculated by ANSYS and the data in
Figure 5 are plotted in Figure 6.
In Figure 6, the solid line represents the original data and the scatter points represent the results
from ANSYS by using the identiﬁed parameters. It is obvious that errors in every experiment are
very small, which means the proposed analytical model for hyper-viscoelastic materials and the
identiﬁcation method by using PSA are reliable and efﬁcient.
0.2
Tload =30s Thold=150s

0.3

0.1/s

0.0
0.3
Tload =6s Thold=150s

0.2

Τ12 (Mpa)

T11 (Mpa)

0.1

0.1
0.0
0.3

0.2

0.01/s

0.001/s

0.1

Tload =3s Thold=150s

0.2
0.1
0.0

0.5/s

0

50

100

Time (s)
(a)

150

200

0.0
0.0

0.2

0.4

γ

0.6

0.8

1.0

(b)

Figure 6. Veriﬁcation of the identiﬁed parameters (a) relaxation tests (b) simple shear tests.

4. Conclusions

In this study, we focused on the parameter identiﬁcation of the hyperelastic and hyper-viscoelastic
materials, and the following conclusions have been made:

•

•

•

•

Based on the pattern search algorithm and the Levenberg Marquardt algorithm, the comprehensive
fitting of the multi-type experiment data of hyperelastic models, including uniaxial tension, planar
tension, biaxial tension, and simple shear experiment have been realized.
According to the ﬁtting results of the experiment data from Treloar (1944) and the veriﬁcation
results of the numerical simulation, the method of combining the pattern search algorithm and
Levenberg Marquardt algorithm proposed in this paper for identifying parameters in the Ogden
model is practical and efﬁcient.
The parameter identiﬁcation method for the hyper-viscoelastic materials which is characterized by
combing the Ogden model with the generalized Maxwell model was developed, and the physical
model of the hyper-viscoelastic model was also presented.
Three groups of relaxation tests and four groups of simple shear tests were conducted in ANSYS
and the corresponding experiment data were obtained. After employing the data to determine
the parameters, it can be concluded that the proposed analytical model of the hyper-viscoelastic
model and the identiﬁcation method by using a pattern search algorithm is reliable since all the
experiment data are ﬁtted very well with extremely low deviations, and the identiﬁed results are
little affected by the initial values as well as the term considered for Maxwell models.
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Abstract: Structural health monitoring is an important aspect of maintenance for bridge columns in
areas of high seismic activity. In this project, recently developed piezoceramic-based transducers,
known as smart aggregates (SA), were utilized to perform structural health monitoring of a reinforced
concrete (RC) bridge column subjected to pseudo-dynamic loading. The SA-based approach has
been previously veriﬁed for static and dynamic loading but never for pseudo-dynamic loading.
Based on the developed SAs, an active-sensing approach was developed to perform real-time health
status evaluation of the RC column during the loading procedure. The existence of cracks attenuated
the stress wave transmission energy during the loading procedure and reduced the amplitudes
of the signal received by SA sensors. To detect the crack evolution and evaluate the damage
severity, a wavelet packet-based structural damage index was developed. Experimental results
veriﬁed the effectiveness of the SAs in structural health monitoring of the RC column under
pseudo-dynamic loading. In addition to monitoring the general severity of the damage, the local
structural damage indices show potential to report the cyclic crack open-close phenomenon subjected
to the pseudo-dynamic loading.
Keywords: cyclic crack monitoring; smart aggregate; active sensing; wavelet packet-based
damage index

1. Introduction

Reinforced concrete (RC) is the most common material used in infrastructure such as bridges [1,2].
RC columns are often the primary elements of energy dissipation in bridges subjected to seismic loads.
Failure of bridge columns can cause the collapse of bridge girders, which has been the catastrophic
scenario for the majority of bridges damaged in past earthquakes. After a seismic event, it is imperative
to quickly assess the health condition of an RC structure to provide early warning of the structural
damage. It is essential to design a structural health monitoring system that can monitor and report the
health status for large-scale infrastructures in real-time.
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With attractive features of low-cost, small size, large bandwidth, and actuating-sensing functions,
piezoceramics have been increasingly employed in many engineering ﬁelds [3–7]. In this project,
piezoceramic-based devices, called smart aggregates (SA), were utilized as transducers for structural
health monitoring of RC columns under a pseudo-dynamic loading procedure. In addition to
the structural health monitoring function, the smart aggregate can be used to perform early-age
concrete strength monitoring [8,9], impact detection [10], seismic detection [11], and soil freeze-thaw
monitoring [12], demonstrating that SAs are multi-functional devices. In previous studies, SAs have
been successfully implemented for structural health monitoring of various concrete structures under
different loading cases including: a concrete bridge bent-cap under static loading [13], a concrete
frame under static loading [14,15], a shear wall under reversed cyclic loading [16], columns under
seismic loading [17], stress wave base communication in concrete structures [18,19] and columns under
reversed cyclic loading [20,21]. The purpose of this project was to further verify the effectiveness of
the smart aggregate in health monitoring of a RC concrete column tested with pseudo-dynamic loads.
To verify the effectiveness of the proposed smart aggregate under pseudo-dynamic loads,
the smart aggregates were used as transducers to perform health monitoring on RC columns under
a mathematically simulated earthquake record. One full-scale circular RC column was designed at
George Washington University based on an American Association of State Highway and Transportation
Ofﬁcials (AASHTO) design example for a curved bridge. The column was tested at the Newmark
Structural Engineering Laboratory at the University of Illinois, Urbana-Champaign. The employed
smart aggregates were embedded at pre-determined locations in the full-scale RC column to perform
structural health monitoring. During the test, the column was assumed to be the pier in the same
curved bridge and subjected to a simulated earthquake record, one step at a time. After each step,
the stiffness of the column was calculated and the next step of the earthquake record was adjusted to
account for any decrease in stiffness. Structural health monitoring was performed periodically during
the approximately 40-h test. Due to the pseudo-dynamic loading, the investigated RC column was
subject to crack. When the column was pushed on one side, cracks opened; when the column was
pulled back, the cracks closed. In the active-sensing approach, one smart aggregate was used as an
actuator to generate a repeated swept sine signal while the others were used as sensors to detect the
signal response. The existence of cracks, acting as stress relief, attenuated the wave propagation, so the
signal received by SA sensors correspondingly decreased. A structural damage index was formed
based on the wavelet packet-based tools. The general increasing values of the developed structural
damage indices for each implemented SA successfully detect the damage severity during the test.
In addition, the cyclic behavior of the local damage indices successfully monitored the crack opening
and closing phenomenon subject to the pseudo-dynamic loading.
2. Principles
2.1. Literature Review

Recently, structural health monitoring of large-scale structures is highly in demand in order
to reduce maintenance cost and enhance structural safety. Traditional methods, such as X-ray or
ultrasonic C-scan technologies, are expensive and inefﬁcient for monitoring the structural health of
large-scale structures. Fiber optical sensors, including the Fiber Bragg Grating (FBG) sensors, are also
being used for monitoring the health condition of various concrete structures [22–24]. However,
ﬁber optical sensors offer only local measurements, greatly limiting their applications. Piezoelectric
transducers have emerged as a new tool in the monitoring of large-scale structures due to their
advantages including low-cost, small size, large bandwidth, and actuating-sensing functions. Currently,
two popular methods of the piezoelectric-based health monitoring approaches have been reported to
monitor the concrete structures using piezoelectric-based approach: the impedance-based method and
the vibration-characteristic method.
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The impedance-based health monitoring approach is capable of monitoring the local damage of
structures [25–28]. The principle of this approach is based on the electromechanical coupling effect
of piezoelectric materials in relative high frequency range. The impedance-based approach has been
applied to RC beams [29,30], frames [31], shear walls [15], and composite RC/masonry walls [32],
in addition to RC bridges [33]. Meanwhile, a numerical modeling study on impedance-based damage
identiﬁcation has also been conducted [34]. Recently, a new real-time integrated wireless structural
health monitoring (SHM) system named “WiAMS” was developed to detect the structural damage
based on the impedance signature using embedded and surface-bonded lead zirconate titanate (PZT)
transducers [35,36]. Since the impedance-based method is sensitive to the local damage where PZT
sensors are placed [37], a combination of smart aggregates with surface bonded PZTs was studied to
assess both the local and overall conditions of the structure [38].
In contrast, the vibration-characteristic approach utilizes piezoelectric actuators to generate waves
that propagate within the structure, and compares the structural vibration-characteristic parameters,
such as the modal shape and frequency [39], active-sensing approach [40], or transfer functions [41],
with those of the healthy state to detect damage. Delamination between reinforcing bars and concrete
has also been studied using this approach [42,43]. In this approach, the excitation frequency range is
normally from several hundred hertz to several kilohertz. However, the operating frequency of this
approach is much lower than impedance-based approach.
2.2. Smart Aggregate-Based Structural Health Monitoring System

Piezoelectric materials, exhibiting piezoelectricity that can convert mechanical strain to electrical
signals and vice versa, have been widely used as ultrasonic transmitters and receivers in many
applications. Lead Zirconate Titanate (PZT) is one of the most popular materials among piezoelectric
materials. Since PZT material is fragile and easily damaged, a smart aggregate (SA) was designed
by embedding a waterproofed PZT patch with lead wires into a concrete block [39]. The schematic
structure and a photo of smart aggregate are shown in Figure 1. The detailed parameters of the
rectangular PZT patch is provided in Table 1. Due to the stable physical properties of concrete,
the designed SAs are capable of acting as embedded transducers to perform the structural health
monitoring in real-time. When SAs are installed in the reinforcing cage before concrete casting, we used
wires to especially ﬁx the SAs with the reinforcing cage. Just like an aggregate in concrete, our smart
aggregate will be surrounded by the liquid cement. Both a chemical and physical bond will form
between the cement and the SA during the curing process and therefore good bonding is ensured.

Figure 1. Structure of a smart aggregate.

Table 1. The detailed parameters of the lead zirconate titanate (PZT) patch.
PZT Type

Parameters

Values

PZT-5H

Dimension
Density
Young’s modulus
Poisson’s ratio
Piezoelectric strain coefﬁcients d33

10 × 10 × 1
7800
46 × 109
0.3
4.95

400

Unit

mm
kg·m−3
Pa
10−10 m·V−1
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Figure 2 gives an example to illustrate the smart aggregate-based active sensing approach for
multi-crack detection in a concrete column. As shown in Figure 2, one smart aggregate functions
as an actuator to generate guided waves propagating in the concrete structure. Other distributed
smart aggregates are used as sensors to detect the wave responses. If a crack appears in the structure,
it acts as a stress relief in the wave propagation path. Therefore, the energy of the received signal from
corresponding SA sensors will attenuate.

Figure 2. Schematic diagram of smart aggregate-based active sensing approach.

Note that the energy attenuation ratio is highly dependent on the severity of the cracks. In order to
detect the crack severity, a wavelet packet-based structural damage index was developed in this paper.
In the wavelet decomposition process, a sensor signal X can be decomposed with n-level wavelet
packets into 2n signal sets {X1 , X2 , . . . , X2 n } [44]. Xj is the decomposed sensor signal and j is the
frequency band (j = 1 . . . 2n ). Xj can be expressed in Equation (1).
Xj = [Xj,1 , Xj,2 , . . . , Xj,m ]

(1)

where m is the number of sampling data. Additionally, the energy of the decomposed signal Ej is
deﬁned by Equation (2):
Ej = Xj,1 2 + Xj,2 2 +···Xj,m 2

(2)

According to the data measured at time i, the signal energy vector at time i is given by Equation (3):
Ei,j = [Ei,1 , Ei,2 , . . . , Ei,2 n ]

(3)

Therefore, by using root-mean-square deviation (RMSD), a wavelet packet-based structural
damage index I is given by Equation (4) [39]:
2
5 n
3 2n
2
3

2
4
I=
∑ Ei,j − E1,j
∑ E1,j 2
j =1

j =1

(4)

where E1,j is considered as the health status of the structure. From the structural damage index, it can
be found that when the values of subsequent energy vectors are close to E1,j , corresponding to minor
or no change of the structure, the value of the structural damage index approaches 0. In contrast,
when the values of subsequent energy vectors approach 0, corresponding to serious structure damage,
the value of the structural damage index approaches 1. It can be seen that the values of the structural
damage index between 0 and 1 can be utilized to determine the damage severity of the structure,
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such as the crack condition discussed in this paper. However, to quantitatively determine the actual
crack size or image using the current developed damage index is still not feasible.
3. Experimental Setup

An RC column instrumented with 10 smart aggregates was fabricated at Prestressed Engineering
Company, LLC in Blackstone, IL, USA. The location of smart aggregates in the concrete column is
shown in a structural drawing and a three-dimensional view, as shown in Figure 3. Figure 4 shows
pictures of some smarts aggregates installed in the rebar cage of the column.

Figure 3. Location of smart aggregates in the concrete column.

ȱ

Figure 4. (a) A smart aggregate ﬁxed on the rebar cage; (b) A smart aggregate was installed in the base.

A series of 330 kip actuators called “Load and Boundary Condition Boxes” (LBCDs) were placed at
the top of the full-scale column to apply load to the specimen. The test concrete column was mounted
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to a strong ﬂoor using all-thread rods. The column was instrumented with linear variable differential
transformer (LVDTs), strain gauges mounted on the reinforcing steel, Krypton displacement cameras
(Metris Design, Leuven, Belgium), in addition to the smart aggregates. A photo of the casted concrete
column can be seen in Figure 5. Using the smart aggregate designation shown in Figure 3, SA-1 was
used as the actuator to generate repeated swept sine wave through a function generator. The amplitude,
period, and the frequency range of the swept sine wave are 10 V, 3 s, and 100 Hz–10 kHz, respectively.
SA-3 through SA-10 were used as sensors to detect the signal. The sensing signal was recorded by a
NI-6353 data acquisition system. The sampling frequency of the data acquisition system is 100 kS/s
per channel.

ȱ
Figure 5. The concrete column specimen after casting.

4. Loading Protocols

During the test, the concrete column was assumed to be a column in a curved bridge subjected
to a simulated pseudo-dynamic earthquake record. After each step of the record, the stiffness of
the column was calculated and the next step of the earthquake record was adjusted using a ﬁnite
element analysis to account for any decrease in stiffness in the system. The simulated earthquake
record represented a 40 s earthquake. The magnitude of the acceleration was increased every 10 s.
Figure 6 shows the acceleration record used in this loading test. Structural health monitoring tests
were performed periodically during the approximately 40-h test.
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5. Experimental Results
5.1. Loading History
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The test was stopped due to the actuators in the x-direction running out of stroke. At that point,
the concrete column had yielded and was exhibiting spalling, but had not yet failed. Figure 7 shows the
force-displacement and moment-curvature relationships in the x-, y- and z-directions for the concrete
column, respectively. A photo of the yielded concrete column after test is shown in Figure 8.

(a)ȱ

(b)

Figure 7. Force-displacement and moment-curvature relationships in the x-, y- and z-directions.
(a) Force-displacement relationships; (b) Moment-curvature relationships.
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Figure 8. A photo of the concrete column yielding after test.

As shown in Figure 7, the x-direction had the largest displacement in the test. The displacement
history in the x-direction at the top of the concrete column is shown in Figure 9. During the 40-h test,
14 cycles of displacement in the x-direction were observed and marked in Figure 9.

Figure 9. Displacement history in x-direction of the column.

5.2. Wavelet Packet-Based Structural Damage Indices

During the test, SA-6 and SA-9 failed to function. The possible reason for the dead sensors may
be that the wire broke during casting. Experimental results from the other sensors are shown below.
Figure 10 shows the wave packet-based damage indices of all the functional SA sensors during
the test. The damage indices of each SA sensor present generally increasing values, which correspond
to the damage development of the RC column. Before Step 1000, values of the damage indices are
close to zero due to small displacement and damage within the RC column. As the load increased after
Step 1000, the values of damage indices increase. After Step 3500, damage indices of all SA sensors
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report values close to one, which means the RC column sustained a high level of damage. The results
shown in the damage indices are in good agreement with the test record [45].

Figure 10. General damage indices throughout the test.

Other than the general increasing trend shown in the damage indices, several local increasing and
decreasing cycles can also be found in the damage indices. Since the RC column was subjected to cyclic
loading, the cracks in the RC column opened and closed correspondingly. The local increasing and
decreasing values shown in the damage indices detected this opening and closing of the cracks during
the test. According to different cycles of increasing and decreasing shown in the damage indices,
overlay plots of the displacement history curve and damage indices of each functional SA are shown
Figure 11.
In the ﬁrst 1000 steps, the displacement of the RC column was very small, as shown in Figure 9
(0–1000 steps). Since no damage occurred during this time, the received signal of SAs did not change
much. Therefore, the values of the local damage indices are also very small, as shown in Figures 10
and 11. It can be considered that the RC column was in good health during the ﬁrst 1000 steps.
From Step 1100 to Step 2100, the concrete column was subject to ﬁve initial simulated
pseudo-dynamic loading cycles (1–5), as shown in Figure 9. When load increased, the bottom cracks
opened and the structural damage increased. When load decreased, cracks closed corresponding
to the decreased damage. During this period, the peaks and valleys between the damage indices
and the displacement history as shown in Figure 11 are not clearly matching to each other, but the
similar increasing and decreasing trends can still be found. The possible reason is the crack open-close
phenomenon in this period is not clear, since the crack formed at the bottom of the concrete column is
very small under the ﬁrst several loading cycles.
From Step 2100 to Step 3300, both the cycles observed in displacement history and the damage
indices are in good agreement with each other. Since the highest value in each displacement cycle of
the RC column was quite large, as shown in Figure 9, the major crack has existed at the bottom of
the concrete column. As the concrete column was pushed to one side, the major crack opened and
the values of the damage indices for each smart aggregate correspondingly increase. As the concrete
column was further pushed back to its original position, the values of the damage indices decrease.
Since the crack in this period is much larger than the previous step from 1100 to 2100, the propagating
stress wave attenuates more than the previous period. The cycles (6–11) shown in the damage index
are more clear than the previous cycles (1–5). In addition, the highest values of the damage index
reached to one, which implies the concrete column was subject to severe damage in the maximum
displacement of each cycle.
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After Step 3300, the RC column almost reached the ultimate capability. In both cases in which
the crack opened and closed, most of the propagating stress wave energy was attenuated. SA sensors
“lost contact” with the actuator. The damage indices in this period, as shown in Figures 10 and 11,
do not continue to present the similar increasing and decreasing trends as before. As the load cycled,
the values of damage indices of all the SA sensors maintained a constant value near one, which
indicates that the major crack at the bottom of the concrete column cannot be “recovered” even when
the RC column was pushed back to its original position.
As shown in Figure 11, the peaks and valleys between the damage indices and displacement
history match well until approximately load Step 3250, which corresponds to the maximum load
and severe damage in the column. Beyond this point, the damage indices maintain a value near one.
Each peak corresponds to cracks opening and each valley corresponds to a cracks closing (or opening
on the opposite side of the column).
In addition, the results using wavelet packet-based damage index are compared with both the
strain energy of the RC column and the recorded key events presented by Frankie et al. [45]. The cycles
of the structural strain curve shown in Frankie et al. [45] also agree with the cycles of the damage
indices. After around Step 3200, the strain value of the RC column at the cracking area approaches to
its maximum values and the values in our computed damage indices corresponding approach one,
which implies that the RC column is under severe damage at this stage. On the other hand, from the
observed key events shown in Frankie et al. [45], we can see that the ﬁrst reported event of concrete
cracking occurred at Step 1243. These results also agree with our damage indices, where we can see
that the ﬁrst obvious increase happens between Step 1000 and Step 1250. When the recorded concrete
spalling event happens at Step 3261, the values of our damage indices correspondingly approach one.
The agreement between our results and others’ show that the smart aggregate-based active sensing
approach is capable of monitoring the crack opening and closing condition in real-time.
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(b)
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(c)

ȱ

(d)
Figure 11. Cont.
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(e)

ȱ

(f)

Figure 11. Overlap plots of damage indices and displacement history curves: (a) SA 3; (b) SA 4; (c) SA 5;
(d) SA 7; (e) SA 8; (f) SA 10.

