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Editorial on the Research Topic

Advance Sensing, Materials and Intelligent Algorithms for Multi-Domain Structural Health
Monitoring

Structural health monitoring (SHM) is an effective method to obtain and trace asystem’s operation
state by sensing its responses during its lifecycle. For decades, SHM has been widely applied to many
types of systems, such as bridges, buildings, transmission towers, wharves, machines, and equipment.
Furthermore, it is helpful to evaluate structural safety, analyze structural collapse or failure, optimize
structural design, and implement structural control. This special issue shares the original research
and review articles on the topics of novel point/distributed sensing technology for various engineering
fields, advanced nanomaterial and smart functional material and applications in SHM systems,
intelligent algorithms, Artificial Intelligence algorithms for data compression, mining and fusing
technology, mathematical theories and methods for SHM system, and other related aspects.

SHM attracts much research and has many applications in civil engineering. Jiang et al. propose an
active sensing technology based on piezoelectric ceramics for monitoring the bond-slip in old-new
concrete interfaces in anchored reinforced concrete structures. Liu et al. analyze the long-term
durability monitoring data of high-piled wharves with anode-ladder sensors embedded in the
concrete and found that the temperature affects the resistance of concrete significantly. Xiong et al.
propose a timber beam crack detection method based on the combination of stress wave sensing and
computer vision technology, which can effectively identify the crack severity. Jiang et al. used an optic
frequency domain reflectometer technology to measure the distributed strain and used the plane curve
reconstruction algorithm to calculate the shape of the deformed pipeline, which can realize the detection
of pipeline frost heave deformation. Liu et al. study and compared the failure evolution characteristics of
intact coal and fractured coal based on the maximum amplitude distribution of acoustic emission. The
research ofWang et al., has shown that a piezoresistive silicon pressure transducer would be suitable for
monitoring pore pressure and earth pressure on pile surface during jacking.

SHM can be also used to monitor or detect instruments or equipment components. Liang et al.
applied a low-cost miniature impedance board to monitor the threaded pipe connection looseness
monitoring and verified its practical performance in impedance measurement and structural damage
identification. Chen et al. propose a quantitative monitoring method of bolt looseness based on
multi-channel piezoelectric active sensing and an improved convolution neural network. Yin et al.
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employed OFDR technology to locate fatigue hot spots by
measuring the maximum curvature of dynamic umbilicus in
fatigue tests. Liu et al. propose a real-time structural health
monitoring method of a pantograph-catenary system based on
strain response inversion, which can accurately calculate the
magnitude and location of dynamic contact force between
catenary and pantograph. Zhang et al. presente a fiber Bragg
grating strain sensor with low temperature sensitivity, whose
stain transferring characteristics were conducted by experiment
calibration and reliability tests, and the advantages inprecision,
reliability, and applicability were verified by on-site tests.

The purpose of SHM is to monitor the structural operation
state. To evaluate structural safety and optimize structural
design, Cheng et al. present an improved adaptive technology
termed the distant relative genetic algorithm for the structural
reliability optimization design. Li et al. carried out finite element
analysis on the collapse of a transmission tower-line system
caused by ice shedding, and systematically studied collapse
caused by ice shedding and its influencing parameters. Zhang
et al. propose the holistic design scheme of an energy-pile bridge
de-icing system based on ontology multi-objective decision
making and combined it into an overall design tool. Zhang
et al. studied the effect of aftershocks on the fragility of single-
story masonry structures using a probabilistic seismic demand
analysis model. Xu et al. propose a fatigue reliability calculation
method based on the sequential law and the whole-range S-N
curve, where the fatigue reliability of rib-to-deck welded joints
of an orthotropic steel deck was evaluated with consideration of
the effect of load sequence. Wang et al. applied the novel
gradient concrete to the tower of the Chizhou Yangtze River
Bridge. The finite element analysis results show that the FGC
tower has good mechanical properties and durability for the
cable-stayed bridge towers. Wang et al. studied the effects of
different diameters on pile tip resistance, pile side resistance,
pile axial force, and pile force transmission during static
pressure pile penetration.

To make structure safes, structural control is another effective
method. Chen et al. have designed a novel damping-limit device

to strengthen the purlin roof structure and improve its seismic
performance. Gao et al. carried out tensile and compressive tests
on a U-shaped steel damper considering different test parameters
and derived theoretical calculation formula for its mechanical
properties. Sun et al. performed parameter optimization design of
a negative stiffness device for highway bridges based on a
performance genetic algorithm, which obtained a better shock
absorption effect. Ye et al. studied the vibration control
performance of viscoelastic materials pounding a tuned mass
damper at different temperatures, whose temperature robustness
was validated by the experiments.
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Model Test of Jacked Pile Penetration
Process Considering Influence of Pile
Diameter
Yonghong Wang1,2*, Songkui Sang1, Xueying Liu1, Yongfeng Huang1, Mingyi Zhang1,2 and
Dezi Miao1

1School of Civil Engineering, Qingdao University of Technology, Qingdao, China, 2Collaborative Innovation Center for Engineering
Construction and Safety of Blue Economic Zone, Qingdao, China

In order to investigate the influence of different diameters on pile end resistance, pile side
resistance, pile axial force and pile force transmission law of jacked pile penetration, two
pairs of embedded sensitized microfiber grating sensors were installed by slotting the pile
body. The pile-jacking process of static-pressing viscous foundation soil with different
diameters of closed-tube model piles was successfully monitored. The test results show
that the pile pressure, pile end resistance and pile side resistance of the two test piles
increase linearly with the increase of pile depth.When the pile jacks, the final pressure of the
test pile TP1 is higher than that of the test pile. TP2 is 31% higher, pile end resistance is
18% higher, and total side resistance is 57% higher. The results show that increasing the
pile diameter can significantly increase the pile side resistance; under different penetration
depths, the pile side resistance is from top to end. Continuously exerted, the axial force of
the pile body decreases with the depth of the pile and the slope of the distribution curve of
the axial forcegradually decreases. At the maximum penetration depth, the axial force of
the pile TP1 is 18% larger than that of the test pile TP2; As the depth increases, the unit side
resistance at the same penetration depth gradually decreases, that is, the side resistance
has a “degradation effect”; at the end of the pile jacking, the percentage of the pile end
resistance to the pile force exceeds 50%, that is, the pile end resistance bears most of the
load. This research can be used as a reference for the study of pile driving mechanism in
clayey and layered clayey soils.

Keywords: fiber bragg grating sensor, jacked pile, different pile diameter, force state, model test

INTRODUCTION

Many scholars at home and abroad have conducted field tests [1–3] and indoor tests [4–7], combined
with numerical simulation, to study the force state of the pile body in the process of pile jacking.
Doherty et al. [1] carried out field tests of open pile and studied the stress during pile jacking. Zhang
et al. [2] studied the main influence and effect of soil clogging through field tests, and studied the
change rule of pile end resistance. Han et al. [3] conducted a slow-maintaining static load test for
closed and open steel pipe piles driven side-by-side, and studied the difference in resistance between
the two piles. Paik [4] studied the influence of soil plugs on the bearing capacity of open-ended pipe
piles, and quantified it with an incremental filling rate. Combined with indoor model pile tests, they
proposed an empirical relationship for the bearing capacity of open-end piles. Zhang et al. [5]
monitored the change and displacement of soil around the pile through indoor model tests. Lehane
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et al. [6] studied the aging effect of pile resistance in sand through
new laboratory tests. White et al. [7] used centrifuge model piles
equipped with side pressure sensors, and obtained the
degradation effect of resistance by referring to other laboratory
and field experimental data.

At present, most indoor model tests study the load transfer law of
pile body during pile jacking from the aspects of foundation soil
layer, pipe pile length and different pile end forms [8–12]. However,
there are few studies on the influence of pipe pile diameter on the
force state of jacked pile during pile jacking. Traditional test methods
mostly use strain gauges attached to the outside of the pile, but the
pile jacking process is easily damaged by the resistance of the soil
around the pile, which is greatly affected by the environment, low
reliability, and low accuracy [13–15]. Fiber grating technology is a
new type of test element that has been vigorously developed in recent
years. Because of its small size, high sensitivity, good long-term
stability, light weight, and strong anti-interference ability, it has
gradually replaced strain gauges and has become more popular by
most people. It is widely used in practical engineering and model
tests [16, 17]. In this paper, the sensitivity-enhancing miniature fiber
grating sensor and the pile top pressure sensor have been successfully
applied to the indoor jacked pile penetration model test in the silt
and clay layer. Analyze and study the difference in load-bearing
performance of two closed-end model pipe piles with different pile
diameters during the pile jacking process of pile shaft force, pile side
resistance, pile end resistance, pile pressure, etc. The test results
provide practical value and guiding significance for actual
engineering and related academic research.

EXPERIMENT PREPARATION

The test site is located in the Power Experiment Center of
Qingdao University of Technology. The instrument used in
the test is a large-scale model test system developed by the
Qingdao University of Technology.

Test System
The system mainly includes loading system, data acquisition
system and model box. Among them, the size of the model
box is 3 m × 3 m × 2 m (length ×width × height), which is welded
by steel plates. In order to observe the pile jacking process, a
tempered glass window is installed on the front of the model box;
The instruments used for data acquisition are mainly FS2200RM
fiber grating demodulator and DH3816N static strain acquisition
instrument; the test loading system is shown in Figure 1.

Foundation Soil Production
The soil sample used in the indoormodel test was taken from the silty
clay layer of a residential project inQingdao. The close-up view of the
soil sample is shown in Figure 2. After the soil samples are sent to the
laboratory, they are filled in layers, rolled, and mechanical vibrating.
The vibrating operations are shown in Figure 3. After the soil sample

FIGURE 1 | Large scale indoor model test loading system.

FIGURE 2 | Close-up view of the ground foundation soil.
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is evenly vibrated, it is sprinkled with water and covered with
mulendle layers of film. After standing for about 30 days, the pile
pressure test is officially carried out. Before the indoor pile pressure
test, a series of indoor geotechnical tests were carried out according to
the “Standard for Geotechnical Test Methods” (GB/T 50123-1999)
[18], and the related physical and mechanical parameters were
determined. The specific parameters are shown in Table 1.

Model Pile
In this indoor test, a total of 2 jacked pile tests with different
diameter model piles were carried out. the ends of the two model
piles are connected to the ends of the pipe piles with hexagon
socket head bolts to form a closed mode.

The two piles are made of aluminum with the same material.
According to the existing research, it is feasible to analyze the
mechanical characteristics of pile foundation by using aluminum
model pile in laboratory test. Duan [19]. simulated the
mechanical characteristics of Marine fan pile foundation under
vertical load by indoor test of aluminum pile. Tang Shidong [20]
studied the influencing factors of pile lateral friction by installing
strain gauges in aluminum piles.

In this test, the parameters of model pile are determined by the
similarity theory. Large steel piles are 3–6 m in diameter and
30–50 m in length [21]. In this paper, according to the prototype
pile, the pile length is 40 m, the pile diameter is 5.6 m, the elastic
modulus is 210 GPa, and the Poisson’s ratio is 0.3. In order to
satisfy the load similarity ratio, the geometric similarity ratio was
determined to be 40, the elastic modulus similarity ratio was 2.9,

and the Poisson’s ratio similarity ratio was 1. The test piles were
made of aluminum pipe piles TP1 and TP2 with an elastic
modulus of 72 GPa, Poisson’s ratio of 0.3, diameter and length
of 140 and 1000 mm, respectively. The specific parameters of the
model pipe piles are shown in Table 2.

INTRODUCTION AND INSTALLATION OF
SENSORS

Introduction of Fiber Grating Sensor
The fiber grating sensor used in the experiment is the JMFSS-04
sensitized miniature fiber grating sensor (hereinafter referred to
as FBG sensor) produced by Shenzhen Testing Technology Co.,
Ltd., which is mainly composed of FC connector, fiber grating,
clamping sleeve and pigtail, such as shown in Figure 4A. Some
specific parameters of the FBG sensor are shown in Table 3. The
center wavelength of the sensor is not listed in the table.

The Layout of Fiber Grating Sensor
The model piles TP1 and TP2 in this experiment are all grooved and
embedded with 6 FBG sensors. The specific installation process is as
follows:① A shallow groove with a width of 2mm and a depth of
2mm was opened on the surface of the pipe pile. ② Wipe the
installation location of the FBG sensorwith alcohol and cotton balls.③
The FBG sensors are numbered 1#∼6# sequentially from the pile end
to the pile top, and the distribution form is dense at the end and sparse
at the top. The sensor spacing is shown in Figure 4B.④ Pre-tension
the FBG sensor for about 2 nm and fix it with 704. The operation
process is shown inFigure 4C.⑤After scrubbing the FC connector of
the FBG sensor with alcohol and cotton balls, connect it to the
FS2200RM fiber grating demodulator to detect its survival rate. The
result shows that all survived. Finally, epoxy resin is used to encapsulate
the surface of the pile so that the surface is flush with the pile body.

Pile Top Pressure Sensor
The pressure sensor is mainly used to measure the pile pressure
during the pile jacking process. Its specific parameters are shown
in Table 4. The sensor is easy to install and does not need to be
tightly connected with the model pile. It only needs to be aligned
before starting the pile jacking. Just place the center of the quasi-
pile top horizontally on the top of the pile, as shown in Figure 5.

INDOOR PILE JACKING TEST

After 30 days of consolidation for the remodeled soil sample of the
foundation, the excess pore pressure gradually dissipated and the

FIGURE 3 | Grounding of foundation soil.

TABLE 1 | Physical and mechanical parameters of soil samples.

Relative
density
ds

Internal
friction
angle
φ (o)

Cohesion
c (kPa)

Severe
γ (kN/
cm3)

Moisture
content
w (%)

Liquid
limit

wL (%)

Plastic
limit

wp (%)

Plasticity
index
Ip (%)

Compression
modulus
Es1-2

(MPa)

2.73 8.6 14.4 18.0 34.8 34.8 21.2 13.5 3.3
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effective stress increased. Through a series of indoor geotechnical
tests, the soil sample has been tested to meet the test requirements,
and the pile jacking test can be carried out.

Test Plan
In order to ensure the smooth progress of the test and real-time
monitoring of the load change law of the pile jacking process,
such as pile pressure and pile end resistance, the followingTable 5
test plan is proposed.

Selection of Stake
According to the “Technical Specification for Building Pile
Foundations” (JGJ 94-2008) [22], the minimum center
distance of foundation piles is 4D (D: pile diameter), the two
sets of model pipe piles in this experiment are all arranged in the
center of the model box, and the center of the pile is 1400 mm
from the boundary of the model box, which meets the above
requirements, and the boundary effect can be ignored [23].

Experimental Procedure
The specific steps of pile jacking test are as follows: ① The
hydraulic jack on the loading beam is moved to the designated
pile position through the electronic control system.② urn on the
system host and control the jack to rise to a certain height through
the oil pump. Put the test pile upright on the pile to be pressed,

TABLE 2 | Model pipe pile parameter table.

Test pile number Pile material Diameter (mm) Pile length (mm) Wall thickness (mm) Pile end form Elastic modulus (GPa) Poisson ratio

TP1 Aluminum pipe 140 1000 3 Closed-ended 72 0.3
TP2 100 1000 3 Closed-ended 72 0.3

FIGURE 4 | FBG sensor installation. (A) Sensitization miniature FBG sensor (B) FBG sensor spacing (C) Pre-stretch.

TABLE 3 | sensitization micro FBG sensor parameter table.

Parameter type Wavelength interval
(nm)

Center wavelength
(nm)

Range (µε) Resolution (µε) Operating temperature
(°C)

Value size ±3 1510∼1590 ±1500 1 −30∼120

TABLE 4 | Pile top pressure sensor parameters.

Pressure sensor Diameter (mm) Height (mm) Range (MPa) Acquisition equipment

Demodulator 70 25 1 Fiber rating

FIGURE 5 | Pile top pressure sensor.

Frontiers in Physics | www.frontiersin.org April 2021 | Volume 9 | Article 6164104

Wang et al. Model Test Jacked Pile Penetration

10

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


and use a magnetic box level to adsorb on the surface of the pipe
pile to determine whether the pipe pile is vertical to prevent
eccentric compression. ③ After confirming that the pipe pile is
upright, pressurize again through the system host to control the
oil pump, so that the hydraulic jack is slowly and uniformly
lowered until it stops pressurizing when it is about to touch the
top of the model pile. ④ Connect the transmission lines of each
FBG sensor and pile top pressure sensor to their corresponding
collection instruments in turn. ⑤ After confirming that the
connection is correct and the parameters have been adjusted,
data collection will be carried out before the formal pile jacking
test. ⑥ In view of the limited stroke of the hydraulic jack, the
entire pile jacking process is completed in two times, with a pause
in the middle to increase the falling height of the jack. The pile
jacking process is shown in Figure 6.

FBG SENSOR DATA PROCESSING

In order to study the influence of different diameters on the pile
side resistance, In this sample, the FBG sensor is pasted on the
surface of the pile and the wavelength difference of the optical
fiber measured by the FS2200RM fiber grating demodulator
during the pile jacking process. According to the wavelength

difference, the unit resistance of the pile side is calculated by
Eqs 1, 2.

The expression of the strain change value is as follows:

ΔλB � 1 − PeλBΔε � KεΔε, (1)

where: ΔλB is the wavelength difference (nm); Pe is the effective
elasticity coefficient of the grating; λB is the center wavelength of
the light grating (nm); Δε is the strain change value; Kε is the
sensitivity coefficient (pm/με).

The expression of the axial force N during the pile jacking
process is as follows:

Ni � EcΔεAp, (2)

where: Ni is the pile shaft force at the ith FBG sensor position
(KN); Ec is modulus of pile concrete (MPa); Δε is the strain
change value of the pile body; Ap is the cross-sectional area of the
pile body (mm2).

The expression of the unit resistance of the pile side during pile
jacking is as follows:

Qi � Ni − Ni+1, (3)

qi � Qi

uli
� Ni − Ni+1

πDli
, (4)

where: Qi is the side resistance of the ith section (kN); qi is the
unit side resistance of the ith section (kPa); u is the perimeter of
the pile (m); li is the distance between section i and i + 1(m); D is
pile diameter (m).

TEST RESULTS AND ANALYSIS

Analysis of Pile Pressure During Pile
Jacking
The pile pressure in the process of pile jacking ismainlymeasured by
the pile top pressure sensor. Aiming at the cohesive soil environment
of this experiment, in order to better observe the influence of pile
diameter on the pile pressure during pile jacking, plot the curve of
the pressure of the test piles TP1 and TP2 with the depth of the pile
during the entire pile jacking process, as shown in Figure 7.

It can be seen from Figure 7 that the pile pressure of the two
test piles increases approximately linearly with the increase of the
pile jacking depth. The pile pressure of the test pile TP1 is always
greater than that of the test pile TP2 throughout the pile jacking
process, Mainly because the larger the pile diameter, the larger the
contact area between the pile body and the clay, the greater the
compaction of the soil around the pile, and the compacted pile
end soil and the soil around the pile cause the pile pressure to
increase continuously. When the pile jacking depth reaches the

TABLE 5 | Test pile test plan table.

Test pileNumbering Pile
jacking depth (mm)

Pile
jacking speed (mm/min)

FBG sensor (pc) Pressure sensor (pc)

TP1 900 300 6 1
TP2 900 300 6 1

FIGURE 6 | Pile jacking process.
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maximum, the final pressure of the large-diameter test pile TP1 is
2.94 kN, and the final pressure of the small-diameter test pile TP2
is 2.24 kN. Through comparison, it can be found that the final
pressure of the test pile TP1 is 31% higher than that of the test pile
TP2, indicating that the pile diameter has a greater influence on
the final pressure. The main reason is that different pile diameters
affect both the pile end resistance and the pile side resistance.

Analysis of Pile End Resistance During Pile
Jacking
The pile end 1# sensor can be used to measure the change law of
the pile end resistance of each test pile during the pile jacking
process. The change trend of the pile end resistance of different
test piles during the pile jacking process reflects the influence of
the size of the pile diameter on the load transfer mode. The
change in pile end resistance during the process is shown in
Figure 8, and the percentage of pile end resistance in the pile
pressure at different pile jacking depths is shown in Figure 9.

It can be seen from Figures 8, 9 that during the entire pile
jacking process, the pile end resistance of the two pipe piles
showed a gradual increase with the increase of the pile jacking
depth. When the pile jacking depth is less than 10 cm, the pile end
resistance of the two test piles increases rapidly, and the
phenomenon of test pile TP1 is more obvious. The value can
reach 0.793 kN, accounting for 77.59% of the pile pressure. The
pile end resistance of test pile TP2 The growth rate of TP1 is
smaller than that of TP1, but the percentage of pile pressure is far
more than 65%; The reason for the analysis may be that in the
early stage of pile jacking, the test pile disturbs the soil around the
shallow pile a lot, the pile body is not in close contact with the
surrounding soil, the soil squeezing effect is not obvious, and the

side resistance of the pile has not been well exerted. Most of the
pile pressure is borne by the pile end. Because the pile diameter of
the test pile TP1 is large, the disturbance range of the shallow pile
surrounding soil is large, and the pile side resistance is small, so
the pile end resistance growth rate is large. piles TP1 and TP2
becomes slower, especially in the range of 10 cm∼30 cm, the pile
end resistance of the test pile TP1 increases from 0.793 kN to
0.827 kN, and the test pile TP2 Increased from 0.248 kN to
0.545 kN, the increase is relatively small, especially when the
pile jacking depth is 30 cm, the ratio of the pile end resistance to

FIGURE 7 | Variation of pile force during pile jacking.

FIGURE 8 | Change of pile end resistance during pile jacking.

FIGURE 9 | Pile end resistance as a percentage of the pile force.
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the pile pressure of the two test piles reaches the minimum
56.07% and 59.30%; The reason for the analysis may be that as the
penetration depth increases, the contact area between the pile and
the soil increases, and the compaction effect of the pile on the
surrounding soil makes the side resistance of the pile gradually
play from top to end, so the increase rate of the pile end resistance
becomes slow. Throughout the pile jacking process, the pile end
resistance of the test pile TP2 is always smaller than that of the
test pile TP1. The reason is that although the pile end form of the
two test piles is the same as the pile length, the test pile TP2 has
the smallest pile diameter and the pile-soil interaction area is
small. When the pile jacking depth reaches 90 cm, the end
resistance of the test pile TP3 is 1.75 kN, the end resistance of
the test pile TP2 is 1.48 kN, and the pile end resistance of the test
pile TP1 accounts for 59.5% of its pressure. The test pile TP2 The
end resistance of the piles accounted for 66.2% of the pile
pressure, and the end resistance of the large-diameter test pile
was 18% higher than that of the small-diameter pile; It shows that
the pile jacking process of cohesive soil, the pile end resistance of
the two groups of different pile diameters accounts for a large
percentage of the pile pressure force, and the pile end resistance
bears most of the load. The side resistance increases within a
certain value range.

Analysis of Pile Side Resistance During Pile
Jacking
Using FBG sensors at different positions of the pile body, using
FS2200RM fiber grating demodulator to collect different
wavelength differences, using Eqs 1–3 to convert, pile side

resistance of each test pile changes with the pile jacking depth
The curve is shown in Figure 10.

It can be seen from Figures 10, 11 that: on the whole, the pile
side resistance of each test pile gradually increases with the
increase of the pile jacking depth, which is consistent with the
research results of Rao et al. [24] and Alawneh et al. [25]. It is
analyzed that with the increase of the pile jacking depth, the
contact area between the pile body and the soil increases, and the
lateral pressure of the soil around the pile gradually increases,
which makes the pile side resistance increase. In the range of
10 cm of pile jacking depth, the value of pile side resistance is very
small, basically not exceeding 0.1 kN, and the ratio of side
resistance to pile pressure is the smallest. This is mainly
because the shallow soil body shakes more strongly during the
pile jacking process, and the test pile with a larger pile diameter
has a larger impact range, resulting in a certain gap between the
pile and the soil, and the contact is no longer tight, as a result, the
side resistance of pile in shallow soil is small. When the
penetration depth is more than 10 cm, the side resistance of
large diameter test pile is much greater than that the small
diameter test pile at the same pile jacking depth, And at the
pile jacking depth of 30 cm, the side resistance accounts for the
highest proportion of the pile pressure. The test pile TP1 is about
44%, and the test pile TP2 is about 41%. The ratio of pile side
resistance to pile pressure with small pile diameter is about 10%
less than that of the test pile with large pile diameter; The reason
may be that the diameter of the test pile TP2 is small, the contact
area between the pile body and the soil is small, and the degree of
side resistance is lower than that of the test pile TP1, which makes
the value of the pile side resistance lower. And when the pile
jacking depth reaches 90 cm, the side resistance of the test pile
TP1 is 1.19 kN, and the ratio of pile side resistance to pile pressure
is 40.54%. The side resistance of the test pile TP2 is 0.76 kN and
the ratio of pile side resistance to pile pressure is 33.87%.
Compared with the test pile TP2, the side resistance of TP1 is

FIGURE 10 | Variation of the side resistance of the total pile during pile
jacking.

FIGURE 11 | The side resistance of the pile as a percentage of the
pile force.
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57% higher, and the ratio of pile side resistance to pile pressure is
6.67% higher. It shows that the diameter is an important factor
that affects the side resistance of the pile, because the larger the
diameter of the pile, the larger the surface area of the pile in
contact with the surrounding soil. The more obvious the
compaction of the soil around the pile during the pile jacking
process, the greater the lateral pressure, The value of pile side
resistance is correspondingly large. For piles that rely on friction
to carry the load, the effect of increasing the diameter of the pile
body is more significant.

Analysis of Axial Force Results of Test Pile
Through Eqs 1, 2, the axial force distribution curves of the two
test piles during the entire pile jacking process can be obtained, as
shown in Figure 12.

It can be seen from Figure 12 that the axial force
distribution of the test piles TP1 and TP2 is similar: at
different pile jacking depths, the axial force of the pile body
decreases with the increase of the pile jacking depth. The
deceleration rate of the test pile TP2 is greater than that of
the test pile TP1. And the slope of the axial force distribution
curve along the pile body gradually decreases, which is
consistent with the research results of Murthy et al. [26]
and Cooke et al. [27]; It shows that the side resistance of
the pile plays a role from top to end, and the resistance
gradually increases along the pile body. The axial force is
the smallest at the pile end and the side resistance is the largest.
The reason may be: under different penetration depths, as the
pile jacking depth gradually increases, the lateral pressure of
the soil around the pile gradually increases, Make the bond
between the soil particles and the pile body closer, thereby
increasing the friction between the pile and the soil, And the
process of load transmission down the pile body continuously
overcomes the resistance and spreads to the surrounding soil
through it. The increase of the pile side resistance makes the
axial force decrease larger, so the slope of the pile shaft axial
force curve is smaller. In addition, by comparing the two test

piles with different pile diameters at the same jacking depth, it
can be found that the axial force of the test pile TP1 is larger
than that of the test pile TP2, and the two test piles have
increased with the penetration depth, the same jacking The
axial force at the depth of the pile gradually increases. The
reason for the analysis may be that the greater the pile jacking
depth, the greater the gravity stress of the soil on the pile body,
so the axial force gradually increases, The smaller the pile
diameter and the larger the length of the test pile, the smaller
the contact area between the pile end and the soil during the
pile jacking process, the smaller the compressive rigidity of the
test pile, and the smaller the pressure, so the same pile jacking
depth test pile TP2 pile The body axial force is smaller than the
test pile TP1. At the maximum penetration depth, the axial
force of the test pile TP1 is 1.75 kN, and the axial force of the
test pile TP2 is 1.48 kN. The test pile TP1 is 18% larger than the
test pile TP2. It shows that the pressure of the pile with a large
diameter is large, and the axial force of the pile body is
also large.

Analysis of the Unit Resistance Result of the
Test Pile Side
Assuming that the side resistance of each test pile is evenly
distributed along the pipe pile body, the midpoint between the
upper and lower adjacent FBG sensors is intercepted as the unit
side resistance corresponding to the depth of the section. The unit
side resistance distribution diagram of the test piles TP1 and TP2
As shown in Figure 13.

t can be seen from Figure 13 that the variation trend of unit
side resistance of test piles TP1 and TP2 is similar under different
penetration depths, That is: the unit side resistance increases
unevenly with the increase of the pile jacking depth, and the
overall distribution is that the upper soil layer is small and the
lower soil layer is large. The reason may be that in the early stage
of pile jacking, the pile disturbs the soil greatly, and the contact
between the pile and the soil around the pile is not close. At this
time, although the unit side increases, the increase is small, and
the penetration depth of the pile gradually increases. The
horizontal lateral pressure provided by the soil around the pile
is large, so the unit side resistance is gradually exerted, the slope of
the curve is large, and the axial force of the pile body reaches the
maximum value at the maximum penetration depth. By
comparing the distribution of unit side resistance at the same
jacking depth of each test pile, it can be found that as the
penetration depth increases, the unit side resistance gradually
decreases, that is, there is a “degradation effect” in the side
resistance [28]. The reason for the analysis may be: the greater
the penetration depth, the disturbance of the upper soil layer is
much greater than that of the lower soil layer, which increases the
contact gap between the soil around the upper pile and the test
pile, resulting in a gradual decrease in pile side resistance. The
other reason is that before the pile is put into the soil, the pile
body is relatively rough; after the pile is put into the soil, the
relative roughness is reduced due to the fine clay particles filling
the convex and concave surface of the pile body, resulting in a
reduction in the friction angle, so the pile side resistance is

FIGURE 12 | Axial force distribution diagram of each test pile body.
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degraded. And at the same pile jacking depth, the unit side
resistance value of the test pile TP1 is larger than that of the
test pile TP2. The reason is that the pile diameter of the test pile
TP1 is large, so the unit friction area between the pile and the soil
is large, so the value is larger. By comparing the distribution of
unit side resistance of each test pile at the maximum penetration
depth, it is found that the value of test pile TP1 is 5.69 kN, the
value of test pile TP2 is 4.94 kN, and the unit side resistance of the
test pile TP1 is 15% higher than that of the test pile TP2, which
means that the pile-soil contact area is small during the process of
pile jacking of the small diameter test pile, so the unit side
resistance is low.

Analysis of Stress Behavior During Pile
Jacking
In order to study and analyze the total stress state of the two
model pipe piles in the process of pile jacking, Figure 14 is drawn.

It can be seen from Figure 14 that the pile pressure and pile
end resistance during the whole process of pile jacking of the
two test piles gradually increase with the increase of pile
jacking depth, which is consistent with the research results
of Chan et al. [28]. And when the pile jacking depth is less than
10 cm, the pile pressure is equal to the pile end resistance; it
can also be seen from the figure that the overall change trends
of the test piles TP1 and TP2 are similar, but in terms of value,
the pile pressure, pile end resistance and the pile side resistance
of TP1 are larger than the test pile TP2; the main reason is that
the test piles TP1 and TP2 have the same length of 1000 mm,
and both are closed pipe piles. At the same pile jacking speed,
the two test piles Similar trends; However, due to the large
diameter of the test pile TP1, during the pile jacking process,
the contact area between the pile body and the soil around the
pile is large, and the lateral pressure of the soil is large,
resulting in a large proportion of the pile side resistance in
the pile pressure.

FIGURE 13 | Distribution of side resistance of each test pile body. (A) Test pile TP1 (B) Test pile TP2.

FIGURE 14 | Load curve of the entire pile of test piles. (A) Test pile TP1 (B) Test pile TP2.
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CONCLUSION

Aiming at the cohesive soil environment, this paper compares the
bearing performance of model test piles with different pile
diameters through indoor jacked pile tests, and draws the
following conclusions:

(1) The pressure, end resistance, and side resistance of the two
test piles of different diameters increase approximately
linearly with the increase of the pile jacking depth; at the
end of the pile jacking, the pressure of the test pile TP1 is
higher than that of TP2 31%; in terms of pile end resistance,
the test pile TP1 accounted for 59.5% of pile pressure, the test
pile TP2’s pile end resistance accounted for 66.2% of pile
pressure, and pile end resistance of the two test piles
accounted for the percentage of the pile pressure Both
exceed 50%, that is, the jacked pile of cohesive soil, and
the pile end resistance bears most of the load;

(2) At the end of the pile jacking, the side resistance of the test
pile TP1 is 1.19 kN, the pile side resistance of the test pile TP2
is 0.76 kN, and the test pile TP1 is 57% higher than the test
pile TP2, It is shown that the diameter is an important factor
affecting the exertion of pile side resistance.

(3) The axial force distribution of the test piles TP1 and TP2 are
similar. Under different penetration depths, the pile side
resistance continues to play from top to end, which causes the
pile shaft axial force to continue to decrease as the pile jacking
depth increases and the axial force distribution The slope of
the curve gradually decreases; at the maximum penetration
depth: the axial force of test pile TP1 shaft with a larger pile
diameter is 18% larger than the test pile TP2 with a smaller
pile diameter.

(4) As the penetration depth increases, the unit side resistance at
the same pile jacking depth gradually decreases, that is, there
is a “degeneration effect” in the side resistance.

(5) The law is found in homogeneous clay soil with specific
moisture content. The variation laws of pile compression
force, pile tip resistance, pile shaft axial force and pile lateral
friction resistance obtained in this paper can provide
reference for the study of pile driving mechanism in
homogeneous clay and layered clay.
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Monitoring and Analysis of Pore and
Earth Pressure at the Pile Surface
Using Piezoresistive Silicon Pressure
Transducers
Yonghong Wang, Yongfeng Huang, Mingyi Zhang* and Jiaxiao Ma

Department of Civil Engineering, Qingdao University of Technology, Qingdao, China

The piezoresistive silicon pressure transducers based on the piezoresistive effect have
demonstrated their potential in the accurate monitoring of pressure. However, their usage
in the pore and earth pressuremonitoring at the pile surface under hydraulic jacking has not
yet been explored. In this study, two self-made model piles (one is a closed-ended pile and
the other is an open-ended pile) were instrumented with piezoresistive silicon earth
transducers and pore pressure transducers and then driven into the soil using a
hydraulic jack. A comprehensive investigation was first carried out for the structure of
the model piles, the installation procedure of the transducers, and the composition of the
test system. The pore and earth pressure measurements of the transducers were used for
the evaluation of the distribution of the pore pressure, excess pore pressure, radial earth
pressure, and radial effective earth pressure. The model test results indicate that the
piezoresistive silicon pressure transducers are suitable for monitoring the pore and earth
pressure at the pile surface during jacking. In addition, the pore pressure, excess pore
pressure, radial earth pressure, and effective radial earth pressure along the test piles were
affected by the penetration depth and the pile end form.

Keywords: model test, pore pressure, jacking method, piezoresistive silicon transducers, radial earth pressure

INTRODUCTION

With the rapid development of the economy, many high-rise and ultra high-rise buildings have been
built in the cities, and the shallow foundations can no longer meet the bearing capacity and
deformation requirements of these buildings. Therefore, precast piles composed of cement (Ghahari
et al., 2018; Hou et al., 2018; Liang et al., 2020), sand-gravel aggregates, and steel bars have been
widely used in engineering. The commonmethod for pile installation is dynamic driving method and
hydraulic jacking method. The hydraulic jacking method is a construction method that uses static
pressure to drive precast piles into the soil (Kou et al., 2018). Compared to the dynamic driving
method, the hydraulic jacking method has many advantages such as no noise, no vibration, fast
construction speed, and little damage to the pile body (Wang et al., 2017a; Wang et al., 2019) and is
very popular in many engineering fields.

However, the piles are not only subjected to complex forces during jacking but also generate
excess pore pressure and radial soil pressure, adversely affecting the bearing capacity of the piles and
adjacent buildings. As early as 1932, Casagrande. (1932) found that pile jacking caused clay
disturbance around the pile and pointed out that the clay within a certain range around the pile
was completely or largely remodeled to maximize the bearing capacity of the pile. Seed and Reese.
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(1957) confirmed Casagrande’s observations with piles
penetration test in the field. The field test shows that the
pressure generated by the pile installation is mainly transferred
to the soil around the pile with increasing pore water pressure. In
the subsequent studies, these findings, indicating the limitations
of the hydraulic jacking method, were supported by Bjerrum.
(1967) and explained by Roy et al. (1981). More recently, Mccabe
and Lehane. (2006), Igoe et al. (2011), and Kou et al. (2015)
confirmed the importance of monitoring and studying the
mechanism of the excess pore pressure and radial earth
pressure in the process of pile jacking.

As mankind enters the information age, all social activities of
people are centered on information acquisition and information
conversion. As an important means of information acquisition
and information conversion, sensors are at the forefront of
information science and the basis for informationization
(Chen et al., 2020; Huang et al., 2020; Su et al., 2020). The
common method to measure the pore pressure and earth
pressure during the process of pile jacking is to install the
pore pressure and earth pressure sensors at different depths
within a certain range of the pile diameter. In 1958, Bjerrum
et al. (1958) first successfully measured the pore pressure of soil
around the pile through a field test. These observations,
indicating that the pore pressure reaches the maximum value
at the end of pile jacking and the pore pressure is related to the
overburden weight, were supported by Orrje and Broms. (1967)
and monitored by Airhart et al. (1969) through this measurement
method. Randolph et al. (1979) and Steenfelt et al. (1981)
installed the earth pressure sensors around the pile and
monitored the radial earth pressure during jacking. In the
subsequent studies, Pestana et al. (2002) and Li et al. (2018)
successfully measured the distribution and variation of the earth
pressure around the pile by this method. However, Lo and
Stermac. (1965) and Jardine and Bond. (1989) found that the
pore and earth pressure decreases rapidly with increasing
distance from the pile and is quite different at the pile surface
than that around the pile. Therefore, using the pore and earth
pressure around the pile as the pore and earth pressure at the pile
surface would cause an error, limiting the study of pore and earth
pressure characteristics at the pile surface. There are a few reports
on the monitoring of the pore and earth pressure at the pile
surface (Lehane and Jardine, 1994; Liu et al., 2019), and the
sensors used in the experiments are the traditional pressure
sensors, which cannot meet the test requirements well.
Compared to the traditional pressure sensors, the working
principle, material characteristics, and manufacturing process
of piezoresistive silicon pressure transducers are different.
Compared with piezoresistive silicon sensors, traditional earth
pressure cell and hydraulic pressure gauge have low sensitivity,
narrow measurement range, low dynamic acquisition frequency,
large size, and insufficient linearity stability, which makes it
difficult to meet the long-term health monitoring
requirements of actual projects (Vaughan and Walbancke,
1973; Lyne and Jack, 2004; Chen et al., 2019). The
piezoresistive silicon pressure transducers with high sensitivity,
good linearity, good stability, small size, and other advantages
have been successfully used in the monitoring of structural health

(Li et al., 2010; Moslehy et al., 2010), concrete strength
(Dumoulin et al., 2012), microcracks formation (Xu et al.,
2013; Jiang et al., 2017), and interfacial debonding (Feng et al.,
2016). However, there are no reports on the use of the
piezoresistive silicon pressure transducers to monitor the pore
and earth pressure at the pile surface during the pile jacking in the
model test.

In this study, the piezoresistive silicon pore pressure
transducers and earth pressure transducers were installed in
the holes of two self-made model piles: 1) open-ended pile
and 2) closed-ended pile. The pore water pressure and earth
pressure at the pile surface were tested during pile jacking. The
distribution and variation of the pore pressures, excess pore
pressure, radial earth pressure, and effective radial earth
pressure at the pile surface in the process of jacking were
analyzed. In addition, the effects of the pile end form on
varying pore and earth pressures were considered. This study
provides a reference for subsequent research on the measurement
method of the pore and earth pressures at the pile surface.

THE PRINCIPLE OF PIEZORESISTIVE
SILICON PRESSURE TRANSDUCER

The Basic Principle
The piezoresistive silicon pressure transducer works on the
principle of the piezoresistive effect of monocrystalline silicon.
Four equivalent semiconductor resistors are installed in a specific
direction of the silicon diaphragm and connected to the
Wheatstone bridge. When the diaphragm of the transducer is
affected by external pressure and the Wheatstone bridge is out of
balance, the output voltage proportional to the measured pressure
was obtained by adding the exciting power supply to the
Wheatstone bridge.

The output voltage of the bridgeV0 can be expressed as follows
(Li et al., 2010):

V0 � [(R1 + ΔR1)(R3 + ΔR3) − (R2 − ΔR2)(R4 − ΔR4)]
(R1 + R2 + ΔR1 − ΔR2)(R3 + R4 + ΔR3 − ΔR4) × V1,

(1)

where VB is the supply voltage, Ri is the resistance of
semiconductor resistors, i � 1, 2, 3, 4, and ΔRi is the resistance
variation of semiconductor resistors, i � 1, 2, 3, 4.

The resistance of semiconductor resistors are equal,
R1 � R3 � R2 � R4 � R, and ΔRi � R · G · εi, i � 1, 2, 3, 4; Eq. 5
can be written as follows (Feng et al., 2016):

V0 � 1
4
G · ε1 + ε3 − ε2 − ε4

[1 + 1
2 (ε1 + ε2 + ε3 + ε4)]

VB, (2)

where G is the coefficient of strain and εi is the strain value of
semiconductor resistance i, i � 1, 2, 3, 4.

The strain value of the semiconductor resistance is satisfied,
ε1 � ε3 � −ε2 � −ε4; therefore, the strain value of the diaphragm ε
can be expressed as follows (Wang et al., 2017b):

ε � V0

G · VB
. (3)
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The Principle of Piezoresistive Silicon Earth
Transducer and Pore Pressure Transducer
The piezoresistive silicon earth transducer and pore pressure
transducer used in this test are made of polysilicon as the
varistor and integrated using a microelectromechanical system.
The resistors on the integrated silicon diaphragm of the transducer
are connected by the screen-printed circuit, and the transducer is
encased in the metal shell. The two transducers are different, as the
end of the pore pressure transducer is installed with the permeable
stone, and the water enters the transducer through the porous
stone and changes the resistance of the polysilicon. Figure 1 shows
the structural diagram of the piezoresistive silicon earth pressure
transducer and pore pressure transducer.

EXPERIMENTAL SETUP AND
PROCEDURES

The Model Box
The model box used in this test has dimensions of 3,000 × 3,000 ×
2000mm3 (length × width × height) and was welded by a steel
plate. The sinking process of the model pile was observed through
the toughened glass window (500 × 500 mm2) installed on the
front of the model box. The loading system of the model box
mainly comprises a reaction frame, a crossbeam, a hydraulic jack,
an electric control system, and a static load control system to
provide static pressure for the model piles.

The Model Pile
Tang et al. (2002) studied the influencing factors of pile side
friction by installing strain gauges on the aluminum pile body.
Duan. (2016) simulated the force characteristics of the pile
foundation of the marine wind turbine under the vertical load
using the aluminum pile indoor test and compared the results
with the numerical simulation results. The research of the above
scholars shows the feasibility of the indoor model test of the
aluminum pile to analyze the pile foundation. In this article, the
parameters of the model pile are determined according to the

similarity theory (Chui, 1990; Yang, 2005), and the calculation
process is as follows:

1) Geometric similarity ratio
There is a certain relationship between the size and shape of the
model and the prototype. The geometric similarity is one of the
important indicators to ensure that the model test has a certain
practical significance. The geometric similarity is shown
in Eq. 1.

mb � Ly

Ls
� Dy

Ds
, (4)

wheremb is the model test pile size ratio, Ly and Dy represent the
prototype pile size, and Ls and Ds represent model test pile size.

2) Similar modulus of elasticity

mE � Ey

Es
, (5)

where mE is the model test elastic modulus similarity ratio, Ey is
the prototype elastic modulus, and Es is the model test pile elastic
modulus.

3) Load similarity ratio

mp � Py

Ps
� mE ·m2

b, (6)

where mP is the model test load similarity ratio, Py is the
prototype load, and Ps is the model test pile load.

It is very difficult to fully satisfy the similarity theorem when
conducting model tests. Approximate similarity methods appear.
The approximate similarity method only retains the similarity
conditions of the main factors that affect the test results so as to
obtain sufficiently accurate similarity (Liu, 2015).

FIGURE 1 | The structural diagram of the piezoresistive silicon earth and pore pressure transducer: (A) Earth pressure transducer, (B) Pore pressure transducer.

TABLE 1 | Model pipe pile parameter.

Number Diameter/mm Length/mm Thickness/mm Elastic modulus/GPa Poisson ratio Form of
pile end

TP1 140 1,000 3 72 0.3 Closed
TP2 140 1,000 3 72 0.3 Open
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Generally, the pile diameter of a large diameter single pile
is 3–6 m, and the pile length is 30–50 m (Yu et al., 2016).
Based on the prototype pile length of 40 m, pile diameter of
5.6 m, elastic modulus of 210 GPa, and Poisson’s ratio of 0.3,
in order to meet the load similarity ratio, the geometric
similarity ratio is determined to be 40 and the elastic
modulus similarity ratio is 2.9. The similarity ratio of the
loose ratio is 1, and the test piles are made of aluminum
material, the elastic modulus is 72 GPa, the Poisson’s ratio is
0.3, and the diameter and length are 140 and 1,000 mm for
aluminum pipe piles TP1 and TP2, respectively. The
thickness of the inner and outer tube of the model pipe
piles is 3 mm. In order to facilitate the installation of the
transducers, the gap between the inner and outer tubes is
20 mm. The model pile TP1 is a closed-ended pipe pile, and
TP2 is an open-ended pipe pile. The model pile parameters
are listed in Table 1.

The piezoresistive silicon earth pressure transducers and pore
pressure transducers were installed on the same cross-section in
the model pile body. The excess pore water pressure at the pile-
soil interface caused by pile sinking increases linearly with the
depth of soil penetration. The average growth gradient of the
excess pore water pressure near the bottom of the pile is greater
than that of the middle and top of the pile. Therefore, the sensor is
arranged with a sparse upper part and a dense lower part. The
transducer distances from the pile end are 50, 100, 200, 400, 600,
and 900 mm, and the installation location numbers of the
transducer from the pile end to the pile top are 1# to 6#.
Figure 2 shows the model piles structure and transducers
mounting location.

Transducers Installation
Both transducers were mounted on the model pile in the same
way using the following main process:

1) The holes were cut in the pile body at the transducer
locations, and the metal sleeves of the same diameter as
the transducers were welded to the inner wall of the model
pile at the transducer mounting location. The holes of the
pile are shown in Figure 3A.

2) The epoxy resin was evenly applied around the transducer,
which was then put in the corresponding hole, and the
force surface of the transducer shall be flushed with the
pile body surface. After the epoxy resin had set, 704 glue
was applied to the transducer perimeter to seal it against
water, and the data cable was taped to the inside wall of the
pile, as shown in Figure 3B.

3) The transmission line of the transducers was threaded
through the reserved hole near the top of the model pile to
prevent the damage caused by the direct contact between
the jack and the transmission line during driving.

Test Soil Preparation
The silty clay used in the test was taken from an engineering site. The
silty clay was dried, crushed, and sieved according to the literature
specifications (Ministry of Housing and Urban-Rural Construction
of the People’s Republic of China, 2019), and then it was layered and
compacted by compactionmachinery in themodel box. The soil was
then sprayedwith water and coveredwith a film and left standing for
30 days. The process of the test soil preparation is shown inFigure 4.
Before the test, the soil was sampled, and its physical andmechanical

FIGURE 2 | The model piles structure and transducers mounting location.
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parameters were obtained through a series of laboratory tests, as
listed in Table 2.

Pile Driving and Data Acquisition
Model piles TP1 and TP2 were spaced at 1,000 mm apart (d1),
and model box walls were closer and spaced at 900 mm apart
(d2) (where D is the diameter of the pile). Yegian and Wright.
(1973), using finite element analysis, and Rao et al. (1996),
through model test studies, demonstrated that the boundary
effect can be ignored when the pile distance from the boundary
is 6–8 times the pile diameter. The boundary effect of the pile
can be ignored in this test.

The model pile was pressed into the test soil using a hydraulic
jack, and the sinking speed and pile sinking depth of the pile were
controlled using the electric control system. In this test, the

sinking speed and pile sinking depth were 300 mm/min and
900 mm, respectively. The pore pressure and earth pressure at
the pile surface during driving were collected using a
CF3820 high-speed static signal test analyzer. The composition
of the test system is shown in Figure 5.

TEST RESULTS AND ANALYSIS

Analysis of the Pore Pressure Results at the
Pile Surface
The pore pressure at the surface of the piles under hydraulic
jacking was monitored using the piezoresistive silicon pore
pressure transducers. The test results of model piles TP1 and
TP2 are shown in Figure 6A,B, respectively.

FIGURE 3 | The installation method of transducers: (A) The holes of the pile, (B) Epoxy resin application.

TABLE 2 | The physical and mechanical parameters of the soil.

Relative
density ds

Volumetric
weight

γ/(kN/cm3)

Water
content
w/%

Liquid
limit
wL/%

Plastic
limit
wp/%

Plasticity
index
Ip/%

Cohesion
c/kPa

Angle
of

internal
friction
φ/(o)

Modulus
of

compressibility
Es1-2/MPa

2.73 18.0 34.8 43.2 21.2 22.0 14.4 8.6 3.3

FIGURE 4 | The process of soil preparation: (A) Soil filling, (B) Soil compaction.
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As shown in Figure 6, the pore pressure transducers on the
model piles survived during the entire test period. The
transducer at the top of the test pile did not measure the
effective value because of its small penetration depth into the
test soil; therefore, the pore pressure curve is not shown in
Figure 6. The pore pressure measured by each transducer
increases gradually and approximately linearly with increasing
depth. This is because of the fact that the soil used in this test is
homogeneous and the up and down soil layers are uniform,
resulting in the more regular pore pressure distribution,
different from the distribution of pore pressure in the field
test. The pore pressure is caused by the shear force of the pile to
the soil, making the pore around the pile too late to dissipate.
When the penetration depth of the pile is small, the
overburden weight and the horizontal pressure are small,

the pore dissipates quickly, and the pore pressure at the pile
surface is small. With increasing penetration depth, the
overburden weight and horizontal pressure gradually
increase, and the pore pressure at the pile surface increases
linearly, and this result is consistent with the results reported
by Randolph et al. (1979).

In the process of the pile driving, the variation in the pore
pressure at the same depth of the soil is shown in Figure 7. With
the penetration of the pile, the pore pressure at the same depth
decreases slightly because of the greater penetration depth,
and the soil layer at the same depth is subjected to the
continuous friction of the model pile, causing the pore
pressure to rise. However, the continuous perturbation of
the soil around the pile also provides a channel for the
dissipation of the pore, slightly decreasing the pore

FIGURE 5 | The composition of the test system.

FIGURE 6 | Pore pressure curves at the pile surface with depth: (A) TP1 and (B) TP2.

Frontiers in Materials | www.frontiersin.org April 2021 | Volume 8 | Article 6293706

Wang et al. Piezoresistive Silicon Pressure Transducers

23

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


pressure. At the same penetration depth and the same
location, the pore pressure is greater for model pile TP1
than that for model pile TP2, indicating that the
compaction effect of the closed-ended pile is greater than
that of the open-ended pile and is more pronounced at the end
of the pile, because the soil at the end of the pile enters the
inner tube of the open-ended pile, forming an earth plug.

Analysis of Excess Pore Pressure Results at
the Pile Surface
The curve of the excess pore pressure of model piles TP1 and
TP2 with the depth is shown in Figure 8A,B, respectively. At the

end of the pile driving, the excess pore pressure with the depth of
the model pile TP1 measured by the sensors is 4.21, 3.20, 2.35,
1.66, and 0.79 kPa and that of model pile TP2 measured by the
sensors is 3.58, 2.68, 2.24, 1.56, and 0.87 kPa. A comparison of
Figure 8A,B shows that the excess pore pressure of the closed-
ended pile is still greater than that of the open-ended pile, and
the maximum difference between the two piles is 0.63 kPa. The
excess pore pressure at the pile surface presents a nonlinear
increasing trend with increasing depth and is consistent with the
excess pore pressure observed at the pile surface, as reported by
Tang et al. (2002) and Dash and Bhattacharya. (2015). This is
because the distribution of the excess pore pressure at the pile
surface is related to the effective overburden weight. The

FIGURE 7 | The pore pressure at the pile surface in the same soil layer: (A) TP1, (B) TP2.

FIGURE 8 | Excess pore pressure curves at the pile surface with depth: (A) TP1 and (B) TP2.
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analysis of excess pore pressure and effective overburden weight
is presented in the following section.

At the end of the pile driving, the relationship between the
excess pore pressure at different depths of the model piles and
the effective overburden weight is shown in Figure 9A,B. As
shown in Figure 9, at the end of the pile driving, the excess
pore pressure with the depth of the model pile TP1 measured
by the sensors is 0.79, 1.66, 2.35, 3.2, and 4.21 kPa, and that of
model pile TP2 is 0.87, 1.56, 2.24, 2.68, and 3.58 kPa. The ratio
of the excess pore pressure at the pile surface to the effective
overburden weight at the depths 20, 40, 60, 80, and 85 cm of
model pile TP1 is 32.9, 47.2, 50.6, 55.6, and 61.2%, and that of
model pile TP2 is 36.3, 44.3, 48.3, 46.5, and 52.1%. The ratio of
the excess pore pressure at the pile surface and the effective

overburden weight of the two model piles gradually increases
with the depth and is consistent with that reported by Seed and
Reese. (1957) and Roy et al. (1982). At a depth of 20 cm, the
excess pore pressure dissipates rapidly because of the uplift of
the surface soil, and the ratio of model piles TP1 and TP2 is
32.9 and 36.3%, respectively. At a depth of 85 cm, the ratio of
model pile TP1 to TP2 reached a maximum value of 61.2 and
52.1%, respectively, and the difference of the ratio is 9.1%,
indicating that during the pile driving, the excess water
pressure is high, adversely affecting the bearing capacity of
the pile foundation. Therefore, measures such as vertical
drainage channels in the vicinity of piles are needed to
reduce the excess water pressure during pile driving in
engineering.

FIGURE 9 | The excess pore pressure at the pile surface and overburden weight with depth: (A) TP1, (B) TP2.

FIGURE 10 | Radial earth pressure curves at the pile surface with depth: (A) TP1, (B) TP2.
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Analysis of Radial Earth Pressure at Pile
Surface
The radial earth pressure at the surface of the piles under
hydraulic jacking was monitored using the piezoresistive
silicon earth pressure transducers. The test results of model
piles TP1 and TP2 are shown in Figure 9A,B, respectively.

As shown in Figure 10, the radial earth pressure of model
piles TP1 and TP2 basically showed the same pattern in the
process of pile driving, both increasing gradually with depth and
being consistent with the test results of Lehane and Jardine.
(1994) and Bond and Jardine. (1991). At the end of pile driving,
the radial earth pressure at the depths 40, 60, 80, 90, and 95 mm
of model pile TP1 measured by the sensors is 5.10, 8.42, 13.23,
16.68, and 20.03 kPa and that of model pile TP2 measured by the
sensors is 4.54, 9.05, 13.83, 16.67, and 19.59 kPa. The radial earth
pressure at the pile surface is less affected by the form of the pile
end, and the increase in the radial soil pressure further away from
the pile end is smaller because of the overburden weight. At the
same soil depth, the radial earth pressure of the model piles
decreases with increasing penetration depth. This is because
increasing penetration of the model pile gradually decreases the
adhesion between the pile and soil and increases the gap between
the pile and soil, resulting in decreasing the radial earth pressure at
the pile interface, and the decrease in the radial earth pressure
increases with increasing penetration depth.

Analysis of Effective Radial Earth Pressure
at the Pile Surface
The curve of the effective radial earth pressure at the pile surface
of model piles TP1 and TP2 with the depth is shown in Figure
11A,B, respectively. The effective radial earth pressure and the
radial earth pressure at the pile surface vary similarly, both
increasing with the penetration depth, and there is also significant
degradation at the same soil depth. At the end of pile driving, the

effective radial earth pressure with the depth of the model pile TP1
is 4.31, 6.76, 10.88, 13.48, and 15.82, accounting for 84.5, 80.3, 82.2,
80.8, and 78.9% of the radial earth pressure at the pile interface,
respectively. In addition, the effective radial earth pressure of
model pile TP2 is 16.01, 13.99, 11.59, 7.49, and 3.67 kPa,
accounting for 80.8, 82.8, 83.8, 83.9, and 81.7% of the radial
earth pressure, respectively. This indicates that the effective
radial earth pressure at both the closed- and open-ended pile is
a major component of the radial earth pressure.

To further investigate the contact state of the pile and soil
during the pile jacking, as shown in Figure 11, the contact
coefficient was obtained from Figure 11 in the following equation:

tc � p′/σcx, (7)

where tc is the contact coefficient, p′ is the effective radial earth
pressure at pile surface, and σcx is the self-weight stress.

In the process of the pile driving, the variation in the contact
coefficient at the same depth of the soil is shown in Figure 12. At
a certain penetration depth, the contact coefficient of the model
piles first increases and then decreases with increasing depth of
the soil and is greater than 1 at large depth. This indicates an
obvious compaction effect in the process of pile jacking: effective
radial earth pressure at the pile surface is higher than the self-
weight stress, the gap between the pile and soil is small, and the
pile and soil are in close contact. In the later stages of pile jacking,
the contact coefficient decreases because of a faster rise in the
excess pore water pressure in the deep soil layer and a lower
increase in the effective radial earth pressure at the pile surface. At
the same depth of the soil, the coefficient gradually decreases with
proceeding jacking pile. This indicates that with the pile jacking,
the compaction effect at the same depth decreases, and the gap
between the pile and soil increases, resulting in a gradual decrease
in the shaft resistances of the piles, and this result is consistent
with those reported by Kou et al. (2019). The shallow soils have a
smaller coefficient, because they are affected by factors such as

FIGURE 11 | Effective radial earth pressure curves at the pile surface with depth: (A) TP1 and (B) TP2.
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pile body sway during the pile jacking and the pile-soil contact is
not tight, reducing the effective radial earth pressure.

NUMERICAL SIMULATION

After the indoor test equipment and test piles are reduced by ten
times, the particle flow numerical simulation is carried out.
After the reduction, the gravity field will be reduced, which
makes the simulation results different from the test results. In
order to overcome this drawback, the acceleration of gravity was
increased to 10 times the original. The model frame is composed
of a wall with a size of 300 mm × 200 mm (length × height).

Peng et al. (2017) considered that formaterials such as concrete and
stronger rocks, the contact relationship between particles adopts a
parallel bonding model; for soft soils with lower strength, the contact
relationship between particles adopts a contact bonding model. The
simulated foundation soil is homogeneous clay soil, so the contact
relationship of particles adopts the contact bonding model, the
maximum particle radius is 0.51mm, and the minimum particle
radius is 0.3mm. The initial porosity of the foundation soil is 0.3,
and the total particles are 45,000. The microscopic parameters of the
soil layer are shown inTable 3. The soil layer is generated and attached
with color as shown inFigure 13 to better observe themovement of the
soil during the pile driving process. It can be seen from the figure that
after ten layers of soil were formed, the test tank is not completely filled.

The model pile is composed of particles with a radius of
0.5 mm, including the top of the pile, the pile wall, and the end
of the pile. The particles overlap each other. The distance
between two adjacent particles is 0.1 mm. The scale of the
model test is 10 times. In this article, a total of two model
piles are simulated for pile sinking, which are closed piles with a
diameter of 14 mm and open piles with a diameter of 14 mm.
The pile lengths are both 100 mm, and the numbers are M1 and
M2, respectively.

Figure 14 is the normalized comparison of experimental and
simulated radial earth pressure.

It can be seen from Figure 14 that the normalized curve form
of the experimental and simulated radial earth pressures is
basically the same, indicating that the experimental and
simulated radial earth pressures are basically consistent with
the penetration depth, which also explains the use of silicon. The
piezoresistive silicon pressure transducers are feasible to monitor
the radial earth pressure on the surface of the pile, but the two curves

FIGURE 12 | The contact coefficient of the piles in the same soil layer: (A) TP1, (B) TP2.

TABLE 3 | Mesoscopic parameters of soil layer.

Soil
layer

Density/
kg·m−3

kn/
N·m−1

ks/
N·m−1

n-
bond/

N

s-
bond
/N

Coefficient of
friction

1-10 2730 1×107 1×106 500 150 0.25

In the table, kn: Normal contact stiffness; ks: Tangential contact stiffness; n-bond:
Normal bond strength; s-bond: Tangential bonding strength

FIGURE 13 | The foundation soil is formed.
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still have certain differences. The reasons are as follows: 1) There are
many external interference factors during the test; 2) the simulated
foundation soil parameters cannot be completely equivalent to the
parameters of the foundation soil in the test, and the foundation soil is
composed of particles. During the pile driving process, the interaction
between soil particles and the pile and the interaction between particles
and particles cannot be completely consistent with the indoor test. 3)
During the test, the foundation soil may have unevenness somewhere
in the layered vibration time. The above reasons lead to the difference
between simulation and indoor experiments.

CONCLUSION

In conclusion, a new method was developed for monitoring the pore
and earth pressure at the pile surface using the piezoresistive silicon
earth transducers introducing pore pressure transducers. Two model
piles were instrumented with the piezoresistive silicon pressure
transducers and installed using the hydraulic jack in the model box.
The experimental results of this study lead to the following conclusions:

1) The piezoresistive silicon pressure transducers were proved
to be feasible to measure the pore and earth pressure at
the pile surface during pile jacking, indicating that the
pore and earth pressure on the pile wall can be measured
successfully using these transducers.

2) The transducers installationmethod used in this test is feasible,
and 12 earth pressure transducers and 12 pore pressure
transducers all survived in the test. The small size of the
transducers used in the test makes their installation easy.

3) The self-made model pile used in this experiment is a
double-tube structure. The gap between the inner and
outer tubes of the pile can not only provide space for the
installation of transducers but also provide protection for
the cables of the transducers.

4) The pore pressure, excess pore pressure, radial earth pressure,
and effective radial earth pressure at the same pile position all
increase with increasing penetration depth. At the same
penetration depth and the same pile position, the pore
pressure and excess pore pressure at the pile surface of the
closed-ended pile are greater than those of the open-ended pile.

5) The radial earth pressure and effective radial earth pressure
at the same soil depth all decrease with the penetration
depth, the decrease in value increases with the penetration
depth. In addition, the effective radial earth pressure is the
main component of the pile surface earth pressure.

6) The experimental and simulated radial soil pressure
changes with the penetration depth are basically the same.
The silicon piezoresistive pressure sensor can be used to
monitor the radial soil pressure on the pile surface,
especially the pile with an open end.

7) In practical applications, after the groove is carved on the
pile body, the bottom surface of the groove is leveled with
the adhesive, and then the sensor is installed to make the
sensor surface parallel to the bottom surface of the groove.
In addition, the piezoresistive silicon pressure transducer
should be embedded in the groove to avoid exposure
outside the groove. The sensor should be prevented
from being knocked during the pile pressing process,
affecting the survival rate of the sensor.
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Fatigue Reliability Assessment for
Orthotropic Steel Bridge Decks
Considering Load Sequence Effects
Jun-Hong Xu1, Guang-Dong Zhou2,3* and Tai-Yong Zhu2
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Fatigue damage accumulations would dramatically reduce the reliability and service life of
the orthotropic steel decks. Incorrect fatigue assessment results may be obtained when
load sequence effects are omitted. In the present study, fatigue reliability assessments of
rib-to-deck weld joints in orthotropic steel bridge decks are conducted with the
consideration of load sequence effects. The method, which judiciously considers the
fatigue loading history and is derived from the sequential law and the whole-range S-N
curve, is first proposed for fatigue reliability calculation. And then, the whole-range S-N
curve describing the fatigue propagating process of the rib-to-deck weld joint is
introduced. Finally, the developed method is applied to evaluate the fatigue reliability of
two rib-to-deck weld joints in an orthotropic steel deck based on long-term measured
strain histories. The influence of traffic growth and initial damage on the fatigue reliability is
discussed. The results indicate that it is advisable to consider load sequence effects when
assessing the fatigue reliability of orthotropic steel decks equipped with long-term strain
monitoring systems and the initial damage significantly reduces the fatigue reliability of
orthotropic steel decks.

Keywords: steel bridge, orthotropic steel deck, rib-to-deck weld joint, fatigue reliability assessment, whole-range
S-N curve

INTRODUCTION

The orthotropic steel deck is one of the most popular vehicle-supporting systems and widely used in
steel bridges especially in these long-span cable-supported bridges because of its light weight,
expedient construction, high load-carrying capacity, and structural redundancy (Heng et al., 2017;
Maljaars et al., 2018; Yang et al., 2020). The orthotropic steel deck is typically composed of a thin steel
plate strengthened by a series of closely spaced longitudinal ribs and transverse diaphragms (Sim and
Uang, 2012). However, the typically different mechanical properties between the longitudinal
direction and the transversal direction and tens of thousands of interlaced weld joints make the
orthotropic steel deck extremely susceptible to repeated traffic loading and environmental factors
(Liu et al., 2020; Saunders et al, 2005). As a result, fatigue cracks in orthotropic steel decks have been
frequently reported in Europe, United States, Japan, and China (Fisher and Barsom, 2016). To this
end, developing reliable methods for evaluating the fatigue performance of orthotropic steel decks
and further making optimal decisions regarding structure replacement and other major retrofits
becomes a research Frontier.

The fatigue processes preceding fracture are too complicated and it is still less understood in terms
of the cause of formation and failure mechanism. In the past few decades, various simplified
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approaches have been proposed to assess the fatigue damage in
steel bridges. Among them, the Miner’s rule integrating with the
S-N curve method is a dominate one (Ye et al., 2014). The
Miner’s rule assumes that the fatigue damage induced by a
number of repeated stress cycles at a specific stress amplitude is
proportional to the total number of stress cycles at that stress
amplitude and the total fatigue damage is equal to the linear
summation of damage induced by each stress repetition. And
the S-N curve describes the relationship between the cyclic
stress amplitude, S, and the number of cycles to failure, N.
Because of its easy implementation, the Miner’s rule has been
adopted in American, European, and Chinese bridge design
specifications and employed to investigate the fatigue
performance of many existing or novel weld joints in
orthotropic steel decks (CEN, 1992; AASHTO, 2012). Luo
et al. developed a statistical fatigue damage model
incorporating the S-N curve and the Miner’s rule and
applied it to the rib-to-deck joints of a steel box-girder
bridge (Luo et al., 2017). Cui et al. investigated the influence
of asphalt pavement conditions on the fatigue damage of deck-
to-rib joints in orthotropic steel decks using the S-N curve
method (Cui et al., 2018). Guo et al. compared the fatigue
performance of cracked and uncracked orthotropic steel decks
strengthened by glass fiber-reinforced polymer angles using the
Miner’s rule (Guo et al., 2019; Guo et al., 2020). Fang et al.
discussed the influence of the deck plate thickness and the weld
foot length on the fatigue failure of double-sided weld joints in
orthotropic steel bridge decks by the S-N method (Fang et al.,
2020). Ma and Zhang conducted fatigue damage assessments of
the weld joints for orthotropic steel bridge decks with the
consideration of foundation scour of the bridge, in which the
Miner’s rule is adopted to calculated the accumulated fatigue
damage under the traveling trucks (Ma and Zhang, 2020). Di
et al. evaluated the fatigue performance of typical weld joints in
orthotropic steel decks under actual traffic flows based on the
Miner’s rule and the S-N curves, including the deck-to-rib weld
joint, the rib-to-diaphragm weld joint, and the cut-outs joint of
the diaphragm (Di et al., 2020).

Although the Miner’s rule is commonly used to calculate the
fatigue damage in orthotropic steel decks. However, it argues that
the fatigue damage caused by a stress cycle is independent of
where it occurs in the load history and ignores the load sequence
effect. In consequence, fatigue damages may be under- or
overestimated when variable amplitude loading is applied
(Zakaria et al., 2016). This may be one of the main reasons
why fatigue cracks have been found frequently in orthotropic
steel decks only a few years after bridges were opened to traffic.
Thus, a variety of improvements have been made to overcome the
shortcomings of the Miner’s rule. The sequential law, which
estimates the fatigue damage induced by present fatigue stress
amplitudes based on prior fatigue conditions and can precisely
capture the load sequence effect, is a distinguished one
(Mesmacque et al., 2005). Siriwardane et al. applied the
sequential law to evaluate the fatigue performance and predict
the remaining fatigue life of an existing railway bridge based on
field measured stress histories (Siriwardane et al., 2007;
Siriwardane et al., 2008; Siriwardane et al., 2010; Karunananda

et al., 2012). Aid et al. examined the capability of the sequential
law in evaluating the fatigue damages of mechanical components
under random loading histories using fatigue test data (Aid et al.,
2011; Aid et al., 2012). All these research work demonstrated that
the sequential law gives more realistic results than Miner’s rule
when structures are subjected to variable amplitude loading.

In the service stage of the orthotropic steel deck, vehicles with
different weights pass in a random way. As a result, almost all
fatigue stress amplitudes in the orthotropic steel deck are different
from each other, which shows typical variable-amplitude features.
Therefore, it is significant to take the load sequence effects into
account when computing the fatigue damage. In this paper, the
fatigue reliability of rib-to-deck weld joints in orthotropic steel
decks is assessed based on long-term field monitoring stress
histories, in which the fatigue damage is calculated by the
sequential law so that the load sequence effects could be
reasonably considered. The remainder of the paper is
organized as follows: Firstly, the methodology for fatigue
reliability assessment considering the load sequence effects is
presented. Secondly, an application of the developed fatigue
reliability assessment method in two rib-to-deck weld joints
located on the downstream side and upstream side of the
orthotropic steel decks is provided. Finally, conclusions are
drawn.

METHODOLOGY FOR FATIGUE
RELIABILITY ASSESSMENT

The core work of fatigue reliability assessment is the calculation of
fatigue damages in orthotropic steel bridge decks. As mentioned
above, the lack of consideration on the load sequence effect may
induce incorrect fatigue damages under the variable amplitude
loading condition. On the contrary, the sequential law allows us
to take into account the loading history and to correctly compute
the fatigue damage in the orthotropic steel decks. In this section,
the sequential law will be briefly described and the method
assessing fatigue reliability based on the sequential law will be
introduced.

Fatigue Damage Calculation
The sequential law defines the damage stress as the stress
corresponding to, on the whole-range S-N curve (also named
as the fully known Wöhler curve), the instantaneous residual life
and the damage stress goes to the ultimate stress at the last cycle
before failure (Mesmacque et al., 2005). It is supposed that a weld
joint in the orthotropic steel deck is subjected to a certain stress
amplitude σ i for a number of cycles ni at load level i and the
fatigue life corresponding to σ i isNi. Then, the residual fatigue life
N(i)R is (Ni − ni). According to the whole-range S-N curve shown
in Figure 1, the residual fatigue life (Ni − ni) corresponds to an
admissible stress amplitude σ(i)eq, which is named as the damage
stress and has an identical physical explanation as (Ni − ni). A
new damage indicator, Di, defined as the ratio of the increment of
damage stress over the difference between the ultimate stress and
the applied stress, is introduced to quantify fatigue damage. After
the ith level of repeated loading with stress amplitude σ i is
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applied, the damage indicator is calculated by (Mesmacque et al.,
2005).

Di � σ(i)eq − σ i

σu − σ i
(1)

where σu represents the ultimate stress. At the beginning of the
cyclic loading, the damage stress is equal to the applied stress
amplitude. The damage indicator is thus equal to zero for an
intact weld joint. When the damage stress increase to the ultimate
stress σu, it is obvious that the failure of the weld joint would be
occurred. The damage indicator also increases to one. It can be
seen that the damage indicator offers an excellent quantitative
measure of fatigue damage.

Then, the damage is transferred to the beginning of applying
the (i + 1)th level of repeated loading with stress amplitude σ i+1.
That is

Di � σ(i)eq − σ i

σu − σ i
� σ ′(i+1)eq − σ i+1

σu − σ i+1
(2)

where σ ′(i+1)eq denotes the equivalent damage stress relating to
the (i + 1)th level of repeated loading. The equivalent damage
stress is equal to

σ ′(i+1)eq � Di(σu − σ i+1) + σ i+1 (3)

By using the whole-range S-N curve again, the equivalent fatigue
life N ′(i+1)eq associated with the equivalent damage stress σ ′(i+1)eq
could be obtained. After the (i + 1)th level of repeated loading
with stress amplitude σ i+1 is finished, the remaining fatigue life
N(i+1)R is

N(i+1)R � N ′(i+1)eq − ni+1 (4)

Finally, the damage indicator becomes

Di+1 � σ(i+1)eq − σ i+1
σu − σ i+1

(5)

where Di+1 is the damage indicator after the (i + 1)th level of
repeated loading is applied; and σ(i+1)eq represents the damage
stress relating to the remaining fatigue life N(i+1)R.

