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This paper aims to evaluate the impact interaction between the abutment and the girder subjected to nonuniform seismic excitation.
An impact model based on tests is presented by taking material properties of the backfill of the abutment into consideration. The
conditional simulation is performed to investigate the spatial variation of earthquake ground motions. A two-span continuous steel
box girder bridge is taken as the example to analyze and assess the pounding interaction between the abutment and the girder. The
detailed nonlinear finite element (FE) model is established and the steel girder and the reinforced concrete piers are modeled by
nonlinear fiber elements. The pounding element of the abutment is simulated by using a trilinear compression gap element. The
elastic-perfectly plastic element is used to model the nonlinear rubber bearings. The comparisons of the pounding forces, the shear
forces of the nonlinear bearings, the moments of reinforced concrete piers, and the axial pounding stresses of the steel girder are
studied. The made observations indicate that the nonuniform excitation for multisupport bridge is imperative in the analysis and

evaluation of the pounding effects of the bridges.

1. Introduction

Long span bridges are subjected to environmental loadings
and dynamic excitations due to the interaction between the
bridges and the surrounding environment [1-3]. External
excitations acting on bridges, such as earthquakes, may
induce the structural deformation and stresses due to the
indeterminacy, which may cause the damage events of the
structural components [4, 5]. The out-of-phase oscillation in
adjacent structures due to the difference in dynamic char-
acteristics and the spatial variations of earthquake ground
motion may result in the collision if their structural separa-
tion is not enough to accommodate the relative displacement.
Reconnaissance shows that the pounding scenario is one of
the most critical factors resulting in damages and failures of
highway bridges [6]. The collision between bridge decks and
abutments commonly results in the extensive damages to the
highway bridges with seat abutment in many earthquakes,
such as the 1971 San Fernando earthquake. Desroches and
Fenves [7] reported that the frame stiffness ratios, earthquake

loading, hinge gap, frame yield strength, and restrainer stiff-
ness are the major factors in quantizing the pounding effects
in multiple-frame bridges. Maragakis et al. [8] investigated
the effects of energy losses when the bridge deck collides
with the abutment. Various damper elements were placed on
the abutment to account for the energy dissipation during
the pounding action. Many parameters, such as coefficient
of restitution, abutment and deck stiffness, gap, and deck
to abutment mass ratio, have been studied to prove that
the pounding effect plays an important disadvantageous role
in the seismic action on bridges with flexural abutments.
Guo et al. [9] presented an experimental and analytical study
on the pounding reduction of highway bridges subjected to
seismic excitations by using magnetorheological dampers.
However, the aforementioned references do not consider the
effects of spatial variation of the earthquake ground motions
on the impact between the girder and the abutment. Bi
et al. [10] found that the minimum gap should be pro-
vided to avoid the pounding at the abutments and between
the girders. Nevertheless, if the expansion joint between



the abutment and the girder is too large, it may disturb the
comfortable experience of drivers and passengers. Therefore,
the pounding interaction between the abutment and the
girder subjected to the uniform and nonuniform excitations
should be systematically investigated.

Prior to conducting the impact analysis, a rational impact
model is essential to reflect the physical collision scenario.
There exist many pounding models which have been pre-
sented to account for the impact effect between adjacent
structures in the past several decades. Muthukumar and
DesRoches [11] gave the cogency of various impact models
in capturing the impact response of neighboring structures.
Four impact models, namely, the contact force-based linear
spring model, the Kelvin model, the Hertz model, and the
restitution-based stereomechnical model, have been widely
utilized in the pounding analysis. However, the four impact
models do not well model the performance response of
the collision between the girder and the abutment when
the bridge is subjected to intensive earthquakes. It is worth
noting that the axial stiffness between the girder and the
abutment, which is a critical parameter in the impact model,
is associated with the material properties of the backfill. An
approximate stiffness is proposed based on many large-scale
abutment tests [12, 13].

