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Abstract

The objective of this study is to assess the effects of soil-structure interaction on the response of seismically isolated
bridge piers founded on a shallow soil stratum overlying a rigid bedrock and to develop a method that considers soil—-
structure interaction and can be easily applied to the preliminary design of bridges. The relative importance of several
parameters of the bridge-isolators-soil system is examined. Cases in which soil-structure interaction needs to be in-
corporated in seismically isolated bridge design are identified and ways to take advantage of soil-structure interaction
in order to enhance the safety level and reduce design costs are recommended. © 2001 Published by Elsevier Science

Ltd.
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1. Introduction

In recent years, the seismic analysis of bridge struc-
tures has received considerable attention. As a result, a
lot of improvements have been made mainly since the
1971 San Fernando earthquake [1,2]. A great number of
research programs concerning the dynamic response of
bridges under seismic excitation have resulted in the
development of both simple analytical approaches and
elaborate design procedures [3,4]. Furthermore, repre-
sentative seismic analysis and design methods can be
found in many review articles and textbooks [5-8].

Although soil-structure interaction results in a sig-
nificant modification of the system properties, which in
turn alter its seismic response, most current analysis
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methods that are either used or recommended in design
codes (e.g. Caltrans, Seismic Design References, 1994)
do not account for it. This discrepancy can be primarily
attributed to numerous difficulties including the com-
plexity of the problem, scarce pertinent experimental
data and the lack of an easy-to-use design procedure. On
the other hand, the necessity of incorporating soil-
structure interaction in the design of a wide class of
bridge structures has been pointed out by several post-
earthquake investigations, experimental and analytical
studies (e.g. The Northridge Earthquake, Post-Earth-
quake Investigation Report, Caltrans, 1994).

On the contrary, the work that has been carried out
on the subject of seismic isolation is surely greater [6,9].
Usually, the design of regular bridges using the seis-
mic isolation method involves the performance of an
equivalent linear quasistatic or dynamic analysis, that
assumes the determination of an equivalent viscous
damping ratio or ‘composite damping ratio’ of the
bridge. The composite damping ratio is based on the
component damping ratios including the equivalent
viscous damping ratios of the isolation bearings and the
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viscous damping ratios of the piers, if the piers are
designed to remain elastic during a major earthquake
[10-12]. However, there are a lot of uncertainties and
inconsistencies in determining the composite damping
ratio of a seismically isolated bridge. Turkington et al.
assumed that the system damping ratio is equal to the
sum of the equivalent damping ratio of the isolation
bearings and the 5% viscous damping ratio of the piers,
while according to AASHTO [1], the contribution of the
stiffness and damping of the piers is neglected. Ap-
proaches based on the modal strain energy method [13—
15] are adopted by the Japanese Public Works Research
Institute [16] and Caltrans [17].

The objective of this study is twofold: first, to esti-
mate the effect of soil-structure interaction on the dy-
namic performance of a seismically isolated bridge pier
placed on a shallow soil stratum overlying a rigid bed-
rock and, second, to develop a method that accounts for
soil-structure interaction and can be easily applied to
the preliminary design of this type of bridges. Since piers
together with the abutments are the most critical bridge
components in assuring the integrity of bridges during
earthquakes, the study is focused on the pier behavior
only. The relative significance that several bridge—soil
system parameters have in designs with consideration of
soil-structure interaction is examined and suggestions
that can lead to more economical and safer isolated pier
design are presented.

2. Bridge—soil system

The bridge-soil system representing a bridge that is
excited in the longitudinal direction is depicted in Fig. 1.
The piers are founded on a soil stratum that has prac-
tically identical properties along its depth and is over-
lying a rigid bedrock. The foundations are assumed to
be massless and surface, while the mass of the piers
is significantly smaller than the mass of the tributary
bridge deck. Complying also with the concept of vibra-
tion isolation design, all the bridge components, other
than the isolation bearings that are characterized by
elastoplastic behavior, are assumed to remain elastic
during an earthquake event in this paper. The height and
the lumped mass at the top of its pier are denoted as 4
and my, respectively. The pier is characterized by an
elastic stiffness ks and viscous damping coefficient ¢;. The
isolation bearing is characterized by an effective stiffness
k, and equivalent viscous damping coefficient c,. The
tributary mass m, of the corresponding bridge deck for
each pier is assumed to be lumped above the bearing. In
order to simplify the analysis, all piers are identical in
size and stiffness. Further simplification considers a rigid
deck and elimination of the rotational degrees of free-
dom at the top of the piers with very little sacrifice in
computational accuracy [3]. Furthermore, as shown in

