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To more accurately consider the dynamic response of composite box girder bridges with corrugated steel webs under the effect of
live loads, based on the theory of vehicle-bridge coupled vibration, a refined finite element model of vehicle-bridge coupled
vibration analysis for composite box girders was established. The advanced dynamic response analysis of composite box girders
with corrugated steel webs and traditional concrete box girders with 30 m single boxes and single cells, as well as with 50 m single
boxes and multiple cells, was carried out. The research revealed that the natural vibration frequency of the composite box girder
with corrugated steel webs is lower than that of the corresponding concrete box girder. When the bridge deck condition is poor,
the dynamic impact coefficient of the composite box girder is much larger than that of the concrete box girder. When the bridge
deck is in poor condition, the dynamic impact response is significantly enhanced, and the difference is significantly compared with
that when the bridge deck is in good condition, which is greater than three times and even six times at the maximum. Both the
difference in the vehicle model and the change in the vehicle speed influence the dynamic impact coeflicient of the composite box

girder.

1. Introduction

For a composite box girder bridge with corrugated steel
webs, replacing a concrete web with a steel web in a com-
posite box girder with corrugated steel webs can effectively
reduce the weight of the structure, which will inevitably lead
to an increase in the ratio of live load to dead load. Therefore,
the dynamic response generated by the live load will become
more obvious. Based on the energy variation principle,
Zhang et al. [1] comprehensively considered the effects of
shear lag, fold, shear deformation, and moment of inertia,
derived the dynamic control differential equation and
boundary conditions of the continuous composite box
girder bridge with corrugated steel webs, and analysed the
natural vibration characteristics of the continuous com-
posite box girder bridge with corrugated steel webs in
combination with model tests and finite element numerical
simulations. Chen et al. [2] constructed a three-span pre-
stressed concrete and continuous corrugated steel web test

beam and carried out a dynamic test on it. The authors also
carried out a dynamic test on a real bridge and compared the
test results of the test beam and the real bridge with the finite
element results. Zheng et al. [3, 4] constructed two corre-
sponding test beams, compared the dynamic characteristics
of the two beams with a combination of model tests and
finite element numerical simulations, and analysed the in-
fluence of external prestress and its parameter changes on
the natural frequency of a continuous box girder with
corrugated steel webs. Based on box girder vibration theory,
Wang et al. [5] proposed a method to calculate the natural
frequency of a new composite box girder with corrugated
steel webs under the action of time-varying temperature,
which considered the slip effect. The proposed method was
verified by finite element simulation and model test beam
actual measurement. Wei et al. [6, 7] obtained the formula of
vertical fundamental frequency correction for a continuous
composite box girder with variable section corrugated steel
webs by model testing and ANSYS finite element simulation
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analysis and obtained the partial and integral impact co-
efficients of the composite box girder with corrugated steel
webs by establishing the coupling vibration equation of the
vehicle and bridge with a simply supported composite box
girder. The current Chinese General Specification for
Highway Bridge and Culvert Design (JTG D60-2015) [8]
provides a formula for the dynamic impact coefficient based
on the natural vibration frequency of the bridge. From the
analysis of the natural vibration frequency of corrugated
steel webs, due to the impact of the shear deformation of
steel webs, the natural vibration frequency of the composite
box girder should be multiplied by the reduction coefficient
a, in the primary beam result [9]. The calculation formula
of the impact coeflicient provided in the specification is
based on the impact coefficient samples of more than 6,600
concrete bridges with 6 m-45m spans and is obtained by
using the method of mathematical statistics and appropriate
correction. It is necessary to further verify whether the
impact coeflicient formula is suitable for composite box
girders with corrugated steel webs. Although Chinese bridge
codes do not clearly list influence factors such as the deck
condition, vehicle type, and speed for the impact coefficient
of a bridge, some analyses have indicated that these factors
have a certain influence on the dynamic impact coeflicient
[10-12]. Thus, these factors need to be analysed to provide
a reference for the dynamic load test evaluation of this type
of bridge in service.

In summary, to more accurately consider the dynamic
response of the composite box girder with corrugated steel
webs under the effect of live load and to properly analyse
corrugated steel webs composite box girders in service, the
dynamic impact coeflicient of this composite box girder
should be investigated.