The spatial variations include three aspects [14, 15]: (1)
local site effects caused from the variation by filtering effects
of overlying soil columns; (2) wave passage, where the
nonvertical waves arrive at different points of the ground
surface at different times; (3) geometric incoherence results
in the scattering in the heterogeneous ground. The numerical
simulation of spatial variations is imperative because the
asynchronous ground motions can significantly affect the
pounding responses of the abutment. The nonstationary
conditional simulation approach presented by Vanmarcke
et al. [16] is widely used by many researchers due to its
simplicity. Therefore, this approach is utilized in this study
to generate the earthquake ground motions at each support
of the continuous bridge.

The primary objective of this study is to investigate the
pounding interaction between the abutment and the steel
girder subjected to the uniform and nonuniform excitations
with different wave propagation speeds. An elastic-perfectly
plastic element is used to simulate the nonlinear rubber
bearings. A trilinear impact model based on experimental
data is adopted to simulate the pounding effects between
the abutment and the girder. The FE model is established
in the package Open System for Earthquake Engineering
Simulation (OpenSees). The steel girder and the reinforced
concrete piers are modeled by nonlinear displacement-based
fiber elements. The nonstationary conditional simulation is
performed to generate the asynchronous ground motions. A
real two-span continuous steel box girder bridge is taken as
the example to analyze and assess the pounding interaction
between the abutment and the girder. The comparisons of
the pounding forces, the shear forces of nonlinear bearings,
the moments of reinforced concrete piers, and axial pounding
stresses of the steel girder are studied. The made observa-
tions indicate that the nonuniform excitation for multisup-
port bridge is imperative in the analysis and evaluation of
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the pounding effects of the highway bridges for it always
results in disadvantageous load case.

2. Impact Interactions between
Abutment and Steel Girder

2.1. Impact Model. Several impact models have been pre-
sented by many researchers [17]. However, the impact mech-
anism between the abutment and the girder is not similar
to collision between two rigid or elastic bodies completely.
Therefore, Clatrans [18] recommended a trilinear approx-
imation of the force-deformation relationship to simulate
the longitudinal response of seat abutment; see Figure 1. The
trilinear model consists of three segments: (i) a zero stiffness
segment, which accounts for the expansion gap; (ii) a realistic
stiffness segment of the embankment fill response; and (iii)
a yielding stage segment with ultimate longitudinal force
capacity By,. The stiffness of the abutment K, (kN/m) can
be given by

h
Kapur = Ki X Wy, ¥ (ﬁ) , K;=287. (1)

The passive pressure force resisting the moment at the
abutment is expressed as

h
PbW=A2x239x<ﬁ>, )

where wy,, and hy,, are projected width and height of the
back wall for seat abutment, respectively. The area of a seat
abutment is

Ae = hbw X Wy (3)

It is noted that the initial stiffness K; for embankment
fill material should meet the requirements of the Caltrans
Standard Specifications. For clarity, the contact force based
on the bilinear model can be formulated as

F=0 w-uj-g,<0,

F.= Ky % (u;—u;—g,) 0<u;- < Pow
¢ = Kaput X \Y; uj gp U; uj gp—Kb ’(4)
abut
By
F.=P,, ui—uj—gp>Kw,
abut
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where F_ is contact force; u; and u; are displacements of
pounding nodes i and j, respectively; g,, is the distance of the

gap.

2.2. Simulation on Ground Motion. The out-of-phase effect
on the pounding of adjacent girder and the abutment is
mainly investigated in this paper. Therefore, as one of the pri-
mary factors resulting in the inhomogeneous phenomenon at
different supports of the bridge, the spatial variation of seis-
mic waves is an imperative issue required to be solved. Three
factors may affect the spatial variations of seismic ground
motion, the wave passage effect, the incoherence effect, and
the local site effect [19]. Many researchers have presented
several solutions for this critical issue [16, 20, 21]. Among
these approaches, the conditional simulation of a nonuniform
seismic ground motion field based on nonstationary theory
developed by Vanmarcke et al. [16] is adopted in this study
due to its simplicity. This critical principle of the method is
concisely introduced in the following paragraph.

