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Current practice usually neglects the effects of soil-structure interaction
(SS1) in the seismic analysis and design of bridges. This work attempts
to assess the significance of SS| on the seismic response of short span
bridges. The focus is placed on pier behaviour, since piers together with
the abutments are the most critical elements in securing the integrity of
bridge superstructures during earthquakes.

The study is based on a simple representation of a soil-bridge pier
system, yet one able to capture the effects of the most significant
physical parameters. It has been found that SSI greatly affects the
dynamic behaviour of bridge piers leading to more flexible systems,
increased damping and larger total displacements. Besides a thorough
investigation of the relative significance of various physical parameters
on the system response, an easy-to-use approach that can be incorpor-
ated for a preliminary design of bridges concurrent with the AASHTO
specifications is presented. The study concludes that safer and more
economical bridge designs can be obtained by properly accounting for

SSI.
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Failurcs of bridges from carthquakes have led to the
development of elaborate and realistic bridge seismic
analyscs and design guidclines. Extensive presentations
of current commonly employed analysis and design
procedures can be found in the book of Okamoto’, the
FHWA final report? and Bridge Design Specifications®.
A comprehensive discussion of the literature on vibration
response of highway bridges is given in a review article by
Gangarao®.

In the United States the most widcly accepted design
procedures arc provided by the AASHTO guide
specifications®. The AASHTO specifications recommend
threc methods of analysis; namcly, the elastic seismic
response coefficient, the single mode spectral analysis,
and thc multi-mode spectral analysis. In all three
mcthods consideration is given to soil site effects, thus
recognizing the importance of the local soil conditions. It
should bc noted, however, that the effects of soil-
structure interaction (SSI1) created from the presence of
the bridge super- and sub-structures in the vicinity of the
bridge foundations together with the foundations’ in-
fluence on the structural behaviour are not considered in
current practice. Simply stated, SSI is present if the
soil-foundation interface moves or distorts differently
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from the corresponding soil surface of the free field. The
limited number of bridge studies considering SSI can be
primarily attributed to the complexity of the physical
problem and the lack of an easy-to-use design approach
that can account for SSI® 8. Further, recent experimen-
tal and analytical studies have identified the significant
role that SSI can play during seismic excitations of
bridges, and have demonstrated the need to incorporate
SSI in the design of a wide class of bridge structures®-%-1°,

The primary objective of this study is twofold: first, to
asscss the effect of soil-structure interaction on the
longitudinal scismic response of bridges and, second, to
develop an approach that can account for SSI and can be
casily incorporated in a preliminary design of bridge
piers.

Bridge-soil system and method of analysis

Consider the bridge-soil system shown in Figure I that
has a deck considerably stiffer than the piers and is
excited by a seismic ground motion acting along the
longitudinal direction. The bridge span lengths are short,
and the piers are assumed to be identical in size and
material properties. Further, the mass of the piers is
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Figure 1 Typical elevation of short span highway bridge

considerably smaller than the mass of the bridge deck.
Under these assumptions, the longitudinal dynamic re-
sponse of the bridge can be simulated with aid of the
three-degrees-of-freedom model shown in Figure 2. The
three degrees of freedom include the total lateral displa-
cement of the bridge deck, u,, the horizontal displace-
ment of the foundation relative to the free-field motion,
u,, and the rotation of the system at the foundation level,
6. In the bridge model, the piers and the foundations are
assumed to be massless. In order to simplify the analysis,
all piers are identical in size and stiffness. Consequently
the tributary mass for each pier, m, has been obtained by
dividing the overall mass of the bridge deck by the
number of piers. The height and the flexural stiffness of
the picr are denoted as h and k, respectively. The overall
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Figure 2 Model of built-in pier-soil system to horizontal excitation

damping in the pier is hysteretic and is characterized by a
damping ratio, {. It should be noted that the assumption
of a rigid deck greatly simplifies the dynamic analysis of
the system by restricting the rotational degrees of free-
dom at the top of the piers with very little sacrifice in
computational accuracy''.