2. Estimation and Analysis of the Dynamic
Impact Coefficient of the Composite
Box Girder

2.1. Domestic Highway Bridge Code. The Chinese General
Specification for Design of Highway Bridges and Culverts
(JTG D60-2015) stipulates that based on the research results
of road bridge reliability, the impact coefficient of bridge
structures is calculated by structural base frequency. The
formula for calculating the impact coefficient y is presented
as follows:

0.005, f<1.5Hz,
¢ =14 0.1767In f - 0.0157, 1.5Hz< f <14Hz, (1)
0.45, f>14Hz.

In the formula, f refers to the fundamental frequency of
a structure (Hz). The specification provides the frequency
estimation formula for the following simply supported

beam:
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where [ is the calculated span of the structure; I. is the
moment of inertia of the midspan section of the structure; m,
is the mass per unit length at the middle span of the
structure, namely, m, = G/g; G is the gravity of the structure
per linear metre at the midspan of the structure; and g is the
acceleration of gravity.

By comparing formula (2) with the calculation expres-
sion of the fundamental frequency of the composite box
girder with corrugated steel webs, we know that due to the
shear deformation of the corrugated steel web, the natural
frequency of the composite box girder in formula (2) needs
to be multiplied by the reduction factor a,,. The impact
coefficient in the article interpretation code is based on the
actual measurement results of the concrete box girder bridge
and is obtained through mathematical statistical analysis.
However, the applicability of the composite box girder
bridge with corrugated steel webs should be further
analysed.

The impact coefficient in the specification interpretation
is based on the measured results of the concrete box girder
bridge, which is derived from the statistical analysis, and the
applicability of the composite box girder bridge with cor-
rugated steel webs should be further analysed.

2.2. International Highway Bridge Code. The 2012 version of
the AASHTO bridge design specification is described in
terms of dynamic load tolerance (DLA), and its value de-
pends on the limit state and component type. Presently, the
impact coefficient used by the US Code for strength as-
sessment of active bridges is determined according to the
level of pavement roughness, and the dynamic impact co-
efficient of the limit assessment of active bridges is specified
to be 0.33 [13, 14].

The impact coefficient defined in the Japanese JRA (1996
edition) Highway Bridge Design Code is also a function of
the bridge span, but it distinguishes bridges of different
material types. The expressions of impact coefficients cor-
responding to vehicle loads are the same, while there are
obvious differences in lane loads [15].

The Canadian 1983 edition of the Highway Bridge
Design Code stipulates that the calculation formula of the
impact coeflicient y of a bridge is similar to the 2004 edition
of the Chinese Highway Bridge Design Code; both are based
on the first-order flexural natural vibration frequency f; of
a bridge. The 1991 edition of the Canadian Highway Bridge
Design Code introduced the relationship between the
number of axles and the impact coeflicient, with a similar
relationship specified in the most recent edition of the code.
The main difference is that the impact coefficient y at the
bridge joint is 0.5 [16, 17].

By summarizing the simplified calculation formulas of
impact coefficients in design codes of highway bridges
worldwide, we obtained the following findings: (1) each
country’s highway and bridge design codes have different
requirements on automobile impact coefficients; (2) dif-
ferent codes define the impact coefficient as the expression of
different bridge parameters, such as bridge span, bridge
natural frequency, and vehicle or lane load type; and (3) the
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national codes do not clearly indicate the type of dynamic
response of the bridge corresponding to the impact co-
efficient, and the codes have limited influence factors for
simplicity and utility.

2.3. Comparative Analysis of the Dynamic Response of the
Composite Box Girder. Many international codes consider
the impact of different types of bridges, especially steel
bridges and concrete bridges, on dynamic impact. Chinese
codes do not subdivide bridge types into steel bridges and
concrete bridges. Presently, there is no specification that
gives special consideration to the dynamic impact response
of the special type of bridge with a corrugated steel web
composite box girder. Consequently, composite box girder
bridges with corrugated steel webs were analysed and
compared with concrete box girder bridges, and samples of
single box, single cell, and single box twin cell girders were
selected for comparison.

2.3.1. Single Box, Single Cell Composite Box Girder with
Corrugated Steel Webs. A section of a composite box girder
with corrugated steel webs, as shown in Figure 1(a), is se-
lected, and the span combination of a 1 x 30 m simply sup-
ported beam and a 2x30m continuous box girder is
employed. The elastic modulus of the flange plate is 34.5 GPa,
and Poisson’s ratio is 0.2. The elastic modulus of the steel is
206 GPa, and Poisson’s ratio is 0.3. The characteristics of the
steel web are shown in Figure 1(b). The steel web is replaced
by a concrete web for comparison and analysis, and the cross-
sectional parameters are shown in Figure 1(c). The concrete
material properties are identical to the material properties of
the corrugated steel web combination box.

