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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER'’s research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

®

Existing and New Structures
Secondary and Protective Systems
Lifeline Systems

Disaster Research and Planning

&

°

@

This technical report pertains to Program 3, Lifeline Systems, and more specifically to water
delivery systems.

The safe and serviceable operation of lifeline systems such as gas, electricity, oil, water, com-
munication and transportation networks, immediately after a severe earthquake, is of crucial
importance to the welfare of the general public, and to the mitigation of seismic hazards upon
society at large. The long-term goals of the lifeline study are to evaluate the seismic performance
of lifeline systems in general, and to recommend measures for mitigating the societal risk arising
tfrom their failures.

From this point of view, Center researchers are concentrating on the study of specific existing
lifeline systems, such as water delivery and crude oil transmission systems. The water delivery
system study consists of two parts. The first studies the seismic performance of water delivery
systems on the west coast, while the second addresses itself to the seismic performance of the
water delivery system in Memphis, Tennessee. For both systems, post-earthquake fire fighting
capabilities will be considered as a measure of seismic performance.

The components of the water delivery system stady are shown in the accompanying figure,
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Program Elements: Tasks:

Wave Propagation, Fault Crossing

Analysis of Liquefaction and Large Defarmation
Selsmic Hazard Above- and Under-ground Structure interaction
Spatial Variability of Ground Motion

§ Scii-Structure Interaction, Pipe Response Analysis
Analysis of System Statistics of RepairDamage

Response and Vulnerabifity Post-Earthquake Da:ait Gathering Procadure

Laakage Tests, Centrifuge Tests for Pipes

¥

Post-Earthquake Firefighting Capablity
Serviceability Systern Reliabiiity

Analysis Computer Code Development and Upgrading
Verification of Analytical Results

B

¥
Risk Assessment Mathematical Modeling
and Societal impact Soclo-Economic impact

In this study, an approach for the analytical solution of wave propagation in three-dimensional
solids has been extended to a half-space subjected to finite dislocation representing fault rupture
from an earthquake. With specified rupture area and dislocation speed, analytical solutions of
the ground motions at the surface, or near the surface, at specified distances from the rupture
are calculated. Using the results at specific ground surface stations obtained analytically for a
given set of source parameters, appropriate transfer functions can be obtained through time-
dornain system identification techniques to represent seismic wave transmission between the fault
rupture and ground station. This should then permit a definition of spatially varying ground
motions useful for lifeline studies.
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ABSTRACT

A hybrid deterministic and stochastic method is developed to estimate the
spatial variation of seismic ground motions which is necessary for the analysis and
design of lifeline systems. An analyucal mode! for wave propagating through a
three-dimensional half-spacs is first proposed to evaluate the ground responses.
The inccherent slip over a fault plane is then represented by an autocorralation
funcrion of the dislocation velocity, from which the source motion is modeled as a
random process specified by a power spectral density function. To separate the
path effect from the source effect, a multi-degree-of-freedom system is chosen as
the “substitute system” which is characterized by the equivalent transmission
effect to the deterministic wave propagation model. The frequency transfer
function of the substitute system is obtained through system identification. With
the resulting transfer function of the system and the given power spectral density at
the scurce, the power spectral density of absolute and differential ground motions

can be estimated.

The results obtained through the model are compared with the field data
from an actual earthquake recorded at a dense strong motion array. The analytical

results should be applicable for the seismic response analysis and design of

pipeline systems.
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SECTION |
INTRODUCTION

1.1 Introductory Remarks

The spatal varaton of seismic ground modons is necessary for ths proper
design and analysis of lifeline sysems. Lifeline systems, such as oif and gas

pipelines, water diswibudon sysiems, as well as cormunicaton and transpararion

-

nevworks, offer varying nesds for a modern city. Once their performance are

.
i

v
(@]
=

interrupted during an earthquaks, the influence to the safecy and heald
public could be very significant.

Crne obvious differance of a lfeline from buildings is that its length is much
greater than its other dimensions. Therefore, the seismic excitations along the axis
of a lifeline should not be cansidersd w be coherent modons. Sincs the incoherenc
excitations generate the diffzrendal maten betweszn any two points along the
pipeline axis, it is of particular conesrn to invesdgate the damage at the joints

caused by the reladve ground modons.

To study the out-of-phase seismic ground modons, the cbservatons fom a
dense array of swong motion seismographs are nesded. The SMART-1 (Swong
Moticn ARray in Taiwan) provides this oppormunicy. The array consisted of 37
triaxial accelerometers configured in three concenoic circles of radii 0.2 km
(Inner), 1 km (Middle), and 2 km (Curter). Thers are twelve equally spaced
starions numbered 1 through 12 on each ring and one cenmal station named C00.
This specially installed array presents much informaton of the spadally varying

seismic ground moetions.
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The spadal variaton of the seisrmmic ground modons recorded by the
SMART-1 array has been extensively analyzed, for example, by Loh, er el. (1983),
Harada (1984) and Loh (1985). The evaluadon is endrely based on the field data.
In particular, the focal mechanismn of an earthquake {rom which the recordings are

generated is not considered, and thus the results are applicable only for a specific

earthquake.

For the purpose of presenting a mode! to study the general spadal variation
of ground moticns from an earthquaks  an analytcal modsl o simulata the focal

mechanism is requirad. Such a model should account for the rupture process at

the source and the wave propagation through the semi-infinite soil medium.

Sirnilar amempts have besn made by Zerva, er al. (1983) as well as Suzuki
and Kiremidjian (1988) when both the stochastic rupturs process and the wave
propagation were combined wgether either to investgate the spatal variadon of
ground motions or 0 estmate the seismic hazard. Zerva, er al. (1983) used an
anti-plane shear plus a plane-srain model to simulae the three-dimensional
problem.  Suzuki and Kiremidjian (1983) adopted the normal mede method o
evaluate seismic ground motons; because no radiation conditon at infinity was

considered when the normal modes were calculated, an empirical amenuaden

factor was needed in this approach.

1.2 Objectives and Scope

The objective of this study is to develop a three-dimensional analydeal model

to determine the characteristes of seismic excitadons perdnent to lifelines. The
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seismic ground motons are expressed in stochasde terms, such as power and cross
specral density functions of the differental moton, To achieve this goal, the
faulting at the sourcs is described stachastically and the transmission through the
soil is substituted by an N-degree-of-fresdom system whose output is equivalent to
the wave motions obuained through a theoretical 3-D wave propagation soluton in

a half space subjected to0 a specified rupture process at the focus.

The spaually varying ground motions are then used zs the seismic mpUT to a
pipeline to investgate the maximum differendal displacerments across the joints

represented in terms of the differendal response spectra.

The validity of the analytical results are exzmined using empirical results

from field recordings, specifically the SMART-1 array.

1.3 Organization

I Section 2, several models for simulatng ground motdons induced bv
2 -
earthquakes are reviewed. The Haskell kinemadc dislocatdon moede!l is then

described and the analytcal ground motons in the wansform domain is obtained

for a general fault with an arbitrary dip angle.

Section 3 presents the analytical ground motions in the time domain.
Inversion of the Laplace wansform presemed in Section 2 is performed with the
Cagriard-de Hoop technique. To validate the resulting soludons, the displace-

ments obtained with the model for a vertcal fault are compared with those
obtained by other methods.
An expiicit form is proposed i Section 4 for inwoducing the randomness at

the source. The wave wansmission effect is simulated by a substitute systemn, with
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parameters cbtained through system idemtificador. On  this basis , nuwmerical
solutions are obtained to simulate an earthquake (Evenr 5} recorded by the
SMART-1 array. The results, in terms of the power specmal density of the

ahsolute and differendal modons, for this earthquake are evaluated and compared
with those oburined from the corresponding fleld data.

Discrets models of pipelines subjected w axial and lateral ground motaons
are inoduced in  Section 5. Pertinent maximum responses of the pipeline
predicted with the anzlytical ground motion modet are compared with correspond-

ing results obezined for the ground motions recorded in Event 5.

Finally, Section 6 przsents the summary and major conclusions of the

current study.

1.4 Summary of Notations

A... B=. Cagniard paths in the complex a- and §-planes, respectvely
B, B base displacement and velocicy of subsdtute system, respectively
s b: P- and S-wave slowness, respectvely
Cs. circular paths in the complex plane
Coy Cs dampings of joint and soil, respectively
D, D dislocaton and its velocity, respectively
Dy final dislocaden
D..  recsiver funcdons

E error funcron

F,, F, Laplace wansformed elements for arm oblique faule

Fau ground axcitations to discraee pipeline sysiems
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4
&a s

H H
k, k.
Iy Js
k!
k3

k

2

source time function

phase functions of P- and S-wave, respectively
phase functons for local system (fault)
Heaviside step funcdoen

frequency wansfer functons

bmpulse response functions

Jacobian determinants refated w P- and S-wave, respecuvely

correlation length

correlation ume

stiffnesses of joint and scil, respectively

fault lenigth

separation distanics of pipe segments

local magnitude

lumped rmass of pipe segment

Rayleigh function

distance from a station w0 the cormer of a fault
reflection ceefficients

amplitude of positen vector in xy plane

source functons of P-, SV- and SH-wave, respectvely

source functons of P-, SV- and SH-wave, respectively

power or cross spectral density functions
Laplace transform parameter

sigma function

rise drre in linear ramp-time source function



ti, b

Lir

glpw Lig
Pam, T3k
tz,m f2s
U3p. B3s
Uy, iy, Uy

EEX: E}v -

21,23

Ad, Av, Ag

duration of spreading rupture

initial and final times of a record, respecdvely
arrival time of conical head wave

arrival time of spherical P- and S-wave, respectvely
arrival ume of plane head wave

arrival tme of comcal P- and S-wave, respectvely
arrival time of cylindrical P- and S-wave, respectively
displacement components

Laplace tansforms of displacement componeris
rupture velogity

P- and S-wave velocities, respectively

fault width

coordinates of global system (half-space)

coerdinates of local system (faulc)

axial and transverse ground motions at supports, respectvely
axial and wansverse displacernents of pipe segments, respectively
depth of shallowest edge of a fault

generalized displacements in discrete pipeline system

differential ground displacement, velocity, and acceleration,

respectively

differential axial and transverse displacements between pipe
segments, respectively

dip angle
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A ratio of &, to k, (also ¢, to ¢p)
Haur, Oau,  mean value and standard deviation of maximum differental
displacement between pipe segments, respectively
Wo. 1,2 3 natural frequencies in discrete pipeline system
w., w. natural frequencies in multi-degres-of-freedom systern
@, ¥, ¥ 1. Lame potential functions

Y 2. spatio-tamporal autocorrelation functicn of dislocaton velocity

¢:,2  elemens in modal shape vectors

@., ¢ partcipation factors in mult-degree-of-freedom system

2.,  Cagniard paths in the complex ¢-plane
oy, 05  poles in the complex o-piane
6 1. argument of position vector in xy plane
2. rotation of pipe segment

&, 7, & & global Fourier wansform parameters
£ 7. &, L  local Fourier wransform parameters

£a,1,2,3  damping rados in discrete pipeline system

£., £ damping ratios in multi-degree-of-freedom system

[C] damping matmix
[D], [D‘] global and local receiver function matrices, respectively
{D'] modified receiver function matrix

[KJ stiffness matrix
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]
[7]
{e}
{2}

—

ff'":'

)

mass matrix
coordinate transformation matrix
ground excitations to pipelines

modal shapes

Fourter ransform of a functon f
double Fourier transform of a function f

one-sided Laplace transform of a function f
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SECTION 2

ANALYTICAL GROUND MOTIONS IN TRANSFORM DOMAN
2.1 Review of Earthquake Source Models

Seismologists generally agres that earthquakes {(particuiarly shallow earth-
quakss) are produced by z sudden ruptire in the eard’s crust caused by the
swain initated at a point on 2 geologic faule. The rupturs

release of aczurmulated sorain

spreads over the fault surfzcs and shearing motons develog behind the rupture
due tc the lick of sufficient swain energy, and the ensuing shearing modons
tiroughcut the source region czases. Anocher rupturs might Start again at some
otier point on the fault surfacs. To theoredcally represent such an earthquaks
sourcs mechanism, dislecagon fauit models, in which an earthquake is inidated by

a discondnucus displacsrment on z fault plane, have besn inwaducsd. Such

dislocazion models may be divided into kinematc and dynamic models.

Far fully dynamic dislocadon models, the slip within 2 crack has to be
esumated as a functdon of the swess drop (the pre-existing tectonic shear stress
minus the dynamic fricdonal swess) and the velocity of the crack boundary is
governed by a fracture criterion (swess-intensity factor, energy release rate, or

maximum swess). In other words, the sress drop is considered as the driving
farce of an earthquake rupture and the modon of the rupwre front is then

determined by cermain physical refadons betwesn swess concanoadon and materal

strangth.



Because of the lack of information regarding swress drop and material
strength, the slip has frequently been specified empirically. In kinematic disioca-
tion models, the final slip is often assumed tw be constant over a fault and the
evolution of the rupture front is modeled as a unilateral or bilateral modon of a

disiocation with a constant velocity.

There have been many investigadons on determining the seismic source
parameters from the analysis of observed records and the prediction of ground
motions excited by a simplified source mechanism through an idealized mediwum.
The analyses of seismic ground motions using various source models and the

methods of solution can be classified as fellows:

(1) Disiccation model
(a) Type: stike-slip or dip-slip,
(b) Length of fault: infinite, semi-infinite or finite,
(c) Shape of rupture front: rectilinear or curvilinear,
(d) Siip functicn: kinematic or dynamic.
(2) Medium
(a) Dimensicnality: 2-D anti-plane shear, 2-D plage strain or 3-D,
(b) Region: full-space or half-space,
(¢) Property: uniform or layered.
(3) Method of solution
(a) Green's function,
(b) Equivalent body force,
(c) Generalized ray theory,
(d) Cagniard-de Hoop,

{e) Self-similar potential,

2-2



{f) Discrete wave number,
g) Mixed boundary mregral equation,
{h) Finite difference.

An extensive literature review can be found in Luco (1986).

Strictly speaking, the motions at the ground surface generated by an
earthquake of fault rupture origin involve wave propagations inm a three-
dimensicnal half-space. The three-dimensional problem has been approximated by
two-dimensional solutions; namely an anti-plane shear plus a plane-strain soludon
(e.g., Seyyedian-Choobi and Robinson, 1975). The ant-plane shear model in a
half-plane corresponds to a swike-slip rupture, whereas the plane-strain model
leads to a dip-slip motion. In both meoedels, the responses are independent of the
cocrdinate in the out-of-plane cirection. In other words, such an approximation

implies the assumpton that the rupture surface is infinitely long.

