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Abstract

This paper presents the main results of an investigation into the influence of foundation soil stiffness on the modal characteristics
and seismic response of a highway bridge with spread foundations. A sensitivity study including six types of soil profiles is first
performed to examine the effects of foundation soil stiffness on critical dynamic response parameters of the bridge. 3-D modal
characteristics of lateral, vertical, longitudinal and torsional vibrations modes are identified and compared for various soil and rock
conditions. The study is then extended to estimate the time history nonlinear seismic response of coupled foundation soil-bridge
models utilizing an extension of the Fast Nonlinear Analysis (FNA) algorithm. Two different approaches for modeling soil
foundation interaction are considered: a PGA consistent linear soil model and an advanced non linear soil model. Results show,
among others, the major influence of soil flexibility effects on the modal characteristics and seismic response behavior of the bridge.
Moreover, the results illustrate clearly the importance of soil nonlinearity on coupled foundation soil-bridge response. It follows,
from a design perspective, that analytical models used for the seismic analysis of bridge structures should explicitly consider the
effects of soil-structure interaction including nonlinear soil behavior.

Keywords: highway bridge, 3-D modal characteristics, foundation soil stiffness, sensitivity analysis, nonlinear soil-structure

interaction, earthquake bridge response, fna algorithm

1. Introduction

Current structural design procedures used for the seismic
analysis and design of bridges are based upon the common
assumption that foundation soil of bridge supports is rigid (i.e.,
embedded in solid rock). Little attention, if any, is usually given
to Soil Structure Interaction (SSI) effects on dynamic behavior of
bridges despite the fact that failure of bridge substructure and
foundations during earthquakes are the most common cause of
damage or collapse of bridge structures. In part, this may be
attributed to (i) complexity associated with SSI effects and lack
of code specifications with respect to seismic analysis and design
of bridge-foundation soil systems (ii) difficult estimation of
stiffness and damping characteristics of the wide variety of soil
profiles encountered in practice (iii) very limited number of
investigations including comparative numerical and experimental
studies on SSI effects. Past earthquake investigations have led to
increased concerns regarding the importance of soil response and
SSI effects on the response analysis and performance of several
bridge structures. (e.g., Crouse et al., 1987; Levine and Scott,
1989; Spyrakos, 1990; Trifunac and Todorovska, 1996; Tangaonkar
and Jangid, 2003). In general, SSI effects are considered for

bridge structures founded on deformable soils. Foundation soil
stiffness and soil conditions can have substantial effects on
vibration control and seismic performance of structures (Cook et
al., 1995; Elassaly et al., 1995; Tiliouine and Moussaoui, 1996;
Lihua, 2012). From a design perspective, bridge types that are
particularly sensitive to SSI effects under seismic strong ground
motions include in particular, bridge with integral (Spyrakos and
Loannidis, 2003) and full height abutments (Tsang ef al., 2002),
cable supported bridge systems (Elassaly ef al., 1995; Shehata
and Toshi, 2013) as well as long span R.C. box girder bridges.
Bridge dynamics characteristics are of critical importance in
seismic analysis of foundation soil-bridge systems since frequency
characteristics provide extremely useful information on possible
resonant conditions with maximum dynamic amplification in
various modes and on selection of an appropriate time step for
transient response analysis. Modal shapes are also needed to
identify most flexible regions of foundation soil-bridge systems
and to compute the effective modal mass in order to determine
the contribution of the most significant modes to the dynamic
response of these systems. However, the dynamic characteristics
of such systems can be altered during severe ground motions
(Hardin and Drnevich, 1972a; 1972b; FEMA356/ASCE, 2000).

*Ph.D. Student, Civil Engineering Dept., Laboratory of Earthquake Engineering and Structural Dynamics, Ecole Nationale Polytechnique, El Harrach,
16200 Algiers, Algeria (Corresponding Author, E-mail: mouloud.ouanani@g.enp.edu.dz)
**Professor, Civil Engineering Dept., Laboratory of Earthquake Engineering and Structural Dynamics, Ecole Nationale Polytechnique, El Harrach 16200

Algiers, Algeria (E-mail: boualem.tiliouine@g.enp.edu.dz)

BIGEE

- 1009 -

@ Springer



Mouloud Ouanani and Boualem Tiliouine

In particular soil deformations and stress intensity can have
significant influence on mechanical properties of soils (Hardin
and Drnevich, 1972a; 1972b) and response of soil structure
systems during strong earthquakes (e.g., Kobayashi, 2002).
Effects of nonlinear SSI on bridge response can result in large
seismic ductility demands (Pecker, 2011).

Research on seismic SSI over several decades have been
essentially based on the assumption of linear (or at most
equivalent-linear) elastic soil behaviour (e.g., Idriss, 1968;
Vetetsos and Wei, 1971; Wolf, 1988). This assumption is to a
large extent, consistent with the prevailing norms of seismic
design philosophy of foundation soil-structure systems: i.e., to
avoid full mobilization of strength (or substantial plastic
deformation) in foundation elements by guiding failure to the
aboveground structure elements.

However, seismic motions recorded in the last twenty five
years (e.g., Loma Preita, (1989); Northridge; (1994) and Kobe
(1995) earthquakes) have led to an increased awareness
concerning effects nonlinearity on the dynamic response of
highway bridges subjected to severe earthquake ground motions.
The need for consideration of soil nonlinearity in the design of
foundation soil-structure systems is well recognized in the
specialized literature (e.g. FEMA356/ASCE, 2000; ECS8, 2005;
AASHTO, 2011), despite a significant lack of reliable nonlinear
SSI models capable of capturing the permanent and cyclic soil
deformations under seismic strong ground motions. Much effort
(experimental as well as analytical) has been put in this direction
(FEMA356, 2000 and FEMA440, 2005) in the last fifteen years
to develop efficient analysis procedures which can lead to a
better understanding and a more realistic prediction of the
nonlinear dynamic response of the coupled foundation soil-
bridge systems including the influence of both supporting soil
stiffness and inelasticity (Paolucci, 1997; Faccioli et al., 1998;
Gajan et al., 2005; Paolucci et al., 2008; Anastasopoulos et al.,
2011; Pecker, 2011).