6. Conclusions

Under the pseudo-dynamic loading, the cracks in the RC column were subjected to cyclic opening
and closing. Cracks, acting as stress relief, reduce the stress wave propagation energy throughout the
column. The proposed SA-based active sensing approach successfully detects the crack development
and crack open-close condition of the RC column in real-time. The general increasing values shown in
damage indices can evaluate the damage severity of the RC column. When the values approach one,
it means that the RC column has reached the ultimate capability. The phenomenon of crack opening
and closing during the cycles of pseudo-dynamic loading is clearly presented in the local damage
indices. In addition, the peaks and valleys in the damage indices and displacement history curves are
in good agreement with each other, which enhances the application of the proposed approach in this
paper. Potentially, our active sensing approach using smart aggregates could be further developed
into a wireless structural health monitoring system that poses many engineering challenges with
future studies.
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Abstract: Piezoceramic based active sensing methods have been researched to monitor preload
on bolt connections. However, there is a saturation problem involved with this type of method.
The transmitted energy is sometimes saturated before the maximum preload which is due to it
coming into contact with ﬂat surfaces. When it comes to ﬂat contact surfaces, the true contact area
will easily saturate with the preload. The design of a new type of bolt looseness monitoring sensor,
a smart washer, is to mitigate the saturation problem. The smart washer is composed of two annular
disks with contact surfaces that are machined into convex and concave respectively, to eliminate
the complete ﬂat contact surfaces and to reduce the saturation effect. One piezoelectric patch is
bonded on the non-contact surface of each annular disk. These two mating annular disks form
a smart washer. One of the two piezoelectric patches serves as an actuator to generate an ultrasonic
wave that propagates through the contact surface; the other one serves as a sensor to detect the
propagated waves. The wave energy propagated through the contact surface is proportional to the
true contact area which is determined by the bolt preload. The time reversal method is used to extract
the peak of the focused signal as the index of the transmission wave energy; then, the relationship
between the signal peak and bolt preload is obtained. Experimental results show that the focused
signal peak value changes with the bolt preload and presents an approximate linear relationship
when the saturation problem is experienced. The proposed smart washer can monitor the full
range of the rated preload.
Keywords: bolt loosen; active sensing; smart washer; non-destructive monitoring

1. Introduction

Bolt connections are widely used in many industrial ﬁelds. Bolt connections are inﬂuenced by
cyclic loading and various working conditions, and the bolt connections tend to loosen. In practice,
accidents have been caused by bolt looseness, and monitoring of the bolt preload force has become
important in the engineering ﬁeld to ensure the safety of the structures. With the development of
structural health monitoring (SHM), more theories and technologies are being developed regarding
bolt health monitoring and bolt looseness detection [1].
Coin-tap is commonly used in engineering practices, including in the detection of bolt looseness.
According to the change of the sound during an impact, engineers estimate whether the bolt is loosened
or not. Based on this, Cawley and Adams [2,3] proposed a theory that structural imperfection causes
the changes of the response signals, thus the structural damage can be identiﬁed according to the
width of the time domain curves or the area ratio of the frequency domain. After a series of research,
Xiang et al. [4,5] proposed a controlled tap detection method for bolt tightness based on a controlled
Appl. Sci. 2016, 6, 320
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tap detection principle, and the bolt loosening status can be determined quantitatively by using
the support vector machine method. However, the tap method cannot provide real time monitoring of
bolt looseness.
Piezoceramics with such attractive features as low cost, small size, wide bandwidth, and sensing
and actuating functions have been widely researched in real-time active vibration control [6–8],
stress-wave based communication [9–11], and structural health monitoring [12–16]. Another attractive
feature of a piezoceramic transducer is the coupling between its electric impedance and the host
structure’s mechanical impedance. The piezoelectric impedance method was proposed to monitor
structure health status in 1994 by Liang et al. [17]. The analytical relationship between the piezoelectric
impedance and the mechanical impedance of the host structure was established for the ﬁrst time.
Sopon et al. [18] used a piezoelectric transducer (PZT) as an actuator–sensor collectively in conjunction
with the numerical model-based spectral element method (SEM) in structural health monitoring to
quantitatively detect damage of bolted joints. By analyzing the characteristics of the piezoelectric
element under the bolt looseness condition, Gao et al. [19] concluded that the conductance of the
piezoelectric patches changes signiﬁcantly under the high-frequency (more than 50 kHz) voltage
excitation. Mascarenas et al. [20] enhanced the PZT to form a washer for monitoring individual bolt
looseness by examining the electro-mechanical impedance (EMI) at resonance. Nguyem et al. [21] used
multi-channel wireless impedance sensor nodes and multiple PZT-interfaces to monitor bolt loosening
in bolted connection.
The ultrasonic method is employed in some SHM ﬁelds. As a valuable way to monitor bolt
looseness, the ultrasonic method is continually improved by many researchers [22]. An ultrasonic
instrument for the accurate measurement of bolt stress was described by Joshi in 1984 [23].
Sisman et al. [24] used the ultrasonic method to quantitatively detect the preload between the bolt and
the connect surface. Yasui et al. [25] proposed an ultrasonic velocity ratio method for measuring bolt
axial load. Jhang et al. [26] used the phase detection technique to measure the TOF (time of ﬂight) of
a tone-burst ultrasonic wave; the method improved the precision of the ultrasonic velocity method for
measuring bolt stress. The propagation velocity of the ultrasonic method is affected by bolt material,
stress and some other factors, and it is not easy to accurately determine the axial force of the bolt.
Additionally, it requires a special precision instrument for the measurement, and it is difﬁcult to apply
to real time application.
The active sensing method utilizes the sensing and actuation capability of the piezoelectric
transducers. For this method, at least one pair of the PZT patches is used with one serving as
an actuator to generate a stress wave and the other serving as a sensor to detect the stress wave.
A damage or change along the wave propagating path will change the detect signal. As a real time
method, many researchers have explored this method [27]. Mita and Fujimoto [28] combined the
ultrasonic waves and support vector machines method to detect loosened bolts. The experiments show
that the proposed methods could identify the location and the level of damage of the loosened bolts.
The active sensing-based method was also used in detecting damage of the bolt on a steel bridge [29],
and some researchers applied ultrasonic and magneto-elastic active sensors in monitoring bolted joints
in a satellite panel [30].
In our team’s previous studies [31,32], the piezoelectric active sensing method with the time
reversal technique [33] was used to monitor the bolt looseness. The time reversal method reverses the
response signal that is received by the sensor in its time domain. This method can make the signal
energy focus on space and time. In these studies, the peak of the time reversal focused signal can
represent the wave energy that transmitted through the interface of the bolted joint, and the wave
energy is proportional to the true contact area of the bolted joint interface which depends on the bolt
tightening force. The experiments show that the focused signal peak amplitudes increase with the
increasing blot preload until reaching saturation and the focused signal peak remains stable. When
there is no more deformation space at the bolted joint interface under a certain bolt preload, the true
contact area does not change any more. Besides, the surface roughness of the bolted joint affects
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the saturation value; the higher roughness can postpone the saturation value of the bolt preload.
When it comes to bolt connection surfaces, the contact roughness is determined by the process and
working condition, which cannot be increased artiﬁcially. Even if a high roughness is used, it is hard to
guarantee the higher roughness precisely for a certain machining process. Therefore, in order to resolve
the problem of saturation, a new monitoring structure needs to be developed. The new proposition
is that of a new washer structure for monitoring bolted looseness status based on the piezoelectric
active sensing method and to deal with the saturation problem. The new washer design will control
the contact area artiﬁcially so that the washer can monitor the full range of the rated preload.
2. Proposed Method and Principle

The new smart washer structure is shown in Figure 1. It is composed of two annular disks,
the contact surfaces of which are machined into convex and concave, respectively. Two piezoelectric
patches are bonded onto two non-contact surfaces of the proposed smart washer sensor. One
piezoelectric patch serves as an actuator to generate an ultrasonic wave transmitting through the
contact surface, and the other one as a sensor to detect the response signals. Furthermore, the time
reversal method is employed, which can ensure a high signal to noise ratio. The ﬁrst response signal is
reversed in the time domain and then reemitted. Then, the reverse focused signal is detected by the
sensor piezoelectric patch. In addition, based on the fact that the waves are the energy transmission
and the transmitted energy is proportional to the true contact area of the bolted joint interface,
the bolted loosening status can be determined by extracting the focused signal peak that has a certain
relationship with the transmitted energy.

Figure 1. Structure sketch.

In order to describe the relationship between the contact area and loading-force, an analysis of the
contact is necessary. According to the Classical Hertz contact theory, two elasticaxis-parallel cylinders’
internal contact is shown in Figure 2; the contact surface shape of the cylinders is rectangular [34].
Furthermore, the unit’s pressure on the contact surface is distributed in an elliptic cylindrical pattern
as shown in Figure 3. Hertz theory relates loading force F and contact area S as follows:
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where a is half the width of the rectangle, L is the length of cylinders, E1 and E2 are the elasticity
modulus of the two cylinders, R1 and R2 are the curvatures of the cylinders, and μ1 and μ2 are
Poisson’s ratios.
For the smart washer in this paper, the contact area is an annulus; the existing contact formula is
not applicable to this model; after the differential, the annulus can be regarded as being composed of
numerous small rectangles, made up of countless small rectangles; the area of each rectangle is dS;
and the contact area, S, can be obtained by the equation as follows:
dS = 2adL


S=

dS =

 2π·r
0

(5)

0
2adL = 4

2FrR
E∗

(6)

where r is the distance between the center of the washer and the center of the convex and concave,
as shown in Figure 1, and 2πr is the perimeter of the annulus center.

Figure 2. Axis-parallel cylinders’ internal contact.

Figure 3. Contact surface status.

It can be seen that the contact area is decided by the acting force when r and R are given, more
speciﬁcally, the area will grow with an increasing load. Therefore, the contact area can be an indicator
of the loading force.
The essence of wave propagation is energy transmission, and the wave leakage and dissipation
occur at the contact interface. Thus, the energy will be reduced when the wave transmits through the
interface. For the washer, the energy received by the PZT1 and PZT2 is the transmitted wave energy
that is transmitted through the convex and concave contact interfaces. It is found that the transmitted
energy, E, is proportional to the true contact area, S [35], as follows:
E ∝ C1 S

(7)

The relationship implies that the energy through the contact area increases with the enlargement
of the contact area, when the force increases according to Equation (6). As a result, more energy is
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transmitted to the sensor. After considering the relationship in Equation (6), the transmitted energy, E,
can be expressed as follows:
√
(8)
E ∝ C2 F
In Equations (7) and (8), C1 and C2 are constants. It can be seen from Equation (8) that the received
energy is proportional to the square root of the loading force, which is the bolt axial force. Thus, the
bolt looseness can be represented by the energy of wave.
The time reversal method is adopted in this study. Based on the time reversal theory, the
response signal energy is proportional to the peak amplitude of the focused signal [32], whereupon the
transmitted signal energy can be represented by the focused signal peak amplitude. A higher focused
signal peak amplitude means a larger transmitted signal energy and a larger bolt preload.
3. The Smart Washer and Experimental Procedure

The design derives from the asperities of the machined surface. The microcosmic asperities
are magniﬁed to macroscopic convex and concave. Considering the Hertz contact stress theory
and by optimizing the data, the curvatures of the convex and concave are decided. The curvatures
of the convex and concave are similar sizes to ensure that slippage does not occur between them.
There is a groove on the non-contact surface of the upper-washer and lower-washer, respectively,
to place the piezoelectric patch (PZT) that served as an actuator and senor. A certain space between the
upper-washer and lower-washer is needed to avoid the additional surface contact, except the contact
of the convex and concave. The purpose of the washer design is to control the contact area artiﬁcially
so that the washer can monitor the full range of the rated preload. From Equation (6), the contact area
will change with different curvatures of the convex and concave, or with the different center distances
under the same preload. In order to explore the inﬂuence of the central symmetry plane location of the
convex and concave, two kinds of specimens are designed in the experiment.
The size of the smart washer is designed based on the standard bolt M16, as shown in Figure 4.
The outer diameter of the washer is 50 mm and the internal diameter is 17 mm for the M16 bolt
connection. The curvature of the convex R1 and the concave R2 are 6 mm and 10 mm, respectively.
The detailed sizes of all specimens are listed in Table 1. The above and bottom straight grooves, where
the piezoelectric patches are placed, are ﬁlled with insulating glue to protect the piezoelectric patches.
The piezoelectric constant d33 and d31 of the patch surface is 400 × 10−12 CN and −150 × 10−12 CN
respectively, and the dimensions of the piezoelectric patch are 8 mm × 9 mm × 1 mm.

Figure 4. Specimen structure.
Table 1. Specimen size.
No.

A: Center Distance of Convex
and Concave/mm

B: Outer Diameter/mm

C: Internal Diameter/mm

1
2

25
29

50
50

17
17
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The purpose of the experiment is to verify whether the smart washer can effectively monitor
the bolt looseness. The experimental scheme is shown in Figure 5 and the experimental setup is shown
in Figure 6 and an electronic universal testing machine (type CMT5105, SUNS, Shenzhen, China)
was used to precisely simulate the bolt preload applied on the washer. In the experiment, the loading
force ranged from 0 to 60,000 N to meet the rated load of grade 8.8 of M16 bolt. A National Instruments
multifunction DAQ device, USB-6361(National Instruments Corporation, Austin, TX, USA),
was used in the experiment as the data acquisition apparatus which converted between a digital
signal and analog signal. For a given bolt load on a washer, a pulse excitation signal was launched by
the LabVIEW in the computer as shown in Figure 7a. The center frequency of the pulse signal was
150 kHz and the amplitude was 10 V. Then, the excitation signal was converted to an analog signal
and is sent to excite the PZT1 by the NI USB-6361. The PZT1 generates an ultrasonic wave under the
excitation of the pulse signal as shown in Figure 7a, then the sensor PZT (PZT2) detected the response
signal which was ampliﬁed by a signal ampliﬁer (MISTRAS 2/4/6-C, PHYSICAL ACOUSTICS
CORPORATION, Princeton, NJ, USA), as shown in Figure 7b. Figure 7c shows that the recorded
response signal was reversed in the time domain which reemitted by the PZT1. The focused signal,
as shown in Figure 7d, is detected by PZT2 and was stored in the computer for further analysis.
The procedure was repeated under different bolt preloads to obtain the focused signals at different
bolt preloads, and the relationship between the focused signal peak amplitudes and the bolt preloads
was then derived.

ȱ

Figure 5. Experimental scheme.

ȱ

(a)ȱ

(b)

Figure 6. The experimental setup: (a) Smart washers on the test ﬁxture; (b) Entire setup.
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Figure 7. Experimental signals. (a) Pulse signal; (b) Response signal; (c) Time reversed signal;
(d) Focused signal.

4. Experiment Results and Discussion

The experiments were carried out based on the above-mentioned procedure and the focused
signals of two specimens under the same conditions were obtained. The relationship between the
bolt preload and the peak of the focused signal extracted from the experimental data are shown in
Figures 8 and 9. According to the relevant theory of bolt connection, only a very small part of the
external load, which is applied on the bolt joint structure, works on the bolt when the bolt preload is
enough, but once the bolt preload is insufﬁcient, the external load that works on the bolt will be greatly
increased and will most likely lead to the failure of the bolt. For the bolt joint structure, it is important
to ensure that the bolt preload is at a reasonable level. Therefore, for the bolt preload monitoring,
the prominent task is to monitor the axial force changes around its rated preload. Thus, it is unnecessary
to monitor the force which is much smaller than the rated preload, and for this reason, the starting
value of the abscissa is 20 KN in the experiments.
Figure 8 shows the experimental result of the ﬁrst specimen with its center distance of the convex
and concave being 25 mm from the washer center. It can be found that, with the increase of the bolt
preload, the focused signal peak increases approximately linearly. This agrees with the analysis in
Section 2 which shows that the peak amplitude increases with the increase of the axial force. The
slope of the curve is steep enough to interrogate the change of the bolt axial force. Even at the 60 KN
preload, the focused signal peak still kept increasing, thus the designed smart washer can monitor the
full range of the M16 bolt. The effectiveness of the proposed design is validated by this experiment.
Figure 9 shows the result of specimen 2 (the center distance is 29 mm); the focused signal peak
amplitude keeps increasing and does not reach saturation. Nevertheless, the curve has gently changed
between 30 and 40 kN, which may be caused by the machining errors of the specimen.
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The experimental results show that the amplitude of the focused signal can indicate the bolt
preload obviously, that is to say that the smart washers, based on the piezoelectric active sensing
method and time reversal technique, can effectively monitor the bolt looseness in the related preload
range. By comparing the experimental results of the two specimens, it is shown that a small change
in the contact location will not obviously affect the contact area change under the applied preload
range and thus will not affect the transmitted wave energy change. For the M16 bolt, the designed
smart washer is sufﬁcient to measure 20 kN~60 kN axial force which covers the rated preload range of
the bolt, and the change of amplitude with obvious axial force. Hence, for the different types of bolt,
by designing a washer that is different in size, the entire rated preload measurement of the bolt can be
fulﬁlled successfully.

Figure 8. The peak amplitude of the focused signal under different preloads of the ﬁrst specimen.

Figure 9. The peak amplitude of the focused signal under different preloads of the second specimen.

5. Conclusions

As previously stated, a smart washer based on the piezoelectric active sensing method was
proposed for bolt looseness monitoring. The applicability and effectiveness of the smart washer has
been presented by experimental studies. Based on the theory that the change of the transmitted wave
energy, through a bolted joint interface, depends on the bolt preload force, the bolt loosening status
can be deduced by observing the change of the peak amplitude of focused signals. The experiment
results show that the focused signal peak amplitude has an approximate linear correlation with the
bolt preload.
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Further researches are needed to design the different curvature radii of the convex and concave
surfaces and to determine the sizes of the smart washer, in order to form a series of smart washers that
can measure the full range of the rated preload of different types of bolts. Lastly, through theoretical
analysis and numerical simulation, the smart washer structure can be optimized.
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Abstract: In this paper, a piezoelectric impedance frequency shift method is developed to estimate the
bolt preload for the detection of bolt looseness in engineering structures. An experimental device that
allows the precision control of the axial preload force on a bolt is designed and fabricated. A universal
testing machine is used to preload accurately on the bolt in the experiments. Under different bolt
preload conditions, the impedance analyzer measures the admittance (inverse of the impedance)
signal of the PZT (Lead ZirconateTitanate) patches which are bonded on the bolt head. Firstly, a wide
frequency band is swept to ﬁnd a sensitive frequency band of the piezoelectric admittance with the
imaginary part. Then in the sensitive frequency band, a speciﬁed peak frequency of the admittance
signature is chosen to investigate the frequency shift with different bolt preloads. The relationship
between the speciﬁed frequency shift and the bolt preload is established. The experimental results
show that the speciﬁed peak frequency decreases as the bolt preload increases for both M16 and M12
bolts, and the frequency shift has a linear relationship with the preload on the bolt. The frequencies
of the real and imaginary parts of the admittance signature have the same results. Therefore, the bolt
preload can be determined by measuring the speciﬁed frequency shift and this method has a good
application prospect.
Keywords: bolt looseness; piezoelectric impedance; frequency shift; Lead ZirconateTitanate (PZT)

1. Introduction

There are many types of connection for engineering structures, and bolt connection is one of
the most widely used. Currently, there are a few methods to monitor the condition of bolt joints
by measuring the bolt axial load [1]. A common method is to employ a strain gauge to measure
the bolt strain and determine the bolt preload. This method offers accurate bolt-strain monitoring,
but integration of the strain gauge often requires signiﬁcant hardware modiﬁcation. Another technique
uses a torque wrench to determine the torque applied on the bolt. Due to the effect of the friction
between the bolt and the clamped parts and the screw thread, the torque wrench cannot accurately
control the pre-tightening force. Acousto-elastic effect based ultrasonic methods are alternatives to
estimate the bolt axial load by measuring the time-of-ﬂight (TOF) [2,3], the velocity ratio of longitudinal
waves and transverse waves [4,5], and the resonant frequency shift of the bolt [6]. The velocity change
of waves in the bolt resulted from the bolt stress is very small, so specialized precision instruments
are required to measure the variations of the TOF, velocity and frequency shift, which hinders the
application of the method. To avoid the catastrophic consequences caused by bolt looseness, real-time
monitoring of bolt connections is of great importance.
Vibration-based damage assessment is a commonly used real time method for structural health
monitoring and fault diagnosis. By comparing the transmittance function [7], power spectral density
Appl. Sci. 2016, 6, 298
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(PSD) of the recorded signal [8] and other modal parameters before and after structural damage [9],
the structure’s health state can be extracted. However, this method can only detect structural damage
when the damage is developed to a certain degree. For the bolt-connected structures, the looseness of
a bolt only affects the local dynamic characteristics of the structure, and the vibration based method is
not so sensitive to the initial bolt looseness detection.
Piezoceramics, with attractive features such as low cost, small size, wide bandwidth, and sensing
and actuating functions, have been widely researched in real-time structural monitoring [10–13]. Using
the piezoelectric active sensing method and the ultrasonic attenuation-based method, Yang and Chang
predicted the torque levels and identiﬁed the locations of loosened bolts [14,15]. Wang et al. [16,17]
analyzed the ultrasonic energy which is received through the interface of a bolted joint, and the status
of bolt connection and bolt loosening are monitored using the response signal energy method and the
time reversal method. Song [18] applied the active sensing technique incorporated with a wireless
sensor network in health monitoring of wind turbine blades [19].
Another attractive feature of a piezoceramic transducer is the coupling between its electric
impedance and the host structure’s mechanical impedance, based on which Liang et al. proposed
the piezoelectric impedance-based structure health monitoring method [20]. Since then, research on
structure health monitoring based on piezoelectric impedance technique has been widely carried
out [21,22] in many ﬁelds, such as in wind turbine blades [23] and composite material [24,25].
Bhalla et al. [26,27] performed the experiments on aircraft components and reinforced concrete bridges
with the piezoelectric impedance technique, and demonstrated the effectiveness of the piezoelectric
impedance technology for structure health monitoring. Peairs et al. [28] apply piezoelectric impedance
technique in monitoring the gas pipeline damage and ﬁnds that it can detect the crack damage of
underground pipeline. Lu et al. [29] applied the piezoelectric impedance technique in monitoring weld
cracks, and the results showed that the piezoelectric patches can be sensitive to detect small changes in
cracks. Lim et al. [30] evaluate the feasibility of fatigue crack monitoring with the electromechanical
impedance (EMI) technique with a PZT transducer and ﬁnd that the EMI technique is very sensitive
to fatigue crack propagation. Liang et al. employ the impedance technique to monitor the bond-slip
between concrete and steel for concrete-encased composite structure [31].
Recently, the piezoelectric impedance method has been extended to bolt loosening detection
(Martowicz et al. [32], Ritdumrongkul et al. [33] and Park et al. [34]). Utilizing the technical merits of
piezoelectric impedance method and the Lamb wave propagation method, Wait et al. [35] integrated
these two techniques to investigate the structural integrity of a bolted system. A combined approach
of the piezoelectric impedance technique and the guided wave-based damage detection method was
developed by An and Sohn [36] to detect the bolt looseness by employing the signals of these two
method simultaneously from piezoelectric transducers.
In this paper, the piezoelectric impedance method is applied to estimate the bolt preload by
analyzing a speciﬁed peak frequency shift with a piezoelectric patch bonded on the bolt head.
In contrast with the previous studies which used a damage index to estimate bolted status, in this
approach, the relationship between a speciﬁed peak frequency shift of the piezoelectric admittance
signature and the bolt preload is established. The peak frequency change of the admittance is used as
a feature parameter of the bolt preload. Additionally, a higher sweep frequency band up to several
megahertz is chosen for the measurement of the bolt head local dynamics and the piezoelectric
impedance method based bolt preload measurement. Using a type CMT5105 universal mechanical
testing machine to apply the precise axial load on bolts, and the piezoelectric admittance signatures of
the piezoelectric patch on the bolt head are acquired under different bolt preloads. A new bolt looseness
detection method based on piezoelectric impedance frequency shift is developed in this paper.
2. The Proposed Method and Principle