Comparisons of two- and three-dimensional solutions in infinite media have
been presented by Boore and Zoback (1974) and Geller (1974). Boore and Zoback
(1974) compared the thres-dimensional solution of Haskell (1969) for a vertical
strike-slip fault with a solution for a two-dimensional gliding dislocation model of
finite length and concluded that, for near-field stations, the wave forms may be
insensitive to the rupture length, but the amplitudes of the motons are not. Geller
(1974) conducted similar comparisons and found that both solutions are almost

identical until the arrival of the P-wave from the edge of a three-dimensional

rupture of finite length.

In earlier studies, the effects of the free surface were approximated by
doubling the amplitudes resulting from the response of a fuil-space. Anderson

(1576) found that this approximation is valid only for the case when the angle of
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incidence at the staton is less than a specified value. In addition to the above
restriction for amplification of waves, the other major deviations arise from the

appearance of the Rayleigh and head waves in a half-space.

As for the method of solution, the mmesis of Gresen's functions is the most
common approach to evaluate the ground motions caused by a fault dislocation,
because the formulation of the response is swaightforward as long as the Green's
functions are available. However, formidable numerica!l efforts are required in
evaluating the Green's functions and the resulting convoluticn integrals. In
general, the response obuained by this approach involves a spatial integral of the
point source solution over the whole fault plane either directly in the time domain
(Kawasaki, 1975; Anderson, 1976; Harzell, er al., 1978) or in the frequency
domain followed by the necessary Fourier inverse transform (Levy and Mal, 1976).
Luco and Anderson (1983) adopted the equivalent body force representation to
calculate the ground responses in the wansform domain, in which the dislocation
over a fault plane was converted to a set of equivalent body forces using the
representation theorem introduced by Burridge and Knopoff (1964); the responses
were then obtained by solving the inhomogeneous wave equations subject to the
homogeneous boundary conditions at the fres surface. A detailed review of the
generalized ray theory can be found in Pao and Gajewski (1977). Basically, the
Laplace transform response is expressed as the sum of several terms in this
analysis. Each term represents the contribution from a particular ray and contains
only the product of a source function, a receiver function, and a phase term. Chen
(1981) used the generalized ray theory to analyze the ground responses induced by
a.nompropagating dislocation fault. Furthermore, each ray can be evaluated

directly and exactly by applying the Cagniard-de Hoop technique (de Hoop, 1960}



to obtain the ground r:<ponses in the time domain. Madariaga (1978) proposed
the same technique to invert the transform and found an exact solution of
Haskeil’s model in an unbounded medium. The applicaton of the generalized ray
theory is as swaighdforward as that of the Green’s functons; morecver, the
application of the Cagniard-de Hoop technique reduces the compurtational efforts
significantly.

There were also approaches to analyze the wave field inducad by an extended
fault embedded in a layered half-space. One of these is tc represent the response
in the frequency domain as a double integral over the two horizonal components
of the wave number. Bouchon (1579} inwoduced the discretization over the two

wave numbers in an elaste wave fleld.

For dynamic dislocation models, Das (1980} presented a method of =ixed
boundary integral equation to determine the dispiacememnts and swesses oo the
crack plane for a three-dimensional dynmamic shear crack of arbiwary shape
propagatng in an infinite medium. A finite difference technique developed by
Virieux and Madariaga (1982) was adopted for dynamic shear cracks and a
maximurn swess criterion was used to determine the rupture propagation.
Achenbach and Harris (1987) applied dynamic fracture mechanics to analyze the

strong ground motlon excited by subsurface sliding cracks.

A. threa-dimensional kinemartic dislocaton model in an elastic half-space will
be presented in this study to simulate an earthquake and the resultng ground
motions. Similar models were proposed by Chen (1981) as well as Luco and
Anderson (1983). Chen (1981) considered the rupture velocity to be mfinite,
whersas, in Luco and Anderson (1983), the rupture front is initiated ar infinity so

that the results are applicable only for near-field ground motions. To be more
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realistic for determining the spadal variability of ground mouons, the source
mechanismn of an earthquake is modeled by a shear fault of the Haskell type

(Haskall, 1964) with finite length and finite rupture velocity.

2.2 The Haskell Model

The Haskell model is the earthquake sowrce model most widely used for
simulating seismic observatons (Haskall, 1964, 1969, Ak, 1967, 1968, Kawasak:,
1975 Andarson, 1976; Geller, 1976, Isrzel and Kovach, 1977, Madariaga, 1978,
Bouchon, 1979: Tanimoto, 1982; Yeh, er af, 1983). Trs mode!l assumes &
rectangular fault of length L and widih W as shown in Fig. 2.1. A dislocation line
over the width W appears at one edge of the fault plane and propagates at a
constant rupture velocity v untl it suddenly stops at the other edge. The slip may
be longitudinal (along the directon of rupture propagation) for the case of a
swike-slip fault or wansverse (normal to the direction of ruprure propagaten) for
the case of a dip-siip fault. The dislocation amplitudes are assumed t be identcal
across the width in both cases. At the end of the rupture process, a constant
dislocation rermains on the source area. The Haskell model is also adopted in the
present study. Firsy, the analyucal ground motions in the Laplace tansform
domain excited by a horizontal Haskell fault are obtained. Then the resuits are
extended to the case of a general fault with an arbiary dip angle. The resulting

ground motions in the time domain are discussed in Section 3.

2.2.1 Horizontal Fanlt

Assume a horizoncal fault at a depth of z=z;. For the case of a suike-slip

fauic, the boundarv conditcns on the fault plane are

[
1
3



t=0 t< iy P= Liv

Figure 2.1 Shear Dislocation in a Rectangular Fault
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(5,3, = 22 sgnlz =20) ) [HO) - HO - W)]

@ [H(x) - {H(To - &) H{x - vt) + H(r - Ty) Hix - L)}, (2.1)
u(x,y,2,1) = 0, 2.2)
Tz v 20 = 0 (2.3)

whereas for a dip-shp faulg,

u(x, v, 2,0) = 0, (2.4)
4(5.7.5,) = 2% 530z ) 1) [H) - Hy - W)

o [H(x) - H{To - ) Hix - ve) + H(z - Tp) Hx ~ L)}, (2.5}
(X, y,2,8 =0 (2.6)

In the foregoing equations,
Dy = the magnitude of the dislocation,
sgn = the sigma functon,
f = the sourcs time functon,
H = the Heaviside step function,

Ty = L /v = the duraton of the spreading rupture.

In the following sections, the ground motions excited by a strike-slip fault are

described In detail. Results for a dip-slip fault are listed, where necessary, for

reference,

After expanding Eg. (2.1}, i.e.,
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Hx) - {H(To - 1) Hx-vt) + H{t - Ty) H(x - L)}

= {H@) - Hlx -}~ H(e - To) (5(x - L) - Hx - v)}, 2.7

the total field response (f7) may be written as the superpasition of the fisld
response (f9) for four identical quadrantal dislocations shifted in space and tme,

as shown in Fig. 2.2, e,

Flap 2t = fLy 00 - Y y- W2, 0 -Hie-Ty) fhx - Ly, z,t — To)
+HE-To) fXx - Loy~ Wz, 0= Ty), (2.8)

where f¥ is the response subject o boundary conditions (2.2), (2.3), and

Dy
ES

3

i

sgn(z - 7o) fit) HO) [Hx) - H(x - vr)]

ulx,y,2,1)

- 22 sgn(z - 2) ) H() HO) H(e-5). (2.9)

By applying the Helmholez decomposition, the wave equatons are

Vi Vi = ¢, (2.10)
2 Vi = 7 (2.11)
v Viy = 9, (2.12)

where ¢, ¥ and ¥ are the potental functions corresponding to P-, SH- and

SV-wave, respectively; v, and v, are the P- and S-wave velacities, respectively.

In order tw solve the wave equation, e.g., Eq. (2.10), the one-sided Laplace

transform over ¢ and the double Fourler wansform over x and y are emploved. The

corresponding transform pairs are
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@&

o(x,9,2,5) = jcﬁ(x,y, z,8) e ds, (2.13)
o
1 pry 2
¢z, y,2,10) = 5 f olx,y,2,5) " ds; (2.14)
and
(—)EFF(‘;:V 7,2,5) = f j o(x,v. 2,5 g (iSxriny) dxdy, (2.15)
Pl y.2,5 = 4; f f & 7, 2,5) 8D ddny; Z.16)
where:
s = the Laplace wansform parameter,

B, = the infinite Bromwich line,

&, 77 = the Fourler transform parameters.

By solving the transformed wave equations with the quiescent inital condi-
ticns, the radiation conditions at infinity and the boundary conditions on the fault

plane, the transformed potential functions are

L= B <]

f f Sp(§.7.5) e oiz-selbeom) deay, (2-17)

- - G

.y, 831“23;
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8thes

- ) = O3

. y,2,8) = Do) { f Su(&, g, 5) e Gsleanl-idaim) g

i

Pz, y,2,5 = Dgffs) f f SAE, 7.5} e ~t(Zelz-zol~i&a-imy} gEdn

Sbie

PO -

where:

F(s) = the Laplace wansform of the source dme function fU4),
§ =5+ j=p s

bj ;1/\)}, j-—:p,S

(2.18)

(2.15)

The thres source funcdons Se Sy and Sy, which are related two the wansformed

Lame potential functions in a full-space as shown in the preceding equations, are

completely determined by the specified source mechanism, Le.,

conditions on the fault plane, and can be expressed as

f | { %
Sp(§.7,5) 2i§
N -EE+E )
4 Sv(gv ﬁrs) % — l?](lé: *i‘*b) < ECJ(EE 'i‘??‘z) ? 9
- ibin
Sul&.m.3) Eir
L J L ¥

for a swike-slip fault, and

the boundary

(2.20)



¢ 3 g 3
SpE m9) 2in
1 -G+ 8+ 1)
| M) wE | TaE s | 221
3 ’
SH(gv 3755) ;
\ i \ Fer )

for a dip-slip fault, in which & = 1/v and € = -~ sgn(z - zq).

The displacemnent components are the spatial derivatives of the potential

funcrons, i.e.,

: 2
U, = E?—i-%wi?-—, (2.22)
gx gy dxoz
2
y o 9 & o (2.23)

7 8y ax ayer’

2 2
b= 2.5% 2% (2.24)
8z ox gy

With Egs. (2.17) through (2.19) and (2.22) through (2.24), the transformed

displacement is

o;(x, v, 2,5 = Dofts) f f [ Sp Dyp e~

&b}

+ (Sy Duw + SDu) e | didy, (2.25)

where:
subscript { = %, y or 2,
D,.; =the receiver function, J=P V, A,
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g =Cle~zl-ix-iy, Jj=p, s

The receiver functons relace the Lame potentials to the desired responses at the
field point in the full-space. The physical interpretation of Eq. (2.23) is thar the
transformed displacement at a receiver contains the three types of waves generated
at the source multiplied by the corresponding receiver functions, which account for

the wave propagation effects in the Fourier ransform domain. The matrix form of

Eq. (2.25) is

Sp(5 ;5 e
SAE n.5) e} dEdy,  (2.26)

| Su( s e |

T(x,y 25

v (02,8 T

I{x, v, 25)

in which the source functons are given in Eq. (2.20) or (2.21), and the receiver

function mamix is

(2.27)

2.2.2 QOblique Fanlt

In the abave section, the source functions are obtained for a horizontal fault
plane and the receiver functions are valid for waves propagating through an
infinite medium. For waves propagating in a half-space, the free surface effect of

the ground should be considered. If the ground surface is taken as horizontal, the

source functions for an oblique fault is also nesded.

Fig. 2.3 shows the coordinate sysiem of the half-spacs, i.2., {x, y, 7), and the

2=14



[ 3]

Figure 2.3 Coordinate Systemns of Half~Space and Fault
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fault, i.e., (X', ¥, 2). The fault sirikes in the x’-direction, and the dip angle § is
measured from the horizontal plane. The slips in the x'- and y'-direcdons

represenc the suike-slip and dip-slip modons, respectvely.

The local coordinate system (X7, ¥, Z') can be wansformed to i global

coordinate system (x, y, z) through the following relation,

x X
y =[r¢y }, (2.28)
z-2a 7’

in which the coordinate wansformaton mamx [T] 1s dafined as

1 0 0
[TJ =| 0 cosd =~sind | (2.29)
0 sind cosé

o

The transforms for the displacements, in the global coordinates, are shown in

Eq. {2.26). In the present case, however, the source functdons are unknowri.

The transforms for the ground modons, in terms of the local coordinates, are

sirmmilar to Eq. (2.26), and may be expressed as follows,

[ 50 7.9 e
S n,s) ey didy,  (2.30)

| S'ad 7.9

EXJny'y), Z',S)

EACHRIR I

| T, y.7,)

in which g =07 ~i&'x ~in’y’, j=p. 5. The source and receiver functions are

LAY §

given in Eqgs. (2.20) (or (2.21)) and (2.27), respectively, but with the global



coordinates (x, y, z) replaced by the Jocal coordinates (x', y', 2'), the global
transform parameters (€, 7, {) replaced by the local wansform parameters (&, 7,

£, and € = -sgn(z).

With the equivalent phase functons, ie., §;=8. j=p, 5, the mansform

parameters are related also by

i i
it o=[1] 3 o} (2.31)
€ e'j

T, T
5t =[14{ g (2.32)
I, I

Substituring Egs. (2.26) and (2.30) into Eq. (2.32), the scurce functons corre-

spending to a general fault with an arbizrary dip angle d are determined by

Sp g S’p &’q’jg’ﬁ fp
(D]{ sve= 3 = [1][D]{ syewer §, (2.33)
Sy e S a e”’g'ff,

in which J; is the Jacobian

3E ok
Lo % o €y
e = | = e (2.34)
ot !
8



After lengthy manipulation of Eq. (2.33), the source functions for an cblique

Haskell fault can be given as follows:

rSPﬁ (2% ) f 2is
€6,
1 - 257 . - E(E: + £ v o)
Sy} = —= — 3} Sind + e cosd|, (2.35)
VT @D [ e \Te@D | ]
s b (& -1 - ibin
Y HJ L$CJ(§2+TT2)J \ &+ J
for a swike-slip fault; and
fSPW F M \ f 2y \
€5,
1 Erap | - in(Ei + & + 1)
Sy} rTTS -2 Y 5in28+ 2 cos26), (2.36)
1 in'(if"+b) [ & i €6:(&* +17°) ( ]
5 bign | bié
L 4 ge’;(&z * WZ)J 1 Ez + 772 ;

for a dip-slip fault.