In the first part of the paper, the significance of accounting for
the SSI effects on the dynamic characteristics of a typical
highway bridge is examined. In order to quantify the effects of
SSI, various modal response parameters of a typical bridge-
foundation soil system are compared to those of the bridge
resting on rigid foundations.

Sensitivity studies have been performed to investigate the
effects of foundation soil stiffness on the modal response of the
bridge. A total of six types of foundation soil profiles, ranging,
from Sg high soft soil to S, low rock conditions have been
considered. Moreover, 3-D modal characteristics of lateral,
vertical, longitudinal and torsional vibrations of higher modes of
the bridge are identified and compared for stiff soil and rock
conditions.

In the second part of the paper and in order to further assess the
effects of nonlinear foundation soil stiffness on the overall
dynamic response of the highway bridge under earthquake
strong ground motions, two different soils models are employed
for a comparative assessment of the bridge responses: the
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commonly used linear lumped-parameter soil model and an
advanced plasticity soil model based on the hysteretic Bouc-Wen
model.

In the nonlinear hysteretic Bouc-Wen soil model, the SSI is
simulated using translational and rotational Wen link elements
lumped at the centroid of spread foundations. In order to quantify
the effects of SSI, the nonlinear time history responses of critical
bridge seismic design parameters in terms of pier base shear,
displacement at mid-central span and Normal Rubber Bearing
(NRB) shear strain at bridge abutments have been evaluated and
compared to those of bridge with rigid foundations.

2. Description of Bridge Structure

The Beni-Chograne highway bridge shown in Fig. 1, is a
typical long span R.C. box girder bridge with bearing devices at
abutments. It is located in earthquake zone Ila of North Western
Algeria characterized by an expected Peak Ground Acceleration
(PGA) equal to 0.165 g. In order to clarify the effects of
foundation soil stiffness on the 3D modal characteristics and
overall seismic response of the bridge, a sensitivity analysis
based on six types of foundation soil profiles is considered (cf.
Section 3).

The bridge has an overall length of 216 m and consists of three
continuous spans in prestressed concrete with a mid-span length
of 100 m and two end spans of 58 m length each, as indicated in
Fig. 2(a).

The superstructure consists of a longitudinally R. C. deck, 9.50
m wide with variable height, (see Fig. 2(b)) and moment of
inertia in accordance with the following expression:

= 10 1+1<x “j) )

In this expression, K is a constant determined as follows:

Fig. 1. Beni-Chograne Bridge Configuration
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(b) (c)

Fig. 2. Description of Bridge: (a) Elevation of Bridge, (b) Cross-
section of Segments, (c) Cross-section of Pier

04
K=([—D 1
vy

where /; represents the moment of inertia of segment on pier and
I, the moment of inertia of segment cross section on abutments or
piers. The parameter « is equal to the ratio of end span length with
constant cross section, (ad.), to the total length (L) of the end span.

Young’s moduli of concrete are taken respectively as 33 GPa
for the R.C. piers and 36 GPa for the bridge deck. Mass density
is taken as 2500 Kg/m®. A value of 5% damping in the first and
second modes of vibration is considered for the seismic time
history response of the bridge. The bridge is supported by two
intermediate RC piers and two abutments, both resting on rigid
spread footings. The intermediate R.C. piers of equal height of
40 m, with identical hollow rectangular cross sections, are fixed
at their upper ends (Fig. 2(c)). Normal rubber bearings are
located at abutments only.

@

3. Types of Foundation Soil Profiles

In order to assess the effect of foundation soil stiffness on the
vibratory characteristics of the bridge, a sensitivity study is
performed using six types of foundation soil profiles in
accordance with prevailing site classifications (e.g., ATC, 1996;
FEMA356, 2000) ranging from low to high soil materials
properties: Sp: stiff soil; S¢: dense soil, soft rock and Sg: rock.
Typical values of corresponding soil material properties such as
weight density, shear wave velocity, initial shear modulus given
in Table 1 in conventional units are derived using ATC data
(ATC, 1996). Low soft soil conditions are not included in the

Table 1. Typical Soil Material Properties for Six Representative

Soil Profiles
Shear wave Weight Initial shear
9P | Deseription | S0 | jeneity  |moduli Gy (MPa)
of soil P Vs (m/s) ty3
v (KN/m?) Low | High

Sa Hard Rock >1524 - 5210 -

Ss Rock 762 to1524 >22 1303 | 5210

Sc ]gf)‘;fi{f)‘;ﬁ 366t0762 | 21t022 | 287 | 1303

Sp SHfT Soil 18310366 | 191021 65 | 287

Sk Soft Soil <183 141019 ® | <65

parametric study as they require site specific geotechnical
investigations and foundation systems other than spread footings.
Also high hard rock conditions (S,) are not considered as they
yield practically similar results as rock conditions.

SE and SA types of soil conditions are included in Table 1 and
Table 2 for the purpose of completeness only.

The corresponding effective shear modulus G and effective
shear wave velocity V' have then been estimated for a PGA
value equal to 0.165 g and each type of soil profile using
procedures given in (FEMA356, 2000). Final results are
presented in Table 2 below. Clearly for small reduction factors,
G~G,and V=V, .

For the sake of the clarity stiffness of equivalent springs and
damping of equivalent dashpots representing the foundation soil
properties are discussed in the next section.