According to the piezoelectric effect, piezoelectric patches can be used as sensors and actuators.
In the piezoelectric impedance method, a piezoelectric patch is bonded on the monitored structure
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surface or integrated into the structure, and the piezoelectric patch can be excited by a sine sweep
voltage signal generated by an impedance analyzer. According to the inverse piezoelectric effect,
the sinusoidal voltage input causes the vibration of the piezoelectric patch, and the vibration is
transferred to the host structure. Then, the vibration of the structure reacts to the piezoelectric patch
simultaneously, which causes electrical signal changes in the circuit due to the direct piezoelectric effect.
The coupled admittance, the reciprocal of the impedance, which is closely related to the substrate
structural impedance, can be captured by the impedance analyzer. Based on the 1-D coupling model of
piezoelectric patch and the host structure, and considering the force equilibrium and the piezoelectric
constitutive equations, Liang [20] derived the following electro-mechanical admittance expression:
Y = 2ω

6
)
*
)
*
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Za
tan κla
wa la T
E
E
ε33 +
− d231 Y11
d231 Y11
ha
Z + Za
κla

(1)

where ω is the angular frequency of the excitation voltage, and i is the imaginary unit. wa , la and ha
T represents the complex electric
are respectively width, length and thickness of the PZT patch. ε33

E is the complex Young’s modulus at zero electric ﬁeld. Z is
permittivity at zero mechanical stress, Y11
a
the mechanical impedance of the PZT patch and Z is the mechanical impedance of the host structure.
d31 and κ are the piezoelectric strain coefﬁcient and the wave number, respectively.
Equation (1) shows that the output admittance signature is affected by both the structural and
sensor dynamics, since the admittance is the response of the structure to the harmonic actuation of
the piezoelectric transducer and the applied load will inﬂuence the response of the structure in the
presence of mechanical impedance. The stress changes at a speciﬁc location on the structure will
cause resonant frequency shift, and vibration mode change of the structure, which will be reﬂected in
changes in the admittance signature [37,38].
For the bolted joints, the bolted connection status affects only the local dynamic characteristics of
the structure and the bolt itself. When the bolt preload is changed, the stress distribution on the bolt
and the bolt joint will change. Since the piezoceramic patch is bonded on the bolt head, the sensing
region will be concentrated in a small range of the bolt head and the bolt head stress status change will
be reﬂected in the admittance signature as the resonance frequency shift. By analyzing the interrelation
of a bolt head stress-caused frequency shift and the bolt preload, a new bolt joint health monitoring
method may be formed based on the piezoelectric impedance frequency shift. The local structure has
high frequency dynamic characteristics, and the piezoelectric impedance method is appropriate to
study the local dynamics of the bolt joint with appropriate sensing frequency.

3. The Experimental Setup and Process
3.1. Experimental Devices

Base on the above principle, an experimental device (shown in Figure 1) with a directly controlled
axial force is designed and fabricated. Figure 2 shows the device under testing using a universal testing
machine. The piezoelectric patch PZT was bonded on the bolt head by the epoxy resin, as shown in
Figure 1. Then the piezoelectric patch was connected to an impedance analyzer and the piezoelectric
impedance signatures were stored and analyzed in the computer.
As shown in Figure 2, the testing machine (type CMT5105, SUNS, Shenzhen, China) pulls the two
center bolts of the clamp, and then the pulling force is transferred to two side bolts through the clamp.
The bolts on both sides share the same pulling force, and the pulling axial force is used to simulate
the preload on both bolts. Two M16 bolts and two M12 bolts are used respectively in the experiments.
The nominal preload for the chosen M16 bolt is 35 kN and 20 kN for M12 bolt. The tensile force set by
the test machine is two times the maximum preload of the two side bolts.

425

Testing
machine
Center
Bolt

PZT

Clamp

Side
Bolt

Side
Bolt

Testing
machine

Figure 1. Schematic diagram of the bolt clamp.

CM5105 Testing Machine

TestPiece

Control Computer

Impedance Analyzer

Figure 2. Testing device.

MDPI Books

Appl. Sci. 2016, 6, 298

In this research, the PZT (Lead ZirconateTitanate) type of piezoelectric patch with the size
of 10 × 6 × 0.5 mm was used, and its parameters are shown in Table 1.
Table 1. Parameters of PZT.
Parameter

Symbol

Value

Density
Piezoelectric constant
Dielectric constant

ρ
d31
T
ε31

7800 kg/m3
150 × 10−12 C/N
1.3 × 10−8 F/m

3.2. Experimental Processes

In the experiment, the tensile force is set from zero to the maximum nominal preload. In each
step of steady-state load, the piezoelectric impedance of the PZT patch is captured by the WK6500B
impedance analyzer (Wayne Kerr, West Sussex, UK).
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Before the experiments, a proper sweep frequency band should be chosen to identify the frequency
of interest. In this paper, the preliminary sweep frequency range is set from 2 KHz to 5MHz, and
the piezoelectric admittance signature was acquired by the impedance analyzer. It is found that
the susceptance (the imaginary part of admittance) [37] changes more regularly with frequency, as
shown in Figure 3. In Figure 3, there exists a peak in the susceptance plot for both M16 and M12
bolts. The peak frequencies for M16 and M12 are about 3.92 MHz and 4.12 MHz, respectively. In
the subsequent reﬁning sweep frequency analysis, these peak frequencies are chosen as the speciﬁed
frequencies, and the sweep frequency bandwidths are around these frequencies. For a tested bolt, the
speciﬁed peak frequencies were measured under no-preload and rated preload, respectively. Then
the sweep frequency band is started at a point before the non-preload peak frequency and ended at a
point behind the rated-preload peak frequency for the experiments.
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Figure 3. Susceptance changes with frequency of (a) M16; and (b) M12 bolts.

Figure 4a shows the conductance (the real part of admittance) plot with sweep frequency from
3.91 MHz to 3.932 MHz of the M16 bolt under different bolt preload. The peak frequency (resonance
frequency of a certain order) is about 3.93 MHz without a preload and it is selected as the speciﬁed
frequency for tracking its shift. As the bolt preload increases, the speciﬁed peak frequencies shift to
the left side, which means it decrease. Based on this discovery, the speciﬁed frequency is chosen as
an indicator to characterize the bolt preload. For the susceptance of admittance signature, it also has
such a trend, as shown in Figure 4b, and the amplitude of the susceptance is larger than that of the
conductance [37]. This is different from the previous studies that most of them used the conductance
to establish the damage index, and in this approach the imaginary part of admittance can also be used
as a feature parameter of bolt preload. For the decrease of the frequency as the increase of the bolt
preload, it is mainly due to the sensing region of the piezoelectric transducer is focused on the bolt
head in such high scanning frequency band. The stress status of the bolt head (a state of compressive
stress) changed with the increase of the bolt preload, and that cause the piezoelectric transducer also
in a compressive state. Since the resonance of the piezoelectric transducer is mainly affected by its
mechanical and physical properties, but not the electrical properties, the compressive stress state
causes the mechanical and physical properties of the PZT transducer to change and thus leads to the
decrease of the frequency [39,40].
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Figure 4. M16 bolt under different axial force: (a) Conductance; and (b) Susceptance.

4. The Experimental Results and Analysis

The experiments of different types of bolts under different axial load were performed with
the above proposed method. In each step, the testing machine applied a given load to the bolt.
When the forces reached the set value, it was kept stable and the admittance signature was acquired
by the impedance analyzer. After the impedance analyzer ﬁnished the sweep and the data were stored,
the applied force was increased and the process was repeated until the maximum pre-selected load was
reached. The speciﬁed peak frequencies of both the real part and imaginary part of admittance were
extracted as the feature parameter for the bolt preload. In order to obtain a more accurate speciﬁed
peak frequency, a polynomial ﬁt was performed and the peak value of the ﬁtting curve was used as
the relevant feature frequency [41,42].
4.1. The M16 Bolt Experimental Results

The M16 bolt with the piezoelectric patch bonded on its head was ﬁrst placed on the side bolt
position, as shown in Figure 1, and the testing machine applied a load from 0 to the maximum 40 kN
on the center bolt. Therefore, the side bolt endured a load of 0 to 20 kN. The sweep frequency range is
from 3.92 MHz to 3.93 MHz, as shown in Figure 3. Figure 5 shows the conductance frequency changes
of M16 bolt under different bolt preloads from 0 to 20 kN in three repeated experiments. It can be seen
that the frequency, which can be considered a speciﬁed peak frequency of the coupling system of the
piezoelectric patch and the bolt, decreases as the bolt preload increases. The frequency change is linear
with the change of the bolt preload. Thus, by observing the peak frequency change, the bolt preload
can be determined.

Figure 5. Conductance frequency changes of M16 bolt under different forces.
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The speciﬁed peak frequencies in the susceptance signatures also have this tendency, as shown
in Figure 6 for three repeated experiments. The speciﬁed peak frequencies of the imaginary part of
admittance decrease as the bolt preloads increase.

Figure 6. Susceptance frequency changes of the M16 bolt under different forces.

Then the M16 bolt with the piezoelectric patch on its head was place in the center bolt position
as shown in Figure 1, and the maximum force applied by the testing machine was set to 35 kN
which covered the bolt’s rated preload range. The sweep frequency range was changed from 3.91 to
3.932 MHz. The speciﬁed peak frequency changes of both the real and imaginary parts of admittance
for M16 bolt under different preloads are shown in Figure 7. From Figure 7, it can be seen that the
speciﬁed peak frequency decreases as the bolt preload increases and the frequency change is still linear
with the change of bolt preload. That means the bolt preload can be determined by the speciﬁed peak
frequency shift, and this method can fulﬁll the full range measurement of the bolt preload.

(a)ȱ

(b)

Figure 7. Frequency change for M16bolt with maximum 35 kN bolt preload. (a) Real part; (b)
Imaginary part.

4.2. The M12 Bolt Experimental Results

An M12 bolt with the piezoelectric patch on its head is used for the experiment. The M12 bolt is
placed in the side bolt position, as shown in Figure 1, and the sweep frequency band is chosen from 4.1
MHz to 4.14 MHz based on Figure 3. The applied force is set from 0 to 35 kN on the center bolt, so the
M12 bolt endures an axial force from 0 to 17.5 kN.
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As shown in Figure 8, the speciﬁed peak frequencies of the admittance signatures, including the
real part and the imaginary part, decrease as the bolt preload’s increase, and the speciﬁed frequency
changes linearly with the bolt preload. This trend is similar to that of the M16 bolt experimental results,
and once again it demonstrates that by measuring the speciﬁed frequency shift of the piezoelectric
admittance signature, the bolt preload can be determined. After each experiment, the bolt with the
piezoelectric patch on its head is rearranged to investigate the inﬂuence of the installation on the
experimental results. The experimental data, as shown in Figure 8, have little variation, and this may
be due to the changes of the boundary conditions. Importantly, for each experiment, the speciﬁed
frequency change rates of all three experiments are almost the same, which is represented by the
slope of the ﬁtted line. Thus, in the application of this method, the frequency change rate as a feature
parameter of the bolt preload is also a better choice.

Figure 8. Admittance peak frequency changes with different bolt load for the M12 bolt. (a) Real part;
(b) Imaginary part.

5. Conclusions

In this paper, a new piezoelectric impedance-based method is used to detect bolt looseness.
In the proposed method, a wide band sweep sine wave is ﬁrst used to obtain the peak frequency of
430

MDPI Books

Appl. Sci. 2016, 6, 298

the imaginary part of the admittance, and then a sensitive frequency band is determined around this
peak frequency. In this sensitive frequency band, a speciﬁed peak frequency is chosen as a feature
parameter to investigate its shift under different bolt preload. An experimental device that allows
the precision control of the axial preload of a bolt is designed and fabricated. A piezoelectric patch is
bonded on the bolt head for measuring the piezoelectric admittance. An electronic universal testing
machine is adopted to apply load accurately on the bolt using the developed experimental device to
simulate the bolt preload. Experiments using different bolts with different preloads are performed.
The experimental results show that the speciﬁed peak frequency decreases as the bolt preload increases,
and the speciﬁed frequency shift has a linear relationship with the preload on the bolt. Therefore,
in the proposed method, the frequency shift can be chosen as a feature parameter to determine the
bolt preload.
The piezoelectric impedance frequency shift method has better testing results than that using
the damage index method, and it is more stable than just using the piezoelectric impedance data
to build a damage index. However, there are still many issues, such as the mechanism of the
method, the inﬂuencing factor on the accurate measurement, whether there is hysteresis effect in
the loading process and unloading process, and the improvement and optimization of the test device
for the measurement of more types of bolts, need further study. Based on this method, the smart
bolt integrated with piezoelectric material can be designed and applied for on-site monitoring of
bolt preloads.
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Abstract: Traditionally, damage identiﬁcation techniques in bridges have focused on monitoring
changes to modal-based Damage Sensitive Features (DSFs) due to their direct relationship with
structural stiffness and their spatial information content. However, their progression to real-world
applications has not been without its challenges and shortcomings, mainly stemming from:
(1) environmental and operational variations; (2) inefﬁcient utilization of machine learning algorithms
for damage detection; and (3) a general over-reliance on modal-based DSFs alone. The present paper
provides an in-depth review of the development of modal-based DSFs and a synopsis of the challenges
they face. The paper then sets out to addresses the highlighted challenges in terms of published
advancements and alternatives from recent literature.
Keywords: structural health monitoring; damage detection; modal analysis; machine learning;
non-stationary analysis; signal processing

1. Introduction

An aging road and rail infrastructure has initiated and sustained a considerable body of research
material over recent decades in the pursuit of enhanced certainty of structural condition and safety.
Many bridge structures are now subjected to trafﬁc loading conditions far in advance of their original
design criteria. This continual increase in operational condition loading accelerates structural fatigue
and reduces service-life; so much so that structural fatigue is no longer a single-structure problem,
but a national network issue [1].
Despite the magnitude of academic work on bridge damage detection and identification, the vast
majority of in-service bridge data is still collected via visual inspections. These methods are considered
to be tried and trusted within the bridge-owner community, but possess several limitations in their
scope and attain inconsistent results due to the disparity of inspector competency. International
inconsistencies are also prevalent with regards to damage parameter measurement, non-destructive
testing methods, condition state definitions, and inspection frequencies [2], which has resulted in
traditional inspection methods being perceived as overly subjective, resulting in recent measures being
taken by the international research community to standardise cross-border practices and definitions [3,4].
Recent ﬁgures estimate Europe’s highway bridge count to be circa one million [5], which would
infer that periodic visual inspections alone are not a practical option, and this has led to many
bridge-owners calling for increased integration of monitoring techniques with standard inspections [6].
Moreover, as maintenance costs dramatically increase when damage is left unattended, it is imperative
that bridge-owners detect such changes as soon as possible and conduct the necessary maintenance

Appl. Sci. 2017, 7, 510

434

www.mdpi.com/journal/applsci

MDPI Books

Appl. Sci. 2017, 7, 510

work in a timely manner to minimise life cycle costs. To this end, extensive research in the areas
of bridge maintenance and maintenance scheduling [7–9], in addition to reliability analysis [10–13],
has been conducted to assist the challenge, although this is also a work in progress. For example,
a traditionally popular method of maintenance scheduling is to use deterministic functions to conduct
time-dependant reliability analyses to model structural deterioration [14]; however, this method
of scheduling has been shown to neglect the time-dependency of uncertainty in resistance, which
increases over time [15]. Yang et al. [16] demonstrated that scheduling maintenance actions in this way
causes substantial maintenance delays, resulting in increased deterioration and repair costs for more
bridges than previously thought.
A more efﬁcient option for maintenance scheduling is to use known performance indicators that
represent the current structural condition and administer maintenance works once the performance
indicators breach deﬁned thresholds, in a method known as Reliability-Based Scheduling [17].
Traditionally, the performance indicators used for monitoring purposes have been modal-based
parameters. Many techniques incorporating modal parameters have been proposed, developed,
and expanded upon over the years, several of which are detailed in the following review papers [18–28].
However, the accurate determination of modal parameters from in-service bridges has proven to be
quite a non-trivial task that faces numerous challenges and limitations. The present review paper
differentiates from its predecessors by ﬁrstly identifying the most prevalent challenges and limitations
faced by modal-based Damage Sensitive Features (DSFs) and by subsequently presenting novel
solutions speciﬁc to each contentious area. The ultimate aim of such methodologies is to fulﬁl four
stages of assessment, as proposed by Rytter [29] (see Table 1). It is believed that by using vibration data
alone (which is the focus of this study), it is possible to achieve Levels 1 to 3; however, some authors
have stated that vibration-based methodologies alone are inadequate for predicting the remaining
service life of a structure (Level 4) without the incorporation of a sophisticated numerical model [30].
The structure of the paper is thus divided into two main sections, with the ﬁrst section presenting
the development of modal-based damage detection methodologies through the years and discussing
their challenges and limitations. The second section is further sub-divided in order to deal with each
identiﬁed issue individually and to discuss potential remedies that have been recently proposed in
the literature.
Table 1. Damage identiﬁcation levels.
Level

Label

Description

1
2
3
4

Detection
Localization
Assessment
Prediction

Detection of damage in structure
Localization of detected damage
Quantiﬁcation of damage severity
Estimation of remaining service life

2. Modal Based Damage Detection: Development & Challenges
2.1. Development of Modal-Based Damage Sensitive Features

As this paper’s aim is to highlight the most prevalent challenges regarding modal-based DSFs and
their possible solutions proposed in recent literature, the present section shall initiate this objective by
introducing numerous DSFs and detailing their theoretical background, development and application.
2.1.1. Natural Frequencies

The original attempt to discern damage in structures was proposed by Adams et al. [31] in the
late 1970s, and was later expanded by Crawly & Adams [32], where frequency shifts were used to
detect damage. Salawu [33] also stated that the natural frequency approach is potentially useful for
the routine integrity assessment of structures, given its ease of application and the global nature of the
identiﬁed frequencies. Generally, an assumption of linear-stationary structural response is made to
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allow the use of a Fourier-type transform to obtain the frequency content of measured vibration data,
prior to employing peak-peaking to discern modal frequencies. The global nature of modal frequencies
may not always lend itself well to damage localisation in complex structures [34–36], although they
can be utilised to do so for more regular geometries when given the undamaged and damaged states,
in addition to a sufﬁcient number of frequencies depending on geometry complexity, for instance;
two for a beam and three for an arch [37,38].
2.1.2. Modal Damping

Modal damping has been investigated as a possible damage sensitive feature due to the premise
that cracking in a cross-section will increase internal friction, which in turn raises the value of the
section’s damping [39]. Similarly, Yamaguchi et al. [40] recently observed that damping ratios are
particularly sensitive to the corrosion-induced damage of reinforced concrete beams. The drawback of
this feature, however, has been highlighted by William & Salawu [41] and Farrar et al. [42], who both
concluded that measuring modal damping from vibration data produced large standard deviations
that signiﬁcantly impair their effectiveness as a reliable damage indicator. Damping levels in bridges
are also nonlinearly inﬂuenced by vibration amplitude and operational effects [43]. Furthermore,
damping levels may rise or fall depending on the damage type, for instance; cracking in reinforced
concrete may increase damping due to increased internal friction and nonlinear behaviour, while the
failure/removal of a truss element may reduce damping. Therefore, it is important to consider the
expected deterioration when evaluating modal damping-based damage detection results.
2.1.3. Mode Shapes

Mode shapes are quite an advantageous condition assessment tool, being less inﬂuenced by
environmental effects than frequencies [44], while also containing spatial information that can be used
for damage localisation (Level 2 as per [29]). Many techniques have been developed over the years
such as the Modal Assurance Criterion (MAC) by Allemang and Brown [45], which detects mode
shape changes over the entire structure by taking advantage of the orthogonality of eigenvectors.
Kim et al. [46] furthered the MAC in the development of the Coordinate Modal Assurance Criterion
(COMAC) method, which uses modal node displacement to detect and locate damage. Equation (1)
shows how COMAC can be applied to a node i, by measuring the normalised difference of mode shape
u ) and damaged ( ϕd ) conditions. The application of MAC and COMAC
vectors of the undamaged (ϕi,j
i,j
in bridge structures by Salawu and Williams [47] found that the methods could detect most structural
changes and locations, but also identiﬁed spurious damage. This was also observed when applied to
beam structures, by Salgado [48], who showed that COMAC was prone to indicating false damage
detections. COMAC remains a popular damage detection methodology across many engineering
disciplines, with more recent, civil-based, applications of COMAC focusing on its incorporation with
other methodologies to improve performance [49,50].