To determine the ground motions excited by a wave propagating through a
half-space, the boundary conditons at the free surface, i.2., Tax = Tgy =Te = 0 at
z = 0, should be considered in determining the receiver funcdons. The resultng

receiver function mawix is modified as

i+ ERPP - ELRTY e, - BLRVERT 2y
[D7] = | in+mR-inkR? i~ intRY +inR? -2 |, (-37)
L LR L (E R E e+ @ PRV -LRT

in which R?®. R?Y, R'F, and RYY are the reflection coefficients, which represent



the ratos of the amplitudes of the reflected waves to those of the respective

inecident waves.

In Eq. (2.37), each elemert in the receiver function matrix contains contribu-
tons from both the incident and reflected waves. For example, as shown in
Fig. 2.4, when a P.wave is generated a¢ the source, the incident P.wave, the
reflected P-wave and the reflected SV-wave are all detected at the receiver, and
assembled in the first elernent in Eq. (2.37). For the reflected waves, the degres
of contribution to the displacement component at the receiver is determined by the
reflection coefficients and the original receiver funcrians, i.e., Eq. (2.27), which
are associated with the type of wave arriving at the recsiver. By substituting the
reflection coefficients in terms of the wansform parameters, the modified receiver

function matrix is then expressed as

~4iB7EG, G, - 2HC(E + E v P) 2R
(o] - ;]ég - 4ibinG,l, - 2Bl £ o) - 2iER |, (2.38)
~2036, (G + ) ~4BIGL(E + ) 0

where the Rayleigh function is
R = 4LLE + )y - (B + 8+ (2.39)

Finally, the wansforms for the ground modons excited by an oblique

dislocation fault are

SEmg e |
SWE n,5)eu p didy.  (2.40)

Su(5 n.5) 7%

a‘;(xa }’- O, S)

T,x, 90,5} =

Z:(x, 9,0, 9)
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= Receiver

Source

Figure 2.4 Incident and Reflected Waves at a Receiver
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Substituting Eqgs. (2.35), (2.36) and (2.38) into Eqg. (2.40), the wransforms for the

displacements become

Dofls)
10

{E(x, Y ’0'5)} T T3 f f {5’3‘_} el dédn, (2.41)

(i& +b)(incosd + §;sin §)R

ji=p.s

-]

where the vectors {F}} j = p, s, are summarized in Appendix A.

Inversion of the Laplace transform, Eq. (2.41), is necessary to obtain the

ground motions in the time domain.
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SECTION 3
ANALYTICAL GROUND MOTIONS IN TIME DOMAIN

3.1 Introduction

In the previous Section, Eg. (2.41) gives the Laplace wansform for the
analydcal ground modons. To obuin the responses in the tme domain, 2 special
inverse tansform method is needed. An effective method for this purpose is the
Cagniard technique (Cagniard, 1962). The main idea of the Cagniard technique is
o assign the phase functon in Eq. (2.41) to the time variable ¢ and then invert the
Laplace wansform by direct inspection. A wansformation was inwoduced by de
Hoop (1560) 1o simplify the Cagniard technique when two wansform parameters,
e.g., £ and 7 in Egq. (2.41), are involved. In fact, the assignment of g, or g; w0 ¢
represents 2 hyperbola, which is called the Cagniard path, in a compiex plane
after the de Hoop wansformation has been employed, and constitures a conwour
including the original imegral path in Eq. {2.41). In addidon to the Cagniard path,
the conmivutions from the poles within the contour and from the branch cut should
be included in evaluatng the integral of Eq. (2.41) by the residue theorem. The
exact inversion contains a sum of single integrals and algebrzic terms. Each term

conmributing to the ground modon is identified as a specific wave.

Consider a general term in Eq. (2.41),

T | slGomiE-imy)
f f L dgdn, (3.1)

Dy
Uz.3.0.9) = 5= (£ + b)(incos 6 + §sin )R

o T2 - O

iz=p.s
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where F; is one element in Appendix A and the Rayleigh functon R is given in

Eq. (2.39). After applying the de Hoop transformation,

¢

in which -0s8=x/r, sinf=y/r, and = =x"+y, Eq. (3.1) becomes

#

ig cosé - g siné,
ir sind + g cos b,

G:l

_ Dy 0 Fie ‘xfw} 3.3
Ufy()y “_'__1_ da. 3.

- - {cn

The mapping of §;zo + or 1o ¢t represents the Cagniard paths L4, or L=, in the
complex ¢-plane, as shown in Fig. 3.1. Also shown in Fig. 3.1 are the branch
cuts, the branch points, and the poles. By the residue theorem, the integration of
Eq. (3.3), which is taken along the imaginary axis of the complex ¢-plane, is
replaced by the integration along the Cagniard path plus the conwibudons from
any poles withinl the contour. No conwibutions from the circular paths Copor Cu;
are included as their radii tend to infinity. Two possible poles, oy and o7 in

Fig. 3.1, are located inside the contour. They are the roots of £+ 1/v=0 and

incosd + ;sind = 0, respectively.

3.2 Inverse Laplace Transform
3.2.1 Cagniard Path Contribution

Let Uy(x,v,0,5) be the contribution from the Cagniard paths, fLe.,
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o dCr

7 0 Do e E; - 3.4
1(53,0,9) = "é”;?j:p':j,[ (E+ ) (ncos 8+ GsmdR d“}i‘i" S

=f

g

After interchanging the order of integration, the inverse Laplace wansform of U
could be determined by directly inspecting the integrand. y(x,,0,) is a proper
single integral with respect w g, and its exact formuladon is listed in Eq. (B.1).

3.2.2 RBranch Cut Contribution

If the vertex of the hyperbola, Z .., is located on the right side of the branch
point associated with the P-wave, the Cagniard path Z 4, must be indented around
the branch cut, ie., Z£., as shown in Fig. 3.1. This case occurs when
r/Ry > b,/b,, and constitutes the other type of wave, namely head wave or

SP.wave. Let Uuisfx, v, 0,5) denote the contribution from this indented path, ie.,

r -9 F i‘f%i
Uiz, y,0,8) = z 2 j I:j E Do EandR dr] dg. (3.5
~a@ B a

The interchange of the order of the integraticn is also needed to take the inverse
wransform. The exact form of Upx(x,y, 0,8 is deseribed in Eq. (B.2).
3.2.3 Pole Contribution

Let U (x,7.0,5) and Us (x,y,0,5) be the conwibutions from the poles ¢ and
¢, respectively. For the pole gy being inside the contour shown in Fig. 3.1, it is

required that x > 0 and ¢° > g5,; in which



Then, the contributon from the pole ¢y is

"‘?dij

— D _ (g r)
T (5,9,0,5) = S%HE) 3 “ (c2m) —EDETE
R Py 5 (i cas 6 + £ sin 6)R
P i

[n=}

- s (Gzaronr)
+ j (~ 2em) «x( D Ee T dq]. (3.6)
(—T)(in cosd + §sind)R

Gayj

Let ¢ =i and apply the Cagniard method again to obtain Us (x,y,0,¢). Fig. 3.2
shows the Cagniard path Az; corresponding to the mapping of Jzp+ o =¢, the
associated pcles, the branch points, and the branch cuts in the complex ¢-plane
fory> 0 and v < ¢.. Fory <0, the contours are located in the left-half of a-plane.
It the case of the subsonic rupture, ie., v < €, no contributions from the poles and
the branch cuts are involved when the integraton paths of Eq. (3.6) is replaced by
the Cagniard paths As; because no poles are located inside the comtour and no

branch cuts intersect the Cagniard paths, as shown in Fig. 3.2. For the wransonic

and supersonic ruptures, the comtributions from the branch cuts should be
considered. The complete representation of (x,y,0,1), ie., the contributions
from the Cagniard paths As, and Az, and Uha(x,y,0,1), i.e., the conwibutions

from the branch cuts, are listed in Egs. (B.3) and (B.4), respectively.

The necessary condition for the pole ¢y lying within the contour shown in

Fig. 3.1 is that y > 0 and y' > 0. Therefore, the contribution from the pole g7 15
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' Dg (- ) F, g7 Cparor)

Us (x,v,0,5) = —=H{(VH{’ - 2m =t di .7

(53,0.9 = SSHY) (y)jwf( ) EToT @ 60
where

o2 8in é + §;sinfcos &

&

G =

Let ¢=-if and apply the Cagniard method once more. Fig. 3.3 shows the
Cagniard paths B, associated with the mapping of {izo+ 0o =t in the complex
f-plane for x > 0. The Cagniard path B, the indented path B.s, and the

corresponding branch cuts are shown in Fig. 3.3(b) only for the case of

by/bs > sind/ /1-cos?§cos?6. The various contributions from the indented path
B .5 for other cases will be included in the final formulation. Let Us(x,y,0,¢) and
Usa(x, y,0,1) denote the ground motions from the Cagniard path B, and the
indented path B4, respectively. These formulations are listed in Eqs. (B.5) and

(B.6), respectively.

3.3 Analytical Formulation

From the preceding sections, the ground displacement in a specific directon,

i.e., the inverse Laplace transform of Eq. (3.1), can be evaluated as

U(x,y,O,f) = U1+U1;,+U2+ Ug,q%U}*P Um. (38)

Each term in Eq. (3.8) is expressed explicitly in Appendix B.

Similar results have alsc besn obtained by Yeh, er af. (1988) and Wang

(1988). Comparing Eq. (2.41) with Eg. {3.1), the wansform for the ground
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displacement in the i-direction is given by

T{x,y.0,8) = fis) Uz, 3,0,5). (3.9)

Therefore,

1

u(x, v, 0,8 = f flt-7) Ulx,y,0,7) dr, (3.10)

o

in which f{t-1) is the source time function and U(x,y,0, 1) is given by Eq. (3.8).
Two special cases of the source time function can be identfied, for which the

ground motions may be obtained directly from Eq. (3.8) without the cenvolution

integral of Eq. (3.10).
(1) Step-time source function:

fo) = H). (3.11)

The Laplace wansform of such a source time function is

o) = =, (3.12)
5
Then, from Eq. (3.9),
2:(x,y,0,8) = Ulx, 30,0, (3.13)

where &;{x,y,0,t) is the ground velocity in the i-direction.

(2) Linear ramp-time source function:
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g, t < 0:
t/T, O<t<Ty (3.14)
1, 7.5

o)

[}

in which 7, is the rise dme. In this case,

1-¢=0r

st

As) =

and

Ulx,y.0,8) - H(¢~T) Ulx,y,0,t=T,)

= (3.16)

lji(xv Y, Or f) =

where 4;(x,y,0,1) is the ground acceleraton in the i-direction.

Eg. (3.10) gives the ground motion only for one quadrantal dislocation, as

shown in Fig. 2.2. The total ground moton generated by an oblique rectangular

fault is given by
ul(x,y,0,0 = ulx,y 0,6 zg) - w{x,y-Wcosd, 0, t; 20 + Wsin 8)

- H(t~To) ui(x-L,y, 0,1 - Tg; 20)

+ H{t - To) wi(x =L,y - Wcos 3, 0, t - To; 25 + Wsin 6), (3.17)

where ul(x,7,0,1) is the total ground displacement in the i-direction and
ui(x,y,0,t;20) is given by Eq. (3.10).

The rupture is assumed to propagate unilaterally along the fault plane, as
indicated in Eqg. (53.17). However, the principle of superposition may be applied
for the case of a bilaterally propagating rupture. Furthermore, the generalized ray

theory can be extended systemnatically to analyze the ground responses excitad by a

=11



dislocation fault in a layered medium. The validity of the analytical ground

motions is exarnined in the following case studies.

3.4 Case Studies

In order to investgate the difference berween the ground modons obtained by
the half- and full-space models, Anderson (1976) examnined the ground displace-
ments induced by a shallow vertical fault with either a strike-slip or dip-slip rupture
using the method of Green's function. With this method, a four-foid integral must
be evaluated approximately by a2 numerical method. One integral is associated
with the formulation of the Green's functions which are applicable to a point
source as developed by Johnson (1974) with the Cagniard-de Hoop method. The
other wiple integration comes from the Knopeff-de Hoop representation theorerm
(Burridge and Knopoff, 1964) for evaluating the response through the convoluton
of the dislocation and the Green’s functions with respect to one temporal variable

and two spadal variables.

In Anderson’s quadrature, several schemes were applied to reduce the
random and systematic errors, that may be introduced from the multiple numerical
integration. In contrast, only single integrals are needed in the current stdy, as
shown in Egs. (B.1) and (B.2). Therefore, the nurnierical evaluation in this study
should greatly reduce the numerical work and increase the accuracy of the results
relative to those of Anderson (1976). Moreaver, Uz, = Us = Usp = 0 in Eq. (3.8) for

the case of a verdcal rupture with subsonic rupture motion.

To appraise the correctness of the analydc formulation developed in the
present study, two cases from Anderson (1976) are used for comparison. The

schematic diagram of the station and the fault is shown in Fig. 3.4. In each case,
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two sets of ground displacements are evaluated for strike-slip and dip-slip motions,
respectively. Linear ramp-time source function and unilateral rupture are assumed

in both cases. The common values of the parameters are as follows:

P-wave velocity v, = 6 kmy/sec,
S-wave velocity v, = 3.4 km/sec,

Fault length L=25km,
Rupture velocity v = 3 km/sec,

Final dislocaton Do =1c¢m,
Rise time T, = 1 sec,
Station (x, ) = (7.5 km, 1.5 km).

Two different cases are examined with the following parameters:

Case I
Fault width W= 33 km,
Focal depth d =38 km,

Case II:
Fault width W=1.2 km,
Focal depth  d = 1.1 km.

An epicentral distance of 7.65 km is the same in both cases, whereas Case II

represents a shallow earthquake, in which the surface wave is dominant.

The comparisons are shown in Figs. 3.3 and 3.6, which demonstrate good
agreement between the two studies for different response components, types of
rupture, and fault locations. As mentioned in Section 2.1, the response of a

full-space was doubled to approximately account for the free surface effect. This
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approximation is not valid especialily for a shallow dip-slip fault, as shown in Figs.

