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With the rapid development of the country’s economy, a large number of heavy vehicles are being used due to the expansion of
transportation demand and increased transportation costs. For the old concrete truss-arch bridges built in the last century, the
bridges may hardly meet the modern traffic volume. With respect to old bridges in poor condition, it takes more time and
resources to evaluate the technical status by field load tests, and there are some safety risks. A finite element method based on
vehicle-bridge coupled vibration theory was proposed for evaluating the technical status of concrete truss-arch bridges in this
paper. An old concrete truss-arch bridge in the suburbs of Suzhou, China, was selected as the research object. The field static and
dynamic load tests were conducted and the results are consistent with the results of the numerical simulation based on the method
proposed in this study. It can be concluded that the proposed numerical method can be widely used to assess the technical state of

the old concrete truss-arch bridges in poor condition.

1. Introduction

On August 24, 2012, an appalling accident occurred in
Harbin. The collapse of the bridge caused numerous deaths
and injuries, as illustrated in Figure 1. On October 10, 2020,
National Highway 312 in Jiangsu Province collapsed due to
heavy vehicles, as illustrated in Figure 2. Bridge collapse
accidents have occurred in many countries in recent years,
and most of these accidents were caused by the lack of
maintenance of aging bridges. According to incomplete
statistics, thousands of bridge collapse accidents have oc-
curred in this century, causing tens of thousands of casu-
alties. Nearly half of the small and medium-span concrete
bridges in our country were built from the 1950s to the
1980s, and most of them were in “disease-carrying” con-
dition, which made it difficult to meet modern traffic levels
according to past design norms. Bridges have lagged behind
as infrastructure and have become a “feature” of the last
century. The bridge structure will be damaged to a certain
extent under the long-term load of heavy vehicles. Especially
for old bridges with medium and small spans, the vibration
of bridges under the action of heavy vehicles is becoming

more and more obvious. Therefore, a systematic technical
status assessment is needed for the aging concrete bridges
with small and medium spans. Technical status assessment
refers to a comprehensive on-site inspection of the existing
status of severely damaged and old bridges, detection of
various parameters of bridge components, identification of
bridge damage and development trends, and systematic
assessment of the carrying capacity of old bridges to de-
termine whether the current carrying capacity of bridges
meets the needs of traffic, providing a technical basis and
recommendations for bridge maintenance and repair.

The dynamic response characteristics of bridges are
usually expressed using impact factors, which are compre-
hensive coeflicients influenced by a number of important
factors and can reflect the impact of heavy vehicles on
bridges. The deflection and strain under heavy vehicles are
usually tested in the field load experiments and the ratio of
dynamic deflection to corresponding static deflection is the
impact factor. It is often determined by national codes using
a single parametric formula through a large amount of test
data, making it difficult to fully reflect the actual vibration
conditions of different types of bridges. The bridge design
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FiGure 2: Rollover of viaduct in WuXi.

code takes the fundamental frequency of the bridge as the
parameter in China [1]. Li Yuliang of Jilin Institute of
Transportation Science collected more than 6,600 impact
coefficient sample data from seven bridges of different spans
and collated them to obtain the relationship equation be-
tween bridge frequency and impact factor, which was
adopted by the revision of China’s General Specification for
Highway Bridge and Culvert Design (JTG D60-2015) [1].
The relationship between bridge span and impact factor is
generally inversely proportional in bridge design codes such
as in Japan and the United States.

In general, field load testing is an effective method to
investigate the fundamental behavior and establish the es-
sential data of bridges. For most researchers, it is an effective
method that the aging bridge can be achieved through field
load tests to assess the capacity of the damaged and dete-
riorated portions of the bridge. This method can overcome
the problem of the material properties, field conditions, and
uncertainties in the present situation partially. The field load
tests can be used for bridge load rating [2], the strength of
components [3], and bridge performance [4]. Nonde-
structive field testing has been used in the past to better
understand the behavior of steel girder bridges [5]; Tevfik
Terzioglu tested the spread slab beam bridge to evaluate
constructability and structural performance under static and
dynamic vehicular loads [6]; the longest cable-stayed bridge
in Taiwan was selected with 40 loading cases to investigate
the bridge’s behavior by field load test [7].