In the bridge model, the soil supporting the piers
through a massless foundation is modelled as spring
dampers acting in the horizontal and rotational direc-
tions. Viscous damping is used to simulate the radiation
damping in the soil, which is developed through the loss
of energy emanating from the foundation in the semi-
infinite soil medium. The material damping occurring in
the soil is hysteretic and is characterized by a damping
ratio {,. The nomenclature used for the foundation
damping and stiffness properties is indicated in Figure 2.
Making use of the correspondence principle!2, the ampli-
tudes of the horizontal force, P,, and moment, M,, that
develop at the base for a harmonic ground motion u,e'*
can be written in the following form

Ph = kh(l + 2(,. + ZC‘i)uo (l)
and
M, = k(U + 20, + 20,0

where the horizontal, {,, and rotational, {,, damping
ratios are given by

= Yn = 9
=3, od d=gp )
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Considering the equilibrium of the horizontal forces
and moments at the base of the pier and the horizontal
forces acting on the mass, m, leads to the equations of
motion of the bridge-soil system

w?
c—u-’i(l-f-ZCi)—l -1 0.5

2

-1 ‘;—’g(n —2i+2)~1 05

2
207

o (L4 20+ 20,)

1 w? ,
+ga7(l + 2(i)

u 1
{uo} ={l}u, 3)
ho 1

where the subscribed parameters w,, w, and w, pertain to
the fixed base pier and are expressed by

12E1 k k.
w!=-5—, 0l == and W =~

It is well established that the stiffness and damping
characteristics of soil depend on the frequency content of
the externally applied loads!3-!4. Nevertheless, the fol-
lowing frequency-independent coefficients can be used to
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obtain a sufficiently accurate design for a rigid, circular
surface foundation with a radius a on deep soil strata®!*

8Ga 4.6Ga?
k =y C = —
-yt 2 @
i = 8Ga? _ 0.4Ga*
31—y T (-9,

It should be noted that when the foundation is embed-
ded or a pile foundation is used to support the piers,
additional stiffness is provided to the system. Such an
additional stiffness may enhance or reduce the effects of
SSI, depending on the relative stiffness between the
foundation and soil'*'%, Although the bridge-soil sys-
tem portrayed in Figure 2 has three degrees of freedom,
only one of them is dynamic, since all inertia quantities
except the horizontal lumped mass along the longitu-
dinal direction of the bridge are neglected. Consequently,
an equivalent single-degree-of-freedom system can be
derived from the three-degrees-of-freedom model via
dynamic equilibrium. The equation of motion of the
equivalent single-degree-of-freedom (SDOF) system sub-
jected to a harmonic ground excitation u,e” is given by

- w? w?
I A T
( + 2Ci (I)’)u =30, (5)
in which @? and { arc given by
@ = : (6a)
l/w? + lw} + (1202 + w?)/3
- [@? Jwio
‘= (aT,z + (12w} + wf)z)C
+(1 @? 3wion? c
0! (12w + w?)?)*
a')z 36(1)2(1)2
and
i, = ‘iz u (6c)
w’

The equivalent SDOF system has been derived under
the assumption of maintaining the same mass, m, with the
three-degrees-of-freedom system governed by equation
(3), and by enforcing equal relative displacement ampli-
tudes, u, at resonance in both systems. The equivalent
damping ratio, {, has been evaluated at resonance, i.e.,
@ = w, and then used for the whole frequency range. It is
worth noting, as can be observed from equations (6a) and
(6¢), that the amplitude of the exciting ground motion of
the equivalent system, i, is always smaller than the
ground dlsplacemcnt amplitude of the three-degrees-of-
freedom pier-soil model, u’ The approach employed to
arrive at equations (6) can lead to essentially the same
relative displacements, u, in both the three-degrees and
the single-degree-of-freedom systems' 2. It should also be
noted that besides the simplicity of the expressions for @
and {, this approach does not require use of assumed
modes that satisfy the geometric boundary conditions at
the ends of the pier-'3. The succinct expressions of the
equivalent system facilitate the understanding of the
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influence that SSI has on the seismic behaviour of bridge
structures.

Assessment of SSI

Under a seismic excitation, the interdependence of the
bridge super-/sub-structure and soil can be better under-
stood by studying the variation of the system dynamic
properties expressed in terms of the dimensionless
parameters

12EI - h

P= Gahzh - and m=pa

m

3 )

With the aid of the nondimensional parameters, equa-
tions (6) can be cast into the following form

T p 24(1 — ph? M2
'f-[”g(‘z‘”*m] (8a)
{ =Dy + Dy, + Dy (8b)

in which
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where T denotes the period of the equivalent SDOF
system including SSI, and T is the period of the fixed base
structure._ Equation (8b), expressing the equivalent
damping {, consists of three components which pertain to
structural material damping, D,,, soil material damping,
D,.. and soil radiation damping, D,,,.