Let us consider a segment of the ground motion at a
point x; and assume it can be represented by a nonergodic,
zero-mean, homogeneous, mean-square continuous space
time process Z;(¢). The process Z;(t) can be expressed as a
sum of independent frequency-specific spatial processes in
consecutive constant-size frequency intervals as follows:

K
Z;(£) = ) [Aj cos (wit) + By sin (wyt)],

k=1
w,=k-DAw (k=1,2,...K), (5)
Aw = 2 ,
tf+At

where the coeflicients A;; and B;, are zero-mean random
variables; ¢ is the length of the process. For a discrete-time
process, defined at times

ti= (j-1)at (k=12,...K),

t (6)
A=
K-1
the coefficients A and By are related to Z,(t;) through the
discrete Fourier Transform,

1 2m(k-1)(j-1)
Ay = E];Z,- (tj) COS(T) >

1 & C(2m(k-1)(j-1)
Bik= E;Zl (t])sm(T)

The following symmetry conditions about the Nyquist fre-
quency, wy, g/, = 7/At, apply to the Fourier coefficients A ;
and B;;, when the process Z;(t) is real:

(7)

Ay = Ai(K—k+2)’

B = = Bik-k+2)> (8)
K

k=2,3,...,1+—.

2

It is shown that the covariance between coefficients at points
x; and xj, Cij(wy), can be written as [22]

Cjj ()
= E(AnA ;)
%pwk (1) G (@) A, for k = 1,
|5 1P (1) G @)
Py (V) G Wk ga)} A, fork=2,..., %
| P, (1) G () Ao,

K
fork=—+1,
2

Vi = X; — X

ij 7’

)

where y;; is the relative position vector, G(w) is the one-
sided “point” spectral density function, and p,, (y;;) is the
frequency-dependent spatial correlation function. Note that

fork:2,...,5.
2

(10)

E (AikAjk) =E (BikBjk) =Cjj (wr)

The spatially correlated ground motions can then be obtained
by the following steps: (i) generate sets of Fourier coeflicients
A, and By, for each frequency wy (k =1,2,...1+ K/2); (ii)
obtain the remainder using the symmetry conditions in (3);
and (iii) use the Fast Fourier Transform algorithm to perform
the inverse discrete transform.

Consider the simulation of seismic ground motions at a
set of m target points xg, given that some motions have been
recorded at a set of n = N — m measurement points, where
N is the total number of points. The covariance matrix, C;, =

[Cl-]-(wk)] (i,j = 1,2,...,n+ m), for each Fourier frequency
wp (k=1,2,...,1+K/2) can be assembled and expressed as
c, C
Ci = [ o “ﬂ] . a1)
Cop Cpp

Assume a set of simulated Fourier coeflicients
A, ={A Ayl (12)

where A, and Ay denote the coeflicients at recording
and target points, respectively. A set of simulated Fourier
coeflicients B, can be defined in the same way. To simulate A
and B,, the covariance matrix C, is evaluated for frequencies
up to wy, g/, = 7/At. For admissible spatial correlation and
spectral density functions, C, is positive definite and can be
expressed as the product of a nonsingular lower triangular
matrix, L;, and its transpose by means of the Cholesky
decomposition

T
Ck = LkLk' (13)



In case the limited-duration segment of the ground motion
can be modelled as a Gaussian process, two sets of indepen-
dent standard normal random variables can be simulated for
each frequency:

U = {Ulk’UZk’ . "UNk} >

(14)
Vi = {Vlk’VZk""VNk}'
Sets A, and B, are then generated by
AS = LkUk’
(15)
BS = Lka.

It is easy to see that A, and B, have the proper covariance
structure. Based on the subsets of simulation values at
the recording points, A, and B,,, the linear prediction
estimators at the target points are given by

* T ~—1
Asﬁ = CaﬁcaaAsa’

o (16)
Bsﬁ = Caﬁcmstot'

The conditional simulation now involves generating for each
frequency wj sets of Fourier coefficients A, and B, at
target points xp, according to the conditional simulation
algorithm

Asc,k = {Aﬁ + Asﬁ - Asﬁ}(k)’
17)

By ={Bj+By— B:ﬁ}(k),

where Az and By are the linear prediction estimators based

on the observed Fourier coefficients at the recording points
A, and B,:

* AT ~—1
Ay =CriConA e .
By =CLC.'B

BT YapTanar

The remaining Fourier coeflicients at frequency wy (k =
2 + K/2,...,K) are then obtained using the symmetry
conditions. Once coefficients have been generated for the
entire frequency range, an inverse FFT can be applied to yield
a set of ground motion time histories at the target points.
The conditional simulation of seismic ground motions is
displayed in Figure 2.

