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Theoretical assessment of soil-structure interaction effect at bridge structure
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ABSTRACT:

In order to develop a simple practical means for assessing the eflects of dynamic soil-

structure interaction, especially on bridge structures, this paper describes a theory of single-degree-of-freedom
systemn which is equivalent to the single-support bridge model and the multiple-support bridge model where
each foundation is modeled as a rigid embedded foundation with a mass and a mass moment of inertia, having
two-degree-of-freedom with swaying and rocking motions. To illustrate characteristics and applications in

the seismic design of the theory described in this paper,

the natural period and the damping ratio of a three-

span-continuous steel girder bridge with different foundation size are evaluated.

1 INTRODUCTION

In the tentative seismic design provisions for build-
ings recomended by the Applied Technology Coun-
cil in USA (A'T'C-3,1978), the dynamic soil-structure
interaction effects are expressed by an increase in
the fixed-base natural period of the buildings, and
by a change (generally an increase) in the associated
damping ratio, on the basis of primarily the analy-
sis of a simple linear structure of mass and height
which is supported through a massless foundation at
the surface of a homogeneous elastic half space. This
simple structural model may be adequate for build-
ings since it may be viewed either as the direct model
of a single-story building frame or , more generally
as the model of a multistory, a multimode building.
However, this simple model can not cover the bridge
model because the bridge has usually various types
of substructure and support conditions with different
stiffness of piers and foundations such as a multiple-
support bridge, and in some cases has huge foun-
datioys deeply embedded into soil. Therefore, for
bridges, there is still a need to improve our under-
standings of the dynamic soil-structure interaction
eflects at the abutments, the piers, the loundations
and the superstructures.

This paper describes a theory of single degree of
freedom system which is equivalent to the single-
support bridge model and the multiple-support bridge
model where each foundation is modeled as a rigid

cinbedded foundation with a mass and a mass mo-
went of inertia, having two-degree-ol-freedom with
swaying and rocking motions. To illustrate charac-
teristics and applications in the seisiic design of the
theory described in this paper, the natural period
and the damping ratio of a three-span-continuons
steel girder bridge with different foundation size are
evaluated.

2 EQUIVALENT SINGLE DEGREE OF FREE-
DOM SYSTEM FOR SINGLE SUPPORT

BRIDGE

A three-degrec-of-lreedom hinmped mass-spring model
as shown in Fig.1is examined. The structure is maod-
eled with a mass myg. The vertical coluinn is mass-
less and inextensible in vertical direction, aud the
dynamic stiffness of the column is represented by a
complex spring K (= k, + iwe,) with a spring co-
efficient k,, a damping coelficient ¢,, and {requency
w. The foudation is embedded into soil ;and mod-
eled with a mass A/ and a mass moment of inertia
Je with respect to centroid. The foundation thus
has two-degree-of-freedom with swaying and rocking
motions. The effect of soil on the rigid embedded
foundation response is modeled with the soil’s dy-
namic stiffness and the effective input motions, on
the basis of the sub-structure method where the to-
tal soil-structure interaction is given by the sum of
the inertial interaction and the kinematic interaction
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(Kausel, et al. 1978, Harada, et al. 1981). The soil’s
dynawic stiffnesses with respect to the top of the
foundation are represented by the swaying compo-
nent A, the rocking componentd’;,, and the cou-
pled component A = K7,. The effective input mo-
tions with respect to the top of the foundation are
also represented by the swaying component ucr and
the rocking component 8;7.