However, most old bridges need to be repaired and
continue to serve with the disease, while dynamic and static
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load tests require a lot of time and money to ensure the safety
of the bridge in the long term. Even for some old concrete
bridges with serious damage, if the field load test is carried
out directly, it will affect the safety of the bridge. Therefore,
we need a safe and effective method that can quickly and
systematically evaluate the technical status of many old
bridges. Finite element simulation has been proposed to
measure the dynamic response characteristics of bridges
quickly. The expression of impact factor was proposed for
small and medium-span aged bridges with poor road surface
conditions [8]. Deng Lu studied on dynamic impact factors
of simply-supported prestressed concrete girder bridges
under vehicle braking [9] and the IF(impact factor) of shear
force and bending moment of simply-supported and con-
tinuous bridges were studied [10]. Nan Zhang used the
pseudoexcitation method to evaluate the safety of the
simply-supported girder bridge under a high-speed train
based on vehicle-bridge interaction [11]. Dynamic response
of viscoelastic asphalt pavement under vehicle-bridge in-
teraction load was studied [12]. Some scholars consider the
service performance of bridges from fatigue damage and
damage detection for ageing bridges. A simultaneous
identification method for identifying bridge damage and
vehicle parameters is proposed [13]. The life of an ageing
prestressed concrete bridge under fatigue damage is esti-
mated by numerical simulation [14].

The maintenance of old bridges is always ignored in most
countries because of a lack of related drawings and data that
make maintenance difficult to complete. Safety evaluation is
of great significance for aged bridges and has attracted
extensive attention in recent years. However, few scholars
have studied the carrying capacity of old bridges with dis-
ease, and most of the relevant specifications are based on
empirical formulas that make it difficult to accurately assess
the real situation of bridges. Filed load tests are mostly used
in this field of old bridges, and it is unsustainable that
dynamic and static load tests require a lot of time and money
to ensure the safety of the bridge in the long term. At this
stage, hundreds of thousands of old concrete bridges in
China need to be urgently analyzed by the finite element
method to ensure their safety and continue to serve with the
disease. Therefore, considering the condition of bridge
damage, the technical status of the old concrete truss-arch
bridges was systematically evaluated using the vehicle-bridge
interaction theory in this article.

More than 300 old concrete bridges in the suburbs of
Suzhou in China were selected for on-site damage detection.
Compared with other types of bridges such as concrete slab
bridges and concrete beam bridges, concrete truss-arch
bridges were selected because of their special structural
forms. A large number of cracks have been generated under
the action of long-term heavy vehicles. At the same time,
there are few studies on truss-arch bridges in the field of
vehicle-bridge interaction. A concrete truss-arch bridge with
serious damage and many cracks was studied in this article.

Field detection was carried out to preliminarily evaluate
the old bridges and imported important parameters (such as
component damage, cracks, and roughness of the road
surface) into the finite element analysis. The technical status
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of the old bridges was evaluated through the change value of
the impact factor and the limit value of the relevant bridge
specifications. Finally, the field load test will be compared
with the results obtained by this method to verify the ac-
curacy of the finite element simulation. This method can
provide a theoretical basis for the maintenance and man-
agement of many old bridges accurately and quickly and has
important engineering significance.

2. Algorithms of Vehicle-Bridge Interaction

Numerical investigations have been conducted on the ve-
hicle-bridge interaction problem by many researchers.
Wang [15] and Harris [16] contributed to the improved
modelling of vehicles. Three-axle vehicles and five-axle
vehicles were proposed according to the American bridge
design codes and European vehicle model statistics. The
proposed theory is classical by Huang and Wang. The cable
stayed bridge considering the road surface roughness is a
classic impact analysis for Huang and Wang [17]. The
theoretical development research is sorted out, and the
impact factor was proposed by Deng [18] for vehicle-bridge
interactions. Zhen Sun [19] presented a practical and effi-
cient iterative method for predicting the vehicle-induced
response of bridges. Milan Sokol presented the SHM
(structural health monitoring) to use static and dynamic
load tests to confirm the load-bearing capacity of the bridge
with numerical simulations [20]. Lu Zhang proposed the
dynamic vibration property of the vehicle-bridge expansion
joint coupled system with the proposed model [21].

