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ABSTRACT

A study of the earthquake response of symmetric elastic structures
subjected to SH wave excitation with different angles of incidence
and to Rayleigh waves is presented. For SH wave excitation, parti-
cular emphasis is given to the study of the possible reduction of
the response due to filtering by the foundation and to the torsional
response. For Rayleigh wave excitation, the effects of the additional
rocking associated with the vertical component of the excitation are
investigated. The results obtained for models of a ten story reinforced
concrete building and of the containment structure of a nuclear power
plant reveal that the response for nonvertically incident waves is
significantly different from that obtained on the basis of the usual

assumption of vertica11y incident SH waves.
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INTRODUCTION

Most of the presently available methods to evaluate the seismic
response of structures including the soil-structure interaction ef-
fects are based on the assumption that the seismic excitation can
be represented by plane vertically incident compressional or shear
waves. As a result of such assumption, the input motion is consi-
dered to be equal for all points along the base of the foundation
and would consist of a pure vertical or horizontal transiation. In
terms of the structural response, the implication of the assumption
of vertically incident waves is that torsional response will occur
only if the superstructure or foundation are not symmetric and that
the rocking response will be associated to a large degree with the
mass distribution of the structure in height.

The present strong motion instrumentation of structures is such
that one typically finds only one accelerograph per floor. Under
these conditions, it is difficult to find unambiguous evidence for
nonvertically incident seismic excitation. In particular, it is not
possible to separate the possible torsional response of symmetric_
structures, or to identify the rocking response. This situation will
remain until buildings are properly instrumented with several accelero-
graphs per floor. |

In spite of the conditions just described, there is some experi-
mental evidence for the existence of nonvertically incident seismic
excitation. Housner (1957) in a stddy of the response of the

Hollywood Storage Building to the Kern County earthquake in 1952



found a marked reduction of the intermediate and high frequency components
of the recorded basement motioﬁ as compared with the motion recorded

in the free-field and advanced the hypothesis that such reductions could
be explained by nonvertically incident waves. Crouse (1973) noted simi-
lar effects on the same structure for the San Fernando earthguake of
‘197]. Duke, et. al. {1971) have shown that the reduction of the high-
frequency components could be explained in part by scattering of waves
by the embedded foundation. This study, however, does not rule out the
possibility of nonvertically incident seismic excitation. Analysis of
the roof response of the Hollywood Storage Building suggests the exist-
ence of a significant torsional response that could only be generated

by nonvertically incident waves given the symmetry of the structure.
Reductions of the peak accelerations recorded on the base of structures
as compared with free-field values have also been noted by Yamahara
{1970). These reductions could be associated with nonvertically inci-
dent waves.

A different type of experimental information results from analyses
of the E1 Centro 1940 records made by Trifunac (1971). Trifunac found
that the arrival times of many of the significant pulses coincided with
the arrival times of Rayleigh and Love waves and concluded that surface
waves may be responsible for major contributions to the recorded motion.

The experimental evidence as well as theoretical analyses indicate
that nonvertically incident seismic waves may have important effects
on the response of structures. The most significant implications are:

(i) Love waves and nonvertically incident SH waves will generate a



marked torsional response even in the case of symmetric structures and
foundations, (ii) Rayleigh waves and nonvertically incident P and SV
waves will induce additional contributions to the rocking response, and
(ii1) the spatial variations of the free-field motion may lead to sig-
nificant reductions of the high-frequency components of the translational
response.

These implications have lead to an increased interest on the analy-
sis of the response of structures to obliquely incident seismic waves.
Trifunac (1972) and Wong and Trifunac (1974) have studied the two-
dimensional response of a shear wall excited by nonvertically incident
antiplane SH waves and found that the angle of incidence of the shear
waves has a marked effect on the structural response if the vertical
cross-section of the embedded foundation is not semi-circular. For
three-dimensional structures, Newmark (1969} found that nonvertically
incident SH waves may induce a large torsional response even in sym-
metric buildings. In Newmarks's pioneering work, the rotational input
for oblique SH waves was evaluated approximately and the soil-structure
interaction effects were not included. Iguchi (1973) studied the re-
sponse of a one-story structure to nonvertically incident SH excitation
including the effects of soil-structure interaction and confirmed
Newmark's observations. The response of nuclear power plant structures
to obliquely incident SH waves including the effects of soil-structure
interaction has been studied by Lee and Welsey (1975) by using an
approximate expression for the torsional input. In this work, it was

found that the torsional response of nuclear power plants induced by



obliquely incident SH waves is larger than the response associated with
typical eccentricities. Kobori and Shinozaki (1975) have analyzed the
torsional response of a one-story structure to obliquely incident SH
waves. In this work, the exact torsional input for a circular founda-
tion was used. Finally, Luco studied the torsional response of contin-
uous elastic and symmetrical structures supported on a flat circular
foundation (1976a) and an embedded hemispherical foundation (1976b) when
excited by obliquely incident SH waves.

