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The effect of foundation soil behavior on seismic response of long bridges
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Abstract.

In this paper, a comprehensive investigation of the dynamic response of a long-bridge subjected to spatially varying

earthquake ground motions (SVEGM) is performed based on a proposed analytical model which includes the effect of soil-
structure interaction (SSI). The spatial variability of ground motions is simulated by the powerful record generator, SIMQKE II.
Modeling of the SSI in the system is simplified by replacing the pile foundations and soil with sets of independent equivalent
linear springs and dashpots along the pile groups. One of the most fundamental objectives of this study is to examine how well
the proposed model simulates the dynamic response of a bridge system. For this purpose, the baseline data required for the
evaluation process is derived from analyzing a 3D numerical model of the bridge system which is validated in this paper. To
emphasize the importance of the SVEGM and SSI, bridge responses are also determined for the uniform ground motion and
fixed base cases. This study proposing a compatible analytical model concerns the relative importance of the SSI and SVEGM
and shows that these effects cannot be neglected in the seismic analysis of long-bridges.
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1. Introduction

Effect of SSI and SVEGM have been two interesting
keywords in seismic analysis of long structures in these
decades.

Among the various methods to investigate the effect of
SSI, the direct modeling of the soil-structure system
potentially provides a more powerful means for obtaining
realistic estimates of SSI.

The most common practical approach in soil-structure
interaction modeling method is the spring-dashpot method
in which the substructure soil replaces with the springs and
dashpots. In recent decades, the spring-dashpot models have
been widely used for simulating the soil-structure
interaction effect (e.g., Rahmani et al. 2016). Pacheco et al.
2006 developed an analytical spring-dashpot model
includes the soil contribution to the system inertial
properties through a series of lumped mass, consistent with
the Discrete Winkler model and defined the stiffness,
damping, and mass coefficients according to the Poisson's
ratio. Shirgir et al. (2016) studied the effect of SSI and
dynamic performance of pile group supported bridges. An
analytical model was proposed in their study to predict
seismic analysis of the bridges.

Also, an analytical method has been used widely for SSI
analyzing of the other structures such as foundations,
reinforced slopes and elevated tanks (e.g., Varzaghandi and
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Ghanbari 2014, Ghanbari et al. 2013 and Maedeh et al.
2017).

Another important concept in dynamic analysis of long
structures, such as long bridges is SVEGM which can
change the dynamic response of the structures. Davoodi et
al., (2012 and 2013) investigate the effect of SVEGM on
seismic response of embankment dams. Also, a large
number of studies have been done to investigate the effect
of SVEGM on the dynamic response of long bridges (e.g.,
Nazmy and Abdel-Ghaffar 1992, Wang et al. 2009,
Karmakar er al. 2012, Apaydin and Harmandar 2016 and
Adanur and et al. 2016). Some studies are available, which
investigated the effect of both SSI and SVEGM on bridge
systems. Bi ef al. (2011), for example, studied the combined
effects of SVEGM, local site amplification and SSI on
bridge responses. The soil surrounding the pile foundation
was modeled by frequency-dependent springs and dashpots.
The peak structural responses were estimated using the
standard random vibration method. Numerical results
showed that SSI significantly affects the structural
responses. Soyluk and Sicacik (2012) also studied the
influence of SVEGM and SSI on the relative response of
cable-stayed bridges. The substructure method was used in
their analysis. It was calculated that both SSI and SVEGM
effects should be considered in the dynamic analysis of
these bridges. Sextos ef al. (2003 (1, 2)) presented a
parametric analysis aiming to study the sensitivity of bridge
responses to SVEGM, site effects, and SSI. Based on the
results of the comparative finite element analysis, it was
concluded that the proposed method is a feasible and
efficient way to generate more realistic earthquake motion
scenarios than those commonly used and to account for the
properties of the soil foundation-pier system under seismic
loading.
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Fig. 1 Detailed view of Sadr Bridge

Sadr Bridge view

Fig. 3 Soil layers at the site

The focus of this paper is to present a new analytical
model for long-span bridge systems subjected to SVEGM
and under the effect of SSI. For this purpose, 350 m of Sadr
high way bridge in Iran is simulated and analyzed.
Nonlinear response of the foundation soil and the bridge
piers are accounted for in the analysis using advanced
constitutive model. The direct model is validated and then
based on the validated direct model, detailed baseline data
is generated for the bridge model. The bridge system is also
analytically simulated using the spring-dashpot method. In
the following sections, the direct and spring-dashpot models
of the bridge system are first described, and the spring-
dashpot model is evaluated by comparing the results with
those obtained from the direct model. Then the effect of
SVEGM on the dynamic response of the bridge is
investigated by use of the adequate spring-dashpot method.

