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ABSTRACT

A simple model of the seismic source and of the propagation medium

is used to obtain a local representation of the free-field ground motion in

terms of a small number of equivalent dispersive plane waves. Numerical

values for the equivalent phase velocities entering in the representation

are presented for different epicentral distances and source depths. Based

on the local characterization of the free -field motion, estimates of the

magnitude of the effects of nonvertically incident seismic waves on the

response of foundations and structures are presented.
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INTRODUCTION

A number of theoretical studies (Newmark, 1969; Iguchi, 1973;

Kobori and Shinozaki, 1975; Lee and Wesley, 1975; Luco, 1976a, b;

Luco and Wong, 1979) have indicated the potential importance of the effects

of nonvertically incident waves on the seismic response of structures.

For structures supported on large continuous foundations, nonvertically

incident seismic excitation may lead to filtering of the high-frequency

components of the translational response and to significant torsional and

rocking motions. The magnitude of the effects associated with nonverti­

cally incident excitation depends on the assumed characterization of the

seismic excitation and, in particular, on the values of the phase veloci­

ties or apparent horizontal velocities. The lower the phase velocities

the more important the filtering and rotational effects. At the present

time there are no experimental data which could be used to guide the

selection of appropriate values for these important parameters.

The first objective of this study is to develop a simple character­

ization of the motion on the free-field based on a model of the seismic

source and of the propagation path. The seismic source is represented

as a dislocation distributed over a small area on a vertical fault plane.

The propagation medium is represented as a layered elastic half-space.

For this model, it is shown that the free-field motion on the ground sur­

face can be characterized locally by a small number of "equivalent"
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dispersive plane waves. The phase velocities of the "equivalent" plane

waves can be calculated using the techniques available to evaluate the

response of a layered half-space to a buried concentrated source (Apsel,

1979; Luco and Apsel, 1980).

The second objective of this study is to obtain estimates of the

magnitude of the effects of nonvertically incident seismic wave s on the

response of structures supported on foundations for which embedment

effects can be neglected.

2



A MODEL FOR THE FREE-FIELD GROUND MOTION

To obtain a representation of the free -field ground motion, it is

convenient to start with a simple source model such as that illustrated

in Fig. 1. In this model the seismic source is represented by a vertical

fault of small area (2 located at a depth z from the surface of a
s

layered elastic half- space. The horizontal (strike) and vertical (dip)

slips on the plane of the fault are characterized by seismic moments

M (t) and M (t), respectively. The plane of the fault coincides with the
x z

x'z'-plane in a :artesian system of coordinates (x', y', z') with origin

atf"he epicenter and z' -axis pointing up. The Fourier Transforms of

the radial, tangential and vertical components of acceleration for a

point located on the ground surface at epicentral distance r and azimuth

,.
e are denoted by Ur(r. e. ill), De(r, El, ill) and Uz(r, e, ill), respectively.

These components can be written in the form

U (r.e, w) =1\1 (w) ~ (r. ill) sinZ9 + 1\1 (w) 2: (r. w) sin e
r x rx z rz

De(r. e, w) =M (fll) ~9 (r. w) cos 29 + M (w) L: e (r, ill) cos 9x x z z

U (r. 9, rn) =1\1 (rv) L: (r, w) sin 29 + 1\1 (rn) 2: (r, ill) sin e
z x zx z zz

(1)

..
in which M (w) and 1\1 (r.u) represent the Fourier Transforms of the

x z

second derivatives with respect to time of the two components of the

seismic moment. The functions L: (r, w) sin Z9, L: (r, ill) sin e , •.. ,
rx rz

2: (r, m) sin 9 correspond to the Fourier Transforms of the impulse
zz

3



Ur

------IX
-zs

Figure 1. Description of the sourCEl-observer geometry.
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response functions or Green's functions for double couples at the loca-

