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ABSTRACT A long-span concrete-filled steel tubular (CFST) arch bridge suffers severe vehicle-induced dynamic
responses during its service life. However, few quantitative studies have been reported on the typical diseases suffered by
such bridges and their effects on vehicle-induced dynamic response. Thus, a series of field tests and theoretical analyses
were conducted to study the effects of typical diseases on the vehicle-induced dynamic response of a typical CFST arch
bridge. The results show that a support void results in a height difference between both sides of the expansion joint, thus
increasing the effect of vehicle impact on the main girder and suspenders. The impact factor of the displacement response
of the main girder exceeds the design value. The variation of the suspender force is significant, and the diseases are found
to have a greater effect on a shorter suspender. The theoretical analysis results also show that the support void causes an
obvious longitudinal displacement of the main girder that is almost as large as the vertical displacement. The support void
can also cause significant changes in the vehicle-induced acceleration response, particularly when the supports and steel
box girder continue to collide with each other under the vehicle load.
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1 Introduction

The long-span concrete-filled steel tubular (CFST) arch
bridge is one of the main types of bridges used in cities and
highways [1,2]. It has the advantage of good spanning
capacity. A steel box girder is frequently used as the main
girder in this type of bridge, which exhibits less stiffness
than a conventional concrete arch bridge [3]. Thus, the
vehicle-induced dynamic response it exhibits during
service is significant. The bridge is prone to numerous
diseases due to the effect of vehicles [4].
Owing to the remarkable vehicle-induced dynamic

response, various diseases, and a complex stress system
[5–7], several relevant studies on this type of bridge have
been conducted, primarily comprising field testing and
finite element numerical analysis [8–11]. For instance,
using field testing and a theoretical analysis, Roeder et al.

[12] studied a steel-tied arch bridge with a large vibration
response and serious fatigue cracking. The results showed
that this type of bridge was flexible and susceptible to large
deflections and vibrations caused by vehicles, which was
the main reason for the fatigue of its critical components.
Huang [13] studied the dynamic characteristics and impact
factor (IF) of a half-through CFST bridge and found that
the IF of the moments at the arch ends were considerably
larger than those at the mid-span for this type of bridge,
with span lengths less than or equal to 110 m. Relevant
formulas for calculating the IF were then proposed. Zhou
and Li [4] studied common diseases affecting a CFST arch
bridge. The results showed that the vibration of the CFST
bridge, when in service, was remarkable. Several sugges-
tions for the design of a CFST bridge were proposed,
encompassing construction, maintenance, and other fac-
tors. Wang et al. [14] studied the dynamic response of a
CFST cable-stayed arch bridge under vehicles and found
that the dynamic IFs vary among different bridgeArticle history: Received Jul 1, 2019; Accepted Oct 14, 2019
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components. Li et al. [15,16] also studied the vehicle–
bridge coupling vibration of a CFST arch bridge and found
that the IF formula derived from design standards
significantly underestimates the effect of dynamic impact,
which may have a negative influence on bridge safety.
These studies helped clarify the mechanism of the clear
dynamic response and various diseases that arise in
relation to general design methods.
In recent years, local and comprehensive studies on the

vehicle-induced vibration of CFST bridges have become a
major area of research. For instance, Haghani et al. [17]
studied over 100 fatigue damage cases involving steel and
composite bridges and found that more than 90% were
deformation-induced and generated by some form of
unintentional or otherwise overlooked interaction between
different load-carrying members or systems in the bridge.
Wu et al. [18] measured the vehicle-induced responses of
eight CFST arch bridges to carefully study the IFs of the
arch rib and deck. The results showed that a greater impact
effect might occur on these components in service and that
the local impact effect could not be ignored. Wang and
Okumatsu [19] studied the causes of a fractured bolt
between the bearing and the girder of a half-through steel-
arch bridge and found that axial forces, induced by
longitudinal displacements of the girder under vehicles,
were the main cause of the observed cracks and bolt
fracturing. Shao et al. [20,21] analyzed the impact effect of
the suspenders of a through CFST arch bridge using finite
element methods. The results indicated that the roughness
of the deck had a strong influence on the IF of the
suspenders. This factor fluctuated with increasing speed;
the dynamic internal force of the suspenders clearly
increased with shortening length under the vehicle load.
Zhu and Yi [22] also investigated the non-uniformity of the
stress IF of suspenders on half-through or through arch
bridges under dynamic loading of vehicles using finite
element numerical analysis. The results showed that short
suspenders were most sensitive to the change in vehicle
weight and that simply increasing the structural damping
ratio could not reduce the stress IF of the suspender. In
addition, scholars have proposed some new methods to
analyze the dynamic response of structures or components
with time-varying parameters, including methods based on
artificial neural networks and deep collocation. These
methods can be used to predict the dynamic response of a
time-varying system and consider the influence of the
disease deterioration [23,24]. These typical research works
can also be used for references.
Summarizing the research conducted to date, diseases

occur frequently in long-span CFST arch bridges. The
vehicle-induced impact effect changes significantly when
these diseases occur. However, few quantitative studies of
the typical diseases of such bridges and their effects on
vehicle-induced dynamic response have been conducted.
In this study, a typical long-span CFST arch bridge is taken
as a prototype, and the typical diseases that occur in the

bridge are systematically investigated and analyzed. The
influence of typical diseases on the bridge’s basic dynamic
characteristics and vehicle-induced dynamic response are
explored through a series of field tests and theoretical
analyses.

2 Prototype bridge

The prototype bridge is a typical three-span CFST arch
bridge. The span arrangement is 51+ 158+ 51 m. The
layout of the bridge is shown in Fig. 1. The width of the
bridge is 27 m. The main span consists of a steel box girder
(SB1). The side span consists of a prestressed concrete box
girder (CB1 and CB2). The steel box girder is 110.8 m long
and the concrete box girder is 74.6 m long. The shape of
the steel box girder is consistent with the concrete box
girder. The side-span concrete girder extends through the
beam-arch joint. It connects the steel box girder at the
bracket using a bearing system. The side span is partly
supported by a V-shaped structure. The main arch ring is
composed of a main arch rib and two stable arch ribs. The
connections between the main rib and stable arch ribs are a
series of crossbeams. The angle between the stable arch rib
plane and the main arch rib plane is 21.8°. To resist the
horizontal force of the main arch, six horizontal tie bars are
arranged in the central septal zone. There are 16
suspenders on each side of the bridge. The angle between
the plane of the suspenders and the horizontal plane is
84°–86°. To distinguish the suspenders, those on the south
side are numbered S1–S16 from east to west, and those on
the north side are numbered N1–N16. The layout of the
bridge is given in Fig. 2. The main girder utilizes a D80
elastomeric flexible strip and a D160 modular expansion
joint at the west and east ends, respectively, as shown in
Fig. 3.