The fatigue damage could be calculated by iteration if a series
of cyclic loading is applied. The flow chart of the sequential law is
shown in Figure 2.

Whole-Range S-N Curve
From the description of the sequential law, it can be seen that the
practice of model to obtain the remaining fatigue lives completely
depends on an appropriate whole-range S-N curve. In traditional
fatigue problems of steel bridges, only these cyclic stress
amplitudes in the finite life region are taken into account, and
these cyclic stress amplitudes lower than the constant amplitude
fatigue threshold and these cyclic stress with extremely high
amplitudes are ignored. Hence, only the S-N curves in the
finite life region is provided in bridge design specifications.
For the fatigue damage in the orthotropic steel deck, all cyclic
stress amplitudes should be considered since weld flaws and
initial cracks inevitably lead to the propagation of fatigue
cracks. It becomes important to extend the partially known
S-N curve to the whole-range S-N curve covering the very

FIGURE 2 | Flowchart for damage calculation using the sequential law.

FIGURE 1 | Schematic representation of parameters in the whole-range
S-N curve.

Frontiers in Materials | www.frontiersin.org May 2021 | Volume 8 | Article 6788553

Xu et al. Fatigue Assessment Considering Load Sequence

33

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


low-cycle region, the low-cycle region, the finite life region, the
high-cycle region, and the very high-cycle region.

The partially known S-N curve in bridge design specifications
can be formulated by the well-known Basquin function, which is

σ(N) � aNb (6)

where σ andN are the fatigue stress amplitude and the number of
cycles, respectively; and a and b are two problem specific
parameters determined by fatigue features of the weld joint.

The above equation can be rewritten as

σ(N) � a(
1
N
)
−(b+k)

(
1
N
)
k

(7)

where k (k> 0) denotes the damage accumulation coefficient,
whose absolute value is much less than b.

By extending the S-N curve from the finite life region to the
very high-cycle region (i.e.,N > 108) and the very low-cycle region
(i.e., N < 102), the result is (Zhou et al., 2018).

σ(N) � λaCb+k(
N + B
N + C

)
b+k

N−k (8)

where B and C are two cycle numbers corresponding to two
bending points on the whole-range S-N curve; and λ represents
the plastic strain coefficient. Equation 8 is the general form of the
whole-range S-N curve, which has the capability of describing the
fatigue properties in the very low-cycle region, the low-cycle
region, the finite life region, the high-cycle region, and the very
high-cycle region.

If the coefficient λaCb+k is replaced by a single parameter A,
Eq. 8 can be simplified as

σ(N) � A(
N + B
N + C

)
b+k

N−k (9)

By using about 400 fatigue test records, the fitted whole-range S-N
curve of the rib-to-deck weld joint is (Zhou et al., 2018)

σ(N) � 99.07 × N−0.06[
N + 1.23E4
N + 1.25E8

]
−0.29

(10)

With consideration of the requirement of high reliability for rib-
to-deck weld joints, the whole-range S-N curve with a 97.5%
survival limit is formulated as

σ(N) � 77.09 × N−0.05[
N + 1.01E4
N + 1.44E7

]
−0.32

(11)

Fatigue Reliability Calculation
When the sequential law is applied to compute the fatigue
damage, the limit state function for fatigue failure is defined as

g(X) � 1 − D(t) (12)

where g(·) represents the state function;X � (x1, x2,/)T denotes
the vector of random variables; and D(t) is the damage indicator
in t years.

The failure probability Pf of a structural member is
formulated as

Pf � P[g(X)< 0] (13)

where P(·) represents the probability.
Then, the fatigue reliability index β associated with the failure

probability is computed by

β � Φ−1(1 − Pf ) (14)

where Φ−1(·) is the inverse standard normal cumulative
distribution function.

The sequential law computes the damage indicator
according to the loading history, which is generally
represented by a series of stress amplitudes σ i and the
corresponding cycle number ni. Due to the randomness of
traffic flow, the fatigue load effect (i.e., stress amplitudes and
cycle numbers) in the orthotropic bridge deck yields
complex statistical models, like the Gaussian mixed
distribution and the generalized mixed distribution. As a
result, the samples of the fatigue load effect cannot be
generated by simply sampling methods, such as the
inverse transform sampling method. To cope with this
problem, the Monte Carlo method is employed in this
study. Although loading histories generated by the Monte
Carlo method are random, the sequence for a specific time
history is fixed. As a result, the sequential law could be
adopted to calculate the fatigue damage. The larger the
number of samples, the more accurate the fatigue
reliability calculation results are. However, too many
samples will cause heavy burden to the calculation. For
this reason, Frangopol provided the following criterion for
the sampling number (Frangopol, 2008).

M > 100
Pf

(15)

where M denotes the sampling number. For the generally used
target reliability index β � 2, the minimal sampling number is
about 4,500. It should be noted that the Monte Carlo method
can only be applicable to cases where β is less than 6. If β is
greater than 6, the number of samples required is more than
1.0 × 109, which is a great challenge for computing (Liu et al.,
2017).

APPLICATION

Long-Term Strain Monitoring
The developed method is applied to a steel box-girder cable-
stayed bridge with a main span of 406 m. The orthotropic steel
deck is employed to support the vehicle flow. The dynamic stain
of rib-to-deck weld joints located on the downstream side and
upstream side of the middle-span section of the steel-box girder is
long-termmonitored by two tri-axial strain sensors. The layout of
strain sensors is shown Figure 3. In the figure, RDd and RDu

represent the strain sensors used to measure the strain of the rib-
to-deck weld joints in the downstream side and upstream side,
respectively. The two monitored rib-to-deck weld joints are
typically below fast lanes, on which cars and trucks pass
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frequently. Strain monitored data from 2007 to 2010 are used to
assess the fatigue reliability of the two rib-to-deck weld joints.

Calculation of Equivalent Fatigue Loading
Effects
As known, the stress in the transversal direction governing the
fatigue life of the rib-to-deckweld joint. The strainmeasured in this
direction is hence employed to analyze. Typical daily strain time
histories measured by sensor RDd and sensor RDu are plotted in
Figure 4. It can be seen that vehicles induce notable cyclic stress
amplitudes, which undoubtedly reduce the durability of rib-to-
deck weld joints. From the two figures, it can be found that the
mean strain changes with time, which indicates that structural
temperatures have great influence on the measured mean strain.
According to the principle of the rainflow cycle counting method,
themean strainmay cause the calculated fatigue stress amplitude to

deviate from the real value. Therefore, the wavelet transfer method
is adopted to remove the thermal strain from the strain time
history. The processed strain is converted into stress by Young’s
modulus of steel. A stress concentration factor obtained from the
finite element model is used to adjust the stress difference between
the measured point and the weld joint.

The rainflow cycle counting method is employed to extract the
fatigue stress amplitude and cycle number from the stress time
histories. Here, the influence of the average stress on the fatigue
damage is ignored. The sequential law computes the fatigue
damage induced by the present cyclic stress based on the
previous fatigue damage. This process is performed in an
iteration manner. Figure 4 shows that there are thousands of
cycles within a day. The iteration may spend unaccepted time if
measured strain data in several years are investigated. In this
sense, it is assumed that the daily fatigue damage yields the linear
accumulation model. As a consequence, the daily variable fatigue

FIGURE 3 | Layout of strain sensors on the orthotropic steel deck (Unit: mm).

FIGURE 4 | Typical daily strain time histories: (A) Sensor RDd, (B) Sensor RDu.
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amplitudes and cycles can be replaced by a constant stress
amplitude with a number of cycles based on the Miner’s rule
and the S-N curve recommended in design codes.

In Eurocode (CEN, 1992), the S-N curve of the rib-to-deck
weld joint is modeled by

σ3N � KC (σ ≥ σD) (16)

σ5N � KD (σL ≤ σ ≤ σD) (17)

where KC and KD represent two coefficients indicating the fatigue
strength of different weld joints; σD is the constant amplitude
fatigue limit; and σL denotes the cut-off limitation of stress
amplitude. For the rib-to-deck weld joint, KC and KD are 2.50 ×
1011 and 3.47 × 1014, respectively.

Because of initial defects in weld joints, all cyclic stress
amplitudes should be considered. The fatigue damage in the
rib-to-deck weld joint is

n
N

� nσ3

KC
(σ ≥ σD) (18)

n
N

� nσ5

KD
(σ ≤ σD) (19)

where n is the applied number of cycles of the stress amplitude σ.
It should be noted that most welded joints contain initial

damages produced during fabrication. Although the initial
damages may initially be small and not affected by these stress
amplitudes lower than the constant amplitude fatigue limit, these
stress amplitudes higher than the constant amplitude fatigue limit
in the applied loading history may propagate the damage, and as
the damage size increases it will be propagated by these stress
amplitudes lower than the constant amplitude fatigue limit. The

concept of a constant amplitude fatigue limit is therefore not
appropriate. And all stress amplitudes are taken into account
(Tong et al., 2008). Therefore, the equivalent stress amplitude σeq
and cycle number Neq under vehicle loading are

σeq �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∑
σi≥σD

niσ3i
KC

+ ∑
σ j≤σD

njσ5j
KD

Neq/KD

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

1/5

(20)

Neq � ∑
σi≥σD

ni + ∑
σj≤σD

nj (21)

By taking 24 h as the basic time interval, the daily equivalent stress
amplitude and cycle number can be computed by Eqs. 20 and 21 and
are displayed inFigure 5. From thefigure, it can be found that the daily
equivalent stress amplitudes in the downstream side show similar
variation patterns with that in the upstream side. Most of daily
equivalent stress amplitudes are in the range of [15 25]. However,
for the daily equivalent cycle number, the values in the upstream side
are larger than that in the downstream side most of the time. The
results imply that theremay be larger fatigue damage in the rib-to-deck
weld joint in the upstream side and more attention should be paid on
the upstream side during the routine inspections and maintenances. It
is also demonstrated that the residual fatigue life in rib-to-deck weld
joints are unique even on symmetrical locations of a steel-box girder.

Statistical Model of Equivalent Fatigue
Loading Effect
It can be seen, from Figure 5, that both the daily equivalent stress
amplitude and cycle number are highly random, and the value

FIGURE 5 | The daily equivalent stress amplitude and cycle number: (A) Daily equivalent stress amplitude, (B) Daily equivalent cycle number.
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varies from day to day in the 4 years. Therefore, it is
reasonable to describe their characteristics through
statistical models. To this end, the probability distribution
histograms of the four random variables are plotted in
Figures 6, 7. Since cars and trucks with different weights
pass in this lane, the multi-peak distribution features can be
easily found in the four figures. Classical statistical models
with a single peak are incapable of capturing their
randomness. A generalized mixed distribution (GMD)
formulated by Eq. 22 is proposed in this study.

f (x) � ∑wifi(x) (22)

where f (x) represents the probability distribution function (PDF)
of the random variable x; wi is the weight of the ith component;
and fi(x) denotes the classical statistical model of the ith
component, like the Weibull distribution, the Gaussian
distribution, and the lognormal distribution.

The expectation–maximization (EM) algorithm is adopted to
estimate parameters in GMD models (Moon, 1996). The EM
iteration alternates between performing an expectation (E) step

and a maximization (M) step. The E step creates a function for
the expectation of the log-likelihood function evaluated using
the current estimate for the parameters; and the M step
computes parameters maximizing the expected log-
likelihood function found in the E step. These parameters
estimated in the M step are then used to determine the
distribution of the latent variables in the next E step. The
Akaike information criterion and Bayesian information
criterion are employed to determine the optimal number of
components.

The estimated PDFs for the daily equivalent stress amplitude
and cycle number in downstream side and upstream side are
shown in Figures 6, 7. The parameters of estimated PDFs are
listed in Table 1 and Table 2. In the two tables, W(p, p) and
N(p, p) represent the Weibull distribution and the Gaussian
distribution, respectively; and Logn(p, p) denotes the
lognormal distribution. By employing the K-S test, all
estimated PDFs are acceptable at a significant level of 0.05.
The daily equivalent stress amplitudes in both sides yield the
same statistical model; and the equivalent cycle numbers in both
sides yield another statistical model.

FIGURE 6 | The statistical characteristics of equivalent fatigue loading effects in the downstream side: (A) Daily equivalent stress amplitude, (B) Daily equivalent
cycle number.

FIGURE 7 | The statistical characteristics of equivalent fatigue loading effects in the upstream side: (A) Daily equivalent stress amplitude, (B) Daily equivalent cycle
number.
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Fatigue Reliability Calculation
According to the statistical model of equivalent fatigue loading
effects in Tables 1, 2, the Monte Carlo method is employed to
generate time histories of daily equivalent stress amplitudes and
cycle numbers. The sampling number for reliability calculation
follows the criterion in Eq. 15. The damage indicator in Eq. 1 is
adopted to describe the fatigue damage in the rib-to-deck weld

joint. As known, the traffic growth rate α is an important factor
governing the fatigue reliability. In this study, the yearly traffic
growth is modeled by the increase of the daily equivalent cycle
number.

Figure 8 displays the variation of the fatigue reliability index
with time. The fatigue reliability indexes of rib-to-deck weld
joints both in the upstream side and downstream side show a
general decreasing tendency with the increase of the service life.
Furthermore, the fatigue reliability indexes notably decrease
when considering the traffic growth. In the service life of
100 years, all the values are higher than the generally used
target reliability index β � 2, which indicates that there would
be no fatigue cracks in rib-to-deck weld joints during the service
life even if the traffic growth rate reaches 5%. When compared
Figure 8A with Figure 8B, it can be seen that the fatigue
reliability index of the rib-to-deck weld joint in the upstream
side is smaller than that in the downstream side in the same
service life, which implies that the fatigue damage growth rate of
the rib-to-deck weld joint in the upstream side is faster than that
in the downstream side. The is confirmed that the fatigue crack
would more easily appear in the upstream side.

In practical engineering, weld flaws will inevitably produce
initial damages in the weld joint. It is supposed that there are 1%
initial damages in the rib-to-deck weld joint. The change of the
fatigue reliability index in the rib-to-deck weld joint with time is
plotted in Figure 9. It can be found that, when the 1% initial
damage is taken into account, the fatigue reliability index

TABLE 1 | The statistical model of equivalent fatigue loading effects in the
downstream side.

Component σeq Neq

wi PDF wi PDF

1 0.67 W (18.82.6.02) 0.14 Logn (6.97.0.06)
2 0.23 N (22.72.0.79) 0.97 Logn (6.18.0.58)
3 0.10 N (16.61.0.41) 0.11 Logn (6.13.0.08)

TABLE 2 | The statistical model of equivalent fatigue loading effects in the
upstream side.

Component σeq Neq

wi PDF wi PDF

1 0.55 W (18.00.9.24) 0.16 Logn (7.37.0.13)
2 0.06 N (20.68.0.43) 0.83 Logn (7.01.0.44)
3 0.39 N (23.76.1.41) 0.01 Logn (8.00.0.10)

FIGURE 8 | The fatigue reliability index integrating traffic growth: (A) Downstream side, (B) Upstream side.

FIGURE 9 | The fatigue reliability index integrating initial damage: (A) Downstream side, (B) Upstream side.
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decreases sharply. In the service life of 100 years, the fatigue
reliability indexes of rib-to-deck weld joints both in the upstream
side and downstream side are less than 2 even if there is no traffic
growth. It is deduced that the fatigue reliability of the rib-to-deck
weld joint is very sensitive to the initial damage. Developing
effective welding techniques to reduce weld flaws and thereby
reduce initial damage is an effective way to avoid fatigue cracks in
orthotropic bridge decks. Furthermore, manual on-site
inspection is necessary. If the propagation of the fatigue crack
is found, FRP reinforcement, steel plate reinforcement, and other
reinforcement methods should be used to enhance the fatigue
strength.

It is worth noting that from the point of view of the Miner’s
rule, 1% of the initial damage will only shorten the service life by
1%, which is not consistent with the real case that fatigue cracks
have been found in many orthotropic steel decks with a design life
of 100 years after only a few years or more than 10 years of
service. The necessity of considering load sequence effects is
proved.

CONCLUSION

Fatigue reliability assessment is an indispensable issue when
investigating the serviceability of long-span bridges equipped
with orthotropic steel decks. These methods regardless of load
sequence effects may cause unacceptable errors. In this paper, the
sequential law, which calculates the fatigue damage induced by
cyclic stress histories in an iterative manner, is introduced to
calculate the fatigue damage and assess the fatigue reliability of
orthotropic steel decks. The following conclusions can be drawn:

1) The sequential law quantifies the fatigue damage caused
by present cyclic stress amplitudes based on previous
fatigue damage by iteration calculation and has the
capability of capturing the loading sequence effect. The
whole S-N curve developed by extending the S-N curve in
the finite life region can describes the fatigue propagation
process in the very low-cycle region, the low-cycle region,
the finite life region, the high-cycle region, and the very
high-cycle region.

2) The developed GMD, which is formulated by the weighted
sum of several classical distributions, integrating the EM
algorithm is capable of describing any complex multi-peak
distribution. The daily equivalent stress amplitude and
cycle number show typical multi-peak distribution

features. The daily equivalent stress amplitude yields
the weighted sum of one Weibull distribution and two
Gaussian distributions; and the daily equivalent cycle
number yields the weighted sum of three lognormal
distributions.

3) If there is no initial damage, even if the traffic volume
increases by 5%, the fatigue reliability indexes of rib-to-
deck weld joints both in the upstream side and
downstream side are greater than 2 in the service life of
100 years. However, even if only 1% of the initial damage
exists, the fatigue reliability cannot meet the design
requirements. The fatigue reliability of the rib-to-deck
weld joint is extremely susceptible to the initial damage.

Only the application of the proposed method in evaluating the
fatigue reliability of rib-to-deck weld joints is provided in this
paper. The proposed method can also be used to evaluate the
fatigue reliability of other types of weld joints in the orthotropic
steel deck.
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Detection of Pipeline Deformation
Induced by Frost Heave Using OFDR
Technology
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Oil and gas pipelines are critical structures. For pipelines in the seasonal frozen soil area,
frost heave of the ground will result in deformation of the pipeline. If the deformation
continually increases, it will seriously threaten the pipeline safety. Therefore, it is important
to monitor the deformation of the pipeline in the frozen soil area. Since optic
frequency–domain reflectometer (OFDR) technology has many advantages in
distributed strain measurement, this paper utilized the OFDR technology to measure
the distributed strain and use the plane curve reconstruction algorithm to calculate the
deformed pipeline shape. To verify the feasibility of this approach, a test was conducted to
simulate the pipeline deformation induced by frost heave. Test results showed that the
pipeline shape can be reconstructed well via the combination of the OFDR and curve
reconstruction algorithm, providing a valuable approach for pipeline deformation
monitoring.

Keywords: pipeline, optic fiber sensor, deformation, frozen soil, monitoring

INTRODUCTION

The pipeline network plays an important role in oil and gas transportation. The growing demand for
energy supply and the reduction of the world’s oil and gas stocks have led operators to explore and
construct new massive pipelines in permafrost such as Russia’s far north [1]. In permafrost or
seasonally frozen ground regions, frost heave and thaw settlement can lead to pipeline deformation
[2, 3], which is a well-known phenomenon in buried pipelines and can lead to large upward
movements of a pipeline. This type of deformation has been understood for a long time and seen in
Russia and Canada [4]. The deformation of the pipeline will directly result in the pipeline fracture,
causing environmental pollution and even accidents. Monitoring the performance of a pipeline in
permafrost terrain is more necessary than that for pipelines installed in temperate areas [5].

Conventionally, pipeline inspection robots with closed-circuit TV [6], which utilize ultrasonic and
photogrammetric technology, have been employed as major tools to detect pipeline deformation.
However, these methods are not suitable for deformation monitoring in real time. Additionally, the
electrical sensors are prone to cause fire and explosion accidents in gas and oil pipelines [7].

Optic fiber sensing technology, with its superior immunity to electromagnetic interference, long-
distance transmission, high accuracy, and reliability, is particularly attractive for using in harsh
environments and electromagnetic fields. Therefore, fiber optic sensing technology has attracted
increasing attention in the study of pipeline deformation monitoring [8, 9]. Using distributed fiber
optic sensors, Fabien Ravet et al. [10] presented a solution for pipeline deformation due to ground
movement. Deformation such as buckling or pipe deformation was detected by recognizing the
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abnormal strain distribution along the pipeline. In another case,
Fabien Ravet et al. [1] introduced an application of a distributed
optic fiber sensor in a gas pipeline in Peru, and several events such
as landslides and soil settlement were detected by strain
measurement. Dana DuToit et al. [11] conducted a realistic
pipeline deformation test, where the fiber optic cables were
mounted on the pipe and off the pipe, respectively. Test
results showed that both on-pipe and off-pipe fiber optic
cables provided valuable magnitude assessment of pipe
deformations and strains. Carlos Borda et al. [12] directly
attached optic fiber strain cables to pipelines at 3, 9, and 12
o’clock positions, respectively, and used a Brillouin optic
time–domain analysis (BOTDA)–based interrogator to record
the strain data. By analyzing the continuous strain variation,
pipeline deformation and 3D positioning due to geological
hazards were monitored. Utilizing the conjugate beam method
and BOTDA, Zhang et al [13] conducted a test on a PVC pipe
model to reconstruct the deformed shape. It is found that the
reconstructed shape of the pipeline model depends on the
number of measured points, and the more the measured
points, the higher the measuring precision of displacement.
For the above studies, pipeline deformation induced by frost
heave is not involved. In addition, the distributed strain data
provided by BOTDA have a long measurement range, but the
spatial resolution and strain accuracy cannot satisfy the
requirement of pipeline deformation monitoring very well.

OFDR technology combined with high-performance digital
signal processors is used to measure distributed strain with
millimeter-scale resolution and microstrain measurement
precision [14], providing an effective way for pipeline
deformation monitoring. In this paper, OFDR technology was
used to monitor the distributed strain and the plane curve
reconstruction algorithm was used to calculate the deformed
shape from the measured strain. This article aims to provide a
new approach for pipeline deformation monitoring in permafrost
or seasonally frozen ground regions.

OPTIC FREQUENCY–DOMAIN
REFLECTOMETER–BASED DISTRIBUTED
SENSING
The spectral response of the Rayleigh backscatter in an optic fiber
will be determined by the effects of strain [15] and temperature

[16]. The relationship between the spectrum shift Δv and the
variation of strain Δε and temperature Δt is given as

Δv � KTΔt + KεΔε, (1)

where KT and Kε are the temperature and strain sensitivity
coefficients, respectively. Therefore, the temperature and strain
can be measured by detecting the Rayleigh scatter frequency.
OFDR technique utilizes swept-wavelength interferometry to
measure the Rayleigh backscatter as a function of position in
the optic fiber [17]. Figure 1 illustrates the principle of the OFDR.
Light from the tunable laser source is split between a
measurement arm and a reference arm via an optic fiber
coupler. Through the measurement arm, the light is sent to
the optic fiber sensor. The backscattered light from the optic
fiber sensor returns via the coupler and is combined with the light
from the reference arm. After passing through the polarization
beam splitter, the combined light will be split into orthogonal

FIGURE 1 | Schematic of the OFDR principle.

FIGURE 2 | Schematic diagram of the rod unit before and after bending.
(A) Undeformed unit. (B) Deformed unit.
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states recorded at the S and P detectors. A Fourier transform of
these signals yields the phase and amplitude of the signal as a
function of length along the sensor [18]. Changes in the local
strain and temperature of the optic fiber sensor can be detected by
comparing a scan of the sensor in a measurement state to a
previously recorded reference scan [19]. Any position of the
sensing fiber can be used to measure the strain and
temperature, similar to the optic fiber etched with continuous
distributed FBG sensors [20]. The detailed introduction of OFDR
measurement principles can be seen in the study of Kreger
et al. [18].

THEORY OF PIPELINE SHAPE
MONITORING

Curve Reconstruction Algorithm
If a rod is bent, one side is subjected to tensile stresses, while the
other side is subjected to compressive stresses. Therefore, there
must exist an unstressed surface, which is called the neutral layer.
For a rod with a symmetrical cross section, the neutral layer is the
surface where the axial line locates at. The curvature of the neutral
layer can be used to represent the shape change of a rod.
According to Figure 2, the length of the axial line can be
expressed as

L � θ/k, (2)

where L is the length of the rod unit; θ is the angle of the arc; and k
is the curvature of the rod defined as k � 1/ρ, where ρ denotes the
curvature radius of the bent rod. The length variation of the rod
surface ΔL is given as

L + ΔL � (1/k + h/2)θ, (3)

where h is the height of the rod unit. The strain ε along the axial
direction on the surface of the rod is given as

ε � ΔL
L
. (4)

The relationship between surface strain and curvature can be
expressed as

k � 2ε
h
. (5)

Hence, the continuous curvature information can be obtained by
the continuous surface strain of the rod.

As shown in Figure 3, On and On+1 are the two endpoints of
the arc; the coordinates of On and On+1 are (xn, yn) and (xn+1,
yn+1), respectively. If the distance between On and On+1 is
extremely small, the curve segment On+1 can be regarded as a
microarc ΔSn. kn and kn+1 are the curvature of the arc where On

and On+1 locate at, respectively. αn and αn+1 denote the tangential
vectors of On and On+1, respectively. θn and θn+1 are the angles
between the tangent vector of the two points and the x-axis,
respectively. ln is the chord length corresponding to the microarc
ΔSn.Δθn denotes the central angle of the microarc ΔSn. According
to Figure 3, the coordinate of On+1 can be calculated through On.
Through iterative calculation, the coordinates of each point are
obtained. The equations are given directly as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Δθ � θn+1 − θn
ln � 2 × sin(Δθ/2)/kn
ln � ΔSn, (kn � 0)
Δxn � ln × cos (θn + Δθ/2)
Δyn � ln × sin (θn + Δθ/2)
xn+1 � xn + Δxn
yn+1 � yn + Δyn

(6)

θ, the key parameter for this curve reconstruction algorithm, can
be obtained by solving the differential equation. Based on the
definition of curvature, the curvature k of any arc segment can be
expressed as

k(s) � dθ
ds

(7)

Therefore, θ can be expressed as

θ(s) � ∫ k(s)ds (8)

where s denotes the length of the arc. It is assumed that the
relationship between curvature and arc length is linear [21]; the
curvature k can be given as

k � A × s + B, (9)

where A and B are coefficients.

FIGURE 3 | Schematic diagram of the curve reconstruction algorithm.

FIGURE 4 | Deformation curve of the pipe model subjected to
concentrated force.
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According to Eqs. 8, 9, θ(s) can be obtained as follows:

θ(s) � A × s2/2 + B × s + C (10)

where C is constant and can be calculated by the deformation
boundary conditions of the structure.

The curvature of two adjacent microarcs can be expressed as

{ kn � An × sn + Bn

kn+1 � An × sn+1 + Bn
(11)

Therefore, An and Bn can be obtained by

{An � (kn+1 − kn)/(sn+1 − sn)
Bn � (kn × sn+1 − kn+1 × sn)/(sn+1 − sn) (12)

After calculating A, B, and C, θ(s) can be achieved by Eq. 10.
Consequently, the curve is reconstructed.

For pipeline shape reconstruction, optic fiber sensors can be
attached to the pipeline surface. The curvature k of each arc
segment along the pipeline can be calculated by the measured
axial strain. The accuracy of the reconstructed shape is related to
the measurement accuracy, spatial resolution, and sampling

spacing of the measured strain. Since the deformation of the
pipeline is continuous, OFDR technology can provide millimeter-
scale spatial resolution and sampling spacing. Therefore, the two
consecutive measurement points are regarded as a microarc
during the calculation, and the coefficients A and B can be
calculated by using the curvature k of each measured point.
After obtaining θ of each measured point and the
corresponding curvature k, the coordinates of each measured
point can be calculated in turn using Eq. 6. Consequently, the
shape of the pipeline is reconstructed. In practice, optic fiber
sensors will be installed on a length that significantly exceeds the
area of possible groundmovements. Therefore, the segment at the
edge of pipeline deformation can be considered fixed and,
consequently, the boundary condition for deformed shape
calculation. By using the above approach, pipeline deformation
monitoring can be realized.

Test Verification
To verify the performance of the curve reconstruction algorithm
for pipe structures, a deformation reconstruction test was
conducted using a small pipe model. The diameter of the pipe
model is 7.7 mm, and the wall thickness is 0.5 mm. The length of
the pipe model is 1.2 m. One polyimide-coated optic fiber was

FIGURE 5 | Pipe axial strain distribution of the tensile side. (A) Strain
distribution of 15 mm deflection. (B) Strain distribution of 25 mm deflection.

FIGURE 6 | Pipe shape reconstructed by the axial strain distribution. (A)
15 mm deformation. (B) 25 mm deformation.
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bonded on the tensile side of the pipe model to measure the axial
strain. An OFDR-based interrogator ODiSI-B from LUNA
Innovations was utilized for strain data recording. For the pipe
model, the distance between the two support points is 1.0 m. The
displacement in the x direction and y direction at both support
points was limited, while the rotation was not limited.
Concentrated forces were applied to the middle span of the
model to produce deformations on the pipe, which were 15
and 25 mm, respectively. In order to verify the accuracy of the
plane curve reconstruction algorithm, the deformed shapes of the
pipe model were drawn on a graph paper, as shown in Figure 4.

Figure 5 displays the strain distribution of the pipe model.
For the curve reconstruction algorithm, the initial rotation
angle of the pipe is set as 0° and the reconstructed shape is
tangent to the x-axis. However, the real deformed shape has a
certain angle with the x-axis. Therefore, the reconstructed
shape should be rotated such that its two ends are placed
on the x-axis. Figure 6 shows the reconstructed pipe shapes
using the measured strain presented in Figure 5. It is shown
that the reconstructed pipe shape and the real deformed shape
agree well with each other. Although the strain distribution has
fluctuations, it has less influence on the shape reconstruction
results. The maximum difference between the calculated value
and the real value appears at the midpoint of the pipe model,
which is 1.1 and 2.1 mm, respectively. The test results illustrate
that the proposed approach can effectively reconstruct the
deformed shape of the pipe structure.

PIPE DEFORMATION–MONITORING TEST

Test Setup
If the temperature of saturated soil falls below freezing, the water
will turn into ice, which can result in the volume growth of the
saturated soil. Theoretically, the pipe will be bent upward if it is
subjected to the force of the expanded saturated soil. Based on this
principle, the pipe model was placed in the saturated soil. Both
the pipe and the saturated soil were placed in a cold storage to
simulate the pipeline deformation.

A steel tank with dimensions of 1.4 × 1.1 × 0.4 m3 was
manufactured to contain the saturated soil. There are four
angle steels welded together around the steel tank, forming a
steel hoop to restrict the deformation of the frost heave in the

FIGURE 7 | Pictures of the test illustration. (A) Polyimide-coated optic fiber sensor. (B) Picture of the strain sensor and temperature sensor. (C) Position of the pipe
model. (D) Steel tank.

FIGURE 8 | Strain distribution measured by the optic fiber at 6 o’clock
position.
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horizontal direction. The steel hoop is 600 mm away from the
tank bottom. On two short sides of the steel tank walls, two round
holes with a diameter of 60 mmwere fabricated, and the holes are
800 mm away from the bottom.

In the test, the pipe model is a segment of a steel pipe with an
outer diameter of 60 mm and a wall thickness of 0.8 mm. To
obtain a precise strain distribution, the polyimide-coated fiber
was utilized due to its less strain transfer loss. Before bonding the
optic fiber, the pipe surface was cleaned by cotton immersed in
alcohol. Then, two polyimide-coated fibers were bonded at 0
o’clock and 6 o’clock positions, respectively, using cyanoacrylate
adhesive, see Figure 7A. As shown in Figure 7B, 704 silicone
rubber glue was used to cover the optic fiber, since it is easily
damaged. A temperature compensation sensor was adhered close
to the optic fiber at 0 o’clock position. The temperature sensor is a
piece of an optic fiber placed into an armored cable. As the optic

fiber can freely extend or shrink under the temperature, the strain
induced by temperature is measured and deduced from the
measured strain. Figure 7C presents the position of the pipe
model, and Figure 7D displays the real steel tank filled with
saturated soil.

The pipe model was placed in the steel tank through the two
holes. Therefore, the vertical displacement on two ends of the
pipe model was restricted when subjected to frost heave force,
while the rotation of the two ends was not restricted. The
thickness of the overlying soil above the pipe is 10°cm, which
is used to simulate the pipeline covered by soil. To provide the
freezing condition, the room temperature in the cold storage was
decreased from 20 to −23°C and kept at −23°C for 12 h.

Test Results
The strain distribution of the pipe model was recorded every
0.5 h. Figures 8 and 9 display the distributed strain measured by
the optic fiber mounted at 6 o’clock and 0 o’clock, respectively.
Note that the strain induced by temperature has already been
deduced from the distributed strain. The strain data were not all
recorded as the interrogator could not detect the sensor signal at
certain times. It is shown that the strain measured by the sensor at
6 o’clock position is compressive strain, while the strain measured
by the sensor at 0 o’clock is tensile strain. It can be concluded that
the pipe has an upward bending due to the frost heave force. And
with the increase in the freezing time, the deformation of the pipe
constantly increases. After 7 h, the increase is not obvious. It is
helpful to directly evaluate the mechanical state of the pipe using
strain distribution. As shown in Figures 8 and 9, abnormal strain
variations appear in the strain distribution. This is because an
iron circle, which was placed at the middle of the pipe, pressed the
optic fiber and resulted in the abnormal strain distribution.

Using the curve reconstruction algorithm and the distributed
strain recorded by a 6 o’clock sensor, the pipe shape at different
times was reconstructed and is shown in Figure 10. Note that the
measured strain distribution data were directly used to calculate
the pipe shape. The abnormal data were not utilized to
reconstruct the pipe shape, so Figure 10 only presents the

FIGURE 9 | Distributed strain measured by the optic fiber at 0 o’clock
position.

FIGURE 10 | Shape reconstructed by the 6 o’clock sensor.

FIGURE 11 | Shape reconstructed by the 0 o’clock sensor.
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deformed shape before 6 h. It can be seen from Figure 10 that the
largest deformation occurs at the midspan position of the pipe.
After 6 h of freezing, the maximum deformation is 2.9 mm. From
the reconstruction shape of the pipe, it is possible to identify the
location with large deformation. The deformation monitoring
methods enable people to take preventative measures at an
early stage.

Figure 11 displays the shape reconstructed by a 0 o’clock
sensor. Strain data only before 4 h were employed to calculate the
pipe shape since the measured strain is interfered by the external
environment after 4 h. Comparing the two deformed pipe shapes
reconstructed by the two optic fiber sensors, all the maximum
deformations of the two test results occur at the middle of the
pipe. There are minor differences between these two
reconstructed shapes at the same moment. They are 0.7 and
0.5 mm after 1 h, respectively, while after 3 h, the maximum
deformations are 1.9 and 1.4 mm, respectively. The differences
are probably induced by the fact that the neutral axis is not exactly
located at the center of the pipe. The way of directly mounting
optic fiber sensors on the pipe may result in an inaccurate
reconstructed pipe shape. Besides, the measured strain is easily
interfered by the external environment. Therefore, an optic fiber
shape sensor, which can overcome the above disadvantages,
should be developed in the future study.

CONCLUSION

The study of pipe deformation monitoring in the frozen soil area
is an important issue. For the shape reconstruction algorithm, the
accuracy of the reconstructed shape depends on the number of
measured points and sampling spacing. OFDR technology has

high accuracy, high spatial resolution, and high sampling spacing
in distributed strain measurement. Therefore, we propose to
combine the OFDR technology and curve reconstruction
algorithm to monitor the pipe deformation. In the
experimental study, the OFDR technology and curve
reconstruction algorithm are demonstrated to have good
performance. However, further studies should be carried out
for practical applications, such as to determine how to protect
the optic fiber and obtain more precise strain data.
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Optimal Design of Negative Stiffness
Devices for Highway Bridges Using
Performance-Based Genetic
Algorithm
Sun Tong1, Zhu Tianqi1, Sun Li1 and Zhang Hao1,2*

1School of Civil Engineering, Shenyang Jianzhu University, Shenyang, China, 2Guangdong Key Laboratory of Earthquake
Engineering and Application Technology, Guangzhou University, Guangzhou, China

Parameter optimization analysis on the negative stiffness device (NSD) installed in the
benchmark highway bridge is carried out in this study. Key parameters and constrain
conditions are determined in accordance with the characteristics of NSD, and an
objective function is designed with safety and comfort being considered. Individual
fitness value–related cross and mutation operators are designed to protect excellent
chromosome and improve the efficiency and convergence of computation. The genetic
algorithm is used to realize parameter optimization of the NSD used in a benchmark
highway bridge. Dynamic responses of structure without NSD, with random NSD, and
with optimal designed NSD are compared. By analyzing the time history of
displacement and acceleration, it can be concluded that dynamic responses of the
structure decrease obviously when the NSD is added, and a better seismic reduction
effect can be reached when the NSD is designed optimally in accordance with the
optimization method and different earthquake excitations have slight influence on the
optimization results.

Keywords: optimal design, NSD, genetic algorithm, benchmark model, optimization analysis

INTRODUCTION

The conventional way to reduce the structural deformation and internal shear force under severe
ground motions is to design the structure with high stiffness. Larger stiffness can resist more external
force, while inter-story shear force would be increased with the increasing of stiffness [1, 2]. To
address this problem, Reinhorn et al. [3] and Viti et al. [4] proposed the concept of structural
weakening, which can cause the reduction of internal shear force or accelerations. The concept of
apparent weakening is proposed by Nagarajaiah et al. [5] along with a negative stiffness device (NSD)
which can simulate the structural yielding without inducing the structural real inelastic behavior.
Nowadays, negative stiffness device is given considerable attention by engineers and researchers
among many structural control strategies [6–8]. Yet, most of the related research of negative stiffness
control is qualitative concept verification.

Optimization strategy of a rail-type NSD [9] in a benchmark highway bridge under seismic
excitation was investigated in this study. A two-step optimal design method is proposed. The first
step is to analyze the device and find out the factors that are determiningmechanical properties of the
device. The amplitude of the curve function A and frequency ω are chosen as the damper design
parameters. The arrangement of dampers was determined by a comparison method [10]. Numerical
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example is used to verify the proposed method for optimal device
placement and to demonstrate the effectiveness of an optimally
applied control system.

MODEL OF CONTROLLED STRUCTURE

The open-loop model of an n degree-of-freedom seismic
response–controlled structure under earthquake excitation can
be described as follows:

M €X(t) + C _X(t) + KX(t) +HU(t) � −MI€xg(t), (1)

where M, C, and K are n × n dimensional mass, damping, and
stiffness constant matrices of the controlled building, respectively;
X(t) is the n dimensional relative displacement vector with
respect to the ground; H is the location matrix of control
devices; U(t) is control force vector; €xg(t)is the earthquake
ground acceleration; and I is n dimensional unit vector.

MODEL OF NEGATIVE STIFFNESS DEVICE

As shown in Figures 1A,B, the rail-type negative stiffness device
developed in this work is composed of a roller pushed by a pre-
compressed spring as well a curved template that the wheel can
roll on. There is a flat gap on the curve around equilibrium, so
that the stiffness of the combination of NSD and isolation system
will be the same as that of the original isolation system only.
When the roller goes beyond the gap, the pre-compressed spring
1) and the slope 3) will generate a force F in the same direction as
the imposed displacement, thus the composite system appears to
yield or soften, that is, apparent yielding. The negative force F is
given by the following equation:

F � k · [ΔL + f (x) − f (x0)] · f ′(x)
1 + (f ′(x))2 − sgn( _x)μN cos2α,

(2)

in which k is the stiffness of pre-compressed spring, ΔL is
compression length of the spring, and f (x) is curve function of the

template. x0 is initial position coordinates of the roller, μ is the
friction coefficient between the roller and the curve block,N is the
pre-compression force of the spring, and α is the angle between
tangent line at touch contact point and x axis.

OPTIMIZATION DESIGN OF GENETIC
ALGORITHM

Optimization Parameters
According to the mechanical model of the device [11], the key
parameters that affect the mechanical property of the NSD device
are: 1) stiffness of the compressed spring k, 2) compression length
of the spring, and 3) the curve function of the template f(x). The
first two factors mainly affect the spring pressure, which has little
optimization potential due to the insufficient spring force. The
two key parameters in the track curve function, amplitude A and
frequency ω, representing the track fluctuation degree and slope,
respectively, play a decisive role in the force-displacement curve
of the device.

The friction component in Eq. 2 is Ff � sgn( _x)μN cos2α. The
material of the device is steel, the friction coefficient μ is small,
and the cosine square further reduces the friction value, so the
friction has a relatively small impact on the output force of NSD.
Considering the optimization efficiency of the algorithm, the
influence of friction is ignored.

The curve function of the original NSD is given by the
following equation (the length unit is meter):

f (x) �
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

0.3 · cos[2π
3
(x + 0.05)] x ≤ − 0.05

0.3 −0.05≤ x ≤ 0.05
0.3 · cos[2π

3
(x − 0.05)] 0.05≤ x

. (3)

Since the negative force of the NSD is controlled by amplitude
A and frequency ω, they are set as the optimization parameters
[12]. A 0.05 m flat gap is set on the template around equilibrium.
The device will not generate negative stiffness force when the
displacement is within this range, so that the controlled structure

FIGURE 1 | Basic mechanism of the NSD. (A) Rail-type NSD and (B) Mechanism of NSD.
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will maintain the original stiffness when the displacement is small
and avoid the amplification of small excitation disturbance. The
length of flat gap only needs to be selected properly to achieve the
design purpose, so the original value remains unchanged.

Objective Functions
Safety and comfort are two key indexes of structural vibration
control, which is governed by displacement response and
acceleration response, respectively [13]. According to the
characteristics of negative stiffness control, the following
objective function is proposed:

Z � 0.5
amax

a0
+ 0.5

xmax

x0
, (4)

where amax and a0 are the optimized peak acceleration of the NSD
control structure and the initial peak acceleration of the NSD
control structure. Similarly, xmax and x0 are the maximum
displacement of the structure controlled by optimized NSD
and the initial NSD. The objective function Z is composed of
two items: the first item is 0.5 amax

a0
, which reflects the control effect

of the negative stiffness system on the acceleration under the
action of earthquake, and is considered for comfort; the second
item is 0.5 xmax

x0
, which reflects the control effect of the negative

stiffness system on the displacement of the structure, and is for
safety concern. The coefficient is taken as 0.5 to balance the
control effect on acceleration and displacement and best seismic
performance is achieved [14].

Selection Operator
Selection operation is to select genes with better adaptability
according to the idea of survival of the fittest and the results of
individual fitness evaluation [15, 16]. The idea is to give
preference to the individuals with good fitness scores and
allow them to pass their genes to the successive generations.
Selection operation can improve global convergence,
computational efficiency, and avoid gene deletion. Considering
the population size and convergence demand, the roulette
method [17] is used as the selection operator:

pi � fi

∑
n

i� 1
fi
, (5)

where pi is the probability of the ith individual being selected and
fi is the fitness value of the ith individual.

Crossover Operator and Mutation Operator
Crossover plays a key role in obtaining new excellent individuals
by genetic algorithm [18]. Before the crossover operation, the
individuals in the population need to be paired. The common way
is random pairing. The design of crossover operator not only
needs to keep the existing excellent genes but also can produce
better individuals. In this research, two point crossover is
adopted, that is, two points are randomly set in the code of
the parent gene to exchange the first and last segments of
the gene.

Mutation is to change one or some bit values of an individual
gene with a small probability and then generate a new individual.
Mutation itself is a kind of random algorithm, and its local search
ability can accelerate the evolution of individuals to the optimal
solution [19]. Mutation can avoid the loss of some information
caused by selection and crossover operation and maintain the
diversity in population to avoid the premature convergence.

The crossover operator and mutation operator cooperate with
each other to complete the global search and local search of the
search space, so that the genetic algorithm can complete the
optimization process of the optimal problem with good search
performance. However, randomness can accelerate the local
convergence, and it may also destroy the current excellent
individuals, which is not conducive to the convergence of the
algorithm. In order to protect excellent chromosome and
improve the efficiency and convergence of computation, the
probability of cross and mutation is set as a function of
individual fitness scores, which is given by Eq. 6 and Eq 7:

Pci(i) � p1
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1 −

�������������

1 −⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1 − fi

∑
n

i�1
fi

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

√√√√ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠, (6)

Pmi(i) � p2
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1 −

��������������

1 −⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1 − fi

∑
n

i�1
fi

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

2
√√√√ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠, (7)

where Pci(i) and Pmi(i) represent the probability of crossover and
mutation of the ith individual, respectively; p1 and p2 are the
presupposed probability of crossover operation and mutation
operation of the ith individual, respectively; fi is the fitness value
of the ith individual.

Numerical Simulation and Result Analysis
The numerical analysis on a benchmark highway bridge [20] is
carried out to verify the effectiveness of the proposed
optimization method. The bridge model used for the
benchmark study is based on the 91/5 highway bridge in
Southern California, as shown in Figure 2A. The locations of
control devices and sensors on the bridge are shown in Figure 2B
The superstructure of the bridge consists of a two-span, cast-in-
place, prestressed concrete (PC) box girder, and the substructure
is in the form of PC outriggers. Each span of the bridge is 58.5 m
long, spanning a four-lane highway, with two abutments skewed
at 33°. The width of the deck is 12.95 m along the east direction
and 15 m along the west direction. The deck is supported by a
31.4-m-long and 6.9-m-high prestressed concrete outrigger,
resting on two pile groups. The total mass of the benchmark
highway bridge is 4,237,544 kg, and the mass of the deck is
3,278,404 kg.

A finite element model (FEM) is developed to study the
structural dynamic characteristics of the highway bridge. The
first six natural frequencies [21, 22] of vibration of the FEM are
shown in Table 1.
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The peak value of displacement and acceleration of the
structure from the time history analysis of the benchmark
model [23] are taken as the key parameters of the objective
function value to evaluate the optimization effect. Meanwhile,
they are the basis of calculating individual fitness, and the fitness
function is given by the following formula:

f (i) � 1

|xmax| +
1

|amax|, (8)

where xmaxand amax are the peak response of structural
displacement and acceleration, respectively. The sum of the
reciprocal absolute values of the two is taken as the fitness for
safety and comfort concern. NSD is arranged in two directions.
The benchmark program is modified and embedded into the
main program of genetic algorithm.

Given the nonlinear characteristics of the controlled structure,
the most unfavorable seismic record is selected as the seismic
excitation: El Centro and NPalmspr. The peak acceleration is set
as 400 gal.

Genetic algorithm is designed as follows: the initial population
size is 20, the evolution algebra is 20, the binary length is 20, the
generation gap is 0.9, the probability of cross operation is 0.7, the
probability of variation operation is 0.1, the selection operator
adopts the roulette method, the cross operator adopts a two-point
crossing mode, the variation operator adopts a discrete type, and
embeds the benchmark program into the main program of

genetic algorithm. For the rail-type negative stiffness device,
the optimization results are shown in Table 2.

The iterative process of genetic algorithm is shown in Figure 3.
It can be seen that the stable decline of function value from the
tenth generation to the 29th generation is the process of
outstanding genes emerging; after the 30th generation, the
function value tends to be stable, which indicates that the
genetic algorithm has very good convergence.

The control effects of three different control strategies are
studied: isolation (Iso), original NSD, and optimized NSD with

FIGURE 2 | enchmark highway bridge model [20]. (A) Schematic of the highway bridge. (B) Locations of control devices and sensors on the bridge.

TABLE 1 | Natural Frequencies of the highway bridge.

Mode no Frequency Mode

1 1.23 Torsional
2 1.28 Torsional + Vertical
3 1.55 Vertical
4 1.69 Transverse
5 1.77 2nd vertical
6 3.26 2nd transverse

TABLE 2 | Optimization parameters.

Parameters Value

Amplitude A/m 0.5124
Frequency ω 2.3866

FIGURE 3 | Iterative process of the genetic algorithm.
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FIGURE 4 | Time history of displacement responses at mid-span under El Centro earthquake.

FIGURE 5 | Time history of acceleration responses at mid-span under El Centro earthquake.
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the simulation duration of 20s. Figures 4,5 show
comparisons of the time history of displacement and
acceleration at mid-span with different control strategies
under 400 gal El Centro earthquake excitations,
respectively. It can be seen from Figure 4 that the peak
displacement response of the structure with NSD is
smaller than that of the isolated structure. Peak response
is reduced from 0.251 to 0.108 m by the decrease of 56.9%.
After optimization, the peak displacement is further reduced
to 0.080 m by the decrease of 69.1%. The same phenomenon
can be also seen in Figure 5; when NSD is applied, the
maximum acceleration response is reduced from 1.127 m/
s2 to 1.091 m/s2 by the decrease of 3.1%. The peak response
after optimization is 12.2% lower than that of NSD before
optimization. It can be seen from the figure that the
displacement time history curve (dotted line) after
optimization is wrapped with the displacement time
history curve (solid line) before optimization, indicating
that the control effect has been comprehensively improved.

Through optimization, the peak value of seismic displacement
of the structure is greatly reduced, and the safety of the structure
is improved; after the earthquake, the structure has smaller
residual deformation, which can ensure the economy.

Table 3 shows the peak displacement and acceleration
response of the benchmark model under the El Centro wave
excitation under three working conditions: isolation (Iso),
original NSD, and optimized NSD. The reduction rate of
displacement in Table 3 is defined as the ratio of the

difference between the displacement response before and after
optimization and the displacement response before optimization.
The reduction rate of acceleration is the same in which, the
response value before optimization is taken from the relevant
literature [24]. As shown in the table, peak displacement and
acceleration response are effectively reduced when NSD is
applied. Moreover, the optimal designed NSD can further
improve the seismic performance of the benchmark highway
bridge.

To determine the suitability of the proposed optimization
method, the sensitivity of the objective function to earthquake
excitations is studied. Take NPalmspr earthquake for example,
comparison of displacement and acceleration time history under
different control cases are shown in Figure 6 and Figure 7,
respectively. It can be seen from Figure 6 that displacement
response in both x and y directions are significantly reduced when
NSD is applied, and they are further mitigated when the NSD is
optimal designed. The same phenomenon can be also seen in
Figure 7; the acceleration time history of optimized NSD is

TABLE 3 | Peak acceleration and displacement at mid-span (El Centro).

Earthquake Control case Value Reduction rate

Acceleration (m/s2) Iso 1.127 -
NSD 1.091 3.1%
Optimized NSD 0.958 14.9%

Displacement (m) Iso 0.251 -
NSD 0.108 56.9%
Optimized NSD 0.080 69.1%

FIGURE 6 | Time history of displacement responses at mid-span under NPalmspr earthquake.
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wrapped by that of NSD and both of them are wrapped by the
curve of original structure. The analysis above indicates that the
seismic response of the highway bridge can be effectively reduced
when NSD is optimal designed.

The values of the objective function under earthquake
excitations with different amplitude and spectrum
characteristics are shown in Figure 8. It can be seen that the

objective function value is relatively stable under amplitude from
200 gal to 700 gal. Moreover, the value of objective function also
changes slightly when different excitation is applied. In all cases,
the value of objective function fluctuates within a range of
0.529–0.549. It can be drawn that the proposed objective
function can be used for optimizing NSD added in the
benchmark highway bridge under different earthquake
excitations.

CONCLUSION

In this article, parametric optimization analysis on the NSD
added in the benchmark highway bridge is carried out.
Optimization parameters and constrain conditions are
determined in accordance with characteristics of the NSD.
Considering safety and comfort, objective function is
proposed. Individual fitness value–related cross and mutation
operators are designed to protect excellent chromosomes and
improve the efficiency and convergence of computation. Then the
genetic algorithm is used to realize parameter optimization of the
NSD used in the benchmark highway bridge. The following
conclusions can be obtained from analysis:

(1) Both displacement and acceleration response of the
benchmark highway bridge are effectively reduced when
NSD is applied.

(2) Optimization of the parameter of NSD can further improve
the seismic performance of the benchmark highway bridge.

FIGURE 7 | Time history of acceleration responses at mid-span under NPalmspr earthquake.

FIGURE 8 | Sensitivity of the objective function to earthquake
excitations.

Frontiers in Physics | www.frontiersin.org May 2021 | Volume 9 | Article 6976987

Tong et al. Optimal Design of NSD

55

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


(3) The optimization results tend to be consistent under different
earthquake excitations which indicates that the optimization
strategy has good robustness
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The effect of aftershocks on the fragility of single-story masonry structures is investigated
using probabilistic seismic demand analysis Finite element models of an unreinforced
masonry (URM) structure and a confined masonry (CM) structure are established and their
seismic response characteristics when subjected to mainshock, aftershock, and the
mainshock-aftershock sequence are then comparatively investigated. The effects of
aftershocks and the use of confining members on the seismic response are studied.
Probabilistic seismic demand models of the structures are built, and fragility curves under
various conditions are derived to investigate the effect of aftershocks on structural fragility.
The maximum roof displacement and maximum inter-story drift ratio are lower in the
confined masonry model than in the unreinforced masonry model; additionally, the
probability of exceedance (PE) values of each damage limit state reduced, and those
of the mainshock-damaged models subjected to aftershock significantly increase
compared to those directly subjected to a same-intensity aftershock. The probability of
severe damage or collapse compared with the mainshock-damaged CM model is greater
than when each is subjected to a same intensity aftershock. The use of confining members
benefits aftershock resistance and reduces the failure probability of the mainshock-
damaged structure. The PE values significantly increase with the aftershock scaling
factor δ. Therefore, the effect of aftershocks should be considered in the seismic
design and analysis of masonry structures.

Keywords: masonry structure, aftershock, fragility, seismic performance, probabilistic seismic demand analysis

INTRODUCTION

Strong earthquakes are often accompanied by aftershocks, and large numbers of aftershocks have
been recorded in multiple earthquakes [1–4]. In 1999, a magnitude 7.4 earthquake occurred in Izmit,
Turkey, followed by a magnitude 5.9 aftershock within a month after the earthquake, resulting in the
collapse of some mainshock-damaged structures that did not collapse during the mainshock [5]. In
2002, an earthquake of magnitude 5.4 hit Molize, Italy, and several RC frame structures with only
minor damage from the mainshock were severely damaged by aftershocks [6]. An earthquake of
magnitude 8.0 occurred in 2008 inWenchuan, China, after which more than 28,000 aftershocks were
recorded, several exceeding magnitude 5.0 [7]. A magnitude 9.0 earthquake hit Japan in 2011, and
over 1,000 aftershock ground motions were recorded, including four aftershocks with magnitudes
exceeding 7.0 [8]. In 2015, an earthquake of magnitude 7.8 in west-central Nepal caused enormous
casualties and property loss in the region from the strong mainshock and multiple subsequent
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aftershocks [9]. The mainshock may cause various degrees of
plastic damage to structures, which can be further aggravated by
aftershocks, along with an accordant change in the dynamic
characteristics of the structures. The time interval between the
occurrence of the mainshock and aftershocks is generally short;
hence, unless repaired in time,mainshock-damaged structuresmay
be severely damaged or even collapse under even a low-intensity
aftershock [10–12]. In recent years, research on the effects of
aftershocks on the seismic performance of structures has
garnered great attention. Goda and Taylor [13] investigated the
nonlinear response of structures under mainshock-aftershock
sequences using single-degree-of-freedom (SDOF) systems, and
their results revealed that aftershocks significantly affect the peak
ductility demand of structures. Hosseinpour and Abdelnaby [14]
studied the effects of various aspects of the mainshock and
aftershocks, such as their input directions and vertical
components, on the seismic performance of RC structures and
showed that the input direction of aftershocks has a significant
effect on the displacement demand of irregular structures. Wang
et al. [15] investigated the seismic fragility of a continuous girder
bridge subjected to a mainshock-aftershock sequence. It was
concluded that the aftershock increases the seismic demand and
failure probability of the structure and that a structure that reaches
a moderate damage state after the mainshock is at the highest risk
of damage when subjected to an aftershock. Zhang et al. [16]
investigated the seismic fragility of concrete-filled steel tubular
frame structures under earthquake sequences based on nonlinear
seismic response analysis and probabilistic seismic demand
analysis (PSDA); the results showed that the failure probabilities
of structures in various damage limit states under earthquake
sequences all increase compared to those subjected to
mainshocks only. Salami et al. [17] investigated the seismic
fragility of low-rize RC structures under mainshock-aftershock
sequences using incremental dynamic analysis based on the
OpenSees software platform. It was demonstrated that the
probability of severe damage or the collapse of structures
increases significantly if the aftershock effect was considered.
Pang et al. [18] carried out nonlinear response analysis of a
high concrete-face rockfill dam subjected to the selected as-
recorded mainshock–aftershock sequences and investigated the
effects of aftershocks on the seismic fragility of the dam, showing
that aftershocks increase the probability of exceedance (PE) of
various damage limit states of the dam. Zhao et al. [19] studied the
influence of aftershocks on the seismic fragility of nuclear power
plants, the results showed that aftershocks cause additional damage
to the structure, leading to a significant increase in the PE values of
different damage limit states. Han et al. [20] conducted seismic loss
estimation of structures using RC frame buildings as a case study
and the recorded mainshock-aftershock sequences as the ground
motion input. It was concluded that aftershocks increase economic
losses and casualties and, to some extent, structural repair costs.
Nazari et al. [21] examined the effect of aftershocks on the seismic
fragility of wood structures and suggested that their effect be
reasonably considered in performance-based seismic design.

Masonry structures are extensively used in rural areas of China
due to their low cost and simple construction. However, this type of
structure has certain disadvantages such as large self-weight and low

tensile and shear strengths of materials, etc. There is a lack of
standard design and quality control procedures, leading to poor
seismic performance of these structures [22], which are highly
susceptible to severe damage or even collapse under strong
earthquake shaking. Seismic experience data after the 2008
Wenchuan earthquake discovered that masonry structures
suffered the most severe damage and accounted for the largest
number of collapses, causing the largest property loss and number of
casualties [23]. Bessason et al. [24] developed seismic fragilitymodels
for different types of structures using statistical methods and based
on earthquake experience data. The results showed that the damage
limit state probabilities of masonry structures are higher than those
of RC and wood structures. Biglari and Formisano [25] established
empirical fragility curves of masonry structures in Sarpol-e-zahab
and Bam, Iran, using the RISK-UE level 1 method and based on
damage data from post-earthquake reconnaissance in this region.
Del Gaudio et al. [26] investigated the main parameters influencing
structural damage and proposed a method for assessing the seismic
fragility of masonry structures based on the post-earthquake
structural damage data. Saloustros et al. [27] proposed a method
for seismic fragility assessment considering the uncertainty in
material parameters and used the method to study the seismic
fragility of historical masonry structures.

Currently, most studies on masonry structures focus on
quasistatic tests of their structural members or shaking-table
tests and numerical simulation analyses that mostly consider
single earthquake shaking [28–30]. As stated above, there is a
relative lack of research on the fragility of masonry structures and
their susceptibility to aftershocks, leaving room for improvement
in the seismic design and seismic risk assessment methods of
masonry structures. In particular, masonry structures in rural
areas are typically not designed properly, and many self-built
houses lack the necessary confining members, so these masonry
structures have poor seismic performance. To address this
problem, taking a typical single-story masonry structure of the
rural areas of Northeast China as an example, the present study
builds finite element models of unreinforced masonry (URM)
structure and confined masonry (CM) structural models,
investigates the seismic responses and fragility of masonry
structures subjected to mainshock, aftershock and mainshock-
aftershock sequence using nonlinear dynamic time history
analysis and PSDA, and comparatively analyzes the effects of
confining members such as ring beams and confined boundary
columns on the seismic response and fragility of masonry
structures. On this basis, the effect of aftershocks on the
seismic response and fragility of mainshock-damaged masonry
structures is investigated in depth, and the effects of confining
members and the aftershock scaling factor are also examined.

THE DESCRIPTION OF STRUCTURAL
MODELS

Finite Element Models of Masonry
Structures
As shown in Figure 1, the single-story masonry structure studied
herein has a plan dimension of 11.5 × 7.9 m, a story height of 3 m,
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and a roof height of 5.4 m. The masonry wall is built with MU10
bricks and M2.5 mortar. It has a density of 2000 kg/m³, a
Poisson’s ratio of 0.15, and an elastic modulus of 1.827 ×
109 N/m2. The ring beams and the confined boundary column
are made of C20 concrete, which has a cubic compressive strength
of 20 MPa, a density of 2,500 kg/m3, and a Poisson’s ratio of 0.2.
The reinforcing bars in confining members are made of HPB300
steel, which has a yield strength of 300 MPa, a density of 7,800 kg/
m³, a Poisson’s ratio of 0.3, and an elastic modulus of 2.1 ×
1011 N/m2. Finite element models of URM and CM structures
were established with ABAQUS software, as shown in Figure 2.
Masonry walls were simulated by shell elements, and ring beams
and confined columns were simulated by fiber beam elements. A
modal analysis [31] was conducted to obtain the fundamental
periods of the URM and CM models: TURM-1 � 0.114 s and
TCM-1 � 0.107 s.

Constitutive Model of Masonry Material
Compressive Stress-Strain Relationship of Masonry
Material
The compressive stress-strain relationship of masonry suggested
in reference [32] was adopted in the present study, as shown in
Figure 3A. The corresponding stress-strain curve includes a
parabolic ascending branch and a linear descending branch.
The ascending branch is expressed as follows:

σc

f ′c
� 2

εc
ε′c
− (

εc
ε′c
)

2

(1)

f ′c � 0.63f 0.49b f 0.32j (2)

Ec ≈ 550f ′c (3)

ε′c � Cj
f ′c
E0.7
c

(4)

FIGURE 1 | Detail dimensions and layout of the single-story masonry structures. (A) Plan view. (B) Front elevation. (C) Side elevation.

FIGURE 2 | Finite element models of single-story masonry structures. (A) URM. (B) CM.
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Cj � 0.27
f 0.25j

(5)

Where σc is the compressive stress, εc is the compressive strain, fc′ is
the peak compressive stress, εc

’ is the compressive strain corresponding
to fc′, fb is the compressive strength of block, fj is the compressive
strength of mortar, and Ec is the elastic modulus of masonry. Cj is
determined by the mortar strength. The linear descending branch is
determined by the points {εc@0.9fc’, 0.9 fc

’} and {2.75εc′, 0.2 fc′}.

Tensile Stress-Strain Relationship of MasonryMaterial
The tensile stress-strain curve of masonry is similar to that of
concrete, except that masonry has a lower tensile strength. In the
present study, the tensile stress-strain curve of concrete
recommended in the Code for Deign of Concrete Structures
(GB 50010–2010) [33] was slightly modified to approximately
simulate the tensile behavior of masonry, as expressed below:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

σ t

ft,r
� 1.2

εt
εt,r

− 0.2(
εt
εt,r

)
6

,
εt
εt,r

≤ 1

σ t

ft,r
� x

2( εt
εt,r

− 1)
1.7

+ εt
εt,r

,
εt
εt,r

> 1
(6)

ft,r � 0.141



f2

√
(7)

εt,r � ft,r
Ec

(8)

where σt is the tensile stress, εt is the tensile strain, f2 is the average
compressive strength of mortar, ft,r is the average tensile strength
of masonry, εt,r is the tensile strain corresponding to ft,r, and Ec is
the elastic modulus of masonry.

CONSTRUCTION OF
MAINSHOCK–AFTERSHOCK
SEQUENCE-TYPE GROUND MOTIONS
The as-recorded mainshock-aftershock sequences are difficult to
obtain and are limited in number. For this reason, artificial

mainshock-aftershock sequences are often constructed using
theoretical methods for research in this field. Han et al. [34]
used Latin hypercube sampling to randomly synthesize
aftershocks based on the mainshock records, site conditions,
and fault rupture mechanisms, and then constructed the
mainshock-aftershock sequences from the data for both the
mainshocks and aftershocks. To consider the effect of
aftershock intensity on the seismic performance of structures,
Zhai et al. [35] constructed mainshock-aftershock sequences by
using four different mainshock-to-aftershock peak acceleration
scaling factors, i.e., PGAAS/PGAMS � 0.5, 0.8, 1.0, and 1.5,
respectively. Song et al. [10] studied the collapse probability of
steel structures using three (i.e., repeated, randomized, and as-
recorded) types of mainshock-aftershock sequence ground
motions. Haziziorgioua and Beskos [36] constructed the
repeated mainshock-aftershock sequences and used them to
analyze the inelastic displacement ratios of the SDOF
structural system. Li and Ellingwood [37] constructed
mainshock-aftershock sequences by replication and
randomization and then used them to study the fragility of
steel frame structures.

In the present study, the commonly used replication method
to construct mainshock-aftershock sequences by scaling the
mainshock. That is, assuming that the mainshock and
aftershock have the same ground motion characteristics (e.g.,
frequency and duration, etc.), the aftershock is simulated by
multiplying the peak acceleration of the mainshock by a
scaling factor between 0 and 1, and then the two are
combined to generate a mainshock-aftershock sequence. To
consider the uncertainty of input ground motion, 80 real
ground motion records were selected from the strong ground
motion database of the Pacific Earthquake Engineering Research
Center based on the magnitude-epicentral distance (Mw-R) band
method, i.e. [38], the selected ground motions should be
distributed within a wide Mw-R range while considering the
effect of near-fault ground motions. Then, the 80 selected ground
motions were scaled using four different values of scaling factor δ,
set to 0.4, 0.6, or 0.8, 1, thereby constructing a total of
320 mainshock-aftershock sequences. The time interval

FIGURE 3 | Constitutive model of masonry material. (A) Axial compressive stress-strain relationship of masonry material. (B) Axial tensile stress-strain relationship
of masonry material.
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between the mainshock and aftershock was set as 100 s to ensure
that the structure had enough time to return to an at-rest position
after the mainshock. Figure 4 shows the Mw-R distribution of the
selected ground motion records. Figure 5 gives the acceleration
time histories of the mainshock-aftershock sequences generated
using different scaling factors under the condition C08–320
(δ � 0.6).

SEISMIC RESPONSE ANALYSIS OF
SINGLE-STORY MASONRY STRUCTURES

Nonlinear seismic response analysis of the URM and CM
structural models subjected to mainshocks only, aftershocks
only, and mainshock-aftershock sequences was carried out
using nonlinear dynamic time-history analysis. The maximum
roof displacement and the maximum inter-story drift ratio
(ISDR) are used as performance indices to evaluate the effects

of confining members as well as aftershocks on the seismic
response of single-story masonry structures.

Effect of Confining Members on Seismic
Response of Masonry Structures Under
Mainshocks
Table 1 lists the maximum values of roof displacement of the
URM and CM structural models under mainshocks only.
Compared with those of the URM structure, the maximum
roof displacement of the CM model decrease by 2.13–66.81%.
Taking the condition LOS-000 as an example, the maximum roof
displacement of the URM model are 3.75 mm, while that of the
CM model are 3.06 mm, representing a decrease of 18.4%.
Evidently, the use of confining members such as ring beams
and constructional columns improves the integrity of the single-
story masonry structure and effectively reduces its seismic
response.

Effect of Aftershocks on the Seismic
Response of Mainshock-Damaged
Masonry Structures
The nonlinear seismic response analysis of the URM and CM
structural models under mainshock-aftershock sequences or
aftershocks only was performed. Figure 6 shows the
comparison of roof displacement time-history curves of the
undamaged and mainshock-damaged URM and CM models
under aftershock (LOS-000, PGAMS � 0.411 g, δ � 0.6).
Tables 2 and 3 compare the maximum roof displacements of
the URM and CMmodels under some of the main conditions. In
Table 2 and 3, UD represents the undamaged model while MD

FIGURE 4 | Mw-R distribution of ground motion records.

FIGURE 5 | Acceleration time-history curves of mainshock-aftershock
sequences (C08–320, PGAMS � 0.259 g).

TABLE 1 | Comparison of maximum roof displacements of single-story masonry
structural models under different mainshocks.

No Earthquake motion PGA(g) Maximum roof
displacement (mm)

URM CM RP(%)

1 H06–360 0.06 0.43 0.4 6.98
2 SOR–315 0.067 0.52 0.47 9.62
3 BRA–315 0.16 2.07 1.94 6.28
4 M-GMR–000 0.184 1.61 1.31 18.63
5 HCH–090 0.245 0.94 0.92 2.13
6 C08–320 0.259 1.51 1.3 13.91
7 SLC–360 0.277 1.51 1.44 4.64
8 G02–090 0.32 3.72 1.46 60.75
9 A-CAS–000 0.322 2.45 1.94 20.82
10 LOS–000 0.411 3.75 3.06 18.40
11 CNP–196 0.42 5.81 3.82 34.25
12 LOS–270 0.477 5.83 4.43 24.01
13 NWH–360 0.59 14.09 5.98 57.56
14 JEN–092 0.593 18.72 8.66 53.74
15 SCS–052 0.612 14.45 8.83 38.89
16 SPV–270 0.753 33.85 11.64 65.61
17 H-BCR–230 0.78 16.15 9.63 40.37
18 SCS–142 0.805 43.27 14.36 66.81
19 RRS–228 0.834 82.91 31.83 61.61
20 SPV–360 0.939 21.89 12.23 44.13
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represents Mainshock-damaged model. Compared with
undamaged URM and CM models subjected to aftershock
only, the maximum roof displacements of the mainshock-
damaged URM and CM models subjected to aftershock of the
same intensity increased by factors of 0–69.96 and 0–9.64,
respectively, when δ � 0.4; by factors of 0–32.98 and 0–3.62
when δ � 0.6; by factors of 0–13.89 and 0–1.41 when δ � 0.8; and
by factors of 0–7.72 and 0–1.29 when δ � 1. Taking the condition

LOS-000 as an example, Figures 7, 8 compare the roof
displacement time-history curves of the URM and CM
models, respectively. When δ � 0.4, the maximum roof
displacements of the undamaged URM and CM models under
the aftershock only are 1.32 and 1.07 mm, respectively, while the
maximum roof displacements of the two models under an
aftershock of the same intensity after the mainshock are 2.65
and 1.89 mm, representing an increase of 100.8 and 76.6%,

FIGURE 6 |Comparison of roof displacement time-history curves of the undamaged and mainshock-damaged URM and CMmodels under aftershock (LOS-000,
PGAMS � 0.411 g, δ � 0.6). (A) URM. (B) CM.

TABLE 2 | Comparison of maximum roof displacements of the undamaged and mainshock-damaged URM models under aftershock.