Elastomeric bearing
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Fig. 1. Seismically isolated regular bridge elevation: (a) longi-
tudinal and (b) transverse.

Fig. 1, the bridge structure under consideration consists
of relatively short spans and, therefore, the effects of
non-uniform input motions due to different soil condi-
tions across the bridge foundation are not taken into
account.

The soil supporting the piers is modeled as a system
of two springs and corresponding dashpots acting in
the horizontal and rotational directions. The material
damping in the soil is hysteretic and is characterized by a
damping ratio {,. The radiation (geometric) damping,
which is developed through wave propagation emanat-
ing from the foundation in all directions of the soil
strata, is viscous with damping ratios {;, and {,, for the
horizontal and rocking motions, respectively.

Under these assumptions, the dynamic response of a
seismically isolated bridge pier with the corresponding
part of the bridge deck at its top can be modeled with
the aid of the shown in Fig. 2. It should be noted that
the development of the four-degree-of-freedom system is
based on the bridge-soil system presented in Ref. [18].
The four degrees of freedom include the horizontal
displacement amplitude u, of the foundation relative to
the free-field motion, the rotational amplitude ¢ of
the system at the foundation level, the amplitude of the
relative displacement ug of the pier lumped mass, and the
amplitude of the relative displacement u, of the lumped
mass of the bridge super-structure.
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3. Method of analysis
3.1. Equations of motion

Assuming the ground motion to be harmonic u, e,
the amplitudes of the horizontal force A, and moment
M, that develop at the base of the pier can be written in
the following form [4,18]:

where the mass ratio y is defined as:

ms

— 8
L — (8)

Only u, and u, of the four degrees of freedom in Eq.
(7) are dynamic, since the pier is assumed to be founded
on the soil stratum through a massless foundation and
therefore no inertia force develops at its base. As a

Py = k(1 + 2841 + 24,1 u, (1) consequence, an equivalent two-degree-of-freedom sys-
tem can be derived from the four-degree-of-freedom
M, = k(1 + 200+ 20,i) 0 ) model _such that, whf.:n f:xmted by base ex<_:1t.a'.[10n iy, its
dynamic response coincides to that of the initial system.
where: The equations of motion of the equivalent two-degree-
of-freedom system can be written as:
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Furthermore, the circular frequencies w, and ®, of <[K] * 1[&){ U } «/,% e ©)
the soil, pertaining to a fixed base bridge—soil system, *
follow from: where:
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w; = W =— (4) ; .
vy + mg " (my 4+ mg)R? glected, Eq. (9) would reduce to the equation of motion

Similarly, the corresponding dynamic characteristics
for the fixed base pier are given by:

_ O _ @
b= 2k, % = 2k, (5)

k. ky
? = s ol ==
my + mg my

(6)

Equilibrium of the horizontal forces acting on my, and
ms, as well as equilibrium of the horizontal forces and
moments at the base of the pier lead to the equations of
motion of the pier—soil system:

_% (14 241)
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of a single-degree-of-freedom system. In this case, the
relevant parameters of the equivalent structure would be
its tributary deck mass, its effective global stiffness and
its effective global damping [6]. This procedure is gen-
erally applicable to very simple bridges and to a pre-
liminary design phase of bridges for which the coupling
effects of the deck can be neglected.