The spatial finite element model of the abovementioned
composite box girder with corrugated steel webs and con-
crete box girder was established using ANSYS spatial finite
element software to calculate the natural frequency of the
model. The natural frequencies of composite box girders
with corrugated steel webs and concrete box girders were
calculated by the general specification of highway bridges
and culverts and the method of [12], respectively. The results
are listed in Table 1.

2.3.2. Single Box, Twin Cell Composite Box Girder with
Corrugated Steel Webs. A section of a composite box girder
with corrugated steel webs, as shown in Figures 2 and 2(a),
with a span of 1x50m is selected. The material charac-
teristics are the same as those of the single box, single-cell
composite box girder mentioned above. The characteristics
of the steel web are shown in Figure 2(b). The cross-sectional
parameters of the concrete box girder used for comparison
are shown in Figure 2(c). The box girder deflection, natural
vibration frequency calculated by highway specification 89 is
shown in Table 2.

By comparing the frequencies in Table 1, we obtained the
following findings: (1) The analytical results in this article
show agreement with the ANSYS solid finite element results.
Tables 1 and 2 show that after the corrugated steel webs are

replaced with ordinary concrete webs, the difference be-
tween the calculated low-order frequencies is small. How-
ever, as the frequency order increases, the difference between
the two frequency values increases, and the frequency of the
composite box girder with corrugated steel webs is lower
than that of the concrete box beams.

The provisions of the domestic and international codes
for the dynamic impact coefficient of bridges are mostly
calculated based on the span or frequency, with the ex-
ception of distinguishing the material type. Based on an
analysis of the natural frequency of corrugated steel webs
and the corresponding concrete box girder, the dynamic
impact coefficient of composite box girder bridges with
corrugated steel webs is calculated according to domestic
and international specifications, as shown in Table 3.

As shown in Table 3, according to the different impact
coefficients calculated by the domestic and international
codes, the Canadian code has the largest value, the Chinese
89 edition code has the smallest value, and the Chinese code,
15th edition, is relatively similar to the American and
Japanese codes. In addition, note that the Chinese code, 15th
edition, gives frequency estimation formulas for simply
supported and continuous beams. The impact coefficient of
a 30 m span, simply supported beam calculated according to
the relevant formula is 0.257, the impact coefficient of the
midsection of the continuous beam span is 0.314, and the
impact coefficient of the fulcrum is 0.412.

3. Numerical Simulation of the Dynamic
Response of the Composite Box Girder

According to the frequency of the composite box girder with
corrugated steel webs and the corresponding concrete box
girder and the specifications on the dynamic impact co-
efficient, when the span and frequency are equivalent, the
dynamic impact coefficients of the composite box girder
with corrugated steel webs and the concrete box girder are
similar. However, the actual situation needs further com-
parison and analysis. The dynamic test of a bridge is rela-
tively difficult to implement due to factors such as the
external environment, the use of the bridge, and costs.
Presently, with the rapid development of computer simu-
lation and extensive theoretical research on vehicle-bridge
coupling analysis, vibration and shock analysis of bridges
can be achieved by numerical simulation.

3.1. Numerical Simulation of Cars. According to relevant
research and the provisions of the aforementioned US and
Canadian codes, the parameters of vehicles, such as their
types, axles, axle load, and vehicle fundamental frequency,
have different impacts on the dynamic impact coefficient of
bridges. The selected vehicles are the two- and three-axis
vehicle models commonly employed by scholars worldwide
to analyse the coupling vibration of the axle [1, 2].

3.2. Pavement Smoothness Simulation. Pavement smooth-
ness is an important source of excitation in vehicle-bridge
coupled vibration analysis, and it has a large randomness.
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FIGURE 1: Cross-sectional diagram of the box girder: (a) section of the composite box girder with corrugated steel webs (cm), (b) detail of the
corrugated steel web (mm), and (c) reinforced concrete box girder section (cm).

TABLE 1: Box beam natural frequencies calculated by different methods (unit: Hz).