2. Description of the case study

The Sadr high way bridge is the longest high way bridge
in Tehran, Iran which was built in 2013 as the 11" highest
bridge in the world is selected as a case study in this paper.
The piers of the main bridge are different in height but all of
them are 3 m length and 3.2 m in width. The pier
foundations are composed of a 6.4 mx10.9 m pile caps with
a thickness of 2 m supported by 6x4 pile groups with a
length of 20 m and diameter of 1.2 m (Fig. 1). In this study,
a section of 346 m of the main bridge which is separated
from the rest by two suitable expansion joints is selected to
investigate the effect of SSI and SVEGM on the dynamic
response of the highest section of Sadr Bridge. With these
expansion joints, it could be possible to model the selected
part of the bridge without considering the neighbor parts.
This section of the bridge is of single-pier type and is in
close proximity to the active faults of the region, which
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Table 1 Properties of the soil layers

Parameter Value
Layer 1 Layer2 Layer3 Layer4 Layer5
Thickness (m) 6 2 17 5 10
G (MPa)
Shear modulus 60 275 175 275 175
2
¢ (kg/em’) 0.17 0.19 0.16 0.21 0.18
Soil cohesion
o
Soil friction angle 37 36 41 4l 39
p (kg/m3) 1500 1800 1900 1800 1900
Soil density
Dilation angle ’ 6 1 > ?
Tensile stress 0 0 0 0 0
Deviatoric 0.66 0.67 0.64 0.68 0.65
eccentricity(e)
Meridional
eccentricity 0.1 0.1 0.1 0.1 0.1
Yield Stress
(ke/em?) 0.17 0.19 0.16 0.21 0.18
Plastic strain 0 0 0 0 0

have caused several earthquakes so far. Fig. 2 shows a view
of the bridge. The properties of soil layers under the bridge
structure are given in Table 1 and Fig. 3.

3. Description of the Sadr Bridge analytical model

Fig. 4 illustrates the schematic view of two largest decks
of the Sadr Bridge standing on 9 piers and pile groups. Two
decks with length of di=d>=173 m are supported by 9
capitals which are connected to 9 piers standing on the pile
foundations. The structure of the bridge continues on both
sides and neighboring spans are separated from the
considered structure by appropriate expansion joints. The
decks are considered as lumped mass model with the total
mass of m;=m,=8177719.5 kg. The concrete piers with
height of h1=7.47 m, h»=7.95 m, h3=7.87 m, hs=13.3 m,
hs=15.3 m, h¢=7.74 m, h7=7.76 m, hs=7.64 m, and hy=7.58
m are modeled with lateral stiffness of kp;=7.3x10° N/m,
kp,=6x10° N/m, kp;=6.2x10° N/m, kps=1.3x10° N/m,
kps=8.5x10°  N/m, kpe=6.6x10° N/m, kps;=6.5x10°
N/m, kps=6.8x10° N/m, and kps=7x10° N/m.

The most widely used model to perform the analysis of
piles under lateral loads consists of modeling the piles as a
series of beam elements and representing the soil as a group
of unconnected, concentrated springs and dashpots
perpendicular to the pile known as spring-dashpot method.
The most important issue in this method is to determine the
stiffness and damping ratio of springs and dashpots used to
simulate the soil around the piles. In this study p-y
nonlinear backbone curves are determined along the pile
foundations following the guidelines of API (2007) to
determine the nonlinear stiffness of the soil along the piles.
To determine the group reduction factors to consider the
effect of pile groups the guidelines of AASHTO (2012) are
used. The load-deflection backbone curves for embedded
pile caps are derived following the procedure presented by
GEOSPECTRA (1997). In this procedure, the initial
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Fig. 4 Schematic view of two largest decks of the Sadr
Bridge

stiffness is calculated assuming a passive wedge type failure
in front of the pile cap. For the rotational stiffness

. . 8Gsoir>
coefficients, Gazetas equations were used as, K, = —=2L—
, 3(1-Vsoil)
0.56G50i T . .
, and Ky = Ky, =2V¢, where r is radius of the
~Vsoil

equivalent circle foundation. The load deflection backbone

curve suggested by GEOSPECTRA is given as, F =
R . .