The bearing system of the bridge is highly complex. The
bearing is located at the bracket between the steel box
girder and the concrete box girder. The fixed and
unidirectional sliding supports (the vertical supports) are
fixed on the east and west sides of the concrete box girder,
respectively. The steel box girder is arranged on the
supports. The roofs of the supports are welded to the steel

Fig. 1 Photograph of the bridge.
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girder, whereas the floors of the supports are bolted to the
reserved steel plate on the concrete girder. The vertical
supports are all tension-compression spherical. To resist
transverse movement, two transverse limit supports are
installed on each side of the box girder. The arrangement of
the bearing is presented in Fig. 4.

3 Analysis of diseases and their effects

3.1 Investigation into typical diseases

3.1.1 Disease of the expansion joint

Two types of expansion joint are utilized in this bridge.
Through a field investigation, typical diseases of the

expansion joint were identified as follows: the rubber
sealing strip was blocked; some local cracking and
breakage occurred in the anchorage zone; the east-south
side crossbeam was partly fractured. A significant height
difference was found between both sides of the cross-
beams. The typical diseases are shown in Fig. 5.
As Fig. 5 shows, the maximum height difference

between the two sides of the expansion joint can reach
up to 10 mm without traffic loads. There are obvious
bumping phenomena near the bridgehead when vehicles
pass through the expansion joints. There was also a
significant vertical and longitudinal vibration response in
the steel box girder. The height difference between the two
sides of the expansion joint (between the steel box girder
and the concrete box girder) was substantially amplified by
the traffic loads. The authors therefore conducted compre-
hensive field testing on the relative displacement response
between the two sides of the expansion joint. The vehicle-
induced dynamic response of the main girder was also
tested. The detailed results of these tests are presented in
Section 3.2.

3.1.2 Disease of the support

The obvious vehicle-induced dynamic response is primar-
ily caused by the significant height difference between the
two sides of the expansion joint [25,26], which in turn is
affected by the working state of the supports. The authors
therefore conducted a detailed inspection of the supports.
The field investigation results show that the transverse

limit supports were in good technical condition. Weld
cracking and partial detachment had occurred in the top
steel plates of the vertical supports, which therefore cannot
provide effective support for the steel box girder. The
diseases of the side supports were more serious than those
of the middle supports, and the diseases of the south side
supports were more serious than those of the north side
supports. In addition, several supports also suffered from
corrosion of the steel plate, damage to the protective
rubber, larger residual deformation, and position deviation.
The typical diseases are shown in Fig. 6. It is important to

Fig. 2 Bridge layout (unit: m). (a) Elevation view; (b) side view.

Fig. 3 Layout of the expansion joint (unit: cm). (a) D80; (b) D160.
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note that, because diseases of the side vertical supports can
induce a larger rotation response in the steel box girder,
they are more dangerous than diseases of the middle
supports. Moreover, the rotation of the steel box girder
may also aggravate the damage to the side supports.

3.1.3 Disease of the suspender

Diseases of the expansion joints and supports can
aggravate the vehicle-induced dynamic response. This,
along with variations in the boundary condition, may
change the stress state of the entire bridge, and particularly
the stress state of the suspenders. Diseases of the
suspenders may induce collapse and other serious
disasters. Therefore, the authors investigated the working
state of the suspenders under the closing traffic condition.
At present, most of the anchor plates and the suspender

nuts suffer from corrosion. There was no obvious abnormal
connection damage in the anchorage area on either side of
the suspenders. Typical diseases of the suspender are
presented in Fig. 7.
To clarify the force of the suspenders, they were tested

and analyzed using the frequency method [27,28]. For the
articulated boundary of the suspender [29,30], the
suspender force T can be determined by Eq. (1).

T ¼ 1

n2
4ml2fn

2 – n2π2
EI

l2
, (1)

where fn is the nth order vibration frequency of the
suspender, m is the linear density of the suspender, l is the
calculated length of the suspender, E is the elastic modulus
of the suspender, and I is the bending inertia of the
suspender.
It should be pointed out that the bridge was opened in

Fig. 4 Layout of the supports (cm).

Fig. 5 Typical disease of the expansion joint. (a) Modular expansion joint (East-South); (b) elastomeric flexible strip (West-South).
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November 2009. The authors carried out the acceptance
testing of the bridge in June 2010. The dynamic response
of the bridge under the vehicles was found to be
significantly increased approximately four years later (in
2014). There were obvious relative displacement responses
on both sides of the expansion joint. Therefore, the authors
carried out a field test of the bridge in July 2014, including
basic dynamic parameter testing, suspender force testing,
and shape testing of the main arch. According to the test
results, the suspender forces had changed significantly.
However, the shape of the main arch was consistent with
the design shape. There was some relative displacement

between two sides of the expansion joints (approximately
10 mm). In this case, the situation of the bridge was tested
with a two-year spacing. Table 1 shows the measured
suspender force of the bridge without the effect of traffic
loads.
As Table 1 shows, compared with the completion stage

of the bridge (in 2010), the suspender forces have changed
significantly. The maximum increase in the short suspen-
der force is 80.5%. Compared with the total suspender
forces in 2010, the total suspender forces increased by
approximately 11.1% and 15.0% in 2014 and 2018,
respectively. The change trend of the suspender forces is
consistent with the development trend of the support
diseases. Furthermore, the south side suspender loads
differ significantly from the north side suspender loads.
The total suspender force of the south suspenders is
approximately 15740 kN, whereas that of the north side is
approximately 14270 kN. The force of the south suspender
is approximately 10% larger than that of the north. For
instance, they suffered more loads under a dead load. This
phenomenon is consistent with the support condition, in
which more serious diseases occurred in the south side
supports (as discussed Section 3.1.2). In addition, the
total suspender force of the bridge was approximately
3.00 � 104 kN in 2018, which is almost equal to the total
weight of the steel box girder (3.07 � 104 kN). The self-
weight of the steel box girder was almost borne by the

Fig. 6 Diseases of the steel box girder support. (a) Corrosion of the steel plate (the West middle support); (b) weld cracking and partial
detachment (the West-North side support); (c) weld cracking and partial detachment (the West-South side support); (d) larger residual
deformation and position deviation (the East-North side support).

Fig. 7 Disease of the suspender.
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suspenders. The steel box girder was practically suspended
to the arch rib, and the bridge seemed to be a complete
floating system. The stress state of the bridge had changed
remarkably. Moreover, the south suspender force was quite
different from the north suspender force. There was an
obvious unbalanced force which makes the steel box girder
rotate. The vertical support of the steel box girder was
likely to be in void. The vehicle-induced response of the
steel box girder may be significant.
It should be noted that the influence of wind loads on

long-span bridges cannot be ignored. Wind is also an
important factor affecting the dynamic response of vehicle-
bridge coupling vibration. In fact, the wind load was taken
into account in the design of the bridge. The reference
period of the design wind load is 100 years and the basic
design wind speed is 35.4 m/s. The main components of
the bridge affected by wind load are the steel box girder
and the main arch ring. To resist the wind load, the steel
box girder of the bridge was designed as a streamlined flat
wing, and a transverse limit device was installed on the
both sides of the bridge. In this case, the bridge is well
suited to resist the wind load when the supports are in good
condition. The wind load may cause a difference between
the North-South suspender forces and the dynamic
response of the main girder when the support is void.
However, the transverse limit devices have not failed. The
influence of the transverse wind load on the main girder is
much smaller. Moreover, the maximum wind speed was
approximately 5 m/s on the testing day. The influence of
wind load on vehicle-induced dynamic response of the
bridge is not obvious.

