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Technical Note

Vehicle Impact on the Deck Slab of Concrete Box-Girder
Bridges due to Damaged Expansion Joints

Lu Deng, Ph.D., M. ASCE'; Wangchen Yan?; and Quanjun Zhu®

Abstract: Expansion joints will experience increasing deterioration and damage under repeating vehicle loading. A severely damaged
expansion joint will induce significant dynamic vehicle load effects on the bridge deck near the expansion joint, whereas it may not cause
such a large effect on the global bridge responses, e.g., deflection and bending moment at the bridge midspan. The impact factors (IMs) in
bridge design codes are usually determined from global bridge responses. Therefore, it may be inappropriate to use the IMs in bridge design
codes for the design of deck slabs for which the transverse bending moment is usually the controlling internal force. In this study, a three-
dimensional vehicle-bridge model is used to study vehicle impact on the deck slab of prestressed concrete box-girder bridges caused by
damaged expansion joints. Results show that the damage condition of expansion joints has a significant effect on the vehicle impact on the
bridge deck slab, whereas it has a limited effect on the global bridge responses, especially for long bridges. The relationships between the
vehicle impact on the deck slab and a few important parameters are also investigated, and some useful conclusions are obtained.
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Introduction

Expansion joints have been widely used on bridges to allow for the
longitudinal movement of bridge girders. Under repeating vehicle
loading, expansion joints will experience increasing deterioration
and damage. The life span of most expansion joints is shorter than
10 years, which is usually below their design life (Lima and de
Brito 2009). Damaged expansion joints can induce significant
vehicle vibration and therefore increase the impact of vehicles on
the bridge deck (Kim et al. 2004; Gonzalez et al., 2011; Kim et al.
2007).

The term impact factor (also referred to as dynamic load
allowance), usually denoted by IM, has been used in bridge design
codes to represent the increment of bridge static response due to
dynamic vehicle loading. The IMs in many bridge design codes
were traditionally determined from global bridge responses. For
example, the IM adopted in the AASHTO (1994) LRFD code was
based on the work by Hwang and Nowak (1991) in which the
bridge midspan deflection was used to calculate the dynamic load
factor. However, the controlling internal force of the bridge deck is
usually the transverse bending moment, of which the dynamic
increment may not be accurately represented by the IMs in the
bridge codes, which are determined from global bridge responses.
Furthermore, damaged expansion joints could significantly
increase the vehicle impact on the deck slab near the expansion
joints (Kim and Kawatani 2005; Kim et al. 2007). Kim and
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Kawatani (2005) further suggested that the IM used for the design
of deck slabs should be based on the responses at the cross section
close to the expansion joint. As a result, it may be inappropriate to
apply the IMs in the bridge design codes to the design or
evaluation of deck slabs (Huang 2013), especially near the
expansion joints.

This study first adopted a model of expansion joints from the
literature. A three-dimensional (3D) vehicle-bridge coupled model
was then developed to study the impact of vehicles on the deck
slabs of prestressed concrete box-girder bridges due to damaged
expansion joints. The IMs of the deck slab based on the transverse
bending moment and the global IMs based on the deflection and
longitudinal bending moment at the bridge midspan were both
calculated and compared. A parametric study was also conducted
to investigate the relationship between the IMs of the deck slab
and a few important parameters including the damage condition of
the expansion joint, bridge span length, road-surface condition and
vehicle speed.

Numerical Models

Bridge Models

In the present study, five prestressed concrete box-girder bridges
were selected according to the Segmental Box Girder Standards by
the AASHTO-PCI-ASBI (1997). These bridges have span lengths
ranging from 24 m to 56 m and are good representatives of the
simply supported prestressed concrete box-girder bridges in the
United States. All five bridges have the same cross sections and
two 0.40-m-thick end diaphragms. The bridge deck width and
girder depth are 11.1 m and 2.4 m, respectively. Fig. 1 shows the
cross section of the five bridges. In this study, the bridges were
modeled using solid elements with the ANSYS program. Modal
analysis was performed on these bridge models, and the natural
frequencies and mode shapes were obtained. Table 1 summarizes
the primary parameters of the five bridges and the natural fre-
quencies obtained from the modal analysis.
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Fig. 1. Cross section of bridges and load cases