A/(I/K f/F ), where F'is the load at deflection A,

max D

Kinax 1s the initial stiffness of the pile cap, F, is the force

S E
which is given by Ry =1 — p/(KmaxAmax)’ where Apgy
is the deflection at the ultimate passive soil resistance. With
the assumption of acting as a retaining wall Amax varies
from 0.002h to 0.04h in which, h is the thickness of the pile
cap. In this paper Amax is assumed to be 0.02h. Therefore,
the stiffness matrix of the pile cap will be

_[F/n Kne

K. 1=
[Kea) K &,

To determine the stiffness coefficients along the piles by
use of the p-y backbone curves, depth-varying time
histories of displacement in absence of the bridge structure
is required. In order to achieve this purpose, nonlinear time
history analysis is calculated using true nonlinear
constitutive model in the computer program, ABAQUS
(2011) (Fig. 3). The input ground motion is applied to the
base of the soil profile in the form of displacements. The
output is the depth-varying time histories of displacement in
the free-field for the foundation soil and the corresponding
maximum displacements (A,) for each depth. With the
values of A, and nonlinear backbone curves, nonlinear
stiffness along the pile-foundations are determined. The
damping values are determined using the Rayleigh
approach where the elements of the damping matrix are
calculated as, C;; = aM;; + BK;;, where a, f are damping
coefficients, M;; are the elements of the mass matrix and
K;; are the elements of the stiffness matrix of the system.
To obtain the values of @ and B, equation of o+ Bw? =
2§ =2 ¢& = 1/2(%+ Pw;) was written twice with two

different w. One of the most useable approach to determine
the a and B with the above equation is to consider w;
and w, as the predominant frequency of the input motion
and the first free vibration frequency of the system. In this
equation, ¢ is damping ratio. Traditionally, the damping
ratio of the bridge system is assumed to be 5% without
considering the energy dissipation at the bridge supports
(Lee et al. 2011). Werner 1993 reported damping ratios
from 19% to 26% for bridge system by use of system
identification techniques. Also, Lee et al. (2011) reported a
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damping ratio in both longitudinal and transverse directions
as 25%. In this study, as recommended in the previous
studies, the damping ratio is approximated to be 25%. This
amount of damping lies in all ranges reported in the
previous studies (i.e., Lee ef al., 2011, Wang et al., 2009
and Werner 1993) and seems to be suitable for the systems
in which the structural system and soil are considered
together. So it could be written as

£=0.25

a =048

w; = 11.18 rad/sec = {/3 —51x10-3

w, = 8.48 rad/se

Under these assumptions, the bridge system can be
modelled as a thirty eight degrees of freedom in order to
investigate the effect of SSI and SVEGM on seismic
response of the system as shown in Fig. 4.

4. Analytical solution of the dynamic equilibrium
equation

In the present study, the dynamic response of the long
span bridge shown in Fig. 4 is calculated. Firstly, equation
of motion is solved in frequency domain, then by use of
inverse Fourier transformation responses are derived in time
domain. The equivalent spring-dashpot method is used to
analysis SSI effect. In this method, the super structure and
the foundation medium, are treated as two independent
models. The connection between the two models is
established by the interaction forces acting on the interface.
The dynamic equilibrium equations are finally written in
terms of interface degrees of freedom. With this
background, the dynamic equilibrium equations can be
expressed in the matrix form as follows

Mss Msf] {u§}+ Css Csf] {u§}+ Kss st] {u;} - {0} (1)

Mps Meplliir) * 1Grs Grel i)~ WKps Kpellug)  (PF
in which [M], [C] and [K] are the mass, damping and
stiffness matrices, respectively, {ii}, {t} and {u} are the
acceleration, velocity and  displacement  vectors,
respectively and {Pft} is the total nodal forces vector at the
base degree of freedom. The subscripts s and f refer to the
super structure and the foundation, respectively (Datta
2010).