4. Foundation Soil Stiffness and Damping Matri-
ces

The values of soil stiffness and viscous damping corresponding
to the degrees of freedom at the base of the supporting piers are
considered herein frequency independent (i.e., the values of
associated impedance functions at frequencies close to zero) and
can be computed from the solution of a circular footing bonded
to the surface of an elastic half space (e.g., Gazetas, 1991;
Yohchia, 1996; Wolf, 1997):

_ 3G 8G s

K==2R K,=—2R 3

2-v % 3(1-v) * ®)

= _46G g o - _04G g @
@2-v)V Cd-ury

Table 2. Effective Shear Moduli and Shear Wave Velocity for Six Representative Soil Profiles (PGA = 0.165 g)

. o Poisson’s Effective shear modulus Effective shre’ar wave
Type of soil Description ratio v G (MPa) velocity V," (m/s)
Low High Low High
Sa Hard Rock 0.25 5210 - 1524 -
S Rock 0.25 1290 5158 758 1516
Sc Dense Soil-Soft Rock 0.30 261 1185 349 727
Sp Stiff Soil 0.40 53 235 166 331
S Soft Soil 0.45 - <32 - <128
Vol. 19, No. 4 / May 2015 - 1011 -
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8G 8G 3
K,=——R, K, =—R 5
Y 2 ) Y GJ, 3(1_0) 6, ( )
4.6G 2 04G 4
, = ———R, =——R 6
Y (Z—U)K’ y 9, (I_U)Vsr 9, ( )
k.-25R k-89, ©)
1-v : 3 :
3G 2 0.8G 4
C,=——R Cy =——R 8
DA ®

The coefficients (X,,C,), (K,,C,) and (K,,C,) denote
translational stiffness and associated dashpot coefficients along
the x, y and z axis respectively, while (K, Cy). (K4,Cy) and
(K,,Cy) denote rotational stiffness and corresponding dashpot
coefficients about the same axes. The extra-diagonal terms of the
6 x 6 foundation soil stiffness and damping matrices can be
computed from:

0.56G 2 _ 056G
K = R . R; 9
6, 2-0) 6, 10, 2-v) 6, )
04G 04G _ p»
Cip==—2=R; Cp ==—2=R 10
S Y S O ) Vi (1o

For a rectangular foundation with dimensions L and B (where,
L: long side dimension of contact area; B: short side dimension
of contact area). The radius for the equivalent circular foundation
is given by:

R.=R,=R.= B—ﬂL (1)
3 1
4
R, - (BL) (12)
; 3r
3 1
4
R, - (L2 (13)
” 3r

Ry = (BL(BZ+L2))‘1"

e 14)

The spring coefficients K (associated to a given degree of
freedom) for shallow rectangular footings, used in the present
study, have been determined by modifying the corresponding
solution for circular footings bonded to the surface of an elastic
half-space, as follows:

K = apK, (15)

where, K, = Stiffness coefficient for the equivalent circular footing.
The factors « and [ are foundation shape and embedment
correction factors corresponding to the given degree of freedom.
These factors can be evaluated using procedures presented in
(e.g., Yohchia, 1996; FEMA273; 1997).

The values of attached soil mass corresponding to the degrees
of freedom at the base of the supporting of piers can be
expressed as:

M,=028pR], M, = 0.49pR; (16)
M,=028pR, M, =0.49pRy’ (17)
M.=1.50pR. M, =0.70pR;. (18)

The coefficients M,, M, and M. designate translational masses
along the x, y and z axes respectively, while M,, M, and M,
denote rotational masses about the same axes. ‘

The values of foundation stiffness and viscous damping
coefTicients for the six above mentioned soil profiles are summarized
respectively in Table 3 and Table 4, below.

It is seen from Table 3 and Table 4 that shear modulus
reduction effects on soil stiffness and soil damping coefficients
are significantly more pronounced for the softer soils. Moreover,
the coupling terms of foundation soil stiffness and damping
matrices are negligible in comparison to the other terms of the
corresponding matrices.

Table 3. Coefficients of Foundation Soil Stiffness Matrix for Six Representatives Soil Profiles

Type Sp Sc Sg
of'soil (Stiff soil) (Dense soil-Soft Rock) (Rock)
Soil Stiffness Shear modulus G, (MPa)
Low High Low High Low High
53 235 261 1185 1290 5158
K. (MN/m) 2881 12738 13305 60417 63850 255401
K, (MN/m) 2812 12433 12986 58971 62323 249290
K, (MN/m) 3018 13342 12691 57631 58518 234070
K, (MN.m/rd) 83168 367691 349754 1588234 1612668 6450672
Ky, (MN.m/rd) 45271 200145 190382 864525 877825 3511301
K, (MN.m/rd) 80981 358020 397314 1804203 1962815 7851259
K., (MN.m/rd) 475 2102 2195 9969 10536 42144
Ko (MN.m/rd) 713 3153 3293 14954 15804 63215
- 1012 - KSCE Journal of Civil Engineering
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Table 4. Coefficients of Foundation Soil Damping Matrix for Six Representative Soil Profiles

Type of soil (Stit§stoil) (Dense ol Sof Rock) ( RSoBck)
Shear modulus G, (MPa)
Soil Damping

Low High Low High Low High

53 235 261 1185 1290 5158

C, (MN.s/m) 33 72 76 165 174 349
C, (MN.s/m) 33 72 76 165 174 349
C, (MN.s/m) 57 126 120 261 265 530
Cy, (MN.m.s/rd) 364 806 766 1672 1697 3394
Cy, (MN.m.s/rd) 162 358 341 743 754 1509
Cy (MN.m.s/rd) 316 698 775 1690 1839 3677
Cyg, (MN.m.s/rd) 12 27 28 61 64 128
C\o, (MN.m.s/rd) 22 49 51 111 118 235

5. Bridge Modelling

The superstructure and substructure of the highway bridge
modelled as a lumped mass system divided into a number of
small discrete 3-D frame elements. Each adjacent element is
connected by a node and at each node six degrees of freedom are
considered: three translational in X, Y and Z directions and three
rotational about the same directions (see Fig. 3).

The entire bridge system is approximated analytically by the 3-
D FEM model presented in Fig. 4.