The complex vehicle-bridge interaction can be explained
by the following formula [22], and these equations can also
be expressed by a matrix.

f @) =F(v(t),b(x.(t),t),r(x.(1), g),
V(v(t) = f (1), (1)
B(bx, ) = dx, (1) f (1),

where f (t) is the contact force between the wheel and the
bridge deck at time ¢, which can be expressed by vehicle
speed v, response function b, road surface roughness r, and
gravity acceleration g. Functions V and B represent the two
independent subsystems of the vehicle and bridge, respec-
tively. In the calculation process, the whole vehicle-bridge
system is divided into two independent subsystems, and the
vehicle modelled by MATLAB is imported into the bridge in
ABAQUS for finite element analysis.

3. Field Test

3.1. Bridge Description. The term “truss-arch bridge” means
that the two sides of the arch circle support the super-
structure with truss members, and the two parts of the arch
circle are combined with a deck plate and transverse con-
nection system. The truss member mainly bears the axial
force of the truss-arch bridge, and the arch ring has enough
horizontal thrust to reduce the midspan bending moment of
the bridge, so the truss-arch bridge has the advantages of
both truss and arch bridges. The truss-arch bridge can give

FIGURE 3: Frontage view of the bridge.

FIGURE 4: Side view of the bridge.

full play to the material properties of the full section of each
component, save more material than other girder bridges of
the same span, has the characteristics of integrity, light mass,
good structural forces, etc., and can be built on soft soil
foundations. Therefore, truss-arch bridges with medium and
small spans were widely built in the last century. Since the
truss-arch bridge structure is more complex and the truss
rods are more slender and mostly made of reinforced
concrete, cracks are prone to occur at some bridge tension,
bending, and rigid nodes under long-term vehicle action.
The Zhihong Bridge in Taicang City was selected as the
research object. There are large production workshops
around the bridge that are often affected by heavy vehicles,
and the damage to components is serious. When heavy
vehicles pass the bridge, the bridge vibrates violently, and
there is no load limit sign on either side of the bridge, which
will cause the bridge to be very dangerous. The truss-arch
bridge is a 41 m single-span bridge with a width of 7.0 m. The
thickness of the deck is 0.2m, and the concrete cover is
35 mm. The reinforced concrete deck is supported by truss
girders. The superstructure is truss-arch, and the supporting
structure is a mortar block stone gravity abutment with a
shallow foundation, as illustrated in Figure 3 and 4.

3.2. Field Measure for Bridge Damage. We detected a
comprehensive field measurement of various components of
the bridge. Although bridges were built in the last century
without accurate data, we need to identify the defects and
severity of components to evaluate their impact on the
bearing capacity of bridges. Technical evaluation can be
conducted according to bridge components, superstructure,
bearer, and pavement through field investigation, adopting
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F1GURE 5: Different parts of the bridge damage. (a) Breakage expansion joint. (b) Bridge surface fracture. (c) Exposed reinforcing bar of truss

beam. (d) Abutment crack.

hierarchical comprehensive evaluation of bridge control
indicators and then conducting overall evaluation.
According to the experience of engineers, the current use
safety of bridges is preliminarily judged.

The bridge deck had varying degrees of abrasion, and the
components of the bridge were damaged. The strength of
concrete was approximately 52.8~53.8 MPa by the ultrasonic
rebound method. The ratio of the characteristic value of the
protective layer thickness of the concrete structure to the
design value was between 1.22 and 1.25, and the influence of
the protective layer durability of the structural reinforce-
ment was not obvious. However, the carbonation depth of
concrete is relatively large if the continuous development
will cause damage to the passive film on the surface of steel
bars, resulting in gradual corrosion of steel bars and re-
ducing the bearing capacity of bridges. The damage is shown
in Figure 5 for parts of the bridge. The preliminary pro-
fessional evaluation of Zhihong Bridge was carried out, and
the main components of the bridge have large defects, which
affect the function of the bridge.