The total displacement is written as the sum of two

displacement components of quasi-static and dynamic
displacement vectors

t d qs
it =+ ) ®
Us us Ug
where u}i is the interaction displacement vector at the
structure-foundation contact points and wu; is the
corresponding free field ground motion vector. To define
the quasi-static displacement Eq. (2) substitutes into Eq. (1)
and all the dynamic terms are put zero, then

[ugs] = _[ngl][KSf]{ug} = % [Ks_sl][KSf]{ug} 3)

Eq. (1) can be expressed in the frequency domain as
[Z(i0)]{u? (iw)} = [Z4(iw){uy (iw)} “4)
where
{uiw)} = {w ((w)uz (iw)uz (iw) 4 (iw)us(iw) gelin)u; (i)
Pg(iw)ug (iw) @10 (iw)ugg ((w) 12 ((w)uys (iw) P4 (iw)
Ups ((w) @16 ({0 Uy 7 ((0) P15 (W) Ui (W) Pag (i) Uy (iw)
®22({@)uz3 ((0) P24 ({0 U5 ((w) P26 (i) Uz7 (iw) P28 (iw)
Ung (i) P30 (iw)uzq (iw) @32 (Iw)uz3 (i0) @34 (iw)uszs (iw)
P36(i@)ug7 (iw)s3s (iw)}"
and
{ug (i(u)} = {ugq (lw)ug, (iw)ugs (iw) ug, (iw)ugs(iw)
uge(iw)um(iw) ugg(iw)ugg(ia))}T

are defined as the dynamic response vector and the input
ground motion vector, respectively. [Z(iw)] and [Z,(iw)]
are the impedance matrices of the dynamic system.

[ 711 (iw) 7y 35(Iw)
[Z(iw)] = : : 5)
735 1 (Iw) Z3g 35 (iw)
[ Zg1 1(iw) Zgl9(iw)
[Z,(iw)] = : : (6)
[ Zg38 1 (iw) Zg38 o(iw)
in which

where, Mj;, Cj; and Kj; are the mass, damping coefficient and
stiffness corresponded to each element, respectively.

To obtain the stiffness matrix three consecutive steps is
used as following:

1. Calculation of the pile group stiffness matrix ([K}])
as:

With considering Battini’s (2006) shape functions pile
group stiffness matrix can be calculated (Fig. 5).

l
" T "
[Kp] =nx mf EI[N"(x)] [N"(x)] dx (8)
0
3x%  2x3 x 2 3 x2(E-1)
NI =1-Z-+2 xa-52 3% _,% L 9
(NG [ T 2Dt 3Tl T 9)
12EI 6EI  —12EI 6EI
3 1z JET
6EI  4EI —6EI 2EI
_ L 2L
Kol =nxm|_19p1 _6E1 12EI —6EI (10)
3 12 13 12
6EI  2EI —6EI AEI
12 L 12 L

where [N] is the shape function vector, £ is the Young’s
modulus of piles, / is the cross sectional moment of inertia,
L is the pile’s length, and n X m is the piles number in the
group.

2. Calculation of the pile surrounding soil stiffness
matrix ([K,]) as
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Fig. 5 Degrees of freedom considered for the pile elements
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where, K; is nodal stiffness according to API
recommendation, / is the number of nodes considered along
the piles, and a; is the pile group reduction factor.

3. Calculation of the cap stiffness matrix ([Kcap]) as

F/ 0.56Gr2/

A 2 —

8Gr3/ @ (14)
3(1—-v)

[Kcap] =

0.56Gr2/(2 —)

4. Calculation of the soil-pile structure stiffness matrix
as:
For a structural system on the pile group (Fig. 6)
stiffness matrix can be calculated as follows
kll k12 k13 k14 le
kZl kZZ k23 k24 k25
K1 =|ka Jeso Kas Kau ks (15)
kar kaz kyz kas kus
Uess s s sy Kss)

where
kll 'k21 st » k12 St ) k13 ’ k31 Ksth k14 lk15 'k41 'kSI = 02 s
12nmel 13K, _6nmel 0.56Gr
Koy =—1—+ “+KS[+ s ka3 +EKL+KSth+(2 o
k24 - 12nmEI + Ka , k25 6nmEI %K L kgz — 6nmel +
5
KL+ Ksth+ OS6GrE hy = s + Ko L? + Ky h?, k34 =
6nmEl 12nmekl 1 12nmEI
Sl ks - el = =T
_ 6nm, nm, a — _§6nmEl 11
k43 - 6L2 EIl 4%31( L k44 {I; EIl 35,7 k45 L 6 2131KaL
nm. nm. nm.
k52 —_ LZ _EK L k53 —_ ll}, EI_EK L k54 -_— LZ
LKL, kg = 4 12
210 105
and

K, , is the lateral stiffness of the structure, and h is the
height of the structure from the base. The above matrix is
used for a five degrees of freedom model as shown in Fig.
6. By developing this matrix and assembling the stiffness
elements for a 38 degrees of freedom model (Fig. 4) the
stiffness matrix for the proposed model can be derived.