COMACi,j =

u d
[∑m
j=1 ϕi,j ϕi,j ]
2

2

m
u
d
∑m
j=1 ( ϕi,j ) ∑ j=1 ( ϕi,j )

2.1.4. Modal Curvatures

2

(1)

Pandey et al. [51] expanded mode shape monitoring theory to focus on modal curvatures, which
are mode shapes’ second derivative, in a technique known as the Modal Curvature Method (MCM).
It utilises the relationship between curvature (ϕ ) and ﬂexural stiffness (EI), as per Equation (2),
with the premise that one can discern stiffness loss through increased modal curvature values.
Equation (3) depicts how the MCM simply assesses the damaged curvature ( ϕd,j ) and undamaged
curvature ( ϕu,j ) values to detect damage. This methodology demonstrated a high level of damage
sensitivity and produced good results when tested [52]. Ho and Ewins [53] advanced the MCM
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by developing the Modal Curvature Squared Method, which ampliﬁes curvature variations so that
abnormal changes are clearly separated and more easily discerned.
The MCM also has some drawbacks; it requires many sensors to deﬁne higher modes and its
performance is dependent on the number of modes considered [54]. Moreover, using vibration
data to calculate curvatures inherently attains errors due to the application of the central difference
approximation method to displacement mode shapes. This issue is further ampliﬁed by high-frequency
noise that increases the variance of the extracted damage features [55], while using larger sampling
signals to avoid noise can cause truncation error [56]. These calculation errors have been deemed
unacceptable by some authors who compared the results with curvatures calculated from measured
strain values [57]. Given such drawbacks, the MCM alone is not recommended for the purposes
of damage identiﬁcation, although its appropriate utilisation in conjunction with other sub-optimal
modal parameters such as frequencies can enhance each other’s credentials. This was demonstrated
by Capecchi et al. [58], who enhanced natural frequency’s damage sensitivity on an arch bridge using
a course sensor distribution by taking advantage of MCM’s sensitivity to local variations to overcome
natural frequency’s indeterminacy of damage localisation in symmetric structures.
ϕ =
Δϕ =

m

M
EI

∑ ( ϕd,j −

j =1

(2)

ϕu,j )

2.1.5. Modal Strain Energy

(3)

Modal curvatures form part of many other modal-based DSFs, such as the Damage Index Method
(DIM) [59]. The DIM deﬁnes modal strain energy as the energy stored in a structure when it deforms in
its mode shape pattern [54]. Damage is determined by observed reductions in modal strain, indicating
that the structure is incapable of storing as much energy due to a loss of stiffness, as per Bernoulli-Euler
beam theory.
Kim et al. [35] found that modal strains performed better than frequency-based damage indicators
for damage localisation when assessed on Finite Element (FE) modelled beams. They also observed
that modal strains could reasonably estimate crack size, making it possible to quantify damage.
Yam et al. [60] observed that calculated displacement modes and strain modes for a tested plate
structure were almost the same; however, strain modes exhibited a higher sensitivity to local structural
change. Yam et al. also noted that the obtained strain response for higher modes was not very strong,
which would indicate that their damage sensitivity is limited in these modes. As the DIM is based
on modal curvatures, it therefore faces the same challenges as the MCM, as the central difference
approximation method is required in most cases. Additionally, the DIM also employs curve ﬁtting
techniques between sensor locations to obtain continuous strain values; however, this can smooth-over
and conceal local damage [54].
The DIM is presented in Equation (4), where β i,j represents the damage feature value for the ith
mode at location j. The values ϕu and ϕd are the curvatures of the undamaged and damaged mode
shapes, respectively; L is the element length; and variables a and b are the element limits.

.L
.b
.L u
2
2
[ ( ϕd ) dx + 0 ( ϕd ) dx ]
0 ( ϕ ) dx
.
β i,j = .ab
.L
.
2
2
L
[ a ( ϕu ) dx + 0 ( ϕu ) dx ] 0 ( ϕd )dx

(4)

The DIM was advanced by Cornwell et al. [61] to allow the application to be extended to
2-Dimensional (2-D) bending structures and again by Duffey et al. [62] for structures exhibiting
axial and torsional responses, although these methods require many more sensors and deviate from
the original curvature–ﬂexural stiffness relationship (Equation (2)).
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Modal ﬂexibility is another popular modal parameter that has been used for structural damage
detection. First proposed by Pandey & Biswas [63] and subsequently applied to bridges by Toksoy
& Aktan [64], the modal ﬂexibility method (MFM) deﬁnes the ﬂexibility matrix as the inverse of the
stiffness matrix (see Equation (5)). It is deemed that this format can be adequately deﬁned with fewer
modes than is required for stiffness matrices. This allows for greater damage sensitivity to be attributed
to the more easily extracted lower modes. Furthermore, the MFM combines the information of many
frequency modes into a single damage feature, which increases damage sensitivity. Wang et al. [65]
conﬁrmed that MFM advanced damage sensitivity when compared to other modal-based damage
indicators; while Shih et al. [66] demonstrated MFM’s damage localisation capabilities in beam and
plate structures when tested via a dynamic computer simulation.
One reason for MFM’s decent level of performance stems from its use of mass-normalised mode
shapes, which allow the ﬂexibility matrix to portray the displacement pattern of the structure per unit
force applied. This allows damage events (increases in ﬂexibility/decreases in stiffness) to be assessed
uniformly throughout the structure and also enhances localisation. However, MFM’s performance
suffers when subjected to ambient or unknown conditions, as mass-normalised mode shapes require
the load effect to be known in advance. Some studies have attempted to mass-normalise dynamic
mode shapes extracted from ambient vibration in an effort to utilise MFM’s superior damage detection
and localisation sensitivity [67,68], but these methods carry a considerable level of uncertainty through
having no prior knowledge of the force input data.
Equation (5) portrays the stiffness/ﬂexibility relationship, where { f } and {y} are the load vector
and displacement vector, respectively, and [k ] and [ G ] are the stiffness matrix and ﬂexibility matrix,
respectively, that have been mass normalised. Equation (6) furthers portrays how the ﬂexibility matrix
is computed, where [ψ] is the mass-normalised mode shape matrix, [Λ] is the measured eigenvalue
matrix, ωi is the ith modal frequency, and {ψ}i is the ith mode shape vector.

{ f } = [k]{y} → {y} = [k]−1 { f } = [ G ]{ f }
[ G ] ≈ [ψ][Λ]−1 [ψ] T ≈

m

1

∑ ω2 {ψ}i {ψ}iT

i =1

i

(5)
(6)

Further examples of modal ﬂexibility used in Structural Health Monitoring (SHM can be found in
Zhang & Aktan [69], who incorporated the use of the modal curvature method to monitor changes
in ﬂexibility. They proposed that damage events that reduce stiffness and increase ﬂexibility would
also increase local curvature in the same location, and by combining both methods, damage sensitivity
would be increased. Lu et al. [70] tested the MFM and its curvature hybrid technique on a beam and
determined that modal ﬂexibility is very sensitive to local damage; however, in cases where numerous
damage scenarios were introduced, the resulting ﬂexibility peaks merged together, making localisation
difﬁcult. Furthermore, they noted that multiple damage events of varying magnitudes resulted in
ﬂexibility changes in locations other than the damage location. However, they found that the hybrid
ﬂexibility curvature method produced superior results in locating closely distributed damage and
discerning between different magnitudes of damage events.
2.1.7. Summation of Modal-Based Damage Sensitive Features

The present section has detailed the development and varied performance results of numerous
modal-based DSFs used in a bridge-related SHM. Many comparative studies have been conducted
to assess the aforementioned modal parameters against each other, such as Talebinejad et al. [71],
who applied COMAC, DIM, MCM, and MFM to a FE model of a cable-stayed bridge subjected to
varying degrees of excitation and noise. It was found that only large damage events were detected,
as noise contamination reduced damage sensitivity. Ndambi et al. [72] performed laboratory tests on
RC beams using frequencies, MAC, COMAC, MFM, and DIM. They found that COMAC and DIM
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performed well in regard to damage localisation, although damage development was not incrementally
detected correctly, meaning that the quantiﬁcation of damage was not possible.
Cruz & Salgado [73] also investigated mode shapes, MCM, & MFM using a simulated model
of a composite bridge and real vibration data from a progressive damage test. For the simulated
model, all assessed parameters detected and located damage when no noise was present. When noise
was added, damage detection and localisation performance diminished considerably for all DSFs.
For the real data, it was noted that clear changes were evident in higher modes when damage was
introduced; however, lower modes did not exhibit much variation despite the presence of severe
damage. It was noted that MCM and MFM demonstrated the greatest detection and localisation
capabilities. Fan & Qiao [74] echoed many of these ﬁndings in their assessment of frequencies, mode
shapes, MCM, and DIM, with superior damage sensitivity observed for higher modes, particularly for
modal curvature-based parameters, and a diminished performance overall when subjected to noise.
They concluded that many of the assessed damage features were not reliable for damage detection and
that many spatial parameters produced only rough estimations of damage location in the absence of
advanced signal processing techniques.
In summation, the modal-based DSFs evaluated within have been shown to be susceptible
to noise contamination and perform inconsistently when comparatively assessed in groups. Also,
the assumption of linear stationary structural vibration response made by most frequency domain
transforms used to obtain modal-based DSFs may not always be suited to real-World applications,
as vehicle-induced excitations on damaged bridges can be highly non-stationary in nature. Having said
this, natural frequencies can provide a simple high-level assessment of structures of regular geometry,
while mode shapes and their derivatives can deliver useful spatial information when provided with
sufﬁcient sensor numbers and low noise levels.
2.2. Problematic Effects of Environmental & Operational Conditions

External conditions affect changes to a bridge’s stiffness and mass that in turn vary its
modal parameters. Temperature causes expansion and contraction, resulting in observed daily
frequency shifts of 5% and seasonal shifts of well over 10% due to temperature ﬂuctuations [75–78].
Moisture content can also alter the temperature’s effect, which Peeters & De Roeck’s [75] discovered
when a bi-linear distribution of modal frequencies was observed for the Z-24 Bridge centred around
freezing point; the cause of which was attributed to the freezing moisture content in the bridge deck
and supports, which contributed to the global stiffness of the structure.
Generally, an increase in temperature will cause modal frequencies to drop, with ﬂexural modes
being more sensitive than torsional modes [79]. Changes in frequency due to temperature can often
be mistaken for structural damage [80,81] and, in some cases, can also mask true damage events,
as Farrar et al. [82] discovered when investigating a bridge girder subjected to incrementally induced
damage events. The expectations of the assessment were that the inﬂicted damage would reduce the
girder’s stiffness and thus reduce its natural frequencies. However, the actual observed results did not
match expectations; instead, the girder’s natural frequency rose for the ﬁrst two damage scenarios,
before falling. It was later discovered that the ambient temperature in the laboratory caused the initial
increase in the girder’s frequency.
Daily operational variability can be a more dominant driver of frequency ﬂuctuation than daily
environmental variability [83], with over 5% of daily frequency ﬂuctuation being due to the operational
conditions observed [84]. Kim et al. [85] observed that mass variations induced by trafﬁc loading
affect shorter span bridges much more than stiffness variations induced by environmental conditions,
as shorter span bridges are less susceptible to ambient excitations. In another study, Kim et al. [86]
demonstrated that natural frequency variations due to trafﬁc loads were almost negligible for middle
to long span bridges. This is due to the mass ratio between the overall bridge structure and the vehicle,
and implies that heavier bridges are less affected by variations in mass, which has been reiterated by
numerous authors [87–90].
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Other concerns regarding operational conditions relate to their fatigue inducing stress cycles in
welded connections. Alcover et al. [91] highlighted that this issue is of particular interest in orthotropic
steel decks, where their complex geometry coupled with the stochastic nature of trafﬁc loads result
in complex stress ﬁelds. Song and Ding [92] observed a highly linear correlation between the trafﬁc
volume and number of stress cycles in orthotropic steel deck joints, especially for rib-to-deck welded
joints. A similar correlation between stress amplitude and ambient temperature was also observed
and attributed to temperature-induced changes in asphalt material properties.
Trafﬁc-induced modal variation can be considered to occur in both static and dynamic form.
Static variations can be directly related to mass; however, trafﬁc-induced dynamic variation has been
shown to be nonlinear and can decrease with an increasing load effect [93]. This further complicates
the vibration-based monitoring of in-service bridges, as perceived changes in a bridge’s modal
parameters may actually be the interaction response of a healthy bridge with a passing vehicle [85].
This relationship is difﬁcult to discern, as it is based on a number of variable factors such as, vehicle
weight, velocity, number of vehicles, bridge weight, and temperature. Furthermore, Brady et al. [94]
observed that the ampliﬁcation of frequency response due to a single passing vehicle is considerably
more than for two vehicles simultaneously passing in opposite directions, thereby indicating the
inﬂuence of vehicle direction. In a subsequent study, O’Brien et al. [95] allocated the cause of this
phenomenon to single vehicle crossing behaviour mirroring a bridge’s ﬁrst mode shape pattern, thus
amplifying the dynamic response. Other, more complex bridge trafﬁc crossing events, where vehicle
locations and velocities are such that they induce dynamic ampliﬁcation, are much less probable.
Considering the number, complexity, and uniqueness of the environmental and operational
conditions that affect the dynamic response of an individual bridge, it is evident that a perfect
multivariate, nonlinear model is unattainable for every bridge. Therefore, damage detection
methodologies should be designed to either compensate for or eliminate the most prevailing effects
of these variables. It is clear that the failure to remove these inﬂuences will result in the DSFs being
sensitive to more than just damage.
3. Advancements and Alternatives to Modal-Based Damage Identiﬁcation

A number of shortcomings relating to modal-based DSFs were highlighted within the previous
section regarding their consistency, robustness, and suitability for mass application to bridge networks.
For purposes of clarity, the discussed challenges and shortcomings of traditional modal-based DSFs
can be separated into three categories, as show below. Recent advancements and novel alternatives to
these three areas of contention form the discussion basis of the present section.
1.
2.
3.

Problematic inﬂuence of environmental & operational effects;
Inefﬁcient utilization of machine learning algorithms for damage detection;
Over-reliance on modal-based damage sensitive features.

3.1. Advancements to Environmental & Operational Challenges

Environmental and operational conditions can signiﬁcantly alter a bridge’s modal parameters, to
a point where damage events can be masked. Most problematic of such variables is temperature [89],
with many techniques having been developed over the years dedicated to estimating and mitigating
its inﬂuence; generally through various data normalisation techniques, see Sohn [90] and Xia et al. [96].
The present section details techniques that can be employed when environmental and operational data
is available (regression models) and when it is not (pattern recognition). Additional advancements
in operational speciﬁc challenges such as real-time trafﬁc estimation and the non-stationarity of
trafﬁc-induced vibration are also covered within.
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To accurately estimate temperature inﬂuence, it must be recorded with the intention to utilise both
its spatial and temporal evolution. Bridges subjected to large daily temperature variations will exhibit
greater spatial thermal gradients, while larger bridges will take longer to respond to temperature
ﬂuctuations and will thus have greater temporal thermal gradients.
While spatial thermal gradients can be determined with additional thermocouples as shown by
Cornwell et al. [77], temporal thermal gradients require the implementation of a regression model,
such as least squares, that ﬁts a linear equation to the variable relationship. Multi-linear regression
models provide a suitable option for most bridge types and environments, as shift changes in frequency
due to sub-zero temperatures can be modelled. Generally, a regression error value of circa 5% is used
to reduce the effect of erroneous data, as seen in [97]. Dervilis et al. [98] employed a multivariate linear
regression method called the Least Trimmed Square (LTS) estimator, which is fashioned upon the
popular least squares approach, but incorporates an initial screening procedure called a Concentration
step (C-step) [99]. The C-step is an iterative process that ﬁnds the minimum determinate of a number
of data subsets, with the aim of identifying the sub-scatter of highest density that is most representative
of the data. This allows for erroneous data points or outliers to be removed before the linear regression
model is ﬁtted. In this way, the LTS is less sensitive to local variations and dubious data. Vanlanduit
et al. [100] also employed the same technique to increase their regression model’s robustness when
used in conjunction with Single Value Decomposition (SVD) for damage detection. Their subsequent
comparison with standard linear regression techniques showed that the inclusion of a screening stage
such as the C-step improves the accuracy of the model and subsequent damage detection.
More complex regression models may incorporate a polynomial curved ﬁt as per Ding and
Li [101], whose polynomial regression model exhibited an excellent capability in regard to mapping
daily averaged output-only modal frequency variability using daily averaged temperature ﬂuctuations
in a long-span suspension bridge. The authors used daily averaged values to reduce the effect
of random modal variations that arise from the modal identiﬁcation algorithm being subjected to
non-stationary loading. Their success could also be partly attributed to their utilisation of the Iterative
Windowed Curve-ﬁtting Method (IWCM), instead of the standard peak peaking method for modal
frequency identiﬁcation. The IWCM is a frequency domain curve ﬁtting technique that overcomes
spectral bias errors that occur in standard frequency domain analyses, caused by the attenuation of
values around spectral peaks. It achieves this by applying the same window function used on the time
domain data to the resulting frequency domain data, as per Macdonald [102].
3.1.2. Pattern Recognition Methods

One drawback of many data normalisation techniques is the requirement of environmental or
operational data which may not be available. In this case, Principle Component Analysis (PCA)
may potentially be employed by considering the ﬁrst principle components as representative of
environmental-induced variation. If these principle components are removed, one should be left
with a dataset representing the true behaviour of only the bridge. Yan et al. [103] implemented this
technique using simulated linear data and, later, pricewise linear data [104], by increasing the PCA
model order to account for the nonlinear response to sub-zero temperatures. The premise of this
technique lies in utilising PCA’s dimensionality reduction capabilities in a novel way. It is considered
that environmental variables (temperature, wind, humidity, water level, etc.) or operational variables
(vehicle speed and mass distribution) will each increase the dimensionality of the measured vibration
signal. The number of dimensions can be identiﬁed via PCA by counting the non-zero eigenvalues of
the covariance matrix [105], which represent the variables’ unique, shared erroneous variance [106].
Once identiﬁed, one can remove the environmental and operational inﬂuences, without the need to
physically measure them. This method may be slightly subjective and has been shown to be sensitive
to noise, but can be considered as an alternative for linear problems when no recorded environmental
data is available.
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Similar to PCA, Factor Analysis (FA) has been shown to reveal linear dependencies and
correlations between multiple variables in a dataset [107], for example, natural frequencies. However,
instead of directly measuring the overall variance like PCA, FA assumes that there are a smaller
number of underlying, unobservable factors called “latent common factors” ([ξ ] in Equation (7)) which
are assumed to be independent with zero mean and unit variance that describe the variables’ inﬂuence
on the data. The number of latent common factors is limited in number to the number of variables
in [ X ], and each one attains a “factor load” [Λ] which quantiﬁes their inﬂuence and allows for their
removal. Each factor load is equivalent to a principal component multiplied by the square root of the
corresponding singular value. Once the latent common factors [ξ ] and factor loads [Λ] are removed
from the measured variables [ X ], the remaining data are known as “unique factors” [ε], which should
be a diagonal matrix of independent variables that are unaffected by environmental and operational
effects, and as such, can be used for damage detection purposes [108]. As this is a supervised machine
learning methodology, sufﬁcient training data is required for a successful application that captures
all expected daily and seasonal variations. Deraemaeker et al. [109] successfully implemented this
technique in their assessment of output-only vibration-based damage detection under changing
environmental conditions.
(7)
[ X ] = [Λ][ξ ] + [ε]

Lämsä & Raiko [110] advanced the theory of FA in SHM to cater for non-linearities by
incorporating linear FA into a Neural Network (NN) type format that allows multiple linear factor
models within each measured variable. Both Lämsä & Raiko [110] and Kulla [108] assessed non-linear
FA on the Z-24 Bridge and concluded that it is a feasible damage detection methodology and that it is
less susceptible to over-ﬁtting-related issues when compared to other non-linear methods. However,
it should be noted that although FA assumes that the latent common factors are independent of each
other and Gaussian in nature, this is not always the case in reality, as it is known that temperature and
humidity are correlated and not all environmental and operational variables are normally distributed.
In the case of non-linear environmental effects, a Non-Linear Principle Component Analysis
(NLPCA) may be employed, of which there are numerous variations. Hsu and Loh [111] implemented
a NLPCA method based upon the use of an Auto-Associative Neural Network (AANN), originally
developed by Kramer [112], which uses a ﬁve-layer mapping-network whose output pattern is identical
to its input pattern. The ﬁve layers consist of an input layer of measured variables, a sigmoid nodal
mapping layer that projects the inputs onto the following feature-space bottleneck layer of linear
transfer nodes which act as the nonlinear principle components, followed by a second sigmoid
de-mapping layer that ﬁnally projects the non-linear principle components back into their original
form. Once trained, the AANN is validated with undamaged data, resulting in Gaussian residual errors
which can be used to determine a damage threshold for subsequent unknown input measurements.
The authors tested the method on a synthetic bridge model considering nonlinear environmental effects
(temperature gradient and frozen supports) and modal identiﬁed stiffness’s as inputs. They found
that the method was capable of detecting and quantifying introduced damage, without the need to
measure environmental factors.
Another method of NLPCA is Kernel Principle Component Analysis (KPCA), which incorporates
a kernel function that non-linearly maps the measured variables into a higher-dimensional linear
space where normal PCA can be conducted. The kernel function describes the distribution of the
data using Gaussian or extreme value distribution parameters. The successful application of KPCA
was carried out by Nguyen et al. [113], who used a Gaussian kernel on modal parameters obtained
from a progressive damage test conducted on the Champangshiehl Bridge in Luxembourg under
varying environmental and soil effects. Oh et al. [114] implemented KPCA on recorded hanger
tensions from the in-service Yeongjong Grand Bridge in Seoul, using a Gaussian kernel to characterise
the nonlinear relationship between the hanger tensions and the unmeasured environmental and
operational conditions, prior to using extreme value statistics for successful abnormality identiﬁcation.
In a comparative study of PCA-based algorithms for damage detection under nonlinear conditions,
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Santos et al. [115,116] concluded that KPCA-based algorithms produced fewer false-positives, without
signiﬁcantly increasing false-negative detections when compared to standard PCA and NLPCA.
The speciﬁcation of two parameters is necessary for KPCA; the ﬁrst is the kernel width, which
represents the standard deviation of the kernel, while the second is the number of principle components
extracted. These parameters have a profound effect on the performance, as the number of principal
components is correlated to the number of environmental and operational parameters and the overall
variance of the data. Recently, Reynders et al. [117] proposed a methodology of automatically selecting
these two parameters through ﬁrst employing Shannon’s information entropy to maximize the matrix
of mapped output correlations, as per Widjaja et al. [118], to attain an accurate kernel width value,
before selecting the number of principle components that represent almost all of the environmental
and operational variability.
Additional instances of neural network-based algorithms being successfully applied to bridges
under variable environmental conditions include Li et al.’s [119] use of NN’s to assess modal
parameters under varying wind and temperature effects. They concluded that natural frequencies and
damping ratios are dramatically affected by wind and temperature, while mode-shape sensitivity was
insigniﬁcant. Jin et al. [120] analysed a composite steel girder bridge (Meriden Bridge) to determine
the frequency/temperature relationship and to attempt to detect damage under severe temperature
ﬂuctuations and operational conditions. They combined time-series analysis with an Autoregressive
Neural Network (ANN). The frequency/temperature relationship for the ﬁrst seven modes was
analyzed using an auto-correlation function and a cross-correlation function, which showed that all
seven modes attain very similar relationships with temperature. This allowed the authors to reduce the
number of input variables required to train the ANN for the purposes of structural damage detection.
Comparative results with a multi-linear regression model showed that the ANN prediction method
produced fewer error values overall than the multi-linear regression model.
Jin et al. [121] conducted further work on the Meriden Bridge in a study that aimed to model
the frequency-temperature relationship using an extended Kalman ﬁlter for NN learning, which
attains a superior convergence speed and success than other common NN training algorithms,
such as back propagation. The extended Kalman ﬁlter works as a second-order algorithm for
recursive state estimation in nonlinear dynamic systems, and as NN training can be considered
as a nonlinear estimation problem, the two work together in synergy. Comparison results against
a multi-linear regression model produced fewer error vales and demonstrated the potential for real-time
monitoring applications.
3.1.3. Advancements to Operational Speciﬁc Challenges