. Simply supported beam 2-Span continuous beam
Frequency order Calculation method . . . . . .
Composite box girder Concrete box girder Composite box girder Concrete box girder

1 Analytical method 4.452 4.479 4.452 4.479
ANSYS entity 4.396 4.397 4.484 4.491
2 Analytical method 14.637 15.899 6.305 6.506
ANSYS entity 13.217 14.453 6.087 6.569
3 Analytical method 24.099 30.763 14.637 15.899
ANSYS entity 20.204 22.075 13.513 14.883
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FIGURE 2: Schematic of the box girder section: (a) section of the composite box girder with corrugated steel webs (cm), (b) detail of the
corrugated steel web (mm), and (c) reinforced concrete box girder section (cm).

When numerically simulating pavement smoothness, the 2\ 72

method of series is usually applied to generate the pavement pn)=¢ (no)(—) , (ny <n<mny), (3)
flatness curve that meets the power spectrum function. The "o

formula of the power spectral density function of pavement

! where ¢(ny) is the road surface smoothness coefficient
smoothness is as follows [18]:

corresponding to the standard spatial frequency; n and n, are



Advances in Civil Engineering

TaBLE 2: Comparison of the natural frequency of the 50 m box
girder (unit: Hz).

Composite box girder

Frequency order  with corrugated steel ~ Concrete box girder

webs
1 2.975 2.971
9.464 11.079
3 18.785 22.583

the spatial frequency and standard spatial frequency, re-
spectively; and n; and n, are the indices of the road power
spectrum in the low frequency band and high frequency
band, respectively.

The formula for generating the road surface flatness
curve by the series method is as follows:

N
r(x) = Z \2¢ () An cos (2nmx + 6y), (4)
k=1

where x is the coordinate along the bridge axis; ny, An, and N
are the spatial frequency sampling point, sampling interval,
and sampling number, respectively; and 8y is the random
phase angle in the interval (0, 27).

The road surface roughness is divided into five levels
according to the International Organization for Standard-
ization: very good, good, normal, poor, and very poor [19].
As the road surface smoothness curve generated according
to the series method has large randomness, it masks the
essential law of the dynamic impact coeflicient. The solution

[Mb Hdh}+[cb+cbb va] d,
Mv dv Cv—b Cv dv

where Cb—b’ Cb—w Cv-b’ Kh—b’ Kb—w Kv—b’ Fb—r) and Fv—r are
additional terms resulting from the axle-bridge coupling
effect.

For the solution method of vehicle-bridge coupled vi-
bration expression (7), the direct integration method or
modal synthesis method is generally adopted [16]. Since this
article will establish a spatial solid model of corrugated steel
web composite box girders and the corresponding concrete
box beams, there will be many nodes and elements. Thus,
this article adopts the modal synthesis method, which ef-
fectively reduces the calculation workload for more com-
plicated bridges and obtains a more accurate numerical
solution. The specific simulation method is described as
follows: first, ANSYS spatial finite element software is used
to establish a solid finite element model of the composite box
girder and the corresponding concrete box girder, to cal-
culate its natural frequency and vibration mode, and to
extract the corresponding modal matrix. Then, MATLAB
software is used to compile the fourth-order Runge-Kutta
method and import the modal matrix of the bridge to solve
equation (7) to obtain the dynamic response of the bridge.

is to use multiple road roughnesses for vehicle-bridge
coupling vibration calculations to obtain multiple dy-
namic response values of the bridge structure, and then to
calculate the average value to reduce the randomness of
pavement flatness.

3.3. Solution of Vehicle-Bridge Coupling Vibration Equation.
There have been many relevant theoretical studies on the
dynamic coupling vibration equation of vehicles and bridges
[20-23]. According to the relevant research, the dynamic
equations of the respective systems of vehicles and bridges
are shown in the following equations:

Md, +Cd, +K,d, =FF,, (5)

M,d, +Cyd, +K,d, = Fy,, (6)

where M, C, and K are the mass, damping, and stiffness
matrices, respectively; d is the system displacement vector;
subscripts vand b represent vehicles and bridges, re-
spectively; F,, is the equivalent node load sequence vector
caused by a vehicle’s own weight; and F,, and F;, are the
interaction forces between the bridge and the vehicle system.