3.5 and 3.6.

The effect of rise time - The rise time, T, to reach the final slip atr each
point in a fault plane during an earthquake is probably the parameter most difficult
to estimate. To investgate its effect, consider a vertcal square fault with
strike-slip motion. For simplicity, the fault length L and width W are assumed to

be equal to the focal depth d. A stwaton is located at a distance of 3d from the
epicenter, and the epicenwal direction is 30° from the fault orientation. Three
different values of the rise tme, i.2., T, = L/v, 0.530L/v and 0.23L/v, were examined.
The P-wave velocity v, is /3, correspending to Poisson's ratio of 0.23, and a
rupture velocity of v = 0.9y, is assumed. The results are shown in Fig. 3.7, where
the non-dimensional ground acceleratons, adz/Dav}, along and normal to the
strike direction versus the non-dimensional time, tv,/d, are plotted, in which a is
the ground acceleration and Dy is the final slip. From Fig. 3.7, it can be seen that
as the rise time decreases, the duradon also decreases whereas the peak accelera-
tion increases. For the limit case of T, = 0, ie., the case of step-tme source
function, large values of the ground acceleration occur when the dominant waves,

usually the S-waves, arrive.
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SECTION 4

ANALYSIS OF SEISMIC GROUND MOTIONS

4.1 Deterministic Analysis

4.1.1 The Event 3

On January 29, 1981 a large earthquake occwrred off the northeastern coast
of Taiwan. This evenrt, cataloged as Event 3, was feit throughour Taiwan and
triggered all 27 strong motion recorders in the SMART-1 array located 30.2 km
INNW of the epiceniter. The peak acceleration of 0.24 g is the largest acceleration
recorded Dy the array during its first four years of operadon. This event was
selected for comparison because its focal mechanism has heen well described
{¢.g., Abrahamson, 1985). It is probably the event, among other events in the
SMART-1 array, in which most informaton at the focus has been estmarad. In

fact, it is also the event whase recordings have most frequently been analyzed by

other investigators.

The seismic source of Event 5, ar a depth of 25.2 km, had a reverse
mechanism with unilateral rupture propagating almost from east to west. The

local magnitude was estmated by the Institute of Earth Sciences to be M, = 6.3,

whereas Abraharnson (1985) corrected it o My = 6.7 by using the Taiwan

arrenuation curve, instead of Richter’s attenuation curve for Southern california.

Ameng the 27 sutons, the recordings of 7 stadons, whose alignment

(N17.3%W) s closest 0 the spicanmral dirscton (N26.2°W) w the cenwzl swasion



C00, will be used for analysis. Fig. 4.1 shows these seven swatons i the array.
The accelerograms at these statons along and normal to the epicentral direction
are ploted in Figs. 42 and 4.3, respectvely, and are aligned according to
increasing epicenwal distance and absolute time for these seven stations. By
investigating the recordings in Figs. 4.2 and 4.3, no cbvious atienuating phenome-
non across these stations is observed and the oscillaung patterns of these
recordings are quite different, from which it is indicated that the local soil effect

(i.e., soil arnplification) plays an irmportant role on the measured ground accelera-

nons.
4.1.2 WModel Parameters

The parameters for this event were estimated primarily based on the study of

Abrahamson [1983), supplementad by other empirical reladons as necessary.

Velocity structure — The S-wave velocity is approximately 3.5 km/sec in the
source region (Abrahamson, 1985). No estimate of the P-wave velocity at the

source is available. However, with the assumpton of equal Lame constants, it is

suggested that

v, =43y, = 6.1 kmm/sec.

This value is slightly less than that determined by Roecker, er al. (1987) based en a

set of 1600 events dispersed throughout the island of Taiwan.

Fault plane orientation — Based on the first modon data of the mainshock
and 18 afiershocks to form the group focal plane sohumions, Abrahamson (1985)

concluded that the medal plane with mean swike of N71.2°W and mean dip of
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60.7°SE may be chosen as the fault plane of the mainshock. This esgdmarte of the
fault plane orientation is consistent with the diswribution of the mainshock and

aftershock hypocenters.

Rupture velocity — By using the frequency-wavenumnber analysis to measure
the phasing of wave fronts of coherent S waves across the SMART-1 array,
Abrahamson (1983) obtained the dme-dependent rupture velocity, which is shown
in Fig. 4.4. The inferred rupture spead shown in Fig. 4.4 covers the range of
subsonic and wansonic rupture velocites. Abrahamson suggested that two effects
are responsible for the apparent super-shear rupture velocity; namely, the assump-
tons of a constant rupture directon and the laterally homogeneous velocity
soucture.  Since the same assumptoens are chosen in the 3-D wave propagation
model of the cwrent study, the rupture veiocity in Fig. 4.4 will also be adapted.
Moreover, the model assumes incrementally constant rupture velocities over short
time increments, as shown in Fig. 4.4. The total rupwure length obtained by
integrating the rupture velocity is 17.15 km, and the dwradon of rupture is
5.75 sec, giving an average rupture velocity of 2.98 kun/sec. This average ruprure

velocity is slighty less than the mean rupture velocity of 3.03 kmvsec cbrained by

Abrahamson (1985).

Slip direction and amplitude — The rake of 64.3°UP was used in Abrahams-
on {1985) according to the focal distribudon of the mainshock and aftershocks. No

estimate of the fault offset of Event 5 is available. Some empirical formulas are

listed as follows.
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lida (1963), world-wide data:

log Dy = 0.55 M, ~1.71,
Bonilla (1970), USA data:

log Dg = 0.57 M, ~1.91,
Marsuda (1973), Japan data:

log Dy = 0.6 My -2.0,

King and Knopoff (1968), world-wide data:
log LD} = 2.24 M, ~4.99,

where Dy and L are in unit of em. With M; = 6.7 and L = 17.15 km, the above
formulas give Dy = 94 cm, 81 ecm, 105 cm, and 78 cm, respectively. An average

value of %0 cm is waken as the slip amplitude.

Fault plane dimensions — The fault length is determined t be 17.15 km by
integrating the tme-dependent rupture velocity shown in Fig. 4.4. This rupture
length is less than the 235 km rupture length indicated by the aftershock distibu-
tgon. It is recognized, however, that aftershocks tend to overestimate the
mainshock fault area (Aki, 1968). Similarly, a value of 6.0 km is taken for the
fault widtl; the aftershock distribution would indicate a width of 7.9 km. One

empirical formula in Mohammadi and Ang (1980} is

My = 0.932 log Do /W+6.456
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which would give W = 4.1 km corresponding to M, = 6.7 and Dy = 0.9 m.

According to the above esumadon, the focal mechanisms and the associated
parameters for Event 5 are shown in Fig. 4.5. Fig. 4.6 shows typical analytc
velocity tme histories (at station CO00) along and normal tw the epicentral
directions cbtained through the 3-D wave model for the above parameters and the
assurmption of a step-time source function. The arrival of the P- and S-waves from
the corners and the edges of the fault results in several abrupt changes of the

analytic velocities in Fig. 4.6, which imply relatively high accelerations.

No empirical formulations were available to evaluate the rise time. Hence,
three values of the rise tme, ie., 7, = 0.15 sec, 0.10 sec, and 0.03 sec, wers
examined, and the resulting analytic ground accelerations are shown in Fig. 4.7,
As showt In Fig. 4.7 and discussed in Section 3, the shorter rise times will induce
higher peak acceleradons. Since the peak accelerations obtained at stadon CO0 in
both directicns are about 100 crrv/sec?, a very short rise time would be required in
the analytic model. Moreover, the integraton of the velocity time histories in
Fig. 4.6 gives the peak displacernent of about 1.5 cm, which is consistent with the
peak ground dispiacement obtained by integrating the field accelerogram twice at
the same swation. Therefore, the assumption of a step-time source function is

reasonable in the analytic 3-D model for this event.

The velocity tme histories shown in Fig. 4.6 do not contain as many
oscillations as the field recordings. This may be atwibuted to the assumpton of a
coherent rupture at the source and of the homogeneous half-space medium. In
studies concerned primarily with the spatal displacements, however, the effect of

the high-frequency content is not very significant such that the simple sourcs
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models may be used to reproduce the displacement drme histories. As a mater of
facr, the response of pipelines derives primarily from the region of low frequen-
cies. Therefore, the results should be accepuble for the analysis of pipeline
systerns. A stochastc approach is considered in the following section to pardally

accountt for the incoherence in the rupture process.

4.2 Stochastic Analysis

The spatal and temporal variation of a faule dislocation is 0o complex to be
represented by any simple mathematical function such as Eq. (2.1). In general,
swong ground motions are characterized by a high-frequency contant which is
stongly related to the details of fauiting. These details arise from the nonuniform
diszribution of various physical properties on the fault plane, including the rupture
velocity, the slip magnitude, the direction of rupture, erc. Therefore, strong ground
mouons are too comnplicated w be simulated by a purely determinisdc model
because they are affected by numerous smail-scale heterogeneities of the fault
plane. To avoid this difficulty, several attempts have been made to inroduce
hybrid deterministc and stochasuc models, in which the gross features of the
rupture propagation are defined deterministically but the details of the rupture are
represented by a stochastic process (Boore and Joyner, 1978; Andrews, 1980,

1981; Boatwright, 1982; Papageorgiou and Aki, 1983a, 1983b).

For the purpose of modeling long-period seismic waves, the kinematic
distocation mode! is a good approximartion 10 explain the radiation of seismic
waves. A major shortcoming with the kinematic medels is thatr a constant slip is
inadmissible from a purely contnuum mechanical point of view, as well as from

many practical investigatons. Nonuniform faule slip over a fault plang has bee



found for several earthquakes by various seismologists, and also from the analysis
of teleseismic hody wave dara for many earthquakes {Aki, 1982). Based on the

above considerations, an effective way to describe the rupture process is through a

stochastic approach.
4.2.1 Randompess of Earthquake Source

Ta account for an incoherent slip, Haskell (1966) postulated the rupture
mechanism as a randorn procsss with a specified spatdo-temporal autocorrelation
for the dislocation acceleration, whereas Aki (1967) inoducsd the spatio-temporal
autocorrelation of the dislocation velocity at the source. In both models, the

random dislocation spreads at a constant rupture velocity.

In Haskell's statistical model, the Fourier wansform source factor of the
far-field response decreases with w™ for large @, whereas it is inversely propor-
tonal 10 w™? in Aki's model. Hence, these have been referrad to as the “w-cube
model” and “w-square model”, respectively. Under the assumption of similarity,
it has been shown that the w-square model compares better with cbservations than
the w-cube model, Therefore, the w-square model will be adopted in this study t©©
represent the randomness at the source. The physical interpretation of this model

is discussed in the following.

Since an earthquake is essentially a transient phenomenon, the spatio-
ternporal autocorrelation functon introduced at the source should be different
from those for a stationary fme series. Fig. 4.8 will schemnadcally illuswrats what
form may be expected for the autocorrelation function of the dislocation process at

an earthquake scurce. Ler the dislocaton startat x = 0 and propagate along the x
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axis atr a constant rupture velocity v; then the dislocation at a given point x will be
zero for ¢t < x/v and increase up to a final value Dg for ¢ > T, + x/v, in which 7, is
the rise time. The actual dislocaton at the wransition time, e, x/v<t< I, + x/v, is
unknown. In Fig. 4.8, the dashed lines are for the case of an idealized linear
ramp-time source function. Fig. 4.8(a) and (b) show the corresponding dislocation
and its velocity functons, respectively. The autocerrelation function of disiocadon
velocity is also shown in Fig. 4.8(c). Based on Fig. 4.8(c), the suirable form for

e temporal autocorrelation funcuon of dislocation velocity will be a negative

exponential function.

Assume first that the temporal autccorrelagon funcdon of dislocation velocity

at the point x decreases exponentially with the time lag z, i.e.,

j D(x,0) Dix, e+ 1) dt = y 7V, (4.1)

- o

where:

D(x,t) = the dislocation velocity at a point x and time ¢,

T = the temporal separation,
¥ = 4 COnswant,
k¥ = the correlaton tme.

Furthermore, since the spadal autocorrelation function between the dislocadon
velocity at (x, ¢) and that at {x +¢€, t+¢€/v) will indicars the degree of persistency of
offsetting and this persistency decreases with the separation distance € between the

two points, a similar exponendal form may be adopted also for the spatial

aurocorrelation function, le.,
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f D@, 1) Dz +€,1+¢/v) dx = gp, emeriel (4.2)

]

€ = the spaual separation,
Y2 = a constant,
k7' = the correlaton length,
v = the rupture velocity.
Then, the temporal and spatial autocorrelation functions can be expressed in a

single form as

f f D(x,t) Dlx+e,t+7) dedr = e tLlel gkriv=e/si, (4.3)

- o=

In Eq. (4.3), the constant Yo is related to the final slip Dy, as shown in Eq. (C.12);
kr is the corner frequency; and vk, = kr is assumed for simplicity (Aki, 1967). For
exarnple, the cormer frequency for Event 5 of the SMART-1 array was estimated by

Abrahamson (1985) to be 0.7 Hz.

The inwoduction of randomness at the source, as indicated in Eq. (4.3),
should partiaily account for the nonuniformness of the fault slip over a fault plane.
Eq. (4.3) can be interpreted as follows: a rupture breaks evenly across the fault
width but coherently cnly for short distances along the fault, compared to the total
fault length, and only over a short tme relative o the toral fracture time. In other
words, (vk.)™! is refated to the time required for propagation of fracture alang the
length of the fault, whereas k7! is associated with the time required for formaton

of fracture across the fault width.



Although the randormuness of an earthquake source has been developed as
described above, the path effect representing the wave propagation between the
source and the ground stadons is sull needed for a stochastic analysis. This path
effect has been approximately separated from the sowrce effect for the far-field
responses in a full-space, in which the fault is weated as a point source (e.g., Akl
1967). Such a simple isolation is not permined if the fault dimension in the
half-space is accounted. The alternative way is to search a substitute systern with

equivalent transmission effect.