Table 1. Detailed Properties of the Five Bridges

Cross section

Bridge Span Natural Area Moment of
number length (m)  frequency (Hz) (m?) inertia (m*)
1 24 7.92 6.395 5.085

2 32 4.70 6.395 5.085

3 40 3.09 6.395 5.085

4 48 2.18 6.395 5.085

5 56 1.61 6.395 5.085
Vehicle Model

For vehicle loading, the HS20-44 truck, which is a major design
vehicle in the AASHTO bridge-design specifications (AASHTO
2012), was adopted in the present study. Fig. 2 shows the analy-
tical model of this truck, which consists of a series of masses,
springs, and dampers (Shi et al. 2008). Table 2 provides the major
parameters of the truck model.

Single-point tire models have been widely adopted for vehicle
tire models in simulating bridge—vehicle interactions because of
their simplicity (Wang and Huang 1992; Shi et al. 2008; Deng and
Cai 2010a). However, because a tire makes contact with the road
surface over a footprint area instead of a single point, the use of a
single-point tire model may lead to amplified vibrations, especially
under distressed road-surface condition (Yin et al. 2010). Thus, the
tire model adopted in this study consists of a number of uniformly
distributed points, each of which is represented by a spring and
a damper that are in contact with the road surface. The stiffness
and damping coefficient values of each contact point in this new
tire model are therefore the values of the single-point tire model,
summarized in Table 2, divided by the total number of contact
points (six, based on a convergence test in this study) adopted for
each tire. These points span a length of 25.4cm as per the
suggestion of the AASHTO (2012) LRFD code.

Road-Surface Profile

The road-surface profile, usually treated as a random process, can be
described by a power spectral density (PSD) function. A modified
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PSD function (Wang and Huang 1992) was adopted in this
study

_2
o) = w(m)(nl) (m <n<ny) )

0

where n = spatial frequency (cycle/m); no = discontinuity frequency
of 0.5z (cycle/m); p(no) = roughness coefficient (m3/cycle) depen-
ding on the road-surface conditions; and n; and n, = lower and
upper cut-off frequencies, respectively. ISO (1995) classified road-
surface conditions using different roughness coefficients. In the
present study, roughness coefficients of 5 x 107°, 20 x 107,
80 x 107°, and 256 x 107° according to the ISO (1995) were used
for very good, good, average, and poor road-surface conditions,
respectively.

A road-surface profile can then be generated by an inverse
Fourier transformation with the PSD function and can be ex-
pressed as follows:

r(X) = % v 2¢(ni)An cos aniX + 6y) 2)
k=1

where X = position of the point of interest on the road in the
longitudinal direction; 8, = random phase angle that has a uniform
distribution from 0 to 27z; and n; = wave number (cycle/m).

Expansion Joint

On the basis of a review of expansion joints, Gonzdlez et al.
(2011) proposed an expansion joint model. This model was
adopted in the present study, as shown in Fig. 3. The expansion
joint in Fig. 3 has a trapezoidal shape and a width of 20 cm at the
road-surface level. On the basis of the survey results of expansion
joints on the national roadway bridges in Japan (Kim and
Kawatani 2005; Kim et al. 2007) and Portugal (Lima and de
Brito 2009), three different values for the height /4, namely, O, 2,
and 4 cm, were adopted in this study to represent three damage
conditions of the expansion joint: no damage, moderate damage,
and severe damage, respectively. Fig. 4 shows a good road-surface
profile with an expansion joint that has moderate damage. It can be
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Fig. 2. Analytical model of the HS20-44 truck

Table 2. Major Parameters of the Truck Model Under Study (HS20)

Parameter

Value

Mass of Truck Body 1

Pitching moment of inertia of Truck Body 1
Rolling moment of inertia of Truck Body 1
Mass of Truck Body 2

Pitching moment of inertia of Truck Body 2
Rolling moment of inertia of Truck Body 2
Mass of first axle suspension

Upper spring stiffness of first axle

Upper damper coefficient of first axle
Lower spring stiffness of first axle

Lower damper coefficient of first axle
Mass of second axle suspension

Upper spring stiffness of second axle
Upper damper coefficient of second axle
Lower spring stiffness of second axle
Lower damper coefficient of second axle
Mass of third axle suspension

Upper spring stiffness of third axle

Upper damper coefficient of third axle
Lower spring stiffness of the third axle
Lower damper coefficient of third axle

d;

dy

d3

dy

ds

de

b

2,612 (kg)
2,022 (kg - m?)
8,544 (kg-m?)