In summary, diseases of this type of bridge mean that the
vertical supports may not provide effective support for the
steel box girder; thus, the support might be in void.
Diseases of the side supports are more serious than those of
the middle supports. A significant height difference can be
observed between the two sides of the expansion joint. An
obvious unbalanced force may exist to make the steel box
girder rotate, and the stress state of the bridge can change
significantly, particularly the suspender forces. These
diseases will reduce the service life of this bridge [31,32].

3.2 Field testing and analysis of disease effects

The typical diseases of the bridge may induce an obvious
change in the dynamic response of the steel girder and the
suspender forces. To study the effects of these diseases,
several field tests were conducted under non-closing traffic
conditions.
First, a series of vertical acceleration measurements

(denoted as Deck1-A–Deck5-A) were taken at the middle
of the main span (Deck1-A), 1/4 section of the main span
(Deck2-A), both sides of the expansion joint (the pivot
area, Deck3-A and Deck4-A), and the middle of side span
(Deck5-A). Vertical displacement measurements were then
taken at the middle of the main span (Deck1-D) and the
pivot (Deck2-D) area near the expansion joint. Finally, the
relative displacement between the two sides of the
expansion joint (Deck3-D) was measured. Because
diseases of the south side supports were more serious,
the measurements were all taken at the south side of the
girder near the sidewalk. The acceleration responses of the

Table 1 Measured suspender force without the effect of traffic loads

suspender force (kN) suspender force (kN)

2010 2014 2018 2010 2014 2018

s1 679.59 1058.40 1108.22 n1 680.64 740.13 759.09

s2 874.61 805.96 823.34 n2 874.68 805.96 797.34

s3 886.20 820.00 765.21 n3 887.08 841.37 805.38

s4 855.56 948.24 940.50 n4 855.36 909.83 909.83

s5 839.00 1080.98 1092.93 n5 841.08 820.93 843.00

s6 791.42 888.79 952.10 n6 793.08 845.87 905.90

s7 807.77 867.80 928.77 n7 805.44 823.78 897.30

s8 789.73 947.43 963.82 n8 790.08 830.17 850.93

s9 790.11 895.36 898.71 n9 791.08 880.20 947.43

s10 806.53 867.80 870.59 n10 807.44 867.80 870.59

s11 791.48 890.07 871.50 n11 791.08 804.02 845.87

s12 839.33 910.42 924.61 n12 840.08 992.61 1027.51

s13 856.85 1109.80 1155.60 n13 856.36 872.21 990.61

s14 887.28 1084.06 1106.28 n14 888.08 941.63 1040.28

s15 871.31 1036.47 1106.18 n15 870.68 805.96 874.34

s16 683.64 1150.00 1234.17 n16 682.64 850.20 905.38
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suspenders were also tested during normal operation. The
layout of the measurement positions is presented in Fig. 8.

3.2.1 Basic dynamic characteristics of the main girder

Using the MATLAB platform [33], the frequency spectrum
of the measured acceleration response of the main girder
was analyzed, the results of which are shown in Fig. 9.
As Fig. 9 shows, the first two orders of the vertical

vibration frequencies of the side span are 3.02 and 4.20 Hz.
The first two orders of the vertical vibration frequencies of
the main span are 0.69 and 1.93 Hz. The vertical vibration
frequencies of the steel box girder are considerably smaller
than the vibration frequencies of the concrete box girder.
This is because the self-weight of the steel box girder was
far less than that of the concrete box girder. The vertical
bending stiffness of the steel box girder was considerably
less than that of the concrete box girder. Thus, deformation
between the steel box girder and the concrete box girder
will be significantly different under identical vehicle loads.
If the supports cannot provide effective support capacity,
the difference in deformation between the two sides of the
expansion joints will be larger and bumping will frequently
occur. Furthermore, the damping ratios can be calculated
by the above spectral curves using the half-power point
method. Table 2 presents the basic dynamic characteristics

of the steel box girder in recent years. The parameters in
Table 2 are obtained by the spectral analysis of the vertical
acceleration response of the main girder under closing-
traffic condition (under environmental excitation).
As Table 2 shows, the natural vibration frequency of the

steel box girder decreased as the years of service increased,
whereas the damping ratio of the steel box girder first
increased and then decreased. It also shows that the
diseases affecting the bridge have changed over the years.
For example, the supports were in good condition in 2010.
The vertical bending stiffness of the steel girder was also
relatively large. However, the supports have suffered more
damage in recent years, even when in void. The vertical
bending stiffness of the steel girder has now become
extremely small. According to the test results, the first-
order vertical stiffness of the main girder was only 0.95 Hz
in 2014. The equivalent vertical stiffness of the main girder
was only 51.1% of the designed value (in 2010). In
addition, the first-order vertical vibration frequency of the
steel box girder was approximately 0.687 Hz in 2018, and
the equivalent vertical stiffness of the main girder
decreased to 37.0% of the designed value. There may be
a significant differential response between the steel girder
and the concrete girder that causes the progressive failure
of the supports and the expansion joints.
The damping ratios are obtained by the above spectral

Fig. 8 Layout of the measurements.

Fig. 9 Frequency spectrum of the acceleration response of the girders. (a) Steel box girder; (b) concrete box girder.
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curve using the half-power point method, because the
modal damping of a structure is related to the variation of
its modal parameters. Combined with the field testing
results in Section 3.1, the conditions of the supports were
essentially the same as the design conditions in 2010. The
supports can provide effective tension and compression
capacities. The related damping ratio (3.3%) can be
approximately regarded as the designed damping ratio of
the bridge of the first-order vertical modal. As is well
known, the designed damping ratio of a steel structure is
approximately 2.0%, and that of a concrete structure is
approximately 5.0%. For a CFST arch bridge, the designed
damping ratio is between 2.0% and 5.0%. Thus, the
measured damping ratio of the bridge in this study is
reasonable. In addition, existing studies indicate that the
damping ratio tends to increase with damage development
in the early stage, which is due to the increasing energy
dissipation capacity of structures. However, when the
damage accumulates to a certain extent, the interaction
between the components of structures is weakened, and the
energy dissipation capacity of structures is reduced, such
that the damping ratio of the structure tends to decrease
[34,35].
Compared with the testing results of the supports, the