The bridge superstructure bridge consists of rigid abutments in
longitudinal direction and is connected at lower columns by rigid  against rotation about the longitudinal axis of the superstructure
elements. The support provided by the abutment is assumed to  and has two rectangular normal rubber bearings. The rubber
be fixed against lateral and vertical directions. It also is fixed bearings used in the present study consist of alternate layers of

Fig. 3. Nodal Displacement of a 3-D Frame Element

z
. N
Kerr - . ! X . Cef
{1 | - P R i
Corr /’ ‘\\. e ,/" RN K )
< | Normal < Rigid elements / Normal eff
K 152 | Rubber | —~— - | Rubber | Ky [Key
g oo\ pernes — e 6
z _,f'/ Soil springs \‘-. o Kz

and dashpots at
\,_ pier bottoms

(a)

"/ Rigid
\_ elements )/
z N _

Fig. 4. 3-D Analytical Model of Study Highway Bridge: (a) Finite Element Model of Bridge; (b) Finite Element Model of Bridge Pier in Lat-
eral Direction
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rubber and steel plates. Due to the presence of alternate steel
plates, these bearings are very stiff in the vertical direction but
flexible in the longitudinal direction.

The stiffness and damping parameters of the rubber bearings
are characterized by the effective stiffness (K.;) and viscous
damping (C,p) in the longitudinal direction, as shown in Fig. 4,
and can be expressed as:

AW
K, = 19
eff gT?, ( )
Coy=2¢ (—’g’ K. (20)

where, ¥ is the weight acting on an individual bearing; g is the
gravitational acceleration constant and 7} is the time period of
the bearing. The rubber bearings are modelled using a bilinear
hysteretic model with effective stiffness in the longitudinal
direction (e.g., Tiliouine and Ouanani, 2012).

6. Modal Analysis of Foundation Soil-Bridge Sys-
tems and Sensitivity Studies

Dynamic characteristics can be investigated using numerical
or experimental techniques. Traditional modal testing has been
extensively used in the past (e.g., Ewins, 2000). More recently,
however, operational modal analysis has been utilized with
advantage to extract structural dynamic characteristics from
ambient vibrations (e.g., Ribeiro et al., 2012) and forced vibrations
(e.g., Zwolski and Bien, 2011). Both stochastic subspace
identification and enhanced frequency domain decomposition
techniques in the time and frequency domains respectively, have
been used successfully to identify dynamic properties of bridge
prototypes (e.g., Altunisik ef al., 2012).

Alternatively, various numerical procedures (e.g., Wilson,
2002; Chopra, 2011) have been devised to solve the eingenvalue
problem resulting from the free vibration of response of
structures. Both subspace iteration and Load Dependent Ritz
(LDR) vectors have been used with advantage (e.g., Clough and
Penzien, 1995; Tiliouine and Moussaoui, 1996; Wilson, 2002).

This being the case, the solution of the free vibration eigenvalue
problem of the soil spring-bridge model, (when soil damping
effects are not important) can be determined by solving the N x
N system of matrix equations:

([K]-&)[MDX,=0 i=1,2,..N #3))

X=X, X0, X, 2)
where,

X, = {upwi,vy, 05,05 033 Xo = {us, a0, 05, 05, 05}

X, = (U Wy, 0, 0, 07}

where, X; denotes the ith modal displacement vector and @ the

and [M] represent respectively the assembled stiffness and mass
matrices of foundation soil-bridge system obtained by assembling
the soil stiffness and mass matrices respectively with the structural
elementary matrices.

[K.]= [[[[BI'[DI[B]aV (23)

[M.] = [[[oIN]'[N1aV

where, [B] represents the derivative matrix of shape functions
and N the shape functions matrix (e.g., Zienkiewicz and Taylor.
2005). p and D denote mass density and elasticity matrix
respectively. The number of vibration modes to be retained in
modal analysis is generally determined by using an effective
modal mass equal at least to 90% or 95% of the total mass
corresponding to a given direction.

The percentage of the total mass represented in the direction ;
by a truncated set of n [M] orthonormal eigen-vectors can be
determined from (e.g., Tiliouine and Moussaoui, 1996; Chopra,
2011).

24)

1 "y
= - @ 77 x 100 25
{r]}T[M]{r,}(Ep /) @)

where, p;;is the participation factor for mode {X;} computed as:

Py = i [MIr;; (26)

and {r;} is the influence coefficient vector expressing the n nodal
displacements resulting from unit values of base displacements
in direction .

€n,j

6.1 Effects of Foundation Soil Flexibility on Fundamental
Vibration Modes of Foundation Soil-Bridge Systems

For free vibration response analysis of bridge-foundation soil
systems, the interaction effect is essentially controlled by
foundation soil stiffness which in turn is strongly dependent on
0,75
0,74
0,73
0,72
0,71

0,7

0.69

Effective modal mass of fundamental mode

0,68 =+

0 500 1500 2000

1000

Shear modulus (MPa) of representative soil profiles

Fig. 5. Variation of Effective Modal Mass of Fundamental Mode
corresponding circular frequency. In the above expression [K] (L1) as Function of Foundation Soil Flexibility
-1014 - KSCE Journal of Civil Engineering
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Mode 1 L 1(S)
Order 1
Participation factor = 0,74

fi =0,875Hz.

/

Mode 1 V1 (S)
Order 2
Participation factor = 0.09

fi = 1,100Hz.

Mode 1 Lg. 1 (AS)
Order 4
Participation factor = 0,35

fi = 1,916Hz.

Mode 1 T 1 (S)
Order 17
Participation factor = 0.85

fi =7,017Hz.

Fig. 6. Mode Shapes of the Bridge and Corresponding Participa-
tion Factors for Stiff Soil Conditions

the type of soil profile considered.

Figure 5 shows the variation of the effective modal mass
corresponding to the part of the total mass responding in the
fundamental mode of vibration L1 of the bridge-foundation
system as a function of the foundation soil flexibility. In
earthquake engineering, the concept of effective mass is often
used to indicate the relative contribution of a given mode of
vibration to the structural response of the system.