tion of the source. The terms;: , I: e ' L: , ••• , L: depend on the
rx x rz zz

geologic structure, depth of the source and epicentral distance. The

representation of the free-field motion given by Eq. (1) factorizes the

effects of the seismic source [M (m), M (lll)l, propagation pathx z

[ ~ (r, rtl), L: (r, w), • •• 1 and radiation pattern (e).
rx rz

To arrive at a simpler characterization of the free-field motion

it is necessary to analyze the properties of the Green's functions

'Z , ••• , 'E appearing in Eq. (1) for a typical geologic structure. Of
rx zz

particular interest is the dependence of the Green's functions on epi-

central distance. To illustrate this dependence the two geologic struc-

tures listed in Table 1 have been considered. Modell corresponds to

the geologic structure to the southeast of Parkfield (Eaton et al., 1970),

while Model 2 corresponds to the structure in the Imperial Valley

(Heaton and HeImberger, 1978). The Green's functions for these geo-

logic structures and for different source depths have been calculated

by use of the method described by Apsel (1979) and Luco and Apsel (1980).

The typical effects of epicentral distance on the amplitudes of

the Green's functions are shown in Figs. 2a and 2b for a frequency of

10 Hz. In Fig. 2a the amplitudes I L:ex(r, w) I, I L:ez(r, w)' and

I L: (r,IJ.J) \ are plotted versus epicentral distance for a source at a
zx

depth Zs = 5.5 km in Model 1. The behayior of the amplitudes !~ex(r,w) 1

and I L: e (r, w)\ for a shallower source (z = 1. 0 km, Modell) is shown
z s

in Fig. 2b. The results presented in Figs. 2a and 2b exhibit several

5



TABLE 1

Characteristics of the Geologic Structures Considered

Modell Model 2

Depth at Depth at
Bottom S-Wave P-Wave Bottom S-Wave p-Wave

Layer of Layer Velocity Velocity Density Q
S

= O. 5Qp of Layer Velocity Velocity Density Q
S

= O. SQp
No. (km) (km/sec) (km/sec) (glee) (km) (km Isec) (km Isec) (glee)

1 O. 116 O. 57 0.99 1. 5 30 0.45 0.75 1. 70 1.5 42

Z 0.280 0.99 1. 71 1. 5 60 0.95 0.92 2. 10 1. 9 54

3 1. 550 1.62 2.81 1.6 100 2. 10 L 50 2.60 2.4 100

0"- 4 3.740 2.91 5.04 2.2 200 3.40 2.30 3.70 2. 5 170

5 14.99 3.48 6.02 2.6 280 I 5.90 2.60 4. 10 2.6 198

6 24.99 3.95 6.86 2.8 320 00 3.70 6.40 2.8 308

7 00 4.67 8.09 3.2 400
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Figure 2. Dependence of the amplitudes of the Green's functions on
e picentral distance for a frequency of 10Hz: (a) source
depth 5.5 km, (b) source depth 1. 0 km. The geologic
structure corre s ponds to Model 1 li sted in Table 1.
(IJ = shear modulus at source depth)
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interesting characteristics. For epicentral distances larger than a few

kilometers a general reduction in amplitude with epicentral distance can

be observed. This reduction is associated with geometrical spreading

and material attenuation. The attenuation is somewhat more pronounced

for the shallower source (Fig. 2b). A second observation is that as epi-

central distance tends to zero the amplitudes of the Green's functions

associated with strike -slip dislocation (l:rx' L:
ex

' L:
zx

) also tend to zero.

On the other hand, of the Green's functions associated with dip-slip dis-

location,! and!e tend to a finite value while L: tends to zero
rz z zz

as epicentral distance tends to zero. The most striking feature of the

results presented corresponds to the strong fluctuations in amplitude

with epicentral distance for a shallow source (Fig. 2b). For a deep

source (Fig. 2a) the amplitudes of the Green's functions associated

with the vertical components of motion (L: • L: ) continue to exhibit
zx zz

these fluctuations while the amplitudes of the Green's functions asso-

dated with horizontal components of motion (L: , l.:e ' L: , L:e ) are
rz x rz z

smoother functions of epicentral distance. In general, the dependence

of the Green's functions on epicentral distance increases with frequency.