The mass matrix of the system is written as proposed by
Pacheco (2007)

mg 0 0 0 0
0 gmL %_LZ %rﬁL —%MZ
11
m="  2mm o5 o gt (16)
0 %mL %rmz g L %_LZ
1
0 4230— 2 —Tiom 3 %mz %mﬁ

m=nxXxmxX ppile XApile +nXmX Psoil X Apile X (17)

where m; is the structural mass, py;. is the pile density,
Apye s the pile cross area, and @, is the mass coefficient
defined by Pacheco (2007). Mass matrix for the 38 degrees
of freedom model can be calculated as explained above.

The damping matrix is calculated according the
Rayleigh approach as explained above.

Finally, the dynamic response of the bridge structure can
then be derived by substituting the mass, stiffness and
damping matrices in the Egs. (5) and (6) and calculating the
dynamic equilibrium equation in frequency domain as
below

(i)} = [Z(i0)]™[Z, (i0)] {uy (i)} (18)

In order to obtain dynamic response in time domain, fast
Fourier transformation is applied.

5. Spatially varying earthquake ground motion
simulation

The programs SIMQKE I and SIMQKE II were used in
this study to simulate SVEGM along the bridge supports.
One of the most important factors in earthquake records
generation is to produce power spectral density function,
compatible with ground accelerations for desired soil
condition. The program SIMQKE I is used to generate
target spectral density function from a response spectra. In
this study the target response spectra is Northridge - 1994
earthquake response spectra. This power spectral density
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function is given to SIMQKE 1I as an input data. SIMQKE
II as a conditioned earthquake ground motion simulator is
designed to generate an array of different spatially
correlated earthquake ground motion at an arbitrary set of
points, optionally statistically compatible with known or
prescribed motions at other locations.

This program is also used in unconditional mode.
Unlike conditional mode in which generated ground
motions are statistically compatible with, or conditioned by,
recorded ground motions at nearby point, in unconditional
mode the ground motions are simulated using only the user
prescribed space-time statistics. Supplied with a target
ground motion spectral density function, which may be
evolutionary in nature, the program employs covariance
matrix decomposition in the frequency domain followed by
best linear unbiased estimation and an inverse fast Fourier
transform to efficiently produce the nonstationary, spatially
correlated, conditioned or unconditioned ground motions.
Complete details of the non-uniform ground motion
generation can be found in authors’ previous paper 2017.

6. Numerical modeling and validity

In the following the finite element model of the bridge
developed using ABAQUS finite element program (2011) is
described. Solid elements with extrude method are used to
model the solid domain and the bridge system. All
components of the Sadr Bridge including nine 6x4 pile-
groups underneath the piers, nine piers, two decks and the
supporting soil domain are modeled in a unified constitutive
model. To connect pile-elements to the surrounding soil
elements, embedded region technique considering the
friction coefficient between the soil domain and pile groups
is used. Connection between the pile caps and the
surrounding and underneath soil are considered by use of
tangential and frictionless interaction model respectively.

To identify the different soil layers, the soil profile is
partitioned in the part modulus of ABAQUS.

In this model 50424 nodes and 46914 elements are used.
29472 elements were linear wedge elements of type C3D6
and 17442 elements were linear hexahedral elements of
type C3D8R. Size of the elements in the soil profile was Sm
but in the structural elements size was different. Lateral and
down boundaries was considered free field and fixed.

Hysteretic nonlinear behavior of soil layers is simulated
using an elasto-plastic constitutive model. The model
includes a Drucker-Prager yield surface with a non-
associative flow rule and a deviatoric kinematic hardening
rule. This model was successfully used in previous studies
to simulate soil-foundation-structure interaction problems
such as pile foundation (e.g., [lankatharan and Kutter 2008),
and bridges (e.g., Kwon and Elnashai 2008). The input soil
parameters for the constitutive model were adopted from
the results of field tests and laboratory tests performed as a
part of the Sadr Bridge construction project. These
parameters are shown in Table 1.

