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Abstract

This paper presents a complete analysis and design method which accounts
for the multi-incident angle (wave number) case. The proposed method is pre-
sented in two steps. The first step is to generalize the concept of the
design response spectra so that it can represent the seismic accelerations
due to incident waves with multi-wave numbers. This was done by introducing
the concept of the three-dimensional design spectrum (3-DS). The 3-DS is
based on assuming that the spectrum is a surface instead of a line, as in the
conventional case. This surface is a function of the frequency as well as the
wave number of the seismic excitation., A simple and logical relation between
the 3-DS and the conventional spectrum is presented and it is shown that the
conventional spectrum is a limiting case of the 3-DS.

The second step is to present an accurate and simple method of analyzing
a given plane strain soil-structure system for the 3-DS input motion. The
solution is based on a semi-analytical approach which solves the elastic wave
propagation equation of the layered soil due to a surface harmonic impulse,
The rigid body motion of the footing is then enforced and the dynamic soil
flexibility coefficients are determined, The transfer functions between the
free field and the building are obtained for any required wave number (inci-
dent angles) at the free field. The method is then repeated for as many wave
numbers (incident angles) as the 3-DS require. The final frequency spectra,
building accelerations and building response spectra could be obtained then by
a simple numerical integration technique.

Some practical dynamic soil-structure interaction cases were studied
using both the 3-DS approach and the conventional method of analysis. Compar-
isons between the structural responses in both cases show considerable differ-
ences, expecially in the case of structural rocking response where higher

amplitudes were obtdined from the 3-DS approach.



1. Introduction

Seismic analysis of massive structures due to nonvertically propagating
seismic waves have been studied lately by many authors, {1, 2, 3, 4, 10]. 1It
was found [10] that the seismic response of the massive structures is very
sensitive to the assumed angle of incidence of the seismic waves. This paper
presents a complete design method which accounts for the variability of the
angle of incidence, and uses the Newmark design spectra 18 as a basis of
the time dependent input motion. This design method is conservative and is

simple enough to be used in the design of massive and sensitive structures.

2, Theoretical Background

2.1 Analysis of Structure for General Wave Motion

Consider the plane soil-structure system shown in Figure 1. The soil is
a multi-layered system resting on an elastic half-space (or rigid rock). The
s0il layers are assumed to be composed of linear hysteretic material with com-
plex Lame's constants A(l+2i[3) and G(l+2iK?), for each layer where [? is the
percentage of critical damping in the soil layer [5, 6, 7, 8]. The two
dimensional wave equations for the system shown in Figure 1 are:
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wherelp andqﬁ are potential functions and Cp and c5 are the dilatational wave
velocity and the shear wave velocity of the soil layer, respectively.
The solutions of equations (1) for harmonic motion with freguency (w)
were derived [7, 9] as:
IP = A exp (i(wt-kx+knz)) + B exp ( i(wt—kx-knza
qﬁ = C exp (i(wt—kx+khz)) + D exp ( i(wt—kx—khz»
where n2 = (C/Cp)2—1
2
ne = (c/c_) -1
s
C = phase velocity
k = wave number
and A, B, C and D are constants representing the amplitudes of elastic plane
waves of different kinds, which are propagating in different directions [7,
9, 10].
Gazetas [7], used equations (2) to obtain the compliance functions of

massless footings. Ettouney, Brennan and Brunetti (10] presented a general
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solution of the equations as:

[k, - vul y*@ =p* - p.*@ (3)
where

M = mass matrix of the rigid structure

Kd = soil stiffness matrix

The definition of the displacement vector 2*(a) and the force vector B*

are shown in Figure 2, The expressions for the matrices K M and the vector

’
E*o can be found in reference [10]. Equation (3) defines ghe structural com-
pliance V* as a result of any applied forces on the structure which is pre-
sented by P*, and the seismic waves, which generate the vector B*o' This
vector is a function of the assumed incident angle of the plane seismic wave
(@). It was shown [10] that the structural compliances V* are very sensitive

to the assumed angle of incidence of the seismic wave.