These tests are to obtain more accurate information about
bridges. Bridge detection is essential for older bridges (spe-
cialized agencies conduct tests at one to three month intervals
in many regions) and needs to be carried out on a long-term
basis to prevent the sudden expansion of previous cracks or the

appearance of new cracks on bridges. The strength and stiffness
of components are difficult to achieve within the design pa-
rameters of drawings for ageing bridges. Conventional bridge
inspection can adjust the information of design drawings and
even the bridge data are provided for bridges without drawings.

3.3. Test Vehicle. There are two means of investigating the
complicated bridge-vehicle interaction problem as follows:
experimental and analytical approaches. We investigated
some passing heavy vehicles, of which most of them were
three-axle heavy vehicles with a load limit of 35 tons made in
China, which is commonly chosen in the experiment. The
vehicle model was taken as that used by Kim [23] and was
simulated with a realistic 3D vehicle model (bilateral
symmetry) that could represent the design vehicle load and
actual vehicle dynamic characteristics. We calibrated the
vehicle precisely. The model assumes that the body is rigid,
consisting of three mass blocks and connecting rods with
eight degrees of freedom, and that wheels are connected to
the ground by damping springs, as illustrated in Figure 6.

3.4. Static Load Test. The traditional field load test requires
that the deflection and strain of the bridges do not exceed
the specification requirements and analyzes the value of
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FIGURE 6: Heavy vehicle model. (a) Test heavy vehicle. (b) Three-axle vehicle with eight degrees of freedom.
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of bridges. According to the Chinese norm “load test oading point oading point
methods for highway bridges,” the unfavourable positions — —
of the structure of the section layout were selected. The
static load test selected the mid-span, a-quarter-span, and
arch springing to set the strain gauge. The numbers were
J1, ]2, and J3, respectively, and four strain gauges were set L J.
at the bottom of the bridge deck. As illustrated in Figures 7 T - = -
and 8, the internal force equivalent principle was chosen to 30,  strain gauge 700 30
grade the load, which was divided into three loading levels. ‘ 760 N

First, a heavy vehicle traveled to the present position to
measure the strain and deflection of the bridge deck. Then,
another heavy vehicle was parallel to it and remained
stationary for secondary loading. Two heavy vehicles left
the bridge to measure the residual strain. The loading test
took no more than 20 minutes per cycle [24], as illustrated
in Figure 9.

In the process of the test, the implementation of loading
should be unified and commanded by professionals to grasp
all aspects in time. It is necessary to ensure the safety of the

FIGURE 8: Loading profile.

structure and personnel; meanwhile, we should observe
whether the strain and deflection of the bridge exceed the
theoretical value. The static load test results are shown in
Tables 1 and 2.

The strain value exceeds the theoretical value at the
middle span of the bridge under a heavy vehicle load, in-
dicating that the actual working state of the test section is



6 Advances in Civil Engineering
balustrade
o
2050 ﬁ
expansion joint \
-/ inel loadi I::I \ lane centerline L — o
single-stage loading lane centerline
\, o0
‘\ 4109, I
| — balustrade
()
balustrade
[ VE = e Proracs : B\ AR vovAcE %
2050 I::I R
o
expansion joint . .
-/ dary loadi I:‘:I \lane centerline \— =
secondary foading lane centerline
on

4100

|

()

FIGURE 9: Steps of the static load test. (a) Si

\ |

balustrade

ngle-stage loading. (b) Secondary loading.

TaBLE 1: Theory and experimental strain values.

Number of measuring points Slngle—stage loading
Experimental value (ue)

Experimental value (ue)

Secondary loading Unloading

Theoretical value (ue) Residual strain (ue)

J1-1 21 40 30 0
J1-2 49 102 80 0
J1-3 30 84 80 1
J1-4 15 30 30 0
J2-1 13 21 27 0
J2-2 24 61 83 0
J2-3 30 70 87 0
J2-4 19 24 30 0
J3-1 20 48 30 0
J3-2 18 41 35 0
J3-3 20 42 35 0
J3-4 25 38 30 0
TasLE 2: Theory and experimental displacement values.
Position Single-stage loading Secondary loading Unloading
Experimental value (mm) Experimental value (mm) Theoretical value (mm) Experimental value (mm)
Mid-span 3.58 4.98 4.63 0.21
A-quarter-span 1.78 2.32 241 0
Arch springing -0.15 -0.50 -0.50 0