Despite the strong dependence on epicentral distance exhibited in

Figs. 2a and 2b, it is possible to assume, as a first approximation,

that the amplitudes of the Green's functions remain unchanged for vari-

ations in epicentral distance of the order of a few tens of meters.

The typical dependence of the phase angle of the Green's functions

on epicentral distance is illustrated in Fig. 3. In this figure, the phase

8



angle ¢ex(r, ttl) of the Green's function I:ax = I Lexl exp(i0 ex) for a

source at a depth of 5.5 ktn is shown versus epicentral distance for a

frequency of 10Hz (Model I). It is apparent from Fig. 3 that the phase

angle changes rapidly with epicentral distance and that for small varia-

tions in epicentral distance the corresponding variati.on i.n phase angle

can be assumed to be linear.

Based on the discussion above it is possible to write

I: Q (r, ttl) ~ 2: Q (r , ttl) exp [ - i ttl ( r - r ) / c Q (r , ttl)]
a.t-- at-- a a a.t-- a

(2)

for Ir - r I less than a few tens of meters. In Eq. (2) the subscript a
o

stands for r, e or z, while the subscript ~ stands for x or z. The

quantities c Q (r , (I) are defined by
a.t-' a

I 1
----~ =--
C Q (r , w) ttl

a. t-- a
(3)

and correspond to frequency-dependent phase velocities. These equiva-

lent phase velocities are not associated with a particular type of wave

but rather reflect the characteristics of the total motion in a given direc-

tion for a given epicentral distance and frequency.

Equations (I) and (2) indicate that the free-field motion in the

vicinity of a point on the ground surface can be approximately repre-

sented by a superposition of six dispersive plane waves. This approxi-

mation rests on the assumption of a small seismic source on a vertical

9
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fault plane. The finite number of equivalent plane waves represent the more

complex superposition of waves arriving at a site.

The equivalent phase velocities c , .•. ,c playa key role in the
rx zz

local characterization of the free-field motion. The reciprocals of the phase

velocitie s c e (r, w), c (r, w) and c (r, (1)) for strike - slip dislocation are
x rx zx

shown in Fig. 4 versus epicentral distance r for frequencies of 1, 5.5 and

10Hz. The source considered is at a depth of 5.5 km in the geologic struc-

ture corresponding to ModelL The reciprocals of the corresponding phase

velocities for dip-slip dislocation are shown in Fig. 5. The results presented

in Figs. 4 and 5 indicate that for epicentral distances less than the source

depth, the phase velocities are high and essentially independent of frequency,

in agreement with the physical expectation of a dominant direct ray in this

region. For epicentral distances in the range from 5 to 12 km the phase

velocities exhibit a dependence on both frequency andepicentral distance.

In this range of epicentral distances, the phase velocities cl"I ' c
A

' C
oX .z rz

and c
zz

oscillate about a value of the order of 3. 5 km/ sec, while c and
rx

c oscillate about a value of approximately 5.0 km/sec.
zx

For shallower sources, the dependence of the phase velocities

on frequency and epicentral distance is more pronounced due to multiple

reflections in the surface layers as illustrated in Fig. 6. In this figure,

the reciprocal of the phase velocity c
ex

is shown versus epicentral

distance for a source at a depth z = 1.0 km in Model 1. For epi­
s

central distances in the range from 1 to 12 km the phase velocity c ex

oscillates about a value of the order of 1.8 km! sec.

11
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To obtain estimates of the effects of wave passage on extended founda-

tions it is convenient to simplify the representation of the free-field motion

even further. This is accomplished by considering only two phase velocities

defined by

c = c ~ c
y zx rx

(4)

for the case in which strike-slip dislocation is predominant and by

c =c ~ cy zz rz
(5)

for predominant dip-sli p dislocation. The phase velocity cH(r, w) character-

izes the tangential component of motion, while the radial and vertical compo-

nents are characterized by a common phase velocity cy(r, w). By use of

Eqs. (l), (2), and (4) or (5) it is found that

..
U (r,a,m) ~U (r ,e ,w)exp[-i!J)(r-r l!cy(r ,(ul]

r roo 0 0

.. ..
U (r, e, w) ~ U (r , e , w) exp[-iw(r - r )!cy(r ,(0) 1

z zoo 0 0

for Ir - r I less than a few tens of meters and Ie - e 1« 1
0

•
o 0

The representation given by Eq. (6) indicates that the free-field

motion in the neighborhood of a point with cylindrical coordinates

(r , e ,0) can be approximately obtained if the motion at that point and
o 0

the equivalent phase velocities cH(r0' ill) and cy(r0' w) are known.