2.3. Equation of Motion for Pounding Action. For a lumped
mass system, the dynamic equilibrium equation in terms of
the nonuniform excitation can be written as

[Mss 0] i +[css csb] LS
0 My |af Cos Gl |u,

T i B 10811
Ky Ky ] " (K K, | [d) 0

(19)
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where the subscript s and b denote the superstructure
and base foundation, respectively; M, and M, are the
lumped mass matrices of the superstructure and foundation,
respectively; C,, Cgy, Cp,, and Cp, are damping matrices,
respectively, in terms of damping of superstructure and
foundation; similarly, K, K, K, and K, are the matrices
with respect to stiffness of the superstructure and the foun-
dation, respectively; I is the earthquake influence coefficient
vector; it and ii, are the absolute acceleration vector of
the superstructure and the foundation, respectively; u and
i, are the absolute velocity vectors of the superstructure
and the foundation, respectively; uz and uz are the absolute
displacement matrices of the superstructure and the founda-
tion, respectively; KZ are the stiffness matrix of the partial
superstructure where the impact occurs; Kf , and K‘ZS are the
stiffness matrices of the coupled part of the superstructure
and the foundation where the pounding occurs; Kgb are the
stiffness matrix of foundation at which the impact occurs;
d? and d‘Z are the relative displacement matrices between
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adjacent components located in the superstructure and the 5
foundation, respectively. %
It is noted that the pounding scenario which generates E o
high magnitude and short duration acceleration pulse during S
an earthquake will make the numerical convergence difficult. < 5] . ElCentro
Therefore, a variable time stepping procedure is utilized to 0 5 10 15 20 25 30 35 40 45 50
determine the impact time and solve the equation of motion. Time (s)

3. Pounding Effect of the Bridge

3.1. Structural Description. To assess the pounding interac-
tion between the girder and the abutment subjected to the
nonuniform seismic excitations, a real two-span continuous
steel girder bridge constructed in China is selected as an
example. The bridge is supported on reinforced concrete piers
and the two spans are 50 m and 70 m, respectively, as shown in
Figure 3(a). The detailed profile of the pier and the abutment

FIGURE 4: Original time histories of El Centro (NS).

is displayed in Figure 3(b) and the reinforcement details of
a pier section are shown in Figure 3(c). The longitudinal,
transversal, and vertical directions are denoted by X, Y,
and Z, respectively. The bridge pier consists of single square
column and the cross-sectional area is 2.25m?. The clear
height of the column is 9.75 m. The rubber bearings are placed
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on the bent cap and the abutments. The space between two
rectangular octagonal hoops is 0.4 m. The densities of the
steel and the reinforced concrete are 7850 and 2500 kg/m”,
respectively. The diameters of longitudinal and transversal
reinforcing bars are 32mm and 16 mm, respectively. The
yield strength f, of the reinforcing steel is 280 MPa. Young's

modulus of the steel E and the concrete E, are 2.0 x 10° MPa
and 3.0 x 10* MPa, respectively. The parameters about the
rubber bearing are tabulated in Table 1. The shear modulus
and the height of all the bearings are 1.0 GPa and 0.15m,
respectively. The bearings at left and right abutments have the
same size of which the area of cross section and the shear
stiffness (Kj,) are 0.03 m? and 209.0 kN/m, respectively. The
counterparts of the bearing at middle bent cap are 0.126 m*
and 838.0 kN/m, respectively. The yielding strengths of two
types of bearing are 20.9 kN and 83.8 kN, respectively.

The FE model of this bridge is established with the aids of
the package OpenSees. The steel box girder and the reinforced
concrete pier are modeled by using nonlinear fiber elements.
The rubber bearings are modeled by using an elastic-perfectly

plastic zero-length element. A trilinear zero-length element is
used to simulate the impact effects between the abutment and
the girder. The dynamic equilibrium equation involved mul-
tisupport excitation which can be solved using the Newmark-
beta method with a self-adaptive integration time step from
1.0 x107* st0 2.0 x 107> s to ensure the numerical convergence
at the end of each step. The Rayleigh damping assumption is
adopted to construct the structural damping matrix, and the
damping ratio of the bridge is set as 0.03 [22-25].