Studies of the response of three-dimensional structures subjected
to obliquely incident waves have been Timited by the lack of efficient
and accurate techniques to obtain the response of foundations to dif-
ferent types of seismic waves. Recently, the authors have developed a
procedure to obtain the response of arbitrarily shaped flat foundations
supported on a layered visco-elastic half-space and subjected to dif-
ferent types of seismic waves (Wong and Luco, 1978a,b; Luco and Wong,
1977). The solution of this basic problem opens the door to complete
éna]yses of the response of three-dimensional structures to different
types of seismic excitations. As a first step in that direction, this
study is addressed at the analysis of the response of symmetric elastic
structures supported on flat rigid rectangular foundations placed on a
uniform viscoelastic half-space and excited by nonvertically incident
SH waves and Rayleigh waves. The model under consideration is illus-
trated in Figure 1.

One of the objectives of the study is to determine the relative

importance of the torsional response produced by SH waves with different
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angles of incidence. It is also of interest to establish the extent of
the reduction of the high-frequency components of the response associated
with scattering of seismic waves by the rigid foundation. Another ob-
jective is to determine the importance of the rocking response for
Rayleigh wave excitation and it§ effects on the translational response

at the higher levels of the superstructure. Finally, it is important to
establish whétheh the conventional assumption of vertically incident
seismic waves leads to conservative or unconservative estimates of the

response for more general seismic excitation.



INTERACTION EQUATIONS

Based on the assumed Tinearity of the model, the response of the
soil-structure system may be obtained in two stages. In the first stage,
the frequency response of the system for harmonic excitation with time
dependence of the type exp(iwt) is obtained. The second stage cor-
responds to the evaluation of the response in time by means of the

Fourier synthesis given by

™

. ,
u(t) = ‘—J Uw)e @ty (1)
In this equation, u(t) denotes the response in time, while U(w) repre-
sents the frequency response. The Fourier synthesis described by
equation {1) is readily calculated by use of the Fast Fourier Transform
algorithm (Liu and Fagel, 1971). |

The approach used herein to obtain the frequency response for the
complete soil-structure system is illustrated in Figure 2 and it con-
sists of subdividing the complete problem into a set of simpler problems
that may be solved independently. Once the solution for each of the
basic problems is known, the response of the interacting soil-structure
system may be easily obtained.

The first basic problem that needs to be considered corresponds to
the evaluation of the free-field mot%on, i.e., to the determination of
the response of the soil deposit for a given incident seismic wave in
absence of the foundation. For uniform or horizontally layered soil
deposits and for plane incident waves, the free-field motion on the

soil surface may be characterized by the three-component displacement
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vector {Ug}eiwt at a reference point, by the horizontal direction of pro-
pagation of the incident wave, and by the apparent horizontal velocity

¢ of the incident wave in the direction of propagation. For a given
seismic excitation the three components of the free-field motion vector
of the soil surface {Ug} are not independent. In addition, for surface
wave excitation in a layered soil model, the apparent horizontal velocity
¢ depends on frequency w. The evaluation of the free-field motion for
plane body waves and for surface waves can be accomplished by standard
techniques (Ewing, Jardetsky and Press, 1957) and will not be discussed
here.

The second basic problem is associated with the evaluation of the
harmonic response of the rigid foundation bonded to the soil and sub-
jected to the incident seismic wave in absence of the superstructure.

In this step, the foundation is assumed massless, the inertia of the
foundation being incorporated at a later stage. The presence of the
rigid foundation modifies the free-field motioh and the resulting re-

sponse of the massless foundation, called here foundation input motion,

may be represented by a six-component vector

* T
(Ugh = (A,,0,.80.0,.0,.67)T

in which A:, Ay and Az represent the translational components of the
response about the x, y and z axis, respectively. Techniques are avail-
able (Wong and Luco, 1978a,b; Luco and Wong, 1977) to determine the
foundation input motion for fiat rigid foundations of arbitrary shape
supported on layered viscoelastic media. The foundation input motion

* ' . .
{UO} depends on the frequency of the excitation, geametry of the founda-

tion, characteristics of the soil deposit and on the type of seismic
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excitation.
When the inertia of the foundation and the presence of the superstruc-
. . T
ture are taken into account, the total response {UO} = (Ax,ey,Ay,ex,Az,ez)
at the reference point in the rigid foundation may be written in the form

Wy} = {Ug} + U} , (2)

in which the 6 x1 vector {US} corresponds to the additional motion of the
foundation associated with deformation of the.soil caused by the forces
and moments that the foundation exerts on the soil. The forces and moments that
the foundation exerts on the soil can be represented by the 6x1 vector
)T

FoooMo o oF LM

y . )
xs’P&s’ ys ks Fzs , in which F

{FS}= {F F o and F . represent the

zs XS’ ' ys

components of the resultant force, while st’ M

and M denote the com-
ys zZs

ponents of the resultant moment about the point of reference in the
foundation. The motion {US} of the foundation caused by the generalized
force {F. } is given by

U = [Cl)IF ) (3)

where [C(w)] is the 6 x 6 compliance matrix for the rigid foundation. The
third basic prdb]em corresponds then to the evaluation of the compliance
matrix for the rigid foundation. A variety of techniques are available

to evaluate the compliance matrix for different types of foundations, in
particular, the authors (Wong and Luco, 1976, 1978b) have developed a pro-
cedure to determine the compliance matrix for flat rigid foundations of
arbitrary shape supported on a layered viscoelastic half-space. The
compliance matrix depends on the frequency of the excitation, the geo-
metry of the foundation and on thé characteristics of the underiyiﬁg

soil deposits.