3.2. Modal properties of equivalent system

Based on the system of Eq. (9), the undamped natu-
ral frequencies and natural modes of the equivalent

G (14+20i+26) —1]  (7)

«r



2850 A.G. Viassis, C.C. Spyrakos | Computers and Structures 79 (2001) 2847-2861

My s kpscn

s > ks » Cs
A

h

Fig. 2. Four-degree-of-freedom system to horizontal excitation.

two-degree-of-freedom system can be derived by setting
Cb = Cs =0:

1 - ~1
o Ty
~ -, ~, {®"} =0
==y 1+=2(1-y)—y=2
m=1,2 (11)
where &331, m = 1,2 are the natural frequencies corre-

sponding to the isolation and structural modes, respec-
tively, and:

(@7 = { g} (12)

are the corresponding mode shape vectors.

The characteristic equation for determining the natu-
ral frequencies can be deduced from the system of Eq.
(11):
yaﬁ_a2<1+—1_y>a2+—1_"’a;4:0 (13)

m b R m R b

S S

where R, denotes the stiffness ratio of the equivalent
system that is equal to the effective stiffness of the iso-
lation bearing &, divided by the elastic stiffness of the
pler ki:

~  ky
Rs = = 14
A (14)

Therefore, the frequency ratio can be expressed as:

b (15)
Solving Eq. (13) for the natural frequencies, we obtain:

2
(1+5) = \/(1 n ~) e
N R R Ry _,

01, = 2 o, (16)

Setting m = 1 and m = 2 successively in Eq. (11), the
mode shape vectors corresponding to the isolation and
structural modes are determined, respectively, by:

{&’1}—{%’}—{1—5%/%}

_ [ NP1

_{17&1} where : “‘_aﬂb (17a)
T2 &)213 _ 1
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,{1_&2} where : Otzfa)—% (17b)

Furthermore, the modal participation factors are given
by:
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The variation of the participation factors with the
stiffness ratio 7?: is plotted in Fig. 3. It can be easily
observed that ¥, = 1.00 and ¥, = 0.00 for the whole
range of the stiffness ratio, i.e. the contribution of the
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Fig. 3. Participation factors of isolation and structural modes.

structural mode {®?} can be neglected compared to that > »? ’
of the isolation mode {®'}. Therefore, the isolation “ T [1 41 (’Ls+k5hz>:| (20a)
mode dominates the response of the system if the two R 7\ o ke

natural modes are well separated. As a consequence,

the first modal damping ratio 51, that is equal to the J)f _ o} (20b)

“composite damping ratio” of the system, is sufficient to
express the behavior of the pier with adequate accuracy,
as far as damping is concerned. In other words, the first
modal damping ratio {; is more important than the
second modal damping ratio {, when determining the
seismic response of a seismically isolated bridge using
the linear analysis method.

3.3. Circular frequencies and damping ratios of equivalent
system

In correspondence to the equivalent system, the
stiffness and the frequency ratios of the initial four-
degree-of-freedom system can be expressed as follows:
ko R

R, —="-b =
ks of (1-7)

(19)

It should be noted that the concept of the equivalent
two-degree-of-freedom system is based on the assump-
tion of maintaining the same mass m;s for the pier and m,,
for the isolation bearing as in the four-degree-of-free-
dom system. Furthermore, in order to assure that the
two undamped systems have the same dynamic re-
sponse, the relative displacement amplitudes u, and
should be equal at resonance in both the initial and the
equivalent systems. Therefore, performing a series of
algebraic calculations, the circular frequencies of the
isolation bearing and the pier in the equivalent system
are, respectively, given by [19]:

According to the practical design examples that can
be found in the Japanese Isolation Design Manual [20],
three mass ratios equal to 0.05, 0.10 and 0.15 are as-
sumed and the stiffness ratios are assumed to be within
the range between 0.02 and 0.25. It can be easily con-
cluded from Egs. (20a) and (20b) that the circular fre-
quencies @y, and @ of the isolation bearing and the pier,
respectively, in the equivalent system including soil-
structure interaction are always smaller than the circular
frequency o of the pier in the initial fixed base structure.