According to the contact relationship between the wheel
and the bridge deck and the contact force between them
when a vehicle crosses the bridge, the relationship of for-
mulas (5) and (6) is established, and the important ex-
pression of the axle-coupled vibration is formed as follows:

K, + Ky Koy 1(dp F,,
+ = , (7)
Kv—b Kv dv Fv—r + Fvg

4. Analysis of the Dynamic Shock Response of
the Composite Box Girder

To analyse the dynamic impact coefficient of the composite
box girder, the above example is used, and the test section is
the midspan section. The arrangement of measuring points
on the composite box girder is shown in Figure 3, and the
measuring points of the concrete box girder are the same as
those of the composite box girder. To verify the correctness
of the vehicle-bridge coupling program in this article, by
disregarding the pavement state, reducing the vehicle speed
to 1m/s and setting the load step to 0.002s, the vertical
displacement generated by a vehicle passing the bridge and
the analysis results of the static force of ANSYS are com-
pared. The selected measuring points are 8 and 9, as shown
in Figures 4(a) and 4(b), and the comparison results are
shown in Figure 4.

A comparative analysis of Figure 4 reveals that the error
between the simulated static analysis results of the MATLAB
program in this article and the static analysis results of the
ANSYS solid model is very small (within 5%), which shows
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TaBLE 3: Dynamic impact coefficient of composite box girder with corrugated steel webs.
Span (m) Material type CHN §9 ed.ltlon CHN }5 ed}tlon USA ?2 ed_ltlon JPN 9§ ed{tlon CAN specification
specification specification specification specification
30 Concrete bridge 0.113 0.249 0.224 0.250 0.400
Steel bridge 0.222 0.249 0.224 0.250 0.400
50 Concrete bridge 0.000 0.177 0.173 0.200 0.400
Steel bridge 0.171 0.177 0.173 0.200 0.400
220 L 20 L .
120 135 | 135 60 | ) 200 100,80 240 f(ll
m T T 1
5 Ml 4 3 2 1
9 8 7 6

()

FIGURE 3: Schematic layout of the measuring points of the composite box girder: (a) single box, single cell measuring point arrangement
(cm) and (b) single box, twin cell measuring point arrangement (cm).

that the procedure of this article is correct and verifies that
the modal order is taken to meet the calculation accuracy
requirements.

4.1. Analysis of the Deflection Impact Coefficient of Composite
Box Girders with Different Cross-Sections. In the calculation
of the vehicle-bridge coupling analysis program, considering
that the pavement state is divided into five levels in the
International Organization for Standardization, the relevant
specifications also clearly stated that the pavement condition
has a greater impact on the impact coefficient. When the
vehicle is travelling at a speed of 5m/s, the time-history
curve of the midspan deflection of the 30 m simply sup-
ported composite box girder with corrugated steel webs
under different bridge deck conditions is shown in Figure 5.
Figure 5(b) clearly shows that the dynamic shock response is
significantly enhanced when the bridge deck is in poor
condition and is significantly different when the bridge deck
is in good condition.

To compare the difference between the impact coefficient
of the composite box girder and the corresponding concrete
box girder at the same frequency, the 30 m simple-supported
composite box girder of sample 1 was selected as an example,
using the vehicle-bridge coupling program in this article to
calculate a vehicle speed of 5 m/s. The calculation results are
shown in Tables 4 and 5. Figure 6 shows a comparison of the
average value of the dynamic impact coefficient for each
measuring point under different bridge deck conditions.
Figure 7 shows the dynamic impact coefficient for each
measuring point of the roof under different bridge deck
conditions.

A comparison of Tables 4 and 5 shows the following
findings: (1) The condition of the bridge deck has a great
influence on the dynamic impact coefficient. When the

condition of the bridge deck ranges from normal to very
poor, the calculated dynamic impact coefficient is greater
than the dynamic impact coeflicient calculated in Table 3
according to the bridge specifications, which indicates that
the dynamic impact coefficient given by the current Chinese
bridge codes is applicable to the bridge deck in good or better
condition. (2) When the bridge deck condition is very good
and good, the dynamic impact coefficient of the composite
box girder with corrugated steel webs is similar to that of the
ordinary concrete box girder, which suggests that when the
road surface is in good condition, the dynamic impact
coeficient of an ordinary concrete box girder can be used to
analyse the corrugated steel web composite box girder by
simply changing the web. (3) When the condition of the
bridge deck ranges from normal to poor, the average dy-
namic impact coefficient of the composite box girder is
larger than that of the general concrete box girder (as shown
in Figure 6), and as the condition of the bridge deck de-
teriorates, the increasing trend becomes more obvious.
When the bridge deck is in poor condition, the impact
coefficient of the composite box girder is increased by ap-
proximately 70% compared to the concrete box girder. (4)
The dynamic impact coefficient of the two types of box
girders will gradually increase from the centroid to the
outside along the horizontal axis (as shown in Figure 7).