_ , T
If {Fb}"(Fxb’Myb’Fyb’be’sz’Mzb) represents the resultant forces
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and moments that the superstructure exerts on the foundation, then the

equation of motion for the rigid foundation can be written in the form
_ 2 ‘

where [Mo] is the 6 x 6 mass matrix for the rigid foundation.
It can be shown that the generalized force {Fb} which the superstruc-
‘ture exerts on the foundation can be expressed in terms of the total

motion of the foundation {UO} through the relation
(F} = WM, (@) HUy) (5)

where [Mb(m)] plays the role of a 6 x6 frequency-dependent equivalent
mass matrix. This matrix depends on the geometry, mass distribution and
elastic properties of the superstructure. The fourth basic problem en-
tails the construction of the equivalent mass matrix [Mb(w)]. An
effective technique to construct the equivalent mass matrix has been
presented by Lee and Wesley (1971) and will be described in the following
section.

Once the basic_sub-problems have been solved, the total motion {UO}
of the foundation including the soil-structure interaction effects can
be cbtained by eliminating {Fb}, {F ) and U} from equations (2) through

(5). The resulting expression is

- %*
(g = (17 -u2LC(wI(IMyT + D, () 1)) (U (6)

in which {1] denotes the 6 x 6 identity matrix. Equation (6) clearly

separates the different interaction effects. The effects of the scat-

tering of the incident seismic waves by the rigid foundation are included
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in the foundation input motion vector {U;} which, in the case of non-
vertically incident waves, involves translational and rotational com-
ponents. The interaction effects between the superstructure, founda-
tion and soil are represented in equation (6) by the term [C(m)]([Mo]
+ [Mb(w)]). The total motion of the foundation {Uy} results from a
combination of both types of effects as shown in the feedback block
diagram of Figure 2.
Once the total motion at foundation level has been obtained, the

response in the frequency and time domains at any level of the super-

structure can be easily obtained by standard technigues.
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EQUIVALENT MASS MATRIX

To evaluate the equivalent mass matrix [Mb(w)] appearing in equa-
tions (5) and (6), it is convenient to follow the procedure described
by Lee and Welsey (1971) for a model of the superstructure consisting
of N rigid bodies interconnected by elastic members. In general, the
reiative motion of the j-th rigid body with respect to a frame of re-
ference attached to the moving rigid foundation can be described by six
U :,U

generalized coordinates (U ) corresponding to

y3*Uz3°%x3°%y3°%2;
the components of the relative displacement of the center of mass and

Xj?

to the components of the relative rotation vector. The generalized
relative displacement vector for the superstructure {U} is defined by
the (6N x 1) vector

,e

{U} = (le""’UxN’eyl""’eyN’UyI""’UyN’exT"" <N

T
Uz1,...,UZN,921,...,ezN) . (7)

The generalized total displacement vector {Ut} is defined similarly
except that the translational and rotational components are referred
to a fixed frame of reference.

For small vibrations, the total displacement vector {Ut} is given
by

W} = [el{Up} + {0} (8)

where {UO} = (A .08 ,A ,0_.A_,0 )T is the total foundation motion and [a]

x> y Ty Uk "z z
is the (6Nx6) rigid displacement matrix
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{1y {z} 0 0 0 -{y} ]
0 {1} 0 0 0 0

0 0 {1} -{z} 0 {x}

o e PR )
0 -{x} 0 {y} {1} 0
o o o o 0o {1}
in which
(3 = (1y.,1)] | (10)

{x} = (x ,---,xN)T )T )T

’ {.y} = (y'[i---a.yN s {Z} = (Z1a*--s?N

where (xj’yj’zj) correspond to the coordinates of the j-th rigid body.

By writing the equations of motion for the superstructure and using

the fixed base modes of vibration, it may be shown that

W} = [230"0(w)-1[61" MUy} (11)
where [8] is the (6N x 6N) fixed-base modal matrix for the superstructure
normalized with respect to the mass matrix of the superstructure, i.e.,

rel'[mife} = [13 (12)

the (6N x 6N) matrix [R] corresponds to the modal participation matrix

(8] = [al'(MI0e] (13)
and [*D{w).] is a diagonal (6N x 6N) modal amplification matrix having for
elements ‘
(w/wr)2 |
D (w) = s (r=1,6N) (14)

1= (w/w,)® + 2, (0/w,)
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in which W, and gr correspond to the r-th fixed-base natural fregquency
and modal damping ratio, respectively.
From equations (8) and (11), it is found that the total displace-

ment {Ut} can be calculated by
U3 = ([al+ [610*D(w)- (81" ) Uy} (15)

once the total motion of the foundation {UO} is known.
X _ T
The generalized force {Fb} = (Fxb’Myb’Fyb’be’sz’Mzb) that the
superstructure exerts on the foundation (referred to the point of refer-
ence in the foundation) may be obtained by considering the total lihear

and angular moments. For small vibrations,
_ 2r AT
{Fp} = o[al'IMIU . (16)

By substitution from equation (15) into equation (16), it is found that
{Fb} can be written in the form indicated by equation (5) where the

equivalent mass matrix [Mb(w)] is given by

[M, ()] = [M 51+ [810*D(w). 106" (17)
in which
M) = [od' [MI[a] (18)

corresponds to the 6 x6 mass matrix of the superstructure for rigid
translations and rotations about the point of reference on the foundation.

