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Technical Committee No. 16: Earthquake Loading

Invited Discussion

DYNAMIC SOIL~STRUCTURE TINTERACTION

I N

Robert V. Whitman
Prof. of Civil Engineering
Massachusetts Institute of Technology
Cambridge, Mass., U.S.A.

1. INTRODUCTION

As indicated by Prof. Seed in his state of art report, the
cffect of soil upon the response of buildings to earthquakes may be
separated, conceptually, into two parts:

1. The stiffness and thickness of soil strata affect the
motion at the surface of the soil. This effect is often
referred to as soil amplification.

2. The deformability of the soill immediately beneath a
building affects the response of the building to the
quffaﬂe motion. When most investigators use the phrase
goill-structure interaction, they mean this effect.

Prof. Seed then suggests that the first effect is much more important
than the second effect, and that the effect of interaction is not
likely to exceed several tens of percent.

The discusser fully agrees with these generalizations. However,
Trof. Seed has noted that interaction may cause larger effects upon
esponse in scme gases. Moreover, for some types of structures,
especialiy nuciear power plants, much more attention is given (pro-
bably erroneously) to interaction than to amplification. Hence it is
desirable to have gome criteria by which the possible importance of
interaction may be Jjudged.

While studies using finite element representation for the soil
have provided useful rvesults, the clearest understanding of the nature
and importaﬁgc of the interaction effect has come from studies in
which soil is represented by foundation spr ings (1, 3, 6). The dis-
cusser also fccommends use of Tlumped spring representatwon for design
studies, since this approach is most adaptable to the necessary
variation of parameters studies.

2. GENERAL CRITERIA

Suppose for the moment that a building were completely rigid.
Then several characteristic periods may be defined (see Fig.l)



TR: rigid structure rocking period

T.: rigid structurs swaying period

TT: rigid gstructure torsional period
There will be two values of T or Tq fcr a bullding, corresponding to
the two axes of building. )

The effect of interaction upon dynamic response along any axis
may be judged bv how miuch interaction affechs the fundamental period
for that axis. The fupdamental pericd Ty, considering the effect of

interaction, way bz estimated with co
ley’s approximation
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EVALUATION OF RIGID STRUCTURE PERIODS

Evaluation of Ty, Tn
moment of inertia and (b)

and TT reguires knowleddge of (a} mass and
the foundation spring constants.

The distribution of mass in a building may be determined

readily,

and estimates made during preliminary planning for 2 build-
ing will usually be of sufficient accuracy.

Various expressions are



availablie for esstimating the egui- i
inertia of the sgoil {2, 5)Y. wWith t& iobui
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Dodicing Spring constant k, s st

swaying spring constant Iy = 1.9(1 + U)GVBL

where G = shear modulus, U = Poisszon'!

BY © yatio, L = width of foundation
parallel to ground motion, and B = widith of foundation normal to
ground moti

ion. Varicus references p:mvide corresponding expressions
for other ge&vet:zes and for torsion, and suggest procedures appli-
cable to other than mat foundations {4, 5).

An average value of Poisson“s ratio 0f 0.4 may be used without
introducing much =2¥ror. The real problem is choosing a representative
shear modLi@s G. Several technﬁquesy using either plate bearing tests
or in-situ wave veliocity measurements as laboratory tests on undis-
turbed samplas, arve available for this purpose (4, 5). Considerable
judgement and experience is neces sary for selecting a representative
value.
ar upper limit estimate
Tor the spring constant, since the expressions presume elastic behav-
ior and since tﬁe nmodulus applies only atbt small strains. It is
possible to coxrent for the effect of strain using the lower part of
Fig. 6 in beed report. However, the discusser prefers simply to
adapt a range or values for spring constant and to assume that any
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4, EXAMPILES

To iliustrate the change in fundamental period, a series of
buildings ail 75 ft. by 75 ft. in pian but having different height
were assumed to rest on a series of different soils, The tﬂcking
and swaying spring constants were takern as 1/2 the wvalues irom
elastic thecry. The period of the buildings was taken to be

TS = o



where N ig the number of stories. The following table gives the
computed ratio of T, to TSn Cq ig the shear wave velocity for the
soil.
Flexible building Stiff building
o = 0.12 o = 0,06
Cg = ft/sec ) N=10 N=20 N=30 N=40 N=10 N=20Q N=30 N=40
500 (soft clay) 1.14 - - - 1.48 -~ - -
800 (medium clay) 1.08 1.09 -~ - 1.21 1.26 =~ -
1100 (dense sand} 1.03 1.05 1.06 1.08 1.13 1.16 1.22 1.30
1500 (cemented sand) 1.01 1.02 1.03 1.04 1.08 1.08 1.11 1i.16

With flexible buildings, the effect of interacticen is havdly noticeable
except for the shortest building. With stiff buildings, the effect of
interacticon is noticeable, and in some cases verges on being important.
(The blanks in the table indicate that buildings cannot be founded
directly vpon softer soils without use of piling.)

The discusser has been involved with an unusual set of 45-story
buildings in Caracas. The economy of Venezuela dictated the use of
concrete, and apartment cccupancy dictated use of shear wall construc-
tion, As & result, the buildings were very stiff, with an estimated
period Tg = 1.3 seconds in the transverse direction {a¢ = 0.03). For
an assumed range of foundation stiffnesses, Ty was estimated to be
from 0.85 to 1.90 seceonds. Thus, foundation interaction led to 20%
to 80% increase in the fundamental period. Interaction was guite
important for this building.

5. CONSEQUENCES OF INTERACTION

During any one earthqguake, interaction may shift the fundamental
period either from a peak to a valiley, or from a valley to a peak, of
the response spectrum. Thusg, interaction may be either harmful or
beneficial for any one earthguake. However, from the standpoint of
design based on s smooth response spectrum or the average of many
earthquake inputs, interaction always acts to reduce the stresses in

a tall building. (In short buildings swaying interaction would act
to increase stresses were it not for the large damping associated with
swaying interacticon.) The buildings in Caracas could not economically

have met design specifications had not advantage been taken of this
reduction.

From the standpoint of stresses within the structure, it is
conservative to use stiff foundation springs or to neglect inter-
action. Interaction of course increases the motion at the top of a
building, and this increased motion may be important when there is
only a small separation between buildings. From the standpoint of
motions, it is conservative to underestimate foundation stiffness.
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width ¢f foundation in direction perpendicular to motion
shear wave velocity

sheaxr modulus

swaying spring constant

rocking spring constant

spring constant for elastic conditions
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swaying period of rigid structure on flexible foundation
rocking period of rigid structure on flexible foundation
fundamentel period of structure on rigid foundation
torsional period of rigid structure on flexible foundation

fundamental period considering flexibility of structure and
foundation
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