local cracking or weld damage in the top steel plates of the
vertical supports may occur first. The friction between the
top steel plates of the supports and the steel box girder
increases, and the plastic energy dissipation of the steel
plates also increases. Thus, the energy dissipation of the
bridge increases, and the damping ratio increases in this
case. This phenomenon was found in the comparison
between the measurement damping ratio in 2010 and 2014.
The increasing proportion of the damping ratio is 17.3%.
With the further development of the damage, the
interaction between the supports and the main girder
becomes weaker. The supporting system of the steel box
girder gradually changes from supports to suspenders, and
the steel box girder becomes a floating system. Therefore,
the damping ratio of the bridge decreases. The maximum
reduction ratio of the damping ratio was approximately
55.4% when the damage was aggravated in 2018. It should
be noted that through a statistical analysis of the traffic flow
in the last decade (2009–2019), the traffic flow of small
cars (total weight is less than 20 kN) increased by
approximately 15%. However, the composition of the

heavy traffic flow is relatively stable, because small cars
have significantly weaker effects on the damage develop-
ment of the bridge (the peak value of the displacement
response induced by small cars is usually smaller than
5 mm). Therefore, the development of the disease of the
bridge has little relation to the increasing traffic flow.

3.2.2 Displacement response of the steel box girder

The field investigation shows obvious vehicle-induced
dynamic responses of the steel girder when vehicles pass
through the expansion joints. The relative displacement
response between the two sides of the expansion joint was
tested under non-closing traffic conditions. The traffic flow
is relatively large during 07:00–09:00 and 18:00–20:00.
Therefore, the authors carried out the field testing of the
displacement response of the bridge during 18:00–20:00.
Figure 10 presents a typical time-history of the relative
displacement response between the two sides of the
expansion joint.

As Fig. 10 shows, there is a significant relative
displacement response between the two sides of the
expansion joint under vehicle loads. The peak value of
the relative displacement response is 21 mm. The traffic
flow over the bridge is significantly large under the non-
closed traffic condition. According to the field testing
records, the relative displacement amplitude of 10 mm is
mainly caused by one heavy truck crossing the bridge
along the outside lane (total weight 300 kN, with four-
axis), or two medium trucks (total weight 200 kN with
three-axis) crossing the bridge side by side along the
outside lane. The relative displacement amplitude of
20 mm is mainly caused by several medium or heavy
trucks crossing the bridge at the same time, and the relative
displacement of 5 mm is always caused by one medium
truck or more than 10 small cars (total weight 20 kN with

Table 2 Dynamic characteristics of the bridge

testing year vertical first order

frequency (Hz) damping ratio (%)

2010 1.859 3.30

2014 0.950 3.87

2016 0.815 3.00

2018 0.687 1.47

Fig. 10 Time-history of the relative displacement response
between two sides of the expansion joint (Deck3-D).
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two-axis) crossing the bridge. The relative displacement
amplitude of 2 mm or less is mostly caused by five or fewer
small cars. A heavy truck, the total weight of which was
more than 300 kN, appeared once in approximately 2 min,
and there were four or more trucks crossing the bridge per
3 min during the peak hours, which is essentially consistent
with the time interval of the peak relative displacement
over 15 mm in Fig. 10. The vehicle-induced displacement
responses of the midspan and the pivot were also
measured. Figure 11 shows a typical time-history of
these responses.
As Fig. 11 shows, the peak values of the displacement

response of the midspan and the pivot are 6 and 18 mm,
respectively. Contrary to the traditional understanding, the
displacement response of the midspan is substantially
smaller than that of the pivot. The impact effect of the
vehicles is the primary reason for the larger pivot response
when the support is in void. To clarify the impact effect of
the vehicle on the steel box girder, the IF is calculated
using Eq. (2) [36,37].

IF ¼ fdmax

fdmax þ fdmin

2

– 1, (2)

where fdmax is the peak value of the displacement response
and fdmin is the valley value of the displacement response
corresponding to fdmax. Based on the test results and
Eq. (2), the IF values of the displacement response near the
expansion joint and the midspan were 1.52 and 1.15,
respectively. Both exceeded the design value of the IF for
this type of bridge according to the General Specifications
for Design of Highway Bridges and Culverts of China and
the Design [38].
In conclusion, the IF values of vehicles change

significantly when diseases of supports and expansion
joints occur. A significant impact effect will further
aggravate the deterioration caused by the diseases. The
effects of the diseases on the vehicle-induced dynamic
response also need to be considered.

3.2.3 Dynamic response of the suspender

Variation in the vehicle-induced impact effect will have a
significant influence on the suspender forces, as the
dynamic responses of the suspenders under non-closing
loads are non-stationary. The Hilbert-Huang transform
(HHT) consists of the empirical mode decomposition
(EMD) and the Hilbert spectral analysis (HSA) [39]. The
EMD can adaptively decompose signals into finite intrinsic
mode functions (IMFs). The instantaneous frequency and
Hilbert spectrum of the signals can be obtained by
transforming the decomposed IMFs. The HHT is suitable
for processing nonlinear and nonstationary signals.
In this study, the HHT method and bandpass filter were

used to analyze the dynamic responses of the suspenders
[40]. A time-frequency diagram of the suspender was then
used to analyze the time-varying suspender forces [41].
The specific method adopted was as follows:
Step 1: Obtain the dynamic response of the suspender.
The acceleration response of the suspender was

collected under non-closing traffic conditions. A bandpass
filtering method was used to analyze the acceleration
response. The first-order modal vibration characteristic of
the suspender was then obtained.
Step 2: Decompose the dynamic response of the

suspender.
Using the EMD, the dynamic response of the suspender

obtained in Step 1 was decomposed into several IMF
components and a residual trend item, which can be
defined as in Eq. (3).

xðtÞ ¼
Xn
j¼1

cjðtÞ þ rnðtÞ, (3)

where x(t) is the original response of the suspender; cj(t) is
the jth modal function, which is defined as IMF-j; and rn(t)
is the residual trend item. Based on the above description,
the IMFs reflected the components of the original response
in different frequency bands. The frequency distributions
of cj(t) were arranged in decreasing order.

Fig. 11 Time-history curves of the displacement response of the mid-span and the pivot. (a) Deck1-D; (b) Deck3-D.
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Step 3: HHT of IMF.
IMF-1 was processed by HHT following Eq. (4).

y tð Þ ¼ 1

π
p !

1

–1

xðτÞ
t – τ

dτ, (4)

where p is the Cauchy principal value. The transformed
signal z(t) was then defined as follows:

zðtÞ ¼ xðtÞ þ iyðtÞ ¼ aðtÞei�ðtÞ, (5)

where a(t) and q(t) are the instantaneous amplitude and
phase of the signal, respectively, i ¼ ffiffiffiffiffiffiffi

– 1
p

, aðtÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
, and � tð Þ ¼ tan – 1 y

x

� �
. The instantaneous

frequency of the signal was then determined by Eq. (6).