It is of interest to discuss the behavior of the equivalent mass
matrix [Mb(w)] as the frequency w tends to infinity. From equation (14),
it can be seen that ["D(w)~]~-[I] as w>». Equation (17) indicates,

then, that
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M @)1+ M1~ (81B]T  as wow . (19)
If the set of fixed-base modes is complete, it can be shown that

[o] = [e1[e]" (20)
and

M o] = [e18]' (21)

Equations (19) and (21) reveal that if the set of fixed base modes is
complete, [Mb(w)]-+0 as w+«, Referring to equation (6), it may be seen
that at sufficiently high frequencies, the total response of the founda-
tion {UO} becomes independent of the properties of the superstructure.

IT the set of modes is not complete, [Mb(w)] will not tend to zero as
w=+o, but to a residual mass matrix which represents the contribution
to the base forces and moments of the modes excluded.

For most practical applications, not all fixed-base modes need to be
considered. If the first N modes of vibration are included, then the
matrices [¢], [B] and [*D(w)~] will have dimensions (6NxN), (6 xN) and
(N;N), respectively. One of the advantages of the formulation is that
for frequencies lower than the fixed-base natrual frequencies of the modes
excluded, the contributions of these modes to the base forces and
moments are still approximately represented in the equivalent mass matrix
[Mb(m)] through the matrix [Mbﬂj.

Another advantage of the procedure described to obtain the equivalent
mass matrix is that the fixed-base mode shapes, natural frequencies,
modal damping ratios and participation factors can be obtained by the
method most appropriate to the particular structure being ana]yied.

For complex structures, these quantities may be obtained by use of a
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finite element model (Wong and Luco, 1977}; in other cases, simplified

Tumped mass or continuous representations may be adequate.
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FOUNDATION INPUT MOTION AND IMPEDANCE FUNCTIONS

Two types of séismic excitations are considered in this study.
The first type corresponds to obliquely incident SH waves with particle
motion parallel to one of the sides of the rectangular foundation
(GH = 0° or eH = 90° in Figure 1). In particular, for SH = 0, the

free-field motion can be represented by

( \ )
u (%,¥,0) (0
XC0s 6
du(ys0) ¢ =U <1 % expliot- —V_ (22)
J g B(1+21g)?
\uz(x,y,O) / \ 0

where Ug(w) is the amplitude of the free-field motion at the point where
the center of the foundation will be located, B is the shear wave velo-
city in the soil and 8y is the vertical angle of incidence shown in
Figure 1 (6V = 0 for horizontally propagating SH waves).

The response of a mass1ess rectangular foundation to this excitation
consists of a translation U; along the y-axis, a rotation e: about the
vertical z-axis and a small rotation 6; about the x-axis. The components
(U;,e;,e:) of the foundation input motion for SH wave excitation and for
a soil characterized by a Poisson's ratio v = 0.33 and a hysteretic
damping ratio £ = 0.05 have been calculated using the procedure described
by the authors {Wong and Luco, 1978a?b). The normalized amplitudes
luz/Ug{ and ]an/Ug[ are shown Figure 3 as a function of the dimensionless
frequency ag = wa/B (where a is the half-width of the foundation) for
three values of the angle of incidencefev. The results presented in

Figure 3 show a marked reduction of the translational response of the
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IUy/ Ugl

la8;/ Ugl

Figure 3. Normalized Amplitudes of the Horizontal and
Torsional Components of the Foundation Input

Motion for SH Wave Excitation
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foundation at intermediate and high frequencies for nonvertically inci-
dent SH waves. On the other hand, a large torsional response component
is obtained. For flat foundations, the rocking component of the input |
motion for SH waves, e:, is extreme1yrsma]1 and can be neglected for
all practical purposes (Wong and Luco, 1978a).

The second type of seismic excitation considered corresponds to
Rayleigh waves impinging normal to one of the sides of the foundetion
(GH = 0° or Oy = 80° in Figure 1). The free-field motion for Rayleigh

waves propagating along the y-axis (eH = 90°) s given by

( \ (o)
u, (x,y,0) 0
4 uy (6,y,0) 0 = U q T &exp[im (t-“—)'—.;)] (23)
cR(1+-21§)2 |
[ Uz (%570 ) Ry )

where Cp is the Rayleigh wave velocity, Ug is the amplitude of the hori-
zontal component, and.RV is the ratio of the vertical to the horizontal
component. 'For.a soil characterized by a Poisson's ratio of v = 0.33,
eR = 0,93258 and Rv = -1.5651 if the effects of material attenuation

on ¢, and RV are neglected.

R
The response of a massiess rectangular foundation to the excitation
described by equation (23) consists of horizontal translation U; rocking
e: and vertical translation U; (Luco and Wong, 1977). The normalized
amplitudes IU;/UQI, ]aG:/Ug] and ]U;/Ug] for the foundation and soil
model under consideration are shown in Figure 4 versus the dimensionless
frequency ag- The results shown in Figure 4 indicate that scattering by

the foundation leads to significant reductions in the translational

components at intermediate and high frequencies. At the same time, a
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Figure 4. Normalized Amplitudes of the Horizontal, Vertical,
and Rocking Components of the Foundation Input
Motion for Rayleigh Wave Excitation
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large rocking componenf is obtained.