3.2. Conditional Simulation of Ground Motion at Three Sup-
port Points. To evaluate the pounding interaction between
the girder and the abutment of the continuous steel girder
bridge, the El Centro NS (1940) ground motion is selected as
inputs to the example bridge structure. The time history of the
seismic record is shown in Figure 4. The original peak ground
acceleration (PGA) of the seismic record is 3.417 m/s. The
original time history of the seismic record is scaled to 8.6 m/s*
to perform the pounding analysis. Three scenarios are taken
into consideration to investigate the pounding effects under
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TABLE 1: Bearing properties.
Location of bearings G (kPa) A (m?) h (m) K, = GA/h (kN/m) Yielding strength (kN)
Left abutment 1.0 x 10° 0.03 0.15 209.0 20.9
Middle pier cap 1.0 x 10° 0.126 0.15 838.0 83.8
Right abutment 1.0 x 10° 0.03 0.15 209.0 20.9

both uniform and nonuniform excitations with two wave
propagation velocities V,,,, namely, 200 m/s and 400 m/s. The
simulated acceleration time histories at three supports of the
bridge are indicated in Figures 5, 6, 7, and 8, respectively, for
the two wave propagation velocities. In the simulation of the
ground motion, the frequency-dependent spatial correlation
function of phase-aligned ground acceleration presented by
Harichandran and Vanmarcke [26] is adopted:

pwk ()}1]) — 0.7366*0-536(”@‘”9«;) + 0.2646*0-744(|Vij|/9w)’

)2.78}1/2

where 0, is the frequency-dependent scale of the fluctuation.
In addition, it is noted that the ground motion used in the
computation is divided into five segments with the time

(20)

0, = 5210{1 + <
2171

duration of 1.48s, 4.32s, 20.8s, 8.4 s, and 155, respectively.
Each of the five segments is assumed as a stationary process.
Then the five segments are assembled together through the
linear interpolation and the wave propagation phase delays
are postprocessed. Finally, the velocity and displacement time
histories at each support can be calculated by integrating the
acceleration time histories with respect to time, respectively.

4. Seismic Response Analyses

4.1. Response of Abutment. As discussed above, three sce-
narios are considered to evaluate the dynamic responses of
pounding interaction between the abutment and the steel
girder. Figure 9 shows the time histories of pounding forces
at the abutment and the peak responses of the pounding
force are listed in Table 2. It is seen from Figure 9 and Table 2
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TABLE 2: Peak response of pounding force.
Location Uniform Nonuniform (400 m/s) Nonuniform (200 m/s)
Time (s) Force (kN) Time (s) Force (kN) Time (s) Force (kN)
Left abutment 15.46 2.79 x 10° 7.96 2.79 x 10° 12.12 157 x 10°
Right abutment 14.88 2.79 x 10° 2.79 x 10° 12.62 2.79 x 10°
TABLE 3: Peak responses of shear forces.
Location Uniform Nonuniform (400 m/s) Nonuniform (200 m/s)
Time (s) Force (kN) Time (s) Force (kN) Time (s) Force (kN)
Left bearing 3.74 41.9 41.9 8.2 41.9
Middle bearing 2.34 168.0 3.02 168.0 4.02 168.0
Right bearing 3.74 41.9 5.08 41.9 710 41.9
10000 TABLE 4: Peak response of moment force and curvature.
— 5000 Case Curvature (1/m) Moment (kN-m)
£ Uniform 0.0026 751 x 10°
bt 0 Nonuniform (400 m/s) 0.0051 9.28 x 10°
g Nonuniform (200 m/s) 0.0032 8.06 x 10°
=]
= -5000
—10000 0 " " o excitation. The three bearings reach the yielding state latest

Time (s)

Nonuniform (200 m/s) —— Uniform

- -~ Nonuniform (400 m/s)

F1GURE 11: Time histories of moment force at the bottom of RC pier.

that the right abutment experienced yielding state under
both uniform and nonuniform excitations. The nonuniform
excitation with the wave propagation speed of 400 m/s is
the most critical loading case for the right abutment. The
right abutment is the latest one to trigger yielding state when
subjected to uniform excitation. However, the left abutment
does not reach yielding state in the case of nonuniform
excitation with the propagation speed of 200 m/s. In this case,
the peak pounding force is 1.57 x 10° kN which is much less
than that of the right abutment. The comparison between
two abutments indicates that the spatial variations of the
ground motion should be taken into consideration in the
assessment on the pounding effects because it provides the
disadvantageous loading excitations.