Since considerable strong motion data are available, the frequency

content of the motion at a point can be estimated for a given magnitude,

15
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epicentral distance and type of soil condition (Trifunac. 1976; McGuire.

1978). As illustrated above. given the geologic structure and the epicentral

distance it is also possible to estimate the equivalent phase velocities c
H

and c v . The representation given by Eq. (6) circumvents a more complex

decomposition of the free-field motion involving different types ,?f waves

each characterized by its own frequency content and phase velocity.

For structures supported on embedded. foundations it is also neces-

sary to describe the free-field motion at depth. The tangential components

of the free-field motion at depth can be obtained by considering plane SH-

..
waves with phase velocity c

H
and total ampHtude Ue on the ground surface.

Similarly. the radial and vertical components of motion can be represented

by a consideration of "lane P- and SV-waves with common phase velocity Cv
... ..

and amplitudes U and U on the ground surface.
r z

16



FOUNDATION INPUT MOTION

To estimate the effects of wave passage a rigid massless rectangu-

lar foundation is considered. The foundation is centered at a point 0

located at epicentral distance r in the azimuth e from the strike of
o 0

the fault (Fig. 7). A local cartesian system. of coordinates (x, y, z)

with origin at the center of the foundation and with x- and y-axes in the

directions of the axes of symmetry of the foundation is employed. The

x-axis forms the angle 9
H

with the line connecting the epicenter and

the center of the foundation. Referred to the local system of coordi-

nates the foundation occupies the region ( Ixl ~ a, Iyl ~ b, z =0). The

free -field motion given by Eq. (6) when expressed in the local system

of coordinates can be written in the form.

/ .. ..
U (x,y,tU) U cos El H -u sin SHx rg eg

.. .. [ i w(r - r 0)] .. [ iW(r-ro )]
Uz(x,y,w) = Urg sin I=lH exp - + Ueg cos e

H
exp -

c v c
H.. ..

U (x,y,w) U 0
z zg

(7)

.... ..
where Urg' U eg and Uzg represent the Fourier-Transforms of the

radial, tangential and vertical components of the free -field motion at the

center of the foundation. In Eq. (7) the term (r - r ) can be approxi­
o

mated by r - r 0 ~ x cos 9
H

+ y sin 9
H

.

The response of the rigid massless foundation to the free-neld

motion given by Eq. (7) can be described by the translational response

17
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at the center of the foundation (U* (w), y''f, (w), u'l< (w)] and by the
xo yo zo

rotation vector [¢* (tV), ¢ * (w), (i; * (w)]. The vector
xo yo zo

{u*} =
o

•• >:~

(D
xo

•• ~:{ •• ~:{ •• ~c T
(/) , (/) , (/) )
xo yo zo

(8 )

designated as foundation input motion, plays a key role in determining

the seismic response of structures. The total response at foundation

level {U (w)}, including translations and rotations, after the effects
o

of soil-structure interaction have been considered, can be written in

the form

-1
[u } = ((I] - rt?( C( w)] «(M ] + [M

b (w)]») rU* }
000

(9)

where [1] is the 6 X 6 identity matrix, (C( w)] is the compliance matrix

for the foundation, [M ] is the mass matrix for the foundation and
o

[M
b

(w)] is the equivalent frequency-dependent mass matrix for the super-

structure (Wong and Luco, 1978a; Luco and Wong, 1979). Once the total

response (u (m)} of the foundation has been obtained, the response at
o

any point in the superstructure can be determined by standard methods.

Equation (9) indicates that for a complete study of the effects of wave pas-

sage it is necessary to consider the properties of the superstructure.