‘Once the horizontal component of Ug(m) of the free-field motion has
been specified, the foundation input motion can be obtained by multi-
plying the transfer functions U;/Ug, ae:/Ug, etc., by Ug(w).

Finally, to complete the discussion of the terms appearing in equa-
tion (6), reference must be made to the compliance matrix [C{w)]. A
standard procedure is now available (Wong and Luco, 1976; 1978b) to
calculate the compliance, or, fts inverse, the impedance matrix for
rectangular foundations. In the particular case of a square foundation

of width 2a, the impedance matrix can be written in the form

[ 1 1 1 | ] -
Ky 13Kyt O ¢ O v 04 0
- frm o v o ! Jru = e ] b o e e b o - | T
V2 ! ' ' 0 ' 0
LT T
- = Jom s s mn v o o] o o it o ] Jos = o - o - e
AP VA A O
p 04 0 1 Ky i3k 0y
I L e e B T (24)
01 0 r-akyratky i 07y O
PR JE U § SO | AP A, | I,
T A A AV
0 0 ! b Ky !
————— fm————— f—————— o —— tm———— ————
: ' : ) P2

where G is the shear modulus of the soil. Each one of the elements ap-
pearing in the stiffness matrix can be written in turn in the form

K = k4—ia0c, where k and ¢ are designated normalized stiffness and
damping coefficients. The numerical values of these coefficients for
the foundation and soil model under consideration are shown in Figure

5 versus the dimensionless frequency ag-
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DESCRIPTION OF THE MODELS CONSIDERED

To illustrate the effects of nonvertically incident seismic waves
on the response of structures, it is convenient to consider first the
case of symmetric structures and foundations. In this case, the mass

matrix for the rigid foundation can be written in the form

Mo SOy E 3
: 0 ' 0 0
! I
SOy IOy ' |
___________ .:__-______.._...:-_..____-____......_-
-~ ]
{0 'SDx '
) $ 1
M,] = ° 0 ¢ (25)
' “Sox  Tox '
___________ U SN
[ ] 1
0 : v My
] 1
___________ U SRS
] i
: i 0 I
| 0 i 0 ' 0z |

where Mé represents the mass of the foundation, while IOx‘ on and IOZ
- represent the mass moments of inertia of the foundation with respect to

the x, y and z axes, respectively. In particular, for a flat square

foundation of mass Mé and hailf-width a, SOX = SOy = 0 and IOz = 21Ox

=2 = 2M6a2/3). For symmetric structures, the matrix [M,] defined

Qy
by equation (18) can be written in the same form except that the quanti-

s etc.

ties M', S I

0’ “0y*> “Qy by
The term Mé represents the total mass of the superstructure while the

, etc., should be substituted by M', Sby’ I

quantities be, Iby and Ibz correspond to the mass moments of inertia of

the superstructure with respect to axes parallel to the x, y and z axes

passing through the point of reference in the foundation (in particular,
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for a uniform structure of total mass Mé and height H, I, = =M6H2/3-

bx Iby

if the rotatory inertia of each floor is neglected, and be==sby

1f the fixed-base modes of vibration of the superstructure are

=M6H/2).

grouped into modes of vibration in the xz plane, yz plane, vertical

and torsional modes, the matrix of participation factors [B] reduces to

[ (8,3 {8,} | 0 oo b 0]
-----------
0 i {By}  -{gy} f 0 ; 0
[g) = | S Ea pomssees . (26)
0 ' 0 1 {35} ' 0
: : :
--------- B e S

where the participation factors {B]} and {62} are associated with vibra-
tions in the xZ plane, while {83} and {84} are associated with vibrations
in the yz plane, {85} is connected with vertical vibrations, and {66} with
torsional vibrations. In particu]ar; if for vibrations in the xz and

yz planes, the structure is modeled as a uniform shear wall, while for
vertical and torsional vibrations it is modeled as a uniform bar, the

normalized fixed-base transiational modes of vibration are given by

6,.(2) = (gi)zsin[(zr-1)ﬁz/znj Cre1.2.3, ... (27)

The normalized fixed-base torsional modes of vibration are also given by
equation (27) after the total mass ME is substituted by the total moment
of inertia Ibz' In this case, the components of the participation fac-

tor vectors appearing in egquation (26) are
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k-

_ - _ Y2
Be1 = B3 = Bs = 12r-1r (Mp)

2 L
-1z {Q—}]—ﬁ] H(M )

Br2 - Br4 B
_ 22 % =
Brs = T2ty (Ipz) » re1,2,3, ... (28)

From equations (17) and (26) it can be found that the equivalent
mass matrix [Mb(w)] is block diagonal can be partitioned in the same
form{as [MOJ given by equation (25). Since the compliance matrix
[C(w)] for symmetric foundations is also block diagonal, equation (16)
reveals that the components of the response involving vibrations in the
xz plane, yz plane and'veftical and torsional vibrations can be cal-
culated independently.