ω tð Þ ¼ d�

dt
: (6)

By following the above steps, the time-frequency curves
of the suspender force were obtained. Based on these, the
time-history of the suspender force was calculated using
Eq. (1). The mean value of the suspender force was
calculated by taking the mean value of the time-frequency
curves of the suspender. Thus, the stress amplitude of the
suspender force was determined by Eq. (7). The typical
time-frequency curves of suspenders S1, S4, and S8 are
shown in Fig. 12. To reflect the variation of the suspender
forces under the non-closed traffic condition, the authors

did not set a special test period, but rather chose an evening
rush hour during the testing time of displacement response
of the main girder.

1þα ¼ Tpeak value

Tmean value
: (7)

As Fig. 12 shows, the time-frequency values of the
suspenders change significantly under traffic loads. The
suspender force was calculated following Eqs. (2) and (7).
In this condition, the stress amplitudes of the suspenders
S1, S4, and S8 were in the range of – 28.0%–18.5%,
– 11.9%–18.8%, and – 24.3%–17.5%, respectively. The
vehicle-induced dynamic response of the suspender force
changes significantly after the support void. The shorter
suspender is more susceptible to disease. The method
introduced in this paper can be used to determine the time-
varying characteristic of the suspender force.
It should be noted that the main disease of the bridge is

the support void, which causes an increase in the suspender
force (the maximum increase ratio is approximately 75%)
and an aggravation of the vehicle-induced dynamic
response (a large relative displacement on both sides of
expansion joints and local damage of expansion joints).
However, the stress amplitudes of the suspenders are in the
range of 325–525 MPa, which are much less than the
ultimate design stress (1395 MPa). Moreover, the shape of
the main arch ring is essentially the same as that of the
design shape. There is no obvious damage or failure of the

Fig. 12 Time-frequency curve of suspenders. (a) S1; (b) S4; (c) S8.
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main arch ring. In addition, the steel box girder does not
have cumulative damage. There are no local welding
failures, and the anti-corrosion measures and transverse
limit devices of the box girder are still in good condition. In
general, the typical diseases have not induced a significant
decline in the carrying capacity of the bridge. However, the
long-term high stress and local obvious impact effects may
lead to a significant reduction in the service life of the
bridge. Therefore, the main aim is to clear the influence of
the existing diseases on the dynamic response of the
bridge, and then provide some suggestions to avoid the
diseases’ deterioration.
On basis of the field testing results of the bridge, the

bridge can still satisfy the basic traffic requirements for the
next few years without undergoing repair. However, some
suggested methods must be carried out to avoid further
diseases, including replacing the supports, adjusting the
suspender forces, and increasing the end weight of the steel
box girder.

4 Theoretical analysis of typical disease
effects

As shown in the above analysis, the vehicle-induced
dynamic response of the suspender force changes
significantly after the support void. However, the influence
law of a typical disease on the dynamic response of the
prototype bridge is unclear. In this section, the vehicle-
induced dynamic response of the prototype bridge is
analyzed under different states of disease development.

4.1 Component modeling

4.1.1 Superstructure modeling

A three-dimensional finite element model was established
using the ANSYS platform. Beam 44 elements were used
to simulate the steel box girder, arch ribs, diagonal braces,
and transverse braces. Beam 188 elements were used to
simulate the V-shaped structure, pre-stressed concrete
girder, and column. The section of the main arch rib was
a composite CFST section. The yield strength of the steel
tube was 345 MPa. The specified compressive strength of
the concrete was 50 MPa. The material of the main girder
was the same as that of the steel tube. The converted
section attributes were calculated to determine the section
attributes of the rib beam elements. Link 10 elements
simulated the suspenders and the tied bars. The nominal
section area of the suspender was 23.48 cm2. The standard
strength of the suspender was 1670 MPa. The elastic
modulus of the suspender was 1.95�105 MPa. The realistic
properties of the tie bar were the same as those of
the suspender. Rigid virtual crossbeams combined both

the girder and the suspenders. Thus, the real vertical
displacement response of the main girder at the anchorage
point was determined as follows:

Dn ¼ Dn0 � ltn⋅�, (8)

where Dn0 denotes the vertical displacement response of
the beam center, � is the twist angle response of the beam,
and ltn is the transverse distance between the beam center
and the corresponding anchorage point.

4.1.2 Bearing system modeling

Because the transverse limit supports (TLSs) in the bracket
were in good condition, an elastic connection was used to
simulate the design parameters of the TLSs. The transverse
elastic stiffness of the TLSs was 1.0 � 106 kN/m.
However, there are complex diseases of the vertical
supports (VSs). The void of the VSs is the main reason
for the amplification of the vehicle-induced dynamic
response and the change in the stress state of the entire
bridge. To simulate the working state of the VS effectively,
the gap element was used, as shown in Fig. 13. The method
employed to calculate the gap element parameters is shown
in Eq. (9).

f ¼
kðd þ sÞ, ðd þ s£0Þ,
0, ðd þ s > 0Þ,

(
(9)

where k is the elastic stiffness of the gap element, which is
equal to the supporting stiffness of the VS (1� 106 kN/m);
s is the initial clearance of the gap element, which is equal
to zero when there is no void; and d is the relative
displacement between the main girder and the support top
surface under traffic loads. When the relative displacement
between the main girder and the support top surface
exceeds the initial clearance, the supporting effects of the
VS become clear.

However, the rigidity of the substructure was signifi-
cantly larger, and the dynamic response of the substructure
was extremely small. The substructure was therefore not
considered in the model. The rigidity connections were
used to simulate the effects of the substructure. The
connection stiffness was 1� 1010 kN/m or 1� 1010 kN/rad.
The numerical analysis model of the prototype bridge is
presented in Fig. 14.

Fig. 13 Analysis model of gap element.
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4.1.3 Vehicle modeling

A three-axle truck model was adopted for the numerical
analysis [42], as shown in Fig. 14(a). The total weight of
the truck was 32000 kg. The front axle weight and rear axle
weights were 8000 kg (P1) and 12000 kg (P2 and P3),
respectively. The longitudinal axle distances were 5.0 m
(D1) and 1.6 m (D2), respectively. A triangular load was
used to simulate the effects of vehicles on the dynamic
response of the bridge, as shown in Fig. 15(b). The load
disappeared immediately after action on the model of the
girder. The maximum value Fwas equal to the vehicle axle
loads. The loading time t0 was related to the speed of the
vehicle, which was determined as follows.

t0 ¼ v0=le, (10)

where v0 is the speed of vehicle and le is the length of the
element of the girder. It should be noted that this study
employed a triangular impact load to simulate the vehicle-
bridge coupling vibration, which is a simplified method.
This method can be used to simulate vehicle-bridge
coupling vibration, including the impact effects of
vehicles. However, it cannot consider the influence of
vehicle parameters and the road roughness on the vehicle-
bridge coupling dynamic response. Thus, the interaction
force (wheel pressure) between the vehicle and the girder
is essentially a constant, as the roughness of the girder
is assumed to be in an ideal condition (completely
smooth).