4.2.2 The Substitute System

The deterministic 3-D wave propagation model yields the ground respcnse
time histories at various stadons excited by a fault rupture in a half-space. In
order to facilitaze the evaluation of the randemness of the source on the ground
motions, a “substtute system” is inwoduced to represent the path effect. To
ensure an almost identical transmission effect, the substimute svstern should be
subjected to the “same” excitation and reproduce the “equivalent” response for
each station and in each direction. The “same” excitation can be achieved simply
by transforming the rupture into a support moton suitable for the substinute
system, whereas the “equivalent” response is obtained by minimizing the error
function defined as the differences between the responses of the analydc model
and the substimite systemn. It is difficult to find such a substitute system that
satisfies the above requirements for all siations and directions. Hence, one
substitute system: is required for each station and each direction in order to neglect

the spatial and directional parameters in the substimute system. Furthermore,



idenitical form of the substitute system is used for all startons but with different

Darameters.

An ordinary single-degres-of-freedom systern may be adequate to simulate
the medium transiton effect from the faukt to the free surface because the
behavior of the negative exponential werm and the sinusoidal term in' the response
of such a system 1§ consistent with observed displacement dme histories from an
earthquake. Hence, a linear multi-degree-of-freedom system is adopted as the
substitute system. The appropriate parameters for the different stations are

evaluated through system identification.

In the analytic model, the source mechanism is a series of dislocations
propagating along the fault length, whersas the excitadon to the mult-degree-of-
freedomn should be a peint motion. Therefore, the equivalen: point base excitation

of the substitute system may be assumed to be the average dislocation over the

length of the faulr, or

L

BE) = % j DG, f) dx | (4.4)

8

Because Eq. (4.3) defines the autocorrelation function for a transient random
process, the power spectral density of the faulting motion can not be cbrained
directly from the Fourier ransform of the autocorrelation function specified in Eq.
(4.3), such as the case for a stationary random process. FHowever, with the
autocorrelation function defined in Eq. (4.3) and the equivalent point base motion

defined in Eg. (4.4), the power spectwral density of the base velocity of the

substitute system can be estimated as



2z D3

Sgpalae) = —— = , 4.
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in which Dg is the final dislocation and Ty = L/ v is the duration of fauiting. The
derivation of Eq. (4.5) is described in Appendix C. Eq. (4.5) represents the
stochastic excitation of the subsdtute system, and is useful when the spatal

variation of ground modons is evaluated.

In the mult-degres-of-fresdom system, the impuilse respense function for

each mode 1s
hit) = ng = e sinfw; [1-£20), (4.6)
@ \/ ~s/

where:

@; = the partcipadon factors, j = 1, 2, ..., N,

w; = the natural frequencies, j = 1, 2, ..., N,

£; = the damping coefficients, j = 1, 2, .. N,

N = the number of modes.

With the base moton specified in Eq. (4.4) and the impulse response
funcrion shown in Eq. (4.6), the displacement response of the substtute system

can be obtained by using the Duhamel integrai and the modal superposition, i.2.,

4=20
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in which ¢ = max (0, - Tq).

System Identification — An error function E, for determining the parame-
ters of the substitute systern, is defined as the sum of squares of the differences
berween the responses of the substitute system and the 3-D analytical sclutions
over the whole record. Since the velocity ume history is the direct solution
obtained in the 3-D wave propagation model, it will be adopted to define the

necassary error funcdon. Thersfore, the form of the error function will be

¥
E(g; wj §) = f (i) ~d(e-2) I dr, (4.8)

4

where:

@;, wj, §; = the parameters of the substitute system, j = 1, Z, ..., N,

£ = the inital time of the record,

t = the final time of the record,

u = the ground velocity obtained in the wave propagation model,
d = the velocity response of the substitute syster.

Observe that the time variable in the response of the subsdrute system is shifted by

t;, the first arrival time of the propagating waves. This is because there is a thme

4
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lag for the response associated with the wave propagating from the sourcs o the
station. INo response will occur in the substinnte system for ¢ 5 5 the quiescent

initial conditions must be specified at ¢ = ¢, instead of at ¢ = 0.

d(¢) in Eq. (4.8) is the tire derivative of Eq. (4.7), ie.,

S A N -
d(e) = — Z e i [Ejs:n(wf,/lngr)

o 0 J1-8

T=E

- J1-Ecos(w; /1 - £ r)j} L‘_’ \ (4.9)

in which ¢ = max (0, t~7q).

The paramerers of the substitute system are estimated by minimizing the
error function of Eq. (4.8). The system identification used here is an extension of
the modal minimization method for multi-degree-of-freadom linear models in Beck
(1578). It includes one-dimensional minimizadon, single-mode minimization,

modal sweeps, and addition of new modes.

Each time when a new mode is needed, mitial esumates are made for i3
parameters. The modal sweep then starts from the first mode. During the
single-mode minimizatdon, the parameters of the first mode are sequentially
opumized, whereas the parameters of the other modes are held constant. Since
d(2) is a linear function of ¢, the optimized participation factor in each mode can
be obtained, as long as the other parameters are given, by equating the derivative

of the error function with respect to the participation facror to zers, ie.,



hi
f [a(:) - @ﬂ(r)}ﬁ(r) de
£=)

g = : (4.10)

i
f A de

¥ M

whers f.(¢) is the unit impulse response (velocity) function for the kth mode of the

substitute system, or
_ N
A = > g fild). (4.11)
E=1

Therefore, a series of 1-D minimizations are taken by minimizing £ alternately
only with respect to @; and §; in the single-mode minimizadon. This process is
continued until a consecutive pair of 1-D murumizations results in a fractional
decrease in E of less than a specified value. Then, the single-mode minimization is
continued for the nex: mode, and so on. After convergence for the last mode is
achieved, the sweep over all modes may start again if total convergence, which is
compared to the last modal sweep, has not been achieved; otherwise, a new mode
is added. The addition of a new mode will be stopped if its contribution is less

than a specified tolerance.

The advantage of the procedure described abave is to keep the number of
mode in the substitute system to a minimum. The criterion for convergence in
terms of the relative change in E is chosen instead of the change in the estimates

of the parameters because the latter can cause difficulties with the higher modes

(Beck, 1978).
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Sincs the error functon E is a highly non-linear functon of w; and &, the
final optirmized parameters will strongly depend on the inital guesses, especiaily
for the case of w;, which was found in the sensitivity study with respect to the
imitial estirnates of the parameters. To find the best muual value of w;, that will
give the error functon an absolute minimum, & swesp over an adequate range of

modal frequencies was performed each time a new mode is added.

There are two constaints to the modal natural frequencies and modal
dampings. In the analytic velocity time histories, the results were obtained at every
0.03 sec, so the maximum natural frequency for each mode was set at 10 Hz
corresponding to the resolution of the responses in the deterministic maodel. This
range of frequency also covers the frequencies of engineering interest. Further-
more, the damping coefficient for an underdamped system is between 0 and 1.
The response of such a systemn will decay slowly as the damping ratic decreases.
Since only finite record is used in the system identification, the lower limit of the
damping ratio should be specified to produce the quiescent response when the time
variable approach infinity. To investgate the effect of this lower limit, three
differant values, e., 0.05, 0.1, and 0.2, were examnined, and the results are shown
in Figs. 4.9, 4.10, and 4.11, respectively. By comparing these figures, the lower

limit of 0.1 was selected to ensure good results.

In addition to Fig. 4.10, Figs. 4.12 and 4.13 show the responses of the
substitute systern at the other two stations 006 and Q12, respectively. The nurnber
of modes used in the analysis ranged from 44 © 60 corresponding to a tolerance of
0.0001. These figures show that the results of the substitute system closely

resemble those of the corresponding analytical solutions at the selected sations.
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4.2.3 Stochastic Characteristics of Ground Motons

Ahsolute ground motions - The power spectral density of ground motion at
a given swation and the cross specual density of ground modons between two

stations or directions may be evaluated as follows.

Let df(t) and d“(t) denote the displacement time histories ar any two stations
P and Q or in any two directions P and O for a given statdon. The base motion ©
the substitute system is the disiocaton at the earthquake source, for which the
power specral density of the base velocity Is given by Eq. (4.3). d(t) is expressed

with the Duhamel integral as

£

AT
S ¢f | e 2650080 - 1) + (@B)?B(- )] dry

mo= ]

H]

(1)

[=]

=3

M
Z @k f hﬁ(fz)[ 265 wE B~ 1y) + (R B~ fl)] dry, (4.12)

1

&

where:

@5, wh, &5, = the parameters for the mth mode at station P,

%, = the impulse response functon for the mth mode at staton P,

B, B = the base velocity and displacement of the substtte systern,
respectively,

M = the number of modes at staton P

Eq. (4.12) implies that R2(r)) = B(r;) = B(ry) = 0, for v; < 0. Similarly, for station

Q,
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-]

w
dt+1) = > ¢f f fz.?(rz)[ 2E208B(t+ 1 -13) + (DB 4T~ rz)] dra, (4.13)

a=l
-

in which N is the number of modes at staton (.

The cross-correlaton function between stadons P and Q is defined as
Rp® = E %) d®+ )], (4.14)

and the associated cross spectral density is given by

[~

S0 = dePdQ(f) g™ dr. (4.15)

-

Eqs. (4.12) through (4.15) are combined together to give the cross spectral
density betwesn statdons P and ¢ in terms of the stochastic excitation at the base

and the modal parameters of the two subsutute systems, Le.,

M »
S pa(w) = Z z ¢“¢" [%ﬁf,?miwﬁw v 2ibwl(E20h - 2w w
=] r=1

+ (0h0®)? | HE (@) B2(0) Sza(w). (4.16)

where ° denotes the complex conjugate, H% and H,? are the frequency transfer
functions of the mth mode at staton P and of the nth mode atr swadon @,

respectively.

For a stationary process the cross spectral densities for velocity and accelera-

ton are

431



i

S,pa(w) = 0 Sz o(w), (4.17)

and

i}

S 70l = o S 20w, (4.18)

respectively, where v" and ef denote the ground velocity and acceleradon at

station P, respectively.

Based on Egs. (4.16) and (4.18), the power spectral densities of the
accelerations along and normal to the epicentral direction for the seven stations
from Q06 wo Q12 were calculated. The theoretical results aleng with the

corresponding empirical results are shown in Figs. 4.14 through 4.20.

In general, the results of the model overestimate the spectral amplirudes at
the lower fraquencies, but underestimate the amplitudes at the higher frequencies.
The sarne phenomena were observed in Zerva, er al. (1983). These may be
atributed to the inhomogeneity of the fault and the medium. The former is
obvicus when the overall compariscen across the seven stations, especially along the
epicentral direction, is viewed, whereas the laner can be realized by investgating

the empirical results at different stations.

As mentioned earlier, the high-frequency content of the seismic ground
moton is related to the details of faulting, and these details arise from the
nonuniform dismibudon of various physical properties on the fault plane. Even
though the spatio-temnporal incoherency of the slip on the fault was simulated in
the stochastce approach, it is not sufficient to fully represent the inhomogeneous

faulting process because the other parameters and assumptions, inciuding the final
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sip, rupture directon, stardng and stopping of rupture, erc., remain conswane or

are gready simplified for mathemarcal wactability.

Thers might be not much need to develop more complicated m::del in
sirnulatng the rupture process for the analysis of pipeline response, pard: -+:ause
it require so many parameters that they can not be esimored o --cally;
furthermore and more omportantdy, because the high-frequency region - .- lide
influence on the differendal responses of pipelines. These are shown in the

following section and in Section §.

Several layers acrually exist kzneath the SMART-1 array (Wen and Yeh,
1984}, e.g., soil, alluvium, pleisto:ne formaton. The thickness of each layer
ranges from a few metars 1o severai hundred meters, whersas the P-wave velccity
varies from 0.43 km/sec to more than 2 km/sec. The influence of these dipping
layers can be sesn by investigatung the amplitudes of the empirical spectral at any
two close stations. The pezk values and the domunant frequencies of the empirical
spectra vary and disperse so randomly, as shown in Figs. 4.14 through 4.20, that
no general rule regarding the wend for increasing epicenmal distances can be
formulated. Dravinski (1984) indicated that the existencs of layers results in the
amplificatons at some band of frequency or the reductdons at other {recuencies to
the amplicudes of the waves propagadng through the layers. The degree of
amplificadons or reductons as well as the affected frequencies depend on the type
of wave, the number of layers, and the properties of each layer. The lower bound
for the dampings in each mode of the subsdrute system is 0.1, which is too small
to represent the effest of radiation damping in the soil, so the scanered nature of
the soil may be the ancther reason for the oversstimation of the specTa at the

lower frequencies. Since the soil amplificatcn affacts the lower frequencies and
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has varying effects for different stations, it should be more important than the
effect of the highly irregular rupture process for the analysis of pipelines.
DifTerential ground motions ~ Two factors make the design and analysis of
pipeiines dirferent from those of bulldings. ©ne is the spadal and temporal
incoherent ground motions applied as the excitation to a long pipeline. Secondly,
the major concern for designing a pipeline is the relative response berween
adjacent points. Therefore, the differential ground motion is more impeormant than
the absolute ground motion in the design and analysis of lifeline sguctures. Let

Ad(r) = d7(£) - d9(:) be the differential ground motion between stations P and O in

a given direction. Its power speciral density is
Sadna(w) = §,7,2(0)+ S 0,0{w) -2 Re[ Sdpdg(a))]. (4.19)

In Eq. (4.19), the power and cross spectral densities of the absolute ground

modons can be obtained direcdy from Eq. (4.16).

The power spectral densities for differential velocities and accelerations may

then be evaluated as follows.

@* Spana(w), (4.20)

it

S Avdy (w)

and

w* Spanddw), (4.21)

]

SA«:A& (m)

respectively, where Av and Aa denote the differental ground velocity and

acceleration between statons P and 0, respectively.
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Figs. 4.21, 4.22 and 4.23 show the power spectral densides of the differential
accelerations, velocites and displacements normal to the epicenwral direction,

respectively, for all the ten separation distances among the seven stations.

For the specwa of differenual acceleratons, the theorercal results underesa-
mate the spectra at the lower and higher frequencies, but are almost idcnti:c:al at
the middle range, except for distances of 0.2 km and 0.4 km. In general, the
relative amplitudes of the theoretical spectra increase with the separation distance,
whereas it is not the case for the empirical spectra, especially for distances of 0.4
krmm and 2 km. For an acrual earthquake, the inhornogeneity and anisctropy of the
soil medium result in a higher loss of coherence than for an idealized medel, In
which an elastic, homogeneous and isotropic half-space is assumed. ~“he differ-

ences berwesn the theoretical and empirical results may be anribwed to : -5 factor.