2.2 General Desian Spectra

The concept of design spectra is based on defining a response spectra
[11, 12, 13] at the free field, then evaluating the structural response {14,
15] using a field equation with an assumption of vertically propagating waves
(0= 0). This implies an assumption that the input design spectra is a re-
sultant only of vertically propagating waves. To investigate this point fur-

ther, assume that the free field motion that generates a design spectra is

U(t,x) = E: E: Fp. exp i(w t - k.x) (4)
S @ 43 ] ])

where1% and kj are the frequency and the wave numbers, respectively. This
equation shows that the ground motion is a function of both the frequency of
excitation and the wave number. It was shown that [16, 177 the contribution
of the components of ground motion with finite wave numbers could be very
large. This shows that the design spectra is actually a surface in the k-w
domain, rather than a line in the w-domain. However, it is necessary to have
a record of the ground motion showing the space as well as the time behavior
(U(t,x)) in order to construct the required three dimensional design spectra.
Only adequate time behavior of the ground motion is available. Space behav-
ior is available also [17] but the recordings are not large enough to make a
general statistical conclusion.

To avoid this apparent impass in a conservative way, a semi-probabilistic
approach is considered. This approach assumes that the angle of incidence of

the seismic wave (Q) is a normally distributed random variable. The mean of

this distribution is zero. These should be logical assumptions since seismic
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behavior is natural phenomena and most natural phenomenon are normally distri-
buted, However, evaluation of the standard deviation of this distribution
remains a major problem since there are not enough measurements. The solu-
tion of this problem is to solve the system for several assumed standard devi-

ations and envelope these solutions to obtain an upper bound solution,

2.3 Expected Value of Structural Compliance

If the probability of the occurrence of the angle of incidence of the
seismic wave in the free field is assumed to be P(Q), then the expected value

of the structural compliance is

e[y]= fp(a) V@ aa ()
Equation (5) could be used to evaluate the expected value of the struc-

tural response for an assumed standard deviation of the incident angle ().

For a standard deviation of zero, the expected value becomes
v [v]- v
which is the conventional expression used for vertically propagating seismic
waves,
Eqguation (5) should be evaluated several times with different assumed

standard deviations. Enveloping the resulting set of expected values, we get

an upper bound of the structural response.

3. Example
To demonstrate the use of this method, a practical problem will be con-

sidered. Figure 3 shows a one-layer soil-structure interaction system, rest-
ing on a rigid rock. This system is excited by horizontal and vertical
motions at the free field simultaneously. The response spectrum of the equal
horizontal and vertical free field accelerations is shown in Figure 4. This
system was analyzed for five different standard deviations of 0, namely O.,
5.0, 10.0, 15.0 and 20.0 degrees. Figure 5 shows the expected response spec-
tra of the horizontal motion of the structure for all these cases. The ex-
pected motions for non-zero standard deviations are higher than that of the
zero standard deviation case (vertically propagating waves). This is due to
the coupling terms between the horizontal and vertical motions which have a
large contribution in the non-zero standard deviation cases, while they have
no contribution for the case of the vertically propagating waves. Also, the
shifting in the natural frequencies of the system causes higher responses in
the high frequency range, Figure 6 shows the final design envelope of the

spectra resulting from consideration of all the standard deviation cases and
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the conventional design spectrum resulting from the vertically propagating
waves assumption., It is clear that the envelope spectrum is more conserva-

tive than that of the conventional design spectrum,

4, Conclusions

A simple and complete method of seismic analysis and design of massive
buildings is presented. This method accounts in a conservative way for the
randomness of the angle of incidence of the seismic waves. The method is
semi-probabilistic and is based on logical assumptions.

An example problem was presented and the suggested method of analysis
resulted in higher structural responses when compared to the conventional

method,
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Rigid or Elastic Rock

1 Layered Soil Media
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Coordinate System 3 Example Problem

1% Damping

Acceleration (G)
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