Including damping and following the same proce-
dure, the damping ratios matrix || of the equivalent
system can be derived [19]:

2= [ But o e } @

The analytical expressions for the four terms of the
damping ratios matrix |{| are given in Appendix A.

4. Assessment of soil-structure interaction

Regarding the dynamic behavior of the soil, it is well
established that, contrary to the stiffness and the dam-
ping of bridge super- and sub-structures, soil stiff-
ness and damping characteristics largely depend on the
frequency content of the externally applied loads.
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However, for design purposes, the following frequency
independent expressions can be used in order to evaluate
the soil stiffness and damping coefficients of a rigid,
circular, massless foundation on soil strata [21,22]:

8Gu 1 4.60
kh_2—v(1+ﬁ) Ch_z—\)st (223)

8Ga3 1 0.40*
kr_3(lfv)<l+6_i—v[) Cr—livst (22]3)

where « is the radius of the circular foundation, H is the
depth of the soil stratum overlying a rigid bedrock and
H=H /o.. The expressions (22a) and (22b) are also valid
for the limiting case of a very deep soil stratum, in which
case H becomes infinite and the terms involving H are
zero. In order to evaluate the effect of soil-structure
interaction on the bridge model portrayed in Fig. 2, the
system dynamic properties are expressed in terms of the
following dimensionless parameters:

y/) _ h .
@s ., h=- and ="t ™Ms
|28 o po?

(23)

s =

With the aid of these dimensionless parameters, Egs.
(20a) and (20b) are transformed to [19]:
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Furthermore, combining Eqgs. (16) and (24a) we obtain:
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It should be noted that if the fundamental period
T) of the equivalent bridge-soil system is greater than
the natural period T, = 4H /¥, of the soil stratum (i.e.
T, > 4H /Vs), the contribution of radiation damping in
the soil is practically insignificant. Therefore, based on
Egs. (23) and (25), radiation damping in the soil should
be taken into account only when the following condition
is satisfied:

ENE S

=i

=
\Y

(26)

= |
&

In consistency with Eq. (26), the damping ratios
matrix of the equivalent system is evaluated at resonance
and then used for the whole frequency range. Setting
o = w; and using the dimensionless parameters, the
four terms of the damping ratios matrix || are rewritten
in the form shown in Appendix B. The generalized
damping ratios matrix is obtained by:

&) ={} (LD} i=12, j=12 (27)

According to the approximate procedure proposed
by Veletsos and Ventura [23], the transformation that
diagonalizes the stiffness matrix is also able to diago-
nalize the damping ratios matrix. Consequently, ne-
glecting the off-diagonal terms of this matrix leads to
[19]:

From this generalized damping ratios matrix, the first
modal damping ratio or composite damping ratio is
derived in the following form [19]:

0 (28)
”—u—wmw+%u+a—m)@m+ @)
51 = ?{1 = 51
_ _ _ _ 1 -
= Cbn - (1 - &1)(Cbll + Cbzl) + (1 - &1)2 (ébh +§_CSZZ>
(29)

It should be also noted that, according to the corre-
spondence principle, e.g., the ratio R /I’NQs is almost in-
dependent of the variation of soil stiffness and remains
equal to unit for the whole range of s.
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4.1. Equivalent fundamental frequency and composite formed. For the evaluations shown in Fig. 4a and all the
damping ratio subsequent figures, the viscous damping ratio {; of the
pier is assumed to be 2.5%. The selected value of {
In order to assess the effect of soil-structure inter- characterizes reinforced concrete piers and is quite
action on the dynamic response of seismically isolated conservative as, according to Japanese Public Works
bridge piers founded on a soil stratum overlying a rigid Research Institute [16], the proposed damping ratios for
bedrock a series of parametric studies have been per- the piers are presumed to be within the range 3—-10%.
(@
2.0 —
7 =033
--------- h =067
————————————————— fi=
——m e h=2
15 1 R Ch=

To

1 2 3 4 5 _ 6 7 8 9 10
s
(b)
3.0
m=0.5
_________ i =
2.5 1 (h =1Lv =0.33,y =0.10, EX:O.IS,R‘/EX:I,H:4) I =5
e -m =10
2.0 A
T
T