An accurate determination of environmental and operational conditions is an important aspect of
bridge SHM and can require substantial instrumentation, particularly for operational speciﬁc variables.
Recently, Fiber Bragg Grated (FBG) sensors have be employed as strain and temperature sensors,
as Kaloop et al. [122] demonstrated on the Fu-Sui Bridge in China, who obtained temperature data
and trafﬁc volume in real-time. For temperature measurements, the dynamic strain histories were
passed through a smoothing low-pass moving average ﬁlter, which produces low frequency strain
evolution that is directly correlated with recorded temperatures. For trafﬁc volume measurements,
results from previous ﬁndings [123,124] showed that trafﬁc-induced strain ﬂuctuations were shown to
be identiﬁable as peak impulses in dynamic strain histories. Therefore, Kaloop et al. set out to isolate
the trafﬁc-induced strain ﬂuctuations from the FBG sensors by ﬁrst applying a wavelet decomposition
ﬁlter to the original strain measurements to enhance the resolution. Then, a simple low-pass moving
average ﬁlter was applied to smooth out the trafﬁc impulses. Vehicle passages were then identiﬁed
by extracting the impulses within the residual leftover between the ﬁltered and smoothed strains.
The vehicle type was determined based on the thresholds applied to the strain impulses. Over the
course of the monitoring campaign, the trafﬁc volume of the Fu-Sui Bridge was deemed to have
increased by 55%.
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The utilization of the Hilbert-Huang Transformation’s (HHT) [125] ability to decompose
non-stationary and non-linear signals into instantaneous frequency and energy has recently seen
a rise in popularity, with Chen et al. [126] compiling a comprehensive review on its application in SHM.
The HHT is a two-step process that ﬁrstly consists of a decomposition stage called Empirical Mode
Decomposition (EMD) [125], whereby the raw vibration signal is transformed into multiple vibration
signals of equal duration known as Intrinsic Mode Functions (IMFs). EMD employs a “shifting
process” to separate time series composed of frequencies in decreasing order, with the ﬁrst IMF
generally composed of high frequency noise that can be rejected. The remaining IMFs should portray
the dominant frequencies of the system, such as instantaneous modal frequencies. Unlike Fourier-based
transformations, EMD’s empirical methodology allows the nonlinear characteristics of the raw signal
to be maintained, which is beneﬁcial for the assessment of trafﬁc-induced vibration.
In fact, the utilization of the EMDs alone can yield identiﬁcation of structural damage based on
changes to its intrinsic mode functions’ curvature [127]. Additionally, many SHM applications of
the HHT have been conducted on data obtained from numerical models [128] and laboratory-based
experiments [129]. However, recent research by Moughty & Casas [130] has focused on the potential of
using the HHT to detect early stage damage in bridges subjected to operational loading. The premise
of the application of HHT in this way stems from the fact that the majority of bridges are designed to
behave linear-elastically under operational design loads, which implies that healthy bridges subjected
to normal operational conditions should produce a nonlinear, but stationary dynamic response.
However, the presence of damage will induce nonlinear-inelastic structural behavior, resulting in
signal non-stationarity that should be identiﬁable in the HHT spectrum. The SHM beneﬁt of this
method over other frequency domain transformations that assume stationarity is that earlier damage
detection may be possible, as vehicle loading may momentarily induce a modal frequency change
(non-stationarity), which would be otherwise masked in Fourier type transforms.
3.2. Advancements to Machine Learning Methodologies for Damage Indentiﬁcation

As detailed for most modal-based damage features, their drawback predominantly stems
from their susceptibility to environmental and operational inﬂuences; however, given the recent
advancements in removing environmental and operational inﬂuences, as detailed in Section 3.1,
more reliable damage feature sets can now be extracted. The ﬁnal step is to implement a suitable
outlier detection algorithm to separate damaged parameters from those of which are undamaged.
Mahalanobis Squared-Distance (MSD) [131] is a common Gaussian-based multivariate outlier
detection technique used in SHM that’s based on detecting divergences from the mean and covariance
matrix of a training dataset. The MSD is determined as per Equation (8), where { X }ζ is the potential
& (
outlier, X is the mean of the training data, and [Σ] is the covariance matrix of the training data.
The success of the MSD is dependent on clean Gaussian distributed data of a sufﬁcient sample size
and/or number of variables, so that a reliable threshold value can be determined.
& ( T
& (
Dζ = ({ X }ζ − X ) [Σ]−1 ({ X }ζ − X )

(8)

An example of the MSD in use in bridge SHM can be seen in Chang & Kim’s [132] modal
comparative study, where multiple damage features (frequencies, MAC, COMAC. and modal damping)
were extracted for the ﬁrst four modes from vibration data induced by a moving vehicle on a steel
truss bridge subjected to four progressively induced damage scenarios. Initially, each feature was
assessed individually per mode using the MSD. This provided mixed results, with damping ratios
exhibiting almost no discernible damage sensitivity for any mode or damage scenario, while the other
features managed slightly better, but exhibited little consistently across all modes.
Chang & Kim [132] went on to demonstrate how the results can improve if a number of modal
parameters are considered simultaneously per mode, and even further so if combined across all
four modes. This method of feature stacking increases the dimensionality of the damage feature
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assessed and allows the utilisation of MSD’s multivariate capacity. However, to successfully use
MSD in this way requires a standardisation of the various damage features so that their covariance
matrices are comparable in scale. For this, the authors used an adapted MSD algorithm known as the
Mahalanobis-Taguchi System (MTS) [133]. The MTS is an efﬁcient supervised learning method that
sorts and removes variables in a multidimensional pattern recognition problem by using signal-to-noise
ratios and orthogonal arrays to quantify each variable’s contribution. This can be particularly beneﬁcial
when using multiple modal parameters for damage detection that exhibit inconsistent damage
sensitivity when individually assessed. Unknown or damaged data is ﬁrst normalised using the
healthy data’s mean and standard deviation. Although it has not seen much use in the SHM ﬁeld as of
yet, it has been widely used in medical diagnosis studies that consider a large number of variables.
One comparative study [134] used a cancer diagnosis problem to assess MTS’s performance to that of
a Neural Network’s and found that the MTS classiﬁcation accuracy was higher than that of the NN
overall, whilst also being much faster and having identiﬁed three variables for removal.
A further advancement to the standard MSD is to pair it with the Minimum Covariance
Determinate (MCD) estimator [99] that mitigates the uncertainty regarding the presence of outliers in
training data. It achieves this by using an iterative process of subdividing the data into two groups and
calculating their determinate in order to refocus the covariance matrix on the mode of the total dataset
instead of the mean. The assumption of Gaussian distribution still holds for the data, but allows
outliers to be ignored. This is particularly useful in damage detection scenarios as the inclusion of
outliers in training data can mask the occurrence of damage events. Dervilis et al. [98] successfully
employed the MSD in conjunction with the MCD to separate environmental- and operational-induced
variations from real damage on the Z-24 Bridge.
Another robust geometry-based outlier detection technique is the Minimum Volume Enclosing
Ellipsoid (MVEE) [135]. The MVEE algorithm’s aim is to determine the ellipsoid of minimum volume
that will enclose the data. It is based on convex optimisation via conditional gradient estimation that
results in the data being surrounded by an elliptical boundary whose centre vector is determined by
that which will produce the minimum volume. It is an iterative process that involves varying the
centre location {c} and symmetric matrix [ A] to attain a volume E, as per Equation (9). The volume is
subsequently minimised via Equation (10), where u0 is the volume of a unit hypersphere.
E = ({ X } ∈ R ({ x } − {c}) T [ A] ({ x } − {c}) ≤ 1)
vol ( E) = /

u0
det([ A])

(9)

(10)

In terms of the performance assessment of the above algorithms, there have been a few assessment
reviews conducted. Dervilis et al. [136] assessed the performance of the MSD, MCD, and MVEE
algorithms on the Z-24 Bridge that included environmental variations. Their study showed that the
MCD outperformed the MSD in terms of damage sensitivity and resolution; however, the MVEE
produced signiﬁcantly better results than both. Figueiredo et al. [137] used AR model parameters to
review the performance of a number of popular machine learning algorithms such as, MSD, Factor
Analysis (FA), Singular Value Decomposition (SVD), and Auto-Associative Neural Network (AANN).
From this, it was deemed that MSD gave the best results in terms of performance, speed, and simplicity.
3.3. Non-Modal Damage Sensitive Features

Due to many modal-based DSFs’ sensitivity to environmental and operational conditions,
in addition to their various extraction challenges, there has been an increase in damage detection
and identiﬁcation assessments that utilise non-modal-based DSFs. The majority of these non-modal
features can be subdivided into two classes; vibration-based and time-series-based, some of which are
highlighted herein.
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Vibration-based DSFs are parameters extracted from raw accelerations that generally measure
a variant of vibration energy or another vibration property. The premise of this lies in the fact that as
the bridge is damaged, it needs to resist external loading using more kinetic energy as it attains less
potential energy.
Moughty & Casas [138] assessed the damage sensitivity of a number of vibration parameters
extracted from a progressive damage test on the S101 Bridge in Austria subjected to ambient
excitation [139]. The parameters assessed were: Max Peak-to-Peak Acceleration; Sustained Maximum
Acceleration [140]; Mean Period [141]; Mean Frequency; Cumulative Absolute Velocity [142];
Arias Intensity [143]; Destructive Potential Factor [144]; and Vibration Intensity (in Vibrars) [145].
The authors employed the MSD outlier detection algorithm in conjunction with the MCD estimator
to mitigate the uncertainties regarding sources of ambient vibration and to ensure that the training
data were not corrupted by outliers. The results showed that vibration energy-based parameters
exhibit considerable damage sensitivity, which can be further ampliﬁed through the incorporation of
a frequency-based denominator, as in the case of Destructive Potential Factor and Vibration Intensity
(in Vibrars).
In the study by Meixedo et al. [146], damage indicators were defined and tested based on the deck
accelerations under action of operation forces designed as moving loads in a 2-D FE model. A parametric
study assessed a number of vibration parameters such as the maximum peak amplitude, minimum
peak amplitude, standard deviation, and sum of squared differences between baseline acceleration
and damaged acceleration. The results showed that many of the vibration-based DSFs possess strong
damage sensitivity and the potential for damage localisation and quantification. Kaloop & Hu [147]
assessed a number of pattern recognition-based damage identification algorithms using vibration
data from the Yonghe Bridge. They determined that acceleration amplitude was quite responsive
to damage and it was concluded that this method had the potential for online damage detection
due to its ease of application. This conclusion echoed similar findings by Casas & Rodrigues [148],
who observed a correlation between peak acceleration amplitude and the existence of damage in a group
of assessed bridges.
Santos et al. [149] implemented a baseline-free method of damage detection using symbolic data
analysis (SDA) to reduce raw vibration data collected from the Samora Machel Bridge into smaller
representative sets of statistical signiﬁcant components such as interquartile intervals. The authors
observed that the interquartile intervals attained enough damage sensitivity to accurately detect
changes in the bridge condition over time. The dynamic cloud clustering algorithm was employed
in the study, which is a more efﬁcient adaptation of the popular k-means clustering algorithm;
however, due to the methodology’s tendency to converge to local minima, a cluster validation step
was introduced to ensure robustness. It consists of computing a set of indices for each identiﬁed cluster
that describes their density and location. Subsequent identiﬁed clusters are then compared to the
indices obtained to determine the most likely number of clusters.
Limongelli [150,151] proposed a non-modal based damage detection technique, known as the
Interpolation Damage Detection Method (IDDM). It operates by deﬁning a damage index in terms
of expected, or reference, deformed shapes calculated from Frequency Response Functions (FRFs) to
monitor bridge condition. By using deformed shapes as a damage indicator, one can take advantage
of concentrated vibration amplitude irregularities to detect and locate damage, as other authors
have successfully achieved [152,153], while others focused on the variation of deformed shape
curvatures to detect damage [154–156], the latter using a cubic polynomial to represent curvatures.
Dilena et al. [157] extended this concept through the incorporation of a cubic polynomial spline
interpolation function, applied to the deformed shapes to extenuate deformations. This method
allows spatial abnormalities to be detected without requiring a curvature calculation, which would
innately contain errors via the double differentiation process. Higher interpolation errors indicate
a greater likelihood of damage, which requires the IDDM to apply a probabilistic means of damage
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determination so that only interpolation errors that are greater than a pre-determined threshold are
deemed as probable damage events.
Dilena et al. [157] assessed the IDDM’s performance against the MCM on a single span RC bridge
under forced harmonic vibration subjected to incremental damage at various locations. The results
showed that the IDDM is consistently capable of detecting, locating, and tracking the evolution
of damage; however, its performance is dependent on the threshold value chosen and on sensor
distribution. When compared to the MCM results, the IDDM fairs quite well. The MCM demonstrated
good sensitivity to damage for the ﬁrst two vibration modes, but became less accurate thereafter. This is
most probably due to the requirement of a denser array of sensors for accurate modal curvatures at
higher modes. The IDDM requires fewer sensors than the MCM by reliably detecting and locating
damage. However, IDDM assumes that all sources of vibration will equally cause all locations to
produce the same variation in interpolation error, which may not be suitable for all bridge applications.
3.3.2. Time Series Based Damage Sensitive Features

Auto-Regressive (AR) models and their common adaptations (ARMA and ARMAX) are very
versatile tools that can be used instead of modal parameters to extract DSFs such as residual errors
or AR model parameters, provided that a suitable model order is selected [158]. Given the present
paper’s aim and scope, the reader is advised to inquire the following publications for a more detailed
account of AR type models’ theoretical base [159,160]. However, it is important to note that their
damage sensitivity arises from the assumption of stationarity, which allows for the detection of
nonlinear behaviour in the vibration data by inducing changes in the residual errors and/or model
parameters [161]. Residual errors are assumed to be Gaussian and are assessed using Gaussian-based
outlier detection techniques such as MSD [162,163] or Gaussian mixture models [164]. Multiple sensor
locations may be used for the purposes of damage localisation; however, prior to ﬁtting the models,
the sensor data must be normalised in order to remove variable external condition inﬂuences such as
trafﬁc and temperature, so that all signals have similar statistical characteristics. The common method
of normalising sensor data for the purpose of AR model ﬁtting is to apply Equation (11) to the sensor
data, where the normalised data ( xnorm ) is determined from the time series’ mean (μi ) and standard
deviation (σi ) applied to each time step ( xi (t)). This also produces a much more stationary signal that
is suitable for AR type models.
x ( t ) − μi
xnorm = i
(11)
σi

Mei & Gül [165] developed a novel ARMAX model that can identify changes in both stiffness and
mass separately using output-only data by applying the ARMAX model to the standard equation of
motion. Two sets of ARMAX models were constructed for the veriﬁcation process; one for a baseline
state and another for the damaged state. The percentage differences of the two model’s ARMAX
coefﬁcients are taken as damage features. Their methodology was veriﬁed by two numerical models;
one consisting of a 4-DOF mass/spring system, and the other being the IASC-ASCE benchmark
problem [166] of a multi-story structure with incremental damage applied. The results show that the
proposed methodology could consistently detect, locate, and quantify changes in mass and stiffness,
independently of one another. This is due to the fact that the mass and stiffness are separated into
the denominator and the numerator in the developed model. However, a real-world application is
required to determine its true robustness, particularly under varying environmental conditions.
Chatzi & Spiridonakos [167] proposed another time-series-based damage detection model that
incorporates environmental data and a full numerical model of the structure that extrapolates expected
behaviour so that the assessed vibration response can be deemed normal or abnormal. The method
is known as Polynomial Chaos Nonlinear Auto-Regressive with eXogenous input (PC-NARX) [168].
The Polynomial Chaos Expansion (PCE) allows the parameters to be characterised as random variables,
for example; acceleration time histories are represented by their Probability Density Function (PDF)
parameters, so that measured vibration data can be handled as a set of random variables. This
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speeds up subsequent runtimes considerably, as large acceleration data sets can be reduced to a few
representative values. Likewise, this methodology caters for the inclusion of structural uncertainty,
by allowing structural properties and dimensions to be included in the numerical model as PDF
variables. The PC-NARX then predicts the dynamic response of a structure through a process
called meta-modelling. Validation of the PC-NARX was conducted by comparing its predictions
and simulation speed to that of an FE model. A normalised one-step-ahead prediction error of 0.0074%
was obtained by PC-NARX with a simulation speed 100 times faster than that of the FE model.
The ability of the PC-NARX to accurately predict the dynamic response of a structure under varying
environmental conditions implies that it should also be able to discern damage events by monitoring
the magnitude of its prediction errors, which are assumed to be Gaussian.
Cross et al. [169,170] introduced the use of cointegration into SHM that can be used to remove the
environmental and operational effects from non-stationary raw time series data for the purposes of
damage detection. Cointegration is determined when two or more non-stationary time series form
a stationary process are linearly combined, with the stipulation that both original time series must
share the same degree of non-stationarity to begin with. It is commonly used in econometric analysis;
however, it can also be applied to multi-sensor data in a SHM context. A maximum likelihood approach
known as the Johansen Procedure [171] is used to identify the most stationary linear combination of
the non-stationary variables possible. The resulting stationary process is referred to as a residual and
will remain stationary, regardless of environmental conditions, until the linear relationship between
the two cointegrated variables changes, which will induce a non-stationary change to the residual
and may indicate the presence of damage. The methodology has recently been advanced to cater for
non-linear cointegration through the use of Gaussian process regression as a cointegrating function that
builds non-linear cointegrating relationships between variables [172]. The nonlinear adaptation was
applied to real data from the Z-24 Bridge in Switzerland and successfully eliminated environmental
and operational effects without the need to measure them, while also demonstrating considerable
damage sensitivity.
4. Summary

The present paper began by detailing the development and application of a wide array of
modal-based DSFs that have become well known in SHM literature. These DSFs are supported by
a well-established theoretical base, but their application to real bridge structures have produced
inconsistent comparative results and highlighted a susceptibility to noise, particularly for the more
damage sensitive higher modes. Additionally, the assumption of linear stationary structural vibration
response made by common frequency domain transformations used to obtain modal-based DSFs may
not always be suited to real-World applications. The discussed shortcomings of modal-based DSFs in
SHM were characterised into three categories as shown below, which formed the subject topics of the
remaining sections of this paper.
1.
2.
3.

Problematic inﬂuence of environmental & operational effects;
Inefﬁcient utilization of machine learning algorithms for damage detection;
Over-reliance on modal-based damage sensitive features.