No Earthquake
motion

PGA(g) Roof displacements(mm)

δ = 0.4 δ = 0.6 δ = 0.8 δ = 1

UD MD IR(%) UD MD IR(%) UD MD IR(%) UD MD IR(%)

1 H06–360 0.06 0.17 0.17 0.0 0.26 0.26 0.0 0.34 0.34 0.0 0.43 0.43 0.2
2 SOR–315 0.067 0.21 0.21 0.0 0.31 0.31 0.0 0.42 0.42 0.2 0.52 0.52 0.0
3 BRA–315 0.16 0.87 0.88 1.6 1.30 1.33 2.0 1.73 1.77 2.5 2.07 2.22 7.3
4 M-GMR–000 0.184 0.64 0.65 1.4 0.96 0.97 1.0 1.28 1.29 0.9 1.61 1.61 0.2
5 HCH–090 0.245 0.38 0.38 0.5 0.56 0.56 0.2 0.75 0.75 0.1 0.94 0.94 0.2
6 C08–320 0.259 0.61 0.62 1.5 0.91 0.92 1.1 1.21 1.23 1.3 1.51 1.54 1.5
7 SLC–360 0.277 0.60 0.61 1.3 0.90 0.91 0.9 1.20 1.21 0.8 1.51 1.52 0.4
8 G02–090 0.32 1.01 1.85 83.3 1.51 2.52 66.9 2.17 3.44 58.4 3.72 4.47 20.1
9 A-CAS–000 0.322 1.01 1.41 39.6 1.52 1.87 23.3 1.99 2.13 7.1 2.45 2.63 7.4
10 LOS–000 0.411 1.32 2.65 100.8 1.99 2.86 43.6 2.51 3.34 33.2 3.75 4.26 13.7
11 CNP–196 0.42 1.33 3.17 137.9 2.15 3.98 85.1 3.19 4.95 55.3 5.81 6.74 16.0
12 LOS–270 0.477 1.40 3.60 156.6 2.21 4.48 102.6 3.66 4.97 35.8 5.83 6.87 17.9
13 H-E05–140 0.502 1.71 3.96 132.5 3.46 4.66 34.8 4.62 5.55 20.2 6.22 7.35 18.1
14 NWH–360 0.59 1.22 6.89 464.0 1.89 17.38 821.7 2.82 41.98 1,388.5 14.09 109.63 677.8
15 SCS-052 0.612 1.36 9.86 627.3 2.21 18.34 731.4 5.13 42.34 726.0 14.45 126.02 772.3
16 SPV–270 0.753 1.91 20.92 993.6 5.58 38.41 587.9 16.16 63.41 292.4 33.85 89.25 163.6
17 H-BCR–230 0.78 2.41 14.45 500.0 5.19 20.41 293.2 8.34 28.74 244.6 16.15 39.46 144.3
18 SCS–142 0.805 1.63 70.04 4,194.5 2.89 98.21 3,298.2 13.47 155.54 1,054.4 43.27 323.67 648.0
19 RRS–228 0.834 1.87 132.69 6,980.6 6.18 185.55 2,902.4 29.26 258.39 783.0 82.91 335.10 304.2
20 SPV–360 0.939 1.31 17.28 1,214.8 2.11 27.96 1,224.1 7.43 55.14 641.8 21.89 115.50 427.7

UD represents the undamaged model while MD represents Mainshock-damaged model.
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respectively. When δ � 0.6, the maximum roof displacements of
the undamaged URM and CM models under the aftershock only
are 1.99 and 1.60 mm, respectively, while the maximum roof
displacements of the twomodels under the aftershock of the same
intensity after the mainshock are 2.86 and 2.22 mm, representing
an increase of 43.7 and 38.8%, respectively. When δ � 0.8, the
maximum roof displacements of the undamaged URM and CM
models under the aftershock only are 2.51 and 2.06 mm,

respectively, while the maximum roof displacements of the
two models under the aftershock of the same intensity after
the mainshock are 3.34 and 2.72 mm, representing an increase
of 33.1 and 32.0%, respectively. When δ � 1, the maximum roof
displacements of the undamaged URM and CMmodels under the
aftershock only are 3.75 and 3.06 mm, respectively, while the
maximum roof displacements of the two models under the
aftershock of the same intensity after the mainshock are 4.26
and 3.39 mm, representing an increase of 13.6 and 10.8%.
Therefore, compared with undamaged URM and CM models
under aftershock only, the roof displacement of the mainshock-
damaged URM and CMmodels under the aftershock of the same
intensity both notably increase, indicating that aftershocks have a
substantial effect on the displacement demand of mainshock-
damaged structures and hence cannot be ignored. In addition, as
shown in Figure 6, it can be clearly seen that the presence of
confining members effectively mitigates the effect of aftershocks
on structures. Therefore, it is very important to have necessary
confining members in masonry structures, which benefits
resistance to not only a single strong earthquake but also
multiple successive earthquakes.

SEISMIC FRAGILITY ANALYSIS OF
SINGLE-STORY MASONRY STRUCTURES

Probabilistic Seismic Demand Model
The PSD model characterizes the relationship between the
engineering demand parameter (EDP) and the ground motion
intensity measure (IM). In the present study, the maximum ISDA
(ISDAmax) and the peak ground acceleration (PGA) are selected
as the EDP and the IM, respectively, for the PSD analysis of the

TABLE 3 | Comparison of maximum roof displacements of the undamaged and mainshock-damaged CM models under aftershock.

NO. Earthquake
motion

PGA(g) Roof displacements(mm)

δ = 0.4 δ = 0.6 δ = 0.8 δ = 1

UD MD IR(%) UD MD IR(%) UD MD IR(%) UD MD IR(%)

1 H06–360 0.06 0.06 0.16 184.2 0.24 0.24 0.8 0.32 0.32 0.9 0.40 0.40 0.5
2 SOR–315 0.067 0.19 0.19 1.1 0.28 0.28 0.7 0.37 0.37 0.5 0.46 0.47 0.4
3 BRA–315 0.16 0.78 0.79 1.3 1.17 1.20 2.5 1.56 1.62 3.6 1.94 2.05 5.4
4 M-GMR–000 0.184 0.52 0.53 1.3 0.78 0.79 1.3 1.04 1.05 1.2 1.31 1.31 0.5
5 HCH–090 0.245 0.37 0.37 0.0 0.55 0.55 0.0 0.74 0.74 0.0 0.92 0.92 0.0
6 C08–320 0.259 0.52 0.53 1.5 0.78 0.79 1.2 1.04 1.05 1.2 1.30 1.31 1.2
7 SLC–360 0.277 0.57 0.58 0.7 0.86 0.87 0.6 1.15 1.16 0.6 1.44 1.44 0.0
8 G02–090 0.32 0.84 1.47 75.6 1.27 2.04 61.1 1.79 2.63 46.7 1.46 3.34 129.3
9 A-CAS–000 0.322 0.76 0.84 10.8 1.14 1.24 9.3 1.51 1.64 8.5 1.94 2.15 10.9
10 LOS–000 0.411 1.07 1.89 76.5 1.60 2.22 38.7 2.06 2.72 32.4 3.06 3.39 10.5
11 CNP–196 0.42 1.13 2.09 84.7 1.74 3.11 78.3 2.67 3.94 47.4 3.82 5.23 36.8
12 LOS–270 0.477 1.31 2.81 115.1 2.02 3.60 78.6 2.90 4.18 44.1 4.43 5.17 16.7
13 H-E05–140 0.502 1.59 3.48 119.5 2.64 4.16 57.6 4.06 5.06 24.7 5.49 6.16 12.1
14 NWH–360 0.59 1.20 1.41 17.3 1.81 1.98 9.4 3.04 3.63 19.7 5.98 6.62 10.7
15 SCS–052 0.612 1.34 4.13 208.3 2.12 5.30 149.9 4.29 7.99 86.0 8.83 11.92 35.0
16 SPV–270 0.753 1.70 4.55 167.5 3.67 6.29 71.4 6.99 8.78 25.7 11.64 14.93 28.3
17 H-BCR–230 0.78 2.25 4.13 83.5 4.27 5.68 32.8 6.69 7.63 14.1 9.63 10.15 5.4
18 SCS–142 0.805 1.62 9.19 466.8 2.51 11.60 361.5 8.50 16.81 97.8 14.36 23.73 65.3
19 RRS–228 0.834 1.76 18.72 961.4 5.34 23.66 342.9 15.87 33.01 108.0 31.83 47.05 47.8
20 SPV–360 0.939 1.26 5.50 336.9 1.93 7.98 313.4 5.20 12.55 141.4 12.23 18.66 52.6

UD represents the undamaged model while MD represents Mainshock-damaged model.

FIGURE 7 | Probabilistic seismic demand model of URM and CM
subjected to mainshock only.
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two structures. Cornell et al. [39] proposed that the structural
EDP and the IM satisfy the following logarithmic linear relation:

ln(EDP) � ln a + b ln(IM) (9)

The PSD model under each condition can be obtained by fitting
the results from the nonlinear dynamic time-history analysis of
the structure. The logarithmic standard deviation of the seismic
demand can be expressed as

σD|IM �






















∑
N

i�1
[ln(Di) − ln(aIMb

i )]
2

N − 2

√√

(10)

whereN is the number of sample points in the regression analysis,
Di is the peak value of the ith seismic demand, IMi is the PGA of
the ith ground motion, and a and b are the regression parameters.

Figure 7 shows the PSD models for the URM and CMmodels
subjected to mainshocks only. Figures 8, 9 show the PSD models
for the URM and CM models subjected to aftershocks only and
mainshock-aftershock sequences. Tables 4 and 5 list the
mathematical expressions and related parameters of the PSD
models under different conditions.

Fragility Analytical Method
The fragility function can be expressed as follows [16]:

P(D≥C | IM) � Φ⎡⎢⎢⎢⎢⎢⎢⎢⎣
ln(μD) − ln(μC)










σ2
D|IM + σ2

C

√ ⎤⎥⎥⎥⎥⎥⎥⎥⎦ (11)

where D and C are seismic demand and structural capacity,
respectively; IM is the ground motion intensity measure, μD

FIGURE 8 | Probabilistic seismic demand model of URM subjected to aftershock. (A) δ � 0.4 (B) δ � 0.6 (C) δ � 0.8 (D) δ � 1.
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and μC are the medians ofD and C, respectively; and σD|IM and σC
are the standard deviations corresponding to D and C,
respectively.

The seismic fragility of a structure refers to the conditional
probability that the structure reaches or exceeds a certain limit
state under different seismic intensities. It thus describes the
probability distribution of all limit states of the structure.
Therefore, it is very important to define the damage limit

states of the structure. Using the maximum ISDR as the EDP,
four damage limit states, namely, slight damage (LS-1), moderate
damage (LS-2), severe damage (LS-3), and collapse (LS-4), are
defined according to the existing test results and recommended
values for current specifications. Table 6 shows these damage
limit states and their relevant parameters.

Fragility Results and Discussion
Effect of Confining Members on Seismic Fragility of
Masonry Structures
Figure 10 compares the seismic fragility curves of the URM and
CM models under mainshocks only. It is clear that the use of
confining members is crucial to reducing the seismic fragility of
masonry structures. The fragility curve of the CM model
corresponding to each damage limit state is notably below that
of the URM model. That is, the PE of each damage limit state of

FIGURE 9 | Probabilistic seismic demand model of CM subjected to aftershock. (A) δ � 0.4 (B) δ � 0.6 (C) δ � 0.8 (D) δ � 1.

TABLE 4 | Parameters for the probabilistic demand models of URM and CM
subjected to mainshock only.

Model Regression model R2 σD|IM

URM ln(ISDAmax) � –0.498 + 1.487ln(PGA) 0.829 0.26704
CM ln(ISDAmax) � –0.95 + 1.307ln(PGA) 0.878 0.13929
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the CM model is lower than that of the URM model. Taking the
case of PGA � 0.4 g as an example, the PE values of different
damage limit states of the URMmodel are 98.75% (LS-1), 62.85%
(LS-2), 11.06% (LS-3), and 0.53% (LS-4), while those of the CM
model are 96.83% (LS-1), 34.59% (LS-2), 1.32% (LS-3), and 0.01%
(LS-4), representing decreases of 1.94%, 44.96%, 88.07%, and
98.11%, respectively.

Taking the case of the aftershock scaling factor δ � 1 as an
example, Figure 11 shows the effect of confining members on the
fragility curves of the mainshock-damaged URM and CMmodels
subjected to aftershocks. The fragility curve of the mainshock-
damaged URM model corresponding to each limit state is above
that of the mainshock-damaged CM model, i.e., the PE of each
damage limit state of the mainshock-damaged URM model is
higher than that of the mainshock-damaged CM model. Taking

the case of PGA � 0.4 g as an example, the PE values of the four
damage limit states of the mainshock-damaged URM model are
98.83%, 77.66%, 46.19%, and 21.07%, respectively, and those of
the mainshock-damaged CM model are 98.08, 47.09, 3.52%, and
4.77 × 10–4, representing decreases of 0.75%, 39.36%, 92.38%, and
99.77%, respectively. The presence of confining members
significantly improves the structural resistance to aftershocks,
as the likelihood of moderate damage, severe damage or collapse
of the mainshock-damaged URM model (i.e., without confining
members) subjected to the aftershock is higher than that of the
mainshock-damaged CM model, as illustrated by the blue, green
and red lines in Figure 11. Therefore, the use of confining
members in the masonry structure has little effect on the
slight damage state but can effectively reduce the likelihood of
moderate damage, severe damage, or collapse of the mainshock-
damaged masonry structure when subjected to aftershocks.

Figure 12 compares the fragility curves of the undamaged and
mainshock-damaged CM models subjected to aftershocks. The
PE values of damage limit states of the mainshock-damaged
model subjected to the aftershock are significantly higher than

TABLE 5 | Parameters for the probabilistic demand models of URM and CM subjected to aftershock.

Cases Regression model R2 σD|IM

Undamaged model(URM) δ � 0.4 ln(ISDAmax) � –1.453 + 1.003ln(PGAZ) 0.855 0.10013
δ � 0.6 ln(ISDAmax) � –1.284 + 1.073ln(PGA) 0.868 0.10275
δ � 0.8 ln(ISDAmax) � –0.903 + 1.262ln(PGA) 0.865 0.1463
δ � 1 ln(ISDAmax) � –0.498 + 1.487ln(PGA) 0.829 0.26704

Mainshock-damaged model(URM) δ � 0.4 ln(ISDAmax) � –0.720 + 1.734ln(PGA) 0.782 0.49006
δ � 0.6 ln(ISDAmax) � –0.397 + 1.732ln(PGA) 0.773 0.51561
δ � 0.8 ln(ISDAmax) � 0.288 + 1.783ln(PGA) 0.753 0.6092
δ � 1 ln(ISDAmax) � –0.314 + 1.881ln(PGA) 0.737 0.7402

Undamaged model(CM) δ � 0.4 ln(ISDAmax) � –1.543 + 1.006n(PGA) 0.875 0.08461
δ � 0.6 ln(ISDAmax) � –1.452 + 1.048ln(PGA) 0.885 0.08352
δ � 0.8 ln(ISDAmax) � –1.148 + 1.191ln(PGA) 0.892 0.10046
δ � 1 ln(ISDAmax) � –0.95 + 1.307ln(PGA) 0.878 0.13929

Mainshock-damaged model(CM) δ � 0.4 ln(ISDAmax) � –0.303 + 1.409lnPGA) 0.856 0.1965
δ � 0.6 ln(ISDAmax) � –0.623 + 1.356ln(PGA) 0.864 0.16925
δ � 0.8 ln(ISDAmax) � –0.735 + 1.358ln(PGA) 0.868 0.16483
δ � 1 ln(ISDAmax) � –0.754 + 1.394ln(PGA) 0.862 0.18296

TABLE 6 | Classification of damage limit states.

Damage limit states LS-1 LS-2 LS-3 LS-4

ISDAmax January 1/600 1/700 1/350 1/200

FIGURE 10 | Comparison of fragility curves of the URM and CM model
subjected to mainshock only.

FIGURE 11 | Effect of confining members on fragility curves of the
mainshock-damaged CM and URM model subjected to aftershocks (δ � 1).
Effect of Aftershocks on Seismic Fragility of Masonry Structures Under
Aftershocks.
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those of the undamaged model directly subjected to the
aftershock of the same intensity. As shown in Figure 12,
taking the case of PGA � 0.4 g as an example, when δ � 0.4,
the PE values of the four damage limit states of the CMmodel are
99.92%, 85.10%, 25.17%, and 1.63%, respectively, when subjected
to the mainshock followed by an aftershock and are 85.10%,
9.31%, 0.06%, and 5.25 × 10–7 when subjected to the aftershock of
the same intensity directly. That is, compared with the
undamaged CM model, the aftershock increases the PE values
of the damage limit states of the mainshock-damaged CM model
by factors of 0.17, 8.14, 418.5, and 31,046.62, respectively. When δ
� 0.6, the PE values of the four damage limit states of the CM
model are 99.45, 64.07, 7.99, and 0.17%, respectively, when
subjected to the mainshock followed by the aftershock; they
are 88.38%, 12.1%, 0.01%, and 1.11 × 10–6, respectively, when
directly subjected to the aftershock of the same intensity. That is,
compared with the undamaged CM model, the aftershock
increases the PE values of the damage limit states of the
mainshock-damaged CM model by factors of 0.13, 4.30, 798,
and 1,530.53, respectively. When δ � 0.8, the PE values of the four
damage limit states of the CM model are 98.79%, 52.49%, 4.34%,
and 5.99 × 10–4, respectively, when subjected to the mainshock
followed by the aftershock and are 95.24%, 25.25%, 0.53%, and
1.42 × 10–5, when directly subjected to an aftershock of the same
intensity. That is, compared with the undamaged CM model, the
aftershock increases the PEs of the damage limit states of the
mainshock-damaged CMmodel by factors of 0.04, 1.08, 7.19, and
41.18, respectively. When δ � 1, the PE values of the four damage
limit states of the CM model are 98.08, 47.09, 3.52%, and 4.77 ×
10–4, respectively, when subjected to the mainshock followed by

the aftershock; they are 96.83%, 34.59%, 1.32%, and 7.48 × 10–5,
when directly subjected to an aftershock of the same intensity.
That is, compared with the undamaged CMmodel, the aftershock
increases the PE values of the damage limit states of the
mainshock-damaged CM model by factors of 0.01, 0.36, 1.67,
and 5.38, respectively.

Figure 13 compares the fragility curves of the undamaged and
mainshock-damaged URM model subjected to aftershocks. The
PE values of the damage limit states of the mainshock-damaged
URM model subjected to an aftershock are significantly higher
than those of the undamaged URM model directly subjected to
the aftershock of the same intensity. As shown in Figure 13,
taking the case of PGA � 0.4 g as an example, when δ � 0.4, the PE
values of the four damage limit states of the URM model are
99.95%, 97.13%, 78, 13%, and 42.43%, respectively, when
subjected to the mainshock followed by the aftershock and are
90.22%, 14.88%, 0.17%, and 2.55 × 10–6 when directly subjected
to an aftershock of the same intensity. That is, compared with the
undamaged URM model, the aftershock increases the PE values
of the damage limit states of the mainshock-damaged URM
model by factors of 0.11, 553, 458, 47, and 16, 39, 116
respectively. When δ � 0.6, the PE values of the four damage
limit states of the URM model are 99.6%, 90.59%, 59.09%, and
24.07%, respectively, when subjected to the mainshock followed
by an aftershock; they are 94.34%, 22.77%, 0.42%, and 1.03 × 10–5

when directly subjected to an aftershock of the same intensity.
That is, compared with the undamaged URM model, the
aftershock increases the PE values of the damage limit states
of the mainshock-damaged URM model by factors of 0.06, 2.98,
139.69, and 23, 367, 93, respectively. When δ � 0.8, the PE values

FIGURE 12 | The fragility curves of the undamaged and mainshock-damaged CM model under aftershocks. (A) δ � 0.4 (B) δ � 0.6 (C) δ � 0.8 (D) δ � 1.
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of the four damage limit states of the URM model are 98.33%,
82.65%, 49.17%, and 19.84%, respectively, when subjected to the
mainshock followed by an aftershock and are 98.14%, 43.92%,
2.47%, and 2.13 × 10–4 when directly subjected to an aftershock of
the same intensity. That is, compared with the undamaged URM
model, the aftershock increases the PE values of the damage limit
states of the mainshock-damaged URM model by factors of
0.0019, 0.88, 18.91, and 930.46, respectively. When δ � 1, the
PE values of the four damage limit states of the URM model are
98.83%, 76.66%, 46.19%, and 21.07%, respectively, when
subjected to the mainshock followed by an aftershock; they are
98.75%, 62.85%, 11.06%, and 0.53% when directly subjected to an
aftershock of the same intensity. That is, compared with the
undamaged URM model, the aftershock increases the PE values
of the damage limit states of the mainshock-damaged URM
model by factors of 0.0008, 0.22, 3.18, and 38.75, respectively.

Effect of the Aftershock Scaling Factor on the Seismic
Fragility of Masonry Structures Under Aftershock
Figure 14 compares the fragility curves of the mainshock-
damaged CM model using different aftershock scaling factors.
As shown in Figure 14A, taking PGA � 0.2 g as an example and
when δ � 0.4, 0.6, 0.8 and 1, the PE values of the slight damage
limit state (LS-1) of the mainshock-damaged CMmodel is 0.43%,
5.78%, 14.91%, and 32.96%, respectively. In Figure 14B, taking
PGA � 0.4 g as an example and when δ � 0.4, 0.6, 0.8 and 1, the PE
values of the moderate damage limit state (LS-2) of the
mainshock-damaged CM model are 1.22%, 9.01%, 22.98%, and
44.19%, respectively; taking PGA � 0.6 g as an example and when

δ � 0.4, 0.6, 0.8 and 1, the PE values of the moderate damage limit
state (LS-2) of the mainshock-damaged CM model are 21.35%,
49.99%, 76.35%, and 86.96%, respectively. As shown in
Figure 14C, taking PGA � 0.6 g as an example and when δ �
0.4, 0.6, 0.8 and 1, the PE values of the severe damage limit state
(LS-3) of the mainshock-damaged CM model are 0.62%, 4.77%,
14.52%, and 34.6%, respectively; taking PGA � 0.8 g as an
example and when δ � 0.4, 0.6, 0.8 and 1, the PE values of the
severe damage limit state (LS-3) of the mainshock-damaged CM
model are 7.08%, 23.67%, 49.07%, and 69.33%, respectively.
Figure 14D shows that, taking PGA � 0.8 g as an example
and when δ � 0.4, 0.6, 0.8 and 1, the PE values of the collapse
limit state (LS-4) of the mainshock-damaged CM model are 0.17,
1.57, 6.06, and 21.11%, respectively.

Figure 15 compares the fragility curves of the mainshock-
damaged URM model using different aftershock scaling factors.
As shown in Figure 15A, taking PGA � 0.2 g as an example and
when δ � 0.4, 0.6, 0.8 and 1, the PE values of the slight damage
limit state (LS-1) of the URM model are 8.22%, 26.68%, 41.33%,
and 53.84%, respectively. Figure 15B shows that, taking
PGA � 0.4 g as an example and when δ � 0.4, 0.6, 0.8 and 1,
the PE values of the moderate damage limit state (LS-2) of the
mainshock-damaged URM model are 22.26%, 46.66%, 64.5%,
and 72.66%, respectively; taking PGA � 0.6 g as an example and
when δ � 0.4, 0.6, 0.8 and 1, the PE values of the moderate damage
limit state (LS-2) of the mainshock-damaged URM model are
66.11%, 83.35%, 92.14%, and 92.34%, respectively. As shown in
Figure 15C, taking PGA � 0.6 g as an example and when δ � 0.4,
0.6, 0.8 and 1, the PE values of the severe damage limit state (LS-3)

FIGURE 13 | The fragility curves of the undamaged and mainshock-damaged URM model under aftershock. (A) δ � 0.4 (B) δ � 0.6 (C) δ � 0.8 (D) δ � 1.
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of the mainshock-damaged URM model are 23.92%, 47.9%,
67.34%, and 75.63%, respectively; taking PGA � 0.8 g as an
example and when δ � 0.4, 0.6, 0.8 and 1, the PE values of the

severe damage limit state (LS-3) of the mainshock-damaged
URM model are 55.07%, 75.61%, 88.28%, and 89.98%,
respectively. Figure 15D shows that, taking PGA � 0.8 g as an

FIGURE 14 | The fragility curves of the mainshock-damaged CM model under aftershock. (A) LS-1 (B) LS-2 (C) LS-3 (D) LS-4.

FIGURE 15 | The fragility curves of the mainshock-damaged URM model under aftershock. (A) LS-1 (B) LS-2 (C) LS-3 (D) LS-4.
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example and when δ � 0.4, 0.6, 0.8 and 1, the PE values of the
collapse limit state (LS-4) of the mainshock-damaged URM
model are 20.06, 42.71, 64.02, and 74.18%, respectively.

CONCLUSION

In this paper, the seismic fragility of single-story masonry
structures representative of the rural areas of Northeast China
is studied through numerical simulation. The effects of
aftershocks and the aftershock scaling factor on the fragility of
masonry structures are investigated in depth, taking into account
the influence of confining members. The following main
conclusions are drawn:

1) Compared with those of the URM model, the roof
displacement and ISDRs of the CM model, which has ring
beams and constructional columns, are both reduced to
varying degrees, and the PE values of different damage
limit states of the CM model are significantly lower.
Therefore, it is necessary to use confining members in
single-story masonry structures to improve their structural
integrity, reduce their seismic responses, and effectively
mitigate the risk of severe structural damage or collapse.

2) The effect of aftershocks on the seismic fragility of mainshock-
damaged structures cannot be ignored. Compared with those
of the undamaged URM and CM models directly under
aftershock, the mainshock-damaged URM and CM models
subjected to aftershocks of the same intensity undergo notably
increased roof displacement and ISDA, and the PE values of
their different damage limit states also increase substantially.
In particular, aftershocks significantly affect the limit states of
severe damage (LS-3) and collapse (LS-4). That is, after
structures are subjected to the mainshock, the aftershock
may raise the likelihood of severe damage or collapse.

3) Using confining members in the unreinforced masonry
structures has little effect on the slight damage limit state
(LS-1) but can effectively reduce the probability of moderate
damage, severe damage, or collapse of masonry structures.
Compared with the CM model, the URM model, which does
not have confining members, exhibits a relatively high
probability of moderate damage, severe damage or collapse
when subjected to aftershocks. Therefore, it is extremely
important to install the necessary con-fining members in
masonry structures to bolster the resistance not only to
single earthquakes but also to multiple successive
earthquakes, thereby effectively reducing the probability of
failure of structures subjected to single earthquakes or
mainshock-aftershock sequences.

4) With the increase in PGA and aftershock scaling factor δ, the
PE value of each damage limit state of the structures increases.
Taking PGA � 0.8 g as an example, when δ � 0.4, 0.6, 0.8 and
1, the PE values of the collapse limit state (LS-4) of the CM
model are 0.17, 1.57, 6.06, and 21.11%, respectively, while
those of the URM model are 20.06, 42.71, 64.02, and 74.18%,
indicating that the aftershock scaling factor affects the fragility
of single-story masonry structures to some extent. It can also
be seen that the aftershock scaling factor δ has a significant
influence on the URM model for the lack of confining
members.

5) The present study only uses the relatively simple replication
method to construct mainshock-aftershock sequences. The
attenuation relationship between mainshock and aftershock
should also be investigated in depth based on as-recorded
mainshock-aftershock sequences, to further develop
reasonable methods for constructing rational mainshock-
aftershock sequence-type ground motions. In addition, it is
necessary to study the seismic performance and fragility of
structures of various forms subjected to mainshock,
aftershock and mainshock-aftershock sequences. The
present study provides a theoretical reference for the
seismic design and performance improvement of masonry
structures.
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Experimental Study on Influence of
Temperature to Control Performance
for Viscoelastic Materials Pounding
Tuned Mass Damper
Dehui Ye1,2†, Jie Tan1,2*†, Yabin Liang1,2 and Qian Feng1,2*

1Key Laboratory of Earthquake Early Warning, Institute of Seismology, China Earthquake Administration, Wuhan, China, 2Wuhan
Institute of Earthquake Engineering Co. Ltd., Wuhan, China

The pounding tuned mass damper (PTMD) is a novel passive damper that absorbs and
dissipates energy by an auxiliary tuned spring-mass system. Viscoelastic materials are
attached to the interface of the limitation collar in the PTMD so that the energy dissipation
capacity can be enhanced. Previous studies have successfully demonstrated the
effectiveness of PTMD at room temperature. However, in practice, the PTMD may face
a broad temperature range, which can affect the mechanical properties of the viscoelastic
materials. Thus, the study of vibration control effectiveness of PTMD at different
temperatures is of great significance for its practical engineering application. In this
paper, a series of experiments were conducted to investigate the performance of a
PTMD in a temperature-controlled environment. A PTMD device was designed to
suppress the vibration of a portal frame structure and tested across environmental
temperatures ranging from –20°C to 45°C. The displacement reduction ratios
demonstrated the temperature robustness of the PTMD. Additionally, the numerical
results validated the accuracy of the pounding force model and the performance of PTMD.

Keywords: pounding tuned mass damper, viscoelastic material, temperature variation, structural damping,
structural vibration control

INTRODUCTION

It is nearly impossible for the engineers to fully predict the excitations of structures throughout their
entire service lives (Shirai et al., 2019; Cai et al., 2020). Overdesigning the structure against all possible
disturbances is often impractical and prohibitively expensive (Li et al., 2007; Ou et al., 2007; Zhang
and Ou, 2008). Structural vibration control is a safe and economical approach to protect structures
against severe disturbances such as expected in natural disasters (Xu et al., 2011; Teng et al., 2016;
Wang et al., 2017a; Zhang et al., 2017; Tan et al., 2020). Such control can be accomplished through
passive devices such as the pounding tuned mass damper (PTMD).

The PTMD is a novel and effective structure control technique, which can dissipate energy
through an internal collision mechanism. The PTMD was first reported by Zhang et al. (Zhang et al.,
2013) in 2013. The configuration and schematic of the typical PTMD proposed by Zhang et al. is
illustrated in Figure 1A. In the PTMD, a mass is connected to the host structure by a spring, and the
natural frequency of the spring-mass system is tuned closely to that of the host structure by changing
the stiffness of the spring. The displacement of the tuned mass is restricted by two delimiters. The
spring-mass system consumes energy similar to a tunedmass damper (TMD) when the displacement
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is small; however, when the displacement is large enough to
induce collision between the mass and the delimiter, the PTMD
effectively dissipates energy beyond the capacity of a TMD. In
order to improve the vibration suppression capacity during the
impact, an energy-dissipation material is bonded to the
delimiters.

Since then, researchers have demonstrated a wide range of
applications for the PTMD and its remarkable effectiveness. Li
et al. (Li et al., 2015) employed a PTMD to suppress the wind-
induced vertical buffeting response of a traffic signal pole. The
PTMD caused the damping ratios of the vertical vibration to
increase to 4% from 1%. Allen et al. (Allen et al., 2016) employed
PTMDs to control the vibrations of a submerged jumper. The
seismic control performance of the PTMD was investigated by
Xue et al. (Xue et al., 2016; Xue et al., 2017). A parameter study
and impact fatigue of double-sided PTMD was performed by
Zhang et al. (Zhang et al., 2015; Zhang et al., 2018). They found
that the response is influenced by the mass ratio, the exciting
force, and the gap between mass and the delimiters. These studies
all showed the effective vibration control performance and
robustness of the PTMD.

Based on the original double-sided PTMD,Wang et al. (Wang
et al., 2017C) proposed a novel single-sided PTMD as shown in
Figure 1B. In the single-sided PTMD, the tuned mass is set at the
equilibrium position and is contact with energy-dissipation
material. When the main mass begins to move due to external
excitation, the tuned mass will impact the delimiter and dissipate
kinetic energy during the collision. As shown by Zhang et al.
(Zhang et al., 2015), the reduction ratio of the PTMD is related to
many parameters including the mass ratio, the gap between the
delimiter, and the pounding stiffness. The design of the single-
sided PTMD does not require careful tuning of the gap between
the mass the delimiter, thus affording it several significant
advantages, such as a simple structure and ease of design. In
addition, pounding in a single-sided PTMD occurs at the location
where collisions occur at the highest velocity, which translates to
high effectiveness and efficiency in the pounding mechanism.
Furthermore, the tuned mass only moves toward one side,
thereby opening up half of the working space, and improving
the range of its applications.

The single-sided PTMD has been investigated through many
theoretical and experimental studies. Wang et al. (Wang et al.,
2017b; Wang et al., 2017c; Wang et al., 2018a; Wang et al., 2018b;

Wang et al., 2019) studied single-sided the optimum PTMD
design, including its control performance and impact force
modelling through experiments and simulations. Tan et al.
(Tan et al., 2019a; Tan et al., 2019b) designed a novel single-
sided PTMD to control the vibration of a suspended piping
system, and compared the control performances between
PTMDs using viscoelastic materials versus shape memory alloy
(SMA) sponges as the energy dissipating material.

Viscoelastic materials are extensively utilized as energy
dissipating components due to their excellent combination of
high energy dissipation capacity, low cost, and ease of
manufacturing (Feng et al., 2018; Feng et al., 2020). However,
a drawback of viscoelastic materials is that their mechanical
properties are strongly influenced by temperature (Bergman
and Hanson, 1993; Guo et al., 2009; Bhatti, 2013). In recent
decades, extensive experimental and theoretical investigations on
the mechanical properties of viscoelastic materials have been
conducted (Zhong et al., 2017). Zhang et al. (Zhang et al., 2019)
compared pounding stiffness and pounding damper ratio of
viscoelastic materials between room temperature and 2°C,
found that the pounding mechanical properties of viscoelastic
materials changed considerably under different temperature
conditions. At low temperatures, viscoelastic materials are in a
glassy state, which is characterized by having a high modulus, a
small loss factor and brittleness. In the glassy state, the viscoelastic
material is typically destroyed when strain rate exceeds 5%. With
the increase of temperature, materials return to the viscoelastic
region, where the loss factor is the highest. As the temperature
continues to rise, viscoelastic materials will be transformed into a
highly elastic state, whereupon the shear modulus and loss factor
begin to decrease.

When considering the effects of temperature, the shear
modulus and loss factor are used to describe the properties of
viscoelastic dampers. However, the pounding process has a high
strain rate, which is different from the shear process. Therefore, to
describe the properties of PTMD and analyze the structural
dynamic responses with when the structure is equipped with
the added PTMD, experiments are required. The parameters to
demonstrate the mechanical properties of the pounding process
are the pounding stiffness and the pounding damping, both of
which are mostly neglected in prior literature.

Consequently, this paper presents an experimental study on
the control performance for a PTMD over a wide range of

FIGURE 1 | Typical configuration of the pounding tuned mass damper (PTMD): (A) Double-sided PTMD; (B) Single-sided PTMD.
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temperatures. First, a single-sided PTMD is designed to control a
single degree of freedom structure. The movement of the
structure during free vibration and forced vibration are used
to validate the effectiveness. Then, control tests are conducted
repeatedly from –20°C to 45°C in temperature-controlled
environment. The experimental results demonstrate the PTMD
has a good temperature robustness and show that the control
performance of PTMD can be gauged into three stages when the
temperature increases. The originality of this work is that the
vibration reduction performance of viscoelastic materials PTMD
is experimentally studied within a wide temperature range. The
results are significant for design and application of viscoelastic
materials PTMD.

THEORETICAL FOUNDATION

In this section, the related theoretical foundations of PTMD are
briefly introduced, including structure-PTMD coupled equation
of motion and the pounding force model. In addition, the effect of
temperature on viscoelastic materials is described subsequently.

Structure-PTMD Coupled Equation of
Motion
A structure with PTMD is modelled in Figure 1B. The mass,
stiffness, damping coefficient of structure are respectively
denoted by m1, k1, cs. The mass and stiffness of the PTMD
are represented by a spring of stiffness m2 , k2, respectively. The
displacement of the main structure and tuned mass are x1, x2,
respectively. Considering the coupling between the single-
degree-of-freedom structure and the PTMD, the equations of
motion for the whole, integrated system can be written as in
Eq (1):

M€x + C _x + Kx � P + ΓF (1)

where €x, _x, x, represent acceleration, velocity, displacement,
respectively. M, C, K are mass matrix, damping matrix,
stiffness matrix, respectively, P is the load matrix applied to
the structure, F is the pounding force, and Γ is the pounding force
position. The parameters are expanded in Eq (2) to Eq (4):

€x � [ €x1
€x2
], _x � [ _x1

_x2
], x � [ x1

x2
], P � [ p

0
] (2)

M � [m1 0
0 m2

],C � [ cs 0
0 0

], x � [ k1 + k2 −k2
−k2 k2

] (3)

Γ � [−c
c
], c � { 1, x2 − x1 > 0

0, x2 − x1 ≤ 0
(4)

Pounding Force Model
A linear viscoelastic model has been proposed to describe the
contacting force F of viscoelastic impacts (Goldsmith, 1960;
Anagnostopoulos, 1988; Jankowski et al., 1998;
Anagnostopoulos, 2004), and is given by Eqs (5,6):

F � βδ + c _δ (5)

δ � x1 − x2, _δ � _x1 − _x2 (6)

where δ, _δ, β represent the relative displacement of the colliding
body, the relative velocity, the pounding stiffness, and the
pounding damping, respectively. The pounding stiffness can
be obtained using the displacement and the pounding force
recorded in the impact test. The pounding damping c can be
computed by Eq (7):

c � 2ξ
��������
β

m1m2

m1 +m2

√
(7)

where m1 and m2are the masses of two colliding bodies, ξ is
impact damping ratio, which is related to the coefficient of
restitution e in Eq (8):

ξ � −ln e����������
π2 + (ln e)2

√ (8)

However, the linear viscoelastic model may produce a
negative force at the end of impact, which is not consistent
with experimental observation (Jankowski, 2005).
Subsequently, a modified linear viscoelastic model
(Mahmoud and Jankowski, 2011), divides the pounding
into two individuals periods and assumes that energy loss
only happens when the material experiences compression, is
given by Eq (9):

F � { βδ + c _δ, _δ > 0
βδ, _δ ≤ 0

(9)

where c has same form as in Eq (7), and the pounding damping
ratio ξ can be calculated in Eq (10):

ξ � (
1 − e2

e[e(π − 2) + 2]) (10)

Given its simplicity, the modified linear viscoelastic model can
be easily implemented for numerical simulations. However, at
the beginning of impact, a sudden rise of impact force may
occur as a result of nonzero relative velocity. In order to
overcome disadvantages of the modified linear viscoelastic
model, a nonlinear viscoelastic model was introduced by
Jankowski (Jankowski, 2005;2006). And it is expressed in
Eq (11):

F � { βδ3/2 + c _δ, _δ > 0
βδ3/2, _δ ≤ 0

(11)

where c has the form in Eq (12):

c � 2ξ
������������
β

�
δ

√ m1m2

m1 +m2

√
(12)

where the pounding damping ratio ξ can be calculated by Eq (13):

ξ � 9
�
5

√
2

1 − e2

e[e(9π − 16) + 16] (13)
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Temperature Effect of Viscoelastic
Materials
The influence of temperature on the behavior of viscoelastic
layers, viscoelastic dampers and structures with viscoelastic
dampers were analyzed by many researchers (Chang et al.,
1992; Park and Min, 2010; Guo et al., 2016). In one of their
works, Chang et al. (Chang et al., 1992) tested a simple solid
viscoelastic damper at different ambient temperatures and
established empirical formulas that described the
temperature dependence of the damper and loss factor.
Previous studies(Tsai, 1994; Park and Min, 2010; Guo et al.,
2016) have shown that different kinds of viscoelastic materials
have similar dependencies on temperature, but differ in the
specifics. Figure 2 shows the typical changes of shear modulus
and loss factor of viscoelastic materials to changes in
temperature. Note that Tg is the transition temperature of
viscoelastic materials.

The figure indicates that the shear modulus and loss factor of
viscoelastic materials change with temperature, and viscoelastic
materials have high damping in the characteristic temperature
range. Additionally, the changes can be divided into three
phases:

(1) At low temperature, the viscoelastic materials are in the
glassy state. The material molecules undergo ordinary
elastic deformation under the action of external force, and
the material possesses high rigidity, high modulus and small
loss factor;

(2) With the increase of the temperature, the materials return to
viscoelastic state. The modulus of materials decreases sharply
by several orders of magnitude. The loss factor also changes
greatly and passes through a peak value (i.e. damping peak),
which is equivalent to the maximum loss factor at the glass
transition temperature. This transition zone is usually the
temperature at which most viscoelastic materials are used.

(3) At high temperature, the viscoelastic materials are in the
highly elastic rubber state. The modulus value is small, the
loss factor is moderate. Both the modulus and loss factor of
materials change slowly as the temperature increases.

Despite the known features described above, the relationship
between the pounding stiffness β, pounding, damping ratio ξ and
temperature, impact velocity, impact materials are rarely studied
and need to be investigated.

EXPERIMENTAL SETUP

The experimental system consists of three parts: the experimental
device and equipment, a portal frame, and a specially designed
single-sided PTMD.

In the experiment, a portal frame with a single degree of
freedom served as the primary structure, a PTMD was designed
to control the displacements of the frame. The forced vibration
experiments were conducted at temperature conditions ranging
from –20°C to 45°C. The detail of temperatures in the experiment
are listed in Table 1.

Experimental Device and Equipment
Figure 3A shows the experimental device and equipment. A
noncontact laser displacement senor (HG-C1400, Panasonic
Industrial Devices, China) measured the displacements of the
frame. A data acquisition board (NI USB-6363, National
Instruments, USA) recorded sensor signals at a sampling
frequency of 1 kHz. An eccentric motor (JGB37-3650,
Xytmotor, China) fixed to the frame provided the exciting force.

As shown in Figure 3B, the temperature experiment is carried
out in the temperature-controlled room (MW-BD1824,
Ziweiheng testing equipment, China). The temperature of the
room can be adjusted from –20°C to 50°C.

Portal Frame
As shown in Figure 4, the portal frame is composed of an
aluminum block, two spring steel columns, and an aluminum
plate base. The detailed parameters of the portal frame are listed
in Table 2. The aluminum block is served as the main structural
mass. Spring steels served as structural columns because of its
high fatigue performance and high elasticity. The base fixes the
portal frame to the ground. The free vibration experiment was
conducted by applying an initial displacement to the portal frame
and releasing. The experimental result shows that the equivalent
viscous damping ratio is 0.29%.

A motor is attached to the top of the frame. A quasi-periodic
disturbance is generated when the motor rotates. The generated
frequency can be controlled by adjusting the excitation voltage
motor. In the forced vibration experiments, the structure was

FIGURE 2 | Variation curves of shear modulus and loss factor of
viscoelastic materials with temperature increase.

TABLE 1 | Experimental conditions.

Condition (No.) 1 2 3 4 5 6 7 8

Temperature/°C –20 –17.5 –15 –12.5 –10 –8.5 –6.5 –5
Condition (No.) 9 10 11 12 13 14 15 16
Temperature/°C –2.5 0 1.5 3.5 5 6.5 8.5 10
Condition (No.) 17 18 19 20 21 22 23 24
Temperature/°C 11.5 13.5 15 16.5 18.5 20 22.5 25
Condition (No.) 25 26 27 28 29 30 31 32
Temperature /°C 27.5 30 32.5 35 37.5 40 42.5 45
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excited at twenty different sweep frequency conditions ranging
from 2.6Hz to 5Hz. The experimental results indicate that portal
frame reaches the maximum displacement when the excitation
frequency is 3.13Hz.

Design of PTMD
As shown in Figure 5, the single-sided PTMD consists of mass
block, spring steel, and a viscoelastic delimiter (EVA sponge,
produced by 3M). An aluminum pole connects the PTMD to the
portal frame. To avoid affecting the dynamic characteristics of the
structure, the pole of the PTMD consisted of aluminum. The
optimum frequency of the PTMD, fop, is designed using following
formula(Wang et al., 2018a):

fop � 1
2
fd (14)

where fd is the natural frequency of the main structure.

The weight of the tuned masses is 246g, and the
corresponding mass ratio is 4.7%. A coupon of spring steel
connected the tuned mass to the PTMD body. This design is an
update of prior designs in which a nylon rope served as the
connector and sometimes suffer from circular, out-of-plane
motions (Tan et al., 2019b).

EXPERIMENTAL RESULTS AND ANALYSIS

Preliminary Test of PTMD at Room
Temperature
At first, the free vibration and forced vibration experiments with
and without PTMD control were carried out at room
temperature (18°C).

Figure 6 shows the free vibration of the portal frame with and
without PTMD control. With PTMD control, the displacement of
the frame rapidly reduced to a very small level compared to the
case without control. The time taken to suppress the displacement
from 10mm to 2mm reduced from 57.4s to 1.19s. The damping
ratio of the system is correspondingly increased from 0.29%
to 4.4%.

The displacements during forced vibration experiment are
shown in Figure 7. The blue line describes the frequency
response of the portal frame with PTMD control. The
frequency response curve only has one peak at 3.13Hz, and
the maximum displacement is 18.43mm, which occurred on the
right side of the uncontrolled resonance frequency.
Additionally, the peak displacement of the controlled
vibration is 3.26mm, which is 17.7% of the uncontrolled
resonant amplitude.

Figure 8 shows the vibration response of the portal frame
before and after the PTMD is released. After the release of the
PTMDs, the portal frame reached a new steady state in a short

FIGURE 3 | (A) Experimental device and equipment; (B) Temperature-controlled lab.

FIGURE 4 | Portal frame and its components.

TABLE 2 | Parameters of Portal frame.

No. Component Length/mm Width/mm Thickness/mm Weight/kg

1 Aluminum block 300 120 40 3.88
2 Spring steel columns 250 100 1 0.20
3 Aluminum plate base 400 150 10 1.62
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time. The displacement amplitude decreased from 16.34mm to
2.61mm.

Experiment on the Effect of Temperature on
PTMD Control
The experiment on the effect of temperature on PTMD control
was carried out in the temperature-controlled room. The
forced vibration test in Preliminary test of PTMD at room
temperature was repeated at different temperatures (listed in
Table 1). The maximum displacements of the structure with
PTMD at different temperatures are shown in Figure 9. As can
be seen in Figure 9, the control performance of PTMD can be
divided to three phases. In Phase 1 (–20°C to –8.5°C), the
displacement of portal frame decreased slightly from 4.4mm to
4.34mm, and the reduction ratio increased from 76.1% to
76.4%. In Phase 2 (–8.5°C to 20°C), the maximum
displacement of portal frame decreased first before
decreasing. The corresponding reduction ratio increased
first before decreasing. The maximum displacement

decreased to 2.5mm at 10°C. In the meantime, the
maximum reduction ratio reached 86.4%. In Phase 3 (20°C
to 45°C), the displacement and reduction ratio remained
almost constant (3.26mm and 82.3%, respectively) despite
further changes in temperature.

At glassy stage, the damping effect of PTMD almost does not
change obviously with temperature variation. For the
viscoelastic region (–8.5°C to 20°C), the damping effect of the
PTMD changes with temperature, and there is an optimal
control temperature, which is around 10°C for this
viscoelastic material. Between 20–45°C the material behaved
elastically, and the damping effect of PTMD remained in a
steady state.

Although the damping effect is affected at low and high
temperatures, the maximum displacement of the structure can
still be reduced beyond 75%. As the thermal influence on PTMD
control performance can be divided to three phases, results of
each phase for the forced vibration experiments are shown in
Figure 10. The results shows that PTMD has a good temperature
robustness.

FIGURE 6 | Displacement response of portal frame in time domain.

FIGURE 7 |Displacement response of portal frame in frequency domain.

FIGURE 8 | Displacement response of forced vibration with PTMD
release.

FIGURE 5 | Portal frame with PTMD.
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FIGURE 9 | Displacement response of portal frame in frequency domain.

FIGURE 10 | Displacement response of the portal frame at different state: (A) Free vibration in time domain; (B) Resonant vibration in time domain; (C) Forced
vibration in the frequency domain.
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NUMERICAL RESULTS

Impact Test and Validation of the Pounding
Force Model
An impact test at 18°C was carried out to study the performance
of the viscoelastic material during the impact. The experimental
setup is shown in Figure 11. The spring steel-mass systemwas the
same as in Experimental device and equipment, and the thickness
of the viscoelastic materials was also set to 7mm (2 layers). An
initial displacement of 35mm was applied to the mass and then
released, allowing the mass pounds the viscoelastic material
freely. The displacement of the mass was recorded by a laser
displacement sensor, and a force sensor was used to record the
pounding force during the experiment.

The results of the impact test are shown in Figure 12.
Figure 12A, B are the time history records of mass
displacement and impact force, respectively. Calculated from
the initial displacement (35.00mm) and the rebound
displacement (15.33mm) after the first impact, the coefficient
of restitution e is 0.434. Furthermore, obtained by eq (13). the
pounding damping ratio ξ is 0.882. Through the force peak value
(6.24N) in Figure 12B and corresponding displacement
(3.12mm), the pounding stiffness β is 3.6 × 104N/m1.5.

Ignoring the damping of the spring steel, motion equation of
the mass in Figure 11 can be expressed as

m€x + kx � F (15)

where F is the impact force, calculated by eq (11) to eq (13), m
and k are mass and stiffness of the spring steel-mass system. The
initial x(0) was set to 35.00mm, and the pounding parameters
were set as values obtained in the impact test. The fourth-order
Runge-Kutta method was utilized to solve eq (15)with a time step
of 1 × 10-6s. The comparison of experimental result and
simulation result is shown in Figure 12. It can be seen that
the pounding model is highly accurate to predict displacement
and impact force of the mass.

Numerical study on PTMD
To further validate the accuracy of the PTMD model, a
simulation analysis was performed on the experimental
structure with PTMD in Experimental setup. The motion
equations of the structure with PTMD were expressed in eq
(1) to eq (4), and the pounding force model was expressed in eq
(11) to eq (13). In the free vibration, the excitation force P(t) � 0,
in the forced vibration experiment, the excitation force can be
calculated as follows:

FIGURE 11 | (A) Diagram of impact test setup; (B) Photo of experimental setup.

FIGURE 12 | The results of the impact test: (A) Time history records of mass displacement; (B) Time history records of impact force.
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P(t) � mer
2 sin(ωt) (16)

where me, r, ω are the eccentric mass, eccentricity, excitation
frequency. In the article,me � 100P(t) � mer2 sin(ωt)g, r � 55mm.

The parameters of the simulation at 18°C were derived from the
results of the previous experiments and were summarized in
Table 3. Similarly, Runge-Kutta method was utilized to solve
the coupled equations, and both free vibration case and forced
resonant case were simulated. The simulation results are plotted in
Figure 13. As shown in Figure 13A and Figure 13B, the proposed
coupled equations can high accurately predict dynamic response of
structure with PTMD in both cases.

CONCLUSION AND FUTURE WORK

Conclusion
In this study, a single-sided pounding tuned mass damper
(PTMD) was designed to mitigate the vibration of a portal
frame. From experimental results, the conclusions are as follows:

(1) A single-sided PTMD can reduce the structural dynamic
response and improve the damping ratio of structure effectively;

(2) From –20°C to 45°C, the displacement reduction ratio
remained above 75%, which demonstrates the temperature
robustness of the PTMD. The highest reduction ratio (86.4%)
occurred at 10°C;

(3) The displacement reduction ratios of the PTMD are affected
by temperature. With the increase of temperature, the
effectiveness of PTMD can be divided into three stages.
From –8.5°C to 20°C, reduction ratio is sensitive to
temperature, where the ratio increases first and then
decreases. The reduction ratios at –8.5°C and 20°C are
76.4% and 82.4%, respectively. Between –20°C to –8.5°C
the reduction effects decrease slightly with temperature

variation, while between 20°C to 45°C, the reduction
effects remained stable.

(4) The numerical results validated the accuracy of the pounding
force model and the performance of PTMD.

Future Work
The changes of parameters in pounding force model at different
temperatures are vital factors for simulation and theoretical
analysis of PTMD. The exploration of a wide range of
temperatures impact tests to establish the damping factor vs.
temperature curve will be delegated as a future work.
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TABLE 3 | Parameters of simulation.

m1
°(kg) m2

°(kg) cs(N/(m/s)) k1(N/m) k2°(N/m) β(N/m1.5) e ξ

5.13 0.25 0.0029 19.66 9.83 3.6 × 104 0.434 0.882

FIGURE 13 | Simulation results: (A) Free vibration case; (B) Forced resonant vibration case.
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Mechanical Behavior of the Novel
Gradient Concrete Tower of a
Cable-Stayed Bridge
Zuo-Cai Wang1,2*, Da-You Duan1, Shu-Hang Wang1,3, Ye Mo1 and Yong-Gao Yin1,4
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In this paper, the novel gradient concrete is innovatively applied to the bridge towers of
Chizhou Yangtze River Bridge to solve the cracking and insufficient durability problems of
concrete towers. Fiber-reinforced concrete is used in the outer functional area of the bridge
tower, to significantly improve its crack resistance during construction and service.
Moreover, the integrated design of anti-cracking and mechanical properties of tower
materials is achieved. To study the performance of the novel functional gradient concrete
(FGC) tower, the mechanical properties of the FGC tower material are tested, and the
overall finite element stress is analyzed. Based on the material properties, the mechanical
behavior of the cable-stayed bridge tower is studied. The temperature and stress of the
FGC tower during the generation of the hydration heat are compared with that of the
ordinary concrete tower. The crack resistance of the FGC tower is analyzed by the finite
element method. The results show that the FGC tower has good mechanical properties
and durability for the cable-stayed bridge towers.

Keywords: gradient concrete, cable-stayed bridge, fiber reinforced concrete, mechanical behavior, crack
resistance

INTRODUCTION

As a critical component of cable-stayed bridges, towers need to improve their mechanical properties
to resist cracks during construction and service life. However, construction cracking problems
commonly exist in concrete towers due to the influence of traditional concrete materials, structural
performance limitations, and harsh construction environments. These problems further lead to
tower quality deficiency and reduce safety, applicability, and durability in service.

In recent years, with the development of material technology, high-performance materials have
been increasingly used in bridge towers. Okamoto and Nakamura (2011) proposed a novel hybrid
high tower using concrete-filled steel tubes for multi-span cable-stayed bridges. Son and Lee (2011)
compared hollow steel box performance and concrete-filled composite towers subjected to the blast
load. They concluded that concrete-filled composite towers show superior properties. Amiri and
Nakamura (2015) found that the RC and hybrid tower have better seismic performance than the steel
tower. Shao et al. (2018) designed a new three-tower with unequal-size fans to improve the overall
stiffness of cable-stayed bridges.

Due to its low cost and simple maintenance, concrete is a common material frequently used
in long-span bridge towers. Many researchers have been exploring to improve the performance
of concrete. More recently, the FGM application in concrete has attracted more and more
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attention. According to engineering requirements, the FGM
selects materials with different properties and adopts
advanced composite technology. The properties and
functions of this kind of material change along with the
thickness. Concrete components are usually faced with
various service conditions, which require that the
properties of materials vary with the position of the
components. Therefore, some scholars have applied the
design ideas of the FGM to engineering materials and
structures. Maalej et al. (2003) found that FGC beams have
significantly higher corrosion resistance than traditional
reinforced concrete beams. Wen et al. (2013) studied
protective layer thickness on structural durability in FGC
systems. The experimental results showed that the durability
of the structure can be significantly improved when the

thickness of the protective layer is 10 mm. Herrmann and
Sobek (2015) proposed a design method to minimize the mass
of FGC. components. Strieder et al. (2018) constructed a
simplified mass concrete structure model and found that the
gradient concrete can reduce cracking risk during hardening.
Kovaleva et al. (2019) used the FGC shell in Rosenstein
Pavilion and found that the FGC material application can
reduce the weight of structural components. Chan et al.
(2020) studied the influences of aggregate type,
reinforcement layer thickness, fiber content, and other
variables on the mechanical properties of the FGC. Torelli
et al. (2020) reviewed the design objectives, manufacturing
techniques, and challenges of FGC materials in recent years.

Based on the previous studies, the main performance
enhancement of FGC materials can be summarized as

FIGURE 1 | The gradient structure.

FIGURE 2 | The schematic diagram of the gradient concrete test block.

TABLE 1 | The mechanical properties of the FGC.

Compressive strength (MPa) Split
tensile strength (MPa)

Elastic modulus (GPa)

The functional layer 61.0 5.40 46.5
The transition layer 59.1 4.18 45.0
The structural layer 58.7 4.12 44.2
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follows: 1) it minimizes the self-weight of concrete structures
without reducing its bearing capacity (Nes and Øverli, 2016;
Herrmann and Sobek, 2017; Kiryu et al., 2018); 2) compared
with the ordinary concrete, the FGC application improves the
durability and cracks resistance (Mohamed and Victor, 1995;
Roesler et al., 2007; Li and Xu, 2009; Xu and Li, 2009; Dias
et al., 2010; Park et al., 2010; Sridhar and Prasad, 2019); 3)
mechanical properties of concrete structures can be improved
(Miyamoto et al., 1997; Han et al., 2016; Craveiro et al., 2017;
Chan et al., 2020).

Given the severe construction cracking, and the lack of
durability of cable-stayed bridge concrete towers, the FGC is
innovatively applied to the towers based on the Chizhou
Yangtze River Bridge. The researches in this paper
improve the traditional method of designing concrete
materials that regard strength as the core. Moreover, the
integrated design of mechanical properties and durability
of the tower is achieved. The effects of functionally
gradient concrete layers on the mechanical properties and
hydration heat effects of the tower are studied systematically.
Refined finite element (FE) models are constructed to
demonstrate the mechanical behaviors of the novel
gradient concrete. The deformation and stress are close in
the FGC model and the ordinary concrete model. There is no
noticeable stress concentration appear. The difference in
hydration heat and damage factors between the FGC and
ordinary concrete tower models are also discussed. The
temperature and stress of the FGC tower are higher than
that of the ordinary concrete tower during the generation of
the hydration heat. In the crack damage simulations, the FGC

performs better than the ordinary concrete, and the durability
of the FGC tower may be benefited by this.

MECHANICAL PROPERTY TESTS OF THE
FGC MATERIAL

To achieve the FGC material, a layer of 30 cm-thick white
fiber high-performance concrete is installed on the surface of
the ordinary concrete structure layer. Moreover, ordinary
C50 concrete is applied in the structural layer. The cross-
section of the structure is demonstrated in Figure 1. The
structure and mechanical properties of the FGC tower will be
further introduced in The Structure of the FGC Tower and
Mechanical Property Tests of the Transition and Functional
Layer.

The Structure of the FGC Tower
The FGC tower section is divided into the functional, transition,
and structural layers from outside to inside. The structural layer is
vertically designed with the fiber-reinforced concrete section and
the ordinary high-strength concrete section from top to bottom,
as shown in Supplementary Figure S1. The functional layer
materials are mainly used for anti-cracking, and durability
protection. The transition layer connects the functional layer
and the structural layer. Besides, it achieves the gradient
transition of material components and has no macroscopic
interface.

Owing to its superior performance for crack resistance and
ductility, the FGC material is located in the area where the tensile

FIGURE 3 | The pore volume of the concrete (unit mm3). (A) The functional layer (B) The transition zone (C) The structural layer.
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stress is likely to occur, that is, the reinforcement layer. The force
transfer between the structural and functional layers is optimized
through the bonding and friction of steel bars. It can coordinate
the deformation and reduce the stress concentration at the
interface.

Mechanical Property Tests of the Transition
and Functional Layer
Mechanical properties tests were performed to determine the
FGC performance in practice. The specimens with a size of
600 mm × 150 mm × 300 mm were made, and the galvanized
steel wire mesh was placed. The diameter of the steel wires is
0.7 mm, and the mesh size is 9 mm × 9 mm. By cutting and
sampling the transition layer concrete in the range of 75 mm
around the wire mesh, the size of the sampling components is
150 mm × 150 mm × 300 mm and 150 mm × 150 mm × 150 mm.
The block with a size of 150 mm × 150 mm × 300 mm is taken for
elastic modulus test, and the 150 mm × 150 mm × 150 mm cube
block is used for splitting tensile strength and compressive
strength test. The size of the test block is shown in Figure 2.
Supplementary Table S1 demonstrates the concrete mix
proportion of the functional and structural layers.

According to the GB/T50081-2002, the strength, elastic
modulus, and splitting tensile strength of the functional,
transition, and structural layers were tested after 28 days. The
experimental results are shown in Table 1. It can be seen from
Table 1 that the compressive strength of the transition layer is
59.1 MPa, and the compressive elastic modulus is 45.0 GPa,
which are between those of the structural layer and the
functional layer. The split tensile strength of the functional
layer is 31.1% larger than that of the structural layer.

The mechanical properties of the FGC, especially for the
tensile strength, are obviously improved by adding the basalt
fibers and silica-fume to the FGC. The test results show that the
gradient variation of material causes gradient variation of
mechanical property. Besides, there is no weak gradient
transition zone during the tests, and the overall deformation is
coordinated. The functional layer concrete with higher
mechanical properties may improve the crack resistance of the
concrete tower.

Pore Structure Reconstruction of FGC
To analyze the pore structure of the FGC, the X-CT (X-ray
computed tomography) is used to observe the size, quantity and
distribution of the pores (Du Plessis et al., 2016; Zhang et al.,
2020). As shown in Figures 3, 3D images of the pore structures in
different parts of the FGC are calculated by the reconstruction
algorism after the X-CT scan. A color scale is used to indicate the
size of the pore, with the color from blue to red representing the
size of the pore from small to large. The porosity of the functional
layer, transition zone and the structural layer are 0.31, 0.35, and
0.47%, respectively.

The porosity of the gradient concrete presents gradient
changes. Besides, the average volume of the pores in
functional layer concrete is smaller than that in other area.
The functional layer concrete contains fewer and smaller pores
than the structural layer concrete, and the durability of the FGC
can be benefitted from the low porosity.

MECHANICAL BEHAVIOR AND
MICROSTRUCTURE ANALYSIS OF THE
FGC TOWER
The Chizhou Yangtze River Bridge, which is 1,448 m long, adopts
an equal height double-tower cable-stayed bridge with an
asymmetric mixed beam. Its main tower is 243 m high, and
each tower has 108 stay cables. Supplementary Figure S2
shows the overall layout of this bridge.

The main tower of the cable-stayed bridge is designed as a
vase-shaped reinforced concrete structure. It comprises the
lower, middle, and upper towers, the upper and lower cross
beams. The Z4 north tower is 237 m high. The width of the main
tower along the bridge is 9.5 m in the upper tower and 9.5–13 m
in the middle and lower tower s. The tower is a reinforced
concrete structure, the upper crossbeam is a steel structure, and
the lower one is a prestressed concrete structure. The upper
tower is 109.7 m high, 5 ∼ 6 m wide, and 9.5 m wide along the

FIGURE 4 | The diagram of the tower grid division.
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bridge. Supplementary Figure S3 shows the elevation map of
the main tower.

The FE Model
The finite element software ABAQUS is used to create the tower
model. In this paper, the model is partially simplified: 1) the
influence of different internal forces on the two limbs is ignored;
2) the symmetric loading boundary condition is considered; 3)
the monolithic rigid frame and anchor rod are used instead of
steel beam; 4) the improvement of stress concentration due to the
chamfer of the horizontal plate hole is not considered.

The C3D8R hexahedral solid element is adopted in the
concrete of the functional layer and the transition layer of the
bridge tower main structure. Due to the irregular shape of the
structural layer and the lower beam concrete, the C3D10
tetrahedral solid element is selected for free meshing. The
truss element is used to simulate the bolt, and the embedded
function is used to embed the bolt into the concrete. For the
mechanical properties of the FGC, the C3D8R hexahedral solid
element is used to simplify the analysis of steel beams. The
numerical analysis of functionally graded materials is based on
the layered FE modeling method, which assigns each layer with
different gradient variation functions of material parameters.
According to material properties, the bridge tower entity
model is divided into the functional, transition, and structural
layers. The thickness of the functional layer and transition layer is
22.5 and 15 cm, respectively. According to the experimental
results, the elastic modulus of concrete in the structural layer,

FIGURE 5 | The axial stress cloud chart of the concrete tower under 2.5 times dead load. (A) The stress cloud chart of the FGC tower. (B) The stress cloud chart of
the ordinary concrete tower.

FIGURE 6 | The measuring points at the midline of the cross-section at
the height of 144.8 m.
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functional layer, and transition layer is 44.2, 46.5, and, 45.0 GPa,
respectively. Figure 4 demonstrates the FE model mesh and
section of the tower. The concrete density is tested as 2625 kg/
m3, the steel beam is the Q370qE steel; the dead load is a
combination of self-weight, the vertical reaction of the beam,
and the cable force. The loading is set 1–2.5 times of the dead
load, with an interval of 0.5 times.

Stress and Strain Analysis of the FGC Tower
To study the mechanical behaviors of the FGC tower, a
comparison model of the ordinary concrete tower is also
created. The size, mesh division, and load application of the
ordinary compared model are completely consistent with the
FGC tower model. The difference is that the properties of
concrete materials of the second model are consistent, and its

elastic modulus is 44.2 GPa. By comparing the calculation
results of the two models, the influence of the gradient
concrete on the deformation and stress distribution is
studied. Figures 5A,B show the axial stress cloud chart of
the FGC and the ordinary concrete cable towers under
2.5 times dead load. It can be found that the results of the
FGC tower and the ordinary concrete tower are consistent.
Furthermore, there is no stress concentration when the load
increases. Under 2.5 times dead load, the maximum
compressive stress is 22.4 MPa.

According to the stress distribution characteristics, the
transition cross-section between the upper and middle tower
(at the height of 144.8 m) is selected to analyze the stress
distribution. The stresses of the measuring points at the
midline of the cross-section are obtained. The measuring

FIGURE 7 | The midline stress and strain distribution of the cross-section at the height of 144.8 m. (A) The stress distribution of the FGC tower. (B) The stress
distribution of the ordinary concrete tower. (C) The strain distribution of the FGC tower. (D) The strain distribution of the ordinary concrete tower.
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points are shown in Figure 6. Through the changing trend of
node stress value on the midline, the effect of FGC on the
tower is further analyzed. The distribution curves of stress
and strain of the upper tower section on the FGC tower and
the ordinary concrete tower are shown in Figures 7A–D.
Through the stress and strain analysis and comparison
between the FGC tower and the ordinary concrete tower, it
can be found that the stiffness of the FGC tower is slightly
improved. Moreover, the difference in stress and strain is less
than 4 and 1.5%, respectively. The strain and stress
distributions of the FGC and the ordinary concrete tower
are consistent. The vertical displacements at the midline of
the tower top are obtained and presented in Figure 8.

According to the comparisons, the stress and
displacements of the FGC tower are smaller than that of
the ordinary concrete tower, and the trends of the stress
distribution and displacements of FGC tower and ordinary
concrete tower are almost the same. It indicates that the usage
of the FGC has not cause nonuniform stress distribution in
the transition zone of two kinds of concrete, and the FGC
improved the vertical stress distribution and the stiffness of
the tower.

THE THERMAL STRESS OF THE FGC
TOWER

Bridges are usually influenced by internal and external factors
such as the hydration heat state, the construction environment,
daily and seasonal fluctuations in temperature, and solar
radiation, which leads to the internal and external temperature
difference. Temperature action causes considerable stress and
deformation. These thermal effects are likely to induce cracking,
support and expansion joint damage, and even collapse (Potgieter
and Gamble, 1989; Catbas et al., 2008; Cross et al., 2013; Abid
et al., 2016; Kromanis and Kripakaran, 2016; Sousa Tomé et al.,
2018). In this section, the temperature stress of the FGC tower
under the effect of gradient temperature load and hydration heat
effect is studied, respectively. Moreover, the simulated results are
compared with those of ordinary concrete towers.

The Stress of the FGC Tower due to the
Gradient Temperature
The concrete tower is deformed by the effects of natural
temperature changes and sunshine radiation. When the
surface temperature of the tower rises/decreases rapidly, the
internal temperature is still in the original state. Thus a large
temperature gradient will be generated. It further keeps each part
of the tower at a different temperature state and produces
different temperature deformation. When the deformation is
subject to internal and external constraints, considerable
constraint stress will be generated inside the tower. Such
constraint stress is sometimes even larger than the stress
generated by the load.

According to Chinese specifications JTGD60-2015 and JTG-
T3365-01-2020, the temperature difference between the left and
right side of the central tower is ±5°C, the linear expansion
coefficient of steel structure is 1.2 × 10−5/°C, and the linear
expansion coefficient of concrete and reinforced concrete and
prestressed concrete structures is 1 × 10−5/°C. The dead load
includes the cable force and the bridge reaction force of the lower
beam support. As a result of the difference between the linear
expansion coefficient of steel and concrete, the stress due to the

FIGURE 8 | The comparison of the displacements at the tower top.

FIGURE 9 | The Von Mises stress at the transition section of the upper tower and the middle tower due to the dead and gradient temperature loads. (A) The Von
Mises stress of the FGC tower. (B) The Von Mises stress of the ordinary concrete.
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gradient temperature at the fixed position of the upper tower steel
beam and the dense reinforcement is enormous. The maximum
temperature stress appears at the transition cross section between
the top and the middle tower, located at the height of 144.8 m.
Figures 9A,B compare the Von Mises stress of the two models
with different materials due to the dead load and gradient
temperature load. The maximum Von Mises stress of the
ordinary concrete and FGC tower is 4.26 and 4.39 MPa
(tensile stress). The maximum Von Mises stress of the
ordinary concrete tower is slightly smaller than that of the
FGC tower. The main reason is that the FGC has a larger
stiffness and is more affected by gradient temperature than the
ordinary concrete. Affected by the gradient temperature, the
stress from the sunny side to the shady side gradually decreases.

The Hydration Heat Analysis
The Hydration Heat Theory and FE Model
The expansion and shrinkage caused by the thermal changes can
strongly influence the stress distribution of the mass concrete
structures (Huang et al., 2018; Do et al., 2020). According to Zhu’s

research (Zhu, 2013), the exponential function is adopted to
calculate the hydration heat. The function is defined as：

Q(t) � Q0(1 − e− at
b) (1)

where Q(t) is the accumulated hydration heat when the concrete
age is t, Q0 is the final hydration heat when the age of concrete
tends to infinity. The a and b in Eq. 1 are the influence coefficients
of hydration heat (a � 0.36, b � 0.74).

The elastic modulus of concrete varies with age, and the elastic
modulus is calculated by Eq. 2.

E(t) � E0(1 − e− atb) (2)

in which, E(t) is the elastic modulus of the concrete when the
concrete age is t. E0 is the elastic modulus of the concrete after
curing. The values of a and b are listed in Supplementary Table
S2. The hydration heat effect is analyzed by the commercial
software ANSYS. The solid70 element is used for modeling.
During the stress and strain analysis, the solid70 element is
converted into a solid45 element. Due to the large volume of

FIGURE 10 | The temperature cloud chart under the hydration heat. (A) The temperature cloud chart of the FGC tower after 84 h. (B) The temperature cloud chart
of the ordinary concrete tower after 84 h.

FIGURE 11 | Themaximum principal stress cloud chart under the hydration heat. (A) Themaximum principal stress cloud chart of the FGC tower after 48 h. (B) The
maximum principal stress cloud chart of the ordinary concrete tower after 48 h.
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concrete in the connection section between the tower and the pile
cap, the hydration heat of this area is analyzed. The environment
temperature of the modeling is set as 20°C. The thermal
conductivity and the specific heat capacity are listed in
Supplementary Table S3. The initial temperature is 20°C, the
Poisson’s ratio is 0.2, and the thermal expansion coefficient is
10−6/°C. The heat dissipation coefficient of the concrete surface is
37.693kJ/(m2 · h · °C) .Fixed constraints are imposed on the
bottom of the concrete tower.

The hydration heat is applied by the heat generation of
concrete in unit time which is determined by the heat
generation rate (HGEN) function. It is applied as a volume
load on the element to simulate the chemical reaction of
cement. The expression of HGEN is expressed as:

HGEN � Wc
dQ(t)
dt

(3)

where, Wc is the amount of concrete cement per unit volume.
Under hydration heat, the maximum deformation of bridge

towers is 0.018 m in the transverse direction, 0.015 m in the
longitudinal direction, and 0.02 m in the vertical direction. Due to
the constraint conditions, the deformation of the lower part is
relatively small, while that of the upper area is relatively large. The
whole model shows a tendency of outward expansion under the
hydration heat. The thickness of the functional layer also has a
certain influence on the temperature stress of the model.
Therefore, in temperature stress analysis, the FGC model with
the functional layer thickness of 30 cm is constructed.

The Temperature and Stress Comparison
The FGC model is compared with the ordinary concrete model
for temperature and stress, and the cross-section at the height of
4 m is selected. When the temperature and the stress reach their
maximum values, respectively, the stress and temperature cloud
charts of the two models are shown in Figures 10, 11. The
internal temperature of the FGC tower and the ordinary concrete
tower reached the maximum value at about 84 h after pouring.
The internal temperature of the FGC tower is 50.4°C, and the
internal hydration temperature of the ordinary concrete tower is
47.6°C. The maximum tensile stress of the FGC tower and the
ordinary concrete tower is 4.01 and 3.78 MPa, respectively. The
maximum tensile stress appears at the corners of the cross-
sections and the stress reaches the highest at about 48 h after
pouring.

To further compare the changing of temperature and stress
between the FGC tower and the ordinary concrete tower, the
values at the measuring points in the first 10 days are collected.
The locations of the measuring points in the cross-section are
shown in Figure 12. The time-history curves of different
measuring points are shown in Figures 13, 14. As presented
in Figure 13, the temperatures at points A-2, B-2, and C-2
increased to the maximum values, and then become
decreasing. Due to the heat exchanging between the concrete
surface and the external environment, the temperatures of the
surface are low. The temperature of the FGC tower is higher than
that of the ordinary concrete tower. The main reason is that the
higher content of cement in the FGC makes the higher heat
generation of hydration.

As presented in Figure 14, during the generation of the
hydration heat, the internal area is under compression and the
concrete at the surface of the tower is under tensile. The stress of
the FGC caused by the hydration heat is higher than that of the
ordinary concrete because the hydration heat of FGC is higher
than that of ordinary concrete. At the same time, the FGC with
high strength at early age makes concrete tower external tensile
stress increased. It can be concluded that the stress of the FGC
tower is larger than that of the ordinary concrete tower under the
hydration heat effect.