For the purpose of this study, two symmetric structures with tﬁe
properties listed in Table 1 were considered. The first structure
(Model 1) corresponds approximately to'a ten-story reinforced concrete
building with a height of 40m and a square floor plan of 20 x 20m. The
structure is assumed to have significantly different stiffness in the
x and y directions. The 20 x 20m square foundation is assumed to be
rigid and resting on a uniform soil characterized by a shear wave
velocity of 400m/sec. The second structure considered (Modéj 2) cor-
responds to an idealized model of a containment building in a nuclear
power plant. The model, in this case, has the same stiffness in the
x and y directions. The foundation is represented by an equivalent
‘rigid 40 x 40m square mat resting on a uniform soil wjth a Shear wave
velocity of-600m/sec. For simplicity, the fixed-base natural frequen-

cies were assumed to be in the ratios 1:3:5:7 ..., and the mode
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TABLE 1

Properties of the Models Considered

Model 1 Model 2
H {m} 40 60
a (m) 10 20
M (kg) 107 3x107
be/HMB = Sby/HMb 0.50 0.50
A 2y
be/H M, = Iby/H Mb 0.33 0.38
2y
IbZ/H Mb | 0.04 0.10
Mé/Mé 0.15 0.45
SOx/HME = SOy/HMB 0.000 0.000
2y _ 2,0
IOX[H Mb = on/H Mb 0.003 0.017
20r0 :
IOZ/H My 0.006 0.034
Fixed-base natural fregquencies (Hz):
vibrations in xz-plane 1, 3, 5,7, 9 5, 15, 25
vibrations in yz-plane 2, 6, 10, 14, 18 5, 15, 25
vertical vibrations 3,9, 15, 21, 27 6, 18, 30
torsional vibrations 3, 9, 15, 21, 27 8, 24, 40
Modal damping coefficients (all
modes ) 0.02 0.02
Shear wave velocity in soil (m/sec) 400 600
Shear modulus. in soil (N/m?) 3x108 6.75x108
Poisson's ratio in soil 0.333 0.333
Damping coefficients in soil 0.05 0.05
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shapes and modal participation factérs were taken as given by equations
(27) and (28). Modal damping‘coefficients of 2 percent were used for
both structures and all modes considered.

Calculations of the response in the time domain and of floor re-
sponse spectra were obtained by setting the horizontal component of
the free-field motion equal to the NS acceleration fime—history recorded
at E1 Centro for the 1940 Imperial Valley earthquake. For Model 1,
calculations were performed separate]y for excitations impinging normal
to both sides of the foundation as shown in Figure 6. For the symmetric

Model 2, it is sufficient to consider excitation leading to response in

only one direction.
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(9} z Mode! | z {b)

Mode! 2 {¢c)

Figure 6. Description of the Types of Seismic Excita-
tion Considered and Locations at Which the
Response is Calculated
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RESPONSE TO NONVERTICALLY INCIDENT SH WAVES

The evaluation of the response of the two models under study was
conducted in two steps. In the first step, the response in the fre-
quency domain {transfer functions) for a free-field motion Ug of unit
amplitude was calculated at 2,049 equally-spaced frequencies covering
the rangé from 0 to 25 cps. The amplitudes of the resulting transfer
functions at several Tocations in both models (points 1, 2, 3 and 4;
Figure 6) are shown in Figures 9, 11 and 13. The second step Teading
to the responge in the time domain involved multiplying the transfer
functions by the Fourier transform of the acceleration time history for
the NS component of the E1 Centro 1940 record followed by inversion to the
time domain. An example of the acceleration time histories obtained at
different locations of Model 1 is shown in Figures 7 and 8. At each
location, -floor (in-structure) absolute acceleration response spectra
were also calculated as shown in Figures 10, 12 and 14.

The transfer functions and floor response spectra at several loca-
tions on Model 1 when excited by SH waves impinging on the foundation
along the x axis (Figure 6a) are shown in Figures 9 and 10, respectively,
for angles of incidence ev= 0° (horizontal), 45° and 90° (vertical in-
cidence). The translational response (Uy) at the center of the base,
shown in Figures 9a and 10a, illustrates the effects of soil-structure
in the neighborhood of the fixed-base natural frequencies (2, 6, 10,
14, 18 cps). A marked reduction of the response associated with scat-

tering by the rigid foundation can be noticed at frequencies higher than

6 cps. Figures 9b and 10b illustrate the translational response Uy at a
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ppint at the edge of the base (location 2 in Figure 6a). For nonvertically in-
cident SH waves, the contribution of the torsional response of the structure
can be seen in the neighborhood of the fixed-base natural frequencies in tor-
sion (3, 9, 15, 21 and 27 cps). In addition, due to the torsional re-
sponse of the foundation, the reduction of the response at high frequen-
cies is not as marked as at the center of the foundation.

The rocking response af, (a = 10m) about the x-axis at the base of
the structure is shown in Figures 9c and 10c in which it can be seen
that a Jower response is obtained for horizontally incident waves.
Figures 9d and 10d illustrate the torsional response af, at the base
of the structure for angles of incidence ev==0° and 45° (for‘vertical
incidence, the torsional response is zero under the assumption of a
symmetric structure). Figure 9d shows that the torsional response at
the base follows the torsional input motion ae: (Figure 3) except for
oscillations near the fixed-base torsional frequencies.