4.2. Analysis of the Strain Impact Coefficient of Vehicles
Driving in Different Positions. After analysing the deflection
impact coefficient of the composite box girder and the
corresponding concrete box girder, determining whether the
strain impact coefficient is consistent with the deflection
impact coefficient value needs further analysis. The 50m
simply supported composite box girder with corrugated steel
webs of sample 2 was selected as the research object. The
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FIGURE 4: Comparison of deflection time history of 50 m composite box girder midspan measurement points in ANSYS and MATLAB.

(a) Measuring point 8. (b) Measuring point 9.
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FI1GURE 5: Deflection time-history curve of the midspan cross-section of the 30 m simply supported composite box girder under different
road conditions. (a) Typical dynamic deflection time history curve (the bridge deck is in good condition). (b) Time point curve of measuring

point 5 under different bridge conditions.

TasLE 4: Deflection dynamic impact coefficient of the 30 m simply
supported composite box girder.

TaBLE 5: Deflection dynamic impact coefficient of the 30 m simply
supported concrete box girder.

Measuring point Very good Good Normal Poor Very poor

Measuring point Very good Good Normal Poor Very poor

1 0.069 0.134 0.328 0.639 2.032
2 0.059 0.112 0.273 0.555 1.768
3 0.052 0.096 0.231 0.486 1.546
4 0.047 0.084 0.203 0.449 1.369
5 0.060 0113 0.274 0.557 1.775
6 0.056 0.104 0.254 0.517 1.611
7 0.052 0.092 0.226 0.487 1.413

1 0.067 0.139 0.259 0.603 1.087
2 0.061 0.127 0.230 0.538 0.986
3 0.055 0.114 0.204 0.471 0.875
4 0.049 0.104 0.186 0.422 0.794
5 0.061 0128 0.231 0.538 0.986
6 0.057 0.122 0.215 0.487 0.918
7 0.053 0.113 0.195 0.444 0.828
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FIGURE 6: Comparison of the dynamic impact coefficients of the two box girders under different bridge deck conditions.
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FIGURE 7: Dynamic impact coefficient of each measuring point of the roof under different road conditions: (a) composite box girder and (b)

concrete box girder.

typical dynamic strain time-history curve of the 50m
composite box girder midspan floor is shown in Figure 8.
The vehicle is driven with two loads, medium load
(L=5.8m) and partial load (L =1 m), and the strain dynamic
impact coeflicient of each measuring point is analysed, as
shown in Tables 6 and 7. Only the three conditions of the
bridge deck are good, medium, and poor.

A comparison of Tables 6 and 7 shows the following
findings: (1) When the condition of the bridge deck is good,
the difference between the strain dynamic impact co-
efficients of the two driving modes is small, but as the
condition of the bridge deck deteriorates, the gap gradually
increases. (2) In the case of a poor bridge deck, the eccentric
load impact coefficient at point 3 is approximately 68%
higher than the intermediate load impact coeflicient. (3)

When the bridge deck is in good condition and under the
effect of partial load and medium load, the dynamic impact
coefficients of measuring point 1 (cantilever plate), mea-
suring point 5 (top plate centre), and measuring point 9
(bottom plate centre) are similar, and in other parts, the
midload impact coefficient is less than the eccentric load
impact coefficient. (4) Comparing the dynamic impact co-
efficient (0.177) calculated by current Chinese codes, the
strain dynamic impact coeflicient is higher than approxi-
mately 69% when the bridge deck condition is normal.
The current general code for bridge and culvert design in
China stipulates that the dynamic impact coefficient is 0.3
when performing local check calculations on T-beam and
box beam cantilever plates. As shown in Tables 6 and 7,
under acceptable bridge deck conditions, the longitudinal
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TABLE 6: Strain dynamic impact coeflicient of each measuring point of the composite box girder when L=5.8 m.
Measuring point Good Normal Poor
1 0.113 0.324 0.441
2 0.102 0.303 0.398
3 0.106 0.308 0.402
4 0.106 0.310 0.404
5 0.124 0.320 0.435
6 0.107 0.305 0.434
7 0.112 0.317 0.441
8 0.118 0.328 0.447
9 0.124 0.335 0.435
TaBLE 7: Strain dynamic impact coefficient of each measuring point of the composite box girder when L=1.0m.
Measuring point Good Normal Poor
1 0.111 0.324 0.597
2 0.122 0.326 0.611
3 0.131 0.353 0.674
4 0.135 0.361 0.735
5 0.128 0.334 0.633
6 0.117 0.336 0.623
7 0.119 0.335 0.634
8 0.122 0.336 0.661
9 0.123 0.337 0.652
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(®)