26,113 (kg)
33,153 (kg-m?)

181,216 (kg -m?)
490 (kg)
242,604 (N/m)
2,190 (N -s/m)
875,082 (N/m)
2,000 (N -s/m)
808 (kg)
1,903,172 (N/m)
7,882 (N -s/m)
3,503,307 (N/m)
2,000 (N -s/m)
653 (kg)
1,969,034 (N/m)
7,182 (N -s/m)
3,507,429 (N/m)
2,000 (N -s/m)

1.698 (m)

2.569 (m)

1.984 (m)

2.283 (m)

2.215 (m)

2.338 (m)

1.1 (m)

clearly seen that the expansion joint is located at the entrance of

the bridge.

Vehicle-Bridge Coupled Model

The equations of motion for a bridge and vehicle can be written as

follows:

My {dy} + [Col{dy } + [Kp){dy} = {F} 3)

M,){d,} +[C){d ) + K ){d} = {Fe} +{F)} @

where [Mp], [Cp], and [K] = mass, damping, and stiffness ma-
trices of the bridge, respectively; [M,], [C,], and [K,] = mass,
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Fig. 4. A good road-surface profile with an expansion joint with
moderate damage

damping, and stiffness matrices of the vehicle, respectively; {d,}
and {d,} = displacement vector of the bridge and vehicle, re-
spectively; {F,} and {F,} = wheel-road contact force vectors
acting on the bridge and vehicle, respectively; and {Fs} = grav-
ity—force vector of the vehicle.

On the basis of the displacement relationship and interaction
force relationship at the wheel-road contact points, Egs. (3)
and (4) can be combined into one coupled equation as follows:

M, dy Co+Cpp Cpy d,
+
Mv év Cv—h CV dv
Ky +Kp-p Kp-y dy F,y
+ = 5)
Kv—b KV dv E)—r + FG
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where Cy_p, Cyp_y, Cop, Kp—p, Kp—y, Ky_py, Fp_y, and F_, =
terms caused by the vehicle-bridge interaction. As the vehicle
crosses the bridge, the positions of the contact points change as do
these interaction terms.

Using the modal superposition technique, Eq. (5) can be
simplified as follows:

I £ 20m1 + @ Cpepy®, D Cpy | | &,

M, || d, ' Cy—p®s C, d,
W +OLK, )@, O[Kp, | [ & O/ F,_,

i K,_y®, K, dy ) Fo, +Fg

(©

Eq. (6) contains only the modal properties of the bridge and the
mechanical parameters of the vehicles. As a result, the complexity
of solving the coupled equations is greatly reduced. The fourth-
order Runge—Kutta method was adopted to solve Eq. (6) in the
time domain. For more details of the bridge—vehicle coupled
system, see Deng and Cai (2010a).

Numerical Simulations

Problem Description

The primary purpose of this study is to investigate the vehicle
impact on bridge deck slabs due to damaged expansion joints and
compare it with the impact on global bridge responses. Vehicle
impact is studied in terms of the IM, defined as follows in the
present study:

_ Rdyn - tha
R:ta

M @)

where Rgy, and Ry, = maximum dynamic and static responses of
the target point on the bridge, respectively.

For convenience, two terms, namely, the local IM of the deck
slab and the global IM, will be used to differentiate the two
concepts discussed previously. The local IM of the deck slab is
calculated using the local transverse bending moment of the deck
slab (about the x-axis indicated in Fig. 1), whereas the global

0.6 F 1\ Load Case 1: - h=0 —4--h=0.02 —<- h=0.04
\ Load Case 2: —@— h=0 —w— h=0.02 —4— h=0.04
0.5
=)
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3 04t
=
)
=
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2
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(a) Bridge span (m)

IM for bending moment is calculated using the global bending
moment of the main girder (about the y-axis indicated in Fig. 1).
Because it is usually the controlling internal force for bridge
components (Gonzdlez et al. 2011; Brithwiler and Herwig 2008),
the bending moment was selected as the only internal force to
calculate the IMs, for both the local IM of the deck slab and the
global IM. In addition, the bridge midspan deflection was also
selected for calculating the global IM because it has been widely
used by bridge engineers and researchers. To summarize, the local
IM of deck slab will be calculated from the transverse bending
moment of the deck slab, and the global IM will be calculated
from the deflection and longitudinal bending moment at the bridge
midspan.