It is noted that the effective mass in the fundamental mode of
vibration decreases with the increase of foundation stiffness. For
a bridge with a flexible foundation, a relatively small number of
low-frequency modes is thus able to represent adequately the
dynamic response of the system. This will also represent a
significant computational advantage if time history analysis is to
be carried out from a reduced system of dynamic equilibrium
equations expressed in generalized coordinates.

In addition, for illustration purposes, first 3-D modal characteristics

Vol. 19, No. 4 / May 2015

Mode 1L 1(S)
Order 1
Participation factor = 0,66

fi=1,171Hz.

Mode 1V 1 (S)
Order 2
Participation factor = 0,07

fi = 1.175Hz.

Mode 1 Lg. 1 (AS)
Order 9
Participation factor = 0,64

fi = 5.495Hz

Mode 1 T 1 (S)
Order 18
Participation factor = 0.035

fi =10.928Hz.

Fig. 7. Mode Shapes of the Bridge and Corresponding Participa-
tion Factors for Rock Sites Conditions

of lateral, vertical, longitudinal and torsional vibrations of both
symmetrical (S) and assymetrical (AS) higher modes of the
bridge have been identified and compared for stiff soil and rock
conditions. A 3-D graphical representation of the corresponding
mode shapes are presented in Figs. 6 and 7 for stiff soil and rock
conditions respectively.

Major differences in the dynamic characteristics and modal
response parameters of the bridge-foundation systems are
observed. Consequently, it is important from a design point of
view that analytical models used in seismic evaluation of bridge
structures explicitly consider SSI effects.

6.2 Effects of Foundation Soil Flexibility on Higher Vibra-
tion Modes of Foundation Soil-Bridge Systems
Figure 8, illustrates the variation of the first twentieth modal
frequencies of the bridge-foundation system for stiff soil and
rock condition as a function of modal order, along with the

- 1015 -
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14,00 o 100
I V: Vertical vibrations
- Lg: Longitudinal vibrations
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012345678 9I1011121314151617181920 20 —t———{
Modal order 0 500 1000 1500 2000 2500

Fig. 8. Variation of the First Twenty Modal Frequencies of the
Bridge-Foundation System for Stiff Soil and Rock Condi-
tions

corresponding dominant mode shapes denoted herein by L for
lateral, Lg for longitudinal, V for vertical and T for torsional
vibrations.

It is clearly seen that the decrease in modal frequencies due to
SSI effects is more significant for the higher modes than the
lower frequency modes of vibration. It is also observed that SSI
effects may affect the nature of the dominant mode shape of
vibration especially for the higher vibration modes (see e.g.,
changes of dominant shape Lg.1 to V.4; and T.1 to L.7 for the 9™
and the 18" modes of vibration respectively). Similar observations
can be made for the second modes (see V.2 to Lg.1; and Lg.2 to
LS5 for the 4™ mode and the 13™ modes of vibration respectively)
and the third modes (L.3 to V.2; and V.3 to L.g.2; and Lg.3 to V.6
for the 6" mode and 5" mode and the 15" modes of vibration).
This change in behavior of modal shapes is even more
pronounced for the other higher modes.

The frequencies of the combined system as a function of the
foundation flexibility are presented in Table 5 for the first three
modes of vibration (i.e for the 1 and 3™ mode in the lateral

Shear modulus (MPa) of representative soil profiles

Fig. 9. Variation of the Number of Modes as Function of Founda-
tion Soil Flexibility

direction and for the 2nd mode in vertical direction).

It can be noticed from this table that the modal frequencies of
vibration increase (i.e., periods of vibration shorten) with increasing
foundation stiffness regardless of vibration mode considered. An
approximately 25% decrease in the frequency value of the
fundamental lateral L1 mode is observed for the case of low stiff
soil profile Sp, as compared to the case of high rock site
condition Sy or equivalently to the rigid foundation assumption
(i.e., when SSI effects are not included).

It is also observed that the effect of coupling terms of the
foundation soil matrix on the fundamental frequency characteristics
can be ignored. The same conclusion holds for the higher modes.

Figure 9, illustrates the variation of the number of modes
required to reach an effective modal mass of 95% in the
longitudinal, lateral, vertical directions corresponding to the X, Y
and Z directions respectively, as a function of foundation soil
flexibility for the six representative soil profiles. Also shown in
the Fig. 9, is the variation of number of required modal shape

Table 5. Natural Frequencies (Hz) for Six Representative Soil Types

Type of soil SD . .SC SB
(Stiff soil) (Dense soil-Soft Rock) (Rock)
Shear modulus G, (MPa)
53 235 261 1185 1290 5158
With soil matrix coupling terms 0.877 1.052 1.056 1.135 1.139 1.171
lsz]fnf)de Without soil matrix coupling terms 0.875 1.051 1.055 1.135 1.138 1.171
Error in % 0.23 0.10 0.09 0.00 0.09 0.00
2nd With soil matrix coupling terms 1.116 1.152 1.153 1.170 1.171 1.175
Mode Without soil matrix coupling terms 1.100 1.151 1.152 1.170 1.171 1.175
vV.D Error in % 1.45 0.09 0.09 0.00 0.00 0.00
With soil matrix coupling terms 1.280 1.431 1.436 1.545 1.549 1.597
3 Szf?z")de Without soil matrix coupling terms 1.219 1.429 1.434 1.543 1.549 1.596
Error in % 0.23 0.14 0.14 0.13 0.00 0.06
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Table 6. Peak Deck Displacement (m) for Seismic Load Cases

Type of soil (Stig"Dsoil) (Dense SOi?-CSOft Rock) ( Rsoli:k)
Shear modulus G, (MPa)

Low High Low High Low High

Load case 53 235 261 1185 1290 5158
U 0.0138 0.0041 0.0040 0.0031 0.0030 0.0027
I \% 0.0170 0.0157 0.0156 0.0149 0.0149 0.0147
w 0.0073 0.0068 0.0068 0.0067 0.0067 0.0067
U 0.0041 0.0012 0.0011 0.0009 0.0009 0.0008
11 \% 0.0567 0.0522 0.0521 0.0498 0.0497 0.0490
w 0.0073 0.0068 0.0068 0.0067 0.0067 0.0067
U 0.0041 0.0012 0.0011 0.0009 0.0009 0.0008
1L \% 0.0170 0.0157 0.0156 0.0149 0.0149 0.0147
W 0.0242 0.0228 0.0228 0.0223 0.0222 0.0223

vectors to reach 95% of the effective modal mass associated with
the torsional modes of vibration (around the X axis).