The translational response at the center of the top of the structure
(point 3 in Figure 6a) is shown in Figures 9e and 10e. The transfer
function at the top shows a significant reduction at frequencies higher
than 6 cps for nonvertically incident waves. The floor response spec-
trum at the top, however (Figure 10e), does not show the same behavior.
The reduction at high frequencies in this case is less than 5%. The
difference must be attributed to the fact that the response in the
fundamental mode which is affected only slightly by scattering of waves
controls the time response. Finally, Figures 9f and 10f illustrate
the translational response at a point on the edge of the top (point

4 in Figure 6a). The effects of the torsional response can be seen
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clearly at 3 and 9 cps. The floor response spectrum (Figure 10f) shows
that the response at the high frequency end of the spectrum is 20%
higher for nonvertically incident waves than for vertically incident
excitation.

The transfer functions and floor response spectra at several loca-
tions on Model 1 when excited by SH waves impinging on the foundation
along the y-axis (Figure 6b) are shown in Figures 11 and 12. The re-
sults are similar to those just described for excitation along the x-
axis. In this case, it is more difficult to visualize the torsional
effects since the fixed-base torsional fregquencies (3, 9, 15, 21 and
27 cps) coincide with‘some of the fixed-base translational frequencies.
One significant difference corresponds to the much lower rocking (Figures
11c and 12c) response for vibrations in the more f]exib]e direction of
the structure.

The response of Model 2 to SH waves with particle motion along the
y-axis and with different angles of incidence in shown in Figures 13 and
14. In this case, due to the higher mass and stiffness of the super-
structure, the effects of soil-structure interaction are, in general,
more pronounced than for Model 1. The translational response at the
center of the Sase presented in Figures 13a and 14a exhibits a pro-
nounced filtering of nonvertically incident SH waves by the foundation
in the frequency range from 5 to 20 cps. The translational response at
the edge of the base (point 2 in Figure 6c) shown in Figures 13b and 14b
is clearly affected by torsion of the foundation {Figures 13d and 14d)
for frequencies in the vicinity of 6 and 16 cps. These torsional ef-

fects can also be seen in Figure 13e illustrating the transfer function
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for a point on the edge of the structure at elevation 40m (point 4 in
Figure 6¢c). The response at the top of Model 2 shown in Figures 13f and
14f exhibits a marked filtering effect for nonvertically incident waves.
Due to the strong interaction effects, large shifts in resonant fre-
quencies take place. The péak translational response at the top occurs
at a frequency of approximately 3 cps while the fundamental fixed-base
translational frequency for this model in 5 cps. Similarly, the peak
torsional response occurs at 6 cps while the fundamental fixed-base

torsional frequency is 8 cps.
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RESPONSE TO RAYLEIGH WAVES

The response of Models 1 and 2 to Rayleigh wave excitation was
ocbtained using the same procedure already described for SH wave exci-
tation. Transfer functions for the frequency response at locations
1, 3, 5 and 6 (Figure 6) are shown in Figures 15, 17 and 19. Floor
(in-structure) absolute acceleration response spectra at the same lo-
cations for Rayleigh wave input with horizontal amplitude equal to
the acceleration time history of the NS component of the E1 Centro
1940 earthquake are shown in Figures 16, 18 and 20.

The transfer functions and floor response spectra for Model 1 ex-
cited by a Rayleigh propagating in the direction of the y axis are
shown in Figures 15 and 16, respectively. The transfer function for
the horizontal response at the center of the base (Figure 15a) shows a
very pronounced filtering for frequencies higher than 2 cps in agree-
ment with the foundation input motion shown in Figure 4. The f]odr
response spectrum at the same location (Figure 16a) is characterized
by lower amplitudes than the corresponding spectrum for vertically
incident SH waves shown in Figure 10a. The rocking transfer function
at the base, shown in Figure 15b, generally follows the rocking input
motion described in Figure 4 except for oscillations in the vicinity
of the fixed-base natural frequencies (2, 6, 10, 14 and 18 cps). As
expected, the rocking response for Rayleigh (Figures 15b and 16b) is
significantly higher than the corresponding response for vertically

incident SH waves (Figures 10c and 11c).
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The vertical response at the center and edge of the base (locations
1 and 5 in Figure 6a) shown in Figures 15c and 16c¢ are twice as large
as the horizontal response. In general, the vertical response at the
edge is larger than at the center due to the contributions of rocking.
The horizontal response at the top (Figures 15d and 16d) is almost twice
as large than the corresponding response for vertically incident SH
waves (Figures 10e and 11e). This amplification results from the large
rocking input motion associated with Rayleigh waves. The vertical re-
sponse at the center and edge of the top of the structures (Figures
15e and 16e) is not as large as the horizontal response due to the higher
stiffness of the structure in the vertical direction and to the large
radiation damping associated with vertical vibrations {Figure 5).

The results obtained for the response of Model 1 to Rayleigh waves
propagating along the x axis (shown in Figures 17 and 18), as well as
those for Model 2 (shown in Figures 19 and 20) are not significantly
different from those already described for Model 1.