Much of the problematic inﬂuence of environmental variations on modal-based DSFs’
performance has been shown to be mitigated through the utilisation of carefully chosen multivariate
regression models or the suitable application of pattern recognition algorithms. Simple linear regression
models are not appropriate for locations of large temperature ﬂuctuations and humid conditions,
as freezing moisture content in bridge decks produces a nonlinear structural change. Multi-linear
regression models provide a suitable option for most bridge types, such as Dervilis et al.’s [98]
robust Least Trimmed Square estimator. More complex nonlinear regression models require sufﬁcient
environmental data measurements to insure the accuracy and may be prone to over-ﬁtting if not
suitably deﬁned.
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Research in the use of pattern recognition algorithms for the mitigation of environmental
and operational effects has produced positive results, without the need to measure such variables.
The utilisation of dimensionality reducing methodologies such as PCA and FA produce reliable
results in linear investigations (Yan et al. [103] and Deraemaeker et al. [109], respectively) and
provide a versatile platform for nonlinear applications (Lämsä & Raiko’s [110] non-linear FA
application on the Z24 bridge, Nguyen et al. [113]’s KPCA application on the Champangshiehl Bridge).
However, the careful selection of data distribution parameters and number of extracted principle
components/common factors is required for successful applications.
In terms of the operational-induced effects on modal-based DSFs, this paper highlighted the
caution of using frequency domain transformations that assume linear stationary structural response,
as the vehicle-induced vibration of damaged bridges can be highly non-linear and non-stationary.
For this reason, the authors highlighted the work by Moughty & Casas [130], who investigate the use
of HHT for the early stage damage detection in bridges subjected to operational loading.
The improvement and efﬁcient utilization of machine learning algorithms for damage detection
has been shown to improve the performance of modal-based DSFs. For instance, Chang & Kim’s [77]
use of the Mahalanobis-Taguchi System, which combines multiple modal-based DSFs at once to
enhance their collective damage sensitivity and performance consistency when applied to a steel truss
bridge subjected to vehicle induced excitation. Dervilis et al. [98,136] demonstrated the need for robust
methods of outlier detection for supervised learning techniques to ensure that training datasets are not
contaminated with outliers, by incorporating the Minimum Covariance Determinate and the Minimum
Volume Enclosing Ellipsoid into standard outlier detection methods on the Z-24 Bridge.
Finally, for the advancement of SHM in bridges, this paper emphasized the necessity to explore
and investigate alternative options to modal-based DSFs. In this regard, Moughty & Casas [138]
assessed numerous vibration-based DSFs on the S101 Bridge in Austria and discovered that DSFs
that incorporated a vibration energy variable with an empirical frequency denominator exhibited
signiﬁcant damage sensitivity and resolution. Vibration-based DSFs were also shown to be suitable
for use in real-time condition assessments by Santos et al. [149] through the use of robust online
clustering on the Samora Machel Bridge. For time-series-based DSFs, Cross et al. [169,170] exhibited
the Cointegration technique, which shows great potential for bridge SHM problems, as it is suitable for
non-stationary applications and has been recently advanced to nonlinear problems on the Z-24 Bridge.
Overall, the advancement of data processing techniques and an increased understanding of the
wider bridge SHM problem with all its challenges, modal-based or otherwise, is advancing the ﬁeld
towards numerous damage identiﬁcation solutions. To continue this course of progression toward
network-wide applications, it is preferable that researchers consider robust methods of investigation
and utilise real bridge data subjected to environmental and operational conditions where possible.
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Abstract: Research on detecting structural damage at the earliest possible stage has been an interesting
topic for decades. Among them, the vibration-based damage detection method as a global technique
is especially pervasive. The present study reviewed the state-of-the-art on the framework of
vibration-based damage identiﬁcation in different levels including the prediction of the remaining
useful life of structures and the decision making for proper actions. This framework consists of
several major parts including the detection of damage occurrence using response-based methods,
building reasonable structural models, selecting damage parameters and constructing objective
functions with sensitivity analysis, adopting optimization techniques to solve the problem, predicting
the remaining useful life of structures, and making decisions for the next actions. For each part,
the commonly used methods were reviewed and the merits and drawbacks were summarized to give
recommendations. This framework is aimed to guide the researchers and engineers to implement
step by step the structure damage identiﬁcation using vibration measurements. Finally, the future
research work in this ﬁeld is recommended.
Keywords: vibration-based damage identiﬁcation; response-based method; model-based method;
objective function; optimization algorithm; residual useful life; damage Prognosis; decision making

1. Introduction

Deterioration and degradation of structures are of great concerns worldwide. The deﬁcient
structures can potentially endanger the safety and economical use of the infrastructure system, and
even develop into structure failures if the damage is not detected in the early stage. The research need
on detecting damage at the earliest possible stage is universal throughout the ﬁelds of civil, mechanical,
and aerospace engineering. Most non-destructive damage detection methods can be categorized as
either local or global techniques. The non-destructive testing (NDT) methods, such as the ultrasound,
X-ray, dye penetrates, magnetic particle, and acoustic emission [1,2], are local techniques that can
complement visual inspections as objective methods leading to quantiﬁable results. However, all
these experimental methods require that the vicinity of the damage is known a priori and that the
portion of the structure being inspected is readily accessible. Subjected to these limitations, the local
NDT methods can only detect damage on or near the surface of the structure. The need for global
damage detection methods that can be applied to complex structures has led to the development of
vibration-based methods.

Appl. Sci. 2017, 7, 497

458

www.mdpi.com/journal/applsci

MDPI Books

Appl. Sci. 2017, 7, 497

The research on the vibration-based damage identiﬁcation was initiated in the late 1970s,
particularly in the aerospace and offshore oil industries, and has been rapidly expanding to civil
engineering industries over recent decades [3]. The basic idea behind this technology is that modal
parameters (e.g., natural frequencies, modal shapes, modal damping, etc.) are functions of the physical
properties of the structure (e.g., mass, damping, and stiffness) [4]. Therefore, changes or damages in
the physical properties will cause detectable changes in the modal properties. There have been a few
review publications on this topic. Doebling et al. [4] presented an extensive review of vibration-based
damage identiﬁcation methods up to 1997. Sohn et al. [5] then presented an updated version
containing new technical developments up to 2001. Carden and Fanning [3] presented a review with
particular emphasis on structural engineering applications. Yan et al. [6] introduced the development
of modern-type vibration-based methods using modern signal-processing techniques and artiﬁcial
intelligence. Wang and Chan [7] reviewed the recent development in statistical damage detection and
condition assessment techniques for bridge structures. Fan and Qiao [8] comprehensively reviewed
the modal parameter-based damage identiﬁcation methods for beam- or plate-type structures and
conducted a comparative study of ﬁve algorithms. Moughty and Casas [9] reviewed the developments
with particular focus on the utilization of advanced computational methods. Das et al. [10] presented
a review through a comparative study among different vibration-based damage detection methods.
All the above literature reviews concentrate primarily on the damage identiﬁcation Levels 1 to 3, i.e.,
determination of damage occurrence, location, and severity. However, they did not cover research
topics such as the prediction of the remaining service life of structures and the decision making for
maintenance, which is the ultimate objective of damage detection.
Therefore, this study is aimed to more systematically review the state-of-the-art on the framework
of vibration-based damage identiﬁcation in different levels, that is, the damage occurrence, damage
location, damage severity, remaining life prediction, and decision making, to give a general guideline
for researchers and engineers. Several major parts of the framework are to be discussed: (1) detecting
damage occurrences using response-based methods; (2) building reasonable structural models;
(3) damage characterization, objective functions, and optimization algorithms; (4) remaining life
prediction; and (5) decision making.
2. Framework of Vibration-Based Damage Identiﬁcation

Generally speaking, damage is deﬁned as changes introduced into a system, which adversely
affects the current or future performance [4]. The deﬁnition implies that it is only meaningful when
two different states of the system are compared. In addition, the damage in structural and mechanical
systems is referred to changes to the material and/or geometric properties of these systems and
changes to the boundary conditions and system connectivity [11].
Damage identiﬁcation is always carried out in conjunction with ﬁve closely related disciplines
including structural health monitoring (SHM), condition monitoring, non-destructive evaluation
(NDE), statistical process control (SPC), and damage prognosis [11]. SHM is a process of implementing
a damage identiﬁcation strategy in structures, focusing on the online global damage identiﬁcation.
Similar to SHM, condition monitoring mainly addresses damage identiﬁcation in rotating and
reciprocating machinery. NDE is primarily used for damage characterization and as a severity check
in an ofﬂine local manner after the damage location is determined. SPC is a process using a variety of
sensors to monitor changes due to structural damage. Once the damage has been identiﬁed, damage
prognosis is adopted to predict the remaining useful life of a system.
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The main objective of damage identiﬁcation is to identify structural damage at a very early
stage and predict the remaining service life of structures for the decision making. Based on the
amount of information provided regarding the damage state, the structure damage identiﬁcation
can be classiﬁed into four levels [12]: determination of damage occurrence (Level 1), determination
of damage geometric location (Level 2), quantiﬁcation of damage severity (Level 3), and prediction
of the remaining service life and decision making (Level 4). The vibration-based methods can be
classiﬁed as response-based and model-based methods. As for the response-based method, by directly
or indirectly interpreting the structural dynamic response, the changes of modal parameters between
the intact and damaged states of the structure are used to identify damage in structures. Model-based
methods assume that the structure responds in some predetermined manner that can be simulated by
an analytical or numerical model such as the usually used ﬁnite element model. By comparing the
updated model correlated with the measured data of the damaged structure to the original model, the
damage location and severity can be identiﬁed. In terms of identiﬁcation levels, the response-based
detection methods are mostly able to detect damage in Level 1 and in some cases in Level 2, which
is sufﬁcient for many practical applications. Challenges on this level include how to select sensitive
features, detect damage in a rather early stage without getting false alarms, eliminate the environmental
and operational effects, and quantify the probability of detection [13]. In order to identify damage
in Level 2 and Level 3, the model-based methods are usually adopted. In most cases, the location
and extent of damage are determined simultaneously. The most sophisticated level is Level 4, i.e.,
predicting the structural remaining lifetime and making decisions based on damage diagnosis results.
Level 4 is generally associated with the ﬁelds of fracture mechanics, fatigue-life analysis, and structural
assessment, which requires the combination of global structural models with local damage models
to predict the evolution of damage, or the probabilistic failure models based on previously failed or
damaged components [14], etc.
Figure 1 demonstrates the procedure of damage identiﬁcation for the four levels. The ﬁrst step
is to take measurements from the structure and apply the response-based methods to determine the
occurrence of structure damage. After the structure damage is conﬁrmed, a structure model is created
using the ﬁnite element or other methods. The model should be veriﬁed ﬁrst to reﬂect the structural
behavior and the global parameters of the model are then updated to assure the applicability of the
model. To determine the damage location and dimension, a proper damage index or parameter should
be carefully selected and an objective function needs to be constructed with the purpose to minimize the
difference between the measured response and the numerical prediction. Herein the sensitivity analysis
is used to ensure the sensitivities of damage parameters and objective functions. Once the relationship
between the damage parameter and the objective function is established, an effective optimization
algorithm is introduced to solve the problem and obtain the solution. The optimization solution also
needs to be veriﬁed to make sure that the result is physically meaningful. The above procedure could
be repeated several times to obtain a reasonable result. Once the damage is quantiﬁed, the remaining
life of the structure can be assessed and an action can be recommended for the decision makers.
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The ﬁrst level of damage identiﬁcation is to determine the damage occurrence in structures
according to the global change of structural integrity. The most popular and effective method is
the response-based method that directly or indirectly interprets the measured response data of the
structure. Usually, the data available are the experimental data before and after damage occurred, and
the occurrence of damage is determined through ﬁnding their difference. The vibration responses
can be easily measured by a variety of sensors, for example, accelerometers, velocity transducer,
displacement sensors, strain gauges, etc., and the measured time domain data can be converted into
frequency or modal domain data by transforming techniques. Hence, the response-based damage
detection methods can be grouped into three types in terms of the response data used: time domain,
frequency domain, and modal domain.
3.1. Time Domain Methods

It is well known that the measurements are always made in the time domain, and therefore it is
straightforward to use the time domain response for damage detection. The measurement contains
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abundant information about the structure and preserves the possible nonlinear behavior as well.
In addition, it eliminates the need to perform frequency transformation and the associated errors
such as leakage and truncation, and thus enhances the accuracy and practicality of the time domain
approaches [15]. Fassois and Sakellariou [16] reviewed the time-domain methods used in the context
of structural diagnosis and vibration problems.
3.1.1. Output-Only Methods

In order to identify the structure dynamic parameters from the time domain data, at the early
stage several techniques were proposed in the time domain on the basis of the experimentally
measured responses of the structure: the Ibrahim method [17], the random decrement method [18],
the least-squares complex exponential method [19], and the eigensystem realization algorithm [20].
Cattarius and Inman [21] used the beat phenomenon to characterize small differences. Peeters and
De Roeck [22] reviewed the stochastic system identiﬁcation methods used to estimate the modal
parameters of vibrating structures in operational conditions, including the covariance-drive stochastic
subspace identiﬁcation (SSI-COV) and data-driven stochastic subspace identiﬁcation (SSI-DATA)
methods. Later, Loh et al. [23] compared the SSI-COV with the second-order blind identiﬁcation
(SOBI) approaches to identify the dynamic characteristics of the bridge directly from the vibration
measurement. Loh et al. [24] also introduced the recursive stochastic subspace identiﬁcation (RSSI)
technique to identify the natural frequencies and Ruocci et al. [25] employed the kernel density
estimation (KDE) to characterize the correlation between the vibration signatures acquired in the time
domain. These methods eliminate the need of measuring or identifying inputs, and thus are valuable
tools for identifying modal parameters from time domain measurements. The extracted vibration
features and modal properties can then be used for detecting damage occurrence and/or location by
comparing the identiﬁed modal properties with the original values. Meanwhile, there are methods
that directly detect damage based on the measured date only, for example, using the moving time
window technique to trace abrupt changes in the structural parameters [26], detecting novelties in
the recorded seismic response by using expansion in a basis of bi-orthogonal wavelets [27], detecting
damage based on changes in wave travel times between selected sections of a structure [28,29].
3.1.2. Modern Signal Processing Methods

In recent years, many signal processing techniques and artiﬁcial intelligence as analysis tools
have been introduced to investigate the vibration signals and further extract features to represent
the signal characteristics. Those methods, such as wavelet analysis, empirical modes decomposition
(EMD), and Hilbert-Huang Transform (HHT), are more universal and less dependent on the structural
shape. The main concept of using wavelet analysis is to break down the dynamic signal of a structural
response into a series of local basis function called wavelets, so as to detect the special characteristics
of the structure using scaling and transformation property of wavelets [30–33]. The method based on
the EMD and HHT is intended to extract damage spikes due to a sudden change of structural stiffness
from the measured data thereby detecting the damage occurring time instants and locations, and
determining the natural frequencies and damping ratios of the structure before and after damage [34].
Zhou and Zhang [35] developed a recurrence plot-based fault detection method by integrating the
statistical process control technique to analyze the vibration signal for damage detection.
3.1.3. Data-Based Statistical Methods

Structural damage affects the dynamic properties of a structure resulting in a change in the
statistical characteristics of the measured responses. Over the past two decades, the data-driven time
series methods utilizing statistical signal processing techniques have formed an important and rapidly
evolving class of vibration based methods [16,36]. These methods rely on the well-established statistical
concepts instead of human expertise to extract features that change with the onset of damage [37],
which eliminates possible individual biases and requires very few assumptions regarding the physical
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structure. This method is represented by the Auto-Regressive (AR) family method such as the AR
or Auto-Regressive Moving Average (ARMA) models [37–40], AR model with exogenous inputs
(ARX) [41,42], Auto-Regressive Moving Average Vector (ARMAV) model [43], vector autoregressive
(ARV) models [44], and the time frequency autoregressive moving average (TFARMA) model [45].
The ARMA or other similar models are used to model the time-domain vibration signals obtained from
the structure, and then the model coefficients estimated using statistical methods are used to identify the
system dynamic parameters and to extract features that indicate the damage occurrence. The AR approach
is solely based on signal analysis of the measured vibration data, making this approach very attractive.
3.1.4. Methods for Changing Environmental Conditions

In order to distinguish the inﬂuences on the signal driven by damage itself from those driven by
environmental changes, the AR model is also used for damage detection under changing environmental
and operational conditions [46–48]. The effect of environmental conditions has been investigated [49]
and various methods are adopted to remove this effect, such as principal component analysis
(PCA) [50,51], factor analysis [52], nonlinear PCA based on unsupervised support vector machine [53],
the Cointegration concept for non-stationary time series [54], PCA method in time-varying systems [55],
etc. Moreover, the novelty detection and outlier analysis are used to perform the lowest level of
damage identiﬁcation in operational conditions [56,57], and the multivariate statistical analysis method
becomes popular for automatically revealing the damage existence using vibration data under changing
environmental and operational conditions [58–60].
3.2. Frequency Domain Methods

Frequency domain responses are obtained from time series responses by non-parametric
estimation and signal processing techniques, relying on the application of the Fourier transformation.
The transformation can drastically reduce the volume of data and compensate the loss of information
by averaging the effects of random noise [25].
One of the most common methods is based on the frequency response function (FRF) that is a ratio
between the structure response such as displacement, velocity, or acceleration in the frequency domain
to an applied force that is a known harmonic force generally. The FRFs are used as the data source to
estimate modal parameters through curve ﬁtting methods. The commonly selected features are the
shift in the resonance and anti-resonances or changes affecting the amplitudes. By applying FRF data
directly in damage detection problems, Maia et al. [61] compared the method based on FRF curvatures
versus the method based on modal shape curvatures, and illustrated with a lumped-mass system and
a real bridge with experimental data [62]. The main drawback is that this FRF curvature method works
better for a frequency range before the ﬁrst resonance or anti-resonance, whichever comes ﬁrst. The FRF
curvature method has been successfully studied in the simulation and experiment [63,64]. Meanwhile,
the direct use of FRF shapes has been studied by many researchers. For example, Liu et al. [65] made
use of the residual imaginary parts of FRF shapes to locate the structural damage and the abnormality
caused by damage in a cantilever beam. Salehi et al. [66] presented a damage detection technique
based on both the real and imaginary parts of measured FRF shape. Mohan et al. [67] evaluated the
use of FRFs with the help of the Particle Swarm Optimization technique. Dilena et al. [68] presented
the interpolation damage detection method using FRF measurements. Lee and Kim [69] proposed
the signal anomaly index to express the amount of changes in the shape of FRFs or strain frequency
response function (SFRF). Kim and Eun [70] compared the FRF-based approach extracted from dynamic
measurements of a truss structure and the ﬂexibility-based approach extracted from the modal data,
and showed that the FRF-based approach can be utilized more explicitly than the ﬂexibility-based
approach. The FRF based method is very promising because the FRF data can be directly obtained
without any further data extraction and processing. The main advantage of using the FRF shape in
damage detection is that it contains higher frequency information, while the mode shape discussed
later constructs a truncated frequency space.
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The FRF requires the simultaneous measurement of both the excitation loads and the structural
responses. When the input force is unknown, the computation of the FRF is substituted by the power
spectral density or the transmissibility functions. The transmissibility that is calculated from the FRFs
of a system is a transformation matrix between two sets of output responses in the frequency domain.
The motivation of using transmissibility for damage detection relies on the fact that the transmissibility
is a local quantity, suggesting a higher sensitivity than the modal parameters to detect structure
changes [71]. For example, Worden et al. [72] detected damage using the novelty detection algorithm
based on the measured transmissibility. Canales et al. [73] studied the output-only modal identiﬁcation
using transmissibility under variable load conditions. Devriendt et al. [74–76] used transmissibility
to identify modal parameters from output-only transmissibility measurements and multivariable
transmissibility measurements. Chesne and Deraemaeker [77] reviewed the state-of-the-art of using
transmissibility functions for damage localization of mechanical systems. Kong et al. [78] studied the
feasibility of detecting bridge damage using transmissibility of the vehicle response in a vehicle-bridge
coupled system. Zhou et al. [79] proposed to detect structure damage employing transmissibility
functions compressed by principal component analysis. Some other output-only methods in the
frequency domain are developed based on auto/cross-spectral densities, such as the peak picking
method, the frequency domain decomposition techniques (FDD) and the enhanced technique [80].
In addition, Yang et al. [81] proposed a frequency contour lines method to identify damage in
plate-type structure and the Fourier spectrum-based strain energy damage detection method for
beam-like structures in noisy conditions [82]. Cao and Ouyang [83] combined the joint approximate
diagonalization (JAD) technique and gapped smoothing method (GSM) to form a sensitive and robust
damage index in frequency domain.
3.3. Modal Domain Methods

Modal information can be extracted from input-output measurements by means of the classical
modal analysis methods or from output-only data measured under the ambient excitation from wind,
trafﬁc loads, etc. without the artiﬁcial forces. The modal domain methods evolve along with the rapid
development of experimental modal analysis technique and gain the popularity because the modal
properties (i.e., natural frequencies, modal damping, modal shapes, etc.) have physical meanings.
Thus, they are easier to be interpreted or interrogated than those abstract mathematical features
extracted from the time or frequency domain. Response-based damage detection methods using modal
information are relatively straightforward. That is, the changes between modal parameters of the
intact structure and those of the damaged structure are directly used, or correlated with other relevant
information, to develop the damage indicators for locating damage in the structure.
The modal domain provides a large set of damage sensitive features, such as the shifts of
natural frequencies [84], changes in the Modal Assurance Criteria (MAC) that correlates modal
shapes of the damaged and undamaged structures [85], changes in the Coordinate Modal Assurance
Criteria (COMAC) [86], changes in the Multiple Damage Location Assurance Criterion (MDLAC) [87],
changes in modal strain energy [88,89], changes in modal shape curvature [90], strain modal
shapes [91], dynamic ﬂexibility matrix [92], and dynamic ﬂexibility curvature [93]. Sinou [94] presented
a comprehensive review on the direct use of modal parameters for damage detection in linear systems.
Since the effect of small damage on modal properties, such as natural frequency shifts and local changes
in the mode shapes, are likely to be masked by experimental uncertainties and data reduction [95],
the response-based methods that directly use modal parameters are not efﬁcient to detect small damage.
In order to enhance the sensitivity and accuracy of damage detection in modal domain, a simple
and effective approach is to use the higher-order derivatives of modal shapes, such as rotations (ﬁrst
derivative), curvatures (second derivative) and third and four derivatives. The behavior of higher-order
derivatives has been numerically studied and experimentally validated in damaged beam-like
structures [96,97]. Especially, the mode shape derivatives have been widely used to localize damage in
laminated composite structures. For example, Cao et al. [98] explored the synergy between a wavelet
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transform and a Teager energy operator (TEO) to ameliorate the curvature mode shape, and also used
two-dimensional curvature mode shape method to detect damage in plates [99]. Moreno-Garcıa [100]
proposed a Ritz based method to improve the computation of mode shape derivatives.
In addition, the incorporation of advanced signal processing procedures has been widely studied.
Ratcliffe [101] applied a modiﬁed Laplacian operator solely on modal shapes of damaged structure
and successfully identiﬁes the damage location. Chandrashekhar and Ganguli [102] used Gaussian
fuzzy sets to fuzzify changes in the modal curvatures due to damage and used a fuzzy logic system to
accurately locate the damage. Sazonov and Klinkhachorn [103] presented an analysis to determine the
optimal sampling interval of strain energy mode shapes. Yoon et al. [104] used a gapped smoothing
method to extract local features in vibration curvature shapes. Li et al. [105] proposed a fractal
dimension based method from the measured displacement mode shape in beam structures. In recent
years, the wavelet transform (WT) technique was used as an effective signal analysis tool to ﬁlter
out noise and to enhance robustness of damage detection. This approach involves the application of
wavelet analysis to modal data and shows high sensitivity to non-continuities and singularities in
the measurement signals. Cao et al. [106] developed a multi-scale pseudo-force model over wavelet
domain, in which WT was used as a multi-scale differential operator to acquire higher-order derivatives.
Katunin [107] presented an overview of the wavelet-based methods for structural damage identiﬁcation.
Attractive features of these methods are the high sensitivity to damage and instant determination of
the damage location.
3.4. Summary of Response-Based Methods