CRACK RESISTANCE OF THE FGC TOWER

The existence of cracks reduces the stiffness of the bridge and
weakens the material strength. Even minor cracks may affect the
durability of the bridge. Thus, it is essential to analyze the crack
resistance of the FGC.

The Plasticity Damage Model
In this section, the concrete plasticity damage model provided by
ABAQUS is used. The damage plasticity model was proposed by
Lubliner et al. (1989) and then developed by Lee and Fenves
(1998). It assumed that the elastic behavior of the material is
isotropic and linear. The constitutive relation of concrete is
determined according to the GB50010-2010. The stress-strain
(σ − ε) relationship of the concrete under the uniaxial
compression is determined as,

FIGURE 12 | The locations of the measuring points.
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y �
⎧⎪⎪⎨
⎪⎪⎩

αa + (3 − 2αa)x2 + (αa − 2)x3 x ≤ 1
x

αd(x − 1)2 + x
x > 1 (4)

1, x � ε/εc0 and y � σ/σc0. The εc0 and σc0 represent the peak
strain and stress in the stress-strain curve of the concrete under
the uniaxial compression, respectively. In Eq. 4,
αa � 2.4 − 0.0125fc, αd � 0.157f 0.785c − 0.905 and fc is the design
value of the axial compressive strength of concrete.

The stress-strain (σ − ε) curve formula of concrete under
uniaxial tension is formed as follow:

y �
⎧⎪⎨
⎪⎩

1.2x − 0.2x6 x ≤ 1
x

αt(x − 1)1.7 + x
x > 1 (5)

where x � ε/εt0, y � σ/σ t0, The εt0 and σ t0 represent the peak
strain and stress in the stress-strain curve of the concrete under
the uniaxial tensile, respectively. αc � 0.312f 2t and ft is the design
value of axial tensile strength of concrete.

The damage factors are determined for the usage of the
plasticity damage model in ABAQUS. The damage factors
calculation formulas are given in GB 50010-2010. The uniaxial
compression damage factor:

dc �
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1 − ��������������������������
kc[αa + (3 − 2αa)x + (αa − 2)x2]√

x ≤ 1

1 −
��������������

kc
[αd(x − 1)2] + x

√
x > 1

(6)

where kc � fc/(εc0Ec0). Ec0 is secant modulus at peak compressive
strain.

The uniaxial tensile damage factor:

FIGURE 13 | The time-history curve of temperature. (A) The temperature at points A1–A3 (B) The temperature at points B1–B3. (C) The temperature at points
C1–C3.
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dt �
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1 − ������������
kt(1.2 − 0.2x5)√

x ≤ 1

1 −
��������������

kt
[αt(x − 1)1.7 + x]

√
x > 1

(7)

in which, kt � ft/(εt0Et0) Et0 is the secant modulus corresponding
to the maximum tensile strain.

The material parameters selected in the model are
presented in Table 2 αf is the ratio of biaxial ultimate
compressive strength to one cycle ultimate compressive
strength of the concrete. K is the ratio of second stress
invariants on the tensile meridian and compressive
meridian. The damage factor calculation curve and the
stress-strain curves can be obtained by putting the FGC

parameters into the above formulations, respectively, and
the results are further presented in Figures 15, 16.

Failure Analysis of the FGC and the Ordinary
Concrete Towers
Based on the FE model, the failure analysis of the FGC and the
ordinary concrete towers is further conducted, and the results
are presented in Figures 17, 18. In Figures 17, 18, the red area
represents the failure area. In the tensile cloud image, the red
areas represent areas of concrete cracking. While in the
compression cloud image, the red areas represent areas
where concrete is crushed and spalling. It can be seen
from Figure 17 that the compressive damaged area of the

FIGURE 14 | The time-history curves of the maximum principal stress. (A) The stress at points A1–A3. (B) The stress at points B1–B3. (C) The stress at points
C1–C3.
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ordinary concrete tower and the FGC tower is almost the
same. Besides, the compression damage degree of the
ordinary concrete tower is slightly larger than that of the
FGC tower. Figures 18A,B show that in the anchor zone of
cable and upper tower, the upper tower of each model has a
local compression damage zone due to the action of cable
force. However, the outer layer of the FGC tower is the
functional layer of concrete, its tensile strength is relatively
large, and so the local tensile damage is relatively small. It can
also be seen from Figure 18 that the tensile damage at the

anchorage of the lower tower and beam is relatively extensive.
Also, there is some tensile damage at the bottom of the
lower tower.

The damage degree of the FGC tower at this section is lower
than that of the ordinary concrete one, and the reasons can be
concluded as: 1) the crack resistance of the FGC tower is
strengthened due to the improved mechanical properties of
the functional layer concrete; 2) the usage of FGC material
reduces the maximum stress of the concrete tower which can
also reduce the damage of the concrete; 3) the functional layer

FIGURE 15 | The uniaxial stress-strain curve of the FGC. (A) The uniaxial compression stress-strain curve of the FGC. (B) The uniaxial tensile stress-strain curve of
the FGC.

FIGURE 16 | The curve of the damage factor. (A) The curve of the compression damage factor. (B) The curve of the tensile damage factor.

TABLE 2 | Material parameters of the ABAQUS model.

density (kg/m3) Poisson’s ratio
μ

Expansion angle
(°)

Flow potential
offset value

αf K Viscosity
coefficient

2,625 0.2 30 0.1 1.16 0.667 0.005
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concrete is set at the outer layer of the tower where the stress
is large.

CONCLUSION

The functionally gradient concrete is innovatively introduced
into the towers of the Chizhou Yangtze River Bridge. It achieves
the integrated design of mechanical properties and durability of
the tower, and expands the application of FGC in engineering.
Through the mechanical properties tests and the FE model
simulations, the following conclusions can be drawn:

(1) To study the performance of the gradient concrete tower, the
mechanical properties of the novel gradient concrete tower
material are tested. The obtained mechanical properties of
the functional layer, transition layer, and structural layer can

be further used for the mechanical behavior analysis of the
bridge tower.

(2) Based on the calculated stress and deformation of the FGC
and ordinary towers, the stiffness of the FGC cable tower
increases slightly, and the vertical displacement is smaller
than that of the ordinary concrete cable tower.

(3) During the concreting, the high-performance concrete in the
functional layer may generate the hydration heat. The
influence of the hydration heat caused by the functional
layer is relatively small. However, the crack resistance of the
tower increases due to the FGC material.
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FIGURE 18 | The tensile damage cloud chart. (A) The tensile damage cloud chart of the FGC tower. (B) The tensile damage cloud chart of the ordinary
concrete tower.

FIGURE 17 | The compressive damage cloud chart of the two different materials models. (A) The compressive damage cloud chart of the FGC tower. (B) The
compressive damage cloud chart of the ordinary tower.
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Pantograph-catenary system provides electric energy for the subway lines; its health
status is essential to the serviceability of the vehicle. In this study, a real-time structural
health monitoring method based on strain response inversion is proposed to calculate the
magnitude and position of the dynamic contact force between the catenary and
pantograph. The measurement principle, calibration, and installation detail of the fiber
Bragg grating (FBG) sensors are also presented in this article. Putting this monitoring
system in use, an application example of a subway with a rigid overhead catenary is given
to demonstrate its performance. The pantograph was monitored and analyzed, running
underground at a maximum speed of 80 km/h. The results show that the strain response
inversion method has high measurement accuracy, good data consistency, and flexibility
on sensor installation. It can accurately calculate the magnitude and location of the contact
force exerted on the pantograph.

Keywords: pantograph, dynamic contact force, inversion, structural health monitoring, FBG sensor

INTRODUCTION

With the rapid urbanization progress in China, subway lines have become longer and faster, as an indicator
of city growth. By 2019, rail transit in China has reached a total length of 6,600 km, where the newly built
lanes were 300 km. Considering mainland China in 2019, the subway-conducted passenger count was
23.814 billion, which has increased by 11.8% than that of 2018 [1–3]. Currently, subways are mainly
powered by electricity harnessed through the pantograph–catenary coupling system while running. Thus,
the structural healthmonitoring (SHM) of the coupling is crucial to the safety of the subway lines [4–9]. The
contact resistance increases as the force between the catenary and pantograph decreases, consuming energy
and generating heat, which could cause separation of the coupling and erosion of the contacting surface. On
the contrary, if the force exceeds the safe level, the friction between the carbon slider and the catenary could
lead to failure of the parts and thus accident [10].

At present, the main method of contact force measurement is to lay pressure sensors and acceleration
sensors. The pantograph–catenary contact force can be obtained by balancing the force and using the
inertia compensation method [11]. Japanese railway system applied an optimized measuring system by
using the same number of sensors as the number of vibration modes and combining them to form a
weighted average [12]. Studying the relation between the pantograph’s input and output, Japanese
researchers have developed an inversion method using the vibration response for calculating the contact
force [13]. In Germany, the pantograph monitoring system considers the horizontal and vertical forces
and the vertical acceleration on each side of the carbon plating above the vehicle [14]. The methods
mentioned above utilize electrical sensors such as resistance-based strain gauges to collect data; these
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sensors suffer from electromagnetic interference, and therefore they
could be inaccurate. Tatsuya Koyama developed a camera
recognition system that could analyze the internal force, inertial
force, and contact force without installing sensors directly on the
structures [15]. However, such an arrangement could be challenging
to implement due to the inevitable complexation of the actual
application. Recently, the researcher developed a method based
on the transfer function to calculate the contact force, which
considers the pantograph arc vibration waveform or the transfer
function related to the contact force and the strain response [16]. Yet,
this method lacks accuracy and has many restraints in the
calculation.

A fiber Bragg grating (FBG) sensor has become a hotspot in the
field of SHM system; it has been the vital component in the
maintenance and management of a wide range of structures
[17–21]. FBG sensors are ideal for monitoring the
pantograph–catenary system, as it has the advantage of
electromagnetic resistance, long-term reliability, and versatility in
terms of implementation. In 2013, researchers applied bare FBG
strain sensors underneath the pantograph head to monitor the
magnitude of the contact force [22]. However, the monitoring of
the contact force location remains unresolved, and the bare fiber can
be challenging to install.

In this article, an inversion method based on the pantograph’s
strain response to calculate the magnitude and location of the contact
force is proposed. First, the mechanical model used in the calculation
will be presented. Then, the relation between the contact force and the
strain responsemeasured by FBG sensors will be discussed along with
the casing and temperature compensation method, which guides the
design of the monitoring scheme. Finally, after a detailed calibration
and adjustment process of the sensing system, the in-line test result
will be presented.

PRINCIPLE OF PANTOGRAPH–CATENARY
DYNAMICS

Inversion Method Based on Strain
Response
The pantograph consists of two conducting plates made of carbon
which are mounted on a pneumatic suspension system. Figure 1
is a picture taken on-site at the Xi’an subway.

The carbon slides are modeled as two simply supported beams,
namely front and back. The mechanical model is shown in
Figure 2.

As the vehicle runs, the beam would have a vertical
acceleration of a0. If the inertial force is considered to be
uniformly distributed along the carbon slide, it can be
expressed as m0a0/L; where m0 is the mass of the carbon slide,
and L is its effective length. The aerodynamic force is
proportional to the square of the velocity [23]; since the
subway in discussion moves underground at a maximal
velocity of 80 km/h with no external wind load; the
aerodynamic factor is ignored in the modeling.

The dynamic contact force presents itself in terms of strain
distribution, as follows:

ε1 �
F(L−xf )x1

L + m0a0x1
2 − m0a0

2L x21
EW

, 0≤ x1 ≤ xf , (1)

ε2 �
F(L−xf )x2

L + m0a0x2
2 − F(x2 − xf ) − m0a0x22

2L

EW
, xf ≤ x2 ≤ L. (2)

Here, ε1 and ε2 are the strain measurements taken at the position
x1 and x2. E and W are the elastics modulus and the resistance
moment of the cross-section, respectively. Most importantly, xf is
the position of the contacting point between the pantograph and
the rigid overhead, and F is the contacting force. It can be seen
from the equations above that the locations of the sensors are
arbitrary, as long as the contact force is bounded within, that is
x1 ≤ xf ≤ x2.

Solving for F and xf , assuming the two strain measurements
are taken symmetrically, we get the following:

F � EW(ε1 + ε2) − (C1 + C2)
x1

, (3)

xf � (EWε2 − C2)
(EWε1 − C1) + (EWε2 − C2) L. (4)

Here, C1 � m0a0x1
2 − m0a0x21

2L and C2 � m0a0x2
2 − m0a0x22

2L are the
acceleration terms.

Again, the derivation above is obtained by taking x1 + x2 � L
for simplicity. In real applications, the sensor location could be
asymmetrical; this method is still usable but with a more
complicated solution.

FIGURE 1 | Picture of the pantograph.

FIGURE 2 | mechanical model of the pantograph.
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Sensor Types and Sensing Principle
One of the challenges of pantograph monitoring is the
electromagnetic interference caused by high voltage power
lines. In this project, fiber Bragg grating (FBG) sensors are
used to measure the strain response. The sensor itself has the
advantages of high sensitivity, low noise, electromagnetic
resistance, and long-term reliability, which suit the need
for pantograph–catenary monitoring [24]. However, FBG
sensors’ wavelength variation is a joint result of
temperature fluctuation, contact force, and the Poisson
effect [25].

To counter the thermal expansion, this project used a type
of FBG sensor, shown in Figure 3, that had a layer of thermal
shrinkage material embedded. Improving the performance of
the strain sensors even further, a type of micro-FBG was also
used that had a smaller size and only sensed the temperature
change.

In the following derivation, the quantities related to micro-
FBGs are denoted with underscore μ, and the those related to FBG
strain sensors are denoted with underscore F. The wavelength
shift of the FBGs can be expressed as follows:

Δλμ � α{ε,μ}Δεμ + α{T ,μ}ΔT , (5)

ΔλF � α{ε,F}ΔεF + α{T ,F}ΔT . (6)

Here, Δλμ and ΔλF are the wavelength variations of the
microsensors and the strain sensors, respectively. Δεμ is the
strain induced by the Poisson effect. ΔT is the temperature
variation. αε is related to the elastic optical coefficient of the
optical fiber, which can be written as follows:

αε � λB(1 − Pe), Pe � −1
n
dn
dε
. (7)

The thermal expansion coefficient αT can be expressed as follows:

αT � λB(αf − ζ), αf � 1
Λ

dΛ
dT

. (8)

Here, ζ � n dn
dt is the thermal-optic coefficient. Note that

α{T ,F}ΔT � kα{T ,μ}ΔT , Δεμ � −μΔεF . (9)

Here, μ is the carbon slide’s Poisson ratio, and k is a temperature
coefficient of the micro-FBG, determined in the calibration
process.

Substituting Eqs 7–9 into Eqs 5, 6 yields the following
equation:

ΔεF � ΔλF − kΔλμ
α{ε,F} + kμα{ε,μ}

. (10)

Judging from the results on-site, the vertical strain caused by
the Poisson effect was insignificant; thus, the micro-FBG’s
wavelength variation was considered only as a result of
temperature variation. A calibration process was done to
evaluate k so that the micro-FBGs could be used as a
temperature gauge to compensate for the thermal effect on the
strain sensors.

Also, to monitor the acceleration dynamics, the FBG
accelerometers were implemented.

CALIBRATION

Temperature Compensation Factor
Calibration
To compensate for the thermal effect, every strain sensor on the
pantograph was paired with a micro-FBG. The pantograph was
then placed outdoor overnight; as the temperature changes
through the night, the wavelength data of each FBG was
collected and used to calculate the compensation factor, k. The
linear fit of the sensors on the pantograph’s right side is shown in
Figure 4 as an example.

Each side yielded a fit that has a R2 greater than 0.99, which is
an indicator of the sensors’ consistency. For the left side, the
compensation factor is 2.10470, and that of the right side is
2.10327. Based on these results, k is taken to be 2.10399 for this
project.

EW Calibration
E and W are the elastics modulus and the resistance moment of
the cross-section, respectively; the product of the two is

FIGURE 3 | FBG strain sensor with thermal shrinkage insert.

FIGURE 4 | Linear fit of wavelength change between the micro-FBG
sensor and the FBG strain sensor.
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considered as a constant to be calibrated at each strain measure
location. The strategy used in this article was to apply force at
different locations of the pantograph head gradually.

The length of the slide is 800mm.Marking the left side as 0 and the
right side 800, five points were selected at 200, 300, 400, 500, and 600,
as shown in Figure 5. The weight loaded on each point started from
0N and increases to 110N with a 10N increment.

During the calibration, sensors’ wavelengths varied linearly as
the load increased. The root mean squares were greater than 0.99
for all sensors. Figure 6 below is the data plotted for one sensor’s
wavelength with different load locations.

The wavelength value was used in Eq. 10 to obtain the strain
value, which was then substituted into Eqs 1, 2 to calculate the
EW for each side of the pantograph. The final value of EW used in
the further calculation was the average of both sides.

REAL-TIME MONITORING AND ANALYSIS

Background and Sensor Layout Scheme
The subway line in this project has a total length of over 35 km with
more than 25 stations, all of which are underground, and adopted the
rigid overhead catenary design. Measurement was done as the vehicle
departing the base station and making a stop at each station.

According to themeasurement principle, strain sensors should
be installed symmetrically so that the contact force is bounded in
between the two sensors. Judging from the working condition and
the abrasion of the other pantographs, strain sensors were
installed 135 mm away from the ends. As shown in Figure 7,
this pantograph had a set of two carbon slides, which contributed
to 4 strain sensors. In addition, micro-FBGs, sensing only the
temperature change, were installed perpendicular to the strain
sensors.

The accelerometers were installed at the front and back slides
of the pantograph, as shown in Figure 8.

Data Analysis of Pantograph Elevation
The elevation process is what gives the subway its power. The
process itself is powered by high-pressure air, which pushes the

FIGURE 5 | Top view of the pantograph head.

FIGURE 6 | Front-right FBG wavelength variation.

FIGURE 7 | Illustration of the sensor layout (bottom view).
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pantograph toward the catenary [26]. Therefore, the contacting
force should increase linearly during this process.

As shown in Figure 9, the contacting force increased from
0 to 118.24 N and stayed at 110 N with a standard deviation
of 1.81 N. The initial contact position was 351.16 mm from
the left support of the arc. The force’s magnitude calculated
from the strain response agrees with the force that drives the
pantograph, and the calculated position fits well with the
directly measured result. This monitoring test of the elevation
process shows that the algorithm is valid in the static
condition.

Data Analysis of the Subway in Motion
The subway departed from the base making stops at each station.
The desired speed was 80 km/h, and the distance between stations
was not long enough. Consequently, the vehicle accelerated,
leaving the stations, and then decelerated as it approached
the next.

It can be foreseen that the contact force would have a
magnitude of 120 N with deviation caused by vibration and
rail conditions. As presented in Figure 10, going from one stop to
the next, the contact force has a maximum of 125.86N, a
minimum of 115.71 N, and a standard deviation of 3.23 N.
The contact force is constantly greater than 0 N, which means no
separation of the pantograph and the catenary.

Monitoring the magnitude of the contact force is crucial
for SHM of the pantograph–catenary system; equally
important is the force’s location detection, as it gives
information about possible erosion and fatigue on the
carbon slider.

The rigid overhead catenary system has a zigzag shape
responsible for the position variation, when the subway is in
motion. For example, in Figure 11, the contact position was
oscillating between 200 and 600 mm, indicating that the subway
was passing through the zigzagged catenary.

Figure 12 is an enlarged time interval, corresponding to the
vehicle departing from one stop to the next. The shift of the
contact position is roughly the same as boxed in the figure. Given
the symmetrical property of the catenary’s ‘Z’ shape, it is

FIGURE 8 | Configuration of the sensors.

FIGURE 9 | Contact force of the elevation process.

FIGURE 10 | In-line contact force variation.
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reasonable to conclude that the inversion method is able to detect
the location of the force with minor discrepancy.

CONCLUSION

This study proposed an inversion method for calculating and
locating the dynamic contact force of the pantograph–catenary
system based on its strain response using fiber Bragg grating
(FBG) sensors. It has overcome the electromagnetic inference that
traditional sensors suffer, making it ideal for the task. The carbon
slide on the pantograph has been modeled as simply supported
beams for the calculation. This model then guided the design of a
structural health monitoring project in Xi’an. After the
calibration, the sensing system was tasked with monitoring the
progress of the pantograph elevation. Finally, real-time data were
collected and analyzed for the subway in motion. The magnitude
and the location of the contact force were in good agreement with
the prediction; that is, the location result resembles the “Z” shape
of the overhead catenary, and the magnitude mainly fluctuates
between 115 and 125 N.

The strain response inversion method is shown to be accurate,
consistent, and relatively easy to install. Not only does it monitor
the force’s magnitude but also the position of the force exerted,
giving the SHM system another angle to evaluate the reliability of
pantograph–catenary coupling.
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Structural Health Monitoring for
Bridge Crane Based on Low
Temperature-Sensitivity FBG Sensors
Zhang Zhaobo1*, Liu Sheng2, Wei Yibo1 and Li Hongnan1

1Faculty of Infrastructure Engineering, Dalian University of Technology, Dalian, China, 2Department of Mechanics, School of
Applied Science, Taiyuan University of Science and Technology, Taiyuan, China

Accurate measurement of the stain variation and effective distinguishment of the
temperature-induced stress from the load-induced stress have been major objectives
for strain sensors in crane monitoring. In this paper, a fiber Bragg grating (FBG) strain
sensor with low temperature-sensitivity, packaged by two gripper tubes and stainless-
steel tubes, is presented and applied in a bridge crane health monitoring project.
Calibration experiments and reliability tests are conducted to evaluate the stain
transferring characteristics of the sensors in a laboratory environment. The results
show that the temperature coefficient of the sensor decreases from 10.5 pm/°C to
1.5 pm/°C and the strain coefficient increases from 1.2 pm/με to 4.8pm/με. On the
other hand, the on-site tests show that these FBG strain sensors have the advantage
of precision, reliability, and applicability. Meanwhile, the low temperature-sensitivity nature
of the sensors is verified by the test results, which shows its promising potential in the
health monitoring for a bridge crane.

Keywords: bridge Crane1, FBG sensor2, accurate measurement3, low temperature-sensitivity4, long-term
monitoring5

INTRODUCTION

Health monitoring for steel structures has been widely used in practical engineering. The bridge
crane, suffering from the corrosive salt-spray environment as it works in port, is subjected to the
coupling action of wind load and working load during its service period. The steel structure, which is
the primary bearing component of a crane, may have cracksand deformations [1, 2]under long-term
loads, which endanger the structure’s serviceability and strength.

Tochaei et al. [3] established a health monitoring system for the steel structure of the Manhattan
Bridge to estimation fatigue life and reliability, and achieved good results. Hence, a viable real-time
health monitoring system for cranes is in need.

With the development of information technology, researchers realized that monitoring various
parameters of the crane can provide layers of protection in construction safety [4]. Among them,
strain is one of themost significant parameters that can reflect themechanical characteristics of metal
structure [5]. Naturally, strain sensing has gradually become more and more critical in the field of
real-time monitoring of the crane. A load moment indicator (LMI) is a system that aids the crane
operator by sensing (directly or indirectly) the overturning moment on the crane (load multiplied by
radius). Xu et al. [6] collected the structure stress by resistance strain gauges and established a
complete monitoring system. Lalik et al. [7] calculated stresses in the base of the mast crane by
surveying the inclination of the towermast and jib by using a tacheometer to measure the coordinates
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of two prisms placed on the construction crane. However, for a
crane designed to serve in a salt spray environment for more than
10 years, the aforementioned methods struggle to meet the
requirements.

The fiber Bragg Grating (FBG) sensor has excellent anti-
electromagnetic interference capability, corrosion-resistant,
high precision, ease of installation, and durability [8–10]. The
fiber Bragg grating sensor, which can monitor the structure’s
internal response andmechanical properties, is an ideal choice for
the crane monitoring system. However, the fiber Bragg Grating
sensors are cross-sensitive to strain and temperature; it is difficult
to distinguish the strain-induced wavelength variation and the
temperature-induced one. In practical application, the thermal
effect could easily overwhelm the strain effect, especially in
environments with large temperature fluctuation. The effect of
temperature has to be reduced or even eliminated [11–13].

In this paper, an FBG strain sensor with low temperature-
sensitivity packaged by two gripper tubes and stainless-steel tubes
is presented and applied in a bridge crane monitoring project.
The objectives of this study are the following.

• To present the design theory of the sensor, including an
introduction of the sensing principle of the fiber Bragg
grating packaging mechanism. A theoretical derivation is
presented for sensors with and without reverse-expanding
packaging to unravel the advantage of the new design. Also,
the temperature-sensitivity and reliability tests are
conducted to compare these two types of FBG sensors.

• To investigate the structural health of the bridge crane,
comparing the measured data of the FBG sensors and actual
movement of the crane. The strain variation during a long-
term monitoring project is presented to analyze the crane’s
horizontal balance, maximum stress, residual stress, and its
mechanical response to temperature fluctuation, predicting
the crane’s safety.

SENSOR DESIGN THEORY

The internal structure of the fiber Bragg grating strain sensor with
low temperature- sensitivity is presented in Figure 1. The strain
sensor consists of a fiber Bragg grating, gripper tube, and a layer
of thermal shrinkage material.

The capillary stainless-steel tube is adopted as the gripper tube
for the demands of corrosion resistance. To realize the low
temperature-sensitivity property of the sensor, a thermal

shrinkage material is used as a tube-insert to balance the effect
of thermal expansion. As the wavelength of FBG changes due to
thermal expansion, the correctly tuned thermal shrinkage
material will counter such an effect. Considering both the
variation of strain and temperature, the wavelength shift of the
sensor is written as

Δλb � (1 − Pε)Δε + (αf + ξ)ΔT � K εΔε + KtΔT (1)

Where Pε , αf , and ξ are the elasto-optical, the thermal expansion,
and the thermo-optical coefficients of optical fiber materials. It is
seen from Eq. 1, Kε is the strain-induced wavelength variation of
the sensor; KtΔT is the temperature-induced wavelength
variation of the sensor. The wavelength shift, with the
application of thermal shrinkage material, can be written as

ΔλB � K εΔε + KtΔT + K εΔεT (2)

The third term, representing the wavelength variation
contributed by the sensors’ own thermal fluctuation, can be
further expanded as

K εΔεT � K εΔT(
LFα1 + 2LNα2

L
+ α3) (3)

Where Lf , L are the length of fiber grating and the length of
thermal shrinkage materials, respectively. The temperature
influence coefficient of fiber grating is KT ; α1, α2, and α3 are
the coefficient of thermal expansion of gripper tube, the
coefficient of thermal expansion of thermal shrinkage
materials, and the coefficient of thermal expansion of the
structure to be measured, respectively. The equation obtained
by substituting (Eq. 3) into (Eq. 2) is

ΔλB � K εΔε + (K ε(
LFα1 + 2LNα2

L
+ α3) + KT)ΔT (4)

The first term, KεΔε, is only related to the variation of strain,
and the second term is only related to the variation of
temperature.

K ε(
LFα1 + 2LNα2

L
+ α3) + KT � 0 (5)

Where Kε, KT , α1, α3, and Lf are fixed values. It is seen from Eq. 5
that the wavelength drift is independent of the temperature
fluctuation if the lengths of the gripper tube and tube insert

FIGURE 1 | FBG strain sensor with low temperature-sensitivity.

FIGURE 2 | A schematic diagram of an Fiber Bragg Grating (FBG) strain
sensor packaged by gripper tube.
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are tuned correctly. Therefore, the low temperature-sensitivity of
the sensor can be obtained.

A schematic diagram of the FBG strain sensor is presented in
Figure 2. The fiber in both sides of the FBG is packaged with
epoxy resin in the tube insert, which is screwed on the mounting
supports.

The stress transferring loss between the epoxy resin and fiber
can be neglected due to the adhesive thickness being less than the
optical fiber’s diameter [14]. The fiber area is not in contact with
the epoxy resin due to the FBG is installed on the surface of the
structure by two mounting supports [15]; therefore, the FBG
strain sensor eliminates the multi-peaks of reflective light from
the nonuniform bonding distribution of the epoxy resin [15], the
deformation and strain of the gripper tube and FBG and are
written as

ΔLg � Pg

Eg

Lg

Ag
; ΔLf � Pf

Ef

Lf

Af
(6)

εg � ΔLg

Lg
� Pg

EgAg
; εf � ΔLf

Lf
� Pf

Ef Af
(7)

Where Pg and Pf are the internal force of the gripper tube and
fiber, respectively. L and Lf are the distance between the two
mounting supports and the length of the fiber, respectively. Eg , Ef ,
Ag , and Af are Young’s modulus and the sectional area of the
gripper tube and fiber, respectively. Since the sensor can be
approximated as a two-force bar that is only subjected to axial
force, the internal forces on each part are the same, so Pg equals to
Pf . Hence, the strain ratio between gripper tube and fiber is
obtained by substituting the parameter values as

εs
εf

� Ef Af

EsAs
� 0.0084 (8)

It is seen from Eq. 8 that the strain ratio is 0.0084 [16]; due to
the fiber’s strain being far less than the gripper tube’s strain and
the fiber radius being far less than the gripper tube radius. It

means that the strain of fiber is negligible compared to the
strain of the gripper tube. Considering the low temperature-
sensitivity nature of the sensor, the relation between the shift of
the central wavelength of FBG and the strain of the sensor can
be written as

ε � LfΔλFBG
LKε

(9)

Where the temperature influence can be ignored so that Kε is a
fixed value regardless of the central wavelength of FBG. The strain
sensitivity of the sensor can be tuned by adjusting the distance of
two mounting supports and the length of the fiber at the
mounting base. Hence, The FBG strain sensor has the
advantages of high precision and low temperature-sensitivity.

RESULT OF PERFORMANCE TESTS

Basic performance tests are needed to ensure sensors’ stability
and efficiency before used in practical projects. In this section, the
strain measurement accuracy, reliability, and low temperature-
sensitivity of sensors are tested in the laboratory.

Calibration Result
Accurate measurement of strain variation is the primary function
of strain sensors. To investigate the strain sensor’s precision with
low temperature-sensitivity, a calibration test of the FBG strain
sensor was conducted by a universal testing machine. The steel
plate was loaded continuously from 0 kN to 24 kN, and the data
of the sensor was recorded once every 2 kN. To ensure the
repeatability and consistency of the sensor, all measurements
were taken several times.

The calibration tests results are plotted in Figure 3, showing
the relation between the Bragg wavelength shift of the FBG sensor
and the strain value. As the load increases, the wavelengths of the
sensor increase, and the coefficient of linear association reached
0.9998. The results prove that the FBG strain sensor works well on
the steel structure, such as cranes.

FIGURE 3 | Results of Fiber Bragg Grating (FBG) strain sensor
calibration test.

FIGURE 4 | Results of the reliability tests.

Frontiers in Physics | www.frontiersin.org June 2021 | Volume 9 | Article 6782633

Zhaobo et al. Structural Health Monitoring for Crane

107

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Reliability Tests
Reliability is another necessity of a sensor, especially in long-term
structures monitoring, such as cranes with 10 years of service life.
A total of 90,000 cyclic loads were performed on the sensor, which
is mounted on the surface of a uniform strength beam by adhesive
to record the central wavelengths of the FBG sensor.

The reliability test result is plotted in Figure 4, showing that
the wavelength measurement result is consistent during the cyclic
loads. The maximum wavelength variation amplitude in each
cycle is stable at about 1.8 nm, and the reading returns to its
original level at the end of each cycle. The results prove that the
FBG strain sensors are indeed reliable.

Temperature-Sensitivity Tests
Effective distinguishment of the temperature-induced stress from
load-induced stress has been a major challenge for strain sensors.
To test the sensor’s low temperature-sensitivity property, an
experiment is conducted using a water bath method. The
whole set-up was placed in a constant temperature tank to
control and simulate the actual thermal fluctuation of the
application more effectively.

The temperature varied from 20 to 70°C, and a mercury
thermometer was used as a standard temperature gauge, which
has a precision of 0.05°C. Firstly, the sensor was fixed on the
clamping support, which is welded on a 10 mm thick steel plate.
Then, the relation between the sensor wavelength and the tank’s
temperature was recorded to investigate the sensor’s temperature
sensitivity.

The low temperature-sensitivity test data is plotted in
Figure 5, showing that when the temperature changes from 20
to 70°C, the sensor’s maximum wavelength variation with the
reverse-expansion packaging is only 0.004 nm. With the same
conditions, the bare grating’s maximum wavelength variation is
0.3654 nm, which is 91 times more than the sensor with low
temperature-sensitivity.

APPLICATION OF FIBER BRAGG GRATING
STRAIN SENSORS IN THE MONITORING
TEST OF THE CRANE
Strain monitoring is one of the essential items in structural health
monitoring. The mechanical conditions of the structure, such as
cracks, can be reflected in strain response. An effective real-time
and long-term monitoring of the strain provides the necessary
information needed to evaluate the structure’s health;
furthermore, understanding this information realizes the safety
control of the structure.

Bridge Crane and Sensor Layout Scheme
Figure 6 shows that the bridge crane’s integral structure is
symmetrical along the girder’s middle line. The weight-bearing
area is composed of four rods, which are connected by steel
connecting plates. The clamp moves on the girder and works on
loading and unloading goods. If the force on the left and right
rods are unbalanced during the crane operation, the girder will
produce shear deformation that would cause the girder to
overturn. Besides, as a complex region of stress, the
connecting plates could lose their mechanical properties due
to fatigue damage of steel structure. To sum up, the structure
will deform under the action of load, which will induce the

FIGURE 5 | Results of the low temperature sensitivity tests.

FIGURE 6 | Integral structure of the bridge crane.

FIGURE 7 | Sensor layout scheme.
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variation of the stress of the rods and connecting plates on the
bridge crane. Therefore, according to the monitoring
requirements, the strain of the bridge crane’s key components,
such as the rods and the connecting plates, should be monitored
primarily.

Since the rods are two-force bars and both ends are connected
by hinge joints, forces should stretch all rod parts with the same
magnitude, and the direction is axial, without bending moment
and shear force (ignoring the effect of dead weight). Thus, the
sensors installed on any location would have the same reading. In
consideration of installation and maintenance, the sensors are
installed at the lower end of the rods. The sensor layout scheme is
shown in Figure 7. Four measuring points are arranged overall,
one for each rod of the crane. The rod is made of H-shaped steel,
the lateral stiffness is relatively large, and there is a certain stress
transfer loss caused by welding. Therefore, it meets the
monitoring requirements by installing one sensor in the web
of each rod.

As the linkage member between the rods and the girder, the
direction of the resultant force at the connecting plate varies from
time to time during crane operation. As a complex region of
stress, the direction of the resultant force is difficult to calculate
and measure; the meaningfulness of monitoring can be
guaranteed only when the sensor is installed along the
direction of the rod. One sensor is installed on each
connecting plate in the same direction as the rod to ensure
the crane’s dynamic balance and avoid the girder overturning
caused by the fatigue damage of a connecting plate. A total of four
sensors are installed on the part of connecting plates.

Accuracy Test of On-Site Monitoring
The crane was subjected to a loading task of 50 tons to observe the
accuracy of the sensors installed on the rod. In this working
condition, the girder of the crane was to keep flat, and the grab
moved along the girder from the initial position to the bottom of

the secondary rod and the front-end of the girder. Then, the grab
backed to the initial position. The sensor recorded the whole
process to verify the sensors’ accuracy and real-time performance
by comparing the test data with the actual testing process.

Stage 1 described the grab’s motion from the initial position to
the front-end of the girder. According to the influence line theory
of structural mechanics, the force of the secondary rod should
increase as the distance from the grab to the secondary rod
decreases. The force of the secondary rod reached its maximum
when the grab was right below the secondary rod. Then as the
grab moved away from the secondary rod towards the main rod,
the force of the secondary rod tended to decline, and the force of
the main rod continued to rise until it reached its maximum,
which meant that the grab reached the location of the main rod.
The stress variation of the main rod and the secondary rod in
Figure 8 describes the whole process; it is seen that when the grab
was moved to the bottom of the secondary rod, the maximum
stress of the secondary rod is 22.9 MPa, when the grab was moved
to the bottom of the main rod, the maximum stress of the main
rod is 44.2 MPa.

During stage 2, the system stayed still; thus, there was no
change in stress shown in the monitoring. Stage 3 described the
grab’s motion back to the initial position. As shown in Figure 8,
as the grabmoved to its initial position, the rods’ stress course was
the opposite of the first stage. Noticeably, the stress curve of the
main rod and the secondary rod both declined to the initial value
gradually.

The test results show that the measured data of the sensor
accurately describe the whole process. Moreover, there was no
residual stress afterward, which means the loading procedure was
within the structure’s elastic range and safety requirements.

Low Temperature-Sensitive Test and
Thermal-Mechanical Response
The environmental thermal-fluctuation causes expansion of the
crane’s girder, which will pull the rods generating tension thus
strain. This alternating thermal field would produce fatigue
damage on the structure during its long service life. It is

FIGURE 8 | The stress course of rods during the accuracy test.

FIGURE 9 | The stress course of rods in different temperature.
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challenging to monitor the real tension of rods induced by this
thermal-mechanical effect of girder since regular sensors are
cross-sensitive to strain and temperature. For this purpose, the
test was done when the crane was in a horizontal and extended
state with no load from May 1st to May 5th.

The sensor with low temperature-sensitivity monitored the
rod’s mechanical response to the temperature fluctuation. It can
be seen from Figure 9 that the maximum stress was about 5 MPa
on a rainy day with low temperature-fluctuation, and it was about
15 MPa on a sunny day with high temperature-fluctuation. The
FBG with the reverse-expansion packaging indeed reflected the
predicted behavior of the stress. The main rod suffers more from
the alternating temperature, as it is attached at the girder’s rear
end. Also, the greater the difference in temperature, the bigger the
variation in stress.

The magnitude of this thermal-mechanical stress response is
approximately one-third of the maximum stress in the accuracy
test mentioned in the previous section; this information is not to
be neglected for the safety of the structure.

Long-Term Monitoring Test
The crane was subjected to long-term monitoring to observe the
reliability of the sensors. As shown in Figure 10, the sensor
monitored the crane’s stress variation of the primary and
secondary rod from April 30th to December 23rd. During this
time, the maximum stress of the right rod reached 50.6 MPa, and

the maximum stress of the left rod reached 48.6 MPa. Because the
rods are made of Q345 steel, the yield strength of 345 steel is
about 345 MPa and the tensile strength of 345 steel is about
490MPa, which is within the safety range. Also, the sensors’
output returned to zero after each measurement, which proves
that the sensor remains highly accurate and reliable in long-term
monitoring.

CONCLUSION

A new configuration for an FBG strain sensor with low
temperature-sensitivity was characterized, calibrated, and
applied in a crane monitoring project. Its various properties
were demonstrated on the field. The calibration shows that the
actual sensitivity of the sensor, packaged with reverse-expand
material, agrees well with the theoretical calculation. The
reliability test demonstrates that the sensor maintains highly
consistent under 90,000 cycle load tests. The low temperature-
sensitivity experiment demonstrates that the sensor is less
affected by temperature than the bare fiber, which means that
it is more suitable for the long-term monitoring of the structure
that serves in a thermally unstable environment.

FBG strain sensors with low temperature-sensitivity have
been installed on the rods and connecting plates of the crane
to monitor the crane’s stress variation in an actual working
situation. The accuracy test results and the temperature-
sensitive test show that the sensor with low temperature-
sensitivity can eliminate the effect of temperature and
accurately monitor the mechanical response of
temperature fluctuation. The long-term monitoring test
results show that the sensor maintained high reliability
during the crane operation. It is proved that the sensor
has a promising potential in the structural health
monitoring of cranes.
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Collapse Analysis of a Transmission
Tower-Line System Induced by Ice
Shedding
Jiaxiang Li1, Biao Wang1, Jian Sun1, Shuhong Wang1*, Xiaohong Zhang2 and Xing Fu3

1Department of Civil Engineering, Northeastern University, Shenyang, China, 2Civil Engineering and Applied Mechanics, McGill
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Ice shedding causes transmission lines to vibrate violently, which induces a sharp increase
in the longitudinal unbalanced tension of the lines, even resulting in the progressive
collapse of transmission towers in serious cases, which is a common ice-based
disaster for transmission tower-line systems. Based on the actual engineering
characteristics of a 500 kV transmission line taken as the research object, a finite
element model of a two-tower, three-line system is established by commercial ANSYS
finite element software. In the modeling process, the uniform mode method is used to
introduce the initial defects, and the collapse caused by ice shedding and its influencing
parameters are systematically studied. The results show that the higher the ice-shedding
height is, the greater the threat of ice shedding to the system; furthermore, the greater the
span is, the shorter the insulator length and the greater the dynamic response of the line;
the impact of ice shedding should be considered in the design of transmission towers.

Keywords: index terms: transmission line, ice shedding, numerical simulation, dynamic response, progressive
collapse

INTRODUCTION

As the physical electricity-carrying entities of the power transmission network, transmission lines
often need to pass through severely cold areas, and as a result, ice may occasionally coat the
conductors. When the temperature rises, this ice melts and falls off the line, causing the transmission
line to vibrate; these vibrations can damage the transmission line and even cause its progressive
collapse. Although the ice shedding effect was considered as unbalanced tension in the design codes
[1–3], the accidents caused by ice shedding still occurs. For example, an investigation of the southern
snow disaster in 2008 showed collapsed bases of 140,000 transmission towers below 110 kV; the bases
of 1,000, 110–500 kV transmission towers collapsed; and the bases of 506,500 kV transmission
towers fell, with the bases of 142 towers being damaged. Ultimately, ninety percent of all transmission
tower collapses are caused by longitudinal unbalanced tension caused by uneven icing and uneven ice
shedding [4]. With the development of the study on structural vibration control and structural
healthy monitoring, these two methods are used to improve the safety operation of the transmission
line [5–9]. To determine the key parameters for monitoring and controlling, the failure mechanism
of the transmission line caused by ice-shedding should be studied.

The serious hazards imposed by ice shedding have attracted widespread attention from scholars
worldwide. At present, the most common method for studying ice shedding problems is numerical
simulation [10]. Kollar and Farzaneh [11–14] introduced a spacer bar into the conductor ice-
shedding model, studied the ice shedding of the bundle conductor, and obtained the relationships
between the maximum jump height and the ice thickness, initial tension, conductor spacing, and
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number of sub-conductors; a scale test verified the validity of the
model, and the results showed that a spacer bar can effectively
reduce the jump height of the conductor but has little effect on the
torsion of the conductor. Because that the clearance reducing
caused by ice-shedding could lead to electrical accident, the jump
height is the one of the most concerned parameters for ice-
shedding of transmission lines. Yan et al. [15] proposed a formula
to predict the maximum jump height by fitting the numerical
results between the maximum jump height and sag difference
before and after ice shedding. Based on the conservation of energy
and the geometrical relationship between the span and the swing
of an insulator, Wu et al. [16] proposed a theoretical calculation
method for the largest jump height of a transmission line; a
comparison of the results with a finite element analysis revealed
good agreement, and the theoretical method exhibited the
advantages of both accuracy and convenience. Huang et al.
[17] proposed a method to study ice shedding using a scale
test and verified the effectiveness of the proposed method by
comparing the results with two full-scale tests. However, the
paper mentioned above ignored the stiffness of ice, and assumed
that the ice on the conductor fell off in a certain pattern that was
unrealistic. To obtain the real dynamic response of the conductor
induced by ice-shedding, the ice failure model should be
considered. Kalman et al. [18] first introduced the ice failure
model to predict the ice shedding. In their study, if the plastic
strain is greater than 10−10, the element of ice will be killed to
simulate ice shedding. Mirshafiei et al. [19, 20] proposed another
ice failure criterion. In Mirshafiei’s criterion, the ice would have
been shed if the ice strain reached the maximum effective plastic
strain. The numerical results showed that Mirshafiei’s criterion
had a better performance in prediction of the ice shedding by
comparison with the experimental results than Kalman’s
criterion. However, these two ice failure criterions both
overrated the ice-shedding rate. Ji et al. [21–24] proposed a
new criterion predicting the ice-shedding rate better. They
thought that ice breakage and ice detachment were two
different stages. Only ice detachment would occur if the
inertia forces overcoming the adhesive/cohesive forces on the
ice. After that, they studied influence parameters in the ice
shedding progress and give suggestions to improve the de-
icing efficiency of the shock-load method and reduce the
adverse transient effects on the line components [25]. Yang
et al. [26, 27] performed the numerical simulation to study the
dynamic response of transmission tower-line system and found
that the interphase space could effectively decrease the dynamic
response of the tower-line system; dynamic amplifying effect of
the vertical load from ice shedding conductors cannot be ignored.

Transmission towers are an important part of the transmission
tower-line system, as they play the crucial role of supporting the
transmission lines. However, the role of transmission towers in
the ice-shedding response has been ignored in all research to date,
with few studies considering the influence of ice-shedding on
transmission towers response. Shen et al. [28, 29] established a
tower-line system model and analyzed the vibration
characteristics caused by the ice shedding of the transmission
tower-line system. The results showed that the shear and bending
moment of the transmission tower base were zero before ice

shedding but increased significantly thereafter, and the closer the
ice-shedding is, the greater the basal shear and moment.
Additionally, a comparison with a two-speed conductor model
test verified the impact of ice shedding on the transmission tower.
However, the above research is limited to the elastic stage of the
transmission lines and does not involve the collapse of
transmission lines caused by ice shedding. In fact, more and
more attentions are attractive to tower collapse [30–34].

In summary, a paucity of studies has considered the collapse
and damage of transmission lines due to icing and ice shedding
under the coupling of transmission towers and lines. In this
paper, using a numerical method to establish the transmission
line model and considering transmission towers with initial
defects, the dynamic response of the transmission tower-line
system induced by ice shedding is studied; furthermore, the
damage to the transmission tower and the influencing
parameters are analyzed.

ESTABLISHMENT OF THE FINITE
ELEMENT MODEL

Model Parameters
In this paper, a finite element model is established for a
transmission tower-line system with two towers and three
lines. The conductors at both ends of the model are
consolidated. The model of the four-bundle conductor in the
line is LGJ-630/45, the model of the ground conductor is LB20A-
150, and the mechanical parameters are shown in Table 1.

To simplify the modeling process of the transmission tower-
line system and improve the computational efficiency, the
following assumptions are adopted in this paper.

(1) In the modeling process, the conductor bundle is modeled as
a single conductor, and in the ice-shedding process [33–35],
it is assumed that all the sub-conductors of the bundle
conductor bundle experience ice shedding at the same time.

(2) Ice is evenly distributed on the conductor and the ground,
and it is assumed that the ice cross section is circular.

(3) Only the mass of the ice cover is considered, whereas the
influence of the ice cover stiffness is ignored, and the
possibility of the ice cover falling off and breaking during
vibration is ignored.

This paper selects a 500 kV double-circuit angle steel
transmission tower as the research object with a height of
99.9 m and a base size of 18 m × 18 m. The dimensions of the
transmission tower are presented in Figure 1. The length of the
insulator is 6.6 m, the initial tension conductor is 141.3 kN, and
the initial tension of the ground conductor is 30.5 kN. The main
material of the transmission tower is Q420 and Q345 steel, as
shown in Figure 1, and Q235 steel is used for the auxiliary
materials.

The ice on the transmission lines is affected by natural factors
such as wind, and the icing cross sections are mostly crescent-
shaped, crescent-shaped or D-shaped, although other irregular
shapes are also possible. Previously, scholars mostly assumed that
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the ice is ring-shaped when studying ice-shedding phenomena;
this article also adopts this assumption. In this paper, ANSYS
simulation software is used for modeling, and the LINK10
element is used to simulate the conductor. The ice coating on
the conductor is also simulated by the LINK10 element, which
shares the node with the conductor. The constitutive model of

tower is shown in Figure 2, the tower member would lose its load
carrying capacity once the strain reaches 0.02.

The two-tower, three-line transmission tower-line system
model established in this article is illustrated in Figure 3. The
ice shedding of conductors 1, 2, and 3 represents the three cases of
conductor ice shedding. In the past, when analyzing the vibration
characteristics of transmission towers, the apex of the tower was
set as a key point, and its displacement changes were analyzed to
study the vibration characteristics of the transmission tower.
Therefore, this paper defines the apex of the ice-shedding side
of Tower 1 as key Point K. The steel density of the transmission
tower is 7,850 kg/m3, and the elastic modulus is 206,000 MPa. In
addition, the density of the ice coating is 900 kg/m3. Since the ice
coating stiffness is ignored, the elastic modulus of the ice coating
is set to 1 in the numerical model.

Initial Defects
During the manufacture and transportation of the members used
to construct power transmission towers, members with defects
will inevitably be produced, and in their subsequent welding and
assembly, residual stresses and welding defects will be generated
due to factors such as the processing technology and worker
mistakes. Accordingly, the bearing capacity of the power
transmission tower members will be affected. Therefore, in the
dynamic analysis of the transmission tower, the influences of
these initial defects should be considered. Fu et al. [36, 37] used
the uniform mode method to consider the initial defects of a
transmission tower in their numerical model. This method
assumes that the initial defects of a structure are consistent
with the lowest buckling mode, and hence, this approach is
widely used in the force analysis of complex structures such as

TABLE 1 | Mechanical parameters of the conductor.

Model Conductor
outer diameter (mm)

Weight (kg/m) Modulus
of elasticity (MPa)

Cross-sectional area (mm2)

Ground conductor LB20A-150 15.75 0.9894 147,200 148.07
Conductor LGJ-630/45 33.6 2.06 63,000 666.55

FIGURE 1 | Tower dimensions.

FIGURE 2 | Material model of tower member.

FIGURE 3 | Finite element model of the transmission tower-line system.
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reticulated shell structures and transmission towers. In this paper,
the uniform mode method is adopted to consider the initial
defects of the transmission tower, and on this basis, the dynamic
response of the tower-line system induced by ice shedding is
analyzed.

Dynamic Analysis of Ice-Shedding
The current electric power design code in China calculates the
unbalanced tension caused by uneven ice cover during the
transmission tower design according to the static load and
takes the value according to the maximum working tension
percentage of the conductor. This method is simple and easy
to apply in engineering, but it ignores the dynamic impact during
the ice-shedding process. Thus, the dynamic impact of conductor
ice shedding is simulated in this paper. The simulation process is
outlined in Figure 4. First, the finite element model of the
transmission tower is established by using ANSYS, the initial
defects are considered according to the minimum-order mode
obtained by eigenvalue buckling analysis under ice-shedding load
in ANSYS, and the finite element model is updated to introduce
the initial defects of the transmission tower (uniform mode
method) [36, 37]. In this way, the two-tower three-conductor
finite element model is established. Finally, the static
characteristics of the tower-line system are subjected to
nonlinear analysis. Since the ANSYS implicit algorithm has
long been used to analyze the dynamic responses of tower-line
systems, the ANSYS LS-DYNA display algorithm is used to

analyze the dynamic response of the transmission tower-line
system to an ice-shedding load. The results of the preceding
ANSYS static analysis are taken as the initial state of the LS-
DYNA calculation, after that, delete the ice element which will
shed from the conductor and use the equivalent nodal force to
simulate the ice load. Then, the equivalent nodal force is removed
to simulate ice shedding, and the dynamic analysis of ice falling
off of the transmission tower-line system is carried out.
Subsequently, the ice load is increased until the transmission
line collapses and is destroyed.

FAILURE MODE ANALYSIS OF
TRANSMISSION TOWER

The simulation parameters are as follows: 1) the length of the
insulator is 6.6 m; 2) all the span of the conductor are 500 m; and
3) the initial tension of the conductor is 141.3 kN.

Taking conductor 2 (the middle conductor shown in Figure 3)
as an example, the ice-shedding process of the transmission tower
is depicted in Figure 5. If the ice thickness is 45.6 mm, as shown
in Figure 5, then conductor ice shedding can lead to progressive
collapse of the transmission tower-line system. At 1.0 s after ice
shedding, the system is elastic, and the transmission tower
vibrates as a result of the longitudinal unbalanced load.
However, the tower members do not undergo buckling failure.
Then, Tower 1 is affected by the longitudinal unbalanced load. At
1.5 s after ice shedding, units 2,334, 2,337, 2,148, and 2,151 at
heights ranging from 81.0 to 84.5 m (i.e., the connections of the
cross-arms to the tower head with ice-shedding conductors) fail.
In addition, Tower 2 violently shakes. At 2.15 s after ice shedding,
Tower 1 is subjected to longitudinal unbalanced loads, and units
2,850, 2,851, 2,852, and 2,853 (i.e., the connections between the
tower head and the tower body) between the heights of 61.0 and
64.0 m begin to be destroyed. At 5.5 s after ice-shedding, Tower 1
collapses. Additionally, the members connecting the Tower 2
head to its body begin to fail. At 7.0 s after ice shedding, Tower 2
collapses, and the tower-line system completely loses its bearing
capacity. The damage state of Tower 2 at 5.5 s is similar to that of
Tower 1 at 2.15 s.

From these simulation results, the failure processes and
collapse mechanisms of the two towers in the two-tower,
three-conductor model are basically the same except that the
ice shedding of the ground conductor will not cause damage to
the transmission tower-conductor system. Then, the insulator
and conductor fall, the tower body vibrates violently, and the
Tower 2 ice-shedding side is disconnected from the upper
conductor. Finally, the head and body connections on Tower
1 are damaged and ultimately collapse, and Tower 2 is affected by
the collapse of Tower 1.

From the simulation failure process, we can identify the
positions of weakness where ice shedding on the three
conductors can easily cause damage and the collapse of the
transmission tower. The weakness of the employed tower is as
follows: 1) the cross-arm connected to the ice-shedding
conductor (the tower height ranges from 81.0 to 84.5 m); and
2) The tower head and tower body connection (the tower height

FIGURE 4 | Flowchart for the dynamic analysis of ice shedding.
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ranges from 61.0 to 64.0 m). Based on the simulation, the
reinforcement of the above positions can effectively strengthen
the ability of the transmission tower to resist the unbalanced load
caused by the falling off of ice.

The ice thickness during the collapse process of the
transmission tower is 43.3 mm when the upper conductor
experiences ice shedding, 45.6 mm when the middle
conductor experiences ice shedding, and 48.1 mm when the
lower conductor experiences ice shedding. Hence, with an
increase in the ice-shedding height, the ice thickness required
for the transmission tower to collapse decreases gradually;
moreover, the higher the ice-shedding position is under the
same ice thickness, the greater the threat to the tower-line
system.

ANALYSIS OF THE ICE-SHEDDING
PARAMETERS

When transmission line ice shedding occurs, the span and
insulator length are important parameters of the line affecting
the unbalanced tension. To better study the influences of these

parameters on the longitudinal unbalanced load, the impact
coefficient of the unbalanced tension is defined in Eq. 1.

η � Td

Ts
(1)

Td is the maximum longitudinal unbalanced tension after ice
shedding; Ts is the static stable longitudinal unbalanced tension
after ice shedding; and η is the unbalanced tension impact
coefficient used to show the relationship between the
maximum longitudinal unbalanced tension after ice shedding
and the static longitudinal unbalanced tension, i.e., the dynamic
effect of the reaction to ice shedding. The final displacement of
Point K on the tower is represented by the parameter X. For
clarity, in the parameter analysis, all the conductors that
experience ice shedding are the middle conductor, that is,
conductor 2.

Span
Span is a key parameter that affects the dynamic response of the
transmission tower to conductor ice shedding. When the span is
500 m and the ice thickness exceeds 45.6 mm, the tower-line
system collapses. However, the simulation results also show that

FIGURE 5 | Collapse process of the tower-line system due to ice shedding of the middle (A) 1.0 s (B) 1.5 s (C) 5.5 s (D) 7.0 s.
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when the span is 400 m and the ice thickness is greater than
48.3 mm, tower-line system collapses.

Figure 6 shows the variation in the static longitudinal
unbalanced tension, the unbalanced tension impact coefficient η,
and the maximum displacement of Point K with the different ice
thickness under spans of 500, 400, and 300 m. The change trend in
Figure 6A indicates that the larger the span is under the same ice

thickness, the greater the Ts experienced by the transmission tower
after ice shedding occurs. When the span increases from 300 to
400m, Ts increases from 11.05 to 22.3 kN (an increase of 101.8%),
and when the span increases from 400 to 500m, Ts increases from
22.3 to 40 kN (an increase of 79.37%). Hence, the increase in Ts is
more obvious when increasing from 300 to 400 m. From the

FIGURE 6 | Variations in the responses of the tower-line system with
different spans (A) static longitudinal unbalanced tension (B) impact
coefficient of the unbalanced tension (C) displacement of Point K.

FIGURE 7 | Variations in the responses of the tower-line system with the
different insulator lengths (A) static longitudinal unbalanced tension (B) impact
coefficient of the unbalanced tension (C) displacement of Point K.
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perspective of the simulated damage time, the 500m tower is the
first to be damaged, which shows that the larger Ts is, the more
likely the transmission tower will be damaged.

The unbalanced tensions are considered in the design code as
static loads. In fact, the unbalanced tensions caused by ice-shedding
are dynamic, the impact effect plays a very important role.
Figure 6B further demonstrates that the larger the span, the
smaller η is under the same ice thickness. η reflects the impact
effect of the longitudinal unbalanced tension. In other words, the
larger η is, the stronger the impact. It is especially important to note
that when the span is reduced from 500 to 400 m, η increases from
1.39 to 1.55, which is an increase of 11.51%. When the span is
reduced from 400 to 300 m, η increases from 1.55 to 1.71 (an
increase of 10.32%), meaning that the dynamic maximum
unbalanced tension is nearly 1.71 time of the static unbalanced
tension. η is considerable, the influence of the impact factor should
be considered in the design of transmission lines.

Figure 6C indicates that the larger the span is under the same
ice thickness, the larger the maximum displacement of Point K
caused by ice shedding. When the span increases from 300 to
400 m, X increases from 0.12 to 0.25 m (an increase of 108.3%),
and when the span increases from 400 to 500 m, X increases from
0.25 to 0.4 m (an increase of 60%). Hence, the increase in X is
more obvious when increasing from 300 to 400 m.

In summary, as the span increases, the dynamic response of
the transmission tower-line system increases. Therefore, in areas
with severe icing, appropriately reducing the span is highly
beneficial for protecting transmission towers from the
longitudinal imbalance tension caused by ice shedding.

Insulator Length
The length of the insulator is another important parameter that
affects the dynamic response of the transmission tower-line
system. Figure 7 shows the variations in the static longitudinal
unbalanced tension, unbalanced tension impact coefficient η, and
maximum displacement of Point K with the ice load at different
insulator lengths.

Figure 7A suggests that the static longitudinal unbalanced
tension increases with decreasing insulator length, indicating that
long insulators can effectively reduce the longitudinal unbalanced
tension caused by ice shedding. Therefore, longer insulators
should be selected as much as possible in the design and
construction of transmission lines.

Furthermore, Figure 7B shows that η decreases with
increasing insulator length. Hence, increasing the insulator
length can reduce the impact of ice shedding on the tower-line
system and reduce the threat of collapse of the system.

In addition, Figure 7C shows that the maximum displacement
of Point K decreases as the length of the insulator increases. Since
Point K exhibits the most obvious deformation on the tower, an
increase in the insulator length can reduce the overall
displacement of the transmission tower.

In summary, as the length of the insulator increases,
longitudinal unbalanced tension in the line decrease. At the
same time, the impact coefficient and tower displacement will
also decrease. Therefore, the response of the tower-line system is
reduced, indicating that the length of the selected insulator should

be increased as much as possible within the allowable range in the
design process of the transmission line.

CONCLUSION

In this paper, a numerical model of a two-tower, three-line
transmission tower-line system is established, and the damage of
the transmission line caused by ice shedding is studied. The influence
parameters are studied through a parameter analysis. According to
the research in this article, the following conclusions can be drawn:

1) For the transmission tower employed in this article, the cross-
arm connected to the ice-shedding conductor (the tower height
ranges from 81.0 to 84.5 m) and the tower head and tower body
connection (the tower height ranges from 61.0 to 64.0 m) are
prone to damage when ice shedding occurs. If these positions
are strengthened, then the ability of the transmission tower to
resist longitudinal unbalanced tension can effectively increase.

2) The higher the ice-shedding position along the height of the
transmission line is, the greater the threat of collapse of the
tower-line system.

3) The larger the span is, the greater the threat of ice shedding on
the transmission line. Therefore, in an actual line, for areas
with severe icing, large spans should be avoided during the
design process.

4) The larger the insulator is, the smaller response of the tower-
line system.

5) The impact of ice shedding will amplify the longitudinal
unbalanced tension in the line, and attention should be
paid to the impact on the line.
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Distant Relative Genetic
Algorithm–Based Structural Reliability
Optimization
Hu Cheng, Xin-Chi Yan* and Li Fu

School of Environment and Civil Engineering, Jiangnan University, Wuxi, China

In this study, safety margin explicit equation has been established using random variables
(i.e., the engineering conditions, structure parameters, structural strength, and external
load), and the genetic algorithm (GA)–based structural reliability optimization design has
been addressed subsequently. Though the conventional adaptive GA can change
automatically with fitness, it is still not unsatisfactory in sufficiently improving the
algorithm convergence speed, especially for complex structures. This article presents
an improved adaptive technology termed as the distant relative genetic algorithm (DRGA),
in which the distant relative pointer and immunity operators can effectively improve the
search performance of the GA. In early evolution, by means of cross controlling and
avoiding pairing between individuals with the same genes, the methodology prevents the
isogenic individuals expanding locally. Besides, the revised algorithm is able to jump out of
the local optimal solution, thus ensuring the realization of a fast global convergence. An
example based on wing box structure optimization has been demonstrated using the
improved method, and the calculation results show that this strategy makes the GA more
effective in dealing with the constraint optimization issues.

Keywords: reliability-based structural optimization, genetic algorithm, wing box structure, distant relative pointer,
immunity operator

INTRODUCTION

With the rapid development of large and complex structures, more andmore attention has been paid
to the structural safety, such as the structural control and health monitoring [1, 2], the long-term
performance deterioration [3, 4], and the structural optimization [5, 6], where the reliability-based
structural optimization (RBSO) with multiple stochastic variables is always a difficult problem [7].
The weight and material cost of a structure can be effectively reduced by selecting the structural
reliability index as the constraint of the optimization problem and adopting the element cross-
sectional area, length, strength, and external load as the stochastic variables. Meanwhile, the structure
strength, stiffness, and resistance to vibration and stability can also be improved. An optimized RBSO
design, which is beneficial to make structures meet the requirements of economy and safety, has
essential application value.

In the past few decades, much attention has been paid to the standard genetic algorithm (SGA) [8,
9]. However, since actual structures are usually large-scale and complicated, shortcomings such as
premature convergence and poor computational efficiency frequently appear when the SGA is
applied to the RBSO [10]. The above limitations make many researchers and engineers doubt about
whether the genetic algorithm (GA) can be applied to the optimization design for actual
structures [11].
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The selection, crossover, and mutation operations of the GA
are random, which ensure the evolution of population. The
individual degradation phenomenon, however, appears due to
the arrangement of the algorithm. Crossover and mutation
probabilities are the two genetic parameters that are key to the
performance of the GA. Srinivas and Patnaik [12] proposed that
the adaptive genetic algorithm (AGA) can change automatically
with fitness. But, the conventional AGA methodology is still
unsatisfactory in sufficiently improving the algorithm
convergence speed.

To deal with such aforementioned drawbacks, an improved
adaptive technology, termed as the distant relative genetic
algorithm (DRGA), is proposed in this study. In the following,
the element safety margin function and system failure analysis are
introduced, focusing on the optimization problem of an ideal
elastic–plastic beam–slab structure system. Then the improved
adaptive technology is presented, followed by the detailed
operation process. After that, a wing box structure is taken as
the numerical example for the validation of the proposed method,
and finally, conclusions are drawn.

ELEMENT SAFETY MARGIN FUNCTION
AND SYSTEM FAILURE ANALYSIS

An ideal elastic–plastic beam–slab structure system is focused on
for the optimization problem. The considered material
parameters are mainly the strength and elastic modulus. As
for the geometrical parameter, it includes the slab (i.e., the
length, width, and thickness) and the beam (the area, length,
and moment of inertia).

The safety margin of the slab element can be expressed as
follows:

ZB � σa − σeo, (1)

where σa is the maximum stress allowed; σeo is the equivalent
stress at the center of the slab element, which can be determined
by the following equation:

σeo � (σ2
xo + σ2yo − σxoσyo + 3τ2xyo)

1
2, (2)

where σxo and σyo are the normal stresses in the local coordinate
system, and τxyo is the shear stress in the local coordinate
system [13].

Let δ � ( u1 v1 u2 v2 u3 v3 u4 v4 )T be the nodal
displacement vector in the local coordinate system, then

⎧⎪⎨
⎪⎩

σxo

σyo
τxyo

⎫⎪⎬
⎪⎭ � Λ⎡⎢⎢⎢⎢⎢⎣

−b −μa b −μa b μa −b μa
−μb −a μa −a μa a −μa a
−αa −μb −μa μb μa μb μa −μb

⎤⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

u1

v1
u2

v2
u3

v3
u4

v4

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (3)

where Λ � E/2ab(1 − μ2), α � (1 − μ)/2, E is the elasticity
modulus, μ is Poisson ratio, and a and b are the side lengths
of the slab.

It can be seen that the safety margin of the slab element ZB

depends on the nodal displacement and the parameters of the
rectangular element (i.e., length, width, and elasticity modulus).

When any left end section of the beam element fails, the safety
margin of the beam can be determined by adopting the criterion
of linear approximation as follows:

Z2q−1 � Rq − C2q−1F, (4)

where Rq is the resistance of the straight beam q with a constant
cross section, C2q−1 is the matrix of coefficient related to the
parameters of beam, and F is the vector of node loads applied to
the beam [13]. Then the safety margin equation turns as follows:

Z2q−1 � σywzq − [
wzq

Aq
sg(N2q−1)N2q−1 +

�
3

√
2

wzq

Ayq
sg(Ny,2q−1)Ny,2q−1

+
�
3

√
2

wzq

Azq

sg(Nz,2q−1)Nz,2q−1 + wzq

wxq
sg(Mx,2q−1)Mx,2q−1

+wzq

wyq
sg(My,2q−1)My,2q−1 + sg(Mz,2q−1)Mz,2q−1] � 0, (5)

where σy is the yield stress of elements, Aq is the sectional area of
beam q, Ayq and Azq are the shearing areas of beam q in the
directions of y and z, respectively, wxq is the plastic torsional
coefficient on x axis, and wzq and wyq are the plastic section
modulus which corresponds to the momentsMz andMy of beam
q, respectively.

In a similar way, the safety margins can also be deduced when
the right end section of the beam fails to z axis and both ends fail
to y axis.

When the components of the system fail, the stress
redistribution will occur to the structure. The reduced stiffness
matrix of system members must be reconsidered. Once the
number of failed components reaches to a particular number
pq, the system stiffness matrix will be singular as follows:

|Kpq | � 0, (6)

where Kpq is the reduced system stiffness matrix with pq failed
components. Accordingly, the structural system fails.

Structure fails means that the structure turns into machinery.
In order to calculate the system reliability index, all failure modes
or integrated failure paths should be identified, but it is impossible and
unnecessary in the analysis for complex structures. Alternatively, the
typical failure modes can be adopted. The branch-and-boundmethod
[14] is regarded as a proper approach to identify the typical failure
modes. By boundary function operations, the number of subsystems
can be reduced for structural reliability analysis. When all typical
failure modes are identified, the system reliability index can be figured
out by using the probability network evaluation technique [15]:

Pfs � 1 −∏
G

i�1
(1 − Pfi), (7)

where Pfs is the failure probability of the structural system, Pfi is
the failure probability of the typical failure mode, and G is the
number of typical failure modes.
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ADAPTIVE STRATEGY WITH DISTANT
RELATIVE POINTER

Adaptive Strategy
The typical adaptive strategy makes the crossover probability (pc)
andmutation probability (pm) change according to the individual
fitness. When the individual fitness becomes accordant, it will
make pc and pm increase. Otherwise, pc and pm will decrease when
the individual fitness are diverse. In the meantime, lower values of
pc and pm will be given to protect individuals whose fitness is
larger than the average population fitness, and vice versa. The
self-manipulated change of pc and pm can be described as
follows [12]:

pc �
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

k1(fmax − f p)
fmax − f

, f p ≥ f

k2, f p < f
, (8)

pm �
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

k3(fmax − f )
fmax − f

, f ≥ f

k4, f < f

, (9)

where fmax is the maximum population fitness, f is the average
population fitness, f p is the larger crossover individual fitness,
and f is the mutation individual fitness. The parameters (i.e., k1,
k2, k3, and k4) range from 0 to 1.

The sufficient conditions of a global optimization ability are as
follows: 1) a local search ability and 2) the ability of suddenly
jumping from one local optimization to the next better one.
However, the local search ability of the conventional AGA is
inefficient in the early evolution because the optimal individual in
the population almost does not change. Meanwhile, in the later
evolution process, the optimal individual does not have the
capability to jump out of the local optimal solution, leading to
local convergence rather than global convergence eventually.

According to Eqs. 8, 9, when the population tends to be
consistent, the AGA tends to increase pc and pm. However, in fact
the consistence may be caused by any super individual existing in
the population. Selecting operationmay cause these individuals to
overwhelm repeatedly in the new generations of population. An
important consequence of this is a destroyed diversity of the
population and consequently a premature convergence. The
AGA alone cannot accommodate this phenomenon that once
an overwhelming individual exists in the population, increasing
pc cannot generate newmodels nor make the calculation jump out
of the local optimal solution. On the other hand, increasing the
variability (e.g., the pm) of the AGA may cause the algorithm to
degrade into random search with fewer poor individuals
depending on variability. Accordingly, convergence in this case
is inefficient and unstable.

Distant Relative Pointer
In order to enhance the global optimization ability of theGA, individual
expansion phenomenonmust bemitigated, which has to be done at the
early cross operation. Setting distant relative pointer is essential, and the
detailed calculation process is performed as follows.

Assume that the population is denoted by P(t) � {xi} when
calculating the t th generation. If one individual is selected twice
in the t + 1 th generation, its location numbers will be
remembered, and a distant relative pointer will be allocated to
each of them. After that, if one individual is selected to be crossed,
it must be paired with a different one who has no identical relative
pointer. Then any other marked individual will be operated as an
immunity operator, and the pc and pm of other individuals of this
population are still calculated based on Eqs. 8, 9.

The proposed distant relative pointer can effectively avoid any
individual to dominate in the population. Meanwhile, the best
individuals will not be damaged. This strategy has the capability
to generate a new model, and the overall operation is simple. The
algorithm also assures a diversity of the population, and at the
same time, it is able to avoid local optimization and ensure the
global convergence of the GA.

Immunity Operator
In order to prevent an individual from degenerating in basic
operations via the GA, the immunity operator is adopted, which
consists of a vaccine inoculation and immunity selection.

Vaccine Inoculation
A vaccine is a basic indicator of the specific question involved. In
the RBSO, a vaccine can be a calculation result or a theoretical
deduction. Figure 1 shows a scheme of the extraction and
inoculation processes. Assume the t th generation is being
calculated, the corresponding population is P(t) � {xi}, and
the random m(m≤ n) individuals can be used as the vaccine
for inoculation. The m is calculated using the following
normalized equation:

m � a × n, (10)

FIGURE 1 | Schematic diagram for the extraction and inoculation
processes.
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where a � 0.05 ∼ 0.1 is the inoculate probability, and n is the
population size.

Immunity Selection
The individuals that have been inoculated with the vaccine will be
inspected subsequently. If their fitness is worse than that of the
last generation, they will be replaced by their “fathers.” If their
fitness is better than that of the last generation, it means the
inoculation is successful. The appeared new optimal individual
will be selected in the new generation.

OPERATION PROCESS OF THE DRGA
METHOD

Based on the above research, this article presents a distant relative
genetic algorithm (DRGA) method to solve the RBSO question.

Figure 2 shows the flowchart of the computer program, and the
significant procedures are performed as follows.

Stage I: Establish the Mathematical Model
of the RBSO
In this step, constraints function must be expressed definitely. For
an RBSO question, it is usually expressed as βs ≥ β

a
s , where βs is

the structural system reliability, and βas is boundary value of βs.

Stage II: Establish the GA Fitness Function
for the Optimization Question
Lagrange multiplier method [16] is adopted to deduce the fitness
function, which can be expressed as follows:

F � C −W − 1
2r

{max[0, λ + r(βs − βas )]
2 − λ2}, (11)

where F is the fitness value, C is a large constant, which can
be adopted as 1.25 times the mass of the structural system
when all design variables equal the maximum values, W is the
structural mass, λ is the Lagrange multiplier and
λk+1 � max{0, λk + r(βs − βas )}, and r is the penalty factor,
which is greater than zero.