Kim and Kawatani (2005) suggested that because of the
presence of damaged expansion joints, the IM used for the design
of deck slabs should be based on the responses at the cross section
close to the expansion joints. It is therefore necessary to first select
the cross section to be used for calculating the deck response.

In this study, two load cases were adopted for vehicle loading,
in which a single truck was set to travel along the centerline of
Lane 1 and the centerline of the deck slab, respectively, as shown in
Fig. 1. Fig. 1 also shows the points of interest used for calculating
the local IMs of the deck slabs, which were marked as L1, L2, and
L3, where the letter L denotes local. Because the transverse bending
moment at L2 is certainly no less than the bending moment at L3

Table 3. Longitudinal Positions of Points L1 and L2 on the Five Bridges
Under the Two Load Cases

Load Case 2: —@—h=0 —w—h=0.02 —4—h=0.04

Load Case 1 Load Case 2
Bridge

span  Distance to Static Distance to Static
Point of length expansion  transverse  expansion  transverse

interest (m) joint (m) strain joint (m) strain
L1 24 5.2 1.77 x 107> 6 2.04x 107
32 1.79 x 1073 2.05x 1073
40 1.79 x 1073 2.06 x 1073
48 1.80 x 1072 2.06x 107
56 1.80 x 1073 2.07 x 1073
L2 24 4.4 1.03 x 107° 4.4 1.36 x 107°
32 1.05%x 107 1.37x 107
40 1.05%x 107 1.38x 107
48 1.06 x 1073 1.38x 1077
56 1.06 x 1073 1.39%x 1073

06 F ‘ Load Case 1:—-h=0 - h=0.02 —— h=0.04

03

02

0.1

Global IM (bending moment)

0.0 1 1 1 1 1
24 32 40 48 56

(b) Bridge span (m)

Fig. 5. Global IMs of different bridges under the two load cases: (a) midspan deflection; (b) midspan longitudinal bending moment
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under both load cases, only L2 was investigated. As a result, L1
and L2 represent the points of interest for investigating the positive
and negative transverse bending moments of the deck slab,
respectively.

To determine the longitudinal position of Points L1 and L2
on the bridge for calculating the deck response, static analysis
was performed for the two load cases in which the truck moved
across the bridge step by step, and the static strains at L1 and L2
at each step were recorded. Then, the longitudinal positions at
which the static transverse strains at L1 and L2 reached their
maxima were selected as the positions for calculating the local IMs
of the deck slab. The reason why the static transverse strains
gradually increase as the truck moves across the bridge is due to
the influence of the end diaphragm on the transverse bending
moments of the deck slab near the end support. However, with a
certain distance from the end support, the transverse strains on the
deck slab will become stable as the influence of the end diaphragm
vanishes. Table 3 shows the maximum static transverse strains and
the corresponding positions of the points selected for calculating
the local IMs under the two load cases for all five bridges.

In the following sections, the effect of different parameters,
including the damage condition of the expansion joint, bridge

oo+  rr |- Front wheel
Rear wheel
_ 80
< WJW\/"W
=
g L
= 40
=
20 Brancrn iy, ol Sim A SR SRR RIS £ e INPNR RN
i
0 i 1 1 1 L 1 ]
-10 0 10 20 30 40 50 60

Distance along the bridge (m)

Fig. 6. Wheel-load time history before and after the truck passes a
severely damaged expansion joint

span length, vehicle speed, and road-surface condition on the
IMs will be investigated. Five vehicle speeds (30, 45, 60, 75, and
90 km/h), four road-surface conditions [very good, good, average,
and poor according to the ISO (1995)], and three damage
conditions [no damage (h = 0cm), moderate damage (h =2 cm),
and severe damage (h =4cm)] were investigated. Under each
combination of these parameters, the vehicle-bridge analysis
program was set to run 20 times with 20 randomly generated road-
surface profiles under the given road-surface conditions. Then, the
average value of the 20 IMs obtained was used in the results
analysis.