The results indicate that, the number of modes required to
reach the specified value of the effective modal mass increases
almost linearly with the increase of the foundation soil stiffness
from low stiff soil profile type (Sp) up to dense soil-soft rock
profile type Sc.

For rock profile types (Sg and S,) the number of required
modes to reach 95% of the effective modal mass is constant for
all motions and equal to that of corresponding to the case of rigid
foundation soil (i.e., when SSI effects are ignored). For a bridge
with a very stiff foundation, a relatively large number of high
frequency modes is thus necessary for an adequate representation
of the dynamic response of the system. It also should be
observed that for any specified value of foundation soil stiffness
(i.e., a given soil-profile), the number of modes required to reach
an effective modal mass of 95% is significantly less in the
longitudinal direction than for the other directions, especially in
the vertical and the torsional vibrations. This is due to the fact
that the bridge foundation system is stiff in the latter directions
and rather flexible in longitudinal direction.

6.3 Multimodal Seismic Response Spectrum Analysis of
Coupled Bridge-Foundation System

In order to further assess the effects of foundation soil stiffness
on the overall seismic response of the bridge, the six previous
types of soil profiles are used again. As shown in Table 6, the soil
profiles range from low stiff soil to high rock site conditions.

The RPOA 2008 design spectrum at 5% damping, scaled to a
peak acceleration of 0.165 g was used for the earthquake loading.
Four types of response spectra have been recommended in
RPOA 2008 guidelines for soil types Sp (High soft soil) through
Sg (high stiff soil/low rock condition). The corresponding values of
effective shear modulus and effective shear wave velocity have
been evaluated and reported in Table 2 for the six profiles. To
account for 3-D multidirectional shaking, calculations are conducted
for earthquake loading in three orthogonal directions (longitudinal,
transversal and vertical). The three load cases for the seismic
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analyses are: (a) Load case I: 1.0 Longitudinal + 0.3 Transverse
+ 0.3 Vertical loadings; (b) Load case II: 0.3Longitudinal + 1.0
Transverse + 0.3 Vertical loadings and (c) Load case III: 0.3
longitudinal + 0.3 Transverse + 1.0 Vertical loadings.

Table 6 shows the effect of varying foundation soil stiffness on
peak deck displacements at mid-central span, where U, V and W
denote the peak deck displacements along the longitudinal X,
lateral y and vertical z axes respectively.

The results clearly indicate that the maximum system response
is exhibited for low stiff soil profile Sy, in the lateral direction (as
expected) for all load cases.

From Table 6, it is also seen that SSI effects are more
pronounced in the bridge longitudinal direction. As a matter of
fact, it can be observed that in case of bridge with rigid base, the
maximum longitudinal displacement at mid-central span is
0.0027 m, while in case of bridge on high stiff foundation soil
(actual condition), it is 0.0041 m. This indicates that there is
about 52% rise in the magnitude of the longitudinal displacement
in case of flexible foundation soil.

Furthermore, in order to check the results obtained by using
the 3-D multimodal seismic response spectrum method, Newmark
direct time integration (with parameters, oo = 0.5 and § = 0.25)
has been applied to the NxN system of dynamic equilibrium
equations of the coupled bridge-foundation soil system under
actual site condition (high stiff soil) for load case II. The results
are presented in Table 7.

It is clearly seen that for the case at hand, practically the same
results are obtained when using the multimodal response spectrum
method with Complete Quadratic Combinaison (CQC) of the

Table 7. Peak Deck Displacement (m) using CQC and Direct Time
Integration Methods

Type of soil Sp (Stiff soil)
Displacement CQC Direct time
Load case (m) method integration
U 0,0017 0.0012
I A% 0,0449 0.0522
w 0,0062 0.0068
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modal responses and Newmark direct time integration methods
(Tiliouine and Ouanani, 2011). This also shows that for the
moderate PGA used in the modal analysis, the effects of soil
nonlinearity on the soil damping matrix can be neglected for all
practical purposes.

7. Nonlinear Time History Analysis of Seismic
Response of Foundation Soil-Bridge System

In the second phase of this work, the previous study is now
extended to estimate the dynamic response characteristics and to
predict the earthquake response of the study highway bridge.
Two approaches to model soil foundation interaction are
considered. These are (i) the PGA consistent linear soil model
and (ii) an advanced plasticity soil model based on the Bouc-
Wen hysteretic model. Results from both linear and nonlinear
analysis are compared.

7.1 Foundation Constitutive Model Soil for Foundation
Domain

The plasticity model is based on the hysteretic behavior
proposed originally by Bouc (1971) and subsequently extended
by Wen (1976) and (Baber and Wen, 1981). Relevant applications
to the present work include among others (Pires, 1996) and
(Gerolymos and Gazetas (2005; 2006)).

Fig. 10, below, illustration typical parameters of load (f) —
displacement (d) characteristics used for Wen plasticity
propetty.

The nonlinear force-deformation relationship is given by:

f=rkd+(1-r)fz 27

where, £ is the elastic spring constant, f; the yield force, r the
specified ratio of post-elastic stiffness to elastic stiffness (k) and
z is an internal hysteretic variable. This variable has a range of
2| < 1, with the yield surface represented by |z| = 1.

The initial value of z is zero and it evolves according to the
differential equation:

f)\

d
Fig. 10. Definition of Parameters for the Wen Plasticity Property
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where, n is an exponent greater than or equal to unity. Large
values of this exponenent increase the sharpness of yielding as
shown in Fig. 10. The pratical limit for (n) is about 20. Nonlinear
step by step time integration method is used to perform the
dynamic analysis of the coupled foundation soil-bridge model
corresponding to actual soil conditions at the site of construction.