Stage III: Calculate the Structural System
Reliability
After deducing the safety margin explicit equation, the branch-
and-bound method is adopted to search the main failure modes,
and the probabilistic network evaluation technique (PNET) is
adopted to calculate the system reliability index.

Stage IV: Create the Immunity Operator and
Perform the GA Optimization Based on
Distant Relative Pointer
Except for the first three primary operators, the immunity
operator and distant relative pointer are necessary to be

FIGURE 2 | Flowchart of the DRGA method.

FIGURE 3 | Wing box structure (mm).
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created in this method, and then an efficient GA iterative loop is
established accordingly. The method searches a global optimal
solution by loop calculating until the convergence criterion is
satisfied. Two conditions can be adopted to terminate the
calculation process. First, the difference between the results of
two sequential calculations is small enough (e.g., less than
0.0001). Alternatively, enough loop iterations have been made
(e.g., the iteration number exceeds 100).

VALIDATION AND APPLICATION

The improved adaptive immune system is built based on the
improved adaptive methodology and the introduced immunity
operator and distant relative pointer. The simulative aircraft wing
box structure, which is an ideal spatial beam–slab structure
system, is taken as a typical example to verify the proposed

DRGA method. The reliability-based structural optimization is
calculated using the improved strategy as follows.

Figure 3 displays the finite element model (FEM) of a
simulative aircraft wing box. The allowable stress is 66.89 kN/
cm2, and the coefficient of variation (Cov) for the element
resistance is 0.05. The elastic and shear modulus of the
material are 6,689 and 2,300 kN/cm2, respectively. The density
of the material is adopted as 2,700 kg/cm3. All these above
parameters are constant in the calculation process. In addition,
the average of the external load is 44.45 kN, and the
corresponding Cov is 0.2.

As shown in Figure 3, the FEM of the wing box consists of
10 beam elements and 13 slab elements. Let Ai be the cross-
sectional area of the beam element, and it varies from 0.5 to
15 cm2. The thickness of the slab element is denoted by Bi,
which ranges from 0.1 to 0.8 cm. The resistance of
components is independent to each other. The system
reliability is limited by βas � 3.5. In the calculation process
of system reliability optimization, Ai and Bi are adopted as the
design variables, and the system mass is set as the objective
function.

The RBSO question can be illustrated as follows:

⎧⎪⎪⎨
⎪⎪⎩

minW � ∑
10

i�1
AiLiρi +∑

13

i�1
BiMiρi

s.t. 0.5≤Ai ≤ 15, 0.1≤Bi ≤ 0.8, βs ≥ 3.5
, (12)

whereW is the structural mass, Li is the length of beam i,Mi is the
area of slab i, and ρ is the density.

According to Eq. 11, C can be determined as 910.4 kg when Ai

and Bi equal the maximum values. Accordingly, the fitness
function (Eq. 11) turns into the following:

F � 910.4 −⎛⎝∑
10

i�1
AiLiρi +∑

13

i�1
BiMiρi⎞⎠

− 1
2r

{max[0, λ + r(βs − 3.5)]2 − λ2}.

(13)

Real number coding is adopted in the calculation, and
the individual length is 23. The population size is selected
as 30. The circle terminates when the genetic evolution
generation runs up to 110. The selection method adopts
fitness proportion roulette. The optimization results of
the wing box structure are summarized in Tables 1, 2,
including the cross-sectional areas of beams and the
thicknesses of slabs.

After optimization, the system reliability index is 3.5. The
mass of the system is 302.47 kg, while the original assumed
mass of the structure (Ai � 15 cm2; Bi � 0.8 cm) is 728.32 kg. It
indicates that the overall mass of the system is decreased by

TABLE 1 | Optimized cross-sectional areas of beams.

Serial
number

1 2 3 4 5 6 7 8 9 10

Cross-sectional area (cm2) 9.03 8.91 6.28 5.62 4.65 6.32 5.03 6.62 8.98 9.71

TABLE 2 | Optimized thicknesses of slabs.

Serial number Thickness (cm) Serial number Thickness (cm)

1 0.37 8 0.47
2 0.37 9 0.51
3 0.32 10 0.48
4 0.31 11 0.34
5 0.28 12 0.32
6 0.26 13 0.41
7 0.49 — —

FIGURE 4 | Average fitness of every generation.
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425.85 kg via optimization, which ensures the system 58.5%
lighter.

In order to analyze the performance of the proposed
algorithm, the optimization statistical diagram obtained by the
DRGA is compared with that obtained by the SGA, as shown in
Figure 4. It is obvious that the average fitness is attained earlier
based on the DRGA, which means a higher convergence
efficiency.

CONCLUSION

This article mainly proposes an improved adaptive technology,
termed as the distant relative genetic algorithm (DRGA), to
enable the genetic algorithm (GA) to jump out of the local
optimal solution, overcoming its associated precocious
shortcoming and making a fast and stable convergence. A
wing box structure is taken as the example to verify the
proposed method. The results demonstrate that a more stable
average fitness can be achieved earlier after introducing the
distant relative control to the adaptive genetic algorithm,
compared to the conventional standard genetic algorithm
(SGA). Besides, the control of cross in the early genetic
operations by the distant relative pointer can effectively avoid
individual expansion, enabling the algorithm to jump out of local
optimal solution and increase local search ability. A better global
convergence and convergence efficiency have been achieved as a
consequence.
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Quantitative Monitoring of Bolt
Looseness Using Multichannel
Piezoelectric Active Sensing and
CBAM-Based Convolutional Neural
Network
Yixuan Chen1, Jian Jiang1,2*, Xiaojun Qin1 and Qian Feng1,2*

1Hubei Key Laboratory of Earthquake Early Warning, Institute of Seismology, China Earthquake Administration, Wuhan, China,
2Wuhan Institute of Earthquake Engineering Co. Ltd., Wuhan, China

The bolted connection is widely utilized in engineering to practically and rigidly couple
structural components. The integrity of the connection is paramount to the safety of the
structure and has prompted the development of many monitoring methods, including the
piezoelectricity-based active sensingmethod. However, the active sensingmethod cannot
quantify bolt looseness due to the unclear relationship between bolt looseness and the
single monitoring index typically used in the active sensing method. Thus, the authors
propose the unique combination of a one-dimensional convolutional neural network
(1DCNN) and multichannel active sensing for quantitative monitoring of bolted
connections. In an experiment, piezoelectric ceramic transducer (PZT) patches are
bonded on steel plates connected by a bolt. Each patch is wired to a multichannel
active sensing monitoring system. After obtaining multichannel stress wave signals at
different looseness levels, a looseness vector is calculated to generate training and
validation datasets. A baseline 1DCNN model and a novel model improved using the
convolutional block attention module (CBAM) are used to monitor the bolt looseness.
Finally, the authors verify that the multichannel active sensing method combined with the
1DCNN model can accurately perform quantitative monitoring of bolt looseness, and the
monitoring accuracy of the baseline 1DCNN model is above 91.07% in three different
specimens. Compared with the baseline 1DCNN model, the monitoring accuracy of the
CBAMCNN model improved by approximately 5%. Overall, the method proposed in this
article offers a new and highly accurate approach for quantitative monitoring of bolted
connections.

Keywords: bolt looseness, quantitative monitoring, multichannel active sensing method, convolutional neural
network, convolutional block attention module

INTRODUCTION

The bolted connection has been extensively applied across many types of steel structures, such as
large stadiums, steel-framed residences, and high-speed railways. Bolted connections are
advantageous in terms of simple construction, convenient installation and replacement, safe
operation, and reliability. However, since bolts are often used to couple dissimilar structural
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components, the connection is likely to introduce dynamic
nonlinearities when under the action of unfavorable forces
such as cyclic and vibration loads (Lacayo and Allen, 2019;
Lacayo et al., 2019). This introduction of nonlinear behavior is
difficult to solve, and it can also degrade structural performance
and eventually induce structural failure if not addressed in a
timely manner. Therefore, the state of the bolted connection
should be closely monitored in real time to improve the safety of
engineering structures (Xu et al., 2018).

Methods to monitor bolt looseness are based mainly on
structural health–monitoring principles, which include, but are
not limited to, the vibration-based method (Amerini et al., 2010;
Li and Jing, 2020), the optical fiber sensing–based method
(Guarino and Hamilton, 2017; You et al., 2020), the
percussion-based method (Wang et al., 2019; Wang et al.,
2020b; Wang and Song, 2020), the electromechanical
impedance (EMI) method (Ritdumrongkul et al., 2003; Huo
et al., 2017b; Wang et al., 2017), and methods based on the
contact acoustic theory. Each of the methods mentioned above
have unique limitations. Vibration-based monitoring approaches
have difficulty detecting bolt looseness because low-order
frequency responses of the connection are not sensitive to the
local structural damage and high-frequency vibrations easily
dissipate (Amerini et al., 2010). Percussion-based methods are
highly dependent on human skill, while the accuracy of EMI
methods is susceptible to unexpected changes in the surrounding
environment. Methods based on contact acoustic theory include
the active sensing method (Tao et al., 2016; Zhao et al., 2020), the
high-order harmonics method (Li and Jing, 2017; Li et al., 2019),
and the sideband modulation method (Meyer and Adams, 2015;
Zhang et al., 2018). The analysis of high-order harmonics and
spectral sidebands can shed light on nonlinear mechanisms of
bolt loosening, but damping and instrumental noise can
obfuscate information carried in high-frequency stress waves.
On the other hand, the active sensing method provides superior
performance due to the advantages of convenient
implementation, fast response, and availability of a wide
spectral bandwidth to perform monitoring. A concept of
“smart washers” was proposed to monitor bolt looseness
through a normalized wavelet energy index (Huo et al., 2017).
Taking into account the aging of piezoceramic materials, the
tracking of normalized coda wave energy helped to monitor the
tightness of a single bolt (Hei et al., 2020). However, these
methods are inadequate for conducting quantitative
monitoring because they fail to accurately and quantitatively
correlate bolt looseness states with a single monitoring index.

In recent years, research on piezoelectricity-based monitoring
methods (i.e., including the impedance and active sensing
methods) combined with machine learning have gradually
attracted widespread attention. The methods combined EMI
and back propagation neural networks (BPNNs) to inspect the
looseness of bolted ball joints (Xu et al., 2019). Their method used
the RMSD value of the EMI sub-band signal as the input and the
torque level of the bolt joint as the expected output of the model.
The LibSVM model in conjunction with the EMI method was
used to identify the position of loose bolts (Zhang et al., 2017). An
algorithm-based least square support vector machine was used to

realize bolt state recognition (Wang et al., 2020). In their study,
multivariate, multiscale fuzzy entropy from the stress wave
signals was obtained and subsequently employed as the input
for training the genetic algorithm and least squares support vector
machine (GA-LSSVM). The output is the number of loose bolts.
In a similar manner, the stacking-based ensemble learning
classifier was employed to determine the looseness state of the
bolt group (Wang et al., 2021). Compared with traditional
machine learning algorithms, deep learning is more powerful
andmore adaptable, especially in solvingmore complex problems
that are data driven. With the rapid development and widespread
application of artificial intelligence, a variety of deep learning
architectures have been developed, such as the convolutional
neural network (CNN) (Avci et al., 2017), long short-term
memory (LSTM) (Huang et al., 2015; Luo et al., 2019), and
generative adversarial networks (GANs) (Lei et al., 2020; Liu et al.,
2020). In particular, the convolutional neural network is often
used in structural health–monitoring tasks due to its ability to
share weights, form local connections, and down-sample
(Goodfellow et al., 2016). The Bayesian model and modal
strain energy were used to determine the bolt looseness (Hu
et al., 2018). The simultaneous use of CNNs and the analysis of
guided waves helped to identify the location of the damage in a
pressure vessel (Hu et al., 2020), in a steel plate structure (Lim and
Sohn, 2020), and in aerospace structural material (Xu et al., 2019).
The above discussion of the literature shows that significant
research activity is currently centered around the use of CNNs
to identify surface damage of structures by extracting structural
damage information from monitoring data; however, there are
limited reports regarding the use of CNNs to quantify bolt
looseness based on active sensing signals.

Therefore, this article presents the development and
implementation of a one-dimensional (1D) CNN model that is
integrated with multichannel active sensing to detect the
looseness of bolted connections in steel structures. Through
the active sensing method, multichannel stress wave signals
are obtained under different levels of torque. Multi-domain
looseness indicators from different channels are then
calculated and concatenated into a one-dimensional index
vector based on the order of the channels. The mixture of
data from different channels enables a comprehensive
evaluation of bolt looseness severity. The 1DCNN model is
trained using these vectors to perform bolt looseness
identification. Moreover, spatial and channel attention
mechanisms are introduced into the baseline 1DCNN model
to improve the recognition accuracy. Finally, the feasibility of the
proposed method is demonstrated through experiments. It
should be noted that this article presents the first attempt to
combine the active sensing method with a 1DCNN improved by
the CBAM to explore the quantitative monitoring of bolt
looseness. The findings of this research have a great potential
to open the door to the use of machine learning and active sensing
in future monitoring applications for steel structures. Moreover,
the findings can promote further development of automatic
monitoring techniques that are based on the piezoelectric
active sensing method. The rest of this article consists of four
sections and is organized as follows: section two provides a
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detailed background of the methods proposed in this article,
including the 1DCNN model, the spatial channel attention
mechanism, the active sensing method, and the looseness
index. Section three presents the experimental setup, while
section four discusses the experimental results. Section five
closes with the conclusions.

THEORETICAL BACKGROUND

Figure 1 presents the fundamental framework of the method
presented in this article. In step 1, a multichannel active sensing
monitoring system is set up, and the data acquisition for training
and validation is carried out. In step 2, multi-domain looseness
indices for different torque levels are calculated and are later
combined into a one-dimensional looseness index vector based
on the order of the channels. In step 3, the training and validation
datasets are input to the baseline 1DCNN model and the

improved CBAMCNN model for determining the final model.
In step 4, a new test dataset is fed into the finalized model for
quantitatively monitoring the looseness of the bolt. In this
study, seven degrees of looseness are recognized and labeled
L1, L2...L7.

Multichannel Piezoelectric Active Sensing
The principle of active sensing being applied to monitoring
bolt looseness is depicted in Figure 2. Considering the
symmetry of the steel plate, four PZT patches labeled
PZT1–4 are employed in the experiment. PZT1 serves as an
actuator, while the rest are sensors (i.e., PZT2, PZT3, and
PZT4). The stress wave is generated by PZT1 after being
excited by a frequency sweep signal. The stress wave
propagates through the contact surface of the steel plates to
reach the sensors. A close relation between the propagating
energy of the stress wave and the bolt connection state can be
observed (Zhang et al., 2016). When the steel plates are tightly

FIGURE 1 | Quantitative monitoring method of bolt looseness.

FIGURE 2 | Diagram illustrating the active sensing approach to monitor bolt looseness.
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connected, the stress wave can propagate to the bottom plate
efficiently. Otherwise, the stress wave dissipates rapidly.

Multichannel and Multi-Domain Feature
Extraction
In order to gauge the efficiency of the model and its recognition
accuracy, multi-domain looseness indices are calculated to
analyze the stress wave signals, which carry bolt looseness
information. The looseness indices used in this experiment
include the following: time-domain signal energy, the
maximum value of the average periodogram, and three-layer
wavelet packet decomposition energy. These indices are
described below.

Time Domain Signal Energy
The process of stress wave propagation is accompanied by
energy dissipation, so the signal energy can be used to
characterize the bolt looseness. The signal energy refers to
the sum of the squares of the time-domain amplitude, as
shown below:

D1 � ∑
N

i�1
X2
i , (1)

whereN represents the length of the received signal; Xi represents
the i − th data of the received signal.

The Maximum Value of the Average Periodic Diagram
In this study, the average periodic diagram method proposed by
Welch is used to perform spectral analysis on the received signals.
By using the windowing and averaging processing techniques,
random fluctuations of the signal can be reduced to ensure
sufficient spectral resolution (Bartlett, 1950). The average
periodic diagram method provides a new perspective for
analyzing the stress wave signal. The steps to the method are
as follows:

a) Divide the received signal X into K segments, with each
segment possessing L points. Two adjacent segments
overlap over length P (usually, P � L/2). K is expressed as
follows:

K � N − P
L − P

, (2)

where N represents the length of the received signal X.

b) Apply the windowing function wd(n) to each subsection to
obtain the values in segments ias shown below:

Xi(n) � X(i · P + n)wd(n), (3)

where n represents the length of the windowing function, and i
represents the i − th segment of the signal.

c) Perform the discrete Fourier transform of each signal
sequence as shown below:

Xi(k) � ∑
M−1

n�0
Xi(n)exp(−j 2πknM

), (4)

where M represents the period of the discrete Fourier transform,
k represents the i − th data point of the signal, and j represents the
unit of the complex.

d) Calculate the average value of the power spectrum and
estimate for each signal sequence as shown below:

Si(
2kπ
M

) � 1
KU

∑
k−1

i�0
|X(k)|2, (5)

where U � ∑
L−1

n�1
w2
d(n) represents the estimated mean value of the

power spectrum of the windowing function.

e) Obtain the maximum value of the average periodic diagrams
through the following relation:

D2 � max[Si(
2kπ
M

)]. (6)

Wavelet Packet Decomposition Energy
Wavelet packet decomposition is a multi-resolution analysis
method, which has been widely used in structural damage
research (Toliyat et al., 2003; Teotrakool et al., 2009; Liu et al.,
2018). It can perform multilevel and adaptive decomposition of
the original signal through the wavelet tree.

In this study, l � 3 is adequate for an accurate representation
of the bolt loosening information while minimizing
computational costs. For every looseness condition, stress wave
signals derived from PZTs 2–4 are simultaneously received. Their
signals form the set S � {X1, X2, X3}. Subsequently, ten looseness
indices are calculated from each signal and concatenated into a
looseness vector with elements organized by the order of the
channels. The formula of the looseness vector is as follows:

D � [D1
d ,D

2
d ,D

3
d]

� [D1
1,D

1
2,/D1

d ,D
2
1,D

2
2,/,D2

d ,D
3
2,/,D3

d](d � 1, 2,/, 10).
(7)

In order to accelerate model training and increase recognition
accuracy, the looseness index vector above is standardized to
Dnorm to acquire a similar data distribution (Grus, 2019).

One-Dimensional Convolutional Neural
Network Model
Inspired by the human visual nervous system, the CNN, a state-
of-the-art deep learning model, has demonstrated excellent
performance in a wide variety of classification tasks. Local
connections and shared weights are prominent features of
CNNs. These unique features effectively decrease the number
of weights and accelerate training.

In this study, a baseline 1DCNN model was established to
monitor the bolt looseness more efficiently. Its framework is
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presented in Figure 3. As seen in the figure, the baseline 1DCNN
model is composed of an input layer, a convolutional layer (CL), a
flattening layer (FL), a fully connected layer (FC), and a SoftMax
layer. In this model, a convolutional layer consists of three
convolution kernels of different sizes (i.e., 1 × 3, 1 × 4, and
1 × 5). The kernels can extract advanced features and fuse the
information of bolt looseness from different stress wave signals at
the same time. Then, the flattening layer expands the looseness
information extracted by the convolutional layers and maps the
information onto the fully connected layer. Finally, a SoftMax
function presents the probability of each class. Tanh activation
functions are used in the model in order to improve the fidelity of

the input information and encourage rapid convergence.
Furthermore, dropout (Fraser-Thomas et al., 2008) operations
are employed to mitigate overfitting. The Adam optimizer (β1, β2,
and ε are, respectively, set to 0.9, 0.999, and 1e-8) is used during
training to minimize the cross-entropy. The model learning rate
is 1.5e-4, and the maximum number of iterations is 400 (i.e., with
a mini-batch size of 280). The procedure for training the
convolutional neural network is illustrated in Figure 4.

Convolutional Block Attention Module
The convolutional block attention module (CBAM) was
implemented in this study to improve the monitoring accuracy

FIGURE 3 | Architecture diagram of the baseline 1DCNN model.

FIGURE 4 | Training process of the baseline model (1DCNN) and the improved model (CBAMCNN).
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of the model. As shown in Figure 5, the CBAM consists of the
channel attention mechanism and the spatial attention
mechanism (Ban et al., 2020; Zhao et al., 2020). The
overall computational process of the CBAM can be
summarized as follows. The feature F of the CNN first
passes through the channel attention mechanism in order
to generate the corresponding channel attention weight Mc;
then, element-wise multiplication between Mc and F is
performed to generate a new feature F′. The refined
feature F″ is generated by subjecting F′ to a similar process
with the spatial attention mechanism weight Ms. The
improved network framework using the channel and
spatial attention mechanisms is illustrated in Figure 6.
The operations performed using the spatial attention
mechanism is described by the following:

F′ � Mc(F)⊗ F,
F″ � Ms(F′)⊗ F′,

(8)

where ⊗ refers to element-wise multiplication, Ms refers to
the spatial attention mechanism weight, Mc refers to the
channel attention weight, F′ represents the channel
attention mechanism, and F″ represents the spatial attention
mechanism.

For the sake of conciseness, the computational operations of
the channel attention weight Mc(F) and the spatial attention
weight Ms(F) are summarized as follows:

Mc(F) � σ(W1(W0(Fs
avg)) +W1(W0(Fc

avg))),
Ms(F) � σ(f 1×7(Fs

avg ; F
c
avg)),

(9)

where σ represents the sigmoid function, W0 and W1,
respectively, represent the parameters in the multilayer
perceptron model, Fc

avg denotes the average-pooled features,
Fc
max denotes the max-pooled features, and f 1×7 refers to the

convolutional layer for which the convolution kernel size is 1 × 7.

EXPERIMENTAL SETUP

As shown in Figure 7, in order to verify the method introduced in
this study, a set of benchtop experiments was conducted on two
steel plates connected by one M12 bolt. Each specimen is
equipped with four PZT patches. PZT1, serving the role of the
actuator, is installed on the upper steel plate. PZT2–PZT4, serving
as sensors, are installed on the bottom steel plate. The epoxy
adhesive used to bond the PZTs to the steel plates also electrically
insulated the PZTs from the steel plate. The type of piezoelectric
patch used in this experiment is the compression type, and its size
is 10°mm3 × 10°mm3 × 0.5°mm3. The dimensions of the specimen
are shown in Figure 8. As shown in Figure 9, a multifunction
data acquisition system (NI USB-6363) with multichannel
capacity collected data and transmitted excitation signals. The
data acquisition system was connected to a laptop that ran
LabVIEW. A power amplifier (Trek model 2100 HF)
magnified the excitation signals. During the experiments,
PZT1 generated a stress wave excited by a swept sine signal
transmitted by the data acquisition system. After propagating and
being modulated by the steel plate interface, the stress wave is
captured by the three sensors at a sampling rate of 2 MHz.
Subsequently, the received signals in different channels are

FIGURE 5 | Calculation principle of the convolution block attention module.

FIGURE 6 | Architecture diagram of the CBAMCNN model.
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used to calculate the looseness indices. The frequency of the swept
sine signal in this study ranges from 100 Hz to 300 kHz with a
duration of 0.5 s and an amplitude of 1 V. The loading of the
specimen consisted of increasing the torque level from 0 Nm to
30 Nm at increments of 5 Nm, as listed in Table 1. Different
torque values lead to different degrees of looseness. The
experiments are repeated on specimen A, specimen B, and
specimen C. For every looseness condition, the active sensing
method is executed 100 times to construct an experimental
dataset. The dataset has 560 and 140 samples for training and
validation. Then, the baseline 1DCNN model and the improved
model (CBAMCNN) using the attention mechanism are
established to monitor the bolt looseness. In the training
process, the model hyperparameters are adjusted and
determined according to the loss function value and accuracy

between the training dataset and the validation dataset. Finally,
140 test signals have been re-collected to achieve bolt looseness
identification.

RESULTS

Experimental Results and Analysis Based
on Wavelet Packet Analysis
Figure 10 shows the stress wave signals and wavelet packet
energy of different torque levels, measured during the
experiment with specimen A. The amplitudes of the received
stress wave signals corresponding to different torque levels vary
between –1 and 1 V. The amplitude of the received signal is
therefore related to the bolt looseness. When the torque level

FIGURE 7 | Multichannel active sensing sensor layout scheme. (A) Sensor layout scheme of the upper steel plate. (B) Sensor layout scheme of the bottom
steel plate.

FIGURE 8 | Detailed geometry of the specimen. (A) Front view. (B) Side view. (C) Up view. (D) Bottom view.
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reached 30 Nm, the maximum value of the stress wave signal
reached 0.8 V. As the bolt loosened, the amplitude of the received
signal decreased but followed a different path than when the bolt
was tightened, thus making it difficult to quantitatively monitor

the bolt looseness based solely on the amplitude. The presence of
multiple peaks in each stress wave can be attributed to the
different frequency components and the reflections of the
stress wave within the connection assembly (Wang et al.,

FIGURE 9 | Experimental setup of monitoring the bolt looseness using the piezoelectric active sensing method.

TABLE 1 | Torque values of different degrees of looseness.

Looseness degree First Second Third Fourth Fifth Sixth Seventh

Torque (Nm) 30 25 20 15 10 5 0

FIGURE 10 | Stress wave signals and wavelet energy received in the three channels under different torque levels.
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2021). On the other hand, the wavelet packet energy method can
provide a clearer analysis of the received signals. As the torque
level decreased, the wavelet packet energy was reduced in
proportion to the dissipated energy of the stress wave. Thus,
analysis based on wavelet packet energy can characterize the bolt
looseness to a certain extent, but the characterization is not fully
quantitative due to the undefined relationship between wavelet
packet energy and the torque level.

Looseness Indicators
In order to provide more looseness information, some indicators are
extracted from the stress waves to characterize the bolt looseness.
Indicators include the energy of the time-domain signal, themaximum
value of the average periodogram (MVOMP), and the three-layer
wavelet packet decomposition energy. For convenience, the authors
only show the first four wavelet packet energy components. As shown
in Figure 11, all the indicators can effectively represent the looseness of
the bolt. As the torque decreases, the looseness indicators of different
sensor channels decrease, which provides the looseness information
from different perspectives. These diversified looseness indicators
furnish a basis for data fusion with the CNN. Therefore, the
looseness feature vectors of multi-domain indicators are
concatenated to construct the corresponding dataset.

Quantitative Monitoring Results of the
Convolutional Neural Network Model
In consideration of the drawbacks of traditional methods, both a
baseline 1DCNN model and one improved by the attention

mechanism are trained to quantitatively monitor the bolt
looseness. The accuracy is set as the metric by which to
evaluate the classification performance of the presented
method. The accuracy is the ratio between the number of
correct predictions and the total number of test datasets.

In order to observe the influence of channel availability on the
recognition capabilities of the 1DCNN model, seven different
scenarios of channel availability are used to train the baseline
1DCNN model. Single-channel, dual-channel, and multichannel
scenarios, respectively, refer to cases where there are one, two,
and three PZT sensors being used to monitor bolt looseness.
According to the sensor layout scheme, the three cases of single-
channel testing are the sole use of PZT2, PZT3, or PZT4.
Likewise, the three cases of dual-channel testing include using
the following PZT pairs: PZTs 2 and 3, PZTs 2 and 4, and PZTs 3
and 4. Finally, in multichannel testing, all three PZTs (i.e., PZTs
2–4) are used. Taking specimen A as an example, the evaluation
indices for the different scenarios are listed in Table 2. As seen in
the table, the use of all three channels yielded the best
performance, and the accuracy is approximately 92.85%. The
evaluation indices for the dual-channel scenario ranged from
88.57 to 90.71% and are higher than those for the single-channel
scenario. Compared with the baseline 1DCNN model, the
CBAMCNN model performed better for the multichannel (5%
improvement) and the dual-channel (5.9% improvement)
scenarios. However, the performance is similar when only one
channel is used, likely because data from one channel is
insufficient despite the improvements offered by the attention
mechanism.

FIGURE 11 | Looseness indicators of different channels under different torque levels. (A) Indicator of signal energy. (B)Maximum value of the mean periodogram.
(C) First component of the wavelet packet energy. (D) Second component of the wavelet packet energy. (E) Third component of the wavelet packet energy. (F) Fourth
component of the wavelet packet energy.
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In order to better understand the whole process of the 1DCNN
model, PZT2 (single-channel), PZTs 2 and 4 (dual-channel) and
PZTs 2–4 (multichannel) are selected to describe the training,
validation, and testing processes according to the accuracy. The
accuracy and loss curves during training and validation are shown
in Figures 12A–C. In general, the model training is stable and
convergent without overfitting. Model training is completed at 600
iterations, upon which the accuracy of the validation rose above
90%. The result of the test dataset is shown in the form of a
confusion matrix. As shown in Figures 12D,E, the recognition
errors of themultichannel scenario are less than those of the single-
channel and dual-channel scenarios. Of the 140 test samples, there
are, respectively, 18 and 15 misrecognitions for the single-channel

and dual-channel scenarios and only 10 misrecognitions for the
multichannel method.

Similarly, Figures 13A–C show the loss and accuracy curves for
the CBAMCNN trained using data from PZT2 (single-channel),
PZTs 3 and 4 (dual-channel), and PZTs 2–4 (multichannel). The
CBAMCNNmodel surpassed the baseline model by reaching 95%
validation accuracy when the training converged. In addition,
compared with the 1DCNN model, the CBAMCNN model
yielded fewer incorrect recognitions. The multichannel scenario
had the least instances (i.e., only three misrecognitions out of 140
samples) of incorrect recognitions, followed by the dual-channel
and the single-channel scenarios. The specific misrecognition is
summarized by the confusion matrices in Figures 13D–F.

TABLE 2 | Recognition result of the 1DCNN and CBAMCNN models.

Method Single-channel Dual-channel Multichannel

PZT2 (%) PZT3 (%) PZT4 (%) PZTs 2 and
3 (%)

PZTs 2 and
4 (%)

PZTs 3 and
4 (%)

PZTs 2–4 (%)

1DCNN 82.85 80.71 87.14 89.28 88.57 90.71 92.85
CBAMCNN 84.29 88.57 87.85 93.57 95.71 97.14 97.85

FIGURE 12 | Training/validation process of the 1DCNN and the confusion matrix of the test dataset. (A) Accuracy and loss curves of the single-channel method
(PZT2). (B) Accuracy and loss curves of the dual-channel method (PZTs 2 and 4). (C) Accuracy and loss curves of the multichannel method (PZTs 2–4). (D) Confusion
matrix of the single-channel method (PZT2). (E) Confusion matrix of the dual-channel method (PZTs 2 and 4). (F) Confusion matrix of the multichannel method
(PZTs 2–4).
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The Generality and Repeatability of the
Method
In specimen A, the proposed method can monitor the bolt looseness
with high accuracy. In order to verify the generality of themethod, the
process described in Experimental Setup, Results (i.e., data collection,
feature extraction, model training, verification, and testing) was
carried out and repeated 10 times for specimens B and C. The
average recognition accuracy is summarized in Table 3. The results
reveal that the proposedmethod has good classification performance,
and the improved CBAMCNNmodel can reach a testing accuracy of

over 95.78% in all three different specimens. However, the testing
accuracy of the 1DCNN model is below 93.64%.

DISCUSSION

Since a single monitoring index used traditionally in active
sensing cannot quantify the bolt looseness, a method that
analyzes data from multichannel active sensing with a CNN
improved with the CBAM (i.e., a channel and spatial attention
mechanism) was proposed to quantitatively monitor bolt
looseness. Experimental results obtained from the three
different specimens demonstrated that the method can
quantify bolt looseness with an accuracy of more than 95.78%.

Single monitoring indices, such as the peak value of a time
reversal signal (Tao et al., 2016) and normalized coda wave energy
(Hei et al., 2020), are unable to provide true quantitative monitoring
due to the dispersion of the single indices. On the other hand,
through powerful feature extraction and classification abilities, the
trained 1DCNN model can quantitatively monitor the state of bolt
looseness. However, because the stress wave signal obtained using
the piezoelectric active sensing method is complicated and irregular,

FIGURE 13 | Training/validation process of the CBAMCNN and the confusionmatrix of the test dataset. (A) Accuracy and loss curves of the single-channel method
(PZT2). (B) Accuracy and loss curves of the dual-channel method (PZTs 3 and 4). (C) Accuracy and loss curves of the multichannel method (PZTs 2–4). (D) Confusion
matrix of the single-channel method (PZT2). (E) Confusion matrix of the dual-channel method (PZTs 3 and 4). (F) Confusion matrix of the multichannel method
(PZTs 2–4).

TABLE 3 | Mean recognition accuracy for three different specimens.

Specimen Model Mean
recognition accuracy (%)

A 1DCNN 91.07
CBAMCNN 97.78

B 1DCNN 93.64
CBAMCNN 95.78

C 1DCNN 92.85
CBAMCNN 96.85
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it is particularly difficult to obtain satisfactory results by directly
training the original signal through a 1DCNN. Therefore, in order to
improve monitoring performance, the method presented in this
article still requires extraction of bolt looseness features in advance,
which is relatively time-consuming.

In addition, the reason why the multichannel active sensing
method performs better than the dual-channel and single-channel
scenarios can be summarized as follows. Multichannel active sensing
canmonitor the bolt looseness inmultiple different locations and gain
comprehensive information about the condition of the bolted
connection. Moreover, the CBAM is a lightweight and efficient
attention mechanism. The CBAM consists of both channel
attention and spatial attention mechanisms. The attention
mechanism is mainly used to adjust the weights (i.e., Ms and Mc)
of parameters that play a key role in the classification task. If a
parameter of the input vector plays a key role in the classification task,
the CBAM can automatically generate a larger weight to multiply the
original input vector, which enables themodel to focus on the features
that are helpful to recognition tasks and ignore features that decrease
with recognition accuracy (Ban et al., 2020). In this study, the channel
attentionmodule helps the CNN to focus on important features, while
the spatial attention mechanism highlights the position of the
significant features. Therefore, the channel and spatial attention
mechanisms enhance the model’s recognition accuracy and
improve the robustness of the model.

CONCLUSION AND FUTURE WORK

This study proposed a multichannel monitoring method that
integrates piezoelectric active sensing with deep learning for the
quantitative monitoring of the bolt looseness. Features extracted
from the stress waves from each channel include signal energy
(time domain), the maximum value of the average periodogram
(frequency domain), and three-layer wavelet packet
decomposition energy (time frequency). A baseline 1DCNN
model and an improved model (i.e., the CBAMCNN) are
employed to recognize bolt looseness states (i.e., torque levels).
The experimental results show that the combination of the
convolutional neural network and multichannel active sensing
can achieve quantitative assessment of the bolt connection status
and performs better than single-channel and dual-channel
scenarios. Moreover, the baseline model recognition accuracy
improved after employing the spatial channel attention
mechanism. The main contributions of this article are as
follows: 1) the method is the first attempt to combine

piezoelectric active sensing and convolutional neural networks
to monitor bolt looseness quantitatively; 2) multichannel
monitoring, which utilizes three sensors, characterizes bolt
looseness from different perspectives and performs better than
the single-channel and the dual-channel scenarios; and 3) the
CBAM improved the model, and its excellent performance is
verified by a laboratory-scale experiment.

The method proposed in this article is powerful for
monitoring single-bolt looseness. However, the mechanism for
monitoring the looseness of multiple bolts is more complicated.
In future research, the authors would like to adopt the multi-
bolted steel plate to carry out corresponding research and look for
better ways to improve recognition accuracy. In view of the
problem that the training data are not easy to obtain in actual
engineering, the method of transfer learning can be employed to
improve this problem, which can make the model adapt to the
actual situation after the model is trained on the data obtained in
the laboratory. Of course, this is only a feasible research idea, and
a large number of experimental studies are needed to promote
practical engineering applications. Otherwise, numerical
simulation of stress wave propagation and the influence of the
boundary conditions on the accuracy of looseness recognition
will be further explored in the future.
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Analysis of Long-Term Durability
Monitoring Data of High-Piled Wharf
with Anode-Ladder Sensors
Embedded in Concrete
Hongbiao Liu1, Baohua Zhang1*, Haicheng Liu1 and Zifan Ji 2

1National Engineering Laboratory for Port Hydraulic Construction Technology, Tianjin Research Institute of Water Transport
Engineering, Tianjin, China, 2Department of Civil Engineering, Tianjin Chengjian University, Tianjin, China

The structural durability monitoring (SDM) system for a high-piled wharf in the Tianjin Port of
China is devised and deployed with an anode ladder sensor, which provides a means to
monitor the state of steel corrosion for the wharf. In this project, the anode-ladder sensors
are installed on the reinforced concrete components of the front platforms. After the
installation, the monitoring data from the anode-ladder sensor was collected for
40 months. Based on the monitoring data for 40months, it is proven that the
resistance of concrete will be significantly affected by the change in temperature, and
the increase in temperature will cause the drop in concrete resistance. Furthermore, the
data of the anode-ladder sensor set in the track beam of the front platform shows that the
current in anode A1 and A2 relative to the cathode exceeded 15 μA during the four-month
period, which is abnormal. The main reason is the influence of concrete temperature and
humidity. Therefore, the monitoring data for current, voltage, resistance, and temperature
should be combined to determine the activation state of the anode, and cannot be
determined simply using the current value.

Keywords: structural durability monitoring, high-piled wharf, anode-ladder, reinforcement, corrosion, concrete

INTRODUCTION

Corrosion of the reinforcing steel in concrete induced by chloride-ion penetration and carbonation
of concrete cause serious damage to concrete structures exposed to aggressive environments, e.g., the
chloride-induced corrosion of reinforcement in concrete structures in tidal zones and coastal areas
(Kassiret et al., 2002; Pech-Canul et al., 2002). A large number of harbor structures like wharves,
harbor bridges, piers, dams, and other harbor structures are attacked severely the penetration of
chloride ions from seawater, which caused many of them to be repaired or replaced (Melchers et al.,
2006). As a result, repair costs nowadays constitute a major part of the maintenance spending on the
harbor structures.

In reinforced concrete structures such as wharves and sea-crossing bridges in marine
environments, concrete cracking caused by the corrosion of the reinforcement in concrete
induced by chlorides is more serious than carbonization of the concrete. Chloride-penetration
causes faster rusting of the reinforcement and makes increases the loss, which is the main factor that
affects the durability of concrete structures in the marine environment and has been paid extensive
attention by those in engineering and academia. The typical damage to reinforced concrete structures
in harbors caused by chloride penetration is shown in Figure 1.
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Despite the considerable loss caused by the chloride-induced
corrosion in such structures, more and more of these are being
built, which are also required to have a service life of 100 years or
more, such as China’s Hong Kong-Zhuhai-Macao bridge project
and Hangzhou bay bridge. This necessitates more stringent
requirements for the durability of reinforced concrete
structures. However, there is no generally accepted reliability
design theory available currently that can guarantee that the
concrete structure can be used for 100 years or longer (Xu et al.,
2013). Therefore, in order to achieve longer service life of the
concrete structure, the principle of durability design and redesign
is adopted, that is, the actual durability information of the
concrete structure is obtained based on in-service monitoring
of the concrete structure, and further measures are taken to
ensure the durability requirements of concrete structures for
those parts that do not meet the design requirements
(Engelund et al., 2000; Tomosawa, 2009). Accordingly, it is
necessary to collect durability data for the concrete structure
by monitoring, and precautions can be taken before the
commencement of the reinforcement corrosion process
(Keddam et al., 1997; Raupach et al., 2001; McCarter et al.,
2005) thus ensuring not only the durability requirements of
the structure but also reducing the maintenance cost. As
known, the costs for repair measures increase steeply with
time, when the reinforcement has already started to corrode.
The durability maintenance cost of the concrete structure meets
the “five-fold law”, that is, the repair cost of the slight damage is
five times the cost of the preventive measures. Therefore, it is very
important to monitor the durability of concrete structures in the
marine environment.

Thus, in the last few decades, significant effort has been put
into the development of non-destructive testing as well as
structural health monitoring tools and methods that are
suitable for the objective assessment of concrete structures. A
variety of non-destructive evaluation techniques and methods,
such as ultrasonic testing, ground penetrating radar, and half-cell
potential method were proposed, some of which have been
applied widely for the detection of concrete structures (Arndt
et al., 2011). However, traditional on-site inspection methods like
reference cells only show the local onset of corrosion and not the
time-to-corrosion, which is measurable using an anode-ladder
sensor. Automatic monitoring using sensors is more cost-
effective than the usual on-site inspections, especially in areas

that are difficult to access. It enables operators to take protective
measures before the damage is initiated.

The anode-ladder system has been used in several concrete
structures worldwide, mainly bridges. However, research
regarding the application of durability-monitoring of high-
piled wharfs in the harbor. The wharf structure in coastal
ports serve in seawater, where durability problems caused by
chloride penetration is more prominent, making structural
durability monitoring essential. The objective of this work is
to devise and deploy an anode-ladder-based long-term durability
monitoring system on a newly built high-piled wharf structure in
the Tianjin port in China. The wharf named South 27# Wharf is
390 m long and 75 m wide, which will be used for ore
transportation and other bulk cargo shipping. A structural
health monitoring (SHM) system based on Fiber Bragg
Grating (FBG) sensor techniques was used in the project. The
primary function of the SHM system is the durability monitoring
with the anode-ladder-system, which can collect the macrocell
potential, current, resistance, and temperature of the reinforced
concrete components to assess the corrosion risk of the structure.
The installation and setup of anode-ladder sensors in the high-
piled wharf are also described. The conclusion of this study is
expected to aid the development of long-term health monitoring
technology in coastal ports.

THEORETICAL BACKGROUND

Corrosion Theory of Steel in Concrete
In general, reinforcing steel in the concrete has good corrosion
resistance due to the highly alkaline environment in the concrete,
which has pH values ranging from 12.5 to 13.5. In the high
alkaline environment, a thin oxide layer called the passive film is
formed at the surface of the reinforcement, which can protect the
iron from dissolution to negligibly low values. Normally this
passivity is stable during the entire service life of a reinforced
concrete structure. However, a variety of causes, such as the
chloride ion penetration or carbonization of concrete, can break
the passive film formed on the rebar. As a result, the
reinforcement will change from the passivated state to an
activated state (i.e., depassivation). Then, the combination of
available water, oxygen, and chloride ion with steel leads to the
rusting of the reinforcement. With the gradual aggravation of

FIGURE 1 | Typical durability damage of harbor structures induced by chlorides.
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reinforcement corrosion, the concrete cracks and spalls off due to
rust expansion. Eventually, severe damage was detected in the
concrete (Raupach, 1996).

The corrosion of steel is a complicated process and involves
several steps. Finally, ferric hydroxide (Fe (OH)3) is formed,
which transforms into hydrated ferric oxide Fe2O3, i.e., rust. The
electrical and chemical reactions for the corrosion of steel are
shown in Figure 2.

Carbonation of concrete is the chemical reaction of CO2 with
the alkaline substances in the concrete pore solution, causing a
reduction in the pH value to less than 10, and making it one of the
reasons for the corrosion. However, the main cause of
reinforcement corrosion in harbor reinforced concrete
structures is the penetration of chloride ions based on the field
inspection experience. Consequently, this work focuses only on
chloride-induced corrosion. It can be seen from Figure 2 that
chloride ion intrusion can also cause a decrease in the pH value.
When a critical limit value of chloride content in the pore water
solution is exceeded, the steel starts rusting.

Chloride-induced corrosion of steel in concrete is an
electrochemical process analogous to the operation of a
battery. Different surface areas of the reinforcement act as the
anode or cathode of the battery, which are shown in Figure 2. At
the anode, iron (Fe) loses electrons and becomes iron ions (Fe2+),
which easily with chloride ions (Cl−) to form a FeCl2 solution,
acting as a carrier of iron ions. It causes anode depolarization and
accelerates the anodic reinforcement process. At the cathode,
electrons, water, and oxygen are converted into hydroxyl ions
(OH−). The cathodic process does not cause any deterioration of
the steel. On the contrary, it protects the reinforcement, which is
called cathodic protection. Then, hydroxyl ions (OH−) with the
negatively charged ions move toward the anode from the cathode
in the electrolyte based on the electrical field created between the
anode and cathode. Near the anode, they react with the iron ions
in the solution forming ferrous hydroxide [Fe(OH)2], and the
chloride ions (Cl−) are released to repeat the process above.
Subsequently, ferrous hydroxide [Fe(OH)2] reacts with oxygen
(O2) and water (H2O) forming ferric hydroxide [Fe(OH)3] and
finally, Fe2O3, which is the corrosion product (Arndt et al., 2011).

Generally, the volume of the rust is 3–6 times than that of iron,
causing concrete cracking and spalling off due to expansion when
the rebar corrosion achieves a critical limit value.

This shows that the corrosion of reinforcement in harbor
concrete structures is mainly caused by the harmful intrusion of
chloride ions. Also, the depassivation threshold in the
reinforcement is known as the frontal line of critical chloride
ion concentration for harbor concrete structures exposed to
seawater that is rich in chloride ions. Therefore, if the
penetration behavior of chloride ions in concrete, such as the
position of the frontal line of critical chloride ion concentration
and its moving speed, can be collected suitably, the corrosion time
of steel in concrete can be predicted. This results in a significant
reduction of maintenance costs as repair costs increase steeply
with time when the reinforcement has already started to corrode.

Development of the Anode-ladder Sensor
Based on the corrosion theory of concrete structures, Bashear
(1996) proposed a concrete degradation model to predict
the performance degradation of concrete structures, and
emphasized the influence of permeability on concrete
degradation (Basheer et al., 1996). Glass (2000) points out that
the chloride-induced corrosion of rebar is the main factor
that affects the durability of concrete structures (Glass et al.,
2000). Ahmad (2003) summarized the mechanism of steel
corrosion, monitoring technology of steel corrosion, and
methods for predicting the remaining service life of structures
using empirical model as well as experimentation. It is also
pointed out that the main factor affecting the durability of
reinforced concrete structures is chloride-induced corrosion
(Ahmad, 2003). Even though many new systems and
materials have been developed to repair the damage and
increase durability, many monitoring systems do not resolve
the time-to-corrosion problem. Therefore, the anode-ladder
sensor, which can measure the time-to-corrosion data
of reinforcement in concrete, was developed by Raupach in
1986 and successfully applied to the monitoring of steel
corrosion in concrete structures in 1990, providing a technical
means for the durability redesign of concrete structures

FIGURE 2 | Representation of the corrosion process of rebar in concrete and the electrochemical reaction.
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(Raupach, 1996; Raupach, 2009). Raupach (2001) used the anode-
ladder-system to monitor the permeation depth of chloride ions
in concrete structures, and the corrosion state of steel could be
predicted based on the monitoring data (Raupach et al., 2001).
Subsequently, Zhang (2009), and Jin (2013) applied the anode-
ladder-system to the underwater tunnel, wharf, and other
hydraulic structures to monitor the durability of concrete

structures (Zhang et al., 2009; Jin et al., 2013). The anode-
ladder sensor is a kind of durability sensor which can
determine the position of the depassivation threshold in
the reinforcement. Therefore, it is very effective for
monitoring the durability state of the coastal piled-wharf
structure and predicting the corrosion time of steel bars in
concrete.

FIGURE 3 | Anode-ladder sensor and its general installation appearance.

TABLE 2 | Current values collected by the anode-ladder sensor.

No Monitoring value Description No Monitoring value Description

1 I1 Current between A1 and the cathode 8 I1′ Current between A1 and reinforcement-connection
2 I2 Current between A2 and the cathode 9 I2′ Current between A2 and reinforcement-connection
3 I3 Current between A3 and the cathode 10 I3′ Current between A3 and reinforcement-connection
4 I4 Current between A4 and the cathode 11 I4′ Current between A4 and reinforcement-connection
5 I5 Current between A5 and the cathode 12 I5′ Current between A5 and reinforcement-connection
6 I6 Current between A6 and the cathode 13 I6′ Current between A6 and reinforcement-connection
7 I7 Current between reinforcement-connection and cathode

TABLE 1 | Voltage values collected by the anode-ladder sensor.

No Monitoring
value

Description No Monitoring
value

Description No Monitoring
value

Description

1 U1 Voltage between A1 and
cathode

8 U1′ Voltage between A1 and reference
electrode

15 U1″ Voltage between A1 and
reinforcement-connection

2 U2 Voltage between A2 and
cathode

9 U2′ Voltage between A2 and reference
electrode

16 U2″ Voltage between A2 and
reinforcement-connection

3 U3 Voltage between A3 and
cathode

10 U3′ Voltage between A3 and reference
electrode

17 U3″ Voltage between A3 and
reinforcement-connection

4 U4 Voltage between A4 and
cathode

11 U4′ Voltage between A4 and reference
electrode

18 U4″ Voltage between A4 and
reinforcement-connection

5 U5 Voltage between A5 and
cathode

12 U5′ Voltage between A5 and reference
electrode

19 U5″ Voltage between A5 and
reinforcement-connection

6 U6 Voltage between A6 and
cathode

13 U6′ Voltage between A6 and reference
electrode

20 U6″ Voltage between A6 and
reinforcement-connection

7 U7 Voltage between
reinforcement-connection and
cathode

14 U7′ Voltage between
reinforcement-connection and
reference electrode

Frontiers in Materials | www.frontiersin.org July 2021 | Volume 8 | Article 7033474

Liu et al. Long-Term Durability Monitoring Data

142

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


The anode-ladder sensor for structural durability monitoring
of the South 27# Wharf in Tianjin Port is manufactured in
Germany. The anode-ladder-system includes the anode-ladder
embedded in concrete, measuring cables, test boxes on the
concrete surface and special reading meters for data collection.
The sensor components are the anode-ladder, cathode, reference
electrode, reinforcement connecting rod, and temperature probe
(PT 1,000), which is shown in Figure 3. The anode-ladder has six
black carbon steel anodes denoted as A1, A2 and... A6,
respectively. Each anode is placed on a stainless-steel fixture,
forming a ladder-like structure. Each anode is electrically
separated from the fixture. A stainless-steel fastening strip is
arranged at one end of the fixture, and is connected to the fixture
with two bolts. The anode-ladder is set on the outside of the
reinforcement cage, within the scope of the concrete cover layer.
By adjusting the bolts, the anode ladder can be tilted at different
angles, enabling the six anodes to be embedded at different depths
of the concrete cover layer. The installation plan and side view of
the anode-ladder sensor are shown in Figure 3. The basic
measuring principle is to place the electrodes at different
depths relative to the concrete surface and to measure the
onset of corrosion of these electrodes one by one. The
diffusion depths of chloride ions in concrete can be
determined by measuring the electrical macrocell parameters
of anodes, such as macrocell potential, current, resistance and
temperature, at different depths. Then, the onset of corrosion of
steel can be predicted based on the monitoring data.

Based on the design of the anode-ladder sensor, the cathode
made of platinum (Pt), reference electrode made of manganese
dioxide (MnO2) and reinforcement-connection are set near the
anode-ladder before pouring the concrete, while the temperature
probe (PT 1,000) is encapsulated in the anode-ladder. Therefore,
the electrical macrocell parameters of anodes are divided into five
types for the same temperature, which are the macrocell
parameters between the single anode and cathode, single
anode and reference electrode, single anode and
reinforcement-connection, two neighboring anodes, as well as
temperature.

In detail, when data is measured by the acquisition device, the
data collected include the macrocell potential, macrocell current,
resistance, and temperature of concrete specimens. The macrocell
potentials are the voltage values of anodes relative to the cathode,
reference electrode and reinforcement-connection, respectively.
Macrocell currents are the anode values relative to the cathode
and the internal reinforcement-connection, while the resistances
are values of the concrete between anodes. In one test, a total of 40
parameters are collected, and the specification for the parameters
are shown in Tables 1–3.

Evaluation Methods
Based on the results of laboratory tests, anodes of 150 mV and
15 μA buried in dry concrete relative to cathode after a short
circuit time of 5 s are used as limit values for the activity of the
single anode under the usual conditions, and the limit value
may be larger when the anode-ladder sensor was set up in a
wet environment, such as marine environment (Raupach
et al., 2001; S+R Sensortec GMBH Munich, 2009). This
conclusion can be used to determine whether the anode is
active and to predict the critical depth related to
reinforcement corrosion. Generally, current value is used
as the main evaluation index to determine whether the
anode is active or not.

Another standard to determine the corrosion state of the
reinforcement is the half-cell potential inspection method
proposed by the ASTM standard C876-09 (ASTM
International C 876-09), which involves using a copper-
copper sulfate half-cell at the wet concrete surface to
measure the half-cell potential of reinforcing steel related to
the concrete outer surface. According to the ASTM standard C
876-09, if the half-cell potential is less than −0.35 V, then there
is a 90% probability of active corrosion; if the half-cell
potential is positive or between −0.35 and −0.2 V, no
reliable conclusions can be drawn from the measurement; if
the half-cell potential is in the range of −0.2–0 V, there is a 90%
probability of no active corrosion being present. The
expression above can be summarized as in Table 4, which

TABLE 3 | Resistance values collected by the anode-ladder sensor.

No Monitoring value Description

1 R1 The resistance between A1 and A2
2 R2 The resistance between A2 and A3
3 R3 The resistance between A3 and A4
4 R4 The resistance between A4 and A5
5 R5 The resistance between A5 and A6
6 R6 Resistance between A6 and reinforcement-connection
7 T Concrete temperature value (PT 1000)

TABLE 4 | Corrosion probability of reinforcing steel.

Half-cell potential (V) More
negative than −0.35 V

−0.35 ∼ −0.2 V More
positive than −0.20 V

Corrosion probability of steel in one area >90% Uncertain <10%
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FIGURE 4 | Cross section of the South 27# Wharf.

FIGURE 5 | Installation of anode-ladder sensor and field data acquisition.
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can be used as a reference to analyze the monitoring data of the
anode-ladder-system and to evaluate the risk of corrosion of
reinforcing steel.

APPLICATION OF
ANODE-LADDER-SYSTEM FOR NEWLY
BUILT HIGH-PILED WHARF

Engineering Description
The South 27#Wharf is a high-piled wharf under construction
in the Tianjin Port of China, which is designed for bulk cargo

transportation. The mechanical properties of this wharf
structure are designed for berthing 300,000 DWT bulk
carriers. The South 27# wharf is 390 m long and 75 m
wide, and it consists of three continuous parts: a 390 m
main wharf platform and two 73.3 m side approach
bridges. The main wharf platform, which consists of nine
65 m-wide structural segments, is divided into a front
platform and back platform based on the operational
requirements. The front platform is 36.5 m wide, and the
back platform is 38.5 m wide. Each structural segment is
uniform. The top elevation of the wharf is 7.5 m, and the
depth of water at the wharf apron is −24.8 m. Three crane

FIGURE 6 | Current between anode and cathode.

FIGURE 7 | Current between anode and reinforcement-connection.
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tracks are set up on the front platform, and the track beams
are supported by steel pipe piles with 1.2-m diameters,
whereas steel pipe piles with 1.0-m diameters are used in
the remaining locations of the front platform. The beams in
the back platform are supported by 650 × 650 mm prestressed
reinforced-concrete square piles. The uniform loads used for
the design are 30 kPa from the wharf apron to 18.5 m, 50 kPa
from 18.5 to 36.5 m, and 80 kPa from 36.5 to 75.0 m. The
cranes, model 40t-45m, are set on the front platform. The
standard value of the mooring force for a bollard is 1,179 kN
based on the 200,000 DWT bulk carriers with a wind speed of
24.4 m/s and 1,379 kN according to 300,000 DWT bulk
carriers with the same wind speed.

The devised anode-ladder-system will be set up on the second
structural segment of this new-built wharf, and the structural
drawing of the wharf is shown in Figure 4. For the structural
durability monitoring (SDM), one anode-ladder sensor was set up
at the red mark in Figure 4. Based on the sensor, the corrosion
risk of the reinforced-concrete specimens can be monitored in
real time.

Anode-ladder Sensor Setup and Data
Measurement
The anode-ladder sensors for structural durability monitoring of
the South 27# Wharf are respectively placed on the track beam of
the front platform, and the beams are all precast by high
performance C45F300 concrete. The anode-ladder sensor is set
in the concrete cover layer (60 mm) on the side of the beam near
the bottom surface, and the distance between the outer edge of A1
rod and the outside surface of the beam is 10 mm. All of them are
in the splash area of the wharf. The sensor is first installed on the
reinforcement cage, and the concrete is cast and cured. Next, the
precast specimens are transported to the field for installation

when the maintenance is completed. During the construction of
the wharf surface layer, the sensor terminal box was embedded in
the concrete, which is also protected by the stainless-steel shell.
The surface of the steel shell is parallel to the upper surface of the
wharf surface layer. After the upper cover of the shell is opened by
unscrewing, the sensor terminal box can be seen, and data
collection can be carried out with device. Anode-ladder sensor
installation, protection, and field data acquisition are shown in
Figure 5.

The data from the anode-ladder sensors were collected after
wharf completion. The construction of the South 27# Wharf
began in early 2016, and the main structure was completed in
October 2017. The data collection for the anode-ladder sensors in
this project started in October 2017, and was operated for 14 days.
Data has been collected continuously for 40 months using the
measuring device of HMG 7 with the set of short circuit time
of 5 s.

LONG-TERM MONITORING DATA AND
EVALUATION

The monitoring data obtained from the anode-ladder sensor
includes voltage, current, resistance, temperature, and other
parameters. According to the evaluation methods mentioned
above and the technical parameters provided by the
manufacturer, the current value of monitoring is often used to
determine the status of anodic depassivation or corrosion. At
present, it is generally believed that an anode that is buried in dry
concrete is in a passive state if the measured current between the
anode and cathode is much less than 15 μA; if the current is more
than 15 μA, it is considered active. Nevertheless, the limit value
may be larger when the anode-ladder sensor was set up in a wet
environment, such as marine environment, and there is no

FIGURE 8 | Voltage between anode and cathode.
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uniform standard for the current value in this condition,
including the voltage and resistance values. Monitoring data
from the anode-ladder sensor during the 40 months of this
project is analyzed with emphasis on the current values, and a
correlation analysis of voltage, resistance, and temperature values
is also implemented. It is necessary to know the durability status
of the front platform in different external environments,
according to the monitoring data collected from the anode-
ladder sensor set on the front of the second structural segment
of the wharf. Additionally, the penetration rate of chloride ion
and the corrosion state of reinforcement can be known by the
comprehensive analysis of monitoring data.

The anode-ladder sensor installed on the track beam of the
front platform is 16.5 m away from the front of the wharf and
4.5 m away above the sea surface. After data processing, the time
histories of current values for each anode relative to cathode or
reinforcement are shown in Figure 6 and Figure 7. It can be seen
from Figure 6 that the current value of anode A1 and A2 relative
to the cathode exceeded 15 μA from april to July 2018, regardless
of the current direction, and gradually recovered to 10 μA during
the following months, except for some local trip points. Based on
the standard that a current value greater than 15 μA indicates
anode depassivation, it can be determined that the depassivation
of anode A1 and A2 occurs during April to July 2018. That means

FIGURE 10 | Voltage between anode and reinforcement-connection.

FIGURE 9 | Voltage between anode and reference electrode.
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that the chloride ion permeated to the depth of anode A2.
However, from the monitoring data for the following months,
it can be determined that the anodes A1 and A2 are still in the
state of passivation because the current value is less than 15 μA.
These two conclusions are contradictory. In order to understand
this contradiction, the collected temperature data is considered.
As can be seen from Figure 6, during the period from April to
July 2018, the temperature continued to rise, and the current
value of anode A1 and A2 relative to the cathode was greater than
15 μA, following which the current value returns below 15 μA
with the drop in temperature. The author believes that the cause
of this contradiction is the variation in the ambient temperature,
and the depassivation of anode A1 and A2 cannot be determined
absolutely based on the current value greater than 15 μA during
April to July 2018. Moreover, the track beam was coated with an
anticorrosive substance, and the chloride ion permeation depth
could not reach A1 and A2, which can also be confirmed by field
detection. From the field inspection, it is clear that there are no
signs of breakage of the anticorrosive coating. Therefore, the
author believes that the anodes A1 and A2 are still passivated.

Furthermore, from the current history between the anode and
the reinforcement-connection (Figure 7), the current values of
anode A2∼A6 relative to the reinforcement-connection are all less
than 10 μA except for anode A1 regardless of the current
direction. The current value of anode A1 is larger than 15 μA
at a few instances, while most of the current values do not exceed
15 μA. That is like the behavior of the current between anodes and
cathode. Based on the above analysis, all the anodes are in the
passivation state.

From the processed data, the voltage between the anodes and
cathode was obtained, along with the voltage of anodes relative to
the reference electrode and reinforcement-connection.
Additionally, the resistance between two neighboring anodes
was obtained, and their detailed time history curves are shown

in Figures 8–11. It can be seen from Figure 8 that the behavior of
the voltage is almost consistent with that of the current values
above. From April to July in 2018, the voltages of anode A1 and
A2 also showed fluctuations, with some voltage values reaching
625 mV, and then decreased gradually until till it fell to within
20 mV. In the following days, the voltage values increased to
positive and gradually to 150 mV, except at some trip points, but
did not exceed 150 mV. However, certain voltage values of anode
A3, A4, and A6 relative to the cathode slightly exceed 150 mV
during this period. The voltage values of each anode relative to the
reference electrode and reinforcement-connection also show a
similar behavior (Figure 9 and Figure 10). Therefore, the value of
150 mV cannot be chosen as the critical limit to determine the
activation of anode used in the marine environment, and maybe
300 mV of anode to cathode is more suitable. Because it is
considered that the fluctuation of the voltage is caused by
ambient temperature, not the depassivation of the anode,
which is also proved by field inspection. As the follow-up
monitoring data increases, there are multiple seasonal
alternation cycles, which may further verify the above
conclusions.

As can be seen from Figure 11, the distribution of resistance
values among the anodes is quite regular, and the trend of
resistance change opposes the trend of temperature change;
that is, when the temperature rises, the resistance drops, and
when the temperature drops, the resistance rises. This also
indicates that the performance of the installed anode-ladder
sensor is reasonable, and the monitoring data is reliable.

CONCLUSION

Durability monitoring of concrete structures in a marine
environment is an important means to extend the service life

FIGURE 11 | Resistance between anodes.
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of structures and an important part of the durability design and
redesign of concrete structures. At present, researches on
durability monitoring and data analysis of coastal wharf
structure, especially on long-term durability monitoring data
analysis and processing, is deficient. In this study, based on
the newly built South 27# Wharf in the Tianjin Port of China,
the anode-ladder sensors were set separately in the track beam of
the front platform and the beam of the back platform, which are
used to monitor the durability of the wharf structure for a long
time. By long-term continuous monitoring, the durability
monitoring data from the anode-ladder sensors set in the
wharf structure has been collected for 40 consecutive months,
with an average data interval of 14 days. The monitoring data
includes a total of 40 parameters such as the macrocell current,
macrocell voltage, resistance, and temperature. Through the
processing and analysis of the monitoring data, the following
conclusions are obtained:

(1) Data from the anode-ladder sensor set in the track beam of
the front platform showed that the current of anode A1 and
A2 relative to the cathode exceeded 15 μA during the four-
month period, which indicates the depassivation of anode A1
and A2. However, based on the analysis, it is identified to be a
false image caused mainly by the variation in environmental
temperature, because the four months mentioned above are
in the spring and summer seasons, and the temperature keeps
rising.

(2) The resistance of concrete is significantly affected by the
variation in temperature, and the increase in temperature will
cause a drop in concrete resistance.

(3) Although the anode-ladder-system can monitor corrosion
risk of the harbor concrete structure caused by chloride ions.
However, under the influence of concrete temperature and

humidity, interference data may appear, which may affect the
credibility of the conclusions. Therefore, the monitoring data
of current, voltage, resistance, and temperature should be
combined to determine the activation state of the anode, and
it cannot be determined simply by the current value.
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Analysis of the Mechanical Properties
and Parameter Sensitivity of a
U-Shaped Steel Damper
Jinhe Gao1,2*, Jiahuan Xi2, Yuwen Xu2, Jiajun Ding2, Junwen Zhu2, Yi Chang2 and
Baokui Chen3

1Engineering Research Center of Nuclear Technology Application (East China Institute of Technology), Ministry of Education,
Nanchang, China, 2School of Civil and Architectural Engineering, East China University of Technology, Nanchang, China, 3School
of Civil Engineering and Architecture, Nanchang University, Nanchang, China

To clarify the mechanical properties of the U-shaped steel damper under tension and
compression along the opening direction and the energy dissipation mechanism in the
energy dissipation system, a mechanical model was established to describe the plastic failure
response of the damper, and the formula for theoretical calculation of itsmechanical properties
was derived. Using the straight line segment length, radius of circular arc, and opening
direction as parameters for testing four specimens, through the design of reasonable pulling
and pressing fixture, four specimens were tested for tension and compression. The initial
stiffness and yield load test results and theoretical analysis were good and verified that the
opening direction of the U-shaped steel damper affected its mechanical performance. Further
analysis of the U-shaped steel damper’s mechanical properties using numerical finite element
analysis of the arc radius and the straight line segment length, width and thickness in relation to
the initial stiffness shows that increasing the straight section length and end arc radius can
reduce initial stiffness, and increase the thickness and width can increase initial stiffness.

Keywords: mechanical properties, initial stiffness, yield load, parameter analysis, U-shaped steel damper

INTRODUCTION

As one of the common types of dampers, steel damper was first proposed by Kelly et al. (1972) and
Skinner et al. (1974), and then many scholars (Whittaker et al., 1991; Ricky Chan and Albermani,
2007; Lee et al., 2015; Xing and Guo, 2003; Wang, 2015; Yin et al., 2016; Huo et al., 2016; Qu et al.,
2017) studied and improved various types of steel dampers. Among them, the U-shaped steel damper
is a typical representative of the first generation of steel dampers. It is widely used in the vibration
damping design of simple structures because of its simple structure, good energy dissipation
performance, and low cost. The construction of the U-shaped steel damper and its possible
deformation mode are shown in Figure 1.

Deformation mode A: the upper and lower linear platform sections are relatively moved in the
x-direction. Li and Yao (1991), Yao (1997) studied the strength, stiffness, and dissipation
performance of the U-shaped steel damper in the isolation device under low cyclic load. Zhao
et al. (2017) proposed the expression of the mechanical properties of a U-shaped steel damper under
a horizontal load. The mechanical model showed the mechanical properties of a U-shaped steel
damper under a single load component. Based on the collected test data of 17 U-shaped steel
dampers, Chong et al. (2015) summarized the design expressions of the initial stiffness and yield load
of the damper and proposed a fine finite element analysis method.
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DeformationmodeB: the upper and lower linear platform sections
have relative torsion in the z-direction. Deng et al. (2015) studied the
mechanical properties of a U-shaped steel damper when it was
subjected to torsional deformation under a lateral load outside the
plane. Du et al. (2014), Du et al. (2016a), Du et al. (2016b), Han et al.
(2016) conducted an experimental study on the influence of material
hardness, constraint, and other factors on the mechanical properties
and shock absorption and energy dissipation characteristics of the
U-shaped steel damper and conducted theoretical and experimental
research on the torsional deformation properties of theU-shaped steel
damper of 65Mn and proposed the design expressions of the initial
torsional stiffness of the damper.

A + B combined deformation mode: the upper and lower
linear platform sections are relatively pulled and compressed in
the y-direction. Jiao et al. (2015) and Enel et al. (2016) studied the
mechanical properties of the U-shaped steel damper in isolation
structures under bidirectional loads and confirmed that its energy
dissipation properties were degraded under bidirectional loads.
Through finite element analysis, Atasever et al. (2017) considered
the mechanical response of the U-shaped steel damper under
three working conditions of load input direction of 0°, 45°,
and 90°.

A large number of studies show that the U-shaped metal
damper has good energy dissipation performance, which can
meet the requirements of structural response control parameters.
However, due to the introduction of empirical coefficient based
on the test results, the mechanical property expression lacks fine
model and can not describe the plastic failure mechanism of the
U-shaped steel dampers. At the same time, the mechanical
properties of deformation mode C along the opening direction
are seldom studied. In this paper, the U-type damper is taken as
the research object, and two mechanical models of the U-shaped
damper are established according to the different opening
orientations of the damper. The mechanical properties of the
U- shaped damper under the deformation mode C along the
opening direction are studied, and the hysteretic properties and
parameter sensitivity of the damper are analyzed.

STIFFNESS OF A U-DAMPER

Two U-damper mechanical models are considered: Model I
(Figure 2) and Model II (Figure 3). As depicted in Figure 2A,

the U-damper includes straight-line (length: l0) parts and a
semi-circle (radius, r) part. Photo 3 shows that the fixed
condition of the top end of the U-damper can be realized
using the stiffening plate at the high-strength bolted
connection.

Force and Displacement Relation for
Model I
As depicted in Figure 2A, the shear force and bending
moment at the node of the free end are denoted as Qi and
Mi; the displacement and rotation angles are denoted as u and
θ. The positive directions of forces and displacements are
depicted in the figure. The horizontal node displacement is
not considered.

k1, k3
In Figure 2B, load k1 and k3 moment k3 under the unit vertical
displacement are calculable using the following equations
obtained using the unit-load method.

v � ∫
M(x)M1(x)

EI
dx

� 2∫
l0

0

(−k1 + k3)(−x)
EI

dx + ∫
π

0

[ − k1(l0 + r sin θ) + k3][ − (l0 + sin θ)]
EI

rdθ

� (
2l30
3EI

+ rπl20 + 4r2l0
EI

+ r3π
2EI

)k1 − l20 + rπl0 + 2r2

EI
k3 � 1

(1)

θ � ∫
M(x)M2(x)

EI
dx

� 2∫
l0

0

(−k1x + k3)(1)
EI

dx + ∫
π

0

[ − k1(l0 + r sin θ) + k3(1)]
EI

rdθ

� −(l
2
0 + l0rπ + 2r2

EI
)k1 + 2l0 + rπ

EI
k3 � 0

(2)

From Eq. 1 and Eq. 2, k1 and k3 can be derived respectively as:

k1 � 6EI(2l0 + rπ)
2l40 + 4rπl30 + 24r2l20 + 6r3πl0 + 3r4π2 − 24r4

(3)

k3 � 6EI(l20 + rπl0 + 2r2)
2l40 + 4rπl30 + 24r2l20 + 6r3πl0 + 3r4π2 − 24r4

(4)

k2,k4
In Figure 2C, in which the U-damper is subjected to unit rotation
angle at the free end, k2 and k4 can be derived using the method
explained above:

k2 � 6EI(l20 + rπl0 + 2r2)
2l40 + 4rπl30 + 24r2l20 + 6r3πl0 + 3r4π2 − 24r4

(5)

k3 � EI(4l30 + 6rπl20 + 24r2l0 + 3r3π)
2l40 + 4rπl30 + 24r2l20 + 6r3πl0 + 3r4π2 − 24r4

(6)

FIGURE 1 | U-shaped steel damper.
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Stiffness Matrix
Form Eqs 1–6, the force and displacement relation of the member
end can be expressed as:

{ Qi

Mi
} � [ k1 k2

k3 k4
]{ vi

θi
} (7)

Force and Displacement Relation for
Model II
Using the same method used for Model I, the member free end
force and displacement relation for Model II, as portrayed in
Figure 3, are obtainable as:

{ Qi

Mi
} � [ k1 −k2

−k3 k4
]{ vi

θi
} (8)

UNIDIRECTIONAL
TENSION-COMPRESSION TEST OF THE
DAMPER
Test Specimens
According to the different opening directions, the specimens of
the U-shaped steel damper tension-compression test are divided
into two groups: A and B. The two groups of specimens are made

of SNB400. The specimens are composed of a connecting plate
clamp, a U-shaped damper, a movable hinge device, and a filling
plate, and a U-type damping and connecting plate are connected
by high-strength bolts. The specific structure of the specimens
and the U-type damping is shown in Figures 4, 5. The thickness
of the connecting plate tb and the thickness tu of the U-type
damping are both 9 mm, the distance L from the hinge constraint
point to the hole center is both 240 mm, the radius of the circular
arc part of the damping part of group A specimen R is 40 mm,
and the length of the straight line segment L0 is 30 mm.
According to the material property test, the yield strength
obtained is 294 MPa. The radius of the damped circular arc
part of the specimen in Group B is 64 mm, and the length of

FIGURE 3 | Force by unit displacement at the member end for Model II. (A) Load and boundary conditions. (B) Modification of the mechanical model.

FIGURE 4 | U-shaped damper.

