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@ Proceedings: First International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil
Dynamics, April 26 - May 3, 1981, St. Louis, Missouri

Probabilistic Response of Multi-support Structures on
Non-uniform Soil Conditions

S. E. Ruiz, Research Associate and L. Esteva, Professor
Institute of Engineering, National University of Mexico, Mexico

SYNOPSIS Conventional seismic design criteria take values of internal forced and other response variables as those pro
Y:ded by an evelope to the values of those variables produced by in-phase motion of all supports. In structures extended
in plan, such as long bridges, or founded on heterogeneous formations or irregular topography, such as dams, differences

in ground motion among different supports may give to differences as compared with those produced by conventional analysis.
In this paper ground motion is represented as stochastic process with evolutionary intensity and frequency content.

A criFerfon for determining design responses, based on the variance of the response of the structure is proposed.Proport-
lO?aIIFy cfiterion depends on cross-correlations between displacements and accelerations ocurring at supports. The proposed
criterion is ilustrated by applying it to a continuous bridge supported onpiles embedded in a variable depth layer of soft clay.

INTRODUCTION From eq. 1 and the relation x(t) = f v o) (t-z)h(t-r)dz,
where H{+) is the Heaviside step-——pfunction, one obtains

Response values used for the seismic design of civil struc the covariance function of y(t):

tures are ordinarily obtained under the assumption that t

all supports move in phase. However, recent studies (Este R (ty,ta) =L £ J74r t R (zy, z2) f (ti-zy)

va et al, 1980; Ruiz and Esteva, 1980) show that those y sr® 0 sr S

values may differ qualitatively and quantitatively from

those predicted when phase differences among support f (ta-g,) dg, dz, (?)

motions are accounted for. In the above mentioned papers r

a probabilistic criterion has been developed, based on In this equation, £ (t)=Y d(t)+Ng(t); d(t)=tH(t)

representing seismic motion by means of time-segments of and Rg(Z1,%2) is the cross—correlation function

Gaussian stationary processes and taking design values of of Xy(t) and ¥g(t). This function can be obtained

responses proportional to the variances of the correspond from a stochastic process model of a train of waves

ing transient response variables at the instant the N arriving at the rock-~soil interface, as shown in

excitation ends. In the present paper attention is focused fig. 1.

on the formulation of theoretical models to describe out-
of -phase ground motion at sites characterized by diverse
local conditions. Non-stationarity of motion is taken
into account.

3

SEISMIC RESPONSE TO OUT-OF-PHASE GROUND MOTIONS

The response of a linear structural system subjected to
out-of-phase support motions can be obtained as follows:

NORE @ x (t-g)d (1)

7\ 4 \i
in this equation, // / Seismic waves

xs(t) = displacement of support s at instant t

y(t)=§x S

+thn
SO

no(t) =Ta, Z.h. (t) Fig 1. Structural system
S j Js J J
RELATION BETWEEN SEISMIC WAVES AND SURFACE GROUND MOTIONM
Y = static response produced by a unit displacement
s of supports Attention will be centered on the particular case when a
train of vertically traveling SV waves arrive at the soil-
a. = participation factor of mode j for the configu- rock interface, the slopes of which are so small that the
Js ration produced by a unit displacement of conventional shear-beam model of wave propagation can be
supports applied for predicting the surface ground motion at the
location of each support. The stiffening effect of piles
Z. = response of interest for mode j at an arbitrary is ignored. Thus, it X, (t) and U, (t) denote respectively
J scale the accelerations a the 'soil surface and at the rock
surface in the absence of soil, both at the vertical going
hj (t)= unit impulse response fuction for mode j through support &, one obiains
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g, () U, (t-z) dz (3)

where gy (z) is the unit impulse response function which
transforms Uy into Xg in accordance with the model depicted
in fig. 2 (Tsai, 19€%; Ruiz and Esteva, 1930).

1

|
C]»P]
W (1) :
= Czp2 Ualt) X
e e
Fig 2 . One - dimensional model

According to our assumptions, Uy and Uk at
supports differ only in their time origin:
g (t) = U (t - gg). From this condition,
cross correlation function Rs

two different
lig (t)= Wt-zg,
one obtains the

= it _
Rsr(tl,tz) { { RU (21 CS,Cz'Cr) gS (ti-z1)

(4)

where R.. (z1,52) is the auto-correlation function of i,
which is related to its evolutionary spectral density
Gy (w,t) as follows:

9 (tz-z1) dz; dz.

(5)

From the analysis of a number of acelerograms recorded on
firm ground, Arias (1979) proposed for Gy (w,t) expressions
of the form given by eq. 6;

-w2Ky (t)_ e-wzki(t))

Ry (tae22) = 4% Gy (wy oy) e (B270)qy

Gy (wst) = K(t) (e (6)

The parameters of this equation are estimated by fitting
the observed values of the integrals of u, U2 and u2 with
their expected values predicted from ea. 6.