Effects of Damage Condition of Expansion Joint and
Bridge-Span Length

The global IMs of all five bridges, calculated from the deflection
and longitudinal bending moment (about the y-axis indicated in
Fig. 1) at the bridge midspan, were obtained and are shown in
Fig. 5. As shown in Fig. 5, the global IMs do not necessarily
decrease with the increase of the bridge-span length. In fact, the
IMs reach two local maxima at the bridge span lengths of 24 and
48 m, respectively. Further investigation revealed that the natural
frequencies of these two bridges (7.92 and 2.18 Hz) are close to
the sixth and second natural frequencies of the truck (7.82 and
2.14 Hz, respectively), which may have caused the resonance.
Similar findings were also observed by other researchers (Green
et al. 1995; Schwarz and Laman 2001; Ding et al. 2009). In
addition, it can be observed that the effect of the damage condition
of expansion joint on the global IMs is notable on the 24-m span
bridge, whereas this effect vanishes quickly as the bridge-span
length increases. This occurs because the dynamic load effect
initially induced by the damaged expansion joint decreases quickly
because of vehicle damping as the vehicle moves, as shown in
Fig. 6. For relatively long bridges, the dynamic load effect will
have been reduced significantly by the time the truck reaches the
midspan.

Using an average road-surface condition, the local IMs of the
deck slab at the selected points are plotted against the bridge-span
length under different damage conditions of the expansion joint,
for both load cases, in Fig. 7. From this figure, the following can
be observed: (1) the local IMs of the deck slab increase sig-
nificantly as the damage condition of the expansion joint becomes
more severe; the average local IMs may exceed 0.33, the value

Point L1 Point L2
0.6 - 0.6
Load Case 1: - h=0 -2 h=0.02 —<- h=0.04 Load Case 1: -3~ h=0 - h=0.02 —<- h=0.04
sl Load Case 2: —&— /=0 —»—h=0.02 —<—h=0.04 e | Load Case 2: —@—h=0 —w—h=0.02 —<— h=0.04
04 04
= =
= 03} = 03
Q Q
& 3
=l -
02 f 02k
0.1 f 0.1
00 1 1 1 1 1 0_0 1 1 1 1 1
24 32 40 48 56 24 32 40 48 56
(a) Bridge span (m) () Bridge span (m)
Fig. 7. Local IMs of the deck slab of different bridges under the two load cases: (a) Point L1; (b) Point L2
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specified in the AASHTO (2012) LRFD code, under the severely the 32-m span bridge after which the IMs decrease slowly as the
damaged expansion joint, especially for short bridges; and (2) the bridge span increases, which is different from the trend with the
local IMs decrease significantly from the 24-m span bridge to global IMs observed in Fig. 5.

Load Case 1; expansion joint: no damage Load Case 2; expansion joint: no damage
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Fig. 8. Local IMs of the deck slab under different road-surface conditions and damage conditions of the expansion joint: (a) Load Case 1, no
damage; (b) Load Case 2, no damage; (c) Load Case 1, moderate damage; (d) Load Case 2, moderate damage; (e) Load Case 1, severe damage;
(f) Load Case 2, severe damage
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From a comparison between the global IMs (Fig. 5) and the
local IMs of the deck slab (Fig. 6), it is also found that with no
damage in the expansion joint, the local IMs of deck slab are
generally smaller than the global IMs, depending on the bridge

span length;

Local IM

@

Local IM
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however, under the severely damaged expansion

Span length: 24m; load Case 1

Point L1 : —v—h=0 ——h=0.02 —¢—h=0.04
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30 45 60 75 90
Velocity (km/h)

Span length: 40m; load Case 1
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joint, the local IMs of the deck slab are generally greater than the
global IMs. The different trends observed under different damage
conditions of the expansion joint occur because the local IMs of
deck slab are greatly affected by the damage condition of the
expansion joint, which is not the case for the global IMs.

Span length: 24m; load Case 2
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Fig. 9. Local IMs of deck slab versus vehicle speeds: (a) span length =24 m, Load Case 1; (b) span length =24 m, Load Case 2; (c)
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Fig. 10. Wheel-load time history for the rear wheel for different
vehicle speeds under a severely damaged expansion joint

Effect of Road-Surface Conditions

The local IMs of deck slab under different road-surface conditions
are plotted in Fig. 8 for both load cases and all five bridges. The
IM values in Fig. 8 are the averages for the five different vehicle
speeds.