FIGURE 2 | Force by unit displacement at the member end for Model I. (A) Mechanical model, (B) force by unit vertical displacement and (C) force by unit
rotation angle.
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the straight line segment is 40 mm. The yield strength obtained
from the material property test is 306 MPa.

Mechanical Properties of Specimens
This section combines the U-shaped steel damper and the test fixture
as the research object to analyze the mechanical properties of the
U-shaped steel damper during tension and compression. It analyzes
the mechanical properties of the U-shaped steel damper according to
the mechanical properties expression of the U-shaped steel damper
derived in Force and displacement relation for Model I.

With a monomer U-shaped steel damper as the research
object, a U-shaped steel damper with a hinged connection of
two steel plates together and a connection plate assumption for
the rigid plate only consider the U-shaped steel damper end
vertical deformation influence on stiffness, without considering
the horizontal deformation according to the mechanical model is
deduced. Mechanical Model I and Mechanical Model II were
established for the U-shaped steel damper specimens with
different opening directions, as shown in Figure 6. To
distinguish the difference when the bending deformation of

FIGURE 5 | Specimen structure.

FIGURE 6 | The mechanical model of the specimen with the connecting plate as the rigid plate (R model). (A) R–I, (B) R–II.

TABLE 1 | Test specimens.

Specimen
number

Connection plate U-shaped steel dampers

L tb wb σb σp Dampers
placement

l0 r tu wu σz σd

A–F 240 9 150 306 471 30 40 9 150 306 471

A–S — — — — — — — — — — —

B–F 240 9 150 306 471 40 64 9 150 306 471

B–S — — — — — — — — — — —
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the connecting plate is considered, the mechanical models of the
U-shaped steel damper device with the connecting plate as a rigid
plate are collectively referred to as the R model.

Mechanical Model of R-I
As shown in Figure 6A , one end of the U-shaped steel damper is
engaged with the rigid plate at node 2, and the in-plane hinge
constraint is carried out at node 4. At the same time, there is
vertical load P and vertical displacement at rigid plate joint 1. The
corresponding U-shaped steel damper has vertical load-
displacement V, bending moment M, and rotation angle at
node 2. Table 1 shows the free end load value of the
U-shaped steel damper specimen.

The stiffness matrix of R-I:

⎧⎪⎨
⎪⎩

Pu

Pv

M

⎫⎪⎬
⎪⎭ � ⎡⎢⎢⎢⎢⎢⎣

0 0 0
0 k1 −k2
0 −k3 k4

⎤⎥⎥⎥⎥⎥⎦
⎧⎪⎨
⎪⎩

u
v
θ

⎫⎪⎬
⎪⎭ (9)

Where Pu is a horizontal load and u is a horizontal displacement:

Pv � k1v − k2θ (10)

M � −k3v + k4θ (11)

Since the clamp is regarded as a rigid plate, then:

δ � v (12)

θ � δ

L
(13)

The bending momentM of the external load on the articulated
constraint point (node 4) is:

MD � P · L � Pv · L +M (14)

According to Eqs 9–14:

P � Kδ � k1L2 − k2L − k3L + k4
L2

· δ (15)

Mechanical Model of R-II
Compared with the R-I mechanical model, its opening direction
is opposite:

P � Kδ � k1L2 + k2L + k3L + k4
L2

· δ (16)

Intensity Assessment
For the U-shaped metal damping deformation mode studied in
this paper, based on the distribution law of internal forces of
bending moment, the U-shaped metal damping yield is defined
when the bending moment at the third central node of the arc
reaches the full interface plastic bending moment Mp. The plastic
bending moment of full section Mp is:

Mp � σst2u
4

× L (17)

The yield strength measured by the material property test
isσs(Table 2), the thickness of the U-type damper, and Wu is the
width of the U-type steel damper.

As shown in Figure 6, the vertical displacement at the loading
node 1 of the specimen is δ, and the vertical displacement and
rotation angle at the U-shaped metal damping node 2 are V.

TABLE 2 | Load value of free end of U type steel damper.

Specimen k1 k2 k3 k4 K (kN/mm)

A–F 20,761 880,121 880,121 47,375,297 14,249
A–S 20,761 880,121 880,121 47,375,278 28,917
B–F 6,236 395,742 395,742 31,763,581 3,490
B–S 6,236 395,742 395,742 31,763,581 10,085

FIGURE 7 | Test device. (A) Tension test (B) Compression test.
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FIGURE 8 | Experimental and theoretical load-displacement curves. (A) A–S, (B) A–F, (C) B–S, (D) B–F.

TABLE 3 | Comparison between experiment and theory.

Specimen Loading way Test Theory Error (%)

Yield load
(kN)

Yield displacement
(mm)

Yield load
(kN)

Yield displacement
(mm)

Yield load
(%)

Yield displacement
(%)

A A–F Tensile 24.52 2.51 20.46 3.04 11.4 15.6
Compress 39.24 2.38 35.31 2.81 10.0 18.1

A–S Tensile 33.03 2.27 28.36 2.73 14.1 2.2
Compress 45.81 1.35 40.64 1.82 14.5 4.2

B B–F Tensile 16.62 4.56 11.83 5.04 18.9 13.8
Compress 18.59 3.84 13.47 4.30 14.7 19.5

B–S Tensile 33.29 3.31 28.34 3.89 17.3 12.4
Compress 31.84 2.82 26.50 3.35 11.5 11.8
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For Figure 6A, according to Eq. 7, Eq. 12, Eq. 13, the internal
force bending moment at the central node 3 of the U-shaped
metal damping circular arc is:

M � k1δ(l0 + r) − k3δ + k2
δ

L
(r + l0) − k4

δ

L
(18)

When M � Mp, the U-shaped metal damping yields, and the
vertical yield displacement at node 2 is denoted as vs. At this
point, the vertical yield displacement at the loading end of the
specimen:δs � vs.

For Figure 6B in the model shown in , the bending moment of
internal force at the central node 4 of the U-shaped metal
damping arc is:

M � k1δ(l0 + r) − k3δ − k2
δ

L
(r + l0) + k4

δ

L
(19)

When M reaches MP, the U-shaped steel damper yields,
similarly, the vertical yield displacement at the loading end of
the specimen can be obtained.

Loading Program
The test device of the U-shaped steel damper is shown in
Figure 7. Vertical load is applied by a microcomputer-
controlled electro-hydraulic servo universal testing machine
(model SHT4605). The loading speed is controlled at 0.1 mm/
s, and a cable displacement meter is installed on both sides of the
U-shaped steel damper to measure the vertical displacement at
the damper opening.

Test Results
The load-displacement curve of the specimen is shown in
Figure 8. The tangent stiffness is 1/3 of the initial stiffness,
which is defined as the yield point. Table 3 shows the
comparative analysis of theoretical and experimental results.
The test error of yield load and yield displacement is kept
within 20%.

The influence of the U-shaped steel damper opening
orientations: different U-shaped steel damper opening
orientations have different initial stiffness. The initial
stiffness and yield load of the damper whose opening is
towards the articulated constraint point are both higher
under tension and compression. It can be seen that the
opening orientation of the U-shaped steel damper affects
its mechanical properties.

The influence of radius size of an arc segment of a
U-shaped steel damper: the initial stiffness of a U-shaped
steel damper varies with the radius of the arc segment.
Compared with the specimens in Group A, the specimen
in Group B with the larger radius of the U-shaped steel
damper arc segment has a larger yield displacement and a
smaller yield load; that is, its initial stiffness is smaller. The
above results show that the initial stiffness of the U-shaped
steel damper is inversely proportional to the radius.

According to the comparison between the theoretical and
experimental results, it can be seen that the opening
orientation of the U-shaped steel damper during installation
influences the response of the component. The mechanical
property design expression should be combined with the
mechanical property expression of the single U-shaped steel
damper, and the load combination caused by the actual
installation should be considered.

FIGURE 9 | Finite element model. (A) The damper opening is oriented towards the hinge point. (B) The damper opening is back to the hinge point.

FIGURE 10 | Loading system.
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FIGURE 11 | Stress nephogram. (A) The opening backs to the hinge point. (B) The opening is directed towards the hinge point.

FIGURE 12 | Force-displacement hysteretic curve of the damper. (A) A–F, (B) A–S, (C) B–F, (D) B–S.

Frontiers in Materials | www.frontiersin.org July 2021 | Volume 8 | Article 7132218

Gao et al. U-Shaped Steel Damper

158

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


FINITE ELEMENT ANALYSIS

Introduction of Model
ANSYS software was used to establish an accurate finite element
model to verify the test results and stress response analysis. The
clamping plate and U-shaped steel damper are simulated with 4-node
SHELL181. According to the test, the elastic modulus of the material
obtained is 205,369MPa, the Poisson’s ratio is 0.3, the yield strength is
306MPa, and the ultimate strength is 450MPa Link180 rod element
was used to simulate the hinged restraint device. Multi-linear material
model was employed for the U-shaped steel damper. Figure 9 is the
finite element model of the specimen. The astatic cyclic loading
process is adopted, controlled by displacement, to study the energy
dissipation capacity of the damper. Figure 10 shows the cyclic loading
displacement and the number of cycles.

Finite Element Analysis of Unidirectional
Tension and Compression
Through unidirectional tension and compression simulation of
the finite element model, its stress nephogram Figure 11 was

FIGURE 13 | The skeleton curve of the damper.

TABLE 4 | Mechanical behavior of a finite element.

Specimen Initial stiffness (kN/mm) The yield load (kN) Yield displacement (mm)

A–F 11.85702 23.71404 1.922
A–S 16.73798 30.47596 1.881
B–F 4.433,261 16.38729 3.8712
B–S 8.40715 25.23257 3.7632

FIGURE 14 | Stiffness degradation curve.
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TABLE 5 | Damping performance comparison.

Specimen Equivalent lateral stiffness
Keq/(N·m−1)

Maximum hysteretic loop
area ΔW/(N·m)

Equivalent viscous damping
coefficient ζe/%

A–F 1.968 × 106 1866.39 41.76
A–S 2.591 × 106 2,551.37 43.41
B–F 1.601 × 106 1,361.16 37.48
B–S 2.415 × 106 2,297.49 41.94

FIGURE 15 | Curves of parametric analysis. (A) Curves of length and initial stiffness. (B) Curves of width and initial stiffness. (C) Curves of thickness and initial
stiffness. (D) Curves of radius and initial stiffness.
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obtained. The deviation between the model data and the theory is
small, and the degree of coincidence is high. It is shown that the
numerical model has good accuracy.

Analysis of Hysteretic Property
Figure 12 depicts the load and displacement relations obtained in the
finite element analysis. The hysteresis curve obtained from the finite
element analysis is full and shuttle-shaped, which indicates that the
U-shaped steel damper has good energy dissipation performance. The
skeleton curve is shown in Figure 13 from the hysteretic loop curve.
The mechanical properties of the steel damper calculated by the finite
element method are shown in Table 4. As can be seen from the table,
the initial stiffness of specimen A–S is 1.41 times that of specimen
A–F, and the yield load is 1.29 times that of specimen A–F. The initial
stiffness of specimen B–S is 1.91 times that of specimen B–S, and the
yield load is 1.54 times that of specimen B–S. These results show that
the initial stiffness and yield displacement of the steel damper with the
opening towards the hinge point are larger than those with the
opening back towards the hinge point.

Equivalent lateral stiffness:

Keq � Fmax − Fmin

Δmax − Δmin
(20)

WhereΔmax,Δminare the forward and reverse maximum loading
displacements, respectively; andFmax ,Fminare the external forces
corresponding to the maximum forward and reverse loading
displacement, respectively (Xu and Liu, 1995).

According to the formula, the equivalent lateral stiffness of
each cycle loading can be obtained, and the stiffness degradation
curve is shown in Figure 14. As can be seen from the figure, the
stiffness of the secant isoline of each group of specimens showed
obvious stiffness degradation at the first loading stage. The
stiffness of specimens A–S was always greater than that of
specimens A–F, and the stiffness of specimens B–S was always
greater than that of specimens B–F.

The equivalent lateral stiffness of the last cycle of cyclic loading
calculated according to the formula is shown in Table 5. The
equivalent lateral stiffness of A–S is 1.32 times that of A–F, and
the equivalent lateral stiffness of B–S is 1.51 times that of B–F.
The results show that the U-shaped damper whose opening is
toward the hinge point has higher equivalent lateral stiffness. The
maximum hysteretic loop area in Table 5 is the hysteretic loop
area corresponding to the maximum displacement loading. The
hysteretic loop area represents the amount of energy consumed
by the U-shaped steel damper.

The equivalent viscous damping coefficient is an important
index to judge the energy dissipation capacity of a structure or
member in earthquake resistance.

ξe � EDS

4πES
(21)

ES � 1
2
KeqΔ2

max (22)

Where EDS is hysteretic damping energy dissipation, and is equal
to the area surrounded by the curve at the maximum
displacement; ES is the maximum strain energy (Zhou, 2013).

The equivalent viscous damping coefficient is related to the
displacement of cyclic loading. The larger the energy
dissipation effect is, the more obvious it is. The equivalent
viscous damping coefficients listed in Table 5 all correspond to
the values at the maximum cyclic loading displacement, so the
damping coefficients are significant. It can be seen from the
table that the equivalent viscous damping coefficient is A–S >
A–F and B–S > B–F, indicating that the U-shaped damper
whose opening is toward the hinge point has a more obvious
energy dissipation effect.

PARAMETER SENSITIVITY ANALYSIS

Geometric parameters have an important effect on the
mechanical properties of U-shaped steel dampers. The
parameter sensitivity of the component was analyzed by
ANSYS finite element software. A model with a length of
40 mm, a width of 100 mm, a thickness of 9 mm, and a radius
of 40 mm was taken as the initial model, and the initial
stiffness of components under different parameters was
compared and analyzed.

Figure 15A shows the curve of length and initial stiffness.
The length parameter range is 15–200 mm, and the group
distance is 5 mm. Other parameters are consistent with the
original model. As the length of the U-shaped damper
increases, its initial stiffness decreases and approaches
zero. The length is inversely proportional to the initial
stiffness and is more sensitive in the 15–55 mm range.

Figure 15B shows the curve of width and initial stiffness. Except
for width, other parameters are consistent with the original model.
The width parameter range is 10–200mm, group distance is 5mm.
As the width of the U-shaped damper increases, its initial stiffness
increases, and its sensitivity is larger in the range of 10–40mm.

Figure 15C shows the curve of thickness and initial stiffness.
Except thickness, other parameters are consistent with the
original model. Thickness range is 4–30 mm, group distance is
1 mm.As the thickness increases, its initial stiffness increases, and
the greater the thickness, the more sensitive it is.

Figure 15D shows the curve of radius and initial stiffness.
Except radius, other parameters are consistent with the
original model, the radius range is 11–63 mm, group
distance is 2 mm. The initial stiffness decreases with the
increase of radius, and it is more sensitive in the range of
11–23 mm. It can be seen from the figure that the parameters of
U-shaped metal damper have a great influence on its initial
stiffness, which should be considered reasonably in the design
and application.

CONCLUSION

In this paper, a theoretical formula for the mechanical properties
of the U-shaped steel damper is presented. In addition, the
experimental verification and finite element analysis of the
U-shaped steel damper are also carried out. The main research
results are summarized as follows.
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When a single U-shaped steel damper has tension and
compression, the end-load of the damper is the coupling of
vertical force and bending moment. When the opening
direction is different, the performance expression form is
the same, but the vector positive and negative regulations are
different, which should be differentiated in practical
application.

According to the load-displacement relationship curve, the
mechanical properties of U-shaped steel dampers vary with the
opening directions in the tension-compression experiment.
Through the comparative analysis of theoretical and
experimental results, it is shown that the mechanical property
expression of the U-shaped steel damper proposed in this paper is
reasonable and feasible and can describe the plastic failure
mechanism of a U-shaped steel damper, which provides a
theoretical basis for the design and manufacture of the
U-shaped steel damper.

In the study of finite element analysis, the results of finite
element analysis obtained through monotonic loading are in
good agreement with the test results. The hysteretic curves of
all specimens obtained through repeated static loading
simulation of a U-shaped steel damper by finite element
software are full and in the shape of a shuttle. Compared with
the damper whose opening is back to the hinged point, the
damper whose opening is towards the hinged point has
higher initial stiffness and equivalent viscous damping
coefficient, and the energy dissipation effect is more obvious.

Parameters of U-shaped steel dampers greatly influence their
initial stiffness, which should be taken into account in the design
and application of U-shaped steel dampers.

Parameters of U-shaped steel dampers greatly influence their
initial stiffness. The result shows that increasing the straight
section length and end arc radius can reduce initial stiffness,
and increase the thickness and width can increase initial stiffness.
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Umbilicals Using OFDR Technology in
Fatigue Tests
Yuanchao Yin1, Peng Yu1, Ziguang Jia2, Shanghua Wu1, Qingzhen Lu2*, Jun Yan1 and
Qianjin Yue2

1Department of Engineering Mechanics, Dalian University of Technology, Dalian, China, 2School of Ocean Science and
Technology, Dalian University of Technology, Panjin, China

Prototype fatigue tests simulate in-place working conditions of dynamic umbilicals that are
usually conducted to verify fatigue life. The fatigue failure hot spot locates on the top
segment of the umbilical. The umbilical reaches a maximum curvature at the hot spot. The
hot spot position of the umbilical is always inside or near the bend stiffener. The radial gap
between the umbilical and the bend stiffener is very small, making it difficult to put
traditional sensors in the gap. In this work, a prototype umbilical tension-bending test
is conducted, and the optic frequency domain reflectometer (OFDR) technology is utilized
to measure the distributed strain of the umbilical inside the bend stiffener. The curvature of
the umbilical is obtained to locate the fatigue hot spot in order to verify the feasibility of this
approach. The test results show that the umbilical curvature can be measured well with the
use of OFDR technology. The influence of tension and swing angle on the position of the
maximum curvature is studied. The method proposed in this article provides a valuable
approach for curvature monitoring in the application of dynamic umbilical fatigue tests.

Keywords: optic fiber sensor, curvature, dynamic umbilicals, bend stiffener, prototype fatigue test

INTRODUCTION

Dynamic umbilicals play an important role in offshore oil and gas development. They are used to
connect the upper floater and the subsea Christmas tree system supplying necessary control, energy,
and chemicals. The fatigue life of the umbilicals should be predicted to ensure dynamic application.
Prototype fatigue test of umbilicals is the most reliable and acceptable method to verify the predicted
fatigue life, which must be conducted before the in-field application. The key of the prototype fatigue
test is to simulate the behavior of the umbilical during its in-place working condition accurately.
Proper measurement methods should be applied to monitor the umbilical behavior and performance
during the fatigue test.

The in-place working condition of the umbilical is shown in Figure 1. The top segment of the
umbilical is believed to be a critical area in fatigue analysis and test, which is simulated in the
prototype fatigue test. The fatigue failure hot spot is in this area as the structure in this area sustains
the highest tension load and the maximum alternating curvature (He et al., 2020a).

The umbilical behavior of this area is difficult to predict due to the complex contact and
interaction with the bend stiffener. The bend stiffener is a polymeric conical shape structure with
nonlinear mechanical characteristics. The polyurethane material of the bend stiffener is viscoelastic.
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The shape of the bend stiffener and the cross-section of the
umbilical are shown in Figure 2. The radial gap between the bend
stiffener and the umbilical is illustrated in Figure 2A. The size of
the gap is normally 5–15 mm. The gap leads to different
deformation and curvature of the bend stiffener and the
umbilical. Figure 2B shows the cross-section of an umbilical;
the components are unboned and free to slip in the umbilical,
which leads to its nonlinear bending stiffness. Several studies have
been conducted to obtain the curvature and bending behavior of
umbilicals in this area. Tang et al. (2015) have developed an
analytical model considering the material and geometrical
nonlinearity of the bend stiffener to calculate the curvature of
the top segment of the flexible riser. Vaz et al. (2007) and Caire
(Caire et al., 2016; Caire and Vaz, 2017) have proposed analytical
formulation for bend stiffeners considering nonlinear
viscoelasticity. Ruanet et al. (2017) have conducted a dynamic
analysis of a flexible riser with bend stiffener. However, the above

researches were mainly focused on obtaining the behavior of bend
stiffener instead of the umbilical. Determining the location of the
maximum curvature is challenging using analytical methods.

Different measure methods were utilized to obtain the
curvature of the umbilical by fatigue tests. He et al. (2020b)
have applied an image-based technique using the optical target
tracking method to measure and monitor the curvature
distribution of a bend stiffener in full-scale bending-tension
tests. Leroy and Estrier (2001) have used parallel strain gauges
to obtain axial and transverse strain variations in tension armors
and calculate the bending behavior of a flexible riser. However,
the curvature of the umbilical is different from the bend stiffener.
The location of the maximum curvature is different in the two
structures, which leads to different analysis results for fatigue. The
curvature of the umbilical inside the bend stiffener cannot be
measured directly by traditional measure methods. The radial gap
between the bend stiffener and the umbilical is small, making it

FIGURE 1 | In-place working condition of dynamic umbilical.

FIGURE 2 | Shape of bend stiffener and Cross-section of the umbilical.
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difficult to place the sensor. It is necessary to develop a method to
obtain the curvature of the umbilical and locate the hot spot in the
fatigue test for a more accurate fatigue life analysis.

Optic fiber sensing technology has been applied in many
domains for its advantages in parameters measurement in field
and laboratory tests. Fiber-optic sensors are used to transmit and
sense signals such as strain, temperature, and pressure. Compared
with other sensors, the fiber-optic sensor has a small size, which
makes strain measure or monitor in small spaces possible. The
sensor can be multiplexed along the length of a fiber for more
measurement points. The optic fiber sensing technology also has
advantages of high accuracy, low loss, and immunity to
electromagnetic interference (Li et al., 2014). Different kinds
of sensing technology using fiber-optic sensors were
developed, such as fiber Bragg grating (FBG) sensors (Li et al.,
2011; Gautam et al., 2016; Matveenko et al., 2018) distributed and
dominated by Brillouin optical time domain reflectometer
(BOTDR) (Moffat et al., 2015; Wu et al., 2015) and by
Brillouin optical time domain analysis (BOTDA) (Inaudi and
Glisic, 2010). Ren et al. (2014) and Jia et al. (2019) have proposed
methods to detect pipeline leakage and its localization by FBG
sensors. Feng et al. (2019) have applied BOTDA technology to
measure the strain of the geotechnical structure with less than 4%
accumulated errors. Gao et al. (2018) have applied the OFDR
technology to measure the strain of the cast-in-place concrete pile
(PCC) by installing the optical fiber onto the surface of the PCC
pile. Ren et al. (2018) have applied the OFDR technique to
monitor pipeline corrosion and leakage. With the advantage of
the small size and continuous characteristics of OFDR
technology, a direct measurement of umbilical curvature may
be achieved.

This article presents a curvature distribution measurement of
dynamic umbilicals using high-accuracy OFDR-based strain
sensing technology. A prototype fatigue test of umbilical was
conducted with the fiber-optic sensors installed on the outer
sheath. The strain distribution on the tested umbilical inside the
bend stiffener was measured. The maximum bending curvature
spot of the umbilical was found and located. The influence of
tensile load and swing angle on the position of the maximum
curvature is studied.

PROTOTYPE FATIGUE TEST DESCRIPTION

A summary of the test method, test rig, test specimen, and test
setup are described in this section.

Test Method and Test Rig
The goal of the fatigue test is to simulate the true behavior of the
umbilical and bend stiffener system on the top segment of the
layout. The curvature of the umbilical is a critical parameter to
evaluate the accuracy of the simulation. The real working
condition behavior of the umbilical is simplified as a
combination of tension and in-plain bending. Constant tensile
load and alternating bending moments should be applied to the
umbilical in the fatigue test. The principle of the fatigue test is to
guarantee the similarity of strain where the maximum curvature

is reached, which leads to two critical control parameters of the
test: the location and value of the maximum curvature.

The maximum curvature always locates in the area where the
umbilical is inside of or near the bend stiffener. The curvature of
the inside umbilical is difficult to be calculated using the
theoretical analysis model due to the complex contact behavior
and the nonlinear characteristics of the bend stiffener and the
umbilical. It is necessary to obtain the curvature of the umbilical
for an accurate fatigue test. As the curvature is the response of the
umbilical, trail tests should be conducted to obtain the loading
parameters.

To guarantee the accuracy of the prototype fatigue tests,
the following items should be taken into consideration and met.
The curvature at the end of the tension actuator should
reach zero by designing the length of the test specimen. The
length of the swinging head from the installation end to the
rotation center should be designed. Under the condition that the
fatigue response of the umbilical remains unchanged, the test
frequency should be increased properly to shorten the test
duration.

A prototype tension-bending fatigue test of a system
involving umbilical and bend stiffener was conducted by the
fatigue test rig from Dalian University of Technology (DUT).
The schematic picture of the test rig is shown in Figure 3. The
test rig simulates real in-place working conditions of the
umbilical by applying constant tensile load by hydraulic
actuators. The reciprocating bending moment is applied by
a swing head linked to a rotation center. The test rig is
adjustable with a test length of umbilicals or flexible risers
up to 20 m. The swing head of the test rig is also adjustable
from 1 to 3.5 m. The test rig can meet most of the testing
requirements for dynamic umbilicals, cables, and flexible
risers. The maximum tension capacity of the test rig is
500 kN. The maximum bending capacity is 150 kNm with a
swing angle within ±15°. The tension and bending actuators
are free to rotate in the bending plane with a hinge joint, which
leads to a more accurate simulation. The test frequency of the
test rig can reach up to 0.1 Hz.

Test Specimen and Test Setup
A dynamic umbilical was applied in this test. The key parameters
of the umbilical are listed in Table 1. A bend stiffener was
assembled on the umbilical. The geometry shape of the bend
stiffener is illustrated in Figure 2A. The geometry parameters of
the bend stiffener are listed in Table 2.

A global Cartesian coordinate system (X, Y) is adopted to
describe the measurement location of the umbilical, as shown in
Figure 2A. The origin point (0, 0) is at the top of the bend
stiffener. The distance from the origin point to the swing center of
the swing head is 2.5 m. The length of the test sample is 16 m. The
length of the bend stiffener is 2.92 m.

The constant tensile load applied in the test is 100 kNN. The
swing angle applied in the test is from 0° to 8°, which is measured
by a tilt angle sensor placed on the swing head. Each test was
repeated three times to verify the accuracy of the results. The
average environment temperature and humidity during the test
are 23°C and 70%, respectively.
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Fatigue failure of the umbilical typically occurs
instantaneously. The behavior of the umbilical should be
measured during the fatigue test to infer and analyze the
failure. Load cells and tilt sensors are applied to monitor
the loads applied to the umbilical. Curvature distribution,
change of the tension stiffness, temperature, pressure of
tubes, and continuity of photoelectric signal should be
monitored during the test. Four groups of tests were
conducted as listed in Table 3.

DISTRIBUTED OPTICAL FIBER SENSING
TECHNOLOGY

Methods of Curvature Measurement
Different measure methods were attempted to obtain the
curvature distribution and the location of the maximum
curvature.

The measurement of the direct shape and deformation of the
structure is believed to be the best method to measure the
curvature due to its accuracy. Linear Variable Displacement
Transformers (LVDT) or potentiometers are standard sensors
for distance measurement. A large number of sensors are needed
to draw the distribution of the curvature. Advanced sensors such
as laser displacement sensors and optical target tracking
technology can be employed for curvature sensing. However,
this method can only obtain the external shape of the bend
stiffener whose curvature is different from that of the umbilical, as
stated before.

Considering the contact between the umbilical and the bend
stiffener, a matrix piezoelectric sensor can be applied to measure
the pressure distribution of their interface. The curvature can be
obtained by analyzing the relationship between pressure and
curvature through the numerical model. Moreover, the contact
behavior can be different with the use of the sensor. The accuracy
of this method needs to be verified.

The strain of the outer sheath can reflect the curvature of the
umbilical when a simple load is applied. The traditional way of
strain sensing is by the strain gauge. The strain gauge can only be
pasted on the interface of the umbilical with single point
measurement. The curvature distribution measurement
requires a large number of sensors. Moreover, the space
between the umbilical and the bend stiffener is limited, which

FIGURE 3 | Schematic and picture of the test rig.

TABLE 1 | Key parameters of the umbilical.

Parameters Value

Outer diameter 121 mm
Design water depth 500 m
Tension stiffness (EA) 4.68 e8 N
Bending stiffness (EI) 5.3 e3 Nm

TABLE 2 | Geometry parameters of the bend stiffener.

Shape parameters L1 L2 D1 D2 d

Value (mm) 420 2,500 300 141 121

TABLE 3 | Test conditions.

Test group Tensile load (kN) Swing angle (°)

Test 1 0–90 0
Test 2 100 8
Test 3 100 3/5/8
Test 4 40/60/80/100 8
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leads to the difficulty of the lead-out conducting wires. The fiber-
optic sensor has a small shape and can sense multiplexed points
along the fiber. This sensing technology requires no conducting
wires. The advantages of the fiber-optic sensor make it a potential
method for curvature measurement.

The comparison of different methods of curvature
measurement for umbilical is listed in Table 4.

Principle of Distributed OFDR Technology
Distributed OFDR technology was developed by Eickhoff in 1981
(Eickhoff and Ulrich, 1981). The principle of ODFR is shown in
Figure 4. The laser source emits continuous and tunable lights.
The lights go through an optic fiber coupler and are divided into
two parts. One part of the emitted lights is sent to the fiber-optic
sensor. The Rayleigh backscattering light is produced as signal
lights. Light frequency and spectrum change when strain or
temperature changes on the sensor. The other part of the
emitted lights is reflected back and passes through polarization
controllers, used as the reference beam. The reflected signal lights
and the reference beam are coupled by the optic fiber coupler and
sent to the detector.

The light spectrum changes with the strain or temperature
change. The light spectrum between the reflected Rayleigh
backscattering light and the reference beam can be measured,
compared, and analyzed in the detector. Meanwhile, the optical
frequency of the Rayleigh backscattering light at different
positions is different due to the tunable laser source. The light
frequency can be detected and analyzed by the detector. The

following relationship between spectrum, strain, and temperature
can be given:

Δλ
λ � −Δνν � KεΔϵ + KTΔT ,

where ε and ΔT are the variations of strain and temperature, Kε

andKT are the sensitivity coefficient of strain and temperature, Δλ
is the change of the resonance wavelength, Δ] is the spectrum
shift, and λ and ] are the mean wavelength and frequency. Based
on the above principles, the strain and temperature at different
positions of the fiber-optic sensor can be obtained.

Layout of Fiber-Optic Sensor
The layout and protection of the fiber-optic sensor are very
important. The umbilical and the bend stiffener may have a
large contact force and friction force during the fatigue test. The
fiber-optic sensor is fragile and has a low capability of resistance
to shear stress. The fiber-optic sensor may break off if it was glued
on the surface of the umbilical. Several attempts were made to
find a method to protect the fiber-optic sensor. The layout of the
fiber-optic sensor and system is shown in Figure 5. The main
steps are introduced as follows.

Take off the bend stiffener and reserve enough measurement
length for the fiber-optic sensor. The reserved length should be
longer than the length of the bend stiffener, so the end of the fiber-
optic sensor can be out of the bend stiffener. Then, draw a line
along the outer sheath of the umbilical, which is the location of
the sensor. Cut a U-shape notch along the line with a depth of

TABLE 4 | Comparation of different methods of curvature measurement.

Sensors Measurement
parameters

Advantage Disadvantage

LVDT/potentiometers Distance Accurate Not suitable for direct measure
Laser displacement sensor/optical target tracking
camera

Distance Accurate, non-contacting, distributed
sensing

Not suitable for direct measure

Matrix piezoelectric sensor Pressure Correct measurement location Different contact behavior, lack of validation
Strain gauge Strain Correct measurement location One-point measure, limited measurement

space
Fiber-optic sensor Strain Accurate, distributed sensing Lack of validation

FIGURE 4 | Principle of ODFR.
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2–3 mm. The whole fiber-optic sensor should be placed inside the
notch, as shown in Figure 5A. Clean the notch and lay the fiber-
optic sensor inside it. The fiber-optic sensor should have enough
reserved length on both ends for the follow-up connection with
the measure instrument. Fix the fiber-optic sensor at one end of
the notch with glue 502 or similar glue with a short coagulation
time. After the sensor is fixed at one end, gently stretch the fiber-
optic sensor on the other side of the notch with a small weight. Fix
several points along the sensor using glue 502. Pour the epoxy
resin into the notch and cover the fiber-optic sensor. The fiber-
optic sensor will be well prepared after the coagulation of the
epoxy resin for 24 h. Put back the bend stiffener after all the
sensors are prepared.

The advantage of this method is that the fiber-optic sensor can
be protected. The sensor is sensitive to measure the strain change
of the umbilical. Moreover, both ends of the fiber-optic sensor can
be connected to the measurement instrument if one end of the
sensor is broken.

The sensing fiber used in the test is a standard single-mode
optical fiber coated by Hytrel® 6,356 material. The diameter of
the optical fiber is 0.9 mm. LUNA ODiSI 6000 was applied as
the measurement instrument in this test. The schematic of the
curvature measurement system using fiber-optic sensors in the
fatigue test is shown in Figure 5B. Three fiber-optic sensors were
installed on the umbilical. The angles between the fiber-optic
sensor and the neutral surface are 0°, 45°, and 90°. The length of
each fiber-optic sensor is approximately 6 m. Each point on the
fiber-optic sensor can be seen as a sensing point. The gage pitch
on the fiber-optic sensor was set to 2.6 mmwith a 25 Hz sampling
frequency. The position of the start point of the measure segment
can be set by pressing the gauge pitch before the test.

Curvature Algorithm
The strain on the outer sheath of the umbilical can be measured
through the fiber-optic sensor. As the umbilical sustains the
combination of tension and bending, the measured strain can
be written as follows:

ε � εtension + εbending .

The curvature of the umbilical is caused by the bending stress
and can be written as follows:

κ � εbending
y

� 2εbending
dsinθ

� 2(ε − εtension)
dsinθ

,

where y is the distance from the fiber-optic sensor to the neutral
surface, θ is the angle between the fiber-optic sensor and the
neutral surface, d is the outer diameter of the umbilical.

Fiber-optic sensor No. 1 lays on the neutral surface. When the
umbilical is under the combined load of tension and bending, the
longitudinal stress and strain caused by bending are zero. The
strain measured by sensor No. 1 represents the pure tension
strain.

ε1 � εtension.

The average curvature is calculated in this test and can be
written as follows:

κ � ε3 − ε1
d

+ �
2

√ ε2 − ε1
d

,

where ε1, ε2, ε3 is the measured strain of fiber-optic sensors No. 1,
No. 2, and No. 3.

TEST RESULTS AND ANALYSIS

Pure Tensile Test and Static Trial Test
To observe the performance of the applied fiber-optic sensor on
the umbilical, a trail pure tension test was conducted. In this test,
the swing head of the test rig is in the horizontal position. There is
no contact between the umbilical and the bend stiffener in this
trial test. A pure tensile load of 0–90 kN was applied to the
umbilical. The test results are shown in Figure 6. The strain of the
three sensors was recorded to verify if the sensor is fixed well onto
the umbilical. The tension strain on the umbilical should be stable
along the umbilical. Figure 6A shows the strain along the
umbilical on different pure tensile loads of the No. 3 fiber-
optic sensor.

FIGURE 5 | Layout of the Fiber-optic sensor and system.
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As shown in Figure 6A, the strain along the arc length of the
umbilical tends to be stable and changes in a small amplitude. The
strain increases linearly on each point with the increasing tensile
load. There is a loss of strain at the location of 1.7 m along the arc
length. The decrease of strain is caused by the loose bond of the
sensor at this point. However, as the tension stress will be
subtracted during the test, the fluctuation of the tension strain
will not affect the test results. The results of the trial test prove
that the fiber-optic sensors are well fixed on the umbilical and the
measured strain meets the theoretical tendency. Figure 6B shows
the tension strain of the three different sensors at the same arc
length of 2 m. The error between the sensors decreases with the
increasing tensile force. The maximum error is 6.1% at the load of
90 kN.

A follow-up static trial test 2 was conducted to compare the
measured curvature through two different measurement
methods. A tensile load of 100 kN with an 8° swing angle was
applied in this test. The deformed shape of the bend stiffener was
measured by using a laser displacement sensor as stated in
Methods of Curvature Measurement section. The curvature of
the umbilical is calculated by the tested shape information of the
bend stiffener. The maximum curvature and its location in the
two measurement methods are compared, which is shown in
Table 5. The maximum curvature obtained by the twomethods is
almost the same. However, there is still a difference between the
location of the maximum curvature by the two methods. The
pitch of different measuring points by the laser displacement

sensor is smaller than the fiber-optic sensor. The maximum
curvature and its location will be measured more accurately by
applying a more densely measuring point by OFDR. As the fiber-
optic sensor is placed on the umbilical, it is believed that the data
of the OFDR method are more reliable.

The Influence of the Swing Angle on the
Curvature
Test 3 was conducted with a constant tensile load of 100 kN and
swing angle up to 8°. The test results are shown in Figure 7.
Figure 7A shows the curvature of the umbilical on different
swing angles. The curvature shows an increasing trend at the
starting area of the umbilical. The curvature reaches the
maximum point at the area between 0.16 and 0.27 m along
the arc length. Then, the curvature shows a decreasing trend. If
the bend stiffener is not applied with the umbilical, the
maximum curvature happens on the umbilical end. The
location of the maximum curvature moves towards the
middle segment along the umbilical by the influence of the
bend stiffener. The decrease rate of the umbilical increases
after 0.45 m, which is the length of the root of the bend
stiffener. The outer diameter of the bend stiffener decreases
at the location of 0.45 m along the arc length.

The value and location of the maximum curvature are shown
in Figure 7B. The maximum curvature increases linearly with
increasing swing angle. The location of the maximum curvature
moves to the end side with increasing swing angle. The test results
show that the location of the maximum curvature of the umbilical
is not at the same place with the change of swing angle, the area in
which the maximum curvature lays is determined. Rigorous
monitoring of the umbilical should be conducted in this area,
such as more dense distribution of sampling points and damage
monitoring of the umbilical.

FIGURE 6 | Strain results of tension test.

TABLE 5 | Maximum curvature and its location measured by OFDR.

Measurement method Maximum curvature (m−1) Location (m)

Laser displacement sensor 0.105 0.1200
Fiber-optic sensor 0.099 0.1612
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The Influence of the Tensile Load on the
Curvature
Test 4 was conducted with a constant swing angle of 8° and the
tensile load changes. The test results are shown in Figure 8.
Figure 8A shows the curvature of the umbilical with different
tensile loads and the same swing angle of 8°. The maximum
curvature and its location are shown in Figure 8B. The result
shows that the curvature increases linearly with increasing tensile
load. The location where the maximum curvature happens differs
with the different tensile loads. The maximum curvature location
decreases with the increasing tensile load.With the increase of the
tensile load from 40 to 80 kN, the location of the maximum

curvature moves from 0.27 to 0.15 m along the arc length. When
the tensile load is larger than 80 kN, the location stays stable with
the increasing tensile load.

CONCLUSION

In conclusion, a new measurement method based on OFDR
technology was developed for monitoring the maximum
curvature in the dynamic umbilical fatigue test. A tension-
bending test was conducted to verify the feasibility of this
method. The experimental results of this study lead to the
following conclusions:

FIGURE 7 | Curvature results with different swing angle.

FIGURE 8 | Curvature results with different tensile loads.
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(i) The distributed OFDR technology was proved to be feasible to
measure the curvature of the umbilical inside a bend stiffener
in a prototype fatigue test. The maximum curvature and its
location can bemeasured successfully by utilizing this method.

(ii) The curvature of the umbilical measured by the fiber-optic
sensor is different from the direct displacement measure
outside the bend stiffener.

(iii) The maximum curvature of the umbilical increases linearly
with increasing tensile load and swing angle.

(iv) The location of the maximum curvature is in a specific area
instead of a fixed point with the change of tensile load and swing
angle. The location of the maximum curvature moves to the end
side of the umbilical with increasing tensile load and swing angle.
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Seismic Performance and
Strengthening of Purlin Roof
Structures Using a Novel
Damping-Limit Device
Baokui Chen, Bao Jia, Ming Wen* and Xiaodong Li

School of Civil Engineering and Architecture, Nanchang University, Nanchang, China

Purlin roof structure houses, which have the advantages of readily accessible materials and
simple construction, are widely used in rural areas of China. However, during earthquakes,
the wooden purlins tend to fall off and the walls crack. Therefore, it is necessary to monitor
the structural parameters of and strengthen the anti-seismic capacity of these structures.
To compensate for the seismic deficiencies of the purlin roof structure, a novel damping-
limit device installed at the connection position of the gable and the wooden purlin was
proposed. In this study, the seismic performance and reinforcement effect of the brick-
wood structure with the purlin roof were analyzed through numerical simulation. The
research results indicate that the novel damping-limit device proposed in this study can
significantly reduce the local stress concentration and the seismic response of the
structure, and thereby rectifying the seismic defect of falling purlin. Moreover,
compared with the traditional strengthening method, the novel device is more
convenient to install and the reinforcement quality is easier to ensure.

Keywords: purlin roof, brick-wood structure, seismic performance, seismic strengthening, damping-limit, numerical
simulation

INTRODUCTION

China’s rural traditional residential buildings have distinctive regional characteristics and are a
precious part of the country’s material cultural heritage. Due to the geographical and regional
cultural differences, there are variations in the structural forms of China’s rural houses. In rural areas
of southern China, especially Jiangxi, Anhui, Hunan, Hubei, and other provinces, the brick-wood
structure house with purlin roof is a popular residential form. With this structural form, the bearing
wall is built into a triangle of single or double slope based on the needs of the roof. The wooden
purlins are directly lapped on and supported by the gable. The wooden rafters are laid on the purlins,
then the tiles are laid on the wooden rafters. The weight of the roof can be transmitted by the purlins
to the gable to bear, and then support the entire weight of the roof. With their simple construction,
readily available material, and low cost, these buildings are widespread in the rural areas of southern
China.

Nevertheless, studies have found that the purlin roof structure is vulnerable to severe damage
from earthquakes. The authors visited hundreds of villages in Jiangxi Province and found that purlin
roof structure houses are widespread. Most of them predate the 1980s and lack seismic structural
measures, so their seismic resistance is clearly insufficient. A survey (Zhu et al., 2016) on the safety of
more than 500 brick-wood structure houses in Hunan Province, China, found that 53% of the houses
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had unsafe individual components, and 12% were partly or
completely dilapidated. The roof and the bearing walls are
overlapped only by the wooden purlins through the wall, and
the purlins are not constrained. As a result, during an earthquake,
the seismic inertia force is transmitted to the purlins, resulting in
excessive displacement that knocks them off. In addition, stress
concentration occurs at the top of the gable, resulting in the wall’s
partial or even total collapse. Moreover, most of these buildings
were built in the 1970s and 1980s, and have been in disrepair for
years. The walls are row-lock cavity walls and made of mixed-use
brick and adobe masonry. These defects compromise the global
stability of the walls. Consequently, there is an urgent need to
enhance the earthquake resistance of this type of house, which
can not only protect the safety of the lives and property of rural
residents but also help maintain the traditional architectural style
of the countryside.

In the past decade, many scholars have researched the seismic
performance and failure mechanism of unreinforced masonry
(URM) structures (Park et al., 2009; Mendes et al., 2014;
Derakhshan et al., 2020). An and Li (2020) analyzed the
seismic damage of brick-wood structure buildings in the MS

6.5 Ludian earthquake in Yunnan, China, and found that
under the action of seismic load, vertical cracks first appeared
at the junction of vertical and horizontal walls and under beams
and purlins. Masonry at the junctions and corners of longitudinal
and cross walls are prone to break away, leading to partial or
complete collapse. Korkmaz et al. (2010) studied the seismic
performance and damage characteristics of traditional Turkish
houses. They found that the causes of widespread damage of
masonry buildings in the recent earthquakes in Turkey are low
tensile and shear strength of masonry, inferior mortar, the
haphazard layout of openings which led to stress
concentration, and construction defects such as using
substandard materials and leaving unfilled joints in the
masonry. Varum et al. (2018) studied the seismic performance
of buildings after the MW 7.8 Gorkha earthquake in Nepal in
2015. They found that, in most URM buildings, the orthogonal
walls showed incompatible deformations due to a lack of proper
connection between them, evidence of poor integrity.
Furthermore, due to an absence of integration among
structural components, out-of-plane failures were more serious
than any other type of failure.

To solve the problem of insufficient seismic capacity of URM
structures, many mature seismic consolidation technologies have
been used around the world. Common seismic strengthening
measures include adding cement mortar surface reinforced with
steel mesh, adding ring beams and constructional columns (Xuan
et al., 2016), and fiber reinforced polymer (FRP) (ElGawady et al.,
2006; Saleem et al., 2016). Moreover, the high ductile concrete
(HDC) developed by Deng et al. (2020a), Deng et al. (2020b)
based on the engineered cementitious composite design principle
is durable, strong, and resistant to cracks. Many experimental
studies have shown that plastering HDC on masonry walls can
significantly improve a structure’s bearing capacity, ductility, and
crack resistance. Shabdin et al. (2018), Basili et al. (2019) carried
out a diagonal compression test and tension test, respectively, on
the response of masonry walls strengthened with textile

reinforced mortar (TRM). The tests found that the shear
strength, diagonal load carrying capacity, and deformation
capacity of the wall were significantly improved after the TRM
was applied to the surface of the masonry wall, and the
improvement was even greater with double-sided plastering.
Borri et al. (2011) conducted an experimental study on
masonry panels to investigate the effectiveness of an
alternative shear reinforcement technique, based on the use of
high-strength steel cords embedded in a cementitious matrix.
Their results revealed a significant increase in shear strength and
stiffness, so the technique is more effective in low shear strength
masonry.

The consolidation measures mentioned above are aimed at the
reinforcement of load-bearing walls; there has been little research
on the improvement of the walls at the peak of the gables and the
wooden roof truss systems. The gable peak and the purlin roof are
easily damaged by earthquakes, so protecting them will improve
the safety of building residents, and of their property. There is an
urgent need to enhance the research on the retrofitting of gable
peaks and the purlin roof system in the hope of preventing their
collapse.

The seismic strengthening of traditional rural houses in
southern China was investigated. It was found that most of
the purlin roof structures “wear coats and hats:” cement
mortar layer is used to strengthen the wall, and the roof
materials are replaced with more durable glazed tiles and resin
tiles. However, this approach is time-consuming and expensive,
and is mostly done by unskilled construction teams. The
construction quality is difficult to guarantee, and it fails to
strengthen the weak connection between the wooden purlins
and the gables, and the stress concentration at the joint. Aiming at
the hidden dangers of seismic safety of the purlin roof structures,
this paper proposes a novel damping-limit device, which is
installed where the wooden purlin overlaps with the load-
bearing wall. The device can not only limit the displacement
between the wood purlin and the wall, prevent the purlin from
falling, but also improve the toughness, and seismic capacity of
the house. The laminated rubber material can significantly reduce
the response of the house under the longitudinal seismic load and
weaken the stress concentration at the joint. In addition,
compared with the traditional strengthening method, the
device’s quality is easy to control because it can be mass-
produced in a factory. The installation process is also simple,
so the quality of the reinforcement quality can be guaranteed.

ENGINEERING EXAMPLE

In this study, a typical brick-wood structure house with purlin
roof in Jiangxi Province, China, (Figure 1) was taken as an
engineering example. The two-story purlin roof structure house
was built in the 1980s. The height of the first floor, the second
floor, and the gable are 3, 2.4, and 2 m respectively; the walls are
240 mm thick. There is no floor between the first and the second
floor, only simple boards for stacking grain or sundries. The
house opens on three sides and has a double slope roof structure.
The walls are built with ordinary clay bricks and adobe masonry
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and are mostly row-lock cavity walls. Furthermore, the house
does not set ground beams, ring beams, and constructional
columns, so the structural integrity is not good. Considering
that the house has been used for a long time, mortar, andmasonry
have substantial aging and strength reduction, so enhancing the
stability of the house wall is the key content of reinforcement and
transformation. Besides, the roof system is to put wooden purlins
with a diameter of 200 mm and a length of more than 4 m on the
gable wall, and then the slats and tiles are laid on the purlins.
Some of the tiles have been damaged. In the subsequent
retrofitting process, the roof system needs to be carefully
inspected. For problems such as the unreliable overlap or
docking of the wooden purlins in the house, additional iron
parts such as nails are used for reinforcement, and the damaged
roof tiles are replaced.

NUMERICAL SIMULATION

Simulation Method
Masonry structure research is based on experimental research
and numerical simulation; the latter has the advantages of high
efficiency, low cost, and is suitable for repeated tests and
optimization analysis. Therefore, numerical simulation is used
in many fields of earthquake engineering research (Masi et al.,
2013; Wang et al., 2020; Chen et al., 2021). ADINA, a well-known
finite element analysis software program, has powerful functions
such as the stable solution of nonlinear analysis, and multi-
physics simulation, so it can quickly solve complex nonlinear
problems with almost absolute convergence. Accordingly, this
paper adopted ADINA to carry out finite element numerical
simulation on the purlin roof structure and established three
types of working condition models: 1) the unreinforced original
structure; 2) the traditional strengthening model reinforced with
steel mesh cement mortar layer and reinforced mortar belt; and 3)
the new strengthening model reinforced with the damping-limit
device. Through modal analysis and seismic response analysis,
the seismic performance, and damage characteristics of brick-
wood structures were analyzed, the seismic responses of the
structure before and after consolidation were compared, and
the effects of traditional and new strengthening methods were
discussed.

In general, there are two kinds of masonry wall simulation:
integral modeling and separate modeling (Ma et al., 2001).
Integral modeling simplifies the entire masonry wall, treats the
masonry and mortar as the same material, ignores the interaction
between them, and simulates it as a whole, which is suitable for
the finite element analysis of large-scale structures. Separate
modeling models the brick and mortar separately, considering
the interaction between them. It is suitable for small-scale finite
element analysis considering masonry failure mechanism, such as
a single wall. Due to the complexity of the row-lock cavity wall
and the large scale of the structure, this paper used integral
modeling to establish the finite element model of the brick-wood
structure. In addition, through the equivalent method, the wall
thickness of the model was adjusted to 190 mm to improve the
rationality of the row-lock cavity wall modeling and give the
model the same dynamic characteristics as the actual structure.

Traditional Strengthening Model
The external walls of this kind of structure are composed of a
mixture of brick masonry and adobe masonry. In this model, the
brick masonry is reinforced with the outer steel mesh cement
mortar surface layer. The vertical and horizontal steel wire
diameter is 3 mm, and the spacing is 150 mm (Figure 2A).
The hook screw is used for the steel mesh anchorage, and the
spacing is not more than 300 mm. The adobe masonry part is
enhanced by a double-sided steel mesh cement mortar surface.
The vertical and horizontal steel wire diameter of the steel wire is
also 3 mm, and the spacing is 120 mm. The mesh is anchored by
steel wire with a diameter of 4 mm through the wall, and the
spacing is not more than 500 mm. After the steel mesh is bound,
cement mortar with a thickness of 20–30 mm and a strength
grade of M10 is sprayed on or pressed into it.

Moreover, in the traditional strengthening method of this kind
of structure, the horizontal reinforced mortar belts are arranged
around the walls at the height of the cornice, and the vertical
reinforced mortar belts are arranged at the corners of the walls
and the junctions of the vertical and horizontal walls. This
arrangement is similar to that of ring beams and structural
columns, which can enhance the integrity and seismic
performance of the house. Their layout positions are shown in
Figures 2B,C. The height of the reinforced mortar belt is 240 mm
and the thickness is 50 mm. Detailed drawings of two types of

FIGURE 1 | A brick-wood structure house with purlin roof in Jiangxi, China (Unit: mm) (A) Facade photo (B) Plan view (C) Side elevation.
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reinforced mortar belts are shown in Figures 2D–F, in which the
vertical reinforced mortar belt is divided into “L” and “T” shapes.

Novel Strengthening Model
In the previous surveys and earthquake damage analysis of rural
residences, it was found that the triangular wall at the top of the
brick-wood structure lacks a reliable tie, and the wooden purlins
provide only limited longitudinal rigidity. In an earthquake, the
wooden purlins are prone to slip or even fall off, and the walls
collapse out of the plane. Finite element numerical simulation
found a serious stress concentration between the wood purlin and
the wall under the seismic load, leading to the partial or even
complete failure of the gable peak. The seismic performance of
the building is greatly reduced.

This study proposes a new type of damping-limit device for
the seismic safety of the purlin roof structure. In the new
strengthening model, 38 damping-limit devices were installed
at the overlap joint of gables and wooden purlins on both sides of
the original structure. The device is composed of a rubber
partition layer and two identical steel gaskets with thicknesses
of 20 and 10 mm, respectively. The rubber partition layer is
square and steel gaskets with the same cross-section shape are
connected on both sides of the rubber partition layer. The
wooden purlin is passed through the rubber vibration isolation
pad, and the purlin, rubber, and steel plate are bolted together, so
that the purlin and the rubber vibration isolation pad are under
the same force. When the seismic wave energy is transmitted to
the wooden purlin, it will be dissipated through the rubber
partition layer. The acceleration of the purlins and the
structure on them is greatly reduced, so when the compression

and impact on the wall are relieved, the stress concentration
phenomenon at the contact part and the cracking of the wall are
also significantly alleviated. Figure 3 shows the specific structure
and installation diagram of the device.

Material Properties
In this study, the masonry was regarded as homogeneous and
isotropic material, and the influence of the mortar joint was
considered only from the average, but the interface behavior
between masonry and mortar was not considered. The stress-
strain relationship of masonry under uniaxial compression
proposed by Liu (2005) was adopted as the constitutive
relationship of masonry:

σ
fm

� 1.96(
ε
ε0
) − 0.96(

ε
ε0
)

2

, 0≤(
ε
ε0
)≤ 1 (1)

σ
fm

� 1.2 − 0.2(
ε
ε0
), 1<( ε

ε0
)≤ 1.6 (2)

Where σ and ε are the stress and strain of the masonry under
compression, fm is the average value of the axial compressive strength
of the masonry, and ε0 is the maximum strain corresponding to the
maximum compressive stress, that is, the peak strain. Table 1 shows
some main parameters of masonry materials.

As a natural growth material, wood’s mechanical properties
show obvious anisotropy. At the same time, it is affected by
factors such as the growth environment, so the performance
varies greatly. Therefore, this paper adopted the mechanical
properties of the wood under the general ideal state, and
referred to the literature (Ding, 2015) to obtain the parameters

FIGURE 2 | Traditional strengthening method (Unit: mm) (A) Steel wire mesh layout (B) Front elevation layout of mortar belt (C) Side elevation layout of mortar belt
(D) Detail drawing of horizontal mortar belt (E) Detail drawing of L-shaped vertical mortar belt (F) Detail drawing of T-shaped vertical mortar belt.
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of the purlin (Table 2). In the table, EL, ER, and ET are the along-
grain, transverse-grain tangential, and transverse-grain radial
modulus of elasticity (MPa), respectively. μTL, μRT, and μLR are
the along-grain radial, transverse-grain radial, and transverse-
grain tangential Poisson ratio of the purlin, respectively. GLR,
GRT, and GTL are the longitudinal and tangential, radial and
longitudinal, tangential and radial shear modulus (MPa) of the
purlin, respectively.

Rubber is a hyperelastic material that is, almost
incompressible, with a Poisson ratio close to 0.5. The elastic
modulus of this kind of material changes constantly in the process
of loading, so the error of using elastic modulus and Poisson’s
ratio to describe its mechanical properties is large, especially
when it has obvious deformation. Accordingly, its mechanical
properties need to be described by strain energy function, and the
constitutive relation of each material is a special form of strain
energy density function. To define this kind of material model, it
is necessary to obtain the material stress-strain data or model
material constants. The rubber material used in this study
adopted the Ogden constitutive model (Başa and Itskov, 1998;
Beda, 2005; Kim et al., 2012), which is a rubber material model
whose strain energy density is represented by the principal
elongation. Eq. 3 is the expression of its strain energy density.

WD � ∑
9

n�1
{
μn
αn

(λαn1 + λαn2 + λαn3 − 3)} (3)

where αn and μn are the material constants of the Ogden model,
and λ1, λ2, and λ3 are the principal elongations in the three
directions. Table 3 shows the stress-strain data fitted by the
uniaxial tensile and plane shear test of rubber materials.

Seismic Wave Selection
In this study, three seismic waves were selected for time history
analysis of the model: EL-Centro, Taft, and Tianjin. The duration
of EL-Centro wave and Taft wave is 40 s and that of Tianjin wave
is 20 s. The acceleration time history curves of the three seismic
waves in the east-west and north-south directions are shown in
Figure 4. According to the Chinese code for seismic design of
buildings (GB 50011-2010), the seismic fortification intensity of
the main distribution areas of this structure is mostly 6 and 7
degrees, and the design basic seismic acceleration is not more
than 0.1 g. Consequently, this research only modulated the peak
amplitude of each seismic wave to 2.2 m/s2, which is the peak
acceleration of a rare earthquake of 7 degrees.

ANALYSIS OF CALCULATION RESULTS

Modal Analysis
Modal is the inherent and integral characteristic of the elastic
structure. Through the modal analysis method to analyze the

FIGURE 3 | Novel damping-limit device (A) Structural figure (B) Installation diagram.

TABLE 1 | Masonry material parameters.

Compressive strength
(MPa)

Tensile strength
(MPa)

Peak strain Young’s modulus
(MPa)

Poisson ratio Density (kg/m3)

3.33 0.315 0.003 2,400 0.15 2000

TABLE 2 | Wooden purlin material parameters.

EL ER ET μTL μRT μLR GLR GRT GTL

9,702 1955 1955 0.52 0.352 0.106 971 218 609

TABLE 3 | Rubber material stress-strain data.

Stress
(MPa)

−238.5 −103.5 −27.5 0 11.1 28.0 40.9 51.6 61.0

Strain −0.5 −0.3 −0.1 0 0.1 0.3 0.5 0.7 0.9
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features of themainmodes of the structure in a certain susceptible
frequency range, the actual vibration response generated by
external or internal vibration sources in this frequency band
can be inferred (Qu et al., 2017; Qu et al., 2018). In ADINA, by
calculating the participating coefficients of each mode in the X, Y,
and Z directions, the size relation of the influence coefficient of
each mode in each direction is judged. Based on the modal
frequency response theory, the dynamic stiffness of the
response point is the superposition and coupling of the
displacement of each mode to the point. The contribution of
the modal to the displacement of the point is the modal
participation factor. Through the frequency response analysis,
we can find out the peak of some frequencies. Modal participation
factor analysis can identify which main modal responses are
superimposed at the peak frequency, and output several modes
with large modal contribution according to the requirements, and

optimize the design according to the modal shapes. Tables 4–6
respectively show the natural vibration period and modal
participation coefficient of the first six modes of the three
types of working condition models.

Yang et al. (1982) present the following empirical formula for
the natural period of masonry structure:

T1 � 0.0168(H0 + 1.2) (4)

Where T1 is the basic period and H0 is the height of the structure.
According to the formula, T1� 0.0168× (7.4 + 1.2)� 0.144 s, which is
close to the numerical simulation result of 0.151 s with an error of less
than 5%, proving that the numerical simulation model is reasonable
to a certain extent. Unlike other structures, the shaking table tests of
the brick-wood structure are rare, and the numerical results in this
study are only compared with the theoretical solution of the basic
period of the masonry structure to verify the model.

FIGURE 4 | Time history curves of seismic wave acceleration (A) EL-Centro (B) Taft (C) Tianjin.

TABLE 4 | Natural period and modal participation coefficient of the original model.

Modal Frequency (Hz) Period (s) Participation coefficient

X-direction Y-direction Z-direction

1 6.62 0.151 213.6 0.1 0.077
2 7.74 0.129 −56.3 −0.43 −0.48
3 7.99 0.125 −1.58 5.84 43.2
4 8.08 0.124 −2.75 1.64 −37
5 8.16 0.123 2.88 1.56 5.19
6 8.21 0.122 −9.19 −2.86 −2.3
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The modal analysis result of the original structure model
shows that it was more inclined to X-direction vibration. This
may be because the structure has fewer longitudinal walls, and the
top of the gable is constrained only by wooden purlins. Therefore,
the X-direction vibration of the structure occurred before the
Y-direction vibration, indicating that the X-direction stiffness of
the structure is less than the Y-direction stiffness.

From the modal analysis of the traditional strengthening
model, the vibration of the model was found to be more
inclined to the Z-direction. This shows that the method has
better X- and Y-direction constraints on the structure.

From the modal analysis of the new strengthening model, the
Y-direction participation coefficient was shown to be greater than
that of the X-direction, indicating that adding rubber vibration
isolation pad constraints at the junction of the wooden purlin and
gable can improve the X-direction’s stiffness. Although the new
strengthening method is not as comprehensive as the traditional
in terms of improving the seismic performance of the structure,
the installation of the damping-limit device is simpler and the
construction is more convenient.

Displacement Response Analysis
Under the action of seismic waves, the displacement
responses of the three structural models were analyzed
separately, and the effect of reinforcement was analyzed by
comparing the displacement changes with time and height.
The model showed the same rule under the action of the three
seismic waves. Due to space constraints, some of the diagrams
take only the EL-Centro wave as an example to analyze the
results.

Figure 5 shows the displacement cloud images of the three
types of models extracted from ADINA when the maximum
displacement occurred in two directions. The figure shows that

the peak values of X-direction displacement of the three
structures all appeared at the top of the gable, indicating that
the out-of-plane stiffness of the top gable is smaller than that of
the lower wall, which was most obvious in the original structure.
The displacement image of the new strengthening model was
similar to that of the original structure, but the value was much
lower than that of the original one. In general, the effect of
traditional reinforcement on displacement was the best.

Owing to the increase of the stiffness of the gable after the
traditional reinforcement and the energy dissipation effect of the
damping-limit device, the excessive displacement of the gable was
significantly improved. At the moment of peak displacement,
four nodes with larger displacements were selected: the highest
node of the left and the middle gable, the cornice node of the front
facade, and the highest node of the inner longitudinal wall. We
then study the changes in their displacement time history under
three conditions.

The displacement curves along the time of the four positions
were studied sequentially, as shown in Figure 6. In a bi-
directional earthquake, the peak of the gable of the original
structure had a large deformation. The displacement time
history image shows that the structural displacement tended to
be stable after 30 s of ground motion. The lateral displacement of
the structure tended to zero in the later stage of the time, and the
cornice part remained elastic. Nevertheless, the longitudinal
displacement was still vibrating at about 1 mm and did not
tend to zero. Compared with the original structure, the
longitudinal displacement of the traditional model was
reduced about sixfold, and that of the new model was reduced
fourfold.

The reasons for this phenomenon are as follows: The gable
wall is high, and the cross-sectional area of the wall is greatly
reduced. However, the traditional residential structure does not

TABLE 5 | Natural period and modal participation coefficient of the traditional strengthening model.

Modal Frequency (Hz) Period (s) Participation coefficient

X-direction Y-direction Z-direction

1 6.68 0.150 0.193 1.05 17.1
2 6.74 0.148 −2.72 −1.44 −22.9
3 6.75 0.148 0.081 0.69 11.0
4 6.76 0.148 2.08 0.56 12.08
5 6.77 0.148 0.097 1.56 5.19
6 6.78 0.147 0.11 0.67 9.15

TABLE 6 | Natural period and modal participation coefficient of the new strengthening model.

Modal Frequency (Hz) Period (s) Participation coefficient

X-direction Y-direction Z-direction

1 8.200 0.122 0.085 37.27 1.15
2 8.230 0.122 0.95 −59.1 5.91
3 8.280 0.121 3.15 −0.92 −1.29
4 8.283 0.121 1.98 25.6 −1.60
5 8.297 0.121 −2.93 −13.8 −0.39
6 8.300 0.120 −15.8 −45.2 1.13
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provide consolidation measures at the gable, rigidity is
considerably weakened. The longitudinal rigidity of the
original structure is supported only by the wooden purlins,
and the inertial force causes the gable to move too much out
of the plane. As a result, some of the walls undergo plastic
deformation at the later stage of the ground motion, and thus
cannot be restored to their initial position. After traditional
reinforcement, cement mortar surface layers are added on
both sides of the top of the gable. The cement mortar is
stronger than brick masonry, which can absorb seismic energy
well and increase the out-of-plane stiffness of the gable. In the
new strengthening model, the purlin passes through rubber and
steel plates, which can increase its contact area with the wall.
Moreover, rubber can dissipate the energy generated by seismic
inertia force, improve the stress condition of components, and
reduce the displacement of the peak of the gable.

Extract the corresponding data to draw the displacement
envelope graph as shown in Figure 7 and the inter-story drift
angle as shown in Table 7. It was found from the figure that the
X-direction displacement of the wall below 5 m of the original
structure did not change significantly along with the height, but
that of the top of the gable increased suddenly. This is because of
the substantial stiffness of the lower part of the cross wall, and the
limited displacement under the support of the longitudinal wall,
which is more resistant to seismic force. After retrofitting, the
displacement of the wall at the whole height, especially at the top,
was clearly reduced. In addition, judging by the inter-story drift
angle (Jiang et al., 2018), the original structure is close to a
moderately damaged state, and the two reinforced structures are
in good condition.

Principal Tensile Stress Analysis
To explore the mechanical characteristics of the brick-wood
structure under seismic action, the principal tensile stress

cloud image was extracted from ADINA, and the mean
principal tensile stress at the peak of the gable was calculated,
as shown in Figure 8 and Table 8.

The cloud images show that the stress concentration of the
original structure was obvious at the junction of longitudinal
and cross walls, the overlap between the purlins and the walls,
and the peak of the gable. Some of the walls had exceeded the
failure load of the material by 0.33 MPa and are in a state of
failure. Among them, the top of the right cross wall in the
middle was almost completely destroyed and there was a risk of
collapse. The stress response of the lower part of the wall was
good, and there was only slight damage at the corner of the
window. After the traditional reinforcement, the stress
concentration at the junction of the longitudinal and cross
walls was significantly improved, and only slight wrecks
occurred at the junction of the internal wall. After the
strengthening of the damping-limit devices, the stress
concentration at the top of the gable was also significantly
improved, only minor damage occurred at the overlap of the
purlins and the gable, the junction of the walls, and the
surrounding of the opening. Table 8 shows that under the
action of the three seismic waves, the mean value of the
principal tensile stress at the gable peak of the traditional
strengthening model is reduced by about 60% compared with
the original structure, while that of the new strengthening model
is reduced by about 40%. Both methods reduce the tensile stress
at the peak of the gable. Of the two, the improvement effect of
the traditional one is more significant, but considering factors
such as cost and construction period, the damping-limit device
is preferable.

Shear Stress Analysis
Figure 9 and Table 9 show the shear stress cloud images
extracted from ADINA, and the mean value of the shear

FIGURE 5 | Displacement cloud images (EL-Centro) (A) Original model (B) Traditional strengthening model (C) New strengthening model.
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stress at the bottom of the wall under the action of three seismic
waves, respectively. The study found that in the original
structure, the shear stress concentration at the bottom of the
walls, the junction of the longitudinal and cross walls, and the
peak of the gable was obvious, especially the peak and the
bottom of the right cross wall in the middle had been
damaged, and there was a risk of collapse. As the duration of
the seismic wave increases, the plastic development became
more obvious, and the damaged area at the junction of the walls
showed an obvious downward trend. After the traditional
reinforcement, only the junction of the internal walls and the
openings were slightly damaged, which alleviated the excessive
shear stress of the walls, and the mean value of the bottom shear
stress was reduced by about 70%. After the new reinforcement,
the top of the gable, the junction of the walls, and the openings
were slightly damaged, and there was no plastic development
phenomenon relative to the original structure. However, the
reduction in the mean value of the bottom shear stress was very
small, and the shear stress concentration had not been
significantly improved compared to the original structure,
indicating that the method has a limited effect on the lower
part of the wall.

Acceleration Response Analysis
The magnitude of the acceleration reflects the dynamic response
of the house under the action of an earthquake. The greater the
acceleration, the faster the speed change, and the more
unfavorable the structural safety. Draw the acceleration time
history curve of the three points A, B, and C, as shown in
Figure 10.

The X-direction acceleration of the original structure was
increased by about 3.6 times compared with the amplitude-
modulated seismic wave. The acceleration response was strong,
and the range of change was large, which does serious damage to
the structure. The traditional reinforcement failed to greatly
reduce the acceleration response of the structure in the
X-direction, indicating that although the displacement of the
top gable was small, the swing speed changed rapidly. The new
reinforcement significantly reduced the acceleration response of
the wall. The maximum acceleration of the wall in the
X-direction was only 1.1 m/s2, 50% lower than the
acceleration of the seismic wave after amplitude modulation,
which has a good shock absorption effect. This is because rubber
can cushion the impact and the inertial force of the purlin on the
wall. On the longitudinal wall, the acceleration response was far

FIGURE 6 | Displacement time history curves of four typical positions (EL-Centro) (A) X-displacement of the left gable peak (B) X-displacement of the middle gable
peak (C) Y-displacement of the front facade cornice (D) Y-displacement of the inner longitudinal wall peak.
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less intense than that of the horizontal wall. The Y-direction
acceleration at the cornice was 1.6 m/s2, and the acceleration
response was good.

Among the three seismic waves, the EL-Centro wave had the
most violent response and the Tianjin wave had the least violent.
The X-direction accelerations of the gable peak under the action

FIGURE 7 | Envelope graphs of wall displacement (EL-Centro) (A) X-displacement of the left gable (B) X-displacement of the middle gable (C) Y-displacement of
the front longitudinal wall (D) Y-displacement of the inner longitudinal wall.

TABLE 7 | Maximum inter-story drift angle.

Model type El-centro Taft Tianjin

Original 1/518 1/479 1/593
Traditional 1/3984 1/5025 1/8065
New 1/2571 1/1350 1/3745

FIGURE 8 | Principal tensile stress cloud images (EL-Centro) (A) Original model (B) Traditional strengthening model (C) New strengthening model.
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TABLE 8 | Mean principal tensile stress of the gable peak.

Model type Seismic wave Mean principal tensile
stress (MPa)

Reduction compared to
the original model

Original EL-Centro 0.36 —

Taft 0.32 —

Tianjin 0.27 —

Traditional EL-Centro 0.13 64%
Taft 0.13 59%
Tianjin 0.11 59%

New EL-Centro 0.21 42%
Taft 0.19 41%
Tianjin 0.15 44%

FIGURE 9 | Shear stress cloud images (EL-Centro) (A) Original model (B) Traditional strengthening model (C) New strengthening model.

TABLE 9 | Mean shear stress at the bottom of the wall.

Model type Seismic wave Mean
shear stress (MPa)

Reduction compared to
the original model

Original EL-Centro 0.081 —

Taft 0.071 —

Tianjin 0.067 —

Traditional EL-Centro 0.027 67%
Taft 0.021 70%
Tianjin 0.015 78%

New EL-Centro 0.072 11%
Taft 0.066 7%
Tianjin 0.063 6%

FIGURE 10 | Acceleration response (EL-Centro) (A) X-acceleration at the peak of the left gable (B) X-acceleration at the peak of the middle gable (C) Y-acceleration
at the cornice of the facade.
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of three seismic waves were 8, 4.3, and 3.1 m/s2, respectively. The
magnifications were 3.64, 1.86, and 2.58, respectively.

CONCLUSION

In this study, numerical simulation was used to research the
seismic performance and reinforcement effect of the brick-wood
structure with purlin roof. Three types of models were established
by finite element analysis software ADINA: the original structure,
the strengthening model using the traditional method, and the
strengthening model using the novel damping-limit device. The
earthquake responses of the three models were compared, and the
main conclusions are as follows:

1) The novel damping-limit device proposed in this paper can
resolve the anti-seismic defects of the purlin roof structure.
First, the device can limit the displacement of the purlins and
prevent them from falling. In addition, the stress
concentration phenomenon at the connection position of
the wooden purlins and the walls was alleviated, and the
average value of the main tensile stress at the peak of the gable
was reduced by more than 40% compared with the original
structure. The displacement and cracking of the gable peak
had also been significantly improved, and the longitudinal
displacement of this part had been reduced by four times
compared with the original model.

2) The device has an obvious effect not only on the local but also
on the seismic response of the structure. After the newmethod
was used to strengthen the structure, the maximum inter-
story drift angle of the structure under the action of the three
seismic waves was only 23.8% of the original structure on
average. The maximum acceleration of the wall in the
X-direction was only 1.1 m/s2, about 50% lower than that
of the seismic wave after amplitude modulation, indicating
that the device also has a good control effect on the
acceleration response of the walls. However, it has no
obvious influence on the shear stress of the lower part of
the walls.