In the analysis of pipelines, the differendal displacement response is of
major concern, and it depends on the differential ground velocity and displace-
ment. Figs. 4.22 and 4.23 show the spectra of differential ground velocities and
displacements, respectvely. The theoretical results show better agresment than
those for differendal ground acceleradons. In Figs. 4.22 and 4.23, most contribu-
tions to the spectra come from the region of low frequency; that is one of the

reasons why the high-frequency content is not very important for the analysis of

pipelines.
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SECTION 3

APPLICATION TO PIPELINES

5.1 Introduction

A characteristc that distinguishes a pipeline from other swuctures is that it
extends (essentally parallel to the ground surface) over a distance which is long
compared ta its other dimensions. For this reason, it is inappropriate to assume
thar the selsmic excitations at all peints of ground contact are identical. When the
ground motions are incoherent, the relative displacements of the points along the
pipeline produce stresses, whereas coherent excitatons at cONUnUOUs points may
result in primanily rigid body motions, with no significant swrains. Therefore, the
main response of engineering interest is the relative displacement of adjacent

points on the pipeline, especially the differential displacements across the joints.

Nelson and Weidlinger (1977) intoduced the concept of “Interference
Response Spectra” in an attempt to take the incoherent seismic ground motions
into account. They assumed that the interference between any two ground statons
depends only on a prase shift across the separation distance, f.e., the seismic wave
travels with a certain constant velocity and the wave form remains unchanged.
This is the simplest way to consider the traveling wave effect if only the earthquake
recording at a single stadon is available. Although the asswmption of input t©
pipelines is not consistent with the actual propagation of seismic waves, the
discrete model of Nelson and Weidlinger (1977) representing two pipe segrments

connectad by a joint will be used in the present study because it contains the major



elements of a pipeline and the surrounding soil, and is 2 basic model for analyring
the pipeline network. The inccherent ground modons developed in Section 4,

however, will be applied as the ground excirations to this discrete model.

&3 Differential Axial Motica across Joint

& et

Fig. 5.1 shows the discretz model of pipe sections connected by a joint
(Nelson and Weidlinger, 1977). The two pipe segments are assumed to behave as
rigid bodies, and interconnectsd by a spring of stiffness %, and & dashpot of
damping c,. Soil-sgucture interaction is represented by springs and dashpots of
stiffness k, and damping ¢,, respectively. The constants m and [ are the lumped
mass and the separation of the two cenwoids of the segments, respectively. The
axial displacements of the pipes are dencted by x;(¢) and x3(t), whersas z¢, (1) and
xg.(t) are the ground excitations at the two supports. Since the axial response is of

primary interest, no rotaton is considered here.
5.2.1 Deterministic Analysis

The equatons of motion for the discrete system in Fig. 5.1 are

iy +p(%) ~ %) + kp(xy = x2) + ¢p(Ey ~ 2g,) + kg(xy ~26)) = 0, (5.1)

]
Lo}

iy = Cp(y ~ £2) —~ k(X1 = x2) + £,{%y ~ ko) + kglxs - x5,) {5.2)

Addition of the two equations, Egs. (5.1) and (5.2), gives the equation of motion

for the rigid body mode, whereas the difference of the two equations would yield

the equation for differental motion, ie.,
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Figure 5.1 Discrere Model for Differential Axial Motion across Joint
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Figurs 5.2 Discrete Model for Differential Transverse Motion across Joint
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AF + 2ot + 03X = o Fo(t), (5.3)
1+21

where:
Ax = x(t) - xn(D),
28wy = (cg +2¢,)/m,
w§ = (kg +2k)/m,
A =k /%y = c,/cy,

Folr) = 28 wedic(t) + widxs(o),

&

%6, (8) = xg,(8).
In Eq. (5.3), Ax may be evaluated by the Duhamel integral, i.e.,

H

Ax(t) = j ho(t ~7) 132}. Folr) dr, (5.4)

a

where the impulse response functen is

1 : 3
ho(t) = - 509t sin g1 - E2¢. (5.5)

woy1-£5
§5.2.2 Stochastic Analysis

Using Eq. (5.3), the power spectral density of the differential axial displace-

ment Ax is

1
(1+20)?

Sarafw) = |Ho(@)? Seopg(e), (5.6)



where:

i
Hyle 2 = 3 T3 s
Bl = G e
Sryry(@) = 4E30f Saigasg(@) + WG Sargar(w)

Losr a2
== (45w50* + wh) Saigaic(®).

Therefore, Eq. (5.6) becomnes

Sazaxlw) = m (4&50dw? + wd) |Ho(@)* Sazsaig(w). (5.7)

in which Saxgaz (@) is the power spectral density of the differendal ground

acceleration obuained in Section 4.

5.3 Dhifferential Transverse Motion zcross Joint

Zerva, et al. (1985) added the rotational modons to Nelson and Weidlingers'
discrete model when the pipes are subjected to lateral excitations. There are two
rotational motions, one for each pipe segment, in Zerva, et al. (1985). Since the
equations of moticn governing the two rotations are equal, the rotaticens of the two

pipe segments rnust be identical, as shown m Fig. 5.2.

5.3.1 Deterministic Analysis

I this case, the equations of motion for the discrete system in Fig. 5.2 are

myy + ¢, i+ 16) + k() ~ y2 + 18) +¢501 - Ya,) +kyy1=ya) = G, (5.8)

(3.9)

il
Lo

mys - Cp@a - ¥ +59) - k;@i - ya 18y + ¢, (02 - Vo) # kg(yn - ¥Gs)



1 " [, . : {
-;;—mﬂ@%-c‘,;-(yl-»y2+19)+.&p-i(y1-y2+29) = 0, (5.10)

where:

Y1, Y2 = the transverse displacements of the pipe segrments,

g = the rotation of the pipe segments,

m = the mass of the pipe segments,

{ = the distance between the centers of the two pipe segrmernts,

ky,, ¢, = the stiffness and damping between the pipe segments, respectively,
kg, ¢, = the stiffness and damping of the soil, respectvely,

Yo, Yo, = the wansverse ground displacements at the two supports.
The differential mansverse displacement tenwezen the two pipe segments is
By(8) = yi8) - y2(0) + 6. (5.11)

Hence, Egs. (5.8) through (5.10) can be represented in martrix form by

[]{r}+ [cl{r} + [c]{r} = {F@0)}, (5.12)

where:
m 0 ¥
Ml =] o m o |,
-mi6  mi6 mié
- -

Ut
i
et



i cg 0 Cp ]
[C] = 0 ¢ ~C |
0 0 Cp
Tk 0 & |
Kl =] 0o &k -k
0 0 &
( )
{Y} =4 »® p,
| Ay()
Cge, () + kg76,(8)
{FO} =1 el +kya®

0

The natural frequencies of the system are

(8K, +k) F 64K~ 8kk, + i

iy

H

=3
L

and

&
m

The corresponding modal shapes are

2
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(5.13)

(5.14)



{@r2 =4 <1 f, (5.15)
$,2
and
1
{osf =4 1 1 (5.16)
0
in which

) W amek, (8k, - k) ¥‘/64k§-8kpkg+k§
nE k, ) 2k, '

1l

(5.17)

QObserve that the third mode is the rigid body moticn. For simplicity, it 1s

assumed again that

%

Cp
- m - o=
lcg c

{1

Then, the natural frequencies of the first two modes are

(5.18)

2z
Wl = [B1+1) 7 oA -ale1] 2

"E”v

and the associated mode shapes become
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$1,2 = ﬁ- [(81-1) 7 /6442 ~81+1]. (5.19)

If modal superposition is applicable, ie., sdffness proportonal damping is

assumed, then Eq. (5.12) yields the uncoupled equations,

Zo+ 26p00n2s + w2, = _*5@_, n=1, 2,3 (5.20)
M,
where:
210 1 1 1 z2(t)
y2(0) = -1 -1 1 ()
Ay(2) 1 ¢ 0 z3(t)
§. = the modal damping,
My = m@-spr 2+ =43 2)
1.2 = FPL2 oL
M = 2m,
Fi.2 = C‘g(}}GI‘.‘;’Gz)“"kg(yG:"sz)'
Fs = 6, +Jou) + ke, +Yer),
Cg = 253&)3?’?‘1,
kg = wim,

The generalized displacement for each mode, z,(¢), may be evaluated through the

Duhame! integral, i.2.,



j}x,,(:_r) F.(2) dr, n=1. 2,3 (5.21)

a

1

A

Zn (E) =

in which
i "
ha{t) = -»—-Tm gwsnent sinw, /1 -E21, n=1,2, 3. 5.22
wn 1""&!?; ( )

Moreover, the differential wansverse displacement between the two pipe segments

is expressed in terms of the generalized displacements as
Ay(r) = gun(t) + paza{t). (5.23)

5.3.2 Stochastic Analysis
Using Eq. (5.23), the power spectral density of the differental wansverse
displacement Ay can be obtained as

Sﬁy&y(f‘)) = qﬁ:l,'srlz; (CU) + ¢1¢2 [S.t;zz(w) + 52121 (CJJ)] + ¢%S.’zzz(m) . (524)

In Eq. (5.24), the power and cross spectral densities of the generalized displace-
ments are obtained from Eq. (5.21), ie.,

1

o ) B Sra@),  moa=l% (529

Simeal®@) =

in which * denotes the complex conjugate, and # is the frequency transfer function

given by
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1
@t - + 20w

Hw) = n=1, 2. (5.26)

The corresponding cross spectral density of the generalized force is

ESacaie(@) + ke[ Sasoare(w) + Saygais(@)] + K3 Sayaye(w)-

L

SFmFs(@)

[

kK
(E;f"”j?) Sajcayc(w), m,n=1, 2 {(5.27)

Finally, substituting Egs. (5.25) and (5.27) into Eq. (3.24), the pawer spectral
density of the differential transverse displacement for the pipes excited by the

incoherent ground motons is

Sersn@) = [ (0F +2 5% Re (o) o} Foo) ¢

Lk
) (% * —%) Saygayc@)- (5.28)

@ W

5.4 Comparison of Results

In order to compare the results derived from the present model with the field
recordings from the SMART-1 array, the orientation and location of the pipeline
studied in this section will be assumed to coincide with the epicentral direction of
Event 5 (i.e., N26.2°W) and close to staton CO00, respectively. Therefore, the
ground excitations applied to the pipeline in the axial direcdon are the seismic
ground motions along the epicentral direction, whereas the input in the ansverse

directon are the ground motions normal to the epicental direction.



Loh, et al. (1983) used the interference response spectra to estimate the
differential axial motion betwesn two pipe segments for the earthquake of Event 5.
Zerva, er al. (1985) then compared the results of a 2-D model with those from the
interference response spectra. Since the method of interference response spectra
oversimplified the propagation of waves between the two supports of the pipeline
and the field data from a dense array are now available, the comparison in the
study will be performed primarily betwesn the recults of the current 3-D model and
the responses excited by the recordings of the SMART-1 array. The corresponding

interference response spectra are also shown.

First of all, two parameters in the discrete model of a pipeline should be
evaluated to represent an actual pipeline. 4 stands for the ratio of ¢,, the damping
of the connection between the pipe segments, 10 ¢, the damping of the scil. The
former 1s much less than the later, so a value of 1/5 will be assumed for 4.

Furthermore, since the damping of pipelines may be higher than that in buildings,

two values of damping ratio, namely 5% and 10% of cridcal, will be adopted here,

ie.,

by = &, = & = & = 5% or 10%,

where &; is the damping ratio in Eq. (5.3) for the analysis of the differendal axial
displacement in pipelines, and §.,m =1, 2,3, are the model damping in Eq. (5.20)
for the analysis of the differential transverse moton. These two selected values

(5% and 10%) could conceivably be the lower and upper bound damping values for

a practical pipeline.

The differential displacements of the pipes subjected to the earthquake of



Event § were cbuined through the determministc analyses in the previous sections
by using the array recordings as input. For the interference method, the recordings
at the station with the shortest epicentral distance were used; the ground motion at
the other station was determined by assuming the above excitaton waveling with a
constant velocity which was obeained by the separation distance and the difference
in the arrival times of the two statons. On the other hand, the power spectral
densities of differential displacements are evaluated through the stochasuc analy-
ses using the power spectral densities of the differential ground motions obtained
for the substiute system. Because of its importance in the analysis and design of
pipelines, the maximum differential displacement across a joint is emphasized.
For the stochastic analysis, the mean maximum differential displacement and the

associated standard deviation over the duration of an earthquake are evaluated

using an asymptotic expression (Davenport, 1964), as follows:

it

#ﬁﬂm

0.5772 .
[\Jz IH(VD +m] CAus (J .29)

(5.30)

T !
g = G M
bum = T8 Rla(D ©

where:

Au, = max_ |au(),
0s:s57T

Au = the differential displacement, ie., Ax for axial motion, Ay for
ransverse motion,

T = the duration of the record,

y oL G
T Cau
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The results shown in Figs. 5.3 through 5.6 include the maximum differential
displacements from the deterministic analysis, the mean maximum differsntial
displacements and the mean plus one standard deviation obtained by the stochastic
analysis. Each figure, which was called the “interferencs response spectrum” in
Nelson and Weidlinger (1977) or “differential responss specoum” in Zerva, er al.
(1983), shows the maximum differential response plomed as a furction of the
natural {requency of a system. The natural frequency in Figs. 5.3 and 3.4 for the
axial discrete model of pipelines is that in the equation of the differental axial
moton, .., Wy in Eq. (5.3), whereas the natwral frequency in Figs. 5.5 and 5.6 for
the transverse motion stands for the natural frequency of the rigid body mode, i.e.,
ws in Eq. (5.20). Seven separation distancss, namely [ = 20 m, 50 m, 200 m,
0.4 km, 0.8 km, 1 km, and 1.2 km, as well as two representative dampings, {.e.,
5% and 10%, are considered in these figures. Observe that there are no field

recordings - separation distances of [ = 20 m and 50 m.