In general, the response-based methods are straightforward, easy to use, and not computational
intensive, but at the same time they do not give a quantitative assessment of damage. It is a valuable
tool for damage identiﬁcation in the preliminary stage. A guideline for using the response-based
methods is given in Table 1 based on the pros and cons of those methods.
Table 1. Guideline of Response-based Methods.
Data Domain

Time domain

Frequency domain

Modal domain

Representative Methods

Advantages and Disadvantages

Ibrahim method
Random decrement
ERA
ARMA family
Wavelet analysis
EMD and HHT
RSSI, SSI-DATA, SSI-COV
KDE

Advantages:
straightforward to use the time domain responses
eliminate the need to perform frequency transformation
no associated errors such as leakage and truncation
preserved nonlinear behavior
Disadvantages:
signiﬁcant effects of noise
difﬁcult to interpret signal information

FRF shapes
FRF curvature
Transmissibility
Peak picking
FDD

Advantages:
abundant information on structure dynamic behavior
contains frequency information in a wide range
without further extraction and processing
Disadvantages:
some requires the input information
the features are too abstract

Natural frequency
Mode shapes and curvatures
Modal strain energy
Strain mode shapes
Dynamically ﬂexibility
High-order derivatives
Signal processing based

Advantages:
modal properties are physically meaningful
easy to be interpreted or interrogated
from output-only data and not require artiﬁcial forces
Disadvantages:
lose much of the information
numerical errors caused by inaccurate curve ﬁtting

4. Structural Models

After the damage occurrence is conﬁrmed and for a further detection, the model-based methods
are always introduced for localizing and quantifying the damage based on the measured responses.
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To this end, it is necessary to have a structural model to represent the damage and the key characteristics
of the structure system. Generally, two models are required, namely, a well-correlated model of the
structure in its initial state, which is used as a reference model, and an updated model that reproduces
the measured data under the damaged state through modifying the structural model parameters such
as mass, stiffness, damping, etc. Comparisons of those two models provide the damage location and its
severity. The structure models usually used for the model-based damage identiﬁcation are as follows.
4.1. Structural Matrix

This method uses the stiffness, damping, or mass matrix of the structure to represent the structure
and reproduce the measured results. To update the matrix of the structure, two ways are available.
One way is the direct methods [108,109] that directly update stiffness and mass matrices of the elements
in a one-step procedure to exactly reproduce the measured data, while the other way is the iterative
methods [110,111] that use the sensitivity matrix of the parameters and based on a penalty function
to maximize the correlation between the measured and analytical results. As for the direct methods,
the updated results are seldom physically meaningful even though they are capable of accurately
replicating the experimental measurements. With respect to the iterative methods, they preserve the
structural connectivity in the updated model and provide a direct physical explanation for the updated
results. However, the calculation of the sensitivity matrices is usually computationally intensive and
the matrices are often ill-conditioned.
4.2. Finite Element (FE) Model

For large or complicated problems, ﬁnite element model is typically used. In order to acquire
a reasonable FE model, the FE model updating technique is usually adopted to correct the FE model
when the FE prediction is in conﬂict with the test results. One common approach is to consider an
objective function that quantiﬁes the differences between the analytical and experimental results, and
to minimize the discrepancy by adjusting the unknowns of the FE model [112]. Mottershead and
Friswell [113] gave a thorough review on model updating methods using structural dynamic responses.
A major issue in FE model updating process is the possible ill-conditioning since there is no unique
solution to the inverse problem [114]. There are several methods proposed to deal with this issue, such
as the Bayesian approach [115], regularization [110], regularized Lanczos method [116], etc.
4.3. Mapping Model and Meta-Model

For a large structure with enormous elements, a simpliﬁed model is always necessary in the
inverse problem. One type of models is the mapping model that is used to build a mapping relationship
between the structural parameters and the structure responses. The representative method is the
neural network (NN) method that is inspired by the architecture of the neurons and the human brain
function [117] and has been widely applied in structural analysis due to its strong nonlinear mapping
ability. The NN method is found capable of replacing conventional ﬁnite element updating methods in
solving the inverse problems without utilizing the sensitivity matrix. However, the training process
could be very time-consuming, and the accuracy of the predictions of this trained NN model is very
dependent on the training data. Meanwhile, the other type of models is the meta-model (surrogate
model) that replaces the structure model with an approximation model. This model is traditionally a
polynomial function describing the relation between the structural responses and the model parameters.
Meta-models have been extensively used in the design and optimization of computationally expensive
problems. Different meta-models have been shown to perform well in different conditions, such as
the response surface method (RSM) [118–125], Kriging method [126,127], radial basis function method
(RBF) [128], and feed-forward neural network [129]. Li and Padula [130] and Queipo et al. [131] recently
reviewed different surrogate models used in the aerospace industry, and Chen et al. [132] summarized
the characteristics of different meta-model types and the experiment designs for fitting them. It is
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recommended to use RBF for high-order nonlinear problems, Kriging for low-order nonlinear problems
in high dimension spaces, and polynomial RSM for low-order nonlinear problems [133].
Although there are many methods available for structural models, the construction of those
models usually results in model errors from simpliﬁed assumptions. In order to detect damage rather
than the artiﬁcial errors from the model construction, a good quality model that could accurately predict
the behavior of the structure is required, but is usually a quite challenge. As for damage detection in
different levels, the complexity of the structure model and corresponding damage parameters depends
on the structure type and required detection level. In the preliminary stage, a simplified FE model might
be sufficient. If the damage is already localized in a limited range, a mapping/meta model or a detailed
model could be built for the vicinity of the damage while other part of the structure could be simplified.
The substructure method is a good alternative to build a fine model for the vicinity of the damage [134].
The compromise between the accuracy and simplicity of the model specifically depends on the problem.
The above conventional model-based methods always require a baseline data of vibration
response from a healthy structure. However, in many cases the baseline model cannot be obtained
for structures such as those with preexisting damage. Therefore, many studies have been devoted on
the baseline-free method with no information about the original undamaged structure. Ratcliff [101]
introduced a modiﬁed Laplacian operator for non-baseline damage detection from the mode shape data.
Sazonov et al. [135] suggested a method to extract localized changes (damage peaks) from strain energy
modal shapes based on Fourier analysis of the strain energy distribution. Sohn et al. [136] developed
an instantaneous damage detection scheme based on time reversal acoustics and consecutive outlier
analysis. Kim and Sohn [137] developed a guided-wave-based nondestructive testing to detect crack
damage in a thin metal structure without using prior baseline data. Zhong and Oyadiji [138,139]
presented a crack detection method based on ﬁnding the difference between two sets of detail
coefﬁcients obtained by using the wavelet transform of two sets of mode shape data of a cracked
beam. Rucevskis et al. [140] described a method that requires only the mode shape curvature data of
the damaged plate-like structures, in which the damage index is deﬁned as the absolute difference
between the measured curvature of the damaged structure and the smoothed polynomial representing
the curvature of the healthy structure. In addition, the wavelet-based method is a major type of
baseline-free method using the advanced signal processing techniques without the reference of healthy
structure [107,141,142].
5. Damage Characterization, Objective Functions, and Optimization Algorithm

In addition to the structure model, there are three key components for the model-based damage
detection method: the damage characterization, the selection of objective features and functions, and
the optimization algorithms to solve the problem.
5.1. Damage Characterization

The ﬁrst important step of a model-based method is the parameterization of the damage. The effect
of damage on the structure model is introduced with a scalar variable or index as [143],
de = 1 −

kde
ke

(1)

where de is the damage index for a certain element, k e is the structure property value of the element in
its intact status, and kde is the value of the element damaged. With respect to a single damage or discrete
ones, the stiffness matrix of the element is assumed to decrease uniformly [144]. As for distributed
damage, instead of adjusting the stiffness properties of all the elements separately, Teughels et al. [145]
proposed the damage function to reduce the number of unknown variables and to determine the
stiffness distribution over the FE model. The damage parameters are the multiplication factors of the
damage functions. This method is useful for structures whose damage pattern can be represented by
a reduction factor of the element stiffness.
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The parameter deﬁnition and selection depend on the level of damage identiﬁcation and
uncertainty level. In the preliminary level, the parameters can be deﬁned as global physical properties
such as the Young’s modulus, material density, section area, and the moment inertia since they are
directly related to the element stiffness. In this level, several elements can share the same parameter
value or one super element can be used in the case that several close elements are expected to have
similar values [146,147]. As the identiﬁcation becomes quite local, the damage parameters could
be the width of cracks, the stiffness of joints, and physical properties of the uncertain elements.
When the damage is located at one element, this speciﬁc element can have multiple parameters by
dividing the element into small ones with different properties. The parameter selection requires
a considerable physical insight into the target structures. In general, only sensitive parameters are
selected, otherwise the process may be ill-conditioned since insufﬁcient information is available to
estimate the parameters accurately.
5.2. Objective Features and Functions

Since damage detection becomes an optimization problem eventually, the capability of a damage
identiﬁcation method strongly depends on the selected features and constructed objective functions
that have a profound impact on the behavior of the optimization algorithm. Usually, we do not directly
use the raw data in the time domain to compare two system states. Instead, we extract so-called features,
for example, mean values, variances, maximum values, crest factors or other statistical characteristics
of signals, correlation functions, spectral densities, frequency response functions, impedance spectra,
eigenfrequencies, modal shapes, or any other features [13]. Meanwhile, the objective function is
normally built up using the residuals between the measured responses and numerical predictions,
such as a sum of squared difference [148] as,
f (θ ) =

2
1 m 
1 m
1
z j (θ ) − 
z j  = ∑ r j (θ )2 = r (θ )2
∑
2 j =1
2 j =1
2

(1)

where each z j (θ ) represents an analytical quantity that is a nonlinear function of the variables θ, 
z
refers to the measured value of the quantity z, and • denotes the Euclidean norm. In order to obtain a
unique solution, the number m of residuals r j = z j − z j should be greater than the number n of unknowns
θ. There are various expressions that can be potentially used for this purpose, such as the frequency
residual, mode shape related function, modal flexibility residual, and a combination of them [149].
The best features for damage detection are typically application speciﬁc, which can come from the
time, frequency, or modal domains depending on the employed level of data consideration. Research
into methods based on all the three domains is unlikely to stop because no single method has yet been
able to identify every type of damage in every type of structures [3].
Time domain features may be represented by the peak accelerations, the root-mean squares of
responses, the temporal moments, etc. The direct use of time response in a model-based identiﬁcation
was proposed by [150,151] that used a least-squares sensitivity-based iterative parameter estimation
routine. Masri et al. [152] proposed a neural network based detection scheme that uses time responses
both in the training and detection phases. Bu et al. [153] and Lu and Liu [154] studied the direct use of
time histories of vehicle or bridge acceleration in sensitivity-based model updating method.
Frequency domain features are commonly the shift in the resonance and anti-resonances or
changes affecting the amplitudes. If the excitation is known, the FRF can provide abundant information
on damage in a desired frequency range. With the objective of eliminating the modal extraction error,
damage detection using measured FRF has been studied by a number of researchers [155–158] and
is very promising because the FRF data can be obtained directly without any further extraction and
processing. Meanwhile, the transmissibility functions employ only the measurement of the structural
responses and do not require knowledge of the excitation input. This operational advantage is coupled
with remarkable damage sensitivity as proven in the work by [71,72,78,159]. Sampaio et al. [160]
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published a comparative study of using the FRF curvature, transmissibility, and the strain energy
obtained directly from FRFs as damage indicators.
Modal domain features are physically meaningful and easier to be interpreted than the time or
frequency domain features. The modal domain provides a large set of damage sensitive features, such
as the natural frequencies, MAC or COMAC of modal shapes and derivatives [144], modal strain
energy [147,161], modal strain [162], damping [163], dynamic ﬂexibility matrix, residual force vector,
and a combination of some features, for instance, a combination of the measured modal damping
and the computed strain energy distribution [164]. It is found that the modal curvatures are useful
parameters for damage detection when using the response-based approach [165] but not as useful
when using the model-based approach [166].
Among the three types of features, the time domain features have advantages of avoiding the data
reduction that may cause the loss of important information and not being limited by the assumption
of linearity as the modal analysis approach is. Therefore, when the structures show high nonlinearity,
the time domain features are more suitable than the frequency and modal domain features. The main
disadvantage of time domain features is the considerable computational effort for the calculation of
time responses. On the other hand, the frequency feature can provide more information on damage in
a desired frequency range when compared to the modal feature that is extracted from a very limited
range around the resonances. Nevertheless, the modal features can be identiﬁed from output-only data
measured under operational conditions and does not require the structure to be excited by artiﬁcial
forces as the frequency domain feature requires. It is worth noting that the feature used for damage
occurrence identiﬁcation may be a global one, while it is better if the one used to determine damage
locations and extents is a local one, and must be sensitive to structural local damage.
5.3. Sensitivity Study

As discussed earlier, the selection of objective features is application speciﬁc, i.e., none of those
features has proven to be satisfactory for every structure and every type of damage. The selection of
objective features resides in a trade-off between their damage sensitivity and the possibility to ensure
their consistency with the expected structural response. For that purpose, a sensitivity study is typically
recommended as a fast way to tell which input parameters are important to a particular output feature
in order to reduce the parameter space and select appropriate objective features. Generally speaking,
there are two groups of sensitivity analysis (SA) techniques, i.e., local SA and global SA. The ﬁrst
historical approach is the local SA, where the impact of small input perturbations on the model
output is studied [167]. In order to overcome the limitations of local methods, such as the linearity
and normality assumptions, and local variations, the global SA methods have been developed in
a statistical framework to consider the whole variation range of the inputs [168]. Hamby [169] and
Iooss and Lemaître [170] presented a comprehensive review of various global sensitivity analyses,
ranging from the differential sensitivity analysis, one-at-a-time sensitivity measures, standardized
regression coefﬁcients to statistical tests. The most engineering-used screening method is based on the
so-called “One At a Time” design, where each input is varied while ﬁxing the others [171].
Moreover, when working with complex models, a screening tool may be necessary to reduce the
number of parameters to a manageable size. The signiﬁcant effects variable screening or linear variable
screening method analyzes the contribution (linear effects only) of a particular input parameter to
the total model variance [172]. Signiﬁcant effects method provides an advantage over the sensitivity
analysis because it is a probabilistic assessment of variable importance that is obtained through
the analysis of variance [121]. In small parameter spaces, the design of experiment methods that
systematically calculate a single parameter and combinations of parameters is used [133,173]. If the
dimension or the nonlinearity of the parameter space increases, stochastic sampling strategies [174]
are preferred for scanning the design space.
In summary, the sensitivity study is very helpful for the parameter selection and the adequate
formulation of objective functions. By doing the sensitivity study, the parameter space could be
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adjusted or reduced for subsequent optimization problems, and the adequate starting points for
optimization can be obtained as well for a successful optimization.
5.4. Optimization Algorithms

The next step is to solve the problem using optimization techniques. The standard form for
a single-objective, nonlinear, constrained optimization problem is provided as [175],
Minimize : f ( x )
Subject to : g j ( x ) ≤ 0
j = 1, m
hk ( x ) = 0
k = 1, p
xiL ≤ xi ≤ xiU
i = 1, n

where f ( x ) is the objective function, g j ( x ) is an inequality constraint, and hk ( x ) is an equality constraint
function. The x vector represents the n design variables that are changed to obtain the optimum.
The searchable design space is deﬁned by the lower and upper bounds, xiL and xiU of the design
variables. Three major types of optimization algorithms are described below.
5.4.1. Gradient-Based Optimization Algorithms

One type of mathematical optimization methods is the gradient-based method that determines
the search direction by using the gradient information, offering the best convergence behavior [176].
The gradient-based algorithm starts from a predeﬁned initial parameter set and uses line
search algorithms such as quasi-Newton methods [177] to ensure the stepwise convergence to
an optimum. For unconstrained optimizations, two popular methods are the Fletcher–Reeves and
the Broyden–Fletcher–Goldfarb–Shanno (BFGS) methods. For nonlinear constrained optimization
problems, the three algorithms commonly encountered in engineering are the sequential linear
programming (SLP), the modified method of feasible directions (MMFD), and the sequential quadratic
programming (SQP). Among all the gradient-based methods, the SQP algorithm is the state-of-the-art
algorithm for solving differentiable nonlinear programs and has gained great attention in the recent
years due to its superior rate of convergence [177–179]. The formulation of an SQP is based on Newton’s
method and Karush–Kuhn–Tucker optimality conditions for constrained problems that are changed to
the unconstrained optimization [180]. With respect to the finite element based problems that involve
relatively large number of degrees of freedom and design variables, the SQP is a quite effective option.
5.4.2. Evolutionary Optimization Algorithms

In contrast to the gradient-based methods, evolutionary algorithms that belong to the class of
stochastic search methods have become very popular in the last two decades. The evolutionary
algorithms do not require any gradient information and can employ a set of design points to ﬁnd the
optimum. This type of method is typically inspired by natural phenomena and is extremely robust.
Two most popular evolutionary algorithms are the more established genetic algorithm (GA) [181]
inspired by Darwin’s principle of survival of the ﬁttest, and particle swarm optimization (PSO) [182]
based on a simpliﬁed social model. Other algorithms include evolutionary programming [183], genetic
programming [184], differential evolution [185], simulated annealing [186], tabu search [187], ant
colony optimization [188], harmony search [189], etc. Fister et al. [190] presented a comprehensive
review on the nature-inspired metaheuristic algorithms. The most important process of evolutionary
algorithms is the mutation (random change) of single genes of a parental design to produce a
descendant. Genetic algorithms are thereby especially useful for a relatively wide-ranged search
in the design space. In general, evolutionary algorithms perform much better in ﬁnding the global or
near global optimum in the presence of multiple local extrema than gradient-based methods and are
well suited for discrete optimization problems [175]. The main drawback is the high numerical effort
since a large number of problem solutions are required. Evolutionary algorithms should be applied to

470

MDPI Books

Appl. Sci. 2017, 7, 497

optimization problems where discrete or binary variables dominate the response and problems with a
very high number of variables and/or constraints.
5.4.3. Multi-Objective Optimization Algorithms

All the above optimization algorithms are referred to the single-objective problem. Sometimes, the
damage detection problems are lack of a clear objective function and need simultaneous optimizations
of several objectives, which is referred to the multi-objective optimization problem. These problems
do not have a unique optimal solution. Instead, they have a set of alternative solutions named
the Pareto Frontier or Functional Efﬁcient Boundary. Therefore, special optimization techniques
are needed to solve this type of problems. In general, the two main optimization strategies (i.e.,
gradient-based and evolutionary algorithms) can be used for solving the multi-objective problems.
Coello et al. [191] and Ishibuchi et al. [192] presented a detailed introduction to the multi-objective
optimization techniques. For the application in structure damage detection, Jaishi and Ren [147]
used a multi-objective optimization technique to optimize two objective functions simultaneously,
which overcomes the difﬁculty of weighing the individual objective function in conventional FE
model updating procedure. Perera et al. [143,193,194] developed an evolutionary (GA and PSO)
multi-objective framework for structural damage localization and quantiﬁcation with objective
functions based on the modal ﬂexibilities, frequencies, and modal shapes. Cha and Buyukozturk [195]
proposed hybrid multi-objective optimization algorithms based on modal strain energy to detect
damages in various three-dimensional steel structures. In general, the gradient-based multi-objective
algorithms are recommended for smooth (differentiable) problems but not suitable for explicit time
integration, while the evolutionary-based algorithms are recommended for all other cases [174]. The
advantages of using evolutionary algorithms to solve multi-objective problems are their ability of
dealing simultaneously with a set of possible solutions in a single run, instead of having to perform a
series of separate runs as in the case of the gradient-based techniques, and the feature of less susceptible
to the shape or continuity of the Pareto front [191].
5.4.4. Guideline for Algorithm Selection

In summary, no single optimization algorithm can solve all optimization problems. A basic
knowledge of different algorithms helps the selection of the appropriate algorithm for the problem
at hand. The guideline for the selection of optimization algorithms is listed in Table 2 below.
As for damage detection problems that always result in numerous local extrema, convergence to
the correct estimates (not known a priori) will be strongly dependent on a good initial guess. Therefore,
the evolutionary algorithm is the better option unless a good initial value is available.
Table 2. Guidelines of Optimization Algorithms [175].
Methods
Gradient-based
Algorithms

Evolutionary
Algorithms

Multi-objective
Algorithms

Guidelines

suited for problems with many design variables (more than 50)
where the analysis is computationally expensive
when numerical noise is not severe
when gradients are available and local extrema is not an issue

suited for problems with fewer design variables (less than 50)
where the analysis is computationally inexpensive
when numerical noise is severe
when the gradient does not exists and a global optimum is required
for discrete and combinatorial optimization problems when the objective
and/or constraint functions are discontinuous
for problems with more than one conﬂict objective functions
gradient based Pareto algorithm for differentiable problems
evolutionary based Pareto algorithm for all other cases