Elastic behavior is assigned to the piles, the concrete
pile caps, and the deck because in seismic design of bridge
systems these elements are capacity-protected so that
damage is not allowed. The bridge piers are usually allowed

Table 2 Input parameters for the concrete material
(Rahmani et al. 2016)

Parameters Confined Unconfined concrete
concrete
fe, compressive strength (kPa) 34474 276000
&, strain at compressive strength 0.004 0.002
feu, crushing strength (kPa) 210000 0
&, Strain at crushing strength 0.0014 0.008

Fig. 7 Intended model for dynamic analysis

——— 70*50*400m
10 <eeen-- 80*50*500m
——— 100*50*600m

Base shear force

20 Time (sec)

Fig. 8 Sensitivity of the shear force induced at the first
pier base to the model dimensions

free field 80*50*500

------- model 80*50*500

10 1 14 16

Acceleration
(m/sec?)
(=]

Time (sec)
Fig. 9 Acceleration TH on top of the soil column
compared to that at a point next to the lateral boundaries
of the soil-bridge constitutive model on the ground
surface

to yield since any possible damage can easily be detected
and repaired. Concrete damaged plasticity model which is
used in recently studies (e.g, Mander et al. 1988, Pulinska
and Czerba 2013, Hany and Hantouche 2016, Chi ef al
2017 and Drygala et al. 2017) is used to account for the
nonlinearity of the reinforced concrete of the piers. This
model can be used both explicitly and implicitly and can
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also simulate the cyclic behavior of concrete. It should be
noted that the failure criterion of this behavioral model is
defined by Drucker-Prager and its yield function is Lubliner
(Drucker and Prager 1952 and Lubliner ef al. 1989). Table 2
present the input parameters for the constitutive modeling
of structural elements.

The first important step in analysis process is to detect
the lateral boundaries. They should be placed at a location
where the effects due to the presence of the bridge are
negligible, and also free-field conditions at the lateral
boundaries of the finite element model should be captured.
To this end, three soil domain dimensions (70x50x300 m,
80x50x400 m, and 90x50x500 m in directions X, y, z shown
in Fig. 7) are modeled and dynamic analysis are performed
for them. The tenth to fifteenth seconds of the 1992 Landers
earthquake with PGA of 0.78g, i.e., the portion of the
motion including the PGA, is applied to the base of the
model. To minimize the effects of the lateral boundaries on
the seismic response of the bridge, the time histories of
shear force at the first pier base are compared in Fig. 8.
The comparison shows almost no difference between the
results of the second and third models. To make sure that
free field conditions at the lateral boundaries are
appropriately captured, the soil response at these boundaries
is investigated. To this end, two soil profile (50x80x500 m),
one with the presence of bridge and the other one without
the structure representing the foundation soil are subjected
to the same ground motion at the base as a above. The
resulting acceleration time histories at a point next to the
lateral boundaries of these two model on the ground surface
are compared to each other. Time history results (TH) in
Fig. 9 show that the soil domain dimensions of 80x50x500
m properly captures the free field conditions. Accordingly,
these intended dimensions are sufficient for the analysis.

To confirm the results of this numerical model, time
history of the recorded earthquake at the ground surface
should be retrieved at a depth of 20 m before applying at the
base of the model. Retrieval process was performed by the
equivalent linear program PROSHAKE (EduPro 2003).
Therefore, a 20 m deep soil column is modeled in
PROSHAKE with comparable properties to those in the
free-field of the model. It means the same density of profile
and shear wave velocity, representative modulus reduction
and damping curve were considered and the recorded
earthquake ground motion in the free-field is applied as
outcrop motion to the surface of soil column in the
PROSHAKE model. The resulting motion at the base of the
PROSHAKE model is applied in the form of displacement
time history to the base of the ABAQUS model. To avoid
resulting different computed motion at the ground surface in
the free-field of the ABAQUS model from the
corresponding recorded one, iterative process is used for
estimation of the modulus reduction and damping curve of
the soil profile in the PROSHAKE model (Seed and Idriss
1970 and Sun et al. 1986).