In general, the mean maximum differential displacements of pipelines
predicted with the proposed madel are on the safe side for all frequencies. The
existence of local layers in the SMART-1 array site produced the seismic ground
motions so incoherently, even for short distances, that the spatal variation of

ground motions can not de simulated well by a homogeneous theoretical model
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(i.e., without layers). However, as shown in Figs. 5.3 through 5.6, the relatve
displacement response specwra obtained with the proposed model give results that
are even on the safe side over the entire range of frequencies. Observe also that,
on the other hand, the method of interference response spectrum consistentdy
underestimates the maximum differentdal displacemment of the pipelines particularly

for natural frequencies less than 2 Hz.
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SECTION ¢

SUMMARY AND CONCLUSIONS

6.1 Summary

A sheanng fault rupture of the Haskell type was presented for modeling the
earthquake source mechanism. In such a model, the rupture rmotion is described
as a line dislocation sweeping over the entire fault plane at a constant rupture
velocity, and the slip may be a strike-slip or dip-slip motion. A two-step method of
solution is used to determine the ground responses in a thres-dimensional
homogeneaus half-space. The ground motion in the Laplace wansform domain
was obtained by solving the wansformed wave equations subject to the boundary
conditions specified in the above fault plane. The generalized ray theorem was
used for this purpose and might be extended systematcally o solve the wave
propagation problem in a layered medium. The analytic solution in the time
domain was formulated through the Cagniard-de Hcop technique in which the
inverse Laplace transform was taken by direct investigation. The correcmess of

the formulation was validated by comparing the resules with those obtained by the

method of Green’s funcdon.

In order to take the incoherent slip into account, the rupture moton was
weated as a random process by inwoducing a spatio-termporal autccorrelation
function of dislocation velocity, from which the power spectral density of the
averaged dislocation velccity over the fault length was estimated. A muld-degree-

of-fresdom substitute system is inroduced to represent the path effect, separately



from the source effect. The parameters of the substitute system were determined
though systern identfication using the results of the 3-D analydcal soludons. With
the power spectral density available at the sowrce and the wansfer function
obtained from the substtute system, the power spectral density of differendal

ground motions can be obtained.

An actual earthquake, Event 5 recorded at the SMART-1 array, was selected
for validating the results of the model. The parameters in the model, such as the
fauit orientation, the fault dimension, the final disiocaton, and the characteristcs
of the medium, erc., were carefully investigated. Some of the parameters were
evaluated based on the earthquaks magnitude. Emphasis was directed ro the
stochastic properties of the differential ground motions, which are significant for

the response analysis and design of lifeline systems.

The thecretical results are applicable te analyze lifeline systems. Two
discrete models of pipelines were examined. The maximum differental dispiace-
ments across the joint connecting two pipe segments subjected to either axial or

lateral ground excitations were presented in terms of the differential response

spectra.

6.2 Conclusions

In this study, a hybrid deterministic and stochastic model, which depends on
the parameters at the earthquake source and the characteristics of the soil, was
deveioped to investigate the spatial varation of ground modons necessary for the
analysis of pipelines. Based on the results of the study, including the validation

with the SMART-1 data, the following conclusions may be drawn:
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1.

=3

In the deternmunistc approach, the method of solution for calculating the
ground responses is effective and efficient when compared with other
methods, such as the Green's functdon solution. For layered media, the
generalized ray theory offers a systematical procedure to obtain the
ground responses in the transform domain. In additon to the sourcs
funcuons and receiver functons for a homogeneous medium, only the
reflection or refraction coefficients are nesded. The Cagniard-de Hoop
method has besn shown to be an efficient way to take the inverse

transform for obtaining solutions in the time domain for each ray.

- The high-frequency content of the seismic waves is not imporant for the

analysis of pipelines, because the differendal ground velocity and displace-
ment are the base excitations to a pipeline in which the differendal
displacement response is of major concern. The frequency transfer
function of a pipeline system will tend to filter out the high-frequency

excisanons.

. The effect of soil amplificaton is different at various stadons so that the

differental ground motions at some pair of stations with a short separation
distance are more incoherent than those with distant separadon. Any
discrepancy between the analytic and empirical resuits for a single
earthquake can be atributed to the assumptions made in the study, such

as the fixed rupture direction, the contnuous offsetting, the homogeneity

and 1sotropy of the medium.

The proposed differendal response spectrum predicts the mean maxirmum

differential displacement between the pipe segments as 2 functon of the
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systern frequency, and is generally on the safe side as compared with

ernpirical results.

5. The intarference response spectrun consistently underestimates the maxi-
mum differental displacement berween the pipe segments, partcularly

when the natural frequency of the pipe system is less than 2 Hz.

6.3 Suggestions for Further Study

On the basis of this study, suggestions for further work would include the

following:

1. The multi-degree-of-freedom system may be a good theoretical mo=z! for
structures, but it is probabiy not suitable for soils. A modified subsi.iute
system, e.g., including the epicentral distance or comtainng two subsys-
tems (one for rock, one for soil), may be more effective to simulate the

transmission effect.

2. A 3-D analytic model for layered media can be readily extended from the
current model; however, this would involve much more calculatons
because mulsiple rays will be necessary. Simplification is necessary for

developing - suitable model 10 account for the inhomogeneity of the soil.

3. Basically, ©n2 ground motions are determined by solving the wave equa-
tions subject to the boundary conditons specified at the source. A
standard procedure is to wake the Fourier ransform over the time variable
and the two horizontal space variables, and then obtain the responses in

the transform domain through algebraic manipuladon. In the Fourler



transform solution (i.e., a functon of the frequency and the two wave-
numbers), the source factor, the effects of wave propagation, reflecton
and refracton, along with the characteristics of the responss at the
receiver (l.e., displacement or swess) are all collected together through
multiplication. Therefore, another possible approach is to represent the
spatial variaton of ground motons in a random field of frequency and

wave numibers when the randomness is introduced at the source and/or to

the medium.

. Since the layer beneath the SMART-1 array is oblique (dipping toward
north with an angle of about 6 degrees), a semi-analytic methed may be
applicable to study the local soil effect. In June 1983, an exwension station
EG2 was installed at the outcrop which is located 4.8 km south of station
C00. Most events triggered the SMART-1 array with epicenters located
south of station £02. Therefore, the ground modons at station E02 can be
obtained analytically in a 3-D mode!l with waves propagating through the
homogeneous medium for these events, and the scil amplification can be
characterized by the wansfer function with the recordings at stagon EQZ as
the input and the recordings at other stations as the output, if, in each
station, the transfer functions are sirnilar for different events. QObviously,
it is an approximate approach because the waves transmitted through the
interface are all forced to pass through station EQ2. However, this may be

a practical method for examining soil amplification.
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APPENDIX A

IAPLACE TRANSFORM ELEMENTS FOR OBLIQUE FAULT

(1) Suike-slip Fault:
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(2} Dip-slip Fault:
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APPENDIX B

ANALYTICAL SOLUTION OF HASEELL MODEL
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APPENDIX C

POWER SPECTRAL DENSITY OF BASE VELOCITY

The spatio-temporal autocorrelatdon funcdon for the dislocaton velocity in

the fault plane is defined as

e 1) = fJD(x,r)D(x+s,r+r)dxdr, (C.1)

- o e G

where:
D(x,t) = the dislocation velocity at a point x and time ¢,
€ = the spatal separation,

T = the temporal separation.

The double Fourier wansform over the spatial and temporal coordinates is

performed for D(x,1) and (e, 1), i.e., the transform pair of Dix, ) is

DFf(k, @) = f jD(x, t) e7@k2) dx dr, (C.2)
DGy = 23;- j { DFF(k, ) @) gk dy. (C.3)
T

and that of (e 1) is



(C.4)

Wik, w) = j j yle, ) e™@ % de dr,

P

f f Wk, ) €69 dk do, (C.5)
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5|~

pler) =
where k and @ are the wave number and the frequency, respectively.

Substituting Eq. (C.3) into Eq. (C.1), ie.,

(e t) = f f D(z, 1) [4; J f DFF(k, ) glolern-it=ee) gg da)]dxd:

- =

1 . | _
e j f U f Dz e (“"""“)fixdf] DFF(k, ) €49 dk do

- - Y

and then using Eq. (C.2), ie.,
w6, 1) = 'Zj?f J J' DFF (= k, - w) DFF(k, w) &9 dk do,

- -

the spatio-temporal autccorrelation function of the dislocation velocity is expressed

by the double Fourier transform of the dislocation velocity as

= L vidil 2 jifur-ke) C.6
Ye 1) = Wf f!Df (k, 0)|? &) gk do. (C.6)



Comparing Eg. (C.3) with Eq. (C.6), a useful relation is obrained,
vk o) = DR o) (o)

The Fourler transform of the base velocity of the subsdtute syster is

@ = L
BF(w) = j By et dr = j%{ J‘ Dix, 1) dx]g-’fw dt .-z% D0, w).  (C.8)
- - G

Comparing Eq. (C.7) with Eq. (C.8), the equivalent point base velocity is, in
frequency domain, related to the spatio-ternporal autocorrelation funcden of the

dis:ccadon velocity by
NN .
|85 (@) = o (0, @). 2.9)

Following Aki (1967), the spato-temporal autoccrreladon function of the

disiocation velocity was defined in Eq. (4.3), and the corresponding double Fourler

mansform s

dipokrty, (C.10)

Fle,w) = .
e i - -]

where:
Yo = a constant,
k7 = the correlation time,

k' = the correlation length.

Thersfore, from Eq. (C.9},

C-3



1 dipokrky, (C.11)

FOF = & -
SIS

Notice that

: 4
BFO)? = 2 = D, (C.12)
Lokr,,
in which Dg is the final dislocadon, so the squarc of the Fourier amplitude of the
hase velocity is in terms of the final dislocation, the correlaton time, and the

correlation length as

Dj

-

{1 +~k-zr-)(§. +

2
 m

|37 (w) (C.13)

w“)'

PR

For a transient randorn process X{r) with nonzero values only in the range of

0 =t = T, Bendat and Piersol (1971) suggesied that

fav]

T

Sxx(w) = T XF (@) [ (C.14)

Therefore, the power spectral density of the base velocity of the substtute system

is estimated by

2Ty 2
Sas(@) = = 1B7@)f = = = (C.13)
T
in which Ty = L/v is the duration of rupture.
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APPENDIX D
LISTING OF COMPUTER PROGRAM

PROGRAM MAIN

THIS PROGRAM EVALUATES SEISMIC GROUND MOTIONS
EXCITED BY A HASKELL FAULT
EMBEDDED IN A THREE-DIMENSIONAL HALF-SPACE

PARAMETER ( N = 4086 )

IMPLICIT COMPLEX (C)

CHARACTER DIR{3)x1, TITLE{(8)x10

DIMENSION DBX{1}, DY{4), DZ({d}, TR{3), SGN{4), TIM{N}, RSP{(N)

COMMON T
COMMON  /LUNT/ LIN, LOU

COMMON /IDEX/ IWAVE, IDISP, ISLIP

COMMON  /SLOW/ BP, BS, BR, BP2, BS2, BSP, B2

COMMON /RAYL,/ BRL, RPB

COMMON  /GEMF/ YP, ZP, FS, FC, FS2, FC2

COMMON /GEMG/ X, Y, Z, @S, @C, RO, R, R2

COMMON  /TIME/ TiP, T1S, TiH, THM, T2, T3P, T3S, T3H
COMMON /FACT/ SGR, SGI, AFR, AFI, AFP, AFS, BTR, BTI,
+ S2R, S2I, S2P, §2S

COMMON  /SUMS/ NJ, PT(1000), WT

COMMON  /SUMO/ NHO, PHC{1000), WHO{1000)

COMMON  /SUM1/ NH1, PH1{1600}, WH1{1000)

DATA DIR / X', 'Y, 27/
DATA SGN /1., =1., =1., 1. /
DATA CI PR U P R B 4

~-=- LOGICAL UNITS AND DATA FILES

LIN = 1
LOU = 2
OPEN LIN, FILE="INPUT’ )

{
OPEN ( LOU, FILE='OUTPUT' )
~~=~ DATA INPUT IN 6 LINES

1 [BA10]
READ ( LIN, 1001 ) ( TITLE{(I;, I = 1, 8 )

2 [5F10.0]
READ ( LIN, 1002 ) X0, YC, 2C, XL, ¥W



SRS RORONGNY OO0 OGO aOOan OO0

SRRSO RORG NGRS Ne!

IORO N

XC

YO = COORDINATES OF SHALLOWEST CORKER OF FALULT
ZC

XL LENGTH GF FAULT

HE ]

YW WIDTH OF FAULT

[I11C, 3F10.0]
READ ( LIN, 1003 ) ISLIP, VR, D, PHI

ISLIP = 1 FOR STRIKE-SLIP FAULT
= 2 FOR DIP~SLIP FAULT

VR = RUFTURE VELOCITY

D = DISLOCATION AMPLITUDE

FHI = DIFPING ANGLE IN DEGREE

[2F10.0]

READ ( LIN, 1062 } VP, VS

VP # P-WAVE VELOVITY

VE = S-WAVE VELOCITY
[3F10.0]

READ ( LIN, 1602 ) X8, Y&, 28
xS

YS = COORDINATES OF STATION
Z3

(110, Z2F10.0, 110]
READ ( LIN, 1004 } IDISP, TO, DT, NT

1 XN~

IDISP = 2 FOR RESPONSES IN Y-DIRECTION
3 2=

T0 = INITIAL TIME OF RESPONSE

DT = TIME INCREMENT

NT = TOTAL NUMBER OF RESPONSES

CLOSE ( LIN )

GAUSSTAN POINTS AND WEIGHTS

NJ = 100
NHO =z 1090
NH1 = 100

CALL  GAUSCHB ( NJ, PT, WT }
CALL  GAUSJCB { WHO, 0., 0., PHO, WHO )

CALL GaUsSJCBE ( NHI1, C., -0.3, PHI, WH1 )
PI = 4, % ATAN(1.)

Dt =D / { 4, ¥ PT % PI )

n3y =D/ 2. % PI



Loy

BP = 1. / VP
BS = 1. / vs§
BR = 1. / VR
BF2 = BP BP
BS2 = BS % RS
BSP = SQRT { BS2 -~ BP2 )

CALL RAYLEIGH ( BP2, BS2, BEL, RPB )

PHI = PHI * PI / 1RO,

FS = SIN {PHT)

FC = COs8 (PHI)

Fs2 = 2. ¢ FS % FC

FC2 = 1. - 2. ¥ FS % F§

X = X§ - XC

YO0 = ¥s - ¥C

20 = 728 - zC

DX(1) = 0,

DX{2) = 0,

DX(3} = XL

DX{4) = XL

DY{1; = 0.

DY{2) = YW ¥ FC

DY{3) = 0.

DY{4) = YW * F(C

DZ(1) = 0,

Z{2) = YW % FS§

DZ{3} = O,

DZ{4} = YW % F3

TR(1) = 0.