3) The study found serious defects in the seismic performance of
the unreinforced original structure. The walls, especially the
peak of the gables, are prone to excessively large out-of-plane
displacement in an earthquake. The maximum inter-story
drift angle was 1/479, which has reached a moderately
damaged state. Meanwhile, there was obvious stress
concentration at the junction of longitudinal and cross

walls, the bottom of the walls, and the peak of the gables,
all of which are prone to local damage or even collapse.

4) The traditional strengthening method has a better effect on
reducing the seismic response of structural walls such as
displacement and acceleration. Nevertheless, this technique
also has obvious disadvantages of being costly and time-
consuming. Moreover, most of the work is done by small
local engineering teams without construction qualifications,
so the quality of reinforcement cannot be guaranteed.

5) Since the damping-limit device is developed to reduce the stress
concentration at the gable peak and to prevent purlins from
falling, it does not increase the stiffness and strength of the
bearing walls. Therefore, the control of the stress at the foot of
the house and the displacement of the walls is limited, and the
reduction of the cracking of the cross walls is also lower than
that of the traditional method. However, this method is
convenient for construction and it is easy to ensure the
quality of reinforcement, which is more suitable for seismic
strengthening of rural houses. If this method is combined with
local wall strengthening, the overall seismic performance of the
structure can be greatly improved. Furthermore, with the
development of new building materials, it is possible to
consider using materials such as nylon plates instead of steel
plates to further reduce the cost and facilitate application.
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Holistic Design of Energy Pile Bridge
Deicing System With Ontology-Based
Multiobjective Decision Making
Peng Zhang1, Chunyi Cui1*, Chaoji Li 1, Cheng Zhang2 and Hailong Liu1

1Department of Civil Engineering, Dalian Maritime University, Dalian, China, 2Department of Civil Engineering, Xi’an Jiaotong-
Liverpool University, Suzhou, China

Even though the energy piles have been applied for the bridge deicing system, the traditional
design approach is commonly a single-domain and objective-oriented method and is
consequently lacking means to comprehensively consider all the relevant factors, such as
life-cycle cost, investment payback cycle, carbon emissions, etc. This paper presents a holistic
design scheme for the energy pile deicing system of bridge decks. In this paper, a holistic
designing tool, namely, OntoBDDS, was developed based on ontology method and SWRL
rules. It can automatically provide financial, safety, and heat flux information for designers to
evaluate and optimize the design scheme of a deicing system in the early design stage of a
bridge. After semantic and syntactical validation of the OntoBDDS system, a case study was
also conducted to demonstrate how to leverage knowledge query to provide a series of design
alternatives autonomously through considering different design parameters. This case study
also verified the practicability and feasibility of the OntoBDDS holistic decision-making system
and indicated its potential to be applied for other engineering problems when dealing with
multiobjective holistic design making.

Keywords: ontology, holistic design, energy pile, deicing, bridge

INTRODUCTION

Snow and icing are serious hazards that may severely influence the safety and the normal operation of
a transportation system. A slippery road surface may cause accidents (Lee et al., 2014) and huge
maintenance costs. Taking the United States as an example, the annual expense of ice and snow
removal is more than 2.3 billion US dollars, accounting for 20% of the US Department of
Transportation (DOT) winter road maintenance budget (Han and Yu, 2017). Therefore, how to
remove the ice and snow of bridge safely and effectively has become an important issue to ensure the
safe and efficient running of the transportation system.

Traditionally, the snow and ice on the pavement can be removed physically or chemically. The physical
method, by which the snow and ice are removed by specially designed vehicles or shovels, is a labor-
intensive yet low efficient method. The chemical methods also suffer from drawbacks such as corrosion to
the bridge structure, pollution to the environment, and limited working scenario; most chemical ice
removers are only effective below 3.9°C (Balbay and Esen, 2010). The energy pile system (Morino and
Oka, 1994) provided another safe and efficient solution to the deicing problem. Figure 1 demonstrates the
schematic of the energy pile-based deicing system (EPBDIS) for a bridge deck. It utilizes energy piles to
extract geothermal heat from underground and then pumps the heat into the exchange tubes beneath the
bridge deck for deicing. Compared with the traditional methods, the EPBDIS is labor-free and ecofriendly
(Miyamoto and Takeuchi, 2005; Brandl, 2006), which makes it promising in field applications.
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During the past decades, energy piles have been extensively
studied theoretically and experimentally. In terms of thermal
performance, a variety of numerical methods were proposed to
study the heat transfer performance of the energy pile bridge
deicing system and to verify its feasibility (Yari and Javani, 2010;
Dupray et al., 2014; Han and Yu, 2017). Besides, many
experimental studies and field tests were carried out to further
validate the effectiveness of the energy piles. In Liu et al. (2007)
and Balbay and Esen (2010), the authors conducted on-site
experiments on the heat transfer performance of the energy
pile bridge deck deicing system with a heat pump and verified
its feasibility. Kong et al. (2019) and Bowers and Olgun (2015)
studied and verified the thermal energy characteristics and
feasibility of heat pump-free deicing systems based on field
experiments. In addition, considering that the energy pile may
cause temperature stress among the bridge structure, the
influence of the energy pile on the bearing capacity was
investigated by many researchers. In Laloui (2011) and
Bourne-Webb et al. (2009), the effect of heat exchange on the
bearing capacity of pile foundation was discussed. Subsequently,
Amatya et al. (2012) and Ozudogru et al. (2015) discussed the
response of energy pile`s thermal performance with different end
constraints and ground conditions. Loveridge and Powrie (2013)
and Jeong et al. (2014) identified the key factors affecting the
thermal-mechanical interaction of energy piles.

An optimal design of the energy piles shall comprehensively
consider every related aspect, including the thermal exchange
efficiency, load capacity, finial cost, and environmental impacts.
However, previous studies mainly focus on a specific aspect of the
energy pile, neglecting the influence of other factors. For example,
Nagai et al. (2009) developed a numerical simulation program to
predict the temperature field of the system and evaluate the
system performance. Liu et al. (2018) considered the heat
transfer performance of the system and its economy and
verified the feasibility of the system in Canada. In addition,
due to the technical complexity of the ground source heat
pump system, the relevant information is distorted and
misunderstood when it is transmitted between different
professions and departments, causing unnecessary losses
(Zhang and Liao, 2015), which means that the rational use of
systems requires an accurate and recognized domain of
knowledge to ensure the accuracy of information transfer.

As a new semantic web technology, ontology can construct
accurate domain knowledge and has been widely applied for
knowledge sharing and exchange in different fields (Ahmed
et al., 2007). Ontology’s interdisciplinary features enable
interrelated domains to be considered together, and its
semantic structure, logical reasoning capabilities, and other
characteristics provide an effective method for cross-domain
integrated design. More importantly, its language could be
recognized by both humans and computers. The ontology
has been widely applied in relevant fields of energy pile
bridge deicing systems such as pile engineering, bridge
engineering, and ground source heat pump system.
Specifically, Yurchyshyna and Zarli (2009) proposed a
framework for consistency checking in buildings based on
ontology. Zhang and Liao (2015) presented an ontology
framework for describing ground source heat pump systems,
providing guidance for constructing different ground source
heat pump systems. Ren et al. (2019) proposed an ontology
framework for bridge maintenance. The above provides the
methodology and guidance for constructing the ontology
framework of the energy pile bridge deck deicing system.

Based on the aforementioned works, it is necessary to use
ontology to develop a designing tool for the energy pile bridge
deck deicing system, which can comprehensively consider the
heat flux, bearing capacity, and a total investment of the system
to achieve optimal design. This research developed a
comprehensive design decision-making tool named
OntoBDDS (ontology of bridge deck deicing system using
energy pile) for the holistic design of energy pile bridge deck
deicing system in the early design stage. The remaining of the
paper is organized as follows: Development of OntoBDDS for
Multiobjective Holistic Design describes the development and
validation of OntoBDDS; Case Study presents a case study to
demonstrate how the engineers can use this tool to design the
deicing system.

DEVELOPMENT OF ONTOLOGY OF
BRIDGE DECK DEICING SYSTEM FOR
MULTIOBJECTIVE HOLISTIC DESIGN

Determination of the Primary Indicators for
the Energy Pile-Based Bridge Deck Deicing
System
The key design parameters of the energy pile bridge deck deicing
system include equipment cost, the vertical bearing capacity, heat
flux, etc.

The Equipment Cost
The total cost of equipment and facilities includes the cost of the
heat transfer tubes of the foundation and the deck and cost of the
heat pumps. The cost of heat transfer tubes of the foundation can
be calculated by the following equation:

CPT � ∑
n

i�1
CPT
i × LPT

i × Ni (1)

FIGURE 1 | The bridge deck deicing system using energy pile.
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in which i represents the ith type of pile; LPTi denotes the length of
the ith type of pile; CPT

i is the price of heat exchanger tube (RMB)
per unit length of the ith pile type; Ni is the number of the ith

pile type.
The cost of the heat transfer tubes imbedded in the bridge deck

is expressed as

CBT � ∑
n

j�1
CBT
j × LBTj × Nj (2)

where j represents the jth type of bridge deck; CBT
j is the price of

the heat transfer tube per unit length; LBTj is the length of the heat
transfer tube of the jth type of bridge deck;Nj is the number of the
jth type of bridge deck and CBTis the total cost of the heat transfer
tubes in the bridge deck.

The cost of the heat pumps can be easily attained by

CP � ∑
m

k�1
CP
k × NP

k (3)

in which k represents the kth heat pump; CP
k is the price of the kth

type of heat pump; NP
k is the number of the kth type of heat pump

and CP denotes the total cost of heat pump.
The total cost of equipment is expressed as

CE � CPT + CBT + CP (4)

in which CPT is the cost of the heat transfer tubes inside the
foundation (in a unit of RMB); CBTdenotes the cost of the heat
transfer tubs; CPis the cost of the heat pumps and CE is the total
cost of all facilities.

Heat Flux
The heat extracted by the energy piles can be obtained by

Qsource � ∑
n

i�1
qpilei × Lpile

i × Ni (5)

where i indicates the ith type of pile; qpilei denotes the heat attained
by a unit length of the ith type of pile; Lpilei is the length of the ith
type of pile; Ni is the number of the ith type of pile and Qsourceis
the total heat extracted by energy piles.

According to Han and Yu (2017), the available heat for the
deicing system can be calculated by

Qheat � COP
COP − 1

× Qsource (6)

in which COP is the coefficient of performance of the heat pumps
(Self et al., 2013), Qsource is the total energy extracted by energy
piles from underground; Qheat is the heat available for deicing.

The heated area of the bridge deck is expressed as

Aheat � ∑
n

j�1
aheatj × Nj (7)

where j represents the jth type of bridge deck; aheatj is the area of
jth type bridge deck heated by energy pile deicing system; Nj为 is
the number of jth type bridge deck andAheat denotes the total area
heated by the deicing system.

Therefore, the heat flux of the bridge deck without an
additional heat pump is

q � Qsource

Aheat
(8)

whereQsource is the total energy;Aheat is the heated area and q is the
heat flux provided by the energy pile system without a heat pump.

Similarly, the heat flux of the bridge deck with a heat pump is
as follows:

qpump � Qheat

Aheat
(9)

where Qheat is the total heat provided by the deicing system; Aheat

is the heated area and qpump represents the heat flux of the deicing
system with heat pump.

Vertical Bearing Capacity
The bearing capacity provided by the energy piles can be
obtained by

Q � ∑
n

i�1

Qvk
i

K
× Ni (10)

in which i is the ith type file;Qvk
i is the vertical bearing capacity of

the ith type file;K is a safety factor;Ni is the number of the ith type
file and Q denotes the total vertical bearing capacity.

Evaluation
The evaluation of a deicing system is conducted via a comparison
between provided heat flux and required heat flux q0. Grades and
criteria are listed in Table 1.

Design and Development of Ontology of
Bridge Deck Deicing System
The System Framework and User Guides of Ontology
of Bridge Deck Deicing System
The proposed designing tool, OntoBDDS, consists of four major
components: the database, the management system of ontologies, the
editing system of rules, and the querying interface, as illustrated in
Figure 2. Of these four parts, the database provides a foundation of all
functions. All data and ontologies of the energy piles and information
of the deicing system are saved in the database inOWL (ontologyweb
language) format. The management system of ontologies is the core
part of OntoBDDS, and in this study, it is developed by Protégé 5.2.
The editing system of rules can offer a reasoning functionwith SWRL
(sematic web rule language), to realize the holistic design of energy
pile deicing system. Moreover, engineers can use the querying
interface to obtain feasible solutions to the designing problem.
The essential components of the ontology system, OntoBDDS, are
specified as follows:

Ontology editor

Protégé-OWL 5.2 provides a platform to create and update
ontologies, which is compatible with most OWL files and has
various plug-ins for a user to select.

Frontiers in Materials | www.frontiersin.org August 2021 | Volume 8 | Article 7104043

Zhang et al. Design Energy Piles Using Ontology

188

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Ontology reasoner

Pellet is an OWL reasoning engine that implements the
services of basic reasoning and consistency checking for OWL
ontologies.

Plug-ins

SWRLTab is a Protégé-OWL plug-in that edits the SWRL
rules, while SQWRLTab is a plug-in that edits SQWRL rules for
querying.

Based on OntoBDDS, engineers can conduct a holistic design
of the energy pile deicing system following the process illustrated
in Figure 3.

The Development of the Ontology of Bridge Deck
Deicing System
The establishment of the OntoBDDS follows three major steps:
Knowledge Identification, Knowledge Specification, and
Knowledge Refinement. In the Knowledge Identification, the
scope and the aim of the energy pile-based deicing system
were determined on the basis of the function of the

OntoBDDS and ontology models established previously. In the
step of Knowledge Specification, a specification of the knowledge
model is constructed by establishing a semiformed ontology
model, which can be further refined by engineers according to
their designing purpose. In the last step, the Knowledge
Refinement step, the ontology model is validated and refined
to reassure the accuracy and conciseness of the system.

In this study, the scope of the ontology model includes pile
foundation engineering, bridge engineering, bridge deicing,
and geothermal pump system. Heat flux, cost, and safety of
the bridge structure are the major issues to be considered in
holistic design. The key concepts and terms of the OntoBDDS
follow the IFC standard and relative ontology models
established previously (Ren et al., 2019). The key concepts
and terms are shown in Figure 4 using UML (Unified Modeling
Language).

In this study, the Ontology Development 101 (Noy and
Mcguinness, 2001) is utilized to develop the OntoBDDS. The
Ontology Development 101 is a methodology widely accepted for
establishing ontology systems because of its efficiency and
simplicity. The detailed steps are illustrated in Figure 5. It can
be further explained as follows:

TABLE 1 | The evaluation of the energy pile deicing system for bridge deck.

Evaluation Expression Description

Good q≥ q0 The energy pile deicing system can satisfy the heat flux requirement without a heat pump
Feasible qpump ≥q0 ≥q The energy pile deicing system can satisfy the heat flux requirement with a heat pump
Not feasible q0 >qpump The energy pile deicing system cannot satisfy the heat flux requirement

FIGURE 2 | The developed framework of OntoBDDS.
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Step 1: The relevant domain and scope of the ontology are
determined based on basic questions (BQ) and competency
questions (CQ).

Step 2: IFC framework of the building SMART is adopted as
the main development standard for the exchanging and sharing
of Building Information, which facilitates the concept
development of information ontologies for the holistic design
of energy pile system (Horrocks et al., 2004).

Step 3: A dictionary of key concepts and terms regarding the
deicing systems is established, which includes maintenance,
safety, financial cost, mechanical property, etc.

Step 4: According to the dictionary established in Step 3,
general classes of the OntoBDDS are established as shown in
Figure 6A.

Step 5: There are mainly two types of properties to describe the
relevant classes, namely, object properties and data properties,
which define the relationships between classes and represent the
characteristics of class instances, respectively, as illustrated in
Figures 6B,C.

Step 6: In this step, specific instances are created. Each instance
represents a unique design solution of the energy pile-based
deicing system.

Step 7: SWRL rules for the holistic design of energy pile system
are defined to improve the ontology’s flexibility for calculating
and reasoning. There are four types of atoms for SWRL rules,
i.e., Class atoms, Individual Property atoms, Data Valued
Property atoms, and Built-in atoms. In addition, the symbols
of SWRL rules include the connection symbol ’̂ ’, the implication
symbol ’→ ’, and the question mark ’ ? ’ (Guizzardi et al., 2008).
The specific SWRL rules for the calculation of equipment cost of
energy pile system is illustrated as follows:

Step 8: User can query design solutions by inputting SQWRL
rules in SQWRLQueryTab of the Protégé query interface. An
example of cost query for energy pile system is illustrated as
follows:

FIGURE 3 | The design flow chart of energy pile deicing system for bridge deck using OntoBDDS.

Equation CE � CPT + CBT + CP

SWRL: De-icing_system(?DS)̂Pile_heat_exchanger_tube_cost(?DS,?
pile_tube_cost)̂Bridge_deck_heat_ exchanger_tube_cost(?DS,?
deck_tube_cost)̂Pump_cost(?DS,?pump_cost)̂swrlb:add(?total_cost,?
pile_tube_cost, ?deck_tube_cost, ?pump_cost) -> Total_cost(?DS, ?
total_cost)

Frontiers in Materials | www.frontiersin.org August 2021 | Volume 8 | Article 7104045

Zhang et al. Design Energy Piles Using Ontology

190

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Ontology Validation
Validation of the OntoBDDS system was performed to assure its
accuracy and ability to provide the expected design function. The
validation includes semantic correctness, syntactic correctness,
and rules validation.

Semantic Validation
There are two methodologies to assure the semantic
correctness of an ontology model. One method is to

compare the ontology model with existing models, while
the other method is to establish a new ontology model by
expanding the existing one (Green et al., 2002). In this study,
the OntoBDDS is developed based on IFC and existing
ontology models (Ren et al., 2019). Therefore, the semantic

correctness of the key concepts and terms is automatically
validated.

Syntactical Validation
Syntactical validation can be conducted by reasoning engines. In this
study, the OntoBDDS is developed using Protégé-OWL 5.2. The pellet
reasoner embedded in Protégé-OWL 5.2 can be used to detect
syntactical errors of OntoBDDS. Figure 7 shows the log of running
pellet plug-in for completed consistency checking of the OntoEPS.

FIGURE 4 | Flowchart of UML classes for the key concepts of OntoBDDS ontology.

FIGURE 5 | Eight-step methodology.

SQWRL De-icing_system(?DS)̂Total_cost(?DS,?total_cost)̂Q(?DS,?
bearing_capacity)̂q0(?DS,?q_0)̂ q(?DS,?q_)̂q_pump(?DS,?
q_heat_pump)̂Evaluation(?DS,?evaluation)̂has_pump(?DS, ?
pump_type)->sqwrl:select(?DS,?total_cost,?bearing_capacity,?
pump_type,?q_0,?q_,?q_heat_pump,?evaluation)
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Rules Validation
In this study, a plug-in called SWRLTAB is utilized to
validate the rules preliminarily, as shown in Figure 8.

Then, in Case Study, a case study will be presented to
further verify the effectiveness and feasibility of all the
rules of OntoBDDS.

FIGURE 6 | The development ontology in the Protégé-OWL 5.2.

FIGURE 7 | The log of running pellet plug-in for completed consistency checking of the OntoBDDS.
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CASE STUDY

Case Study Description
In this section, an energy pile-based deicing system for a bridge
deck is designed to demonstrate the main functions of the

OntoBDDS software. The prototype bridge is a three-span
beam bridge constructed in Jiangyin of Jiangsu Province. Its
configuration is illustrated in Figure 9.

As shown in Figure 9, the size of the bridge deck allows for no
more than 20 energy piles to be constructed. Moreover, heat

FIGURE 8 | The log of running SWRLTab plug-in for the SWRL rules validation.

FIGURE 9 | Basic information of the bridge for energy pile-based bridge deck deicing system.
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TABLE 2 | The detail of the design solution.

Design
solutions

Pile Pump Bridge deck Pile heat exchanger tube Bridge deck heat exchange tube

qpile

(w/m)
Qvk

(kN)
Type COP Cost

(RMB)
Number A (m2) Number Type Length (m) Cost

(RMB)
Type Length (m) Cost

(RMB)

DS-lane-single_U 27 6,500 Circulating
pump

--- 2,800 1 15 12 Single U 40 3 Lane type 90 3

DS-lane-single_U-heat
pump

27 6,500 Heat pump 3 16,000 1 15 12 Single U 40 3 Lane type 90 3

DS-lane-P_2_U 31.5 6,430 Circulating
pump

--- 2,800 1 15 12 Parallel 2 U 80 3 Lane type 90 3

DS-integral-P_2_U-
heat_pump

31.5 6,430 Heat pump 3 16,000 1 30 12 Parallel 2 U 80 3 Integral
type

150 3

DS-integral-S_2_U 36 6,400 Circulating
pump

--- 2,800 1 30 12 Series 2 U 80 3 Integral
type

150 3

DS-integral-S_2_U-
heat_pump

36 6,400 Heat pump 3 16,000 1 30 12 Series 2 U 80 3 Integral
type

150 3

DS-integral-3_U 45 6,300 Circulating
pump

--- 2,800 1 30 12 3 U 120 3 Integral
type

150 3

DS-integral-3_U-
heat_pump

45 6,300 Heat pump 3 16,000 1 30 12 3 U 120 3 Integral
type

150 3

DS-lane-5_U 54 6,250 Circulating
pump

--- 2,800 1 15 12 5 U 200 3 Integral
type

150 3

DS-integral-5_U-
heat_pump

54 6,250 Heat pump 3 16,000 1 30 12 5 U 200 3 Lane type 90 3

DS-integral-spiral 63 6,200 Circulating
pump

--- 2,800 1 30 12 Single
spiral

250 3 Integral
type

150 3

DS-integral-spiral-
heat_pump

63 6,200 Heat pump 3 16,000 1 30 12 Single
spiral

250 3 Integral
type

150 3

FIGURE 10 | Inferred facts after running the OntoBDDS.

TABLE 3 | SWRL rules to calculate bearing capacity.

Rule 1 Calculating the bearing capacity: Q � ∑n
i�1

Qvk
i
K × Ni

De-icing_system(?DS)̂has_pile(?DS, ?pile)̂ Pile(?pile)̂ Qvk(?pile, ?qvk)̂ Number(?pile, ?N)̂ K(?DS, ?k)̂ swrlb:divide(?x, ?qvk,
?k)^swrlb:multiply(?Q0, ?x, ?N) -> Q(?DS, ?Q0)
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TABLE 4 | SWRL rules to calculate the total cost.

Rule 1 Calculating pile heat exchanger tube cost: CPT � ∑n
i�1 CPT

i × LPTi × Ni

De-icing_system(?DS)̂has_pile(?DS,?pile)̂Pile(?pile)̂Number(?pile,?N)̂has_pile_heat_ exchanger_tube(?pile,?pile_tube)̂
Pile_heat_exchanger_tube(?pile_tube)̂Cost(?pile_tube,?cost)̂
Length(?pile_tube,?L)̂swrlb:multiply(?pile_tube_cost,?cost,?L,?N)->Pile_heat_exchanger_ tube_cost(?DS,?
pile_tube_cost)

Rule 2 Calculating bridge deck heat exchanger tube cost: CBT � ∑n
j�1 CBT

j × LBTj × Nj

De-icing_system(?DS)̂has_bridge_deck(?DS, ?deck)^Bridge_deck(?deck)^Number(?deck, ?N)̂
has_bridge_deck_heat_exchanger_tube(?deck,?deck_tube)̂Bridge_deck_heat_exchanger_tube(?deck_tube)̂Cost(?
deck_tube,?cost)^Length(?deck_tube, ?L)^swrlb:multiply(?deck_tube_cost, ?N,
?L, ?cost) -> Bridge_deck_heat_exchanger_tube_cost(?DS, ?deck_tube_cost)

Rule 3 Calculating pump cost: CP � ∑m
k�1 CP

k × NP
k ⊕

De-icing_system(?DS)^has_pump(?DS, ?pump)^Pump_type(?pump)^Cost(?pump, ?cost)^Number(?pump, ?N)^swrlb:
multiply(?pump_cost, ?cost, ?N) -> Pump_cost(?DS, ?pump_cost)

Rule 4 Calculating total cost: CE � CPT + CBT + CP

De-icing_system(?DS)̂Pile_heat_exchanger_tube_cost(?DS,?pile_tube_cost)̂Bridge_deck_heat_exchanger_tube_cost(?
DS,?deck_tube_cost)̂Pump_cost(?DS,?pump_cost)̂swrlb:add(?total_cost, ?pile_tube_cost, ?deck_tube_cost, ?
pump_cost) -> Total_cost(?DS, ?total_cost)

TABLE 5 | SWRL rules to calculate heat flux.

Rule 1 Calculating the heat transferred by the energy pile: Qsource � ∑n
i�1 q

pile
i × Lpilei × Ni

De-icing_system(?DS)̂ has_pile(?DS, ?pile)^Pile(?pile)^Length(?pile, ?L)^Number(?pile, ?N)^q_pile(?pile, ?p_q)^swrlb:
multiply(?Qs, ?p_q, ?L, ?N) -> Qsource(?DS, ?Qs)

Rule 2 Calculating the heat provided by heat pump: Qheat � COP
COP−1 × Qsource

De-icing_system(?DS)̂has_pump(?DS, ?pump)^Pump_type(?pump)^COP(?pump, ?cop)^swrlb:subtract(?x, ?cop, 1)^
swrlb:divide(?y, ?cop, ?x)^Qsource(?DS, ?Qs)^swrlb:multiply(?Qh, ?y, ?Qs) -> Qheat(?DS, ?Qh)

Rule 3 Calculating the area heated by the system: Aheat � ∑n
j�1 aheatj × Nj

De-icing_system(?DS)̂has_bridge_deck(?DS, ?deck)̂ Bridge_deck(?deck)̂ a_heated(?deck, ?a)̂ Number(?deck, ?N)̂ swrlb:
multiply(?A, ?a, ?N) -> A_heated(?DS, ?A)

Rule 4 Calculating the heat flux without heat pump: q � Qsource
Aheat

De-icing_system(?DS)^Qsource(?DS, ?Qs)^A_heated(?DS, ?A)^swrlb:divide(?q_c, ?Qs, ?A) -> q(?DS, ?q_c)

Rule 5 Calculating the heat flux with heat pump: qpump � Qheat
Aheat

De-icing_system(?DS)^Qheat(?DS, ?Qh)^A_heated(?DS, ?A)^swrlb:divide(?q_p, ?Qh, ?A) -> q_pump(?DS, ?q_p)

TABLE 6 | SWRL rules for evaluation.

Rule 1 Evaluation: good
De-icing_system(?DS)̂q(?DS,?q_c)̂q0(?DS,?q_0)̂swrlb:greaterThanOrEqual(?q_c, ?q_0) -> Evaluation(?DS, “good")

Rule 2 Evaluation: feasible
De-icing_system(?DS)̂q(?DS,?q_c)̂q0(?DS,?q_0)̂q_pump(?DS,?q_p)̂swrlb:lessThan (?q_c, ?q_0)^swrlb:
greaterThanOrEqual(?q_p, ?q_0) -> Evaluation(?DS, “feasible”)

Rule 3 Evaluation: not feasible
De-icing_system(?DS)^q_pump(?DS, ?q_p)^q0(?DS, ?q_0)^swrlb:greaterThan(?q_0, ?q_p) -> Evaluation(?DS,
“not_feasible")

TABLE 7 | SQWRL rules to query total cost, bearing capacity, q0, qpump, and evaluation.

SQWRL De-icing_system(?DS)^Total_cost(?DS, ?total_cost)^Q(?DS, ?bearing_capacity)̂ q0(?DS,?q_0)̂q(?DS,?q_)̂q_pump(?DS,?
q_heat_pump)̂Evaluation(?DS,?evaluation) has_pump(?DS,?pump_type)->sqwrl:select(?DS,?total_cost,?
bearing_capacity, ?pump_type,?q_0,?q_,?q_heat_pump,?evaluation)

Frontiers in Materials | www.frontiersin.org August 2021 | Volume 8 | Article 71040410

Zhang et al. Design Energy Piles Using Ontology

195

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


transfer tubes will be embedded under the 12 pieces of bridge
deck under car lanes. The bridge deck under the bicycle lanes or
the sidewalk will not be heated by thermal tubes. Considering the
heated area and the volume of circulating water, COP is set to 3,
according to Self et al. (2013). Based on several different types of

heat exchangers and heat pumps, 12 design solutions are offered
by OntoBDDS. The details of each design solution are presented
in Table 2.

Thereafter, OntoBDDS can generate new facts based on the
ontologymodel and the 12 aforementioned designing solutions. The

FIGURE 11 | Execution and results of querying Table 7.

TABLE 8 | SQWRL rules to query total cost less than 20,000 RMB.

SQWRL De-icing_system(?DS)^Total_cost(?DS, ?total_cost)^Q(?DS, ?bearing_capacity)^q0(?DS, ?q_0)̂q(?DS,?q_)̂q_pump(?DS,?
q_heat_pump)̂Evaluation(?DS,?evaluation)̂has_pump(?DS, ?pump_type)̂swrlb:lessThan(?total_cost,20,000)->sqwrl:
select(?DS, ?total_cost, ?bearing_capacity, ?pump_type, ?q_0, ?q_, ?q_heat_pump, ?evaluation)

FIGURE 12 | Execution and results of querying Table 8.
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facts include the cost, heat flux, and bearing capacity among other
features of each design solution. Figure 10 demonstrates the
interface after running the ontology model and reasoning rules.
The reasoning rules are also presented from Table 3–6. Thereafter,
engineers can use a plug-in called SQWRLQueryTAB to inquire
the generated facts and make a comparison of each design
solution.

Application
This section demonstrates how engineers can use OntoBDDS to
perform inquiry designing solutions of bridge deck deicing
system in accordance with specified requirements. The
inquires can be conducted through inputting SQWRL
commands in the SQWRLTab. For example, the total cost,
bearing capacity, and heat flux can be obtained by the
command shown in Table 7 and the querying results are
illustrated in Figure 11. Engineers can compare each design
and make preliminary decisions.

Specialized design requirements can also be easily satisfied by
SQWRL querying. Table 8 shows the SQWRL querying
command to filter design results with a total cost below 20,000
RMB. The querying results are illustrated in Figure 12. It can be
seen that five designs satisfy this requirement and only three are
graded as feasible.

Figure 13 illustrates the running results ofTable 9, which aims to
find design solutions with bearing capacity larger than 62,000 kN. It is
shown that ten solutions are satisfying this requirement. Furthermore,
the bearing capacities of all those filtered design solutions are of the
same order of magnitude, which implies that the OntoBDDS can
provide reasonable design solutions.

Hear flux and cost are also two major indicators of the
deicing system. Table 10 demonstrates the SQWRL command
to filter design solutions of a cost less than 20,000 RMB and
acceptable heat flux. The querying results are illustrated in
Figure 14. It can be seen that there are three acceptable design
solutions. The solution with heat pump and 5-U type heat

FIGURE 13 | Execution and results of querying Table 9.

TABLE 9 | SQWRL rules to query bearing capacity greater than 62,000 kN.

SQWRL De-icing_system(?DS)̂Total_cost(?DS,?total_cost)̂Q(?DS,?bearing_capacity)̂q0(?DS,?q_0)̂ q(?DS,?q_)̂q_pump(?DS,?
q_heat_pump)̂Evaluation(?DS,?evaluation)̂has_pump(?DS, ?pump_type)̂swrlb:greaterThan(?bearing_capacity,62000)-
>sqwrl:select(?DS, ?total_cost, ?bearing_capacity, ?pump_type, ?q_0, ?q_, ?q_heat_pump, ?evaluation)

TABLE 10 | SQWRL rules to query feasible design solutions whose total cost is less than 20,000 RMB.

SQWRL De-icing_system(?DS)̂ Total_cost(?DS, ?total_cost)̂ Q(?DS, ?bearing_capacity)̂ q0(?DS, ?q_0)̂ q(?DS, ?q_)̂ q_pump(?DS,
?q_heat_pump)^Evaluation(?DS, ?evaluation) ĥas_pump(?DS,?pump_type)̂swrlb:lessThan(?total_cost,20,000)̂swrlb:
greaterThan (?q_heat_pump,?q_0)->sqwrl:select(?DS, ?total_cost, ?bearing_capacity, ?pump_type, ?q_0, ?q_, ?
q_heat_pump,?evaluation)
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transfer tube offers the least cost and highest heat flux and
therefore is the optimal solution.

CONCLUSION AND FUTURE WORK

Based on the ontology modeling method and the SWRL language,
this paper establishes an integrated design system for energy pile
bridge deck deicing systems. The OntoBDDS system is developed
and provides designers with a simple and easy-to-use
optimization design tool. The system provides designers with
indicators on the economy, heat flux, and safety aspects of the
design plan, so that the designer can choose and optimize
the plan.

At the same time, this article uses a design example to demonstrate
how engineers should use this system to optimize the design of the
energy pile bridge deck deicing system when considering different
design requirements. The example also shows the feasibility of the
system. This ontology model is also developed based on the IFC
standard and an existing, verified ontology model. The correctness
of its semantics, grammar, and rules have also been verified.At the same
time, the example shows how the system can be used when focusing on
different design priorities, such as cost, safety, and heat flux to achieve
the optimal system configuration and satisfy engineering requirements.

The concept of using OntoBDDS tools and an ontology framework
as illustrated in this article can also be applied to other energy pile
projects, such as energy tunnels, integrated design of building energy
pile systems, etc. In future work, this ontology-based integrated design

concept can be extended to all aspects of engineering, and further efforts
will be placed on developing knowledge acquisition methods involving
more semantic explication (such as during cross-disciplinary interaction
in a large-scale numerical analysis). Further development in this area
can help basic or cross-domain reasoning in practical scenarios.
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Research on the Failure Evolution
Process of Rock Mass Base on the
Acoustic Emission Parameters
Xiaohui Liu1,2, Xiaoping Zhao3*, Shishu Zhang3, Ran Congyan3 and Rui Zhao1

1Key Laboratory of Fluid and Power Machinery, Xihua University, Ministry of Education, Chengdu, China, 2Key Laboratory of Deep
Earth Science and Engineering, Sichuan University, Ministry of Education, Chengdu, China, 3Chengdu Hydroelectric Investigation
and Design Institute Corporation, Chengdu, China

Fracture mechanics behavior and acoustic emission (AE) characteristics of fractured rock
mass are related to underground engineering safety construction, disaster prediction, and
early warning. In this study, the failure evolution characteristics of intact and fracture (e.g.,
single fracture, parallel fractures, cross fractures, and mixed fractures) coal were studied
and contrasted with each other on the basis of the distribution of max amplitude of AE. The
study revealed some meaningful results, where the value of b (i.e., the distribution
characteristic of max amplitude of AE) could represent the failure evolution process of
intact and fractured coal. The maximum amplitude distribution of AE events was
characterized by Gaussian normal distribution, and the probability of the maximum
amplitude of AE events corresponding to 35∼50 dB was the largest. In the stress
range of 60∼80%, AE events and maximum amplitude increased rapidly, and the
corresponding b value decreased. The energy of AE events showed a downward
trend after reaching the maximum value at about 80% stress level. Under the same
stress level, the more complex the fracture was, the larger the b value of coal–rock mass
was, and the stronger the inhibition effect on the fracture expansion caused by the internal
fracture distribution was. Due to the anisotropy of coal–rock mass with a single crack, the
distribution of the b value was more discrete, while the anisotropy of coal–rock mass with
mixed crack decreased, and the dispersion of the b value decreased. The deformation of
cracked coal mainly caused by the adjustment of cracks during the initial loading b value
experienced a trend of decreasing first, then increasing, and then decreasing in the loading
process. When the load reached 0.8 times of the peak strength, the b value had a
secondary decreasing trend, indicating the macroscopic failure of the sample, which could
be used as a precursor criterion for the complete failure of coal–rock mass.

Keywords: fractured coal–rock mass, failure evolution, acoustic emission, maximum amplitude, distribution
regularity

INTRODUCTION

As an important strategic resource in China, coal plays a very important role in primary energy
consumption. In the National Energy Development Strategy (2030∼2050), it was predicted that
China’s coal output will reach 3.4 ∼4 billion tons in 2020∼2030. In 2030 and 2050, coal will maintain
about 55 and 50% of China’s primary energy structure, respectively, so coal will remain the main
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energy resource in China for a long time in the future. Due to the
influence of geological structure and mining, fracture
development occurs in the surrounding rock mass. Compared
with the intact rock mass, the fractured rock mass has become
very sensitive to blasting or mechanical disturbance load.
Therefore, the study on the instability evolution characteristics
of fractured coal–rock mass has important practical significance
for efficient coal mining.

In general, the problem of rock mechanics was the mechanical
behavior of fracture rock mass in the engineering scale, especially
characters of strength, deformation, and failure of fracture rock
mass. And the mechanical behavior of fracture rock mass was
always a hotspot and difficult problem in rock mechanical field,
where the hotspot was its strong application value and the
difficulty lay in obtaining the fracture rock mass specimens. At
present, the primary research methods for the fracture rock mass
were fastened on the physical simulating test [1–5], numerical
analysis [6, 7], in situ test, and others. Many achievements have
been acquired through those methods, but their drawbacks are
also obvious. For the physical simulation experiment, similar
material and prefabricated crack were used to simulate the
fracture rock mass specimens. But compared with the rock
materials, the differences of similar material in the internal
crystal structure, composition, and cementing material led to
the essential difference on crack enlargement. Numerical
methods were effective ways to study the mechanical behavior
of fracture rock mass in recent years; however, the inhomogeneity
of rock materials, parameter selection, and the failure criterion
were problems that cannot be ignored. For the in situ test, the
main problems were as follows: expensive, time consuming, and
others. In this study, the fractured rock mass specimens were
obtained through preloading the intact specimens to avoid the
difficulty of obtaining fractured rock mass.

However, the fracture rock mass was cut by all kinds of
structural surfaces, such as primary structural plane and
secondary structural plane. This is bound to make the failure
mechanism of fracture rock mass different with the intact rock. It
must be more complex and diverse. It is very important to analyze
this problem more reasonably and effectively. With the
development of science, new technologies were also used in
the research on rock mechanics, such as CT and AE [8–11].
Especially, since the AE technology was introduced into the field
of rock mechanics by Goodman in the 1960s, the AE technique
had become an indispensable methodology to study rock
behaviors.

At present, there are many studies on the AE response of the
rock failure process [12–16]. Chen [17] and Zhang [18] discussed
the application of AE technology in rock mechanics research. Li
et al. [19] studied the fracture development of intact shale in the
fracturing process by using the AE ring number ratio and energy
rate, and determined the damage evolution law of shale according
to the AE ring number, and characterized the shale degradation
behavior. Zhou [20], Zhang [21], and Xu et al. [22] by using AE
monitoring system, such as breaking process of rock, studied the
AE response of different stress stages. In particular, the AE b value
is one of the important parameters; studying the characteristics of
rock AE can reflect the change of micro-cracks on rock internal

scale, and the b value of mutations usually could be used as rock
macroscopic failure precursors [23–25]. Lei et al. [26] showed
that the sudden drop of the b value indicated that the interaction
between the cracks inside the rock was enhanced, indicating that
the rock was about to be unstable and might be destroyed soon.
Yang et al. [27] found that the AE b value was relatively small at
the early stage of loading, indicating the rock crack compaction
behavior. The b value gradually increased in the elastic stage,
indicating the elastic deformation behavior of the rock crack.
When the stress level reaches 70% in the late loading period, the
sudden drop of the b value corresponded to the crack propagation
behavior. When the stress level reaches 90%, the low level of the b
value indicated the macroscopic failure of rock. Xue et al. [28]
found that the b value was abnormal in the early loading stage and
was at a high value in the early loading stage. When the stress
reached about 80% in the plastic stage, the b value began to
decrease rapidly, indicating the rapid development of the number
of large-scale cracks. Zha et al. [29] and Zhang et al. [30] believed
that in the process of uniaxial compression of rock, the b value
dropped sharply with the increase of stress at the late loading
period, indicating the fracture of the rock. Lisjak et al. [31]
obtained through numerical results that the b value of rock
dropped sharply twice in the process of failure. The first time
was at the pre-peak stress level of 75%, and the second time was at
the pre-peak stress level of 97%. The decrease of the b value
indicated that the crack on the main fracture plane was
transformed from diffusion nucleation to crack coalescence.

However, the existing studies on AE response and the b value
of rock are basically focused on intact rock mass, and there are
few studies on AE characteristics during deformation and failure
of fractured rock mass. In this study, the fractured coal–rockmass
was acquired by preloading the intact coal rock. According to the
different combinations of cracks in the fractured coal–rock mass,
the specimens could be divided into single fracture, parallel
fracture, cross fracture, and mixed fractured coal–rock mass,
statistically. Based on rock material with the acoustic emission
phenomenon in the failure process under loading, the maximum
amplitude of AE events (i.e., the b value) was used to study the
failure evolution process of the intact coal rock, the single
fracture, parallel fracture, cross fracture, and mixed fractured
coal–rockmass, and then, the failure evolution characteristics and
difference between intact rock and fracture rock mass were
studied.

TEST SPECIMENS AND EQUIPMENT

Feasibility Analysis and Scheme of
Preparation of Fractured Coal–Rock Mass
Technical and Test Equipment Feasibility
Fracture mechanical behavior of rock mass plays an important
role in engineering practice. The fracture rock mass specimens
were mainly obtained by direct or indirect methods presently.
Affected by factors such as sampling and specimen processing,
the direct method used to obtain fracture rock mass specimens
during manufacturing was difficult. And so, the indirect method
was the main method to obtain fracture rock mass specimens.
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As the anisotropic materials controlled by the structural plane,
the fractured rock mass was obviously different from that of the
conventional rock. In order to obtain the fractured rock mass by
the loading of conventional rock, it was necessary to analyze and
classify the deformation and failure process. For general rock
materials, due to their relatively high strength, they had brittle
fracture characteristics, most of which were “II” deformation and
failure curves. The damage was severe, and the process from
cracking to penetrating the specimen was very short. The success
rate of obtaining fractured rock specimens was low. For the soft
coal rock, the deformation and damage severity were relatively
low, showing the “I” type deformation failure curve (Figure 1). It
was feasible to stop the loading before the cracks penetrated the
test piece to obtain the fractured rock specimen.

Based on it, the method for obtaining the fractured rock mass
specimens was as follows: considering the failure process of
coal–rock mass as the development and expansion of internal
micro-cracks, and the process of macro-cracking through the test
piece. Then by preloading the intact rock specimens, the fracture
rock specimens could be obtained by stopping the loading process
before cracks penetrated the specimens (Figure 2).

As mentioned above, it was feasible to obtain fracture rock
mass on a laboratory scale when the test equipment loading
system could stop loading after the max loading point and before
the destruction point, and then, rock mass specimens with
fracture and without destruction could be obtained. In this
study, the early prefabricated and later loading of the fracture
rock mass specimens were conducted byMTS815 rock mechanics
test system (Figure 3) from Sichuan University. The testing
system has a higher integral rigidity and electro-hydraulic
servo control system, which can achieve a variety of control
conditions such as stress, strain, and transformation. The testing
system could also be made to stop loading before rock specimens
are destroyed completely. Therefore, indoor prefabricated
fractured rock specimens are also feasible on the test
equipment. In order to avoid other influence of the fracture

rock mass on failure evolution, uniaxial compression loading
scheme to the specimens was adopted, with the axial loading rate
of 10 kN/min before the loading arrived at the peak, and then,
lateral deformation control was used after max loading point with
the rate of 0.02 ∼ 0.04 mm/min. In addition, in order to capture
AE space location points, a total of 8 AE sensors were arranged on
the upper and lower parts of the samples in the direction of
vertical diameter.

Therefore, whether it was technical feasibility or the
requirements of the test equipment, it was feasible to obtain
the samples of the fractured coal–rock mass by loading the intact
coal rock by laboratory test means.

Preparation Scheme of Fractured Coal–Rock Mass
Based on the MTS815 rock mechanics test system, different
loading methods were used to perform fractured coal–rock
mass samples of Pingdingshan and Tashan intact coal rock.
The loading methods include uniaxial, conventional triaxial,
and three different mining methods (the caving, no pillar, and
protective layer mining). The relevant loading schemes are as
follows [32]:

1) Uniaxial loading test

The axial compression was loaded to the peak load at a rate of
10 kN/min, and the post-peak stage was controlled by transverse
deformation. The loading was stopped after the set stress value
(σ′ � (92% − 96%)σmax) was loaded at a rate of
0.02∼0.04 mm/min.

2) Conventional triaxial loading test

It mainly included two stages: adding confining pressure stage,
in which the internal confining pressure was loaded to 25 MPa at
a rate of 3 MPa/min; in the axial compression stage, when the
confining pressure was loaded to 25 MPa, the axial compression
was loaded to the peak stage at a rate of 30 kN/min. After the
peak, the lateral deformation control was adopted, and the
loading was stopped at a rate of 0.02∼0.04 mm/min to the
preset stress value (σ′ � (92% − 96%)σmax).

FIGURE 1 | Failure evolution of rock in the whole process.

FIGURE 2 | Indirect method of fracture rock mass specimen
manufacturing.
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3) Indoor simulation loading of three mining methods in
coal mine

There were mainly three stages: confining pressure loading
stage, in which the confining pressure was loaded to 25 MPa at a
rate of 3 MPa/min. In the first stage of confining pressure
unloading, the confining pressure was unloaded at a rate of
1 MPa/min, and the axial load was loaded to 37.5 MPa at a
loading rate of 2.25 MPa/min. In the second stage of confining
pressure unloading, the confining pressure continues to be
unloaded at a rate of 1 MPa/min. The axial load was loaded at
a rate of 2.25, 3.5, and 4.75 MPa/min, respectively, according to
the three mining methods of protective layer, top coal caving, and
no coal pillar, until the peak. After the peak, the lateral
deformation control was adopted. Loading was performed at a
rate of 0.02∼0.04 mm/min to the preset stress value
(σ′ � (92% − 96%)σmax) and then stopped.

Through the above indirect method, fractured coal–rock mass
specimens could be obtained and classified, and then the failure
evolution and difference of intact rock and fracture rock mass
could be studied.

Fractured Rock Mass Classification
For the sake of better research on the failure evolution of the
fracture rock mass, the fracture rock mass could be divided into
single fracture, parallel fracture, cross fracture, and mixed
fracture rock mass in the statistical sense based on the space
composition and complexity of fracture in rock mass by pre-
casting. And the typical specimen photos, CT scans, and their
classification of the intact coal and fractured coal–rock mass
specimens with different compositions are shown in Table 1. For
distinguishing the intact coal and fractured coal–rock mass
specimens conveniently, specimen number F represents the
specimens were fractured coal–rock mass after pre-casting.

In order to avoid the deviation of the analysis results caused by
different rock types, the hard rock and soft rock samples were,
respectively, collected from Tashan coal mine and Pingdingshan

coal mine, and the fractured rock samples were prefabricated. The
physical characteristics and microscopic composition are shown
in Table 2. On this basis, the study carried out experimental
research through 26 effective specimens, including six intact coal-
rock specimens, five single fracture rock masses, three parallel
fracture rock masses, five cross fracture rock masses, and seven
mixed fracture rock masses.

THE QUANTITATIVE DESCRIPTION OF THE
MAXIMUM AMPLITUDE DISTRIBUTION OF
ACOUSTIC EMISSION
The maximum amplitude of a single AE event was analyzed
during the loading process. For a single AE event, analyzing its
maximum amplitude was meaningless, but the significance lies
in the distribution of all the maximum amplitude of AE events
during the failure process, which could reveal the failure
evolution regularities and difference of fracture rock mass.
As rock materials, Katsuyama [33] represented the
distribution of maximum amplitude of AE through the
following Eq. 1.

n(a) � k · a−mda, (1)

where ais the maximum amplitude of AE events in the process of
damage, and its unit isdB (0dBis equivalent to100 μV, 100 dBis
equivalent to 10 V).

n(a)−the frequency distribution of maximum amplitude of a,
between the amplitude increased from a to a + da on the amount
of AE events.

k,m−constants.
Through Eq. 1, amount of N (A) which was greater than the

maximum amplitude of A could be infinite integrals by Eq. 1 as
follows:

N(A) � ∫
+∞

A
k · a−mda. (2)

FIGURE 3 | MTS815 rock mechanics test system.
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TABLE 1 | Photos and CT scans of typical specimens and their classification.

The fracture type Crack images CT scan The geometric description

Intact coal (1–3) No fractures

Single fractured coal–rock mass (F1-31) A single fracture

Parallel fractured coal–rock mass (F1-72) Two or more parallel fractures

Cross fractured coal–rock mass (F1-38) Two intersecting fractures or Y-shaped fractures

Mixed fractured coal–rock mass (F1-35) The random combination of the above fracture types
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Therefore,

N(A) � k
1 −m

· A−(m−1) � t · A−(m−1). (3)

where A is the maximum amplitude of AE events during the
failure process, dB.

N(A) is the amount of AE events that was greater than
(include) the maximum amplitude in the process of failure.

t−constant, � k/(1 −m)m−constant, its physical meaning was
equivalent to the probability of hindering to specimen damage,
and when the distribution density of blockage was higher, the
probability of hindering to specimen damage was greater with the
higher value of m.

When letting b � m − 1, Eq. 3 could be converted to Eq. 4 as
follows:

N(A) � t · A−b. (4)

Then, log on both sides of Eq. 4:

log(N(A)) � log(t) − b log(A). (5)

Therefore, by collecting AE events during the process of failure
evolution, Eq. 5 could be used to obtain a quantitative
description index (i.e., the value of b) of maximum
amplitude distribution of AE events, where the b value was
equivalent to the probability of hindering to the specimen
failure. As a quantitative evaluation index, this parameter

was used to analyze the failure evolution regularities and
difference of fracture rock mass.

TEST RESULT AND ANALYSIS

Based on the uniaxial loading condition, the maximum amplitude
distribution characteristics of intact coal rock and four different
fractured rock mass were analyzed.

Amplitude Variation Regularities Under
Different Stress Levels
As a quantitative description of the maximum amplitude
distribution characteristics of AE events in the loading failure
process of rock, the b value could reflect the change of crack scale
inside rock. In order to explore the similarities and differences in
the crack evolution process of coal–rock mass with different
fracture degrees in the loading failure process, the amplitude
distribution of intact, single fracture, parallel fractures, cross
fractures, and mixed fractures coal under different stress levels
in the uniaxial loading process is listed in Table 3. Using the
above method to calculate the b value, the fitting correlation
coefficient under different stress levels was above 0.8, and part
could reach 0.9, which showed that the b value error was small, to
meet the requirements of the error [34]. Due to the length of the

TABLE 2 | Physical and microscopic features of rock specimens.

Rock type Scanning electron microscope Average
wave speed (m/s)

Pingding Shan coal rock 988.2
×1500

Tashan coal rock 2,606.2
×1,000
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article and considering the small difference of the correlation
coefficient of the value at different stress levels, the average
correlation coefficient of various coal–rock masses at
different stress levels is listed in Table 3. Due to the few
AE events in the initial loading stage of individual samples,
the b value was partially missing. The results showed that the
b value was lower when the stress level was higher, which
meant that the b value trended to decrease with the increasing
of stress levels.

The distribution regularity of the b value for the intact coal
and four kinds of fractured coal–rock mass under different
stress levels is shown in Figure 4, where σmax represents the
peak strength, namely, the failure point of the sample; σ is the
actual stress. On the whole, the b value tended to decrease with
the increasing of stress levels, where the illustrated maximum
amplitude of distribution regularity was that AE events with
large amplitude were increasing under the condition of the
same amount of AE events, the physical meaning was that the
propagation extent of internal cracks had a trend of increasing,
and the scale of those cracks was becoming larger on the
microcosmic with the increasing of uniaxial loading. From the
local of the curve from Figure 4, the b value of both intact coal
and fractured rock mass had a stage of increasing first and then
decreasing, and the stress levels of this stage that appeared in
fractured coal–rock mass were obviously higher than those in
intact coal; for example, the stress levels of this stage in intact

coal were 40 ∼ 60% of the peak, while the fractured coal–rock
mass was about 50 ∼ 90%. At this stage, the amount of AE
events with large amplitude trended to decreasing, which
revealed that the crack extension was restrained during the
process of failure. Then, with the increasing of stress levels, AE
events with large amplitude increased, but the b value was
decreased fleetly. Comparing the b value of intact coal with
that of fractured coal–rock mass (Figure 4) at this stage, the
more complex fracture contained inside the coal–rock mass,
the b value was increased more obviously, and the b value of
the fractured coal–rock mass increased significantly higher
than that of the intact coal. The b value of intact coal, single
fracture, parallel fracture, cross fracture, and mixed fractured
coal–rock mass was increased by 0.055, 0.085, 0.106, 0.155, and
0.178, respectively.

The more complex the fracture (i.e., in sequence of intact,
single fracture, parallel fractures, cross fractures, and mixed
fractures coal) in coal–rock mass, the greater b value it was
under the same stress level. For example, when the loading
reached the peak, the b value of the fracture rock mass from
complex to simple was 3.296, 2.875, 2.731, and 2.448, respectively,
while the b value of the intact coal was 2.014. In addition,
compared with the results of distribution regularity of the b
value for the intact coal, single fracture, parallel fracture, cross
fracture, and mixed fractured coal–rock mass had a similar trend
during the process of failure evolution at the stress level from 0 to
the peak.

In conclusion, the characteristic parameter b of maximum
amplitude distribution of AE events changing regularities
under different stress levels showed that the damage of
intact coal and fractured coal–rock mass were embodied as
the increasing scale of cracks inside on the microscopic and
increasing AE events with large amplitude. During the
changing process, the growth of micro-cracks was restrained
when the stress had increased to a certain level, and then,
micro-cracks inside started to propagate until the stress
reached the peak strength. In addition, the b value
decreased before the specimen reached instability, which
was also consistent with the existing literature reports
[35–37]. The decrease of the b value represented the large-
scale development of high-energy acoustic emission events.
Before the failure, the b value dropped sharply, indicating that
the proportion of high-energy large-scale micro-cracks
increased gradually, and the development of micro-cracks
changed from disorder to order. When the micro-crack size
distribution was relatively constant, the b value gradually

TABLE 3 | Results of the b value under different stress levels of fractured coal–rock mass.

Stress level (σ/σmax) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 The average
of R2

Intact coal (1–3) b value 2.556 2.523 2.472 2.319 2.374 2.261 2.108 2.023 2.006 2.014 0.917
Single fractured coal–rock mass (F1-31) – – 2.861 2.553 2.506 2.461 2.581 2.666 2.523 2.448 0.881
Parallel fractured coal–rock mass (F1-72) – – 3.406 3.057 2.891 2.997 2.971 2.890 2.782 2.731 0.967
Cross fractured coal–rock mass (F1-38) – 3.893 3.705 3.195 2.765 2.830 2.932 2.985 2.966 2.875 0.879
Mixed fractured coal–rock mass (F1-35) – – – 3.399 3.344 3.390 3.527 3.522 3.315 3.296 0.846

FIGURE 4 | Distribution of the b value under different stress levels of
fractured coal rock mass.
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tended to be stable. Finally, crack penetration led to specimen
instability and failure.

The Frequency of Amplitude Distribution in
Different Stress Intervals
Due to similar changing regularities of the characteristic
parameter b of AE events in intact coal and fractured
coal–rock mass during the failure evolution process, in
order to study furthermore, the intact coal specimens 1–3#
were used as an example to analyze the failure evolution
process reflected by the b value in different stress intervals.
During the uniaxial loading, the frequency of maximum

amplitude distribution of AE events in different intervals is
shown in Figure 5.

Combined with the b value of intact coal rock in Table 2, when
the stress level was in the interval of 0 ∼ 20%, there was few of AE
events with maximum amplitude about 35 ∼ 45 dBmainly. As the
stress level was loaded to the interval of 20 ∼ 40%, the amount of
AE events and amount of AE events with larger amplitude had
increased, where the maximum amplitude was about 35 ∼ 50 dB
primarily, and the value b was reduced comparing with the
previous interval. When the stress level was in the interval of
40 ∼ 60%, the amount of AE events continued to increase, and the
increasing of the low amplitude of the events was faster than that
with larger amplitude, which suggested that the propagation of

FIGURE 5 | Maximum amplitude distribution frequency and probability distribution curves of AE in different stress intervals of intact coal-rock mass (1-3).
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micro-cracks in this interval was restrained, and reflected with the
increasing b value. When the stress level was in the interval of
60 ∼ 80%, the amount of AE events with large amplitude had
increased rapidly compared with the previous interval, especially
the AE events with maximum amplitude about 50 ∼ 60 dB, which
embodied that the large scale of cracks were developing rapidly

on the microscale, and reflected with the reducing b value. After
loading the stress level to the interval of 80 ∼ 100%, the growth of
AE events with maximum amplitude was getting to be stable,
and the reducing of the b value was also gently. And comparing
with the previous interval with larger scale of cracks developed,
the crack development was dominated by adjustment and began

FIGURE 6 |Maximum amplitude distribution frequency and probability distribution curves of AE events from 0 to peak of intact coal and fractured coal-rock mass.
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to expand along the existing large scale of cracks on the
microscale.

In order to better reflect the amplitude distribution characteristics
of coal–rock mass, the Gaussian normal distribution function
“g(x) � y0 + [a/(w × ���

π/2
√

) ] × e−2×[(x−x0)/w]
2

” was selected to
perform statistical probability fitting for the maximum amplitude
of AE events, and the Gaussian normal distribution curve as shown
in Figure 6 was obtained. Its distribution function and degree of
fitting are shown in Table 4. AE events with amplitude distribution
have good Gaussian normal distribution characteristics, such as high
fitting degree. In different stress regions, the probability of AE events
concentrated in the range of maximum amplitude from 35 to 50 dB
is the largest.

In summary, the quantitative evaluation index b value could
reflect very well in the distribution regularities of maximum
amplitude of AE events during the failure evolution process of
coal, and themaximum amplitude of AE events could directly reflect
the expanding intensity of cracks in the coal. Therefore, the
characteristic parameter b of AE events could describe the failure
evolution process of coal well. In addition, the stress interval with a
large amplitude increase could be used as a precursor to the peak of
the specimen through the maximum amplitude distribution
frequency of the AE event. Then, the b value that characterizes
the maximum amplitude distribution of the AE event was drastically
reduced to the stress level when it was gradual as a pre-destruction.

The Variation Regularities of Maximum
Amplitude Between Different Fractured
Rock Mass
The maximum amplitude distribution frequency of AE events for
intact coal and fractured coal–rock mass during the stress level
from 0 to the peak loading is shown in Figure 6.

As shown in Figure 6, the distribution frequency of maximum
amplitude of intact coal was more “full” than that in fractured

coal–rock mass from the distribution shape, where it was more
“slender” in fractured coal–rock mass. And comparing the shape
in different fracture rock mass, the more complex the fracture
(i.e., in sequence of intact coal, single fracture, parallel fractures,
cross fractures, and mixed fractures) in coal–rock mass, the more
“slender” it was. Based on the distribution characteristics of
maximum amplitude of AE events, the intact coal had more
AE event amount and more distribution range, where the
amplitude of AE events was distributed mainly in the interval
of 35 ∼ 55 dB, and there were 87 AE events with amplitude more
than 70 dB. For the fractured coal–rock mass with more complex
fracture, the decrease of AE event amount was more obvious, and
the AE events with large amplitude reduced more. Taking mixed
fracture of coal–rock mass as an example, the maximum
amplitude of AE events was mainly from 35 to 45 dB, where
the amount of AE events declined steeply when the amplitude was
larger than 45 dB, and there were no AE events with amplitude
greater than 70 dB. So, compared with intact coal and fractured
coal–rock mass, the more complex the fracture (i.e., in sequence
of intact coal, single fracture, parallel fracture, cross fracture, and
mixed fractured coal–rock mass), the more reduction of the total
AE events and the amount with large amplitude of AE events. The
reason for this was that with more complex fracture inside, the
internal cracks could expand along the existed fracture more
easily, and the cracks expanding with large scale were reduced
more for the low bearing capacity of rock bridge cut by fractures.

In order to better reflect the amplitude distribution characteristics,
through statistical probability fitting of the distribution frequency of

TABLE 4 | Gaussian normal distribution function of frequency distribution of AE
maximum amplitude in different stress zones of intact coal–rock mass (1–3).

Stress level The Gaussian normal
distribution function

R2

(0∼20%)σmax g(x) � 1.34 + 48.66 × e−2×[(x−42.80)/17.30]
2

0.931
(20∼40%)σmax g(x) � 4.99 + 77.05 × e−2×[(x−42.62)/19.99]

2

0.973
(40∼60%)σmax g(x) � 4.38 + 115.35 × e−2×[(x−43.21)/20.65]

2

0.953
(60∼80%)σmax g(x) � 1.77 + 206.76 × e−2×[(x−44.94)/24.75]

2

0.982
(80∼90%)σmax g(x) � 3.74 + 162.25 × e−2×[(x−45.04)/20.67]

2

0.963
(90∼100%)σmax g(x) � 3.49 + 167.97 × e−2×[(x−44.83)/19.92]

2

0.965

TABLE 5 | Gaussian normal distribution function of maximum amplitude distribution frequency of intact coal and fractured coal–rock mass.

The type of rock mass The Gaussian normal distribution function R2

Intact coal (1–3) g(x) � 20.13 + 769.48 × e−2×[(x−44.32)/21.53]
2

0.976
Single fractured coal–rock mass (F1-31) g(x) � 14.93 + 774.60 × e−2×[(x−46.78)/19.29]

2

0.985
Parallel fractured coal–rock mass (F1-72) g(x) � 36.04 + 639.27 × e−2×[(x−43.37)/14.96]

2

0.910
Cross fractured coal–rock mass (F1-38) g(x) � 8.82 + 259.06 × e−2×[(x−42.81)/12.78]

2

0.936
Mixed fractured coal–rock mass (F1-35) g(x) � 1.76 + 95.89 × e−2×[(x−42.38)/11.55]

2

0.953

FIGURE 7 | The b value of intact coal and fractured coal–rock mass at
the peak loading (σ � σmax).
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the maximum amplitude, the Gaussian normal distribution law
of the maximum amplitude distribution frequency with a high
degree of fit can be obtained. Table 5 shows the Gaussian
normal distribution function and fitting degree of coal–rock
mass with different fracture combinations. It was observed that
the probability of the maximum amplitude event of AE
occurred at about 45 dB was the largest.

Based on the characterization of the maximum amplitude
distribution at the range from 0 to the peak loading, the b value
characteristics at the peak stress of coal–rock mass with
different fractures were further analyzed. As shown in
Figure 7, under uniaxial loading, the b value at the peak
stress of intact coal, single fracture, parallel fracture, cross
fracture, and mixed fractured coal–rock mass was 2.014, 2.448,
2.731, 2.876, and 3.269, respectively. Thus, the b value of intact
coal was the smallest, while the b value of coal–rock mass with
mixed fractures with the most complex fractures was the
largest. Thus, the more complex the primary fractures were,
the greater the b value was, where the physical meaning was
that the more complex the fracture inside, the more barriers
existed to restrain crack propagation caused by internal crack
distribution. On the microscale, the main reason for this was
that the more the fractures existed in the coal–rock mass, the
lower the capacity of bearing the load and storing less energy
inside, and the cracks could be better adjusted during the crack
propagation for the more the fractures existed, which led that
the more complex the fractures inside, the less scale cracks
happened. In addition, as shown in Figure 8, the b value
distribution of single fracture coal–rock mass was more
discrete, where the reason was that the bearing capacity of
single fractured rock mass was influenced by the direction
between the load and fracture, and the characteristics of
anisotropic were reflected. For mixed fractured coal–rock
mass, the discrete degree of the b value was lower than the
single fracture inside, where it was shown that the effects were
reduced which was caused by the direction between the loading
and fracture with lower characteristics of anisotropic.

Temporal and Spatial Distribution
Characteristics of Acoustic Emission
Events
In order to reflect the relationship between the evolution of
internal fractures and the degree of main fractures in the
process of coal–rock failure, the spatial distribution of AE
events and energy in the process of failure evolution of intact
coal and coal–rock mass with different fractures is shown in
Figure 9. By correcting the accuracy of the AE positioning system
in the test process, the experiment was carried out under the
condition that the absolute errors of the AE source in X direction,
Y direction, and Z direction were all less than 2 mm. As for the
energy of AE events, the energy and quantity of AE events in the
failure process of intact coal rock were the largest. Compared with
the coal–rock mass with different combinations of fractures, the
amount of AE events and its energy had shown a trend of
decrease when the fractures were more complex. Compared
with fractured coal–rock mass, the spatial distribution of AE
events in intact coal rock was discrete, and the crack propagation
was random, which would not be affected by fracture. However,
the spatial distribution of AE events reflected the correlation
between the spatial location of fractures and AE events. Taking
single, cross, and mixed fractured coal–rock mass as examples,
under the condition of uniaxial loading, the expansion of the
micro-cracks was controlled by the existing fractures, which led
that the AE events were mainly distributed along the penetration

FIGURE 8 | The b value distribution of intact coal and fractured
coal–rock mass.

FIGURE 9 | Spatial distribution of AE events and its energy of intact and
fractured specimens. (The size of the sphere reflects the amount of energy).
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failure surface presenting with concentrated distribution on the
macroscale. For single fracture coal–rock mass, the AE events
were mainly distributed along the surface of existing fracture,
while for cross and mixed fractured coal–rock mass, the AE
events were mainly distributed in the locked segment.

The amplitude, energy, and the b value of AE events were
combined to reflect the failure evolution process of intact coal and
coal–rock mass with different fracture combinations and the
relationship between the parameters. The relationship among AE
event amplitude, energy, and the b value in different stress levels of
intact coal and fractured coal–rock mass with different fracture
combinations under uniaxial loading is shown in Figure 10.

As shown in Figure 10, the energy of AE events in intact
coal–rock mass was greater than that in fractured coal–rock mass
significantly, and the more complex the fracture was, the lower the
AE energy was. At the low stress level, the more complex the
fracture was, the deformation in the failure process was mainly
adjusted along the existing fracture, and the lower the energy of
acoustic emission event was. When the stress level was loaded to

0.6∼0.8 times of the peak strength (σmax), the distribution of AE
events with large energy was relatively concentrated, caused by
cracks extending in special direction. During the stress level of 0.8 ∼
1, both the AE amplitude and AE energy increased and then
decreased. Based on the AE amplitude and energy distribution of
intact coal and fractured coal–rock mass, the variation trend of AE
amplitude was consistent with that of AE energy, and when the
energy value was large, the AE amplitude increased. Comparing
with the distribution in intact coal, because of the effect of the
existed fractures, AE events with large energy in fractured
coal–rock mass were mainly distributed along the failure
fracture during the whole loading process, which mainly
happened at the stress level about 0.8, while the intact
coal–rock mass occurred at 0.6∼0.8 times. The amplitude of
intact coal varied continuously during the test, while the
amplitude of fractured coal and rock mass changed from
disperse to continuity, and the amplitude frequency was high
when the stress level was 0.6∼1. The results of this study were
consistent with those ofMeng et al. [38, 39]. In the compaction and

FIGURE 10 | The distribution of AE event amplitude, energy, and the b value of intact and fractured specimens at pre-peak stress level.

Frontiers in Physics | www.frontiersin.org August 2021 | Volume 9 | Article 63530612

Liu et al. Failure Evolution Process of Rock Mass

211

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


elastic stages, the amplitude of AE energy was relatively low,
and new micro-cracks could not be formed under low stress.
When the stress entered the plastic stage, the internal structure
of coal rock was damaged, and the amplitude of AE energy
increased gradually.

As shown in Figure 10, no matter how intact coal or
fractured coal–rock mass occurred with different fracture
combinations, the energy of AE events showed a decreased
trend after reaching the maximum value during the failure
evolution process, and it indicated that the failure evolution
was dominated by development and extension of cracks with
smaller size and breakthrough the rock bridge between cracks
after the AE event with maximum energy arrived. In general, the
acoustic wave was the external macroscopic representation of
crack extension in rock material during its failure process, where
the maximum amplitude of the AE event was positively related
to its energy. Combined with the distribution of the b value at
different stress levels, the b value of AE events showed an
increased trend at the stress level of 0.6∼0.8 in fractured
coal–rock mass, and it showed that the amount of AE events
with large amplitude was decreasing and the internal energy was
accumulating during this stress interval. When the stress level
was loaded up to about 0.8, the b value was reducing obviously,
where the amount of AE events with large amplitude was
increasing conspicuously, and it was in accordance with the
energy of AE event distribution in this stress level. After the
stress level was about 0.8, the failure evolution was dominated
by development and extension of cracks with smaller size, and
the b value represented the distribution regularities of AE events
were decreasing gradually and trending to be gentle finally.
Therefore, based on the characteristics during the failure
evolution process in fractured coal–rock mass, some
regularities could be presented, where the b value would
decrease and then increase and then decrease in the pre-peak
phase, and the stress level could be considered as the precursor
of the b value occurred. For intact coal, internal cracks were
extended randomly under uniaxial loading caused by no
constraint of existed fractures and higher strength inside, and
the AE events with large energy were distributed during the
whole failure process, where the b value was decreased on the
whole and distinguished from fractured coal–rock mass. When
the stress level was loaded up to about 0.8, the b value trended to
be gentle after the AE event with largest energy happened, which
was in accordance with fractured coal–rock mass. So, based on
the variation regularity of the b value reflected and the
maximum amplitude distribution of AE events in intact coal
and fractured coal–rock mass during the failure evolution
process, it could be considered that the second decrease and
flattening of the b value is the premonitory criterion of failure.

CONCLUSION

As we know, one of the difficulties in studying the mechanical
behavior of fractured rock mass was on how to obtain the
fractured rock mass specimens. In this study, the fractured
rock mass specimens were obtained by preloading intact rock

(coal) in the rock mechanic rigidity servo testing system
(MTS815). Then through the acoustic emission phenomenon
of rock during loading failure and the maximum amplitude
distribution law of the AE event, the failure evolution process
of intact rock and fractured rock mass specimens under uniaxial
loading condition was studied on the basis of the maximum
amplitude distribution of AE events. The main characteristics
during the failure process could be concluded as follows:

1) Based on the quantity and spatial distribution of fractures, the
fractured rock mass could be categorized into four types from
simple to complex, such as single fracture, parallel fractures, cross
fractures, and mixed fractures successively in the statistical sense.

2) The b value which represented the characteristics of the
maximum amplitude distribution of AE events could be
used to reflect the failure evolution process of the rock
mass, where the more the fractures inside, the more
obvious damage effect and the larger b value were.

3) Under different stress levels, the b value of intact rock and
fractured rock mass showed a decreasing trend with the
increase of load on the whole. Under the condition of the
same stress level, the more complex the fractures inside, the
larger the b value was. That is, the value b of intact coal rock <
single fractured rock mass < parallel fractured coal–rock mass
< cross fractured rockmass <mixed fractured coal–rockmass.

4) During the uniaxial loading, the cracks inside intact rock were
extended randomly, and the distribution of AE events was
discrete, where the AE events of the cracks inside fractured
rock mass were concentrated under the influence of existed
fractures.

5) Before the loading reached the peak value, in the process of
failure evolution of intact rock mass and fractured rock mass,
the b value decreased, then increased and then decreased, and
finally tended to be flat. The feature that the b value decreased
for the second time and gradually flattened out could be
regarded as an early warning signal that the loading
reached the peak.
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A Novel Piezoceramic-Based Sensing
Technology Combined With Visual
Domain Networks for Timber Damage
Quantification
Haibei Xiong, Lin Chen, Cheng Yuan and Qingzhao Kong*

Department of Disaster Mitigation for Structures, Tongji University, Shanghai, China

Early detection of timber damage is essential for the safety of timber structures. In recent
decades, wave-based approaches have shown great potential for structural damage
assessment. Current damage assessment accuracy based on sensing signals in the time
domain is highly affected by the varied boundary conditions and environmental factors in
practical applications. In this research, a novel piezoceramic-based sensing technology
combined with a visual domain network was developed to quantitatively evaluate timber
damage conditions. Numerical and experimental studies reveal the stress wave
propagation properties in different cases of timber crack depths. Through the
spectrogram visualization process, all sensing signals in the time domain were
transferred to images which contain both time and frequency features of signals
collected from different crack conditions. A deep neural network (DNN) was adopted
for image training, testing, and classification. The classification results show high efficiency
and accuracy for identifying crack conditions for timber structures. The proposed
technology can be further integrated with a fielding sensing system to provide real-time
monitoring of timber damage in field applications.