4.2. Response of Rubber Bearing. Figure 10 displays the time
histories of the shear forces of the bearings at the left
abutment, the middle bent cap, and the right abutment for
the concerned three scenarios. Listed in Table 3 are the peak
responses and the time occurrence of shear forces of bearing
at three locations. It can be observed that the bearings at the
three locations experience the yielding stages for all the three
loading cases. As far as one rubber bearing among them is
concerned, it yields at first when subjected to the uniform
excitation in comparison with the case under the nonuniform

when they are subjected to nonuniform excitation with the
wave propagation speed of 200 m/s.

4.3. Response of Reinforced Concrete Pier. Figure 11 displays
the time histories of moment of the pier and Figure 12
indicates the moment versus the curvature relationship of the
pier. The peak moment is listed in Table 4. The curvature and
the moment responses at the bottom of the pier are variable
with the types of the excitation, of which the nonuniform
excitation with wave propagation speed of 400 m/s is the
most critical case. The most critical peak curvature and
moment are 0.0051 1/m and 9.28 x 10° kN-m, respectively. The
moment versus the curvature hysteretic loop under nonuni-
form excitation with wave propagation speed of 400 m/s is
plumper than the other two cases, which indicates that the
pier dissipates much energy of the earthquake input. The case
of uniform excitation is the one that experienced the smallest
damage.

4.4. Response of Steel Box Girder. To be the primary com-
ponent of the bridge, the steel girder bears the moments
induced by various loadings, such as dead load, live load,
and temperature load. If the pounding interaction between
the girder and the abutment occurs during an earthquake,
the axial stress in the girder may increase sharply to induce
damage events of the steel girder. The time histories of axial
stress at both ends of the girder are computed and displayed
in Figure 13. The peak axial stresses are tabulated in Table 5.
The axial stress responses of the steel girder indicate that
the most dangerous loading case for both ends of the steel
girder is the nonuniform excitation with the wave propaga-
tion speed of 400 m/s. However, the nonuniform excitation
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FIGURE 12: Moment versus curvature relationship of piers.
TABLE 5: Peak response of axial stress of steel girder.
Location Uniform Nonuniform (400 m/s) Nonuniform (200 m/s)
Time (s) Stress (kPa) Time (s) Stress (kPa) Time (s) Stress (kPa)
Left end 15.28 8.26 x 10° 778 8.39 x 10° 11.92 4.44 x 10°
Right end 16.0 8.05 x 10° 7.34 8.96 x 10° 12.44 797 x10°

with the wave propagation speed of 200m/s presents the  and nonuniform excitation with different wave propagation
smallest seismic responses. speeds. A detailed nonlinear FE model is established and
two types of zero-length nonlinear elements are used to
model the pounding interaction between the girder and the
5. Concluding Remarks abutment and the rubber bearings, respectively. In addition,
two types of nonlinear fiber displacement-based elements are
The paper investigates the pounding effects between the  used tomodel the steel box girder and the reinforced concrete
abutment and the steel girder by considering the uniform  pier, respectively. The dynamic analyses on impact effects are
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FIGURE 13: Time history response of axial stress in steel girder.

carried out under the uniform and nonuniform excitations
with two wave propagation speeds. The comparison of the
seismic responses, such as the pounding force between the
abutment and the girder, the shear forces of the rubber
bearings, the moments of reinforced concrete pier, and the
axial pounding stresses in the steel girder is performed.

The consequence of the comparison indicates that the
nonuniform excitation always results in the disadvantageous
responses in the seismic analysis of the bridge under impact
action.
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