worse than the theoretical condition, and the local static
strength does not meet the requirements. After unloading
the test load, the residual strain is less than 20%, indicating
that the structure is in an elastic working state. The strain is
too large at the J1-3 joint, mainly due to U-shaped cracks at
the mid-span. The a-quarter and arch foot of the cross-
section meet the requirements, and the structure is in elastic
work. The upper structure of the bridge is a truss arch. Before
the test, several transverse cracks were found at the bottom
of the middle span. During the test, the strain data gradually
increased, and there was no sudden increase, indicating that
no new cracks were found.

3.5. Dynamic Load Test. The pulsating method was used to
excite the vibration of the bridge structure for the dynamic
load test and then determine its natural frequency, damping
ratio, vibration mode, etc. Sensors were installed on the
bridge and collected signals synchronously. Various dis-
turbances in the environment are regarded as input signals;
the signal collected by the sensor is regarded as the output
signal of the bridge. The collected time domain signal was
transformed into a frequency domain signal by a fast Fourier
transform (FFT), and the peak value of the frequency do-
main signal curve corresponds to the natural frequency of
the bridge. In this test, the measuring points were arranged
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FiGUre 11: Experimental strain value at middle span. (a) 1

0km/h. (b) 20km/h. (c) 30km/h. (d) Brake at 10 km/h.

TaBLE 3: Modal parameters.

Vibration mode Frequency (Hz)

Description of vibration mode

1
2

6.194
9.613

First-order vertical bending vibration
First-order lateral bending-torsional coupled vibration

in eight different locations, and the measuring points were
arranged on both sides of the bridge in the transverse di-
rection. Each test point is numbered as points 1~9, keeping
the same straight line as illustrated in Figure 10.

Three different speed conditions were selected, 10 km/s,
20km/s, and 30km/s, and a brake experiment was

completed when a vehicle reached the test position at a
constant speed of 10 km/h to implement an emergency brake
to generate greater braking force and form a certain impact.
The strain value at the middle span of the bridge in the
dynamic load test is shown in Figure 11. The frequency of the
bridge can be measured, as shown in Table 3.



TaBLE 4: Impact factor at different speeds at middle span.

Machine speed Position Impact factor
10 km/h Mid-span 0.193
20km/h Mid-span 0.233
30km/h Mid-span 0.261
Brake at 10km/h Mid-span 0.213
TaBLE 5: Model parameters.
Parameter Symbol Value
Spring constant of suspension ki 1577000 N/m
pring p ki 4724000 N/m

Damping of suspension Co 33420 N/(m/s)

Ky 3146000 N/m
Spring constant of tire ko 4724000 N/m

k31 4724000 N/m

Ci; 13300 N/(m/s)
Damping of tire Cy 10000 N/(m/s)

Cs 10000 N/(m/s)

M 33000 kg
Vehicle mass my 700 kg

", 1300 kg

Ay 54m

Ax1 4m

sz 1.4m
Vehicle geometry A, 1.8m

y - 0.9 m

/\;,2 0.9m

/\y3 0.6 m

According to the bridge width and section form, the
relevant formulas of truss-arch bridges were searched from
the General Specifications for Design of Highway Bridges
and Culverts (JTG D60-2015). The Chinese code is based on
the fundamental frequency of the bridge and the empirical
formula, which is a safety-oriented design. The formulas for
the impact factor are as follows [1]:

When f <1.5Hz, y = 0.05,

When 1.5Hz < f <14 Hz, y = 0.1767Inf — 0.0157,

When f >14 Hz, y = 0.45, where f is the fundamental
frequency of the structure and g is the impact factor in the
formula. The impact factor based on the fundamental fre-
quency of the bridge can be calculated (the maximum al-
lowable value of the impact factor in the specification):

u = 0.1767Inf — 0.0157 = 0.307 (theoretical: 0.261).