FiGure 8: Longitudinal normal strain time history curve under different bridge deck conditions: (a) typical longitudinal normal strain time
history curve and (b) longitudinal normal strain time history curve under different bridge deck conditions.

normal strain does not exceed the standard value, but when
the bridge deck condition is poor, the coefficient obviously
exceeds the specification value. The transverse stress of the
combined box beam cantilever plate, especially the trans-
verse normal stress at the root of the cantilever plate, is an
important part of its local check. Therefore, still taking the
50 m simple-supported composite box girder as an example
to analyse the transverse stress impact coefficient of the
cantilever plate root, the model is a three-axle vehicle with
a lateral L=2.8m and a speed of 5m/s. The bridge deck
condition is good, the tension is positive, and the

compression is negative. Figure 9 shows the transverse
normal strain time-history curve of the cantilever plate root
at the midspan of the composite box girder with corrugated
steel webs.

The lateral normal strain time history curve of Figure 9
shows that when the vehicle crosses the bridge, the trans-
verse normal strain at the root of the cantilever plate will
have multiple peaks and troughs. When the front axle of the
vehicle reaches the position near the midspan, the maximum
tensile stress occurs. When the middle axis reaches the
midspan (the front axis is approximately 34 m), the second
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FIGURE 9: Typical lateral normal strain time history curve of the
cantilever plate root.

TaBLE 8: Transverse strain dynamic impact coefficient of the
cantilever plate root of a 50 m simply supported composite box
girder.

Measuring point Lateral strain Good Normal Poor
1 Tensile strain 0212 0471 1.357
Compressive strain  0.637  1.370  4.552
) Tensile strain 0219 0489 1390
Compressive strain  0.613  1.307  4.329

peak tensile stress appears. When the rear axle reaches the
midspan (the front axle is approximately 38.5m), the
maximum compressive stress occurs. The static stress am-
plitude and dynamic stress amplitude in the figure are quite
different, but these phenomena have an important effect on
the fatigue stress amplitude of the transverse reinforcement
of the composite box girder and the shear fatigue stress
amplitude of the corrugated steel web. Therefore, the lateral
dynamic impact coefficient of the cantilever plate root
should be clarified.

To analyse the dynamic impact coefficient of the
transverse normal strain of the cantilever plate root of the
composite box girder, two measuring points (3.2m and
3.0 m from the edge of the cantilever plate) of the midsection
cantilever plate of the 50 m simply supported composite box
girder were selected to calculate the transverse normal strain
dynamic impact coefficient, as shown in Table 8.

A comparison of Tables 7 and 8, under the same bridge
deck conditions, reveals that the transverse strain impact
coefficient is greater than the longitudinal strain impact
coefficient. When the composite box girder is locally
checked and the bridge deck is in good condition, its average
transverse strain impact coefficient also reaches 0.42.
However, the coefficient given in the current Chinese codes
is only 0.3, and the impact coefficient is greater in other
bridge deck conditions. As the impact coefficient has an
important effect on the calculation of the fatigue stress
amplitude of the transverse reinforcement of the cantilever
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plate of the combined box girder and the fatigue stress
amplitude of the corrugated steel webs under shear, special
attention should be given to it.

4.3. Impact Analysis of Vehicle Condition. According to
domestic and international codes, the dynamic impact co-
efficient of the bridge is related to the number of axles and
vehicle speeds. To analyse the influence of vehicle factors on
the dynamic impact coefficient of the composite box girder
with corrugated steel webs, the 30m simply supported
composite box girder with corrugated steel webs of sample 1
was selected, and the deflection dynamic impact coefficient
of each measuring point for different axle vehicle loads and
different vehicle speeds (7.6km/h-93.6km/h) was calcu-
lated. The results are shown in Figures 10-12. Both types of
vehicles use the same bridge deck conditions, acting on the
bridge deck’s lateral position L =3.4m. The shading in the
figure indicates the deflection impact coefficient of the
composited box girder analysed in accordance with our
country’s current codes, the dot-dashed line indicates the
limit dynamic impact coefficient analysed according to
AASHTO, and 1-7 represent the measurement points shown
in Figure 3(b).