Valuable information, independent of the structural configuration, can be

gained however by examining the characteristics of the foundation input

motion [U*} .
o

19



Accurate methods to evaluate the response of rigid foundations to a

free-field motion of the type described by Eq. (7) are available (Wong and Luco,

I978a, b). To obtain estimates of the foundation input motion it is sufficient,

however, to use the approximate averaging procedure discussed by Tani et al.

(973), Iguchi (973) and Scanlan (1976). The resulting estimates are:

.. *
U (11)

xo
.. *
U (00)

yo
.. *
U (00)
. zo

..
U (m) cos e

Hrg..
U rg«(J) sin eH

..
U (IJ)

zg

(10)

.. *
a ¢ (00)

yo..
U (00)

zg

.. *
b¢ (00)

XO..
U (00)

zg

• 3 (Sin a v ).=1 a a - cos a v
v v

-3 (Sin b v ).
= i b

v
b

v
- cos b v

sin b
v

b
v

sin a
v

a
v

(11 )

(12)

.. *
¢ (m) =

zo
3i [( sin a H
222

a +b aH

(13)

a
v

where

_ cosavav ) sin b v ..
--- a U (Ill) sin e

b rg N
v

sin a v ..
--- b U (m) cos

rg

20



(14)

In the particular case of a foundation oriented such that e
H

=0 then

.. ..
U (w) = U (w) •

rg xg

.. ..
U/"\ (w) = U (m)'7g yg

(15)

and the above estimates of the foundation input motion reduce to

'" AU <,' (m) sin a
Hyo =

U (ill)
...
a

Hyg

.. '~~ ,',.. ""," "U (r.u) U (m) sin a
xo zo v= .. =..

U ( (1) U (til)
A

axg zg v

... ;.~::
A

a~ ( Cll)
3i c;vav

- cos av)
yo.. = ...

U (w) a
zg v

.. *b ~ (w)
xo

--="'••...;..;..;-- ~ 0
U (m)

zg

(J 6)

(17)

(18)

(19)

.. *a ~ (w)
zo

U (IJJ)
yg

-3i (SinaH A)=-[----::2:--,.- .;, - co s a H
1 + (b / a) 1a

H
H

(20)

where a
H

= 1tJ a/ c
H

and a.
v

= (jJ a/ c v . For small values of a
H

and A

a
v

the right hand side s of Eqs. (18) and (20) reduce to ia. and
v

-iaH{[l + (b/a)l, respectively. The estimates of the foundation input

motion given by Eqs. (16) - (20) will be used to evaluate the effects of

wave passage. In these calculations, the phase velocities c
H

anG C v

will be taken to correspond to c e and c , respectively.
,x zx

21



EFFECTS OF WAVE PASSAGE ON THE HORIZONTAL
AND TORSIONAL RESPONSE

The effects of wave passage on the horizontal and torsional response

of a square foundation of half-width a =b = 20 m are illustrated in Fig. 8.

In this figure the amplitude ratios I ij~' Iv I and
yo yg I a~ Iv Izo yg

are shown versus frequency for epicentral distances of 1, 10 and 50 km

(Figs. 8a, band c, respectively). The seismic sources are assumed to

be located in the geologic structure corresponding to Model 1 at depths of

1 and 5.5 km. For comparison, the corresponding results for a different

geologic structure (Model 2, Table 1) are shown in Fig. Sd for an epi-

central distance r =10 km. The results shown in Fig. 8 indicate that the

dependence on source depth tends to decrease as epicentral distance in-

creases. For Modell, the effects of wave passage become approximately

independent of source depth at anepicentral distance of the order of 20 km

(for sources at depths shallower than 20 km).