The values of the absolute acceleration fioor response spectra for
a frequency of 25 Hz are listed in Table 2 for SH and Rayleigh wave
excitation. The results presented in Table 2 summarize the effect of
obliquely incident seismic waves on the high frequency response components
at the different Tocations shown in Figure 6. A comparison of the floor
response spectra at the top of Model 2 for vertically incident (ev= 90°)

- SH waves and for Rayleigh waves is shown in Figure 21. The corresponding
response for the same structure supported on a rigid soil is also shown

in Figure 21. The results presented in Figure 21 indicate that the
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response for Rayleigh wave excitation is significantly higher than that
for vertically incident SH waves. Comparison with the response for a
rigid soil model clearly shows the importance of the effect of soil-

structure interaction for this case.
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TABLE 2

Comparison of Spectral Amplitudes at 25 Hz (m/secz)

SH Waves Rayleigh Waves
Station . Component 80° 45° 0°
Free-Field uy 4.07 4.07 4.07 4,07
% 1 uy 4.89 3.18 3.12 2.94
= 1 ad, 1.66 1.46 1.38 4.04
) 1 a§z 0.00 2.58 2.04 0
£ 1 u, 0 0 0 6.12
S 2 u, 4.89 3.37 3.27 3.94
'é 5 uz 1.66 1.46 1.38 6.20
~ 3 uy 14.0 13.7 13.5 21.8
— 4 U 14.0 16.6 16.9 21.8
) Y
p= 3 i 0 0 0 11.9
= _.Z
6 u, - - - 12.0
Free-Field ax 4,07 4.07 4.07 4.07
= 1 ax 4.39 3.18 3.24 3.1
= 1 aéy 0.433 0.330 0.315 4.62
& ] ad 0 2.58 2.04 0
N z
= 1 u 0 0 0 6.12
e Z
'; 2 ux 4.39 3.41 3.43 3.11
:§ 5 uz 0.433 0.330 0.315 8.87
e 3 ux 8.81 8.58 8.32 11.5
— 4 ux 8.81 10.1 9.98 11.5
o 3 Y 0 0 0 11.9
-U .cz
2 6 u, - - - 13.7
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TABLE 2 (Continued)

-

j SH Waves Rayleigh Waves
| Station Component | 90° 45° 0° |
|
E Free-Field Uy ! 4.07 4.07 4.07 4.07
| 1 i, 367 333 323 | 2.9
. f
1 ag, i2.43  2.08 1.75 3.90
1 ab, 0 1.61 1.88 | 0
; !
- |
~ 1 ruz 0 0 0 § 5.36
© 2 {i 3.67 3.5 3.50 E 2.59
3 y 5
= 5 'UZ 2.43  2.08 1.75 4.89 ;
i
3 Uy 10.6 7.36  6.55% 19.5
4 Uy 6.31 5.87 5.61 -
3 i, 0 0 0 9.42
6 i - ; - 9.24
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CONCLUSIONS

A method to evaluate the earthquake response of three-dimensional
structures to nonvertically incident waves including the effects of
soil-structure interaction has been presented. The method relies on
solving first the problems associated with radiation and scattering by
the foundation and in combining the resulting compliiance functions and
foundation input motion with an equivalent dynamic mass matrix for the
superstructure. The frequency response is then obtained by solving the
interaction equation and the response in the time domain is evaluated
by use of the Fast Fourier Transform algorithm for a.specified motion
on the free-field.

The response to nonvertically incident SH waves and to Rayleigh
waves of simplified models of a ten-story reinforced concrete building
with different stiffness in two orthogonal directions (Modet 1), and of
the containment structure of a nuclear power plant (Model 2) has been
obtained. For obliquely incident SH wave excitation, it has been
found that the translational response at the center.of the foundation
at frequencies higher than 5 cps is significantly lower than the re-
sponse for vertically incident SH waves. The response gt the center
of the top of the structure is also Tower for nonvertically incident SH
waves, but the reduction depends on the characteristics of the structure:
reductions of less than 6% were obtained for Model 1, while a reduction
of 38% was obtained for Model 2 at high frequencies. Due to the contri-
bution of the torsional components, the response at the edge of the top

of the structure can be higher for nonvertically incident SH waves. The
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torsional response induced by nonvertically incident waves is signifi-
cant as shown by the results obtained at the base of the structure.

For Rayleigh wave excitation, the horizontal response at the base
of the structure is significantly lower than the corresponding response
for vertically incident SH waves. The rocking response, on the other
hand, is much higher for Rayleigh wave excitation Teading to a nmuch
higher response at the top. For Model 2, the responée at the top for
Rayleigh waves is twice that for vertically incident SH waves. For
Model 1, increases of 31% and 56% at high frequenciés are obtained, de-
pending on the direction of incidence of the wave.

The results obtained indicate the possible importance of the effects
introduced by nonvertically incident seismic waves. Due to the simpli-
fications introduced, generalization from these results must be viewed
with caution. In particular, the assumption of a uniform half-space
as a soil model may exaggerate the amplitude of the vertical component
of the Rayleigh waves, leading to a large rocking response and a higher
response at the top. Also, the assumption that the free-field motion
consists entirely of SH waves with a common angle of incidence or to
Rayleigh waves, is an important limitation. In addition, the phase
velocities empioyed in this study may be lower than those which actually
occur. For these reasons, the effects described can perhaps be con-
sidered upper bounds to what cén be expected in a more reaglistic
situation., The Timitations mentioned emphasize the need for a more

complete characterization of the free-field motion.
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