Time history of the recorded and computed acceleration
from the last iteration at the ground surface for the 1994
Northridge earthquake is presented in Fig. 10. The
comparison shows that this retrieved ground motion can be
used as appropriate input motion for the analysis. Fig. 11
shows the displacement response spectra at the lateral
boundaries in the free-field of the ABAQUS model. It
implies that a quite good agreement between the
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Fig. 11 Displacement response spectrum of motion for
the damping ratio of 5% at the lateral boundaries

displacement response spectra of the recorded and
computed motion is available. It means that the numerical
model is generally capable of simulating the seismic
responses of the considered system.

7. Results and discussion

In this study, it is intended to determine the effect of SSI
and SVEGM on the seismic response of a long bridge
model. To this end, the soil around the pile groups was
replaced with equivalent springs and dashpots and also
ground motion time histories are generated for non-uniform
ground motion excitation. Dynamic response of the Sadr
Bridge is determined in longitudinal and transverse
directions for the models including and excluding the SSI
and SVEGM effects. Relying on the validated numerical
model, the results of this section are compared to those
achieved by the validated model. Figs. 12 to 14 show the
computed time histories of the first deck relative
displacements with respect to the ground surface using the
numerical and analytical models during the three
earthquake events including the effect of SSI and excluding
the effect of SVEGM. The figure illustrates that the
variation of the first deck relative displacements over time
is truly calculated in both longitudinal and transverse
directions. Of course, the results for the Northridge, 1994
and Chi Chi, 1999 are not as precise as El Centro, 1979. It
occurs because of the near-fault effect of those events. Due
to the similarity of the responses of deckl and deck2, only
responses of deckl are presented in this section.

Figs. 15 to 17 and Figs. 18 to 20 compare the
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Fig. 12 The first deck relative displacements TH with
respect to the ground surface for the 1979 El Centro
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Fig. 18 Maximum bending moment for the 1979 El
Centro earthquake in the (a) longitudinal and (b)
transverse directions
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Fig. 20 Maximum bending moment for the 1999 Chi Chi
earthquake in the (a) longitudinal and (b) transverse
directions

predictions of the numerical and analytical models for the
maximum base shear force and maximum bending moments
for all the piers in the longitudinal and transverse directions,
respectively. The analytical model generally overestimates
the shear force and bending moments but it is not
significant. The shear forces at the base of the piers are
satisfactorily predicted in the longitudinal direction by the
analytical model in the El Centro, 1979 earthquake but in
the Northridge, 1994 and Chi Chi, 1999 earthquake
longitudinal shear force is about 23% and 17%
overestimated, respectively. In the transverse direction, the
base shear forces are more exactly predicted by the
analytical model. Similar observations are noted when
comparing the maximum base bending moments. The
relative difference in estimation of the maximum shear
forces varies in the range of about 0-12%, 2-37% and 1-
22% in longitudinal and 0-8%, 2-23% and 1-18% in
transverse directions for the El Centro, Northridge and Chi
Chi earthquake, respectively in the different piers. The
relative difference in estimating the maximum bending
moments varies in the range of about 0-19%, 5-33% and 0-
28% about the transverse axis and 0-10%, 2-14% and O-
10% about the longitudinal axis for the El Centro,
Northridge and Chi Chi earthquake, respectively in the
different piers. Actually, the differences between the results
of the analytical and numerical models occurs because in
the analytical model the SSI effect is simulated by springs
and dashpots and when the soil and foundation responses
are highly nonlinear hysteretic, these elements appear not to
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Fig. 21 The first deck relative displacements TH with
respect to the ground surface for (a) the 1979 El Centro
earthquake, and (b) the 1994 Northridge earthquake, and
(¢) the 1999 Chi Chi earthquake; comparing the
responses in SSI and the fixed base models

be suitable to represent the seismic response of the
foundation system of the bridge. Also, in relative low
intensity or far field earthquakes, the results show that the
analytical model can suitably predicts the seismic responses
of the bridge. It occurs because seismic performance of a
structural system depends on its natural vibration periods
which depend on the stiffness and mass of the system.