RESPONSE VARIANCES AND DESIGN VALUES

From practical considerations it appears reasonable to
take design values of response variables proportional
the maximum values attained by the respective standard
deviations while ground motion lasts. Thus, if 82 is the
maximum variance of ground acceleration during the earth-
quake and A(p) is the design value of that acceleration
(for a probability (p) of being exceeded), and if Oi and
y*(p) are the corresponding values associated with a
response variable y, the assumption proposed implies that
if the design criterion adopted is based on equal
exceedance probabilities for all design responses, then
the ratio of the design value of y to the specified peak
ground acceleration should equal oy/B.

to

The evolutionary spectral density given by eq. 6 provides
a reasonable representation of an earthquake accelerogram
for the purpose of estimating the response of short-and
moderate-period systems; however, it does not lead to
accurate estimates of the variances of quantities sensitive
to ground displacements {such as the response of long-
period structures or the stresses produced by phase
differences among support displacements). This drawback
can be overcome by adopting spectral density functions
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which agree with observations in the low frequency range
or by introducing corrective factors to the individual
terms in eq. 1. The latter approach is advocated here, as
a simpler (and cruder) alternative to a previous proposal
by Esteva et al (1980). The corrective factors can be
obtained by calibration with respect to the ratios of peak
values of ur and Ur and the corresponding maxima of their
variance functions, This is accomplished if the design
value of y is made equal to the square root of
maxt Ky (t,t) obtained by means of eq. 2, with fg and f
determined as follows:

D; Ai
Y, dlt) — +”i(t)8—.’ i=

1 i

fi(t) = (7)

s,r
In this equation, D;, Aj, a? and B? are respectively the
peak values of ups Ui, var u, and var U.. The first two

values are obtained from the design response spectra on
rock, and the last two are given by the following equations:

t .t

af = max, [7 L7 Ryp (21,22)d(t-gy)d(t-2,)dzidz,  (8a)
2 o s
8 = max, Ry (t,t) (8b)
APPLICATION
Suppose it is of interest to obtain a design value For the

relative displacement between the adjacent ends of girders
2 and B of the bridge schematized in fig. 3.
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Fig 3. Characteristics of the movement
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Assume the excitation to be a train of SV waves, traveling
vertically along the underlying rock formation, such that
the accelerogram at the rock surface in the absence of the
soil above it would be U (t-zg), where Zg is a time lag
which depends on the vertical coordinate of the rock
surface directly under support s, Suppose also that the
spectral density of U is given by G (w, t) = A(t)G(w), with
A and G as shown in fig.

" W, = 1500 ton rw2=soo "
150106 i / . x/'é/a
Ky =1.5x10°ton/m Girder A K,=.2x10 Girder B
T c.p

20 m

M = Roller bearing

Fig 4 Structural model

The intermediate supports in fig. 3 include each a soil
prism and a damper intended to represent the influence of
local soil conditions, in accordance with fig. 2. Energy
feedback from soil to rock is accounted for by means of the
dampers tying the base of the soil prisms to the rock
surface. The coefficient of viscous friction of each damper
is equal to pz ¢, A (Tsai, 1969), where p; is the mass
density of the rock, c, the velocity of propagation of
shear waves on it, and A the cross-section area of the soil
prism. Soil-structure interaction was ignored; that is,
the accelerogram at the soil surface was obtained from U,
independently of the properties of the superstructure.

The soil formation is assumed homogeneous, with properties
p1, 1. The structure is defined by its masses m; and my,
as well as by the linear stiffnesses ki and k; of the
columns., The girders are taken as infinitely stiff. Three
different cases were analized, determined by the ratio

p2 c2/P1 ¢y, taken as 500, 13.33 and 5.33 for cases 1 to
3, respectively. As shown in fig. 3, the thicknesses of
the upper layer are 20m and 17.5m for the left and right
supports, respectively.

A simplified version of the criterion of proportionality
between variances and design responses was adopted, as

follows:
2

2

%) _ % (9)
I 7
s Og

In this equation, Dy is the design value of the relative
displacement of interest, and Dg is the peak ground
displacement of the design earthquake; o4 and o2 are
respectively the variances of each of those displacements
at the end of the excitation interval., The quantities
included in this proportionality include terms sensitive
to both structural response and ground displacement, and
therefore it would have been more adeguate to adopt the
criterion of correcting the functions fj(t) in accordance
with eq. 7. The approach adopted can be justified if most
of the contribution to Dy stems from the differences
between the ground displacements at both intermediate
supports, (which is the case for very stiff structures), or

if the structural system response is specially sensitive

to low frequency waves (which is the case for very flexible
structures). A systematic study of the range of validity
of eq. 9 and of the relative values of the contributions of
structural deformations and ground displacements to Dq is
still to be done.

c,dz
o?{p.], €=0005
1216° - -——22[D,}, =001
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Fig 5. Response variance

Fig. 5 shows the variance Oé (t) for various combinations
of the damping ratios of structure (£ = 0,01, 0.05) and
soil (£ = 0.005,0.01). In all combinations the ratio of the
maximum values of o4 and os approximately equals 0.5, and
it is not very sensitive to the duration of the excitation
as shown by the followine table

VALUES OF od/oS

s = duration, sec

S
5 10 15 20 35
.05 0.005 0.005 0.49 0.49 0.49 0.48
0.1 0.01 0.48 0.44 0.4 0.46 0.47

SONCLUDING REMARKS

A probabilistic model has been proposed for estimating the
seismic response of multi-support structures subjected to
out-of-phase ground motion. In the lack of simultaneous
records of earthquake ground motions at near-by points,
the excitation is described by means of probabilistic
models of the arriving seismic waves, and linear analysis
criteria for the prediction of the influence of local condi
tions.

This paper gives an introductory formulation or the problem
as well as a criterion for analysis, which is illustrated

vy its application to a simple case, ‘representative of a
typical practical problem. It is concluded that irregular
local conditions may give place to significant discrepancies
in the simultaneous ground motions at the different supports,
and that those differences may seriously affect structural
response, both qualitatively and quantitatively.

The criterion proposed is sufficiently simple as to permit
its application to practical design problems, in spite of
its obvious limitation of dealing only with linear systems.



Its accurancy must be calibrated by comparing its results
with those arising from step-by-step response analysis.
Some variants of the general criterion must be studied, for
instance alternative ways of selecting the instantaneous
or averaged values of the response variances which are

best related with the values corresponding to given probabi
lities of being exceeded.
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