7.2 Numerical Results and Discussion

The method of nonlinear time history analysis used in code
SAP2000(2012) is an extension of the Fast Nonlinear Analysis
(FNA) method developed by Wilson (Ibrahimbegovic and
Wilson, 1990) which uses link elements to simulate nonlinearity.
For further details on the analysis procedure, the reader can refer
to the SAP2000(2012) user manual. The geometrical and material
properties of the highway bridge with spread foundations have
been described in Section 2. The material properties of foundation
soil corresponding to the actual soil condition (types Sp: high
stiff soil profile) are: the weight density y=21 KN/m?*; Poisson’s
ratio v = 0.40 and initial shear wave velocity V, = 366 m/s. In
order to clarify the effect of material nonlinearity of foundation
soil, the 3-D finite element model of the bridge foundation
system (see Fig. 4) is now subjected to a simulated earthquake
accelerogram compatible with RPOA(2008) spectrum scaled by
factor of 2 (i.e., PGA = 0.33 g) as shown in Fig. 11. More details
on simulation techniques for the generation of spectrum compatible
earthquake motions can be found in reference (Tiliouine et al.,
2000). The PGA consistent reduction factor in accordance with
FEMA guidelines is found to be equal to G/G, = 0.59.

The associated values of foundation stiffness and viscous
damping coefficients to be used for Wen link elements have been
evaluated and are reported in Table 8.

The time history response of pier base shear and deck
displacement at mid-central span of study bridge under simulated
earthquake ground motions corresponding to load case II and

EQE w«a W ||.\ “WW‘JWMM“WN

010 % |

020 %
0.33%

Acceleration (g)

030 ¥

040

20,50 F

0 5 10 15 20
Time (sec.)

Fig. 11. Simulated Earthquake Accelerogram Compatible with RPOA

Spectrum
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Table 8. Effective Stiffness and Effective Damping Coefficients of
Foundation Soil Matrix

Sp (High stiff soil): G/G, = 0.59, V,'/V, =0.78

K. (MN/m) 7856 C, (MN.s/m) 54
K, (MN/m) 7668 C, (MN.s/m) 54
K. (MN/m) 8228 C. (MN.s/m) 93

K, (MN.m/rd) 226764 | C, (MN.m.s/rd) 596
Ky, (MN.m/rd) 123435 | C, (MN.m.s/rd) 265
Ko (MN.m/rd) 220800 | C, (MN.m.s/rd) 517
K.q (MN.m/rd) 1296 C.o, (MN.m.5/rd) 20

Ky, (MN.m/rd) 1944 Cyo (MN.m.s/rd) 36

Table 9. Comparison of CPU Time between FNA and Direct Time
Integration Methods

Time Peak pier | Peak deck |Peak isolator
Analysis method (sec.) base shear | displacement| shear strain
KN (m) (%)
Fast Nonlinear 11 3739.63 0.100 13.25
Directtine | 735 | 375068 0.114 14.04
ntegration

isolator displacement at abutments associated to load case I (i.e.,
in the most critical directions) for the study bridge have been
determined using Newmark direct time integration method with
parameters oo = 0.5 and 3 = 0.25 (i.e., using the unconditionally
stable average acceleration method) and the FNA algorithm. It is
seen from Table 9 that for practically the same degree accuracy,
the FNA algorithm is much more efficient than direct time
integration method.

Time history results are reported in Fig. 12

From Fig. 12(a) it is seen that, there is a substantial 41%
reduction in the pier base shear due to the soil flexibility effect. It
is also observed from Figs. 12(b) and 12(c) that soil flexibility
influences significantly, especially during the input strong
ground motion phase, the values of deck displacement at mid-
central span and bearings shear strain at abutments. The
maximum deck displacement at mid-central span and peak
bearing shear strain at abutment locations are found to be 0.064
m and 5.60% respectively for bridge with rigid foundations,
while they are respectively equal to 0.10 m and 13.25% for
flexible foundation soil which corresponds to significant increases
of more than 55% and 130% respectively when the effects soil
flexibility are considered. Thus, flexibility of the surrounding
soil tends to reduce the earthquake forces induced in the bridge
and substantially increase bridge deck displacement and shear
strain at abutments. Maximum bearing displacement is a
quantity of prime interest in the design of bridge structures
because if it exceeds certain limits, the bearings may fail
resulting into the bridge collapse.

In order to further assess the effects of soil nonlinearity, time
variation of base shear acting at base of footing, displacement at
mid-central span of the deck and shear strain bearings at
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=
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Fig. 12. Time Variation of: (a) Pier Base Shear, (b) Deck displace-
ment, (c) Isolator Shear Strain for Study Bridge

abutments are investigated using both the PGA consistent linear
lumped parameter soil model and the advanced plasticity soil
model based on the Bouc-Wen hysteretic model. Time history
bridge responses in terms of pier base shear, deck displacement
at mid-central span and bearings shear strain at abutments are
displayed in Figs. 13(a), 13(b) and 13(c), respectively.

From Fig. 13(a) it is seen that, there is a substantial 36%
reduction in the pier base shear due to the soil nonlinearity effect.
It is also observed from Figs. 13(b) and 13(c) that the nonlinearity
of foundation soil influences significantly, especially during the
input strong ground motion phase, the values of deck
displacement at mid-central span and shear strain at abutment
bearings. The maximum deck displacement and peak bearing
shear strain at abutment locations are found to be 0.088m and
8.85% respectively for bridge with linear soil model, while they
are equal to 0.10 m and 13.25% for nonlinear soil model which
corresponds to increases of more than 12% and 45% respectively
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Fig. 13. Time Variation of (a) Pier Base Shear, (b) Deck displace-
ment and (c) Isolator Shear Strain for Study Bridge

Table 10. Effects of Linear and Nonlinear Foundation Soil Models
on Bridge Peak Response for Actual Site Conditions

Pier Base Deck Isolator shear
Bridge with Shear displacement strain
(KN) (m) (%)
Rigid foundation 6347.48 0.064 5.60
Foundation on linear | 5¢, 45 0.088 8.85
soil model
Foundathn on nonlinear 3739.63 0.100 13.25
soil model

when the effects of soil nonlinearity are considered. Thus,
similarly to foundation soil flexibility effects, the nonlinearity of
the surrounding soil tends to reduce the earthquake forces
induced in the bridge structure and increase bridge displacement
and shear strain at abutments.