In general, the effects of wave passage on the horizontal response

.. *
at the center of the foundation (U ) are small. For a source at a

yo

depth of 5.5 km and a frequency of 10 Hz, the reductions of the transla-

tional motion of the foundation (a = 20 m.) with respect to the free-field

motion are 0.1, 2 and 1. 5 percent for epicentral distances of 1, 10 and

50 km., respectively. The correspondirlg reductions for a frequency of

20 Hz are 0.5, 8 and 6 percent. The filtering effects could become rela-

tively more important at very short epicentral distances and extremely
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Figure 8. Effects of wave passage on the horizontal (ordinates on the
left) and torsional (ordinates on the right) response of a
massless rectangular foundation of half-width a =b =20 m.
Figures (a), (b) and (c) correspond to geologic model I and
to epicentral distances r = I, 10 and 50 km, respectively.
Figure (d) corresponds to geologic model 2 and epicentral
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shallow sources as shown in Fig. 8a, or, in the case of extremely large

foundations. For an extended foundation of half-width a =50 m in the

direction of propagation of the seismic waves, the reductions at 10 and

20 Hz would be of the order of 10 and 40 percent, respectively (r =1 km,

z = 1 km).
s

The torsional response of the foundation is such that the tangential

.. *
component of motion on the perimeter of the foundation a ¢ (m) associ­

zo

ated with torsion can amount to a significant percentage of the free-field

motion amplitude U (to). For a source at a depth of 5.5 km and a fre­
yg

quency of 10 Hz the results shown in Fig. 8 indicate that the tangential

motion on the perimeter amounts to 4.5, 17 and 16 percent of the free-

field motion for epicentral distances of 1, 10 and 50 km, respectively.

For shallower sources and short epicentral distances the tangential motion

at 10Hz could be as high as 29 percent of the free -field motion for a

square foundation of half-width a:.; 20 m (Fig. 8a).

The Uniform Building Code requires as minimum an accidental

eccentricity of 5 percent of the larger plan dimension to cover in part for

the torsional effects introduced by nonvertically incident seismic waves.

The adequacy of this requirement can be studied by referring to the work

of Newmark (l969) in which equivalent eccentricities necessary to account

for possible torsional excitation are derived.

According to Newmark (l969), the equivalent accidental eccentricity

e for buildings structured with shear walls along the perimeter (a ~ b) is
x
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given by

e !2a = a[l + (b!a)]f tx y a
(21)

in which f is the fundamental frequency for vibrations in the y-direction.
y

a = 1. 25 for O. 3 ~ f < 1. O. and a =0.75 for 1. 5 ~ f ~ 5. O. The term
y y

t is defined by
a

t =a

2a0 *
zmax.

U
ygmax

(22)

where ¢ * is the peak value of the torsional rotation of the base and
zmax.

U is the peak velocity of the free -field motion in the direction
ygmax

normal to the longer plan dimension.

The results shown in Fig. 8 and Eq. (20) indicate that

..* ..
a ¢ (w)!U (ill) can be approximated by

zo yg

a¢* (m)/U (ttl) ~ -i (illa!cH)![l + (b!a)2]
zo yg

and. consequently

* . 2 -1
¢ ! U = £c

H
[1 +(b / a) ]}

zmax ygmax

From Eqs. (22) and (24) it is found that

This expre ssion for ta incorporates the aspect ratio of the foundation

and differs from the expression used by Newmark (t
a

= 2a/cH ) •

25
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Substitution from Eq. {25} into Eq. (21) leads to

e /2a = 2a. [1 + {b/a}] (fya)
x 1 + (b/a)2 cH

(26)

This expression can be used to calCulate the equivalent 'accidental' eccen-

tricity after an estimate of the equivalent phase velocity c
H

has been

obtained. An alternative form can be obtained by use of Eqs. (23) and

(26). The resulting expression is

e /2a
x

.. ~,

l ] a¢ (f!)
~ 2(1 (2a) 1 + {b!a~ zo y

TT 0 l+(b!a} U (m)yg y a =b =20 m
(27)

where a is in meters and f.lJ =2rr f • Numerical values for the last
y y

factor appearing in Eq. (27) are shown versus frequency in Fig. 8.