Figure 3 shows the variation of T/T as a function of j
for representative values of h. It should be noted that for
most practical situations® the range that j could vary is
between the values 3 and 8. For the evaluations shown in
Figure 3 and all the subsequent figures, a Poisson’s ratio
of y = 0.4 has been used for the soil. Two predominant
trends can be observed. First, decreasmg the soil stiffness
results in increasing T/T and second, increasing h also
leads to larger values of T/T. It should be noted that in
the latter case a dramatic increase of T/T is observed
even for very small values of p. Since the variation of the
ratio T/T characterizes the effect of soil-structure inter-
action, it can be deduced that SSI should be considered in
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Figure 3 Natural period ratio of pier to horizontal excitation

the design of stiff bridges on flexible soil. Figures 4a, b
and ¢ depict the variation of the equivalent damping
components for three representative values of h. It is
observed that the structural material damping contribu-
tion D, is present even for high values of j, and it is more
significant in slender piers than in squat piers. On the
contrary, the soil material damping contribution, D,,,
does not approach the total soil material damping [,
even for soft soil conditions, The curves that pertain to
soil radiation damping, designated with D, in Figure 4,
indicatc that radiatton damping is higher for small vatucs
of mass ratio m. Hence, higher radiation damping can be
obtained by increasing the soil density through compac-
tion, by decreasing the structural height and finally by
increasing the dimensions of the foundation while main-
taining the pier height unchanged. The three components
of equivalent damping are added and plotted as a func-
tion of j in Figures Sa, b and ¢ for the same representative
values of h used in Figure 4. The structural material
damping ratio, {, and the soil material damping ratio, {,,
arc assumed to be 0.05 and 0.08, respectively. The se-
lected value of { characterizes reinforced concrete piers,
while the value of {, represents a realistic value of
hysteretic soil damping during strong ground motions. It
should be noted that in Figure 5 ouly one of the curves
corresponding to D, =0 does not include radiation
damping,. If radiation damping is considered, the equiva-
lent damping, {, is greater in squat piers than in slender
piers. This should be mostly attributed to the presence of
radiation damping which, as mentioned ecarlier, is more
significant for squat piers. It is worth noting that, as
indicated by equations (9), in absence of radiation damp-
ing and for the soil material damping ratio [, being
smaller than the structural damping ratio {, the equiva-
lent damping { will be smaller than the fixed base
structural damping {.

Evaluation of the base shear

In order to better realize the ramifications that account-
ing for SSI has on the seismic behaviour of bridge piers,
certain critical design quantities, such as the shear at the
base of a pier, need to be evaluated in terms of the
dimensionless parameters. When the effects of SSI are
neglected, the shear at the base of a pier may be deter-
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Figure 4 Variation of damping components for: (a) h=2:
(b} A=5;(c) h =10

mined as reccommended by the current Guide Specifica-
tion of Seismic Design of Highway Bridges (1983)

V=CW (10)

where C, is the seismic design coeflicient and W denotes
the gravity weight associated with one pier. The seismic
design coefficient can be obtained from the following
expression

AS
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Figure 5 Equivalent damping ratio for horizontal excitation and:
(8)h=2;(b)h=5.{c)h=10

From equation (11) the value of C, corresponding to a
soil-structure system with natural period T, and damp-
ing of the fixed base structure, {, can be evaluated from
AS

For the most commonly encountered soil conditions, the
values of C, corresponding to different damping ratios, {,
but to the same natural period, T, can be approximately
determined from!?

0.4
C(T. D =C T, C)(%) (13)
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In view of equation (10), the following expression that
accounts for SSI can be contemplated to provide the base
shear for the pier-soil system

V=CuT,Ow (14)

It should be pointed out that C(T, ) should be eva-
luated for the natural period and damping of the equiva-
lent SDOF system with functional period T and damping
ratio {. Combining equations (12), (13) and (14), the ratio
of the base shear accounting for SSI, ¥, to the fixed base
shear, V, can be expressed as

‘7 T, 2 T 2/3 7\ 0.4

V_G@Lh _(T\T(C (15)
V. (T \T/] \{

In this final form, the ratio ¥/V can also be expressed

as a function of the dimensionless parameters p, h and .
Figures 6a, b and ¢ present the variation of V/V as a