The impact factor can also be calculated by definition
and the calculation expression is

u= —?m“ -1 )
Jmax

whereY ;.. is the maximum dynamic strain or deflection of
the observation point in the dynamic load test; Y ., is the
maximum static strain or deflection of the observation point
in the static load test. The results are shown in Table 4. The
impact factor of the bridge is increased after the vehicles
speed up. Bridge vibration is easier when the vehicle exci-
tation frequency is close to the bridge frequency [25].
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FIGURE 12: Finite element model of the bridge.

4. Finite Element Analysis

4.1. Bridge Finite Element Model. We collected the dimen-
sions of the bridge components in the field and adjusted the
model according to the field collected data. The bridge model
was built in the large finite element software ABAQUS and
contained a total of 12346 elements and 21832 nodes. The
mesh size was 0.2 x 0.2 m. Each component of the bridge was
established according to the measured data. The density and
Young’s modulus of reinforced concrete were 2549 kg/m’
and 3.45 x 10'° Pa, respectively, and the others are shown in
Table 5. The properties’ values were reduced accordingly for
the damaged components. The arch and diaphragm beam
were modelled by the solid element C3D8R, the bridge deck
was modelled by the shell element, and the beam was
modelled by the B3l beam element, as illustrated in
Figure 12.

4.2. Mode Shape in Finite Element Model. Mode shape is the
inherent vibration characteristic of a structural system.
Higher order modes contribute less to bridge vibration, and
the modal synthesis method can reduce operation time
effectively. Modal dynamic analysis in ABAQUS was chosen,
and superposition of the first six modes was used in this
bridge [26, 27]. The first mode had the greatest influence on
the bridge, and higher modes had little effect on the bridge
structure. When the bridge frequency is close to the vehicle
excitation frequency, the bridge vibrates easily; the first six
modes are shown in Figure 13. Table 6 is an introduction to
the finite element model data.

4.3. Fundamental Assumption. The vehicle model assumes
the following three points: (1) the mass of the tire can be
neglected since it is small when compared to the total mass
of the vehicle (2) tires close to the ground, even with the
effect of road surface roughness (3) the height of the tires and
suspensions is the same when the ground is flat and the
vehicle is still.

The following conditions should be satisfied in nu-
merical analysis: (1) vehicles travel through bridge structures
at a constant speed. (2) The bridge is stationary initially. (3)
Vehicles are driven in the prescribed lanes.

4.4. Road Surface Roughness. The model of the bridge deck is
difficult to be established in the finite element method,
especially if the bridge deck is damaged. The road surface
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Second mode: 6.173 Hz

First mode: 4.791 Hz
(a)

Fourth mode: 10.751 Hz
(d)

FIGURE 13: First six modes of the truss-arch bridge. (a) First mode.

Fifth mode: 15.559 Hz

Third mode: 7.452 Hz

(®) (0

Sixth mode: 18.192 Hz
(f)
(b) Second mode. (¢) Third mode. (d) Forth mode. (e) Fifth mode. (f)

(e)

Sixth mode.
TaBLE 6: Bridge properties.

Properties Size (m) Moment of inertia (cm®)
Horizontal linkages beam 0.14x0.55 (rectangle) 1.941 x 10°
Truss beam 0.27x0.25 (rectangle) 3.516 x10*
Damping constant 0.02

First mode (bending) 4.791
Fundamental frequency (model, Hz) Second mode (torsion) 6173

TaBLE 7: Roughness coeflicient for different surface conditions.

Condition Roughness coeflicient a(107%) Condition
“Very good” 0~2 “Very good”
“Good” 2~8 “Good”
“Average” 8~32 “Average”
“Poor” 32~128 “Poor”

roughness needs to be simulated to reflect the damage to the
bridge deck in MATLAB. The road surface roughness is one
of the main factors and is distributed in a random fashion
continuously, which affects the dynamic behavior of both
the vehicle and the bridge. According to the road level, the
random road surface roughness model under certain cir-
cumstances can usually be generated by an inverse Fourier
transform based on the corresponding power spectral
density function, and the power spectrum describes the
mean square amplitude of road geometry deviation as a
function of the spatial frequency of the irregularities. When
programmed as a stationary Gaussian random process, the
road surface roughness can be represented as [28]