In addition, the effects of linear and nonlinear foundation soil
models on bridge peak responses for the actual soil conditions at
the site construction are summarized in Table 10.

-1020—

4000

3000
Zz
] 2000
g 1000
=
o
s 0
]
3 -1000
-2000
-3000
-4000
0,001 -0,0005 0 0.0005 0,001
Displacement (m)
40000

L.atcral moment (KN.m)
2
=

g
g

20000

-30000

40000
-0,0015

-0,001 -0,0005 0 0,0005 0,001

Rotation (rd)

Fig. 14. Load Deformation Characteristics: (a) Lateral Shear, (b)
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Again, the results show clearly the importance of soil nonlinearity
on bridge response under severe seismic ground motion.

Moreover and for the purpose of illustration, typical variations
of load deformation characteristics of soil response in terms of
lateral shear-displacement (in direction y-y) moment-rotation
(about x-x axis) are depicted in Figs. 14(a) and 14(b) respectively.

It is seen that the Bouc-Wen hysteretic model is capable of
representing adequately strong nonlinear hysteretic behaviour as
well as strength and stiffness variation under earthquake ground
motion, which makes it particularity well suited for the present
application.

8. Conclusions

The significance of SSI effects on both 3-D modal characteristics
of a highway bridge with spread foundations and the seismic
response under moderate and severe ground motions using finite
element method have been assessed.

Two different foundation soil models are investigated: A PGA
consistent linear lumped-parameter soil model and an advanced
plasticity soil model utilizing hysteretic Bouc-Wen link elements.

In the PGA consistent linear lumped parameter soil model, the
soil surrounding the foundation of piers is modeled by frequency
independent coupled soil spring model. In order to quantify the
effects of SSI, various modal response parameters of the bridge-
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foundation system are compared to those of the bridge with rigid
foundations. Emphasis has been placed on modal response
behavior since frequency characteristics together with vibration
mode shapes and effective modal mass are the most critical
parameters governing the dynamic response of a soil-structure
system. In addition, sensitivity studies have been conducted to
investigate the effects of foundation soil stiffness on the overall
modal and seismic behavior of the bridge. In addition, 3D
multimodal response spectrum method is used for seismic
analysis of coupled bridge-foundation system under moderate
ground motions. The results are then checked by Newmark
direct time integration method.

In the nonlinear hysteretic Bouc-Wen soil model, the SSI is
simulated using translational and rotational Wen link elements
acting at the centroid of spread foundations. In order to quantify
the effects of SSI, nonlinear seismic response of critical seismic
design parameters in terms of pier base shear, displacement at
mid-central span and bearings shear strain at bridge abutments
with nonlinear flexible foundation soil have been evaluated and
compared to those of bridge with rigid foundations. In addition
and in order to illustrate the effects of soil yielding, both linear
and nonlinear of dynamic analyses have been performed and
compared.

From the results obtained in this investigation, the following
main conclusions can be drawn:

As regards to 3D bridge modal characteristics and overall
seismic response under moderate ground motions:

— Major differences in the 3-D dynamic characteristics and
modal response parameters of the bridge-foundation system
are observed when SSI effects are considered. Conse-
quently, it is important from a design point of view that ana-
lytical models used in seismic evaluation of bridge structures
explicitly consider SSI effects.

— The SSI effects are found to be more pronounced for higher
modes of vibration in comparison to the lower modes. SSI
effects affect the bridge response not only through a system-
atic decrease of all modal frequencies but also via a substan-
tial change in nature of dominant shapes especially for the
higher modes of vibrations.

— The significance of soil flexibility on effective mass in the
fundamental mode of vibration of bridge foundation system,
on the number of higher modes required to reach 95% of
effective modal mass in a given direction and on coupling
terms of foundation soil matrix have been assessed.

— Under moderate PGA value (0.10 up to 0.16 g), effects of
soil nonlinearity for soil class S,, Sg, Sc and high Sy, on soil
damping matrix will not significantly influence the bridge
seismic response and can be neglected for all pratical pur-
pose.

As regards to 3D coupled response of bridge foundation
system using PGA consistent linear and non linear soil models
under severe ground motions:

— Numerical results show clearly the importance of foundation

soil flexibility and soil nonlinearity effects on seismic response
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of bridge structures.

— The base shear at pier footing was found to have substantial
decrease (particularly during strong motion phase) while
deck displacement at mid-central span and especially bear-
ings shear strain distortion at abutments were found to have
significantly increased when the flexibility of foundation
soil was considered.

— When material nonlinearity of foundation soil was consid-
ered, the bridge response showed increased amount of peak
deck displacement and bearings shear strain distortion, but
significant decrease of base shear (especially during the
strong motions phase) as compared to the PGA consistent
linear soil model.

— The Bouc-Wen hysteretic model is capable to represent soil
nonlinearity and hysteretic behaviour as well as strength and
stiffness degradation under seismic loading. It is numerical
implementation for SSI problems relatively simple and
requires, when using (FNA algorithm) little computation
effort. It also provides realistic physical insight into the
behavior of coupled foundation-soil bridge systems under
severe seismic ground motions.

As a possible extension of the present work and for more
versatile conclusions, different earthquake input excitations
(including eventually spatially variable ground motions) and
different bridge-foundation configurations, such as bridges with
integral or full height abutment types founded on relatively soft
sites could be investigated.
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