Based on Eq. (27) and on the results shown in Fig. 8 it is possible

to estimate the equivalent accidental eccentricities for different struc-

tures and different epicentral distances. For example, the equivalent

accidental eccentricity for a symmetric structure with f =5 Hz and
y

a =b = 20 m located at an epicentral distance of 10 kIn from a source at

a depth of 5.5 kIn (Model I) would be e !2a = 0.053. Finally, in the
x

unlikely situation of an epicentral distance of 1 km and a shallow source

at a depth of 1 kIn the equivalent eccentricity would be e /2a = 0.07.
x

It seems, then, that an accidental eccentricity of 5 percent is sufficient

to cover for the effects of wave passage for structures with fundamental

frequencies lower than 5 Hz and foundation lengths in the direction of

propagation (2a) less than 40 meters.
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EFFECTS OF WAVE PASSAGE ON THE VERTICAL
AND ROCKING RESPONSE

The effects of wave passage on the vertical and rocking response

of a rectangular foundation of half-width a = 20 in the direction of propa-

gation are illustrated in Fig. 9. In particular, the amplitude ratic~:

IU* IV I and 'a~ ~:< tu I are shown versus frequency in Figs. 9a, b
zo zg yo zg

and c for epicentral distances r = 1, 10 and 50 km, respectively. The

results presented correspond to sources located at depths of 1 and 5.5 km

in the geologic structure described by ModelL The results shown in

.. *
Fig. 9 indicate that the vertical response of the foundation, U (w) is

zo

only slightly lower than the vertical component of the free-field motion,

00

U «(I). For a source at a 5.5 krn depth the reductions associated with
zg

filtering amount to less than 5 percent. Slightly higher reductions are

obtained for a shallow source (z = 1. 0 kIn) at epicentral distances shorter
s

than 10 krn. For very short epicentral distances and very shallow sources

(r = 1 krn, z = 1 krn) the reductions are of the order of 15 percent at
s

20 Hz. The effects o{wave passage on the U component of motion are
xo

equal to those for the vertical component as indicated by Eq. (17).

The vertical component of the free-field motion, ij «(I), induces
zg
.. *

a small but still significant rocking component of motion, ¢ (w). As
yo

illustration, at a frequency of 20 Hz and for a foundation of half-width

a = 20 m, the vertical motion induced by rocking on the perimeter of the

*foundation, a(6 , amounts to 40 percent of the vertical motion in the free-. yo

field (r = 10 - 50 krn, z = 5. 5 km). Larger rocking components are
s
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Figure 9. Effects of wave passage on the vertical (ordinates on the left)
and rocking (ordinates on the right) response of a massless
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(b) and (c) correspond to geologic model I and to epicentral
distances r =I, 10 and 50 km, respectively.
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induced by extremely shallow sources (z '" 1 kIn) at short epicentral
s

distances (r .-..J 1 - 10 km) as shown in Figs. 9a and b.

To estimate the effects of rocking of the foundation on the struc-

tural response it is convenient to recall that the contribution of the first

mode to the relative horizontal displacement of a superstructure sub-

jected to translation U «(I) and rocking ¢ (w) of its base is propor-
xo yo

tional to the function

K:I(W) = 13
1

["5 (m) + YIH~ (m)]xo yo

where H is the height of the structure, 8
1

is the participation factor

(28)

and Y1 is a modal parameter that in most cases has a value of approxi-

mately 0.7. The contribution of the first mode to the base shear force

and overturning moment is also proportional to l( 1. If the effects of soil-

structure interaction are neglected. U and ¢ can be approximated
xo yo

.. ~~ .. *
by U and ¢ • i. e. by the response of the foundation in absence of

xo yo

the superstructure. In this case Eq. (28) can be written in the form

(29)

Neglecting the small reduction of the horizontal motion of the foundation

and using the standard value of 0.67 for the ratio of vertical to horizontal

component of motion in the free -field leads to
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(30)

where a must be in meters.

•• ~c ••

By use of Eq. (30) and Figs. 9a, band c, in which la~ (w)/U (m)1. yo zg

is shown versus frequency, it is possible to estimate the effects of rocking.

For example, for a typical containment structure in a nuclear power plant

(a =20 m, Hla = 3 and fixed-base natural frequency f = W 12TT = 5 Hz),
1 1

the quantity within brackets in Eq. (30) takes the value 1. 20 for a source

at r =10 km and z =5.5 krn. In this case, rocking of the foundation
s

leads to a 20 percent increase in response of the superstructure. In the

unlikely situation of a shallow source (z = 1. 0 km) and short epicentral
s

distance (r =1 - 10 krn), the effects of rocking would lead to a 30 percent

increase in the response of the superstructure.