Fig. 4. Variation of Ty/ T, for representative / (a) and i (b).
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Furthermore, the composite damping ratio {; is evalu-
ated for two characteristic values of the equivalent vis-
cous damping ratio {, of the bearing i.e. {, = 5% and
{p = 25%. The latter case refers to a lead rubber bearing,
while {, = 5% corresponds to a natural rubber bearing.
The Poisson’s ratio v and the soil material damping ratio
{, are selected to be 0.33 and 5%, respectively, in order
to realistically simulate moderately strong ground mo-
tions.

Fig. 4a and b depict the variation of T/ T, as a
function of § for representative values of 4 and 7, re-
spectively, and for H =4, ie. for a quite deep soil
stratum compared to the radius of the circular founda-
tion. As it can be easily observed in Fig. 4a, for the case
of m =3, the ratio Tss/ﬂ is greater than one and,
therefore, radiation damping in the soil should be con-
sidered in design, only for very stiff piers (2 = 0.33,
h = 0.67). Similarly, referring to the curves of Fig. 4b,
for a pier that its height is equal to its radius, i.e. h =1,
T/ T, exceeds unit only for very small values of m
(m=0.5, m=1). In both figures, radiation damping
should be taken into account for 5§ > 1, which corre-
sponds to the fact that for most practical cases § varies
between 3 and 8. In Fig. 5 the variation of the ratio
T/ 7’1 is plotted versus 5 for the two extreme cases of
h=0.33 and m = 0.5. It can be easily deduced that even
for very stiff piers that are characterized by a small value
of m, the depth of the soil stratum should be at least
double the radius of the foundation in order to consider
the beneficial effect of soil-structure interaction on the
design of the pier. This can be mainly attributed to the

4.0

fact that, for small values of H, i.e. H <2, the rigid
bedrock results in a significant decrease of the radiation
damping by restricting the wave propagation far from
the foundation. Furthermore, the phenomenon of soil
amplification is rather possible to occur causing severe
damage to the super-structure.

Fig. 6a and b show the variation of w,/w as a
function of 5 for H =2, 4 and several representative
values of %, m, which are in consistency with the con-
clusions drawn from Figs. 4a, b and 5. The main trend
observed is that decreasing the soil stiffness results in
decreasing @ /ws. It can be also seen that the effect of H
is very small compared to the effect of the slenderness
ratio 4. The decrease of slenderness ratio leads to smaller
values of @,/ws and therefore soil-structure interaction
effects are more pronounced in stiffer piers. On the
contrary, unlike the case of a supporting semi-infinite
soil medium [19], decreasing m also leads to a sharper
decrease of @;/w,. Since the variation of w;/w; is a
criterion of the influence that soil-structure interaction
has on the dynamic response of the seismically isolated
pier, it can be deduced that soil-structure interaction
should be considered in the design of stiff piers with
a small value of m supported on flexible soil (5 > 6).
Therefore, a higher predominant period of the system,
Ty, can be achieved by decreasing either the structural
height or the system mass and by increasing the soil
density.

In Fig. 7a and b, the first modal damping ratio 51 is
plotted as a function of § for H =2, 4, h = 0.33, 0.67
and m = 0.5, 1. It is observed that, if radiation damping

3.5 A

3.0 4

2.5 1
T.
T,

2.0 A

0.5 4

0.0 T T T

=1l

Fig. 5. Variation of Ty /7‘1 for representative H.
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=l

0.35

0.15 A

0.10 A

0.05 A

0.00

(7 =1,y =0.10,v =033, g, =0.15, R, /R, =1)

Fig. 6. Variation of frequency ratio @,/ for representative /, H (a) m = 0.5 and (b) m = 1.