Keywords: timber beam crack, stress wave–based sensing, piezoelectric transducer, computer vision, deep neural
network

INTRODUCTION

Timber structures have been increasingly utilized in building construction due to their excellent
seismic performance and environmental friendliness, which mean flexible building function,
especially with the improvement of engineering wood products (Cao et al., 2019; Chen et al.,
2020; Sun et al., 2020). A variety of novel structural systems have been designed and built into
landmarks. Wood cracking is an inevitable issue for timber structures because of the variation of
temperature and humidity (Li et al., 2013; Dietsch and Winter 2018). Wood cracks could cause
potential safety hazards and increase maintenance costs. Therefore, a reliable crack detection
technology for extensive in-service and newly constructed timber structures is of great
importance to ensure the safety of timber structures.

Existing approaches for timber cracks detection mainly include resistance drilling measurement
and scanning image technique (Wei et al., 2011; Brites et al., 2012; Tannert et al., 2014; Kloiber et al.,
2015; Zhang et al., 2015; Mol et al., 2020). Drilling measurement is a conventional method to assess
the internal condition of timber members (Mol et al., 2020). However, this method is semi-
destructive, and the results are highly affected by the test personnel. The scanning image method
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utilizes different levels of absorbance between crack and health
wood for external waves, such as microwaves (Baradit et al.,
2009), X-rays (Wei et al., 2011; Pease et al., 2012; Sandak et al.,
2015a), and infrared rays (Sandak et al., 2010; Sandak et al.,
2015b), to obtain visualized information of the scanning section.
However, this method is a qualitative assessment and limited to
relatively high cost for real projects.

Compared to the existing wave-based inspection technology,
the stress wave shows potential for timber crack detection since
stress wave–based inspection is easy to perform with portable
devices for in situ assessment. According to frequency bands,
stress wave–based approaches can be divided into acoustic
tomography (low frequency) (Dackermann et al., 2014a;
Riggio et al., 2014; EI-Hadad, 2017) and ultrasonic echo
method (high frequency exceeds 20 kHz) (Puaad et al., 2014;
Koca et al., 2018; Linke et al., 2019). The detection principles,
equipment, and applications have been well demonstrated in the
literature (Dackermann et al., 2014b; Krause et al., 2015).
Conventional data processing for stress wave–based crack
detection measures the change of wave velocity in timber
structures. However, wave velocity is highly affected by various
factors, such as moisture content, wood species, and orientation
of growth rings. All mentioned factors bring uncertainties to
detection results. Furthermore, wave velocity is normally
obtained by the measurement of time-of-flight of the time-
domain probing signal. The influences of damage on the
frequency domain of the probing signal cannot be investigated
(Lee and Shin, 2002).

For obtaining frequency features to achieve high accuracy in
damage identification, time–frequency technologies have been
widely applied in radar signal recognition (Ahmad et al., 2020),
equipment fault detection (Ulloa and Barbieri, 2018), and non-
destructive testing (Obuchowski et al., 2014; Dorafshan and
Azari, 2020; Li et al., 2020). Gong et al. (Gong et al., 2020)
proposed an algorithm for the automatic extraction of the stress
wave reflection period based on image processing to measure the
different lengths of buried metal piles in soil. Le et al. (Li et al.,
2020) adopted time–frequency analysis to extract the
instantaneous frequency of a vehicle–bridge interaction system
and evaluated the bridge’ state. Hui et al. (Bao et al., 2018) used
the deep learning neural network to identify different time-series
images of signal faults in bridge health monitoring. However,
there is still no study using time–frequency analysis combined
with visual domain networks to detect the timber cracks.

In this paper, the authors propose a novel piezoceramic-based
sensing technology combined with the vision classification
algorithm for timber crack detection. The proposed visual
domain method replaces the conventional way (i.e., damage
index) of quantifying the variation of the stress wave signal in
the time domain. The received stress wave signal was transformed
into spectrograms using the short-time Fourier transform
(STFT). Then, the dataset of each case with the label of crack
depths was fed into a deep learning network for classification.
Numerical simulation was performed to illustrate the stress wave
propagation properties when passing through timber cracks in
different depth cases. A series of experimental investigations,
including a total of three timber beam specimens with seven crack

depth conditions in each, were conducted to validate the
feasibility and accuracy of the proposed technology.

METHODOLOGY

The proposed approach consists of three major steps, as detailed
in Figure 1: 1) data pre-processing by conducting joint
time–frequency analysis; 2) data augmentation for expanding
the dataset and simulating environmental uncertainties in
operation; and 3) deep neural network (DNN) training for
crack depth classification. Spectrograms of different crack
depths are obtained in data pre-processing using the short-
time Fourier transform (STFT). Three data augmentation
methods include adding white noise to wave data in the time
series, adding Gaussian noise to the spectrum, and jittering
spectrums, which will not change the main characteristics of
signals from the statistical perspective (Tanner, 2014). After data
augmentation, seven spectrum image datasets with the label of
crack depths are fed into the proposed DNN to train a model and
consequently identify damage severity.

Stress Wave–Based Sensing Technology
Using Piezoelectric Transducers
Piezoelectric materials, such as lead zirconate titanate (PZT), have
attracted increasing attention in real-time monitoring of
structural damage for their high stability, small size, great
linearity, and piezoelectric effects (Yang et al., 2018; Yuan
et al., 2020). The feasibility, applicability, and reliability of
PZT sensors have been widely validated in the past decade
(Dansheng et al., 2016; Zhang et al., 2018a; Zhang et al.,
2018b; Han et al., 2019). PZT-based detection mainly includes
stress wave sensing and electro-mechanical impedance (EMI)
method (Huo et al., 2017; Zhang et al., 2021), while the high-cost
equipment requirement impedes practical applications of the
EMI method. Furthermore, because of the larger range of
perception and the indirect and the direct piezoelectricity of
the PZT material, stress wave sensing is adopted in this
research, in which PZT-based transducers can function as
both actuators and sensors.

In this study, a pair of PZT patches (an actuator and a sensor)
is mounted on the timber surface to generate and detect stress
waves, respectively. Figure 2 shows the stress wave propagation
mechanism when a crack occurs on timber. The propagation
property is affected by the internal condition in the wave path.
The existence of cracks in the timber beam could transform the
propagation path and wave pattern. When a crack is present,
stress waves will reflect and diffract at the damage interface,
causing the energy drop-down on the other side of the crack. In
Figure 2, it is obvious that the stress wave energy attenuates due
to reflection and diffraction at crack interfaces.

Generation of Spectrum Image Data
The time-series signal received by piezoelectric transducers only
contains information of the time domain, which does not
consider the influence of cracks on frequency components.
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FIGURE 1 | Pipeline of the proposed detection method.

FIGURE 2 | Stress wave propagation properties on the crack surface: (A) overall view; (B) wavefront details.

FIGURE 3 | Generation process of image data.
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Thus, time–frequency analysis including both time and frequency
information of the received signal is utilized in this research to
obtain spectrum images of the received signal.

In this generation process of image data, time series from tests
are transformed into frequency spectrums by using short-time
Fourier transform (STFT). For an original discrete signal
sequence x(n), a pre-determined window function is used to
divide the time series into many segments, and it is assumed the
signal is pseudo-stationary over a short interval, and then Fourier
transform is carried out on each window length (Bendory et al.,
2017; Rashid and Louis, 2020). The transform process of STFT is
shown in Figure 3. Both time- and frequency-domain
characteristics of timber cracks are contained in STFT
spectrums; thus, more damage features can be learned in the
training process of the neural network. The calculation of STFT is
shown in the following equation:

F(mΔt, f ) � ∑ x(n)g(n −mΔt)e−jωn (1)

where F(mΔt, f ) is a two-dimensional complex matrix
representing STFT results, g(n) is the length of the window
function (chosen as the Hamming window), and Δt is the hop
size in samples between successive discrete Fourier transforms.

Process of Classification Training
STFT spectrum images contain multi-domain feature
information of each damage case. Since the DNN has
validated significant performance in the classification of
images (Shukla and Piratla, 2020), the timber crack detection
is conducted using a transferred DNN. The AlexNet network is
transferred in this study to imitate the human decision-making
process for a deep understanding of the characteristics of STFT
spectrums in different crack conditions. The AlexNet network
consists of eight layers, including five convolution (Conv) layers
and three fully connected (FC) layers (Krizhevsky et al., 2012), as
shown in Figure 4.

As shown in Figure 4, damage spectrums are firstly
normalized to the size of 227 × 227 × 3 pixels in the input
layer, and then 96 kernels are used to extract edge features in the
first convolutional layer. The feature map obtained from the
former convolutional layer is then put into the ReLU layer and is

mapped non-linearly using activation function (i.e., rectified
linear unit, ReLU). The ReLU layer’s output then gets into the
pooling layer, in which salient features are extracted by the max-
pooling algorithm. These steps are repeatedly conducted in the
following four convolutional layers with different kernels and
padding sizes. With the increase of convolutional layers, the
extracted feature number is significantly increased. After that,
feature maps are connected to FC layers. The dropout layer can
avoid the occurrence of overfitting. The classification results can
be obtained in the output layer using softmax function to
normalize possibility in each class.

NUMERICAL STUDY

Model Setup
Numerical simulations were performed in Abaqus. The
mechanical properties of timber were set as orthotropic, and
detailed constants are listed in Table 1. The parameter E
represents the elastic modulus, G is the shear modulus, and µ
is Poisson’s ratio. The indexes L, R, and T represent the
longitudinal direction, radial direction, and tangential
direction, respectively.

The material properties of PZT patches were adopted values in
official documents of Abaqus1. The dielectric constant,
engineering constants, and piezoelectric coupling matrix are
listed in Table 2.

The interfaces between timber and PZT patches were set as the
connection type of tie. The solid element C3D8R was adopted for
the timber beam, and the solid element C3D8E with piezoelectric
effects was used for PZT patches. The excitation signal was
produced by setting different electrical potentials at the top
and bottom surfaces of PZT patches. In particular, the
electrical potential at the bottom surface was set as zero, and
at the top surface, ten voltages with a pre-determined amplitude
were set. The excitation load is a one-cycle sine wave with a
frequency of 190 kHz.

FIGURE 4 | Architecture of the AlexNet network.

1http://wufengyun.com:888/books/exa/default.htm(n.d.).
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The implicit dynamic solver was used with a time period of
0.0001 s, and the time iteration was 1e-7. Figure 5 shows
specimen dimensions and PZT locations in the established
model. Figure 6 depicts a three-dimensional propagation path
of stress waves.

Effects of the Crack on Stress Wave
Propagation
To investigate the effect of cracks on stress wave propagation,
four crack depths were performed. Figure 7 shows wavefronts of
four damage cases in the 220th iteration step. Reflections are
observed at the left and side boundaries, and wavefronts show the
same pattern before passing through cracks, which means
incident waves into the crack interface have same properties
and differences as received signals that are only caused by cracks.

Figure 8 shows strain contours when stress waves are passing
through the crack interface in the 400th iteration step. Reflection
waves caused by the crack are obvious in all damage cases. The
transmission wave is only observed at the crack depth of 4 mm,
which indicates wave velocity decays when the stress wave passes
through cracks.

After passing through cracks, the characteristics of stress
waves show extreme differences (as depicted in Figure 9). At
the same time in the 470th iteration step, the wavefronts
drop down rapidly with the increase of crack depths,
representing the attenuation of wave velocities. At the
same position of the transmission wave, the stress wave
intensity reduces significantly with the increase of crack
depths.

EXPERIMENTAL VERIFICATION

Laboratory Test Specimen
Three timber specimens (pine wood) with the same dimensions
(300 mm × 100 mm × 50 mm) were prepared at the State Key
Laboratory of Tongji University. For simulating timber cracks,
2-mm-width cracks within seven different depths, listed in
Table 3, were cut off on the top surface perpendicular to the

TABLE 1 | Mechanical properties of the timber material used in Abaqus.

Density
(g/cm3)

Moisture
content

(%)

EL ER ET GLR GLT GTR μLR μLT μRT

/MPa

0.39 12 11,583 896 496 758 690 39 0.37 0.47 0.43

TABLE 2 | Material properties of PZT patches used in Abaqus.

Engineering constants (GPa) Piezoelectric coupling matrix (m/volt) ×E-10

E1 60.61 d311 −2.74
E2 60.61 d322 −2.74
E3 48.31 d333 5.93
v12 0.289 d112 7.41
v13 0.512 d223 7.41

Dielectric matrix (farad/meter)×E-08
v23 0.512
G12 23.5 D11 1.505
G13 23 D22 1.505
G23 23 D33 1.301

Note: numbers 1, 2, 3 refers to the direction. Direction 1 represents the length direction of PZT patch, direction 2 refers to the width direction of PZT patch, and direction 3 refers to the
thickness direction of PZT patch.

FIGURE 5 | Assembly model.

FIGURE 6 | Three-dimensional propagation path of the stress wave.
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grain direction. Two PZT patches were mounted at predetermined
locations using adhesive (Comix super glue B2695), and the
distance is 50mm from two adjacent ends of the timber
specimen, as shown in Figure 10. The dimensions of PZT
patches are 10mm, 10mm, and 2 mm in length, width, and
depth, respectively.

Experimental Setup
The experimental apparatus includes timber specimens, a
data acquisition system, and a monitoring visualization
system, as depicted in Figure 11. Timber specimens are

fixed by two fixtures for simulating the boundary
conditions in real cases. On the top surface of specimens,
two PZT patches were used for transmitting and receiving
signals. One PZT patch, excited by a one-cycle sine wave with
a frequency of 190 kHz, is connected to the acquisition system
with 2 MS/s sampling frequency. The data acquisition system
consists of an acquisition card (NI USB 6366) and a signal
power amplifier (Trek model 2100HF). The other PZT
connected to the acquisition system is used to receive
stress waves and displace the signal response in the
visualization system.

FIGURE 7 | Strain contours of the stress wave in the 220th iteration step: (A) crack depth of 0 mm; (B) crack depth of 4 mm; (C) crack depth of 10 mm; (D) crack
depth of 20 mm; (E) stress wave intensity.

FIGURE 8 | Strain contours of the stress wave in the 400th iteration step: (A) crack depth of 0 mm; (B) crack depth of 4 mm; (C) crack depth of 10 mm; (D) crack
depth of 20 mm; (E) stress wave intensity.
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RESULTS AND DISCUSSION

Time-Domain Signal Collection
The time-domain probing signals for three specimens are shown in
Figure 12. The time duration of each specimen is 0.5 ms. A general
trend of all the test specimens shows two significant wave packets in
time response. The first wave packet is the signal directly received
from the probing signal, and the second wave packet is the signal
received from boundary reflections. The signal amplitudes decrease
with the increase of crack depth in the first wave packet. The second
wave packet has no similar trend due to the multi-boundary
reflection effects. Because of the large material dispersion of
timber, time-domain signals are very difficult to process and
classify the damage cases. Thus, time–frequency spectrums in
terms of images are established from each time-domain signal
for training the developed DNN.

Data Training Process
Since original signals from tests are limited to training neural
networks, three data augmentation methods are used to expand
datasets in both the time domain and the frequency domain.
Gaussian noises with certain signal-to-noise ratios were added to
raw data, and all raw data were transformed into frequency
spectrums by STFT. In addition, salt and pepper noises were
added into spectrum images of original signals, and spectrum
images were jittered into 8 channels and 16 channels, respectively.
Each original signal was expanded to 27 images after data
augmentation. Spectrums from different specimens but for the
same crack depth were mixed into a separate dataset. A total of
567 images were obtained in this research, as shown in Figure 13.

Classification Results
Visual domain network–based image identification for the
spectrum dataset was conducted. Seven datasets with 567
images are mixed and fed into the transferred AlexNet
network. The learning rate is set as 0.0001, and a total of 200
epochs are set. In each epoch, images are randomly split into the
training set and validation set. As shown in Figure 14, the
training dataset accounts for 70% of the total images, and the
validation dataset accounts for 30%. As shown in Figure 15, the

FIGURE 9 | Strain contours of the stress wave in the 470th iteration step: (A) crack depth of 0 mm; (B) crack depth of 4 mm; (C) crack depth of 10 mm; (D) crack
depth of 20 mm; (E) stress wave intensity.

TABLE 3 | Seven cases of crack condition.

Case 1 2 3 4 5 6 7

Crack depth (mm) 0 2 4 6 8 10 20
Crack width (mm) 2 2 2 2 2 2 2

FIGURE 10 | Timber specimens: (A) side view; (B) top view of PZT configuration.
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FIGURE 11 | Experimental apparatus.

FIGURE 12 | Received signals: (A) specimen 1; (B) specimen 2; (C) specimen 3.
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predicted accuracy rapidly increases with the addition of
iterations. When the number of iterations exceeds 2,000, the
prediction accuracy approaches a constant value of 95.83%.

Figure 16 illustrates the confusion matrix regarding the
classification accuracy of the validation dataset. The average
accuracy rate is 95.8%. The crack depth of 8 mm has the
highest accuracy of 100%. The crack depths of 0 mm, 2 mm,
4 mm, and 10 mmhave the same accuracy with a 4.3% probability
of wrong predictions, and the crack depth of 20 mm has a lower
accuracy of 91.7%.

Discussions
The classification results from the transferred DNN show the
feasibility of the proposed technology to identify timber crack
severity. Compared with traditional signal processing of the

stress wave method, the proposed method based on STFT
spectrums and computer vision technique shows the
advantage in generality and the extensibility of the dataset.
However, adopting this approach in field applications still
faces a few challenges. In particular, four aspects should be
considered in the future work: 1) The detection accuracy is
highly limited to the size of the training dataset, which
requires continuously expending the current dataset to
improve the stability and adaptability of the developed
DNN-based classification. 2) Only timber beam elements
are investigated in the experimental study, whereas the
boundary conditions and dimensional features may be
different from other timber structural components, such as
columns, wood slab, and timber connections. All mentioned
factors may influence the reflection pattern of stress waves. 3)
The performance of the proposed method in identifying
cracks in propagation is not clear. Therefore, one possible
solution is to collect stress wave signals over the whole
loading process and then divide these raw data and their
corresponding STFT spectrums into different stages
according to crack propagating severity and then use the
computer vision approach to identify crack propagation. 4)
The form of sensor used in this research is surface-mounted
patches, whose performance is easily affected by
environmental variations and service life. Proper sensor
protection should be considered to ensure its long-time
service for structural health monitoring of timber structures.

CONCLUSIONS

This research proposes a novel piezoceramic-based sensing
technology combined with visual domain networks for
timber crack detection. Surface-mounted piezoelectric
transducers were utilized to transmit and receive stress waves
in both numerical simulations and experiments. The numerical
and experimental results reveal the wave propagation properties
in different cases of crack depths. A total of 567 images were
reconstructed by transferring the time-domain signal to
time–frequency spectrums. Respective labels from the dataset
were trained through the transferred DNN, and the predicted

FIGURE 13 | Process of data augmentation.

FIGURE 14 | Distribution of training and validation datasets.
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outputs show an average accuracy of 95.8% for crack condition
identification. The proposed technology has great potential for

achieving real-time monitoring of timber damage in
engineering projects when expanding the training samples
from in situ timber damage cases.
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Experimental Evaluation of Miniature
Impedance Board for Loosening
Monitoring of the Threaded Pipe
Connection
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1Institute of Seismology, CEA, Wuhan, China, 2Hubei Key Laboratory of Earthquake Early Warning, Wuhan, China, 3Hubei
Earthquake Administration, Wuhan, China, 4Wuhan Institute of Earthquake Engineering Co. Ltd., Wuhan, China

Electromechanical impedance (Electromechanical impedance)-based methods as
potential nondestructive evaluation (NDT) techniques have been widely used in the field
of structural health monitoring (SHM), especially for the civil, mechanical, and aerospace
engineering fields. However, it is still difficult to apply in practical applications due to the
limitations of the impedance measurement hardware, which is usually expensive, bulky,
and heavy. In this paper, a small, lightweight, and low power consumption EMI-based
structural health monitoring system combined with the low-cost miniature impedance
board AD5933 was studied experimentally to investigate its quantifiable performance in
impedance measurement and structural damage identification. At first, a simple
impedance test with a free PZT patch was introduced to present the impedance
calibration and measurement procedure of AD5933, and then its calibration
performance was validated by comparing the signature with the one measured by a
professional impedance analyzer (WK6500B). In order to further validate the feasibility and
effectiveness of the AD5933 board in practical applications, a threaded pipe connection
specimen was assembled in the laboratory and then connected with the AD5933 to
acquire its impedance signatures under different loosening severities. The final results
demonstrated that the impedance measured by the AD5933 show a good consistency
with the measurements by the WK6500B, and the evaluation board could be successfully
utilized for the loosening severities identification and quantitatively evaluation.

Keywords: electromechanical impedance, miniature impedance board, AD5933, threaded pipe connection,
loosening monitoring

INTRODUCTION

Electromechanical impedance (EMI)-based structural health monitoring as a NDT technique
was first proposed by [1]; and exhibits great potential in the field of structural health
monitoring [2–4]. In recent years, the EMI technique had been employed by researchers
to assess structures in various fields and of various materials: aerospace and aircraft structures
[5], concrete structures [6–8], steel structures [9–11], jacket-type offshore structures [12], and
polymer and reinforced composite structures [13]. The basic principle of the EMI-based
damage detection technique is to track the electrical impedance of a PZT (lead zirconate
titanate) transducer, which was surface bonded onto the host structure. Owing to the
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interactive electromechanical coupling properties of the PZT
transducer, slight changes in the physical characteristics of
the host structure can be captured by detecting the changes in
the electrical impedance of the PZT transducer. Thus, the
health condition and service status of the host structure can
be effectively evaluated by measuring the electrical
impedance of the PZT transducer and comparing it with
baseline data.

Though EMI-based techniques have received great attention
in the area of structural health monitoring and damage
identification, they still face many challenges during practical
application. One of the biggest challenges is the nature of
impedance measurement hardware, which is usually very
expensive, bulky, and heavy, such as the professional precious
impedance analyzer (WK6500B, Wayne Kerr Electronics Co.,
United Kingdom) with a price of approximately 10,000 USD, a
mass of approximately 14 kg, and the dimensions 190 mm ×
440 mm × 525 mm. With these disadvantages, it becomes very
difficult for EMI-based techniques to be applied in field use for
online SHM, and therefore seriously limits its wider adoption in
the future.

In recent years, an AD5933 evaluation board manufactured
by Analog Devices Co. (Norwood, MA, United States) has
received a lot of attention in the field of SHM due to its
excellent impedance measurement ability. The board is very
cheap (approximately 60 USD), and is characterized by its low
weight (approximately 240 g) and small dimensions (80 mm ×
80 mm). The evaluation board can measure the impedance
signatures up to 100 kHz with 512 maximum data points.
Due to these distinguishing advantages, much research had
been published around this low-cost, on-board SHM system
[14–19]. For example [20], investigated the influence of the
calibration process of the AD5933 on impedance measurements
and validated its damage detection ability in carbon fiber
reinforced polymer CFRP panels suffering delamination [21].
Successfully applied the AD5933 board to detect common
defects of the glass fiber composite plates, such as
delamination and cracking. All the published research
showed that impedance measurement by the AD5933 board
provides good consistency with measurements obtained from a
professional impedance analyzer. Therefore, some researchers
have demonstrated that a mini-impedance measuring board
such as the AD5933 is likely to be a key part of future sensor
systems, especially in the next generation of EMI-based SHM
systems.

On the other hand, threaded connections have beenwidely utilized
in pipeline engineering due to their distinguishing advantages of
flexibility (aiding in assembly and disassembly), excellent bearing
capacity for large axial force, good interchangeability, and reusability
[22, 23]. However, in practical application this type of connection is
always subjected to variable external loads and environmental
pollution, which may induce cracks or loosen the connection
during its service period. In this situation, it becomes necessary to
guarantee a sealed and secure connection and thus reduce potential
leakage risk. With the development of SHM techniques [24–26],
many novel methods have been proposed by researchers in recent
years to deal with this issue. For example, a distributed temperature

sensing system (DTS), combined with optical fibers, has been
successfully employed to detect and locate leakage along the
pipelines by monitoring variations in the surrounding temperature
of the pipe [27, 28]. In addition, the piezoceramic-based active sensing
method combined with the time reversal technique has also been
utilized to identify when the connection becomes loose and evaluate
the severity of the looseness [29]. In 2018 [30], tried to apply an EMI-
based technique to monitor the health condition of threaded pipe
connections in real time, but the impedance signatures in this research
were acquired by a professional impedance analyzer.

In this paper, the miniature impedance board AD5933 was
employed as an EMI-based SHM system, and its performance in
impedance measurement and damage detection was experimentally
investigated. Firstly, a free PZT impedance test was carried out to
present in detail the impedance calibration and measurement
procedure of the AD5933, and its impedance calibration
performance was also investigated by comparing the results with a
professional impedance analyzer (WK6500B). Then, a threaded pipe
connection was assembled in the laboratory as a test specimen and
experimentally investigated to further validate the feasibility and
effectiveness of the AD5933 board, especially in its damage
identification ability under several different connection-loosening
severities. During the experiments, all the impedance
measurements taken by the AD5933 board were compared with
the ones measured by the WK6500B.

ELECTROMECHANICAL IMPEDANCE
PRINCIPLE

In 1994 [1], first proposed the concept of electromechanical
impedance-based techniques and tried to apply them in the
field of structural health monitoring. EMI takes full advantage
of the dual functions of the piezoelectric patches it utilizes, which
can act as both the actuator and sensor simultaneously. These
unique interactive electromechanical coupling properties provide
the piezoelectric patches with the potential to be employed to
detect the slightest alterations in frequency response functions for
the host structure. In this way, structural health condition and
service status can be effectively identified.

Normally, the small sized piezoelectric transducer (lead zirconate
titanate-PZT) is surface bonded onto the host structure by the high-
strength adhesive, and is powered by voltage or current. Thus, for the
PZT–host structure coupling system, its integrated electro-mechanical
characteristics may be electrically represented by the PZT electrical
impedance, which is always directly affected by the dynamics of the
PZT patch and the host structure. Among them, the mechanical
impedance of the PZT patch, denoted by Za (ω), can be always
defined as the ratio of a harmonic input voltage V (ω) to the current
response I (ω), in which ω is the angular frequency of the driving
voltage. Therefore, the electrical admittance of the PZT patch, denoted
by Y (ω) (i.e., inverse of the electrical impedance Z (ω)), can be
expressed in the following equation:

Y(ω) � I(ω)
V(ω) � iωa(εT33(1 − iδ) − Zs(ω)

Zs(ω) + Za(ω)d
2
3xŶ

E

xx) (1)
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where Zs (ω) denotes the mechanical impedance of the host
structure, a is the geometric constant of the PZT patch, Ŷ

E
xx is the

complex Young’s modulus within zero electric field, ε̂T33 is the
dielectric constant at zero stress, and δ is the dielectric loss
tangent of the PZT patch, d3x is the piezoelectric coupling
constant in the arbitrary x direction at zero stress.

With the help of this formula, the electrical impedance of the
PZT patch before and after a damage occurrence for the host
structure can be calculated and compared, thus the health

condition and service status of the host structure can be
evaluated.

MINIATURE IMPEDANCE BOARD AD5933

As shown in Figure 1A, the AD5933, as aminiature electronic board
developed by Analog Devices Co., has the ability to measure
impedance across a limited frequency, ranging from a few Hertz

FIGURE 1 | AD5933 evaluation board (A) photo (B) block diagram.

Frontiers in Physics | www.frontiersin.org August 2021 | Volume 9 | Article 7232603

Liang et al. Experimental Evaluation of Impedance Board

229

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


up to 100 kHz. The evaluation board receives information,
communication, and power vis USB cable when connected to a
laptop which has been pre-installed with the supporting software
provided by Analog Devices. As shown in Figure 1B, the AD5933
board includes an internal oscillator, signal generator (direct digital
synthesizer, DDS), digital-to-analog converter (DAC), transmit
amplifier, current-to-voltage converter, gain control block, analog-
to-digital converter (ADC), discrete Fourier transform (DFT), digital
signal processing engine, and I2C bus controller. The detailed
technical specification for AD5933 is presented as Table 1.

For the impedance measurement, the DDS and DAC work
together to generate an analog frequency sweep signal, which
is then amplified and sent out as an output signal to excite the
measured impedance. Then, working together with the
current obtained from gain resistor RFB, the response
signal in the form of electric current is converted to
voltage by current-to-voltage converter, and then
processed by the ADC and DFT engine after gain. In this
way, the real and imaginary data of the impedance can be
calculated by the DFT engine and then sent to the I2C
controller, and finally transmitted to the laptop via USB cable.

It should be noted that the evaluation board also has a high
performance trimmed 16MHz surface-mount crystal that can be used
as a system clock for the AD5933 when needed. Communication and
interfacing to the AD5933 board is via a USB cable connected to a
laptop, which controls and generates the I2C signals. With the help of
the pre-installed dedicated software developed by Analog Devices,
some related work can be done on the laptop, including setting
working parameters (the frequency and gain etc.), reading the
temperature from the internal sensor, performing calibration, and
conducting and storing the measurements.

CALIBRATION PROCEDURE AND
PERFORMANCE FOR AD5933

Calibration Procedure
For evaluation of the AD5933 board, a proper calibration
before measurement is of critical importance and directly
influences the accuracy of the final measurement. Calibration

of the AD5933 evaluation board is required each time the
software or hardware is restarted or reset. In this research, in
order to present the calibration procedure in detail and
investigate the calibration performance of the AD5933
board, a free PZT patch was employed to connect to the
AD5933 board and conduct the calibration and impedance
measurement test.

According to the documentation [31], the calibration gain
factor can be calculated in two different ways, i.e., mid-point or
multi-point frequency calibration. In this study, the mid-
frequency point calibration method combined with a
resistor with known resistance value was selected because of
convenience, and the influences to the impedance
measurement stemming from different calibration methods
can be further studied in future works. In this situation, it
should be noted that this calibration approach works correctly
only for measurements related to electronic elements like
resistors with purely resistance characteristics. Therefore,
the detailed calibration procedure can be summarized as
following:

1) Obtaining the referential measurements

First, a professional impedance analyzer was connected with
the free PZT patch, and a wide frequency excitation was applied
to the patch. Then, the corresponding impedance signature of the
PZT patch was measured and analyzed to select the sensitive
frequency band. In addition, the minimal and maximal
impedance magnitude was also obtained.

2) Selection of RCAL and RFB

According to the application note report published by [32]; the
value of the calibration resistor RCAL should be equal to:

RCAL � Zmin + Zmax

3
(1)

where Zmin, Zmax denote the minimal and maximal impedance of
the measured PZT element, respectively. Based on the pre-test
results of step (1) (Zmin, Zmax), the calibration resistor RCAL was
first determined, and then the referential resistor RFB was also
selected as RFB � RCAL (in the pure resistance case).

3) Calibration

After the RCAL and RFB resistors were determined and then
connected to the AD5933 board at the desired position, the
related evaluation parameters of the board could be set by the
evaluation software dashboard. After that, an impedance
measurement can be conducted, and thus several related
parameters can be respectively, calculated by the
acquisition of the real RZ and imaginary IZ datasheet, for
example, the magnitude M, the gain factor GF, and the phase
φAD5933.

When the real and imaginary data of the impedance have been
obtained by AD5933, the magnitude of the known resistance
RCAL can be calculated as:

TABLE 1 | Technical specification for AD5933.

Parameters Values

Frequency ranges Up to 100 kHz
Measured parameters Z as real and imaginary parts, other parameters need

to be calculated
Accuracy ±0.5%
Maximum measured
points

512

Communication
interfaces

1. chip-I2C

2. evaluation board-USB
Power supply 2.7–5.5 V DC, <1 W
Dimensions 80 mm × 80 mm
Mass 237 g
Operating temperature
range

−40°C∼125°C
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M �
������
R2
Z + I2Z

√
(2)

Based on the calculated magnitudeM, the gain factorGF could
be obtained by following the formula:

GF � YCAL

M
�

1
ZCAL

M
�

1
RCAL

M
(3)

where YCAL, ZCAL refer to calibration admittance and impedance,
respectively. In this study, calibrating resistor RCAL is utilized
instead of impedance ZCAL.

On the other hand, the phase φAD5933 was calculated using the
general formula:

φZ � tan−1(
IZ
Rz
) (4)

4) Measurement

Measurement was taken by removing the RCAL resistor from
the board and connecting it to the free PZT patch instead, then
conducting an impedance measurement using the AD5933 board,
and acquiring the real and imaginary data for the impedance. In
this situation, the impedance magnitude of the free PZT patch
can be achieved following the equation:

ZPZT � 1
GF ·MPZT

(5)

where MPZT is the impedance magnitude for the piezoelectric
transducer calculated based on Eq. 2. At the same time, the phase
φsys was also calculated following Eq. 4.

5) Calibration for the measurement

Based on the phase φAD5933 in step 4) and the phase φSYS in
step (5), the corrected phase φPZT for the PZT patch can be
calculated by following the equation:

φPZT � φSYS − φAD5933 (6)

6) Extraction of the real and imaginary data

Based on the corrected ZPZT in step 4) and the phase φPZT in
step (5), the real RPZT and imaginary XPZT of the PZT impedance
can be calculated as:

RPZT � |ZPZT | · cos(φPZT) (7)

XPZT � |ZPZT | · sin(φPZT) (8)

θPZT � −φPZT (9)

where θPZT is phase angle between real and imaginary part of
admittance.

Calibration Performance
In this calibration test for a free PZT patch, the sweep frequency
band was selected as 10–30 kHz following the calibration
procedure in step 1) of the last section, and the calibration
resistor RCAL was selected as 10 kΩ. Then, the real and

imaginary part of the PZT impedance can be calculated with
the AD5933 board following the above calculation procedures.
On the other hand, in order to further validate the calibration
performance, a professional impedance analyzer (WK6500B)
was employed here to measure the PZT impedance as the
reference.

Characteristics measured by the WK6500B and AD5933
boards with the calibration resistance 10 kΩ are presented in
Figure 2. From the figure, it is clear that the impedance signal
measured by the calibrated AD5933 board presents a good
consistency with the result measured by the WK6500B,
especially for the imaginary part. For the real part of
impedance, these characteristics remain similar, however differ
a little considering their values, but the frequencies corresponding
to peaks are almost the same.

Based on the results, it can be concluded that the AD5933
evaluation board has the potential to be utilized as an impedance
analyzer to acquire the electromechanical impedance signal of the
host structures after proper calibration.

On the other hand, it should be noted that many factors,
such as the A/D conversion and the inherent electrical
impedance of the internal chips, may induce the difference
between the impedance signatures measured by the AD5933
and the professional impedance analyzer. In addition, the
calibration process of AD5933 will also significantly influence
the measurement result, for example, the selection of RCAL

and RFB resistor, the selection of calibration method (mid-
point frequency or multiple point frequency calibration), the
number of sampling points, and the calculation of the gain
factor. The temperature sensor of AD5933 requiring to
measure and compensate for temperature also contributes
to the differences. However, it does not seem to cause
significant problems for SHM, because the impedance-
based SHM is based on the relative difference between two
normalized signals: the healthy condition and the test
conditions [15, 33].

EXPERIMENTAL PREPARATIONS

In the above section, the detail calibration procedures of AD5933
have been discussed, its impedance measurement performance
after calibration had also been verified by a free PZT transducer,
and finally a good, consistent result was observed. In this section,
in order to further validate the impedance measurement
performance of the AD5933 evaluation board, especially in
practical application, a threaded pipe connection was
assembled in the laboratory and then the board experimentally
investigated for its damage detection ability.

Experimental Setup
As shown in Figure 3, a pipeline connection specimen was
assembled in the laboratory from two pipe segments and a
threaded coupling part, and then fixed to the ground by a
steel fixture. A PZT-5H patch was bonded onto the surface of
the threaded connection by epoxy adhesive. Table 2 presents the
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detailed geometric and material parameters of the specimen and
the PZT patch.

The complete experimental setup consists of the pipeline test
specimen, the AD5933 evaluation board, and a laptop, as shown
in Figure 3. The surface mounted PZT patch in the specimen was
connected with the AD5933 board via a USB cable. The
corresponding software provided by Analog Devices Co. was
pre-installed on the laptop to pre-set the acquisition parameters
and control the board for the impedance measurement during the
test. In addition, a professional impedance analyzer, WK6500B,
was employed here for result comparison.

Experimental Procedure
In the experiment, in order to quantitatively indicate the changes in
the contact area of the threaded connection during the process of
loosening occurring and developing, the relative rotation circles
between the coupling and the pipe segment were introduced as a
monitoring variable. Therefore, seven different looseness severities
were established and investigated, from tightest to loosest for the
contact region of the pipe connection, by rotation of the pipe segment.
At the beginning of the experiment, the initial tightest status was
regarded as the health baseline for the connection. Then, six loosening
severities were introduced by rotating the pipe segment from one
circle to six circles with the step-increase of one circle for each level of
severity. Figure 4 presents the four different loosening severities of the
threaded pipe connection during the experiment. Thus, a total of
seven service statuses for the threaded pipe connection were
implemented and investigated in this study.

Calibration and Acquisition Procedure
In the experiment, the AD5933 evaluation board was utilized to
acquire the impedance data of the test specimen under different
loosening severities. As per the above description in section four,
the calibration was necessary for the AD5933 board before it
could be properly utilized for the impedance measurement.
Therefore, based on the description on Section 4.1, the
detailed calibration and measurement procedure for this
AD5933-based loosening monitoring experiment can be
conducted as following:

1) Firstly, a sweep frequency excitation test with the frequency
range of 10–100 kHz was conducted by a professional
impedance analyzer, the WK6500B. Then, the related
impedance measurements including the magnitude |Z| and
phase θ were obtained, and thus the calibration and reference
resistors for AD5933 were determined as RCAL � RFB � 2 kΩ.
In addition, the impedance-sensitive frequency range of the
test specimen was also determined as from 20 to 60 kHz.

2) Secondly, the calibration resistor RCAL and the reference
resistor RFB were installed on the AD5933 board in the
desired positions. Then, the related measurement
parameters of the board were pre-set by the control
software on the laptop. Thus, a sweep excitation with the
frequency range from 20 to 60 kHz and the voltage amplitude
of 1 V was applied to the calibration resistor, and therefore its
corresponding impedance response, including the magnitude
and phase, were obtained. Finally, the gain factor GF and the
phase φAD5933 were calculated, respectively.

3) Thirdly, replacing the calibration resistor RCAL with the PZT
patch which was surface bonded onto the host structure.
Then, a sweep frequency excitation test was conducted to
the pipeline specimen using the AD5933 board with the same
preset parameters as in step (2); thus the real and imaginary
data of the impedance signal of the PZT patch could be
obtained.

4) Fourthly, calibrating the impedance measurement in step 3)
with the calculated calibration parameters, including the gain
factor GF and the phase φAD5933, which were obtained from
step 2) above. After that, the true impedance response of the
test specimen could be calculated.

It should be noted that even though both the real and imaginary
part of the impedance signatures could be measured by the AD5933
board, only the real impedancemeasurements will be presented and
analyzed in this study. This is because some literature [34–36] has
reported that the imaginary part of the impedance is dominated by
the capacitive response of the PZT patch itself and less sensitive to
the changes in the mechanical properties of the structure. Thus, a
conclusion had been drawn that the real part (i.e., resistance R) of

TABLE 2 | The parameters of the specimen and the PZT patch.

Parameters Values Unit

PZT-5H Dimension ∅12 × 0.5 mm
Density 7800 kg/m3

Young’s modulus 46 Gpa
Poisson’s ratio 0.3 -

Structural damping 3 × 10-9 -
Piezoelectric strain coefficients d31, d32 / d33 /d24, d15 −2.10/5.00/5.80 10−10 m/V or 10−10 C/N

Mechanical loss factor 0.001 -
Dielectric loss factor 1.75/2.12 10−8 F/m

Steel specimen Electric permittivity εT11, ε
T
22/ε

T
33 ∅48 (∅42)* mm

Diameter (pipe part) ∅60 (∅45)* mm
Diameter (coupling part) 7900 kg/m3

Density 206 Gpa
Poisson’s ratio 0.3 -

Static friction coefficient (steel-steel) 0.15 -

Note: The value in the bracket donates the inner diameter.
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the impedance signature is more sensitive to changes in the
structural mechanical properties compared with the imaginary
part of the impedance (i.e., the reactance X).

In this study, the real part of the impedance signals, measured
by WK6500B and AD5933 respectively, were presented and
compared as shown in Figure 5. In the figure, it is clear that
the impedance signal measured by the professional equipment
has a smoother curve, but more burr phenomenon can be found
in the measurements of the evaluation board. Even so, both
results share the same change trend and peak position, which are

more important and meaningful in the procedures of SHM and
damage detection. Therefore, it can be concluded that the
AD5933 evaluation board has the possibility to obtain the key
information and parameters of the impedance measurement of
the host structure, and has significant potential in the field of
SHM and damage detection.

During the experimental procedure, each loosening severity
was investigated to acquire the impedance signal following that
step (4), then the real and imaginary part of the measurement
impedance could be obtained by the AD5933 board.

FIGURE 2 | Comparison of impedance measurements for WK6500B and AD5933: (A) the real part, and (B) the imaginary part of the impedance.
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EXPERIMENTAL RESULT ANALYSIS AND
DISCUSSION

Experimental Results and Analysis
Following the calibration and measurement procedure
described above for the AD5933 evaluation board, the real

part of the electrical impedance signatures of the PZT patch,
which was surface bonded onto the host structure, was
successfully obtained, as shown in Figure 6. From the
figure, it is observed that the real part of the impedance
measurement under different loosening severities presents a
significant difference. This phenomenon proves that the

FIGURE 4 | Several loosening severities for (A) health (baseline), (B) one circle, (C) three circles and (D) five circles of loosening.

FIGURE 3 | Experimental setup.
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mechanical impedance changes in the pipeline connection
due to the occurrence and development of loosening could be
effectively captured by the electrical impedance of the PZT
patch using the AD5933 board.

In order to quantitatively distinguish the differences, the root-
mean-square distance (RMSD) algorithm was employed here to
help to build a looseness detection index, thus the final identification

result was presented in Figure 7. In the figure, it is observed that the
RMSD-based looseness detection index increases in line with the
increasing loosening severity of the connection. Based on the above
analysis, it can be concluded that the AD5933 impedance evaluation
board has an excellent ability to acquire the impedance signature of
the host structure, and presents great potential for defect
identification and hazard assessment.

FIGURE 5 | Comparison of impedance from WK6500 and AD5933 for the pipeline specimen.

FIGURE 6 | Measured electrical impedance signatures of the PZT patch by AD5933.
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DISCUSSION

In this research, a cheap impedance evaluation
board—AD5933—manufactured by the Analog Device Co., was
experimentally studied to investigate its impedance calibration and
measurement performance. At first, a simple impedance
acquisition test for a free PZT patch was conducted to help to
introduce the detail calibration procedure. Meanwhile, the PZT
impedance signature measured by AD5933 was compared with the
result measured by the professional impedance analyzer,
WK6500B, and the final comparison result presents good
consistency. Then, in order to further investigate the feasibility
and effectiveness of AD5933 when applied in the real SHM field,
especially for practical applications, a looseness disease detection
test for a threaded pipeline connection was conducted, and the final
results proved that the impedancemeasurement by AD5933 can be
successfully utilized for the identifying loosening.

However, it should be noted that even though a free PZT patch
and a loosening threaded pipe connection were experimentally
investigated in this study, it is still necessary and meaningful to
further validate the impedance measurement performance of the
AD5933 board on more complex structures and in more practical
applications. This related research will be conducted in our
next work.

On the other hand, similar to the professional impedance analyzer,
the accuracy and precision of the impedance measurement for the
AD5933 board will also be significantly influenced by some external
factors, including ambient temperature, moisture, environmental
pressure, etc. For example, several researchers [37, 38] had
experimentally verified that changing temperature will induce
difference in EMI-based detection results, including magnitude
changes or frequency shifts in measured impedance signatures.

Even so, it still did not affect the ability and potential of EMI to
be utilized as an impedance measurement device in the SHM and
damage detection fields, especially for practical application.

In its current state, due to space limitation, the study is focused on
verifying the feasibility of using the AD5933 board to acquire an
impedance signature and realize damage identification for a host
structure, especially detecting loosening in a threaded pipe connection.

CONCLUSION

In this study, a miniature impedance evaluation board, AD5933, was
studied in detail to investigate its impedance calibration and
measurement performance. Compared with the professional
impedance analyzer, the AD5933 is much cheaper, has smaller
dimensions and a much lower weight. In this research, a simple
impedance measurement for a free PZT patch was investigated, and
the acquisition signatures of theAD5933 presented a good consistency
with the ones measured by the professional impedance analyzer. In
addition, a threaded pipe connection specimen was assembled and
tested in the laboratory to further validate the feasibility and
effectiveness of the AD5933 board, especially performance in
damage identification. The final results proved that the AD5933
board can be successfully utilized for loosening severity
identification and quantification. Based on the above research, all
the investigation results demonstrated that the AD5933 board has
excellent ability in impedance measurement after proper calibration,
and presents great potential in the area of structural healthmonitoring
and damage detection, especially in practical application.
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Old - New Concrete Interfacial Bond
Slip Monitoring in Anchored Rebar
Reinforced Concrete Structure Using
PZT Enabled Active Sensing
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1Institute of Engineering Mechanics, China Earthquake Administration, Key Laboratory of Earthquake Engineering and
Engineering Vibration, China Earthquake Administration, Harbin, China, 2Hubei Key Laboratory of Earthquake Early Warning,
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Post-installed anchor technology is widely used for structural strengthening and for
retrofitting existing constructions. The old–new concrete interface associated with
using this technology is of great significance in the shear capacity of concrete
structural member under shear forces. For such members, interface failures usually
occur with bond slip. In this paper, an application of a piezoceramic enabled active
sensing technique is put forward to monitor Old - New concrete interfacial bond slip.
Three concrete specimens (S1, S2, and S3) are fabricated and each specimen
consists of two parts. Each part is made of concrete poured at different times,
and both are bonded with an anchored rebar embedded inside the specimen. Two
PZT aggregates bonded to opposing sides of the concrete specimen helped to realize
active sensing. During the shear loading test, both the load values and the signals from
sensors are acquired every 20 s. The test durations of S1, S2 and S3 lasted 960,
1,120, and 1,110 s, respectively. Furthermore, the received signal energies are
quantified through wavelet packet analysis to monitor the Old - New concrete
interfacial bond slip process. The experimental results show that the change of
WPEI in the received signals has a direct relation with the severity of the Old -
New concrete interfacial bond slip. Moreover, the PZT-based active sensing
approach is feasible to monitor the shear-induced bond slip in Old - New concrete
interfaces.

Keywords: anchored rebar, bond slip, lead zirconate titanate transducer, active sensing, structural health
monitoring

INTRODUCTION

Post-installed anchor technology has been commonly applied in terms of structural strengthening
and retrofitting of existing constructions. A post-installed anchor in general is composed by a rebar
imbedded in a hole drilled in hardened concrete with structural bonding agent (Cook, 1992; Cook
et al., 1993; Ronald and Robert, 2001). Currently, epoxy acts as an universal structural adhesive due
to its excellent properties (Wang et al., 2015). Since the rebars can be installed in nearly all the
expected position in hardened concrete, the post-installed anchors are able to increase the whole
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framework’s bearing capacity by integrating the new concrete
member with the original concrete member (Wörle, 2014).

As the post-installed anchor technique serves as a connection
method of high efficiency in terms of structural reconstruction
and expansion, now it has been widely applied in practice and has
also attracted much research attention. Much of the reported
research literature focus on interfaces in rebar, epoxy, and
concrete systems (Mahrenholtz et al., 2016; González et al.,
2018; Muciaccia et al., 2018). Bouazaoui and Li (2008) used
pull out tests to investigate the interfacial adhesion quality
between rebar and concrete as well as to measure the apparent
shear stress between anchored rebar and concrete. Barnaf et al.
(2012) carried out the pull out tests and numerical simulations so
as to determine both the behavior and bonding strength of
industrial adhesives which are adopted for anchor bonding.
Bajer and Barnat (2012) conducted researches over both the
bond quality and the concrete-bond failure of a bonded
anchor loaded by tensile forces. The pull-out test is commonly
introduced to check the bonding strength between concrete and
anchored rebar systems; nevertheless, pull-out tests are
detrimental (Yilmaz et al., 2013; Brencich, 2015).
Nondestructive evaluation (NDE) methods are generally
required for the purpose of performing in-situ assessment over
epoxy bonded anchors. Rizzo et al. (2010) studied the adoption of
acoustic emission (AE) to evaluate the structural stability of
concrete strengthened and underpinned by chemically bonded
anchors.

Moreover, the PZT-enabled active sensing approach was
introduced by Jiang et al. (2019) to demonstrate the
development of bonding strength along the interface layer
between the concrete and the bonded rebar. The AE
parameters including the amplitude, duration, and signal
strength were employed to characterize the stage of concrete
bond deterioration (Abouhussien and Hassan, 2017b). Hou et al.
(2009) discussed the feasibility of OTDR optical fiber technology
to monitor the debonding of FRP reinforced concrete structure.
Zhou et al. (2008) used BOTDR(A) technology to evaluate the
bond slips between steel bars and concrete in reinforced concrete
beams. In addition, electro-mechanical impedance (EMI) method
was employed to detect the bond-slip in the concrete-encased
composite structure (Liang et al., 2016).

However, the shear bearing capacity of a strengthened
member is collectively assumed by the concrete and the
anchored rebars when the member is under shear load. The
interface between the new and old concrete is relatively weak due
to the discontinuous aggregate particles in the Old - New concrete
interface caused by the different pouring time (Maili and Jing,
2018). Therefore, the Old - New concrete interface plays a crucial
role in determining the shear bearing capacity; specifically,
interface failures usually occur with bond slip. To prevent the
brittle and sudden failure of strengthened concrete structures, it is
of practical significance and great research value to monitor the
bond slip at the Old - New concrete interface when a strengthen
structural member is under shear load. Most studies mainly focus
on the effect of shear force on the interfacial bond slip of new-old
concrete. In Wang’s research, theoretical and experimental
research was performed to evaluate the mechanical

performance of new and old concrete beams under sustained
loads (Wang et al., 2011). As to find out the influencing factors on
the bond slip, the age difference (Song et al., 2015), normal
stresses (Al-Fasih et al., 2021) and curing condition
(Mirmoghtadaei et al., 2015) were considered. Many studies
have also shown that the concrete type has a certain influence
on the interfacial bond slip between the Old - New concrete. In
their researches, concrete types include: reinforced concrete
(Abouhussien and Hassan, 2017), high-strength concrete
(Qasim, 2020), ultra-high-strength (Hyun-Soo Youm and
Changbin, 2021), composite ceramist lightweight aggregate
concrete (Liu et al., 2020), and reactive powder concrete (Ju
et al., 2020). In addition, the influence of compressive strength on
the bond slip of the old-new concrete were evaluated and the
optical compressive strength were concluded (Júlio et al., 2006;
Diab et al., 2017). Recently, the scanning electron microscopy
(SEM) were employed to evaluate the interfacial bond properties
of self-expanding polymer and concrete under the shear load
(Fang et al., 2021).

In recent years, the piezoelectric-based technique has been
commonly accepted and applied as an effective form of structural
health monitoring (SHM) technique (Bhalla and Kaur, 2018;
Feng and Ou, 2018; Hu et al., 2018; Xu et al., 2019). Serving as one
of the most commonly recognized piezoelectric materials, Lead
Zirconate Titanate (PZT) has the advantages of low costs, quick
response, and wide bandwidth (Zhu et al., 2017; Zhou et al.,
2020), and can be easily fabricated in different geometries (Zeng
et al., 2015;Wang et al., 2020a). Because of the piezoelectric effect,
PZT patches can be used as either sensors or actuators for
structural damage detection and condition monitoring
(Nicassio et al., 2020). Most of the early applications of PZT-
based techniques are based on impedance analysis and active
sensing. For example, impedance analysis was adopted in order to
evaluate debonding between fiber-reinforced polymer rebar and
fiber-reinforced polymer rebar (Li et al., 2017), preload
monitoring in bolted connections (Lee, 2021), load monitoring
(Annamdas and Soh, 2017), damage monitoring in pin
connection (Fan et al., 2018), and monitoring the status of a
composite panel (Dziendzikowski et al., 2018). The active sensing
technique was used for cement hydration monitoring (Kong and
Song, 2017), impact localization (Coles et al., 2020), monitoring
of bolted spherical joint connections (Xu et al., 2018a), timber
crack monitoring (Wang et al., 2020b) and cyclic crack
monitoring (Qin et al., 2015).

Active sensing technology was also applied for detecting and
monitoring the structural bond slip, which includes but not
limited to the bond slip detection between concrete and a steel
plate (Xu et al., 2018b; Feng and Ou, 2015), the bond slip between
concrete and GFRP/steel bars (Hong et al., 2018; Zhang et al.,
2020), and the debonding detection in hidden frame supported
glass curtain walls (Kong et al., 2016). However, to the authors’
best knowledge, no literature is available about active sensing-
based monitoring of Old - New concrete interfacial bond slip in
post-installed anchor reinforced structures. Therefore, this paper
conducts experiments to detect the Old - New concrete interfacial
bond slip using the method of PZT-based active sensing. To
demonstrate whether the PZT enabled active sensing approach is

Frontiers in Materials | www.frontiersin.org September 2021 | Volume 8 | Article 7236842

Jiang et al. Interfacial Bond Slip Monitoring

239

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


feasible or not, three testing specimens are fabricated, with each
specimen containing two sections of concrete that are respectively
poured at two different times. An anchored rebar is installed in
both the new and the old concretes. Two PZT aggregates severed
as an actuator-sensor active sensing pair to monitor the Old -
New concrete interface bond slip when the specimens
experienced shear loads applied a by test machine. The
experimental results show the development of bond slip at the
interface between the new and old concrete with the shear loading
procedure, and that the bond slip influences the interface
shearing capacity and the stress wave propagation. The
comparison between the load-time curve and the WPEI - time
curve demonstrates that the active sensing method is an effective
approach to detect the bond slip processes in Old - New concrete
interfaces.

PRINCIPLES

Analysis of Old - New Concrete Interfacial
Shear Mechanism
The Old - New concrete interfacial bond slip mechanism of the
anchoring specimen can be segmented into three stages as seen in
Figure 1. As shown in Figure 1A, from the beginning of loading
until the occurrence of Old - New concrete interfacial bond slip, the
shear capacity attributes to the adhesive force of the concrete. At
this stage, the bond is composed by van der Waals forces, the
chemical strength of the cement base, and the mechanical bite
ability of the Old - New concrete aggregate (Maili and Jing, 2018).
When a sufficiently strong shear force occurs, the interfacial bond
slip can be witnessed, which begins as a small crack at the interface.
With the continuously increasing shear force, the crack continues
to grow until it spans the entire interface, as shown in Figure 1B. At
this stage, the anchored rebar begins to partake remarkably during
the interfacial shear process. The interfacial shear capacity mainly
stems from the frictional force of concrete as well as the shear force
of the anchored rebar. After the interface is separated, as shown in
Figure 1C, the bite force of the Old - New concrete interface is
observed a decline to zero, and the shear capacity is entirely born by
the pinned rebar.

Piezoceramic-Based Active Sensing
Method
Figure 2 illustrates the active sensingmethod for monitoring Old -
New concrete interfacial bond slip within an anchored rebar
reinforced concrete structure during the shearing test process.
Two PZT aggregates are attached on the new and old concrete
surfaces, respectively. One PZT aggregate participates as an
actuator and another plays a role as a sensor. The propagation
of the stress wave originated from the actuator can be clearly
witnessed from the old concrete to the new concrete through the
interface and the anchored rebar. The sensor is capable of detecting
the stress waves propagating from the new concrete since concrete
participates significantly as a desirable conduit for the propagation
of the stress wave. During the interfacial bond slip monitoring test,
the stress waves propagation is highly dependent upon the bond
condition of the Old - New concrete interface. From the beginning
of loading until the initiation of the interfacial bond slip, the
performance of the new-old concrete bond is pretty excellent.
The stress wave can easily travel through both sections of concrete
and be received by the sensor with minimal distortion. when the
shear force increases to a specific high level and relative interfacial
sliding occurs, the crack between new and old concrete will exert a
direct influence on the propagation of the stress wave.With further
interfacial bond slip, the stress wave energy spread from the old
concrete to the new one continues to attenuate. The stress wave
energy decreases towards a steady state as the crack completely
separates the interface. When the interface is completely separated,
only a minimal amount of stress wave energy is propagated
through the anchor rebar still connecting the two sections of
concrete. With the analysis of the received signals’ energy, the
Old - New concrete interfacial bond slip process can be monitored.

Wavelet Packet-Based Energy Index
The wavelet packet-based energy index (WPEI) is an effective
analysis technique that has been widely used to quantitatively
evaluate structural changes. In this study, the stress-wave energy
transmission from the old concrete to the new concrete is
sensitively correlated to the performance of interface bond;
thus, the energy response which is observed and noted at the

FIGURE 1 | The Old - New concrete interfacial bond slip process of the anchoring specimen: (A) Force state diagram of interface before bond slip; (B) Force state
diagram after interfacial bond slip; (C) Force state diagram after interface separation.
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sensor can indicate and gauge the bond condition and even the
bond slip process. In order to monitor the stress waves’ energy
recorded at PZT sensors, WPEI analysis is introduced herein to
compute the energy values of the signal at PZT sensors. Because
the received sensor signal is a frequency rich wave that is
correlated to the actuator’s production, the sweep sine wave
excitation signal, WPEI analysis can be utilized in the
decomposing of the recorded wave into a series of frequency
bands. The total energy of the received stress wave signal can be
estimated by the summation of energies across all the
frequency bands.

The PZT sensor signal that represents the propagation stress
wave is decomposed through wavelet packet decomposition. Here
a n-level decomposition is assumed, which will result in 2n signal
sets {X1, X2, . . . , X2n }. Furthermore, j is assumed to be the
frequency band, with j � 1, 2, . . . , 2n and n � 5 in this study.
Each decomposed signal from the original signal Xj can be
further defined as following:

Xj � [xj,1, xj,2, . . . , xj,m] (1)

where m refers to the number of samples. Thus, the decomposed
signal energy Ej can be specifically expressed as:

Ej � ∑
k�m

k�1
x2
j,k (2)

The total energy of the stress wave signal E can be summarized by
all the decomposed signals and expressed as:

E � ∑
2n

j�1
Ej (3)

The recorded signal can be characterized based on the WPEI
analysis. In this experiment, the Old - New concrete interface
bond condition at the beginning of the shear loading test is
recognized as the original state. The received signal energy
decreases with the worsening of interfacial bond slip, and the
WPEI computes the changes in the received signal energy during
the shear loading test.

EXPERIMENTAL SETUP AND PROCEDURE

Specimen Fabrication
In the experiment, three specimens (S1, S2, and S3) with the same
dimensions and materials were fabricated. Each specimen
consists of three parts: old concrete, new concrete and an
anchored rebar. Figure 3 details the fabrication process and
the dimensions of the specimens. Firstly, the first (i.e., old)
layer of class C25 concrete with the dimensions 160 mm ×
160 mm × 80 mm was poured. In the specimen, the part of
old concrete is first poured and set for 28 days. Then, the rebar
was implanted into a hole drilled into the old concrete and
secured in place using epoxy. After the epoxy completely
solidified for few hours, the new concrete of class C35 was
poured over the old concrete. After the new concrete has
solidified with another 28 days, the specimens are formed and
conducted the experiments. The dimensions, strength grade and
implanted length of the rebar are Φ14 mm × 140 mm, HRB 335
and 70 mm, respectively.

As vividly illustrated in Figure 4, two PZT aggregates are
firmly adhered to the surfaces of new and old concrete. One of
them participated as the actuator and the other one worked as the
sensor in the monitoring test. The aggregate is composed by
inserting a PZT patch with electric wire into two cylindrical
marble blocks. The dimensions of the cylindrical smart aggregate
and the PZT patch areΦ25 mm × 20 mm and 15 mm × 15 mm ×
0.3 mm, respectively. The material properties of the experimental
specimens and PZT aggregates are listed in Table 1.

Experimental Setup
Figure 5 illustrates the experimental setup for the monitoring of
the Old - New concrete interfacial bond slip. The setup includes
the specimens (S1, S2, and S3) with PZT aggregates, a power
amplifier, a data acquisition and control system, and a laptop
computer. To excite the PZT actuator, a swept sine wave signal is
initially produced by the data acquisition and control system and
then augmented by the power amplifier with a gain of 50. Then
the amplified swept sine signal is fed into the actuator to produce
the stress wave, and the sensor detected the propagating wave

FIGURE 2 | Stress-wave-based active sensing principle for the interfacial bond slip process: (A) Stress waves propagating before bond slip; (B) Stress waves
propagating after interfacial bond slip; (C) Stress waves propagating after interface separation.
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from concrete. For the swept sine signal, the frequency range is
1,000 Hz–300 kHz, the amplitude is 3 V, and the time interval is
1 s. The sampling frequency of the data acquisition and control
system is 2 MS/s.

In the experiment, the axial compressive load adopted upon
the specimen is under the control of a universal material test

machine under the displacement control mode, as shown in
Figure 5. In order to apply a uniform stress to the specimen,
two thick steel plates were placed at the upper and lower ends of
the specimen, respectively. Furthermore, two steel blocks and two
wood blocks were placed between the test specimen and thick
steel plates, and the specific position of the blocks are shown in

FIGURE 3 | The production process and dimensions of the specimens. (A) Pouring the old concrete; (B) Implanting the rebar into the old concrete; (C) Pouring the
new concrete (units mm); (D) The old-new concrete specimen.

FIGURE 4 | The position and structure of PZT aggregates. (A) The top view of the specimen; (B) The front view of the specimen; (C) The profile of PZT aggregates.
(units mm).

TABLE 1 | The material properties of the experimental specimens.

Materials Parameters Value Units

Concrete Density 2,400 kg/m3

Young’s modulus 33 Gpa
Compression strength 40.3 Mpa

Rebar Density 7,900 kg/m3

Yield strength 350 Mpa
Tensile strength 530 Mpa
Elongation 19 %

Epoxy Tensile strength 14 Mpa
Compressive strength 65 Mpa
Flexure strength 53 Mpa
Bonding strength 17 Mpa

PZT aggregates Dimension Φ25 × 20 Mm
Piezoelectric strain coefficients (−d31/d33/d15) 1.75/4.00/5.90 10−10 C/N
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Figure 5. It is noted that the position of wood blocks and steel
blocks in the upper and lower ends of the test specimen is
different. When the vertical load was set upon the central
position of the steel plate by the hydraulic machine,
compressive stress is applied to the old-new concrete
specimens through the wood and iron blocks. Due to different
Young’s modulus between the wood and iron blocks, they will
produce different compression deformation. Different
deformations of the blocks can lead to different vertical
displacement of old and new concrete, resulting in shear
forces at the Old - New concrete interface. Before the concrete
interface is stripped, the specimen is not deformed, two thick steel
plates have a strong binding force at the upper and lower ends of
the test specimen, resulting in good shear force conduction at the
interface.

In terms of both the PZT-enabled active sensing and pressure
gauge, the load value and received signal were collected every 20 s.
During each experiment, the Old - New concrete interfacial bond
slip would be eventually accompanied by a visible crack and a
shear displacement, meanwhile, there would be a plunge in the
loading time history. When this happened, the experiment was
terminated.

EXPERIMENTAL RESULTS AND
DISCUSSIONS

Figure 6 shows the specimens after the shear loading test. A
visible crack can be observed in each specimen. The loading time
histories of S1, S2, and S3 are respectively represented by the red,
black, and blue curves in Figure 7. The load in Figure 7 is the
compressive force from the testing system. As explained in
Experimental Setup, the process of applying compressive stress
in the specimens result in the interfacial bond slip between the
old/new concrete. Therefore, the time history curve of the
compressive force was employed to reflect the interfacial bond

slip process of the old/new concrete. The test durations of S1, S2,
and S3 are respectively 960, 1,120, and 1,110 s. It is clearly
illustrated from the red curve that there are three stages in the

FIGURE 5 | Experimental setup of the experimental test. (A) The overall diagram of experimental setup; (B) The details of the spencimen in the experimental setup.

FIGURE 6 | Specimens after shear loading test.

FIGURE 7 | Load-time relationship of specimens during shearing test.
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loading process. From 0 s to 140 s, the shear strength of the new-
old concrete interlayer is generated by the concrete’s bond
strength. In this stage, the load value increases rapidly and
linearly with time. From 140 s to 800 s, the interfacial shear
capacity is significantly produced by both the concrete.
frictional force of the concrete and shear force of anchored
rebar. At this point, the load rate slowed down significantly.
From 580 s to 800 s the load value remained almost a constant
value. From 800 s to 960 s, visible cracks appeared in the interface
between old and new concrete. In this stage, the interlayer shear
strength is mostly generated by the shear force of anchored rebar
and the load value drops rapidly. The maximum load value of S1
is 60.42 kN. S2 and S3 can also be divided into three stages of the
same trend (black curve at 0–240 s, 240–1,020 s, and
1,020–1,120 s; blue curve at 0–220 s, 220–980 s, and
980–1,110 s). The maximum load of S2 is 56.50 and 61.74 kN
for S3.

The received signal was recorded every 20 s during the
experiment. Figure 8A shows the WPEIs of received signals of
S1 during the shear loading process. The WPEIs can be divided
into four stages over time: 0–140 s, 140–580 s, 580–800 s, and
800–960 s. Figure 8B demonstrates the time domain signal
collected in S1 at 0, 140, 580, 800, and 960 s. Each curve acts
as a representation of the received signal by sensor over a 1 s
duration (i.e., the length of the swept sine signal). The received
signals at 0 and 140 s are almost identical as indicated by the blue
curve and green curve in Figure 8B. TheWPEI experiences only a
slight change in this stage, suggesting that bond slip has not yet

occurred and the Old - New concrete interface bond strength can
bear the shear load. From 140 to 580 s, the WPEI experiences a
notable decrease with time elapsed. The decrease in WPEI is
mirror by the drop in the amplitude of the received signals
between 140 and 580 s, as seen in the green and yellow curves
in Figure 8B. The signal strength reduction means that the Old -
New concrete interfacial bond slip has occurred and is worsening.
From 580 to 800 s, there is little change of in WPEI while the
amplitude of the received signals has slight reduction. The lack of
significant changes means that the interfacial bond slip has spread
throughout the entire interface, but the Old - New concrete
interface is not completely separated. From 800 to 960 s, the
WPEI continues to decrease towards a very low value. As shown
in Figure 8B, this stage is represented by the black curve. and the
amplitude of the recorded signal at 960 s is greatly reduced to less
than 0.01 V. In this stage the Old - New concrete interface is
beginning to separate, and the stress wave can only propagate
through the rebar, explaining the weak received signal. Figures 9,
10 present that the behavior of the WPEIs and time domain
signals of S2 and S3 remain almost the same as that of S1. The
WPEIs and the amplitude of the received stress wave signals vary
with the deterioration of Old - New concrete interface bond
condition.

The relationship between the load and the WPEIs of S1, S2,
and S3 are shown in Figure 11. The blue curve represents the load
value during the shear loading test and the red curve represents
the WPEI of the recorded signals. As clearly illustrated in
Figure 11A, in first 140 s, the load value increases linearly and

FIGURE 8 | WPEIs and received signal of S1: (A) WPEIs of the received signal; (B) the received stress wave signal.
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FIGURE 9 | WPEIs and received signal of S2: (A) WPEIs of the received signal; (B) the received stress wave signal.

FIGURE 10 | WPEIs and received signal of S3: (A) WPEIs of the received signal; (B) the received stress wave signal.
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the WPEI value changes slightly, which means that in this stage
there is no bond slip at the interface and that the shear capacity is
generated by the Old - New concrete bond strength. From 140 to
580 s, the load value increases nonlinearly, and the growth rate
decreases. The WPEI decreases significantly in this stage. These
changes show that the Old - New concrete interfacial bond slip
has initiated and is continuing to develop. In this stage, the
anchored rebar begins to play an important role in the shear
process of the interface, and the interfacial shear capacity mainly
originates from the shear force of anchored rebar and the
frictional force of concrete. From 580 to 800 s, the load value
reaches a steady-state value and the WPEI value decreases
slightly. In this stage, the bond slip continues to develop, and
the crack runs throughout the entire interface. However, the Old -
New concrete interface is not completely separated, and the shear
force is shared by both the frictional force of concrete and the
shear force of anchored rebar. From 800 to 960 s, both the load

and the WPEI experiences an obvious reduction. In this stage, a
visible crack and shear displacement in the S1 can be observed.
The interface of Old - New concrete began to separate, and the
bite force of the interface is reduced to zero. The interfacial shear
capacity mainly depends on the shear force of the anchored rebar.
Therefore, the stress wave can only travel through the rebar, and
the WPEI drops rapidly.

In Figures 11B,C, the load-time curve and WPEI-time curve
show share a similar trend as the one shown in Figure 11A. As the
Old - New concrete interface is the weakest parts of all the
specimens during the shear loading test, the interfacial bond
condition varies with increases in applied shear force. The
interfacial bond slip occurs when shear force is bigger than
the interface bond strength, and stress wave propagation will
change. The Old - New concrete interfacial bond slip process can
be tracked by the analysis of the collected signal, which illustrates
that the method of active sensing is able to effectively detect the

FIGURE 11 | The relationship between load and WPEIs for the three different specimens: (A) The relationship between load and WPEIs of S1; (B) The relationship
between load and WPEIs of S2; (C) The relationship between load and WPEIs of S3.
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Old - New concrete interfacial bond slip development in real time
during the shear loading process.

In the experiment process, when the interfacial bond slip
occurs and concrete tilted, compressive loads may take place
at the interface as well. Nevertheless, this paper mainly attempts
to employ the piezoelectric active sensing method to monitor the
process of interfacial bond slip between the new-old concrete
reinforced by the anchored rebar. Although it is likely to result in
the compressive loads when the bond slip happened in the new-
old concrete, the active sensing could effectively characterize the
process of the old-new concrete interfacial bond slip. Different
from the concrete cube in this paper, the main load-bearing
components in the actual project are beams or columns.
Therefore, the anchoring form of the steel bar in the new
concrete and the layout of the transducers in practical project
will also be different from the experimental studies. However, the
paper is an exploratory experiment which explore the feasibility
of the active sensing method to monitor Old - New concrete
interfacial bond slip in the anchored rebar reinforced concrete
structure.

CONCLUSION AND FUTURE WORK

The Old - New concrete interface is the weakest link of concrete
structures reinforced with post-installed anchors, especially when
under shear loads. Interface failure often initiates with bond slip,
and it is necessary to monitor the Old - New concrete interfacial
bond slip to avoid the brittle and sudden failure of strengthen
concrete structures. A PZT-based active sensing method was
developed for the real time monitoring of Old - New concrete
interfacial bond slip in a post-installed anchor reinforced
concrete structure. To verify the proposed approaches,
experiments were conducted upon specimens consisting of two
parts of concrete which were poured at different times. The new
and old concrete parts were connected with an anchored rebar.
Two PZT aggregates were adhered to the two opposing ends of
the concrete specimen to realize the active sensing approach. A
shear loading test was conducted in which the load value and
received signal were collected every 20 s. A comparison of the
wavelet packet-based energy index (WPEI) with the load value
clearly shows that the interfacial bond condition changes with the
shear force development. Interfacial bond slip occurs when shear
force is larger than the interface bond strength. Bond slip can

greatly influence the interfacial shear capacity and the
propagation of the stress wave in the Old - New concrete. The
change of WPEI in the received signals is in direct relation to the
severity of the Old - New concrete interfacial bond slip, and
demonstrates whether the PZT-based active sensing method is
feasible or not in terms of monitoring shear-induced Old - New
concrete interfacial bond slip.

In future studies, the authors will design better loading
methods to ensure that the shear load can be better applied
during the whole experiment process. And the Old - New
interfacial bond slip of real engineering components including
the beams and columns will be further researched in detail. In
addition, the influence of different ages, composite stress
states, and steel anchoring forms on Old - New concrete
interfacial bond slip would be considered. Moreover, the
active sensing method combined with the method of big
data, artificial intelligence would be employed to achieve
intelligent monitoring of old-new concrete interfacial
bond slip.
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