The ratio Ia¢ * 1'0 I for a source at r =10 krn and z =5. 5 krn
zo zg s

can be approximated by O. 14 (f/5)(a/20Ji. For multistory buildings, the

fixed-base natural frequency f (in Hz) ranges from 40/H to 801 H where

H is the total height·in meters. With these approximations, the term

within brackets in Eq. (30) can be found to lie in the range from 1. 03 to

1. 05. In this case, the effects of rocking would increase the response by

less than 5 percent.
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CONCLUSIONS AND DISCUSSION

It has been shown that it is possible to represent the free-field

motion over a small region of the ground surface by the motion at a refer­

ence point within the region and by two "equivalent" frequency-dependent

phase velocities. Sufficient information is available to estimate the fre­

quency content of the motion at a point for a given magnitude, epicentral

distance and type of soil condition. The "equivalent" phase velocities can

be calculated from knowledge of the geologic structure, epicentra1 distance

and source depth. The resulting model of the free-field motion, while

preserving the most important characteristics of the ground motion, is

simple enough to be determined by the information and analytic tools avail­

able. The model circumvents a more refined decomposition of the free­

field motion in terInS of different types of waves but is sufficiently general

to account for the main effects of wave passage on surface foundations.

The estimates obtained for the effects of wave passage on extended

rigid foundations indicate that the filtering effects on the translational

components of motion are negligible for frequencies lower than 5 Hz. The

filtering effects increase with frequency but become significant only at

short epicentral distances from extremely shallow sources. The torsional

response induced by the effects of wave passage while small is more pro­

nounced. At a frequency of 5 Hz, the tangential motion on the perimeter

of a square foundation of half-width a = 20 m can be of the order of 10 per­

cent of the amplitude of motion in the free-field. It has been found that the
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Uniform Building Code requirement of a minimum "accidental" eccentricity

of 5 percent of the larger plan dimension is, in general, adequate to cover

for the torsional effects of wave passage on symmetric structures. Excep­

tions are the cases of stiff structures (translational frequencies higher

than 5 Hz) supported on foundations with lengths larger than 50 m. At short

epicentral distances from extremely shallow sources it is also possible to

find equivalent eccentricities higher than the minimum recommended by

Code.

The effects of wave passage induce a small but significant rocking

response component. At a frequency of 5 Hz, the vertical motion, induced

by rocking, on the perimeter of a foundation of half-width a = 20 m can be

of the order of 15 percent of the amplitudEl of the vertical component on the

free-field. For flexible multistory buildings the increase in translational

response of the superstructure caused by rocking of the foundation amounts

to less than 5 percent. For stiffer structures, such as the containment

building in nuclear power plants, the increase in response of the super­

structure associated with rocking ranges from 20 to 30 percent depending

on epicentral distance and source depth.

The effects of wave passage described above are based on estimates

of these effects in the neighborhood on the fundamental frequencies of the

structures considered. The higher modes are affected to a higher degree.

The response of equipment mounted on structures may be sensitive to the

higher frequency components of motion and requires a more complete

analysis.
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The estimates of the effects of wave passage obtained in this study

should be considered as lower bounds of the magnitude of these effects.

Several of the simplifications introduced tend to reduce the importance of

the effects. In particular, the effects of the embedment of the foundation

have been ignored. For embedded foundations the filtering of the transla­

tional response is more pronounced while the rocking response is aug­

mented. The use of a horizontally layered model for the propagation

medium tends to increase the estimates of the "equivalent" phase veloci­

ties resulting in a reduction of effects of wave passage. Heterogeneities

in the real propagation path act as shallow secondary sources leading to

lower "equivalent ll phase velocities and more pronounced wave passage

effects. The effects of embedment of the foundation can be analyzed by

extending the representation of the free-field motion to account for varia­

tions width depth.
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