In this analytical method, the nonlinear hysteretic
response of soil and its interaction with the bridge structure
is presented by constant stiffness at the base of the piles and
cap levels. The secant wvalues along the piles are
concentrated at the end of the piles by use of the proper
shape functions. The secant stiffness which were derived by
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Fig. 22 Maximum base shear force for (a) the 1979 El
Centro earthquake, and (b) the 1994 Northridge
earthquake, and (c) the 1999 Chi Chi earthquake;
comparing the responses in the SSI and the fixed base
models

this method can make proper modeling of seismic SSI in far
field earthquakes. Although, this proposed model is more
capable in transverse direction. It means that natural
vibration periods are more exactly calculate in the
transverse direction and so seismic responses are truly
predicted in this direction. To emphasize the relative
importance of the soil-structure interaction, fixed base
model of the considered bridge is simulated in the
ABAQUS. In this model soil medium and pile group
foundations are removed and all of the piers are made fixed
at the base. Fig. 21 shows the computed time histories of
the first deck relative displacement with respect to the piers
base using the SSI and fixed base analytical models in
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Fig. 23 Maximum bending moment for (a) the 1979 El
Centro earthquake, and (b) the 1994 Northridge
earthquake, and (c) the 1999 Chi Chi earthquake;
comparing the responses in the SSI and the fixed base
models

longitudinal direction. As can be observed, displacements
determined from the SSI model are significantly larger than
those for fixed base model in every three events. Maximum
difference between the results is about 43%, 59% and 48%
for the El Centro, Northridge and Chi Chi earthquake,
respectively. Maximum base shear farce and maximum
moments for the piers are also compared for the SSI effect
(Fig. 22 and Fig. 23). Opposite to the variation of the
displacement responses, the maximum base shear and
bending moment responses determined from the analysis
cases including the SSI effect are much larger than the
responses obtained from the fixed base model, which
neglects the SSI effect. The range of variation between the
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results for maximum base shear forces are about 48-62%,
42-78%, and 5-69% for the El Centro, Northridge and Chi
Chi earthquakes, respectively in longitudinal direction.
Also, the range of variation for maximum bending moments
are about 50-120%, 48-152%, and 12-137% for the El
Centro, Northridge and Chi Chi earthquake, respectively
about the transverse axis. The results imply that the effect of
the soil-structure interaction on the seismic responses is

more obvious in taller piers.

The significance of the spatially varying earthquake
ground motions on the dynamic bridge responses including
and excluding the SSI effect are determined by the
analytical model because non-uniform ground motions are
determined at piers location by the SIMQKE record
generator and so cannot be applied in the numerical
continuum model. The first deck relative displacements
with respect to the ground surface obtained for the specified
ground motion cases are compared in Figs. 24-26. It is
apparent that the dynamic deck displacements calculated for
the SVEGM and SSI effects are larger than those for the
remaining cases in longitudinal direction. This effect is
more obvious in near-field ground motions (e.g. the
Northridge and Chi Chi earthquakes). It is also obvious that
the fixed base models induce the smallest displacements.
The SVEGM effect causes 10% and 23% larger
displacements than those of the uniform excitation for the
Northridge and Chi Chi earthquakes, respectively and 2%
smaller result for the El Centro earthquake excluding the
SSI effect. In case of including SSI effect the SVEGM
effect causes 43% and 25% larger displacements for the
Northridge and Chi Chi events, respectively and 9% smaller
displacement for the El Centro event.

8. Conclusions

In this paper, dynamic analysis of a long-span bridge
subjected to spatially varying earthquake ground motion
and under the effect of soil- structure interaction is
performed by solving the equation of motion for the
proposed model. For the first time, a new simple but
capable model has been proposed to simulate the soil-pile
system considering the pile foundation with distributed
mass in a longitudinal bridge model.

It is obvious that the dynamic bridge responses
calculated for the SSI cases are usually much larger than
those excluding the effect of SSI in both longitudinal and
transverse directions. In the analysis cases including SSI,
SVEGM models generally include larger responses in the
longitudinal direction.

If the effects of SSSI and SVEGM are considered
simultaneously, it should be noticed that the results will not
be as same as which obtained from the addition of the
response determined from these effects separately. The
effects of SSSI and SVEGM amplify each. It is also
observed that considering the effect of SSI with respect to
the SVEGM can change the dynamic response of long-span
bridges in comparison with the cases in which only SSI
effect or none of them is considered.

Results of this study show that it is necessary to include
the effects of SSI and SVEGM in international standards of
structural seismic design, especially for large and long
structures which not considering them leads to
miscalculating the seismic response of these structures.
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