N
r(x) = 2G, (m)Ancos (27my + r6).),
2

where G, () = a/ (2nm,)* is the power spectrum analysis
(PSD) function in MATLAB and a is the roughness coef-
ficient, which represents different coefficients according to

(3)

Road surface roughness (mm)

0 10 20 30 40
Bridge Length (m)

—— Left wheel path

...... Right wheel path

F1GURE 14: Road surface roughness for left and right wheel paths.

the road conditions. The International Standard Organisa-
tion (ISO) divides road surface roughness into four con-
ditions: A-D (from good to poor), and the value of a is
illustrated in Table 7. Through our investigation, coefficient
“a” is chosen as 8 x 107°, which corresponds to an average
surface condition. Anm is the frequency interval;

MA=n_,  n /N here n_, dn_ . presents the upper and

min
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Figure 15: Contact forces at six vehicle axles.

lower cut-off frequencies, respectively; n, represents the
frequency of each wave, where n;, = n;, + (k — 1)An coef-
ficient “N” represents the wave number; and 0, is the
random phase angle uniformly distributed from 0 to 27. The
road surface roughness is calculated by Kim, and the road
surface roughnesses of the left and right wheel paths re-
semble each other, as illustrated in Figure 14.
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FIGURE 16: Lane path.

4.5. Contact Point. The tires of vehicles and bridges always
change at all times. The tires will cause the subsidence of the
bridge and also affect itself during the movement. When a
vehicle tire contacts the road surface, the vehicle tire deforms
and contacts the road to form a rectangular contact surface.
This is called multipoint contact [28]. When the road surface
roughness is poor, this model can improve the calculation
accuracy of the tire friction. By treating the contact con-
dition between the tire and the road surface as a point
contact, one point may overestimate the dynamic deflection
of the bridge, and the design is conservative.

When vehicles cross the bridge, road surface roughness
will affect the property of the vehicle, which means that tires
are close to the ground while eight degrees of freedom of the
vehicle model change uninterruptedly [29]. Therefore, we
imported the data into the vehicle model and established the
corresponding model in MATLAB. The specific method can
be seen in Dr. LU’s graduation thesis [30], using a differ-
ential equation to calculate the subprogram SIMULINK.
Due to the length of the article, this article does not give too
much explanation.

The motion equation of the vehicle can be derived from
the Lagrange equation:

[M,]{ii} + [C,]{u} + [K,{u} ={F,} +{F.},

(B} = (Kl ([KE Do [CT 0+ (K 0+ [K){Z,) +[C1{Z.)

The motion equation of the vehicle can be derived from
the Lagrange equation:M,, C,, and K, are the mass,
damping, and stiffness matrices of the vehicle, respectively;
Kr and Cr are the tire stiffness and damping matrices, re-
spectively. i, u, and u are acceleration, velocity and dis-
placement vectors of vehicle motion; F, is the gravity vector;
F, is the vector of force and moment applied to the vehicle
by the bridge; and £, is the load unit acting on the bridge. The
position of the vehicle is always changing during driving.
The dynamic characteristics of the vehicle-bridge coupling
system are represented by a block submatrix. Road surface

4)

roughness was imported into the vehicle model. The bridge
deck contact force calculation is shown in Figure 15.

4.6. Vehicle Driving Process. Modal dynamic analysis is se-
lected in ABAQUS, and the analysis process is divided into
three parts: (1) vehicles enter the bridge, (2) vehicle through
the bridge, and (3) vehicles pass the bridge, and the bridge is
free vibrated. The process was investigated by modal su-
perposition through the previous six modes of the bridge
model. The Zhihong Bridge is a two-lane bridge with 204
units in each lane. Heavy vehicles enter from the left side of
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the bridge together, and vehicles are located in the middle of
the lane to test the maximum strain and deflection of the
bridge, as illustrated in Figure 16.

4.7. Results for Finite Element Method. The contact force
applied on the bridge deck in ABAQUS was used to simulate
various different working conditions through the general
solver. For the process of the vehicle crossing a bridge, the
displacement and contact force between the bridge deck and
the wheel need to be balanced through the contact point, the
bridge model can be discretized by the finite element method
through the commonly used the Newmark-f method. The
equation at each discrete time is obtained by direct nu-
merical integration calculation. Time is used as a parameter
for iteration, and the matrix form is used to ensure the
convergence of bridge displacement within each time step.