is considered, fl increases for decreasing soil stiff-
ness. The increase is more significant for squat piers,
with predominantly translational mode shapes, that are
characterized by a small value of m. Further, the depth
of the soil stratum has a negligible effect on the equiv-
alent damping ratio. When radiation damping is not
taken into account, there is no increase in the first modal
damping ratio that remains constant for the whole range

of 5. Similar trends can be also observed in Fig. 8a and
b, which depict the variation of the composite damping
ratio for {, = 5%. In this case, the main difference is that
the increase of {; is a little higher approaching 15% for
soft soil conditions. However, it should be noted that the
increase of { | is smaller than the relevant increase ob-
served in the case of the soil medium [19] and it does
not exceed 20% in any of the cases examined. This is
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0.18 T T T T T T T T
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5
(b)
0.22
--------- H=2
H=4
(7 =1y =0.10,v =033, g, = 0.15, R, /R, = 1.§, = 0.25,{, = 0.025,5 , = 0.05)
g,
0.20
NO RADIATION DAMPING
0.18

1 2 3 4 5 6 7 8 9 10
s

Fig. 7. Variation of composite damping ratio {, for representative s, H (a) m = 0.5 and (b) m = 1 ({, = 25%).

attributed to the substantial reduction of damping, approaches of both AASHTO [1] and Turkington [10]

which is imposed by the rigid bedrock that restricts the for the evaluation of fl are rather unconservative.
emanation of waves away from the shallow stratum.

Furthermore, it can be deducted that when soil-struc- 4.2. Seismic base shear

ture interaction is considered, the composite damping

ratio is always smaller than the equivalent viscous According to the AASHTO Guide Specification of

damping ratio of isolation bearings and, therefore, the Seismic Design of Highway Bridges [1], in the case that
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(a)
0.06
¢,
0.04 4 NO RADIATION DAMPING
(m =05,y =0.10,v =033, g, =0.15, R,/R, =1.{, = 0.05,¢ , = 0.025, , = 0.05)
0.02 T T T T T T T T
1 2 3 4 5 6 7 8 9 10
s
(b)
0.06
£,
0.04 - h =067 \NO RADIATION DAMPING
(7 =1,y =0.10,v =033, g, = 0.15, /R, = 1.§, = 0.05,{, = 0.025,5 , = 0.05)
0.02 T T T T T T T T

1 2 3 4 5 6 7 8 9 10

Fig. 8. Variation of composite damping ratio ¢, for representative 4, H (a) m = 0.5 and (b) m = 1 ({, = 5%).

soil-structure interaction is not considered in the design, _ AS

. ’ G(TN,0) =12—5 (31)
the shear at the base of the pier can be evaluated from: Tl/
V=CW (30)

As Eq. (31) indicates, C(T1,{;) depends on the fun-
where C; and W denote the seismic design coefficient and damental period T; of the fixed base structure, the ef-
the gravity weight associated with the pier, respectively. fective peak acceleration coefficient 4 and accounts for
The seismic design coefficient can be obtained by the both the structural damping and the local soil conditions

following expression: through the dimensionless coefficient S. However, it is
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evident that S does not consider the effect of soil-
structure interaction on the dynamic behavior of the
pier. Introducing a seismic coefficient that takes soil—
structure interaction into account, Eq. (30) should be
rewritten as:

V=CG(T, L)W (32)

where Ty, ¢ | are the natural period and the first modal
damping ratio of the equivalent two-degree-of-freedom
system, respectively.

Assuming initially that the damping of the system is
{, and the period is T, Eq. (31) renders the following
expression for Cy(Ty,():

(33)

For the most currently encountered soil conditions
subjected to moderate to strong ground motions, the
values of C; corresponding to different damping ratios
f 1, but to the same natural period 71, can be related to
C,(Ty,¢,) through the approximate relationship [24]:

() = cs(fl,cl)(g—l)m (34)

1

Combining Egs. (32)—(34), the ratio of the base shear
v accounting for soil-structure interaction to the fixed
base shear V, specified by the current AASHTO rec-
ommendations, can be expressed as:

7 TN /e \04
(3"
v T G

Expressing Eq. (35) in terms of the first natural fre-
quency of the fixed base pier w; and the equivalent two-

degree-of-freedom system @, respectively, we obtain
the following expression for the shear reduction factor:

7 ~o\1/3 ;.\ 04
r_ (‘“_21) ("_1) (36)
v Wi G

In correspondence to the equivalent system, the first

modal damping ratio of the fixed base seismically iso-
lated pier is given by:
1,
G=0—(1—o)(+ )+ (1 —m) (Cb +R*QS)
(37)

where o, is specified by:

o (1+%)-

(38)

In order to assess the effect that accounting for soil-
structure interaction may have on the current AASHTO

design specifications, the shear reduction factor V Va4
can be also expressed in terms of the previously defined
dimensionless parameters §, 4, m and H [19]:

= 1/3 0.4
=G (@) ®
4 n ¢

Fig. 9a and b depicts the variation of V/V as a
function of 5 for H = 2, 4 and for several representative
values of #, 7. The equivalent viscous damping ratio
of the isolation bearing, the viscous damping ratio {; of
the pier, and the soil material damping ratio {, are as-
sumed to be 25%, 2.5% and 5%, respectively. It should
be noted that the case of {, = 5% was not examined
since the predominant trends characterizing the varia-
tion of the composite damping ratio ¢, for {, = 25% and
{y, = 5% were almost identical. As expected, it is ob-
served that decreasing the soil stiffness results in smaller
values of 7V /V. However, a decrease in soil stiffness
usually leads to an increase of the total displacement at
the top of the pier relative to the base, which in turn may
increase the secondary shear associated with P-9 effects.
Such an increase is generally small and is usually ne-
glected in analysis [5]. The decrease of the shear reduc-
tion factor is sharper in squat piers, at small values of 5
(5 < 5). This behavior is of major importance in the
seismic design of bridges founded on stiff soil conditions.
Furthermore, by comparing the solid and dotted curves,
it can be deduced that the variation of H has an insig-
nificant effect on 7 /¥ and thus it can be neglected in the
design of seismically isolated bridge piers.

5. Conclusions

A theoretical study of soil-structure interaction in
seismically isolated bridge piers placed on a shallow soil
stratum overlying a rigid bedrock and subjected to
horizontal seismic excitations has been conducted. In
order to demonstrate the significant effect of soil-struc-
ture interaction on the longitudinal response of short
span seismically isolated bridges, a simple structure—soil
idealization, yet capable to capture the most salient
features of the phenomenon, is adopted.

The main scope of this study was to identify when
consideration of soil-structure interaction results in
substantial differences from current design procedures.
Therefore, a series of thorough parametric studies have
been performed and led to: first, an assessment of the
effect of soil-structure interaction on the seismic be-
havior of bridge piers and, second, an evaluation of the
shear force that develops at the pier base including soil—-
structure interaction. It is worth noting that this study
focused primarily on the evaluation of the effects of soil-
structure interaction on the response of a single bridge
pier. Further research is needed to examine the dynamic
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Fig. 9. Variation of shear reduction factor ?/V for representative #, H (a) m = 0.5 and (b) m = 1.

interaction between adjacent bridge piers in order to
allow a more conclusive investigation of the necessity to
incorporate soil-structure interaction in design of seis-
mically isolated bridges.

The following conclusions emerge:

(1) The fundamental period of the bridge—soil system
is significantly increased when soil-structure interaction

is taken into account, especially when the isolation de-
vices are not much more flexible than the supporting
soil.

(2) Soil-structure interaction does not appear to play
a major role as far as damping is concerned. This should
be mainly attributed to the presence of the isolation
bearings that cause a significant decrease in the total
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stiffness of the system. As a consequence, the beneficial
effect of soil-structure interaction on the seismic be-
havior of rather stiff structures is limited.

(3) Consideration of soil-structure interaction re-
duces the base shear force evaluated as recommended by
the current AASHTO design procedures. The reduction
is greater for bridge piers founded on stiff soil condi-
tions.

Cases in which soil-structure interaction needs to be
incorporated in seismically isolated bridge design are
identified and ways to take advantage of soil-structure
interaction in order to enhance the safety level and re-
duce design costs are suggested.
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