4.1.4 Analysis cases

This study focused on the longitudinal and vertical
dynamic responses of the steel box girder at the mid-
span and the support area under vehicle loads. The
dynamic responses of the suspender force were also
considered. Four different cases were designed based on
typical diseases of the VSs. In more detail, these were as
follows.
Case 1: The support was in good condition. The

designed parameters of tension and compression stiffness
of the supports were applied.
Case 2: A crack in the weld seam between the support

and the main girder occurred. The support can only resist
compression effects. The gap between the support and the
steel box girder was set to 0 mm.
Case 3: The support is in void, but the support and the

steel box girder also collided with each other under vehicle
loads. Through a trail calculation, the gap was set to 3 mm.
Case 4: The support is completely void. The support

and the steel box girder cannot contact each other under
vehicle loads. Through a trail calculation, the gap was set
to 20 mm.

4.1.5 Method certification

On the basis of the field testing results of actual vehicles
crossing the bridge, the dynamic responses of the bridge
are quite small under the small cars and light trucks. Thus,
the authors chose a heavy truck, the total weight of which
was 320 kN, as an example in the numerical analysis
process. The center line and side line of the steel box girder
were taken as the measurement points in the comparative
analysis, as shown in Fig. 16.
The traffic flow field test results showed that two heavy

parallel vehicles (where the total weight of each vehicle
was approximately 300 kN) would induce a larger dynamic
response of the bridge. As a comparative analysis, a single
vehicle and two parallel vehicles were considered in the
numerical analysis. The support is considered to be

Fig. 14 Finite element analysis model of the bridge.

Fig. 15 Model of vehicle.
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completely void. Figure 17(a) gives the time-history of the
displacement response of point 1 (VDR-S-1) and point 2
(VDR-S-2) under a single vehicle crossing the bridge
along the outermost lane. Figure 17(b) gives the
corresponding time-history of the displacement response
of points 1 and 2 under two parallel vehicles along the
outermost two lanes.
As Fig. 17 shows, the peak displacements of VDR-S-2

and VDR-S-1 are 8.3 and 6.6 mm under a single vehicle,
respectively. The peak displacements of VDR-S-2 and
VDR-S-1 are 21.2 and 18.2 mm under two parallel
vehicles, respectively. Compared with Fig. 10, the
numerical analysis results of VDR-S-2 are essentially the
same as the field testing results under a single vehicle
(10 mm) and two parallel vehicles (22 mm). Because of the
influence of additional vehicles, the field testing results are
larger than the numerical analysis results.
According to the comparison between the field testing

results and the numerical results, the theoretical analysis
method can be used to simulate the vehicle-bridge
coupling dynamic response. Because the actual situation
of the supports is highly complex, and the spatial
distribution of the support conditions has significant
effects on the vehicle-bridge coupling dynamic response,
the authors have not studied the influence of the support
condition variations on the vehicle-bridge coupling

dynamic response. The uniform spatial distribution of
supports is considered during the numerical analysis, and
the center point of the steel box girder was chosen as the
measurement point (which is less affected by the spatial
variation of the support conditions) in the following study.
It should be noted that because the dynamic response of

the actual bridge in service is affected by many
uncertainties, such as uncertain boundaries and uncertain
loads (wind load, random traffic load and so on). In recent
findings, the random analysis, the fuzzy analysis, the
interval analysis, some neural network and deep energy
methods have been proposed to solve the uncertainties of
dynamic responses of structures [23,24]. These methods
can be used in the further study on vehicle-bridge coupling
vibration in consideration of diseases influence.

4.1.6 Damping ratio

At present, the most widely used damping model is still the
proportional damping model (classical damping model). A
general method to consider the damping variation is to use
a nonlinear property component or a nonlinear link
member. This method can be used to consider the change
in damping after a structural damage. However, the reason
for the damping variation (shown in Table 2) of the bridge
includes not only the influence of the material nonlinearity
of the supports and girder, but also the change in the
physical boundary conditions. The damping vibration is
difficult to achieve numerically.
Moreover, the nonlinear process mainly includes the

nonlinear contact between the supports and the steel box
girder. The plastic damage on the contact surface between
the supports and the steel box girder is relatively small
under the existing vehicle loads according to the inspection
results of the field testing. The contact between the
supports and the steel box girder is essentially elastic
collision. After the supports have completely failed, the
structural support system changes. In this case, the
components of the new system do not have new nonlinear

Fig. 16 Measurement points (unit: m).

Fig. 17 The displacement time-history curves. (a) Single vehicle; (b) parallel vehicles.
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members to affect the damping of the bridge. Therefore,
the damping vibration caused by the nonlinear contact
between the supports and the steel box girder was ignored
in the numerical analysis. The authors used the measured
mode damping ratio to consider the damping variation.
Actually, it is a hot topic to construct the relationship
between local damage and overall damping variation of
structures. It is also a front study to propose a new method
to predict damping variation of structural damage.

4.1.7 Numerical speed

The design speed of the bridge is 60 km/h The average
speed of traffic flow reduced (almost 20–30 km/h) when
the traffic flow was relatively large during the field testing,
whereas the average speed of traffic flow increased (even
up to 80 km/h) when the traffic flow was low. Therefore,
the numerical speed was adjusted to 20, 40, 60, and
80 km/h. In fact, the relationship between average speed of
traffic flow and resonance responses of bridges are an
interesting study aspect. Vehicle-induced resonance
responses of bridges are related to the composition of
traffic flow. The responses may affect by the composition
parameters of traffic flow, such as stiffness, mass, and
suspension system damping.

4.2 Dynamic response of the steel box girder in the
mid-span

Because the transverse limit supports were in good
condition, the transverse dynamic response of the bridge
was relatively small. The vertical and longitudinal dynamic
responses of the steel box girder were then investigated.

4.2.1 Vertical

Figure 18 gives the time-history curves for vertical
displacement response of the steel box girder in the mid-
span (VDR-M) under different cases.
As Fig. 18 shows, the VDR-M is greatly affected by the

vehicle velocity and the state of the supports. The peak
value of the VDR-M increases only slightly with a low
velocity. However, the peak value of the VDR-M
significantly increases when the velocity reaches 80 km/h
Furthermore, the disturbance of the VDR-M increases as
the velocity increases and the disease state deteriorates.
Figure 19 compares the peak value of VDR-M and vertical
acceleration response of the steel box girder in mid-span
(VAR-M) under different cases.
As Fig. 19 shows, the dynamic response of the mid-span

girder increases as the velocity of the vehicle increases.