From Fig. 8, it can be observed that with no damage in the
expansion joint, the local IMs increase notably as the road-surface
condition becomes worse. However, as the damage condition of
the expansion joint becomes more severe, this increase becomes
more difficult to note, especially between the average, good, and
very good road-surface conditions. This reveals a fact that the
expansion joint itself is an integral part of the road system.
Therefore, the deterioration of the expansion joint could sig-
nificantly affect the dynamic vehicle loading, even if the road-
surface condition is very good. In fact, as can also be observed
from Figs. 8(e and f), even under very good road-surface condi-
tion, the local IMs of the deck slab of the 24-m span bridge can
exceed 0.33, the value specified in the AASHTO (2012) LRFD
code, under severely damaged expansion joint.

Effect of Vehicle Speed

Many studies have been conducted on the relationship between
vehicle speed and IM. The local IMs of the bridge deck are plotted
against vehicle speed under different damage conditions of the
expansion joint in Fig. 9. Due to the space limitation, only the results
of three bridges with span lengths of 24, 40, and 56 m are plotted.

As can be easily seen from Fig. 9, the variation of local IMs
with vehicle speed does not follow a certain trend. Similar trends
have also been observed in previous studies on the relation-
ship between global IMs and vehicle speed (Deng and Cai
2010b; Green et al. 1995; Broquet et al. 2004). In fact, the effect of
vehicle speed on IMs is a very complex issue because it is
also affected by many other factors at the same time (Deng et al.
2014). Unfortunately, no consensus has yet been reached on the
explanation, despite attempts by many researchers.

In addition, it can be observed from Fig. 9 that under the
severely damaged expansion joint, local IMs reach their maxima
at a vehicle speed of 30km/h and these values can far exceed
0.33. To explain this phenomenon, the dynamic wheel load of the
rear wheel is plotted in Fig. 10 for three different vehicle speeds
under the severely damaged expansion joint. As can be seen from
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Fig. 10, the largest dynamic wheel load is reached at a vehicle
speed of 30 km/h, confirming the results in Fig. 9. This clearly
indicates that controlling vehicle speed may not help reduce the
dynamic effect of vehicle load on the bridge deck.

Conclusions

In this study, a 3D vehicle-bridge coupled model was developed

to study the vehicle impact on the deck slab of concrete box-girder

bridges induced by damaged expansion joints. Two concepts were
first defined, namely, the local IM of the deck slab, calculated from

the deck slab’s transverse bending moment, and the global IM,

calculated from the deflection and longitudinal bending moment at

the bridge midspan. Numerical simulations were carried out and

IMs were calculated and compared. The effects of a few important

parameters on the local IM of the deck slab were also investigated.

The following conclusions can be drawn from this study:

1. The local IMs of the deck slab, for transverse bending mo-
ment, increase significantly as the damage condition of the
expansion joint becomes more severe. However, the effect of
the damage condition of the expansion joint on the global IMs
is limited, especially for relatively long bridges.

2. With no damage in the expansion joint, the local IMs of the
deck slab are generally smaller than the global IMs, depending
on the bridge span length; however, under the severely da-
maged expansion joint, the local IMs of the deck slab are
generally greater than the global IMs.

3. The local IMs of the deck slab due to damaged expansion
joints decrease as the bridge-span length increases. In contrast,
the global IMs of the bridge do not necessarily follow a certain
trend. However, when the bridge’s natural frequency was
close to the vibration frequencies of the vehicle, resonance
may occur and lead to larger global IMs.

4. No specific trend was found on the relationship between the
vehicle speed and local IMs due to damaged expansion joints.
However, it was found that under a low vehicle speed (i.e.,
30 km/h), the local IMs reached their maxima and could be
significantly larger than 0.33. This clearly indicates that con-
trolling vehicle speed may not help reduce the dynamic effect
of vehicle load on the bridge deck.

The results from this study have clearly indicated the im-
portance of maintaining a good condition of expansion joints to
reducing the impact of vehicle loading on the bridge deck. At-
tention should be paid to the fact that controlling vehicle speed
may not be an effective means of reducing the dynamic effect of
vehicle load on the bridge deck.
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