Figures 10-12 show that the dynamic shock coefficient
calculated by using the US code is greater than the calcu-
lation results of the Chinese code. A comparison and
analysis of the dynamic impact coefficient of each measuring
point reveals that the quality of the bridge deck and the
vehicle model and speed will affect the impact coefficient. As
the condition of the bridge deck changes from good to poor,
the dynamic impact coefficient of each measuring point
gradually increases. When the condition of the bridge deck is
good, the dynamic impact coefficient of each measuring
point is less than the national standard value, and when the
condition of the bridge deck is normal, the dynamic impact
coefficient of most of the measuring points is greater than
the national standard value. When the condition of the
bridge deck is poor, the dynamic impact coefficients of al-
most all the measuring points are greater than the national
norms. With an increase in vehicle speed, the dynamic shock
coefficient shows a trend of increasing-decreasing-in-
creasing-decreasing, but the specific change range exhibited
by different vehicle types is different. For two-axle vehicles,
the speed range with a large impact coefficient is between
20km/h and 50km/h; for three-axle vehicles, the speed
range with a large impact coefficient is between 60 km/h and
80 km/h. To further illustrate the impact of different vehicle
types on the impact coefficient, the average value of the
dynamic impact coefficient of each measurement point at
different vehicle speeds is shown in Figure 13. As the
condition of the bridge deck changes from good to poor, the
dynamic impact coefficient gradually increases. Under the
same conditions and speed of the bridge deck, if the vehicle
type is different, the dynamic impact coefficient is different.
With increasing speed, the dynamic shock coefficient has
changed from being larger for two-axle models than three-
axis models to being larger for three-axis models than two-
axis models.
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FiGure 10: Coefficient of dynamic shock when bridge deck is good. (a) Three-axis models. (b) Two-axis models.
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5. Conclusion

By an investigation of the dynamic response of composite
box girder bridges with corrugated steel webs, the following
conclusions are drawn:

(1) When the composite box girder with corrugated steel
webs is replaced with an ordinary concrete web with
equal wave height, the difference between the low-
order deflection natural frequencies of the two box
girders is small. However, the difference between
them will increase as the frequency order increases,
and the frequency of the composite box girder with
corrugated steel webs is lower than that of the
corresponding concrete box girder. The comparison
results of the deflection impact coeflicients of the two
types of box girder show that when the bridge deck is
in good condition, the gap between the two results is
small, and when the bridge deck is in poor condition,
the dynamic impact coeflicient of the composite box
girder is much larger than that of the concrete box
girder.

(2) A comparison of various factors that affect the
flexural dynamic impact coefficient of the composite
box girder reveal that the quality of the bridge deck
has the most obvious impact on the dynamic re-
sponse. According to a comparison of the refined
vehicle-bridge coupling vibration analysis results,
the calculation methods of the impact coefficient in
most domestic and international bridge codes are
only applicable to the situation where the bridge deck
condition is good or better.

(3) Unlike the dynamic impact coefficient of deflection,
the local characteristics of the dynamic impact co-
efficient of strain are relatively obvious, and when
a vehicle is driven under the conditions of in-
termediate load and partial load, the gap between
two strain impact coeflicients of some measurement
points is large. When the combined box girder is
locally checked and the bridge deck is in good
condition, its average transverse strain impact co-
efficient also reaches 0.42. However, the coeflicient
given in our country’s current codes is only 0.3, and
the impact coefficient is greater in other bridge deck
conditions. Thus, special attention should be given to
the design.

(4) The quality of the bridge deck and the vehicle model
and speed will affect the impact coefficient. As the
bridge deck changes from good to poor, the dynamic
impact coefficient gradually increases. With in-
creasing vehicle speed, the dynamic shock coeflicient
shows a trend of increasing-decreasing-increasing-
decreasing, but the specific change range exhibited
by different vehicle types is different. For two-axle
vehicles, the speed range with a large impact co-
efficient is between 20 km/h and 50 km/h. For three-
axle vehicles, the speed range with a large impact
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coefficient is between 60km/h and 80 km/h. With
increasing speed, the dynamic shock coefficient has
changed from being larger for two-axle models larger
than three-axis models to being larger for three-axis
models than two-axis models.
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