Referring the notations of motion shown in Fig.1,
the equations of motions can be obtained in frequency
domain such that

—mgw’ + K3(w) —mgw?
—mgw? —(ms + M)w? + K}, (w)
—mg Lw?® —(msL — ML;)w* + K}y (w)
—mngLuw? u
~(msL — ML) + Kj, (w) Up
~(msL? 4+ Jg+ ML} + K7, () 14
mgw?
= (s + M)w? Uerp
(msl — M Ljw?
mgLw?
+ (msl — MLj)w? Ber

(msl*+ Jo + .ML;’)w2

(1)

It is, now, quite advantageous in assessing the dy-
namic soil-foundation effects on structural responses
to rewrite Eq.(1) by eliminating the foundation mo-
tions, uy and 6, from Eq.(1), such that

—mgsw? + KU, = mgw?U,. 2
e 9
where
N3A C D
==, = —uc iy -
=Ty myp Ve T grert glber (B-a)
N3
U, = 73%11 (3-1b)

In Eq.(3), 4, B, (', D are given by,

A = Migw' = [JgR}, + MLy(LiK}, +2KF,)
+ MALJw? + (Np K7, — KG2)
(4—ua)
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+ (A7 + Wp L2 =247 L)
C = —[Jahi+ ML+ L)Ly Ry, + K7 )w?
+ (W W7 = KGF)
Joil (1 v=a
Joky, ML+ L ) ] 2
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I
+ (K kT, = K5)
(4—d)

The quantities, A, B, C, and D are only functions of
soil-foundation properties and colunn’s height, but
do not contain the structural mass mg and the col-
umn’s dynawmic stiffuess K. Equation (2) thus can
be interpreted as a equation of motion of a single-
degree-of-freedom lumped mass-spring model as shown
in Fig.2(c). All the effects of dynamic soil-foundation
interaction on structural responses are included in
the equivalent complex spring &'} and the equivalent
input motion displacement U, defined by Eqs.(3-a).
Equation (2) can also be derived by applying the sub-
structure method at the interface between the struc-
tural mass and the column.

From Eq.(2), the natural period T and the dawmp-
ing ratio h of the structure, can be obtained such as

Im(K7)

T=2x% '—lz-l—s-::——, = —_—_—_—_—
T sy
where Re(z) and Iin(z) represent the real and imag-
inary part of z, respectively. The complex spring A
in 19q.5 has to be evaluated (or the required natural
frequency of the equivalent system shown in Fig.2{c).
As this natural frequency is unknown at first, it has
to be determined by iteration until the period given
by Eq.(5) is satisfied. The damping ratio can then
be evaluated at the natural frequency. From expe-
rience, satisfactory accuracy can be obtained in two
or three iterations.

The examination of I5¢s.(3-a), and(4), in conjunc-
tion with the numerical studies, can yield the ap-
proximate formulae for T and K given by Eq.(5), and
|C/A| and [D/A] of input motion U, given by [Bq.(3-
a)(Harada, et al. 1991).

(5)

3 EQUIVALENT SINGLE DEGREE OF FREE-
DOM SYSTEM OF MULTIPLE SUPPORT
BRIDGE

The theory descibed in Section 2 can be extended
to obtain an equivalent single-degree-of-freedon sys-
tem of a multiple-support bridge as shown in Fig.3,
by employing the principle of virtual displacenwent
method; (for example,Clough and Penzien, 1975). The
procedure is as {ollows:

Step 1. For aspecified frequency, calculate the com-
plex spring A7, of the jth support by using E¢.3 , and
then construct a structural model with fixed base
condition as shown in Fig.d where the bridge super-
structure is modeled as a distributed weight contin-
uum w(z) supported by the complex spring A7,

Step 2. Apply the distributed weight w(z) in trans-
verse direction , and then evaluate the shape function
(). Similar procedure is valid for the longitudinal
direction.
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Step 3. Apply the motion displacement Ug; through
the complex spring A7, at the jth support to the mass-
less (weightless) bridge (w(z) = 0), and then eval-
uate the response displacement of massless bridge
Uk(:t) -

Step 4. Calculate the generalized mass m®, the gen-
eralized spring and damping coefficients k*, c*, and
the generalized input motion dispacement U;

we = < [w@e)ds | b = [u(e)ua)ds
(6 —a)

Juw(z)d(2)Us(z)dz

J w(z)y?(z)dz
(6-10)

Step 5. Calculate the natural period and the damp-
ing ratio;