Fig. 18 Vertical displacement response of the steel box girder in mid-span. (a) 20 km/h; (b) 40 km/h; (c) 60 km/h; (d) 80 km/h.
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The disease condition has a significant effect on the
vertical dynamic response of the steel box girder. The peak
VDR-M first increases and then tends to stabilize as the
disease deteriorates. For the numerical cases, the increment
of the peak VDR-M reaches 7.2% when the support is
void. However, the disease deterioration has a greater
effect on the VAR-M. The peak VAR-M first increases and
then decreases. The peak VAR-M is considerably larger
when the steel box girder is able to collide with the top
surface of the supports (case 3). The increment of peak
VAR-M reaches 308%. This is because the pounding
between the steel box girder and the top surface of the
supports has a greater effect on the VDR-M of the mid-
span and a smaller effect on the VAR-M of the mid-span.

4.2.2 Longitudinal

Figure 20 gives the time-history curves for the longitudinal
displacement response of the steel box girder in the mid-
span (LDR-M) under different cases.
As Fig. 20 shows, there is almost no longitudinal

displacement response in case 1 under traffic loads.
However, the LDR-M of the other cases is significantly
larger than that of case 1 under traffic loads. The LDR-M
increases as the vehicle velocity increases. The peak
LDR-M of case 4 is 1.3 mm when the velocity is 80 km/h,
which is of the same order as the peak VDR-M. Figure 21
compares the peak LDR-M and longitudinal acceleration
response of the steel box girder in the mid-span (LAR-M)
under different cases.
As Fig. 21 shows, the disease condition and the vehicle

velocity has significant effects on the longitudinal dynamic
response of the steel box girder. The peak LDR-M and
LAR-M all increase as the vehicle velocity increases. The
peak LDR-M reaches 1.27 mm under traffic loads when the
supports are void. The peak LAR-M is 0.15 m/s2. The
influence law of the disease conditions on the LAR-M is
the same as that on the VAR-M. However, the influence
law of the disease conditions on the LDR-M is

substantially different from that on the VDR-M. The
LDR-M increases as the diseases deteriorate, whereas the
peak VDR-M increases and then stabilizes. The reason for
this is that, when the supports are void, the suspender can
provide effective vertical support for the girder but cannot
provide effective longitudinal support for the girder.

4.3 Dynamic response of the steel box girder near the
support area

Figure 22 shows the time-history curves for the vertical
displacement response of the steel box girder near the
support area (VDR-S) under different cases.
As Fig. 22 shows, there is almost no VDR-S for case 1

and case 2, owing to the limited displacement of the
supports. The peak VDR-S is 3 mm, where there is an
initial 3 mm clearance between the steel box girder and the
supports for case 3. There is pounding between the girder
and the supports when the relative displacement reaches
3 mm. This results in the phenomenon of peak-cutting in
the time-history curves of the VDR-S. The maximum
VDR-S can reach 7 mm when the support is completely
void for case 4 under the numerical condition. It should be
pointed out that there are significant oscillations induced in
Figs. 18 and 22. Actually, oscillations can also been found
when heavy vehicles crosses the bridge during the field-
testing. The oscillation amplitude shows the impact effects
of vehicles at different locations. The oscillation amplitude
of displacement responses can be used to calculate the IFs
of vehicles on bridges. The magnitude of IF represents
impact effects of vehicles on bridges, as well as effects of
vehicles on the safety and durability of bridges. Lager IFs
will induce greater stress amplitude of bridge members,
lower safety and shorter fatigue life.
Notably, the longitudinal displacement response of the

steel box girder near the support area is similar to the LDR-
M (see analysis in Section 4.2.2). Figure 23 compares the
vertical and the longitudinal acceleration response of the
steel box girder near the support area (VAR-S and LAR-S).

Fig. 19 Peak vertical dynamic response of the steel box girder in mid-span. (a) Vertical displacement; (b) vertical acceleration.
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As shown in Fig. 23, the influence laws of the disease
deterioration on the VAR-S and LAR-S are similar to those
on the VAR-M and LAR-M, respectively. The VAR-S and
LAR-S first increase and then decrease as the disease
deteriorates. The peak VAR-S of case 3 is 8.3 m/s2, which
is considerably larger than those of the other cases. The
peak LAR-S is only 0.73 m/s2, which is considerably
smaller than that of the VAR-S. This is because the
pounding between the steel box girder and the top surface
of the supports mostly occurred in a vertical direction. It
must be noted that deformation between the steel box

girder and the concrete box girder is significantly different
under identical vehicle loads; the deformation of the
concrete box girder is relatively small. If the supports
cannot provide effective support capacity, the difference in
deformation between the two sides of the expansion joints
will be larger and bumping will occur frequently.

4.4 Dynamic response of the suspender force

In this section, the shortest suspender (S1) near the
supports and the longest suspender (S8) in the mid-span

Fig. 20 Longitudinal displacement response of the steel box girder in mid-span. (a) 20 km/h; (b) 40 km/h; (c) 60 km/h; (d) 80 km/h.

Fig. 21 Peak longitudinal acceleration of the steel box girder in mid-span. (a) Longitudinal displacement; (b) longitudinal acceleration.
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are presented as examples. Figure 24 shows the time-
history curves of the stress amplitude (SA) of S1 and S8
under different cases with a vehicle velocity of 80 km/h.
As Fig. 24 shows, the disease deterioration has a greater

effect on the dynamic response of the suspender force. The
variation in the SA increases as the disease deteriorates.
The SA of S1 exceeds 7.3% and the SA of S8 exceeds
3.3%. The disease has a greater effect on the SA of the
short suspender than on the SA of the long suspender.
Figure 25 presents the peak stress amplitude of S1 and S8
under different cases.

As shown in Fig. 25, the peak SA of S1 and S8 both
increase as the vehicle velocity increases. The peak SA of
S8 first increases and then tends to stabilize. The peak SA
of S1 increases as the disease deteriorates. The disease has
a greater effect on the SA of the short suspender than on the
SA of the long suspender. Moreover, the peak SA of the
suspenders does not vary significantly when the disease is
not serious (case 1 and case 2). The SA of S1 (1.2%) is
smaller than that of S8 (2.0%) in these two cases. However,
the SA of S1 is almost twice as large as that of S8 under
case 3 and case 4. Thus, disease deterioration has a greater

Fig. 22 Vertical dynamic response of the main beam near the support area. (a) 20 km/h; (b) 40 km/h; (c) 60 km/h; (d) 80 km/h.

Fig. 23 Peak acceleration of the steel box girder near the support area. (a) Vertical acceleration; (b) longitudinal acceleration.
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effect on the SA of the short suspender than on the SA of
the long suspender.