The impact factor can be expressed by the ratio of the
deflection under moving vehicle loading and the deflection
under static loading (the formula is usually used in nu-
merical simulation), and the mid-span deflection is the
largest in the finite element model. The expression of the
impact factor is [31]

)

1y = Ba=9)

5 x 100%,

(5)

S

contact J,4is the maximum dynamic vertical deflection, and
d,is the maximum static vertical deflection.

Five working conditions were simulated at different
speeds (10 km/s, 15km/s, 20 km/s, 25 km/s, and 30 km/s).
Because it is a small- and medium-span concrete bridge, the
speed cannot be too fast. There is little difference in bridge
deflection at different speeds, taking 15 km/h and 30 km/h
as examples to compare nondestructive bridges, as illus-
trated in Figure 17. It shows that the damage has a great
influence on bridge vibration under heavy vehicles. The
impact factor (IM) at mid-span of the bridge is illustrated
in Figure 18.

The truss-arch bridge is the most disadvantaged struc-
ture in mid-span. The measured bridge is more seriously
damaged than the finite element simulation bridge under the
action of long-term heavy load. The impact factor obtained
at the support and a quarter of the bridge is consistent with
the measured data, as illustrated in Figure 19.

The impact factors derived from field load tests are similar
to the finite element simulation, and the impact factors are
slightly higher than the finite element simulation data with a
maximum error of approximately 6%. It is shown that the finite
element simulation of the dynamic response of bridges based
on vehicle-bridge interaction theory can effectively evaluate the
technical status of bridges, and the damage detection of bridges
(bridge maintenance) can provide data in real-time for finite
element models to ensure the safety of bridges.
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5. Conclusion

(1) Since most countries easily ignore the late man-
agement of bridges, and the impact factor to judge
whether a bridge is good or bad is mostly based on
experience, which makes it difficult to determine the
real vibration of the bridge. For the old truss-arch
bridge built in the last century, due to concrete
cracking, reinforcement corrosion, and bridge
cracking occurring, there are the problems of hor-
izontal thrust reduction, uneven forces on the bars,
and greater deflection of the arches. Therefore, a fast
and safe detection method based on vehicle-bridge
interaction theory is proposed. It is necessary to
analyze specific problems and adjust parameters
according to different bridge structures and vehicle
conditions. The parametric analysis of the bridge
illustrates that bridge damage can seriously affect the
load carrying capacity and the dynamic impact factor
IM, this method can be used to assess the service
performance of the bridge in various conditions. The
impact factors are all lower than the specification
through rapid inspection by finite element software
and comparative analysis of load tests, and the bridge
is in a safe condition for service. The bridge vibra-
tions all occur under elastic deformation, but during
heavy vehicle crossings, the bridge deck vibrates at a
higher amplitude and the deflection changes of the
arches need to be controlled. In order to ensure the
safety, serviceability, and durability of the bridge, the
bridge defects identified by the finite element sim-
ulation results need to be repaired in a timely
manner.

(2) According to field inspection, damage to old bridges is
generally characterized by multiple cracks in the
bottom slab, cracking of the expansion lower diagonal
bars, and loosening of concrete by cracking, which
will affect the life of the bridge. The structural per-
formance of the bridge deteriorates continuously
under the impact of modern traffic flow and heavy
vehicles, which will lead to serious structural damage.

A vicious cycle will be formed due to the long-term
neglect of bridge maintenance, accelerating the de-
struction of concrete bridges, so bridge damage needs
to be detected in time. By this method, the damage to
the bridge deck is expressed in FEM by the parameter
of road surface roughness, which can effectively reflect
the effect of road roughness on bridge vibration and
even investigate the jumping problem caused by the
damage to the expansion joint filler. The data of the
damaged parts of the bridge are imported into the
bridge model to analyze the dynamic increase effect of
the vehicle on the bridge under various traffic con-
ditions, which can replace the dynamic load test to set
up the required test points at the damaged parts and
evaluate the technical status of the bridge rapidly at
this stage according to the catastrophe values of the
dynamic impact factor.
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