1 . 2 -
¢ == o Im{K) e (,), U =
J

m* c*
T = 27\ —, h= ——— 7
N 2vVm*k* ™

Similarly to the natural period and the damping ra-
tio in q.(5), the natural period and the damping
ratio given by Eq.(7) has to be determined by iter-
ation until Eq.(7) is satisfied because the complex
spring A7) is a function of frequency. Finally, the
frequency equation of motion of the equivalent sys-
tem of the multiple-support bridge is obtained such
that

[-m"w® + kU = m*U; (8)

4 NUMERICAL EXAMPLES

The transverse vibration characteristics are presented
in this numerical examples of a highway bridge model
of three-span-continuous steel girder bridge with an
equal span length of 50 m (Fig.3). The properties of
the bridge model are as follows;

w(x) = 13t/m;  El(z) = 956n>

kg = kg = 8.9x10%/m; ko =k, =54x10%/m

L=15m; H,=30m; a=2610m

V,, = 100m/s; w, = L15t/m% v, =045 D, =
0

V, =500m/s; w=18t/m% »=03; D=0.05

where V,,, w,, v,, and D, are S-wave speed, soil
weight per unit volume, Poisson ratio, and soil damp-
ing ratio for surface layer, respectively. The soil
properties for base layer are represented by V, w,
v, and D. The complex spring of the column is de-
fined such as A7, = k,;(1 +i25D) with structural

1581

damping ratio SD = 0.02. The soil’s dynamics stiff-
nesses are evaluated by the approximate formulae
(Harada,et al. 1981). In order to illustrate the ef-
fects of the foundation size on the bridge response
characteristics, the radius of the inner two founda-
tions are changed as a =2 m,6m,10m.

The frequency variation of the equivalent spring
and damping coefficients k., (= Re(A7))) and o, (=
1171(1\’;J/w)) of the inner support j=2 or 3 with a=6m
are shown in Fig.5. Fig.5(a) indicates that k., takes
alinost constant value at w = 0 up to the first natuo-
ral frequency of the jth foundation wy;, while it con-
verges to the value of the jth pier spring coeflicient
with fixed-base condition above wy,. It is observed
from Fig.5(b) that c., has a single peak at the fre-
quency nearly equal to wy,. Although the frequency
range shown in Fig.5 does not cover the second natu-
ral frequency of the jth foundation, the observations
from Fig.5 are still valid for the high frquency region
(Harada,et al. 1991).

The period T' and damping ratio h of the three-
span bridge model are shown in Fig.6 with the shape
function ¢(x). The shape function in fixed-base con-
dition is indicated by dashed curve. The foundation
size clearly affects 7" and h | resulting in an increase
in the fixed-base natural period of bridge as the foun-
dalion size decreases. The damping ratio has a max-
imum at the foundation size @ = 6m where the nat-
ural frequency of the bridge coincides approximately
with wy; (j=2 or 3). This observation on damping
ratio is important because it is usually recognized
that the radiation damping increases as the founda-
tion size increases.

5 CONCLUSION

The theory and the concepts described in this paper
provide the simple practical means for assessing the
effects of dynamic soil-structure interaction in the
seismic design of structure, especially of bridges or
multiple-support lifeline structures. The theory of
the equivalent system presented in this paper is re-
duced to that adopted in ATC-3 for buildings if the
mass and the embedment of rigid foundation are ne-
glected in the single-support bridge model.
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Fig.1 A three-degree-of-freedom lumped mass-spring
model and its notations

Fig.2 An equivalent single degree of freedomn lumped
mass-spring model
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Fig.3 A multiple support continuous bridge model
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Fig.4 A multiple support continuous bridge model
with fixed base conditions

(b) Equivalent damping coeflicient

Fig.5 Frequency variations of equivalent spring and
damping coefficients of inner support (=2 or 3)
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Fig.6 ‘T'he periods, damping ratios, and shape func-
tions of the three span bridge models with three
foundation sizes (a= 2m,6m, and 10m). The dashed
curves are for the shape functions in fixed-base con-
ditions.
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