4.5 Supplemental analysis of vehicle following condition

Because the phenomena of vehicle following and vehicle
paralleling often occurred during the field testing, the
authors included some numerical analysis results of the
dynamic response of the bridge under vehicle following
conditions. Owing to space limitations, Fig. 26 presents
the typical dynamic response results of the bridge under
the conditions of three-vehicle following at a speed of
60 km/h.
As Fig. 26 shows, the displacement response of the

bridge is more significant under vehicle following
conditions. The peak value of the vertical displacement
of the mid-span increases approximately 43.1%. The
vibration law of the peak acceleration response is
consistent with that under a single vehicle. The accelera-
tion response is much larger when the top plate of the
support can also collide with the bottom plate of the steel
box girder. It should be pointed out that when the second
vehicle and the third vehicle begin to cross the main bridge
(the relevant times are 2.2 and 4.4 s), the vertical

displacement in the mid-span decreases by approximately
14.8% under case 3 and case 4. The reason for this may be
that the supports cannot provide an effective support force,
and the steel box girder can be regarded as a continuous
beam supported by the suspenders. However, in general,
the dynamic response law of the bridge under multiple
vehicles did not change with the deterioration of the
support diseases.
In addition, the recent findings show that the cyclic loads

of vehicles can induce damage and cracking of weld joints
of supports. This can cause local stress concentration and
fatigue failure of steel plates of the supports and girder. It
also can increase the stress amplitude of the suspenders and
induce local damage of the anchor zone of the suspenders.
According to the analysis results of this study, the relative
displacement between the main girder and the side girder
increases when the supports are damaged, which induces a
significant IF of vehicles on the displacement response of
the main girder. Moreover, it will cause a high stress of the
suspenders, especially the short suspender. The stress
amplitude of the short suspender under the field testing
cases is between – 15% and 20%, and is 7% in the
numerical analysis cases (one vehicle). The disease of the
support causes a significant short-term effect of vehicles on

Fig. 24 Time-history curves for stress amplitude of suspenders. (a) S1; (b) S8.

Fig. 25 Peak stress amplitude of suspenders. (a) S1; (b) S8.
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the bridge. The displacement responses, acceleration
responses, and force responses are all related to the stress
state of the bridge. The variation in these parameters also
indicates that the dynamic load of vehicles on the bridge
component increases. When this short-term effect accu-
mulates over a long period of time, it results in increased
damage possibility of the bridge members. Taking the
contact forces between the support and the girder as an
example, the average contact forces between the support
and the girder are shown in Fig. 27.

As Fig. 27 shows, the contact force between the support
and the steel box girder changes significantly as the
support disease deteriorates. The supports can provide
effective tensile and compressive capacities in case 1, and
the average contact force between the support and the steel
box girder is approximately 61 kN. However, the relevant
contact force is up to 204 kN in case 3, which is 3.3 times
as large as that of case 1. According to the change process
of the above contact force, it can be concluded that the
dynamic responses of bridge components significantly
change because of the diseases, which may lead to fatigue
and other damage under long-term cumulative action.
It should be pointed out that because the main aim of this

study is to clarify the influence of existing damage and its
development on the dynamic response of vehicle-bridge
coupling vibration, including the change in the dynamic
response law of the girder and suspenders, the authors aim
to further analyze the existing damage deterioration and the
occurrence of new damage induced the existing disease,
and then provide guidance for the maintenance and
reinforcement of bridges. However, the authors have
ignored the hysteresis effect and fatigue accumulation,
which would lead to an underestimation of the effects of
vehicle loads, and affect the accuracy of our fatigue life
assessment of bridge components; these aspects must be
addressed in future research.

Fig. 26 Typical dynamic response results of the bridge under three-vehicle following condition at a speed of 60 km/h. (a) Vertical
displacement in the midspan; (b) longitudinal displacement in the mid-span; (c) vertical displacement of area near the support; (d) peak
acceleration response of the main girder.

Fig. 27 Average contact forces between the support and the
girder.
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5 Conclusions

This study aimed to clarify typical diseases of a long-span
CFST arch bridge and their effects on the vehicle-induced
dynamic response of the bridge. Using a typical long-span
CFSTarch bridge as an example, a series of field tests were
conducted. Based on the results, a theoretical model was
constructed, and four disease cases were designed. Several
numerical analyses were then undertaken to study the
effects of the diseases on the vehicle-induced dynamic
response of the bridge. The results show that.
1) The relative displacement response between the steel

box girder and the concrete box girder is significant when
the support is void. The relative displacement response
amplitude reaches 21 mm under normal operation condi-
tions. The displacement IF values of the steel box girder
near the support and the mid-span were 1.52 and 1.15,
respectively. The stress amplitudes of the suspender force
were in the range of – 28.0%–18.8% and the shorter
suspender was more susceptible to the diseases. The HHT
method introduced in this paper can be used to determine
the time-varying characteristic of the suspender force.
2) The disease condition has a greater effect on the

vehicle-induced dynamic response of the CFST bridge. In
the numerical cases, the peak VDR-M first increases and
then tends to stabilize as the disease deteriorates. The
increment in the peak VDR-M in the mid-span reaches
7.2% when the support is void. The LDR-M continues to
increase as the diseases deteriorate. The peak LDR-M is
1.27 mm, which is of the same order of magnitude as the
VDR-M. Disease deterioration has a greater effect on the
VAR-M and LAR-M. The peak VAR-M and LAR-M first
increase and then decrease. The peak VAR-M is consider-
ably larger when the steel box girder collides with the top
surface of the supports (case 3). The influence law of the
disease conditions on the LDR-M is notably different from
that on the VDR-M, because the suspender can provide
effective vertical support for the girder.
3) Disease deterioration has a far greater effect on the

VDR-S, VAR-S, and LAR-S. There is pounding between
the steel box girder and the top surface of the supports
when the relative displacement reaches the initial clearance
between the girder and the supports. Thus, when the
pounding occurs, the phenomenon of peak-cutting can be
observed in the time-history curves of the VDR-S. The
VAR-S and LAR-S first increase and then decrease as the
disease deteriorates. The peak LAR-S is considerably
smaller than the VAR-S, because the pounding mostly
takes place in a vertical direction.
4) The peak SA of S1 and S8 increases as the vehicle

velocity increases. The peak SA of S8 first increases and
then tends to stabilize. The peak SA of S1 increases as the
disease deteriorates. The disease has a greater effect on the
SA of the short suspender than on the SA of the long
suspender. Moreover, the peak SA of the suspenders does

not vary significantly when the disease is not serious (case
1 and case 2). The SA of S1 (1.2%) is smaller than that of
S8 (2.0%) in these two cases. However, disease deteriora-
tion has a far greater effect on the SA of the short suspender
than on the SA of the long suspender, as the SA of S1 is
almost twice as large as that of S8.
5) The stiffness difference between the steel box girder

and concrete box girder for long-span CFSTarch bridges is
large. There is a significant difference in deformation
between these two types of girder under vehicle loads. This
large difference can easily induce diseases in the bearing
systems. Once a disease arises in the bridge supports, the
vertical and longitudinal dynamic responses of the main
girder vary significantly, and the stress amplitude of the
suspenders also changes substantially. Consequently, the
vehicle-induced dynamic response is generally aggravated,
especially when the supports are void. In this case, the
vehicle-induced IF of the dynamic response may greatly
exceed the guidance provided by the design codes.
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