471

6. Prediction of Remaining Useful Life

MDPI Books

Appl. Sci. 2017, 7, 497

Damage diagnosis allows for the early detection of damage in structures and also indicates
early deterioration in performance levels. The process of implementing a damage identiﬁcation
strategy in structures, which is termed as structural health monitoring (SHM), involves the observation
of a structure in real-time using various sensors, the extraction of damage-sensitive features from
measured data, and the performance of statistical analysis of these features to determine the current
state of structure health [11]. Both damage diagnosis and SHM are required for identifying damage in
structures, while the damage prognosis (DP) is an extension of damage diagnosis and SHM and is
deﬁned as “the estimation of an engineered system’s remaining useful life” [196]. That is, based on the
current state determined by damage diagnosis and SHM, DP is aimed to predict the structural future
performance by estimating future loading environments and then predicting the remaining useful life
through simulations and past experience.
6.1. Damage Prognosis Methodologies

The main goal of damage prognosis is to predict the remaining useful life (RUL) of the system or
structure components before it requires for maintenance or the structure fails. Due to the uncertainty
and nonlinearity of the predictive models when damage accumulates, an alternative goal is to estimate
the RUL that the system can perform in a safe status under the future loading before one no longer has
conﬁdence in the prognosis model [196]. Damage prognosis is initiated and widely studied on the
rotating machinery, as reviewed by [197,198]. Si et al. [199] reviewed the recent modeling developments
for estimating the RUL, which is centered on statistical data driven approaches. Sikorska et al. [200]
and Ahmadzadeh and Lundberg [201] reviewed the advances in RUL estimation from the industry
point of view. Tsui et al. [202] provided a concise review of mainstream methods in major aspects
of the prognostic and health management framework. The distinction between a damage detection
model and a damage prognosis model is that the prognosis model needs to have the ability to estimate
the damage evolution in the future, while the detection model only infers the current state of damage
and do not necessarily have the ability to model progressive damage mechanisms such as crack
growth [203]. In general, the two major categories are physics-based (i.e., model-based) and data-based
prognosis methodologies, as detailed below [204].
Data-based techniques are based on statistical and learning techniques typically from the theory
of pattern recognition. Data-based approaches [204,205] consist of multivariate statistical methods
(e.g., static and dynamic principle component, linear and quadratic discriminant, partial least squares,
and canonical variate analysis), machine learning methods (e.g., support vector machine, relevant
vector machines, radial basis functions, and neural networks), and graphical models such as dynamic
Bayesian networks and hidden Markov models. Although the data-based techniques can indicate
a change in the presence of the new loading conditions or system conﬁgurations, they perform poorly
in classifying the nature of the change.
Physics-based (i.e., model-based) approaches make use of the system models to estimate the
RUL or other relevant metrics, which rely on relatively accurate physics-based models for prediction,
such as physical failure models [206], ﬁltering models [207], and statistical models. The advantage of
physics-based approaches is that the physical knowledge of the system is incorporated into the
monitoring process, which is especially useful for predicting system responses to new loading
conditions and system conﬁgurations such as the damage status. Nevertheless, physics-based
approaches are typically more computationally intensive than data-based techniques.
There are also some hybrid methodologies combining multiple approaches as reviewed
by [208]. The selection of damage prognosis model depends on the required accuracy and data
availability. The data-driven method is preferred for quick estimations that are less accurate, while
the physics-based approach is applied when the accuracy of estimation is important. Typically, the
balance between these two approaches depends on the amount of available data and the conﬁdence
level of the physics-based model in the predictive accuracy.
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The RUL distribution is sensitive to many aspects [204]: the initial condition supplied by damage
diagnosis having a signiﬁcant impact; the accuracy of predictive models for future loadings and physics
of failure models as another major uncertainty source; the sensitivity of system measurements to the
damage; the noise in the training and measurement data; and the sampling frequency of measurements.
Therefore, besides the RUL distribution that accounts for the uncertainty coming from many sources,
a prognosis methodology should have several other important components, namely, the prediction
model for future loadings, the transition between situations when measurements are available and
unavailable, and the prognosis veriﬁcation and validation.
The prediction of structure deterioration when subjected to future loadings is another important
component of a successful damage prognosis. Future loadings are always forecasted based on the
previous loading histories using various data-driven prediction modeling techniques. For example,
meta-models such as the state-space representation and multivariate ARMA models can be employed
to track previous loadings and to predict future loadings [196]. Zhong et al. [209] used the wavelet
neural network method to predict the future system loading based on data from the operational and
environmental sensors.
Since the damage prognosis is affected by many sources of uncertainty, the validation of prognosis
models is very essential to establish the conﬁdence in the RUL estimate. The process of establishing
this conﬁdence in the predictive capabilities is termed as veriﬁcation and validation (V&V) [196].
The performance can be measured by evaluating the errors between the predicted and the actual
RULs, and computing metrics based on accuracy and precision such as standard deviation, mean
absolute deviation, mean squared error (MSE), mean absolute percentage error (MAPE), etc. These
metrics provide statistical information about the variations in RUL distributions. Saxena et al. [210]
introduced several evaluation metrics (e.g., prediction horizon, α-λ performance, relative accuracy,
and convergence) tailored for prognosis and presented a detailed discussion on how to interpret and
use these metrics. They proposed a standard ofﬂine metric test to compare and evaluate prognosis
algorithms, while Liu and Sun [211] discussed the online prognostics performance evaluation. In the
area of prognosis validation, a signiﬁcant challenge is to validate nonlinear models, although most of
the current research is still at the stage of validating linear dynamic and stress models [212].
7. Decision Making

Once the remaining useful life of a structure or component is determined, a decision-making
strategy is used to help decision makers choose a proper action. Decision making under uncertainties
is the act of choosing between two or more actions when the outcome of those actions is uncertain [213].
In engineering system, when advanced diagnostics and prognostics provide vital information, a good
decision making methodology is required to effectively utilize the available information. The theory
of decision making in business, economics, and politics is well established and widely applied in
practice [214]. Howard [215] describes the decision analysis as a logical procedure for balancing
the factors that inﬂuence a decision. The essence of the procedure is to incorporate information
about uncertainties, values, and preferences into a structural model of the decision that is suitable for
computation and manipulation [213]. The goal of decision analysis is to help decision makers make
defensible decisions.
7.1. Value of Information and Uncertainty Quantiﬁcation

Structural health monitoring is a process aimed at providing accurate and real-time information
concerning the condition and performance of structures, which can serve as an objective basis for
making decisions regarding operation and maintenance. Nevertheless, in reality structure managers
often make decisions based on their experience or on common sense, regardless of the action suggested
by instrumental damage detection [216]. One reason is that damage detection is normally affected
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by modeling errors and environmental noise such that the damage features are not deterministically
related to the actual state and thus decision makers will differently weigh the detection outcomes.
Another reason is that managers are very concerned with the consequences of wrong action and
thus will make decisions considering the possible effects of the action they can undertake [217].
Wong and Yao [218] realized the need to evaluate the beneﬁt of SHM on the decision making of owners
or managers. Pozzi and Der Kiureghian [219] were the ﬁrst to calculate the value of information
(VOI) for SHM by simulating an observable linear degradation law. Zonta et al. [217] introduced a
rational framework to assess the impact of SHM on decision making, which address the effect of prior
perception and quantify the economic impact of a wrong action.
As discussed earlier, SHM is less used on real structures and one reason is the lack of
understanding of the value of information obtained from SHM. Meanwhile, most of the decisions
made in damage detection in civil structures are subject to a signiﬁcant level of uncertainty. Due to
these uncertainties, there is a risk of making an inappropriate decision, e.g., too little, too much, too
soon, or too late. Therefore, uncertainty quantiﬁcation plays a major role in the value of information
and decision making [220]. There are various uncertainty quantiﬁcation (UQ) methods developed for
dealing with the uncertain parameters, which can be divided into two types as follows [221,222].
Probabilistic approaches assume that the input parameters of the model are random variables
with a known probability density function. Three probabilistic UQ techniques are the Monte Carlo
simulation method that considers the aleatory uncertainty, the Point estimate method that is based on
the concept of moments of uncertain input parameters, and the scenario based method.
Possibilistic approaches describe the input parameters using the membership function.
This function only characterizes the bounds where all parameters lie in without knowing the actual
distribution, which is able to consider the epistemic uncertainty and applies well in ﬁnite element model
updating. The possibilistic UQ techniques include the evidence theory, interval analysis, fuzzy theory,
Bayesian theory, convex model theory, and information gap decision theory for severe uncertainty.
The main difference between these methods is in line with the different techniques used for
describing the uncertainty of input parameters. The probabilistic UQ methods use probability density
functions while the possibilistic UQ methods use membership functions to describe an uncertain
parameter. The objective of UQ research is to reduce the computation complexity and corresponding
costs, and to provide robust decision-making information.
7.2. Decision-Making Methods

Any damage detection, SHM, or damage prognosis strategy ultimately requires a decision-making
process. In fact, the realm of decision making under uncertainty is of particular importance to the
practicing engineer. In recent years, the decision-making method is gradually introduced to the
structural engineering, especially in the areas of structural diagnosis, monitoring, prognosis, and
life-cycle assessment. A few currently available decision-making methods are introduced below.
7.2.1. Decision Trees

Decision tree is a method based on graphical models, which uses a tree-like predictive model to
achieve the ﬁnal conclusion regarding the outcome of the desired function. Decision trees provide
a detailed structure of the decision problem, graphically showing the different possible scenarios
or decision paths as sequential branches in the order the events occur [223]. In general, decision
trees contain three types of nodes, i.e., decision, chance, and utility, and paths directed from left to
right between nodes. Nodes in a decision tree represent different types of variables. Decision nodes
are determinate variables controlled by the decision maker, chance nodes are random variables that
represent uncertain quantities in the decision model, and utility nodes correspond to the leaves of the
decision tree and represent the value or utility of an outcome in the decision process [214]. Decision trees
clearly outline the uncertainty associated with each decision path and provide a comprehensive
organization of alternative strategies, which is intuitive and advantageous in calculation efficiency.
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Bayesian network is a powerful tool for probabilistic modeling, inference, and decision-making,
which offers assistance to decision makers working in complex and uncertain domains [224].
As introduced in the textbooks by [225–227], the Bayesian network is a directed acyclic graph composed
of vertices, edges, and conditional probability distribution. Bayesian network models use Bayes’ rules
and conditional probability to describe the joint probability of the network, and it considers both the
distribution of the variables and their dependence. Due to the use of the prior probability, the Bayesian
approach is considered as rational, making it easier for decision makers to accept the mathematical
decision making. The Bayesian decision analysis is ﬁrst introduced by [228], and later Benjamin
and Cornell [229] introduced it into engineering decision-making to provide civil engineers with a
theoretical framework for making decisions. The Bayesian network has been utilized for decision
making in most real-life problems such as forecasting, safety control, risk management [230,231], etc.
For engineering problems, Broglio and Der Kiureghian [232] proposed a Bayesian network framework
for processing evolving information to assess the condition and make decisions for strategic structures
immediately after an earthquake, Blaser et al. [233] applied Bayesian networks to near real-time
tsunami warning based on observations of earthquakes, and the Bayesian decision approach has also
been practiced for several decades for offshore inspection planning [234]. For modeling of deterioration
processes, dynamic Bayesian networks (DBN) as a special class of Bayesian networks can be used [234].
7.2.3. Inﬂuence Diagrams

An inﬂuence diagram was originally a compact representation of a decision tree for a symmetric
decision scenario. Nowadays, the inﬂuence diagram is a generalization of Bayesian networks extended
with utility functions and decision variables, which can represent and solve decision problems under
uncertainties. Inﬂuence diagrams contain three types of nodes, i.e., decision, chance, and utility,
and two types of arcs, i.e., inﬂuences and informational arcs [214]. The inﬂuence diagram provides
efﬁcient updating of a deterioration model when indirect information is available and in addition
it includes the possibility to ﬁnd expected utilities for decision alternatives [234]. Bensi et al. [235]
used the Bayesian network and inﬂuence diagram to develop a framework for post-earthquake risk
assessment and decision making for infrastructure systems. In order to reduce the number of memory
links, an alternative is to use the limited memory inﬂuence diagram (LIMID) that includes only direct
parents [236–238].
7.2.4. Fuzzy Logic Method

Fuzzy set theory and fuzzy logic are very useful for solving decision-making problems with
insufﬁcient knowledge or imprecise data. Different from the probability theory, fuzzy logic theory
expresses the uncertainty of truth in an explicit way. In the traditional sets an element is either included
in the set or is not, while an element in a fuzzy set is included with a degree of truth normally ranging
from 0 to 1 [239]. Meanwhile, fuzzy logic recognizes the lack of knowledge or absence of precise data,
and describes most variables in linguistic terms, which make fuzzy logic models very intuitively similar
to human reasoning. Ever since the ﬁrst introduction to risk management [240], fuzzy logic has been
widely applied in structure damage identiﬁcation and decision making [102,241,242]. Ganguli [243]
developed a fuzzy logic system for health monitoring of a helicopter rotor blade, which is able to
reduce the possibility of false alarms and help the maintenance engineer by roughly locating the
damage area but accurate for further nondestructive inspections. Zeng et al. [244] presented a fuzzy
based decision making methodology to handle the uncertainties and subjectivities so as to assess risks
in complicated construction situations. Meanwhile, due to the feature in describing an event/result
using natural language, the fuzzy logic approach would be particularly useful for remedying the
uncertainties and imprecision in bridge inspectors’ observations [245].
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Table 3 summarized the strength and weakness of the above discussed decision-making methods
to lay out a general guideline. (1) Decision trees are intuitive, easy to understand, and useful for
classiﬁcation because of the one-to-one linkage, and they work well with insufﬁcient data if all the
inference rules can be deﬁned based on expertise. However, due to several disadvantages [214],
decision trees are only appropriate for a small system with discrete variables. (2) Bayesian networks
are relatively simple since they are graphical models capturing cause and effect relationships through
inﬂuence diagrams. The use of Bayes’ theorem provides a formalized process to update models when
new knowledge or data becomes available and Bayesian networks can readily incorporate uncertain
information. Those features make Bayesian networks suitable for small-sized problems with sufﬁcient
knowledge of the relationships [239]. Meanwhile, with the combination of Bayesian networks, the
inﬂuence diagram is a very powerful decision tool. (3) Fuzzy logic models are very convenient in
incorporating different expert opinions and adapted to cases with insufﬁcient and imprecise data.
Due to the ability of readily incorporating data or opinions expressed by natural language, fuzzy logic
models are suited for problems that are not well understood and without sufﬁcient knowledge.
There are also many applications of combining different types of decision-making methods,
for example, fuzzy logic models can be used with Bayesian networks, hidden Markov, or decision
tree models. These combined models have the potential to solve difﬁcult problems. For example,
Ren et al. [246] developed fuzzy Bayesian networks by incorporating fuzzy logic into Bayesian network
models such that the variables can be both discrete and continuous.
Table 3. Guidelines of Decision-making Methods.
Methods

Guidelines

Decision Trees

Advantages:
suitable for simple issues and easy to understand
good at dealing with discrete variables
straightforward for decision-making with limited choices
Disadvantages:
not suitable for complex issues that require many factors and relationships
exponential growth in number of branches
all variables must be treated as discrete even if they are continuous
weak at identifying linear relationship due to its discreteness

Bayesian Networks
and
Inﬂuence Diagrams

Advantages:
suitable for simple issues and the cause-and-effect relationships are known
can estimate the conditional probability and distribution
easy to update models when new knowledge or data becomes available
Disadvantages:
not suitable for complex issues involving many variables
expensive to determine relationships and conditional probability functions
require expertise about cause-and-effect relationships

Fuzzy Logic Models

Advantages:
suitable for complex problems with insufﬁcient and imprecise data
easy to incorporate data or opinions expressed by natural language
useful for problems that are not well understood
Disadvantages:
tedious to develop fuzzy rules and membership functions
outputs can be interpreted in a number of ways making the analysis difﬁcult
require a lot of data and expertise to develop a fuzzy system

8. Summary and Future work

This study reviewed the state-of-the-art on the framework of vibration-based damage
identiﬁcation for decision making. This framework consists of several major parts including the
detection of damage occurrence using response-based methods, building reasonable structural models,
476

MDPI Books

Appl. Sci. 2017, 7, 497

damage characterization and objective functions, optimization algorithms, remaining useful life
prediction, and decision making. The framework is able to give a guideline for researchers and
engineers to implement the structure damage detection based on vibration measurements. Through the
review of recent developments in vibration-based damage identiﬁcation, the following conclusions
can be drawn and corresponding suggestions for the future research are proposed below.
8.1. Damage Diagnosis

It can be concluded that there is no outright consensus among researchers regarding which
vibration-based damage indicator or detection method is the most suitable: (1) The response-based
methods are straightforward, easy for application, and not computationally intensive, but at the
same time they do not give a quantitative assessment of damage. It is a valuable tool for damage
identiﬁcation in the preliminary stage. (2) The model-based methods assume that a detailed
well-correlated numerical model of the structure is available for damage identiﬁcation. Nevertheless,
the construction of such models usually results in modeling errors from simpliﬁed assumptions.
In order to detect damage rather than the artiﬁcial errors from the model construction, a good quality
model that could accurately predict the behavior of the structure is required, but is usually a quite
difﬁcult challenge.
Although new techniques and extensive studies have been undertaken in the recent decades,
there are still many challenges for the future research in structural damage identiﬁcation to increase
the reliability and safety of structures in civil engineering.
1.

2.

3.

4.

Most current damage detection techniques are based on linear theory and measurements, which
can be used as a rapid estimation of the damage presence if the damage is not very small.
However, if the intact structure is nonlinear by nature or a nonlinear behavior is presented due
to damage accumulation, the development of nonlinear based damage indicators or detection
methods could be more effective for robust damage detection.
The effect of various factors on the vibrational measurements needs to be considered for
damage detection, for an instance, the ambient conditions (e.g., temperature, trafﬁc, etc.),
the evolution of boundary conditions, and the variations in the mass and stiffness in real
structures. All these variations can introduce uncertainties in both the linear and nonlinear
vibrational measurements [94].
The development of detection/monitoring techniques that can take into account the modeling
errors and uncertainties is desirable to improve the correlation between experimental and
numerical results.
It is desirable to develop more effective structural models, sensitive damage indicators, and
efﬁcient optimization algorithms for the damage detection.

8.2. Damage Prognosis

As the extension of damage diagnosis and health monitoring, damage prognosis plays
an important role in predicting the future loading environment and structural performance and
eventually determining the remaining life of structures. The anticipated objective of damage prognosis
is to provide a reliable and cost-effective approach to the structure operation, assessment, and
maintenance, which consists of estimating the probability of mission completion, determining the
optimal time for preventive maintenance, and developing the appropriate operation modiﬁcations
preventing observed damage propagation [196]. The multidisciplinary nature of the damage prognosis
problem makes it a grand challenge for researchers and engineers.
1.

The remaining useful life (RUL) distribution is sensitive to many aspects as discussed in the
paper, and thus one challenge of prognosis is to minimize the uncertainty in the estimation of
RUL distribution.
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2.

3.

4.
5.
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The evolution of damage such as cracking, wear, and corrosion plays a critical role in determining
the structure health. It is strongly essential to study damage mechanisms and develop accurate
and comprehensive failure models. The prediction model of future loadings is another important
component of a successful damage prognosis.
Since the damage prognosis is affected by many sources of uncertainties, the veriﬁcation and
validation of prognosis model is very essential to establish the conﬁdence in the predictive
capabilities. In particular, a signiﬁcant challenge is to validate nonlinear models.
The probabilistic reliability analysis will be necessarily applied to quantify the conﬁdence of the
estimated RUL, which assists the decision makers for the proper action.
The future research of damage prognosis also includes the life cycle modeling considering the
effect of deterioration processes, assessment of consequences associated with possible events,
and modeling of preferences to cover the society performance [247].

8.3. Decision Making

When advanced diagnostics and prognostics provide vital information, a decision-making
strategy is used to effectively utilize the available information and to help decision makers choose the
proper action. Many well-established decision making tools are currently widely applied in business,
economics and politics, but not yet in engineering. Decision making methods should have a wide
range of potential applications and signiﬁcant impacts in structural engineering, especially in structure
assessment and maintenance.
1.

2.

3.

4.
5.

Decision making theories are of little practice to most structural managers and they often make
decisions based on their experience or on common sense. It is highly desirable to evaluate the
value of information and assess the impact on decision making, which promotes decision-making
methods being accepted by the structural managers in practice.
Due to the uncertainties of damage detection in civil structures, there is a risk of making
an inappropriate decision. The uncertainty quantiﬁcation plays a major role in decision making
and requires further research.
The output from the decision-making system should make it apparent to the decision maker,
i.e., what the recommendation is and why, including information about the expected cost for the
decision alternatives [248].
It is necessary to develop methods to evaluate the decision-making performance such as
detection/localization rate, false alarm rate, and the optimal trade-off.
For the application to real-life infrastructure systems, additional work is needed to develop more
efﬁcient approaches to improve the feasibility of near-real-time applications involving large
infrastructure systems [235].

In conclusion, the damage identiﬁcation methods still have limited applications in the practice
application [9]. Only damage detection in Level 1 and maybe Level 2 are practically achieved for
full-scale structures, while the damage quantiﬁcation in Level 3 and prognosis in Level 4 are still
a great challenge due to the scalability and other issues. Much research work is needed in the area of
damage quantiﬁcation, prognosis, and decision making for full-scale real structures in practice.
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