1.0
— =
ve———m =5
0.875 \ SR
\ == No radiation
\ ) damping
0.75
>0.625
~
[
0.5
0.375
0.2%
[ 11 I Y NS S NN (N TR N N S I TN S VAU VNN SV WA S B
5 10 15 20
I
1.0
—— =}
------- m=5
0.875 ——m=10
—-== No radiation
damping

(/79 -] I TR TS U NS NN VU WUNS B N BN N SN S N N S N G |
5 10 15 20
P
1.0
— ) 2]
....... m=s
0.8751 —_—— =10
—-= No radiation
damping

15 20

Figure 6 Shear force reduction factor for: (a) 4 = 2; (b) A = 5; (c)
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function of p for representative values of m and h. The
structural material damping ratio, {, and the soil material
damping ratio, {,, are assumed to be 0.05 and 0.08,
respectively. As expected, the pier base shear decreases
for decreasing soil stiffness and/or increasing the founda-
tion-soil contact area. Attention should be paid in the
design, however, that a decrease in soil stiffness could
lead to an increase of the total drift at the top of the pier
relative to the base, which in turn would increase the
secondary shear associated with P-§ effects. Such an
increase is generally small and is usually neglected in the
design!. Three predominant trends can be observed from
studying Figure 6. First, the shear reduction presents a
sharp decrease for small values of p. This behaviour is of
major importance in the design of bridge piers, since the
majority of short span bridges correspond to small values
of p. Second, the effects of mass ratio m on V/V is more
apparent in squat structures. This can be attributed to
the significant influence that radiation damping has on
the response of bridges with short piers. The significance
of radiation damping for the whole range of p is clearly
demonstrated by the variation of the ¥/V curves corre-
sponding to zero radiation damping in Figure 6. Further,
for small values of m, which implies either small bridge
mass or relatively stiff soil conditions, a greater reduction
in shear is obtained. Third, for slender piers on stiff soil
conditions the cffect of m on P/V is small and can be
ncglected. Finally, from the variation of V/V depicted in
Figures 6b and c, it can be inferred that the reduction on
base shear due to SSI is more significant in slender piers
placed on stiff soil conditions.

Conclusions

This work studies the effects of soil-structure interaction
on the longitudinal responsc of bridge piers to seismic
excitations acting in the horizontal direction.

The study is based on a simple structure-soil idealiza-
tion which, however, incorporates the most important
features of soil-structure interaction. The model used for
the bridge-soil system to a horizontal excitation has
three degrees of freedom. An equivalent single-degree-of-
freedom system is derived through dynamic equilibrium
considerations that secure almost identical response am-
plitudes in both the multi-degree-of-freedom and the
corresponding equivalent models. A thorough study of
the equivalent single-degree-of-freedom system has led
to: (1) an assessment of the effect of SSI on short span
bridge-soil system; and (2) evaluation of the shear at the
pier basc including SSI with an easy-to-usc procedure
that can be implemented in preliminary bridge designs.

Cases in which SSI needs to be included in bridge
design are identified and ways to take advantage of SSI in
order to enhance salety and reduce design costs are
recommended.
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Notation

cross-sectional area of pier

radius of circular foundation

horizontal viscous damping coefficient for
radiation soil damping

rocking viscous damping coefficient for radia-
tion soil damping

shear wave velocity for the soil

Young’s modulus for the pier

soil shear modulus

height of the pier

slenderness ratio

moment of inertia about the weak axis of the
pier

damping ratio of equivalent system

damping ratio of viscous soil damping for
lateral displacement

damping ratio of hysteretic soil damping
damping ratio of viscous soil damping for
rocking motion

flexural stiffness of pier

horizontal stiffness of soil medium

rocking stiffness of soil medium

mass of bridge deck corresponding to one
pier
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M, moment at base of pier u, relative lateral displacement of pier base

P, horizontal force at the base of a pier u, total lateral displacement

t time variable 14 base shear of fixed base pier

T fundamental period of fixed base pier v base shear of equivalent system

T fundamental period of equivalent system y Poisson’s ratio for the soil

u relative lateral displacement of bridge deck 0 rotation angle

u lateral ground displacement P soil mass density

i, lateral ground displacement of equivalent w,, wy,, w, circular frequencies pertaining to a fixed base

system pier
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