TR(2) = Q.

TR{3} = XL / VR

TR{4d) = XL / VR

DG 100 I = 1, KT
TIM{I) = TC + ( I - 1 ) % DT
ESP{T}) = O

i00 CONTINUE

DG 300 J o= 1, 1
X = X0 - DY(J)
Y = YO - DY{(J)
Z = ABS ( Z0 - DZ(J}

CALL GEMTIM
D2 = D3 / QC

Do 200 I = 1, NT
T = TIM{I}) - TR(J)
IF (T .LE. 0. ) GO TO 200



VLT = D1 ¥ { Ul {(T) + ULIH (T} }
uaT = D2 % (U2 (T) + UZH (T} )
U3T = D3 ¥ (U3 {T) + U3SH (T) )
U = UIT + U2T + U3T
RSP(I) = RSF(I} + SGN{J) * U
200 CONTINUE
c
300 CONTINUE
C
WRITE ( LOU, 1001 ) ( TITLE(I}, I = 1, B )
WRITE { LOU, 2001 ) DIR (IDISP)
WRITE ( LOU, 2002 ) ( TIM:{I), RSP{I}, I = 1, NT }
CLOSE { LOU )
c
1001 FORMAT 8A10 )
1002 FORMAT 5F10.0 )

1003 FORMAT
1604 FORMAT

110, 3F10.0 )
110, 2F10.0, I10 )

— A~

c
2001 FORMAT ( // ' TOTAL RESPONSE’,
+ // 6%, 'TIME’, 86X, Al, °‘-DIR RESPONSE' / }
2002 FORMAT { F10.2, 3%, E15.5 }

C

STCP

END
c
C
() et e e o o
C
C
SUBROUTINE AUSCHB ( N, PT, WT )

r
C POINTS AND WEIGHT IN GAUSS-CHEBYSHEV QUADRATURE
[
C Tnt from (-1} to (1) [ f(X) / { 1 - ¥XxX } #% 0.5 ] dX
C
C = WT % Sum from (i=1} to (i=z=N} [ £ PT(i} } ]
c

DIMENSTON PT{N)
C

PI = 4. % ATAN {1.)
C

WT = PI / N
C

FT = ¥T / 2.

DO 100 I =1, N

PT(I) = €COS {( ( 2 x I - 1} % FT }
100 CONTINUE

C

RETURN

END
C
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SUBROUTINE GAUSJCB ( NN, ALF, BTA, X, A )

C
C POIKNTS AND WEIGHTS IN GAUSS-JACOBT QUADRATURE
C
C Int from (-1) te (1) [ (1=-X)¥*¥ALF % {14X)%%BTA ¥ F{xy 1 4y
C
C = Sum from {i=1l) to (izNN) [ A(i) * f{ iy o) ]
C
REAL LNGAMA
DIMENSION X(10005, A{1000}, B{1000), C{1000)
C
FN = NN
CSX = 0.
CSA = 4,
EPS = 1.E-13
BETA = EXP { LNGAMA (ALF+31.) + LNGAMA {BTA+1.)
+ - LNGAMA (ALF3BTA+2.) )
. CC = 2.F%¥(ALF+BTA+1.) % BETA
TSX = FN *x (BTA-ALF) / (ALF4BTA+2 . ¥FN)
TSA = CC
B{(2} = [ALF+BTA) x (BTA-ALF} / ( {(ALF+BTA+1.) % (ALF+BTA+2.) )
Ciz2) = 4., x {ALF+1.) * (BTA+1.)
+ / { {ALF+BTA+3.) % {ALF+BTA+2.)%%2 )
CC = CC ¥ C{2)
DO 160 J = 3, NN
B{J} = (ALF+BTA) % {BTA-ALF)
+ /0 {ALF+BTA+2.%J) % {ALF+BTA+2.%J-2.) )
C{dy = 4. % (J=-1.) % {ALF+J=1.1 % (BTA+J~-1.}
1 * {ALF+BTA+J~1.} / { {ALEF+BTA+2 . 87-1.
2 L (ALF+4BTA+2.%J=-2,)x%2 % {ALF+BTA+2Z.%3-3.) )
ccC = CC % C(J)
100 CONTINUE
C

DO 200 T = 1, NN
IF ( I .EQ. 1 )  THEN

AN = ALF / FN
BN = BTA / FN
RI = {1.+ALF) ¥ ¢{ 2,78/ (4, +FNXFN) + G.TEB8XAN/FN )
RZ = 1. + 1.48%AN + 0.96%BN + 0.152%ANKAN
¥ + 0,E3¥AN*¥BN

T = 1. - R1 / R2

ELSE IF ( I .EQ. 2 ) THEN
R1 = {4.1+ALF) / ( {1.+ALF} =x {(1.40.1868%ALF) )
RZ = 1. + 0.08 ¥ {FN=8.) % (1.+0.12%ALE) / FN
3 = 1. + 0.012 * BTA * {1.+0.25¥ABS(ALF}} / FEN
ATIO = R1 ¥ RZ * R3
by = XT = RATIO % ( 1. - XT )

ELSE IF ( I .EQ. 3 THEN
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R1 = { 1.67 + 0.28%ALF ) / { 1. + 0.37%ALF )
RZ = 1. + 0.22 * (FN-B8.) / FN
R3 = 1. + 8, ¥ BTA / ( {€.28+BTA)*¥FN¥FN )}
RATIO = Rl % R2 % R3
XT = XT - RATIO % { X(1) - XT )
ELSE IF { I .LE. NN=-2 ) THEN
XT = 2. % ¥{(i-1) = 3. % X(I-2) + X{I-3)
ELSE IF { I .EQ. NN=-1 ) THEN
Rl = ( 1. + 0.235%¥BTA ) / ( 0.766 + 0.118%BTA }
B2 = 1. / (1.40.839%(FN-4.)/(1.+0.7T1%({FN~4.)1))
R3 = 1. / { 1. + 20. % ALF / { {7.5+aLFI¥*FNAFN ) )
RATIO = R1 ¥ R2Z % R3
XT = T + RATIOQ % { YT - N{(I~2} )
ELSE
Rl = ( 1. + O.37%RTA } / ( 1.67 + 0.28%BTA )
R2 = 1, / ( 1. + 0.22F{FN=-8.}/FN )
R3 = 1. / (1. + 8. %x ALF / ( (6.284ALF)*FN¥FN } }
RATIO = R1 % RZ ¥ R3
XT = XT + RATIOC ¥ { XT - X{(I~-2} )
END IF
CALL ROCT ( NN, ALF, BTA, B, C, EPS, XT, DPN, PNi )
X{I) = XT
A(TIY = ©cC / { DPN ¥ PN1 )
C8Y = (0S¥ + XNT
84 = CSA + A(I)
200 CONTINUE
IF { ABS{CSX-TSX) .GE. 1.E-9 .0QR. ABS{CSA-TSA} .GE. 1.E-8
WRITE (#%,989) TSY, CSY¥, TSA, CSA
9389 FORMAT(' TSX, C8¥ = ’,2E20.10 / ' TSA, C8A = ',2EZ20.10)
ENDIF
RETURN
END
REAL FUNCTION LNGAMA (X}
PT = 4. ¥ ATAN (1.
IF ( X .LT. 0.5 ) THEN
P = PI / SIN{X¥PI)
IF ( P .LE. 0. ) THEN
WRITE (%,98) X
g9 FORMAT (¢’ GAMMA(',E12.5,7) I3 NOT POSITIVE.'
STOP 1
END IF
Y=z 1. - X



ELSE

Y = X
END IF
IF { ¥ .LE. 6. ) THEN
IK = 7 - ¥
Fh = 1.-
DO 100 I =0, IK-1
FKE = FK ¥ { Y + I )
100 CONTINUE
2 = Y + IR
ELSE
Z =¥
END IF
ZZ = Z % 7
LNGAMA = 0.5 ¥ LOG(Z.%P]Y + (2-0.5}) % LOG(Z}) - Z
1 o {{{{~-4146./22 + 1820.)/27 -~ 12B7.)/272 + 1716.)
2 /Z72 - 6006.)/22 + 180180.) / (Z2%2162160.)
IF { ¥ ,LE. 6. )} THEN
LNGAMA = LNGAMA - LOG{FK)
END 1IF
IF ( X .LT. 0.5 } THEN
LNGAMA = LOG{P) = LNGAMA
END IF
RETURN
EXND
SUBRGUTINE ROOT ( NN, ALF, BTA, B, C, EPS, X, DPN, PNl )
DIMENSION BI(NN), CT(NN)
DO 100  ITER = 1, 10
CALL RECUR { NN, ALF, BTA, B, C, X, P, DPN, PNIl )}
D = P / DPN
X = X - D
I¥ { ABS(D) .LE. EPS } RETURN
100 CONTINUE
RETURN
END
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SUBRECUTINE RECUR { NN, ALF, BTA, B, C, X, P, DP, PO }

DIMENSION BINN), C{NN)

PO = 1.

Pi = X 4+ (ALF-BTA) / (ALF4BTA+2.)

DrPC = 0.

prl = 1.

DO 100 J = 2, NN
P = { X-B{(J) ) ¥ PI - C{J)} ¥ PO
DP = ( X-B{(J)} } * DP1 + P: - C{J) % DPOC
PO = P1
F1 =z P
DPO = DP1
BP1 = DP

100 CONTINUE
RETURN
END

SUBRCUTIKE RAYLEIGH ( BPZ2, BSZ, BRL, RPB )

SLOWNESS OF RAYLEIGH WAVE

R {B}y = 4. * B % B ¥ SQRT ( { B % B -~ BP2 ) * {( B % B -B32 ) )

& - (2. ¥ B ¥ B - B3Z )} % 2

RPRIME (B) = 4. % Bxx3 % ( S5QRT { {(B%*B~BS2)/(BxB~BP2) )

+ + SQRT { {(B*B-BP2)/(BX*B-B3Z) } }

+ ~-8.%B¥({ 2.*B*B -~ BSZ - SQRT { (B*B~BPZ*(B*B-BSZ} )} )
EPS = 1.0E-13

XNU = 0.5 % ( BS2 - 2. % BPZ ) / { BSZ - BPZ )

INITIAL TRY VALUE

B = SQRT (BSZ2) * {( 1. 4+ XNU } / { 0.87 + 1.12 % XX\U )

100 BRL = B -~ R {B) / RPRIME (B}
ERR = AaBS.{ { BRL - B 3y / B )
IF { ERR .GT. EPS } THEN
B = BREL
GO TC 100
ELSE
RPE = RPRIME (BRL,) / RRL
RETURN
END IF
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END

SUBROUTINE GEMTIM

COMMON /SLOW/ BP, BS, BR, BPZ
COMMON  /GEMF/ YP, ZP, FS, FC

COMMON /GEMG/ X, Y, 2, @8, QC
COMMON /TIME/ T1P, Ti8, TIH,
COMMON /FACT/ SGR, 38GI, AFR,
+ %2R, S21, SIP,

YP oz Y ¥ FC - Z % FS

7P = =Y ¥ F§ - Z ¥ FC

RO = SQRT ( ¥ ¥ X + Y x Y )
R2 = ¥ ¥ X + YV ¥ Y 4+ 2 % 2
E = SQRT {(RZ)

&S = Y / RO

GC = X / RO

CONSTANTS USED IN THIS SURROUT

GFC = 1. - QT + QC ¥ FO x FC
¥YZ o= ¥V ¥ Y + 2 % 2

NIF = N ¥ X + ZP ¥ P

EFS = BFZ ~ BS2 * F8 x FS
EOZ = B0 ¥ FS + Z x QS % FC

COSDITIONS TO ENSURE HEAD WAVE CONTRIBUTIONS

H1 = RGO / R - BP / BS
H3A = BP / BS - FS / SQRT (QFC
H3B = ( BS*¥YPrQC¥FCXFC / SQRT

ARRIVAL TIMES

, B3Z,

y RO,
THM,
AFT,
$28

INE

)
(XZP}

K,
TZ,
AFP,

BSP

k2
T3F,
AFS,

T35,

BTR,

+ QU*FS¥BESP )

TP = P WAVE ARRIVAL TIME
TE = 8§ WAVE ARRIVAL TIME
T = HEAD WAVE ARRIVAL TIME
THM = CONICAL HEAD WAVE COMPLETION TIME
TiP = R ¥ BP
T18 = R ¥ BS
iF ( HI .GT. 0. } THEN
T = Z ¥ BSP + RO % EP
ELSE
T1H = 1.0E10

T3H

BTI,

k¥ 2

- QS*QS*BFS
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END IF
THM

T2

T3P
T35
IF |

IF

U

H

ELS

END
ELSE

T3H
END IF

R2 ¥ BSP / 2

R2 ¥ BR / X
SQRT (XZP) % BP
SQRT {XZP) ¥ BS
3A .GT. 0. ) THEN
{ H3B .GT. 0. ) THEN
T3H = { ABS (X) % SQRT {(BFS)
E
T3H = 1,0E10
IF
= BS ¥ ROZ / SQRT (QFC)

USEFUL FACTORS IN OTHER SUBROUTINES

SGR
SGIT
AFR
AFI
AFP
AFS
BTR
ETI
S2R
521
S2P
525

LR N L R R L O 2 I LR I A

RETURKN
END

FUNCTI

IMPLIC
COMMON
COMMON
COMMON
COMMON

Ul
IF |

T

SPHE

RO / RZ

Z / RZ

Y » QC / YZ

Z ¥ QC / YZ

YZ ¥ { BR ¥ BR ~ BP2 )
YZ # { BR ¥ BR - BS2 )
YP ¥ QC x FC / XZP
ROZ / XZP

QS ¥ QC *¥ FC ¥ FC / QFC
S / QFC

BPZ * QFC

B5Z x QFC

ON Ul (T}

IT COMPLEX (C)

/IDEX/ IWAVE
/S5LOW/ BP, BS,

/GEMG/ X,
/TIME/ T1P, T18

0.

LLE. TI1P

Y,

2,

ER,
Q5,

} RETURN

BPZ, BSZ,
&C, RO,

{ICAL P WAVE CONTRIBUTION

R

PR

EEP,

BSP

B2
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IWAVE = 1

B2 = BPZ

QdJ = SQRT { T ¥ T -~ TiP ¥ TIP ) / R
Ul = SUMPS (QJ)

IF { T .LE. TiS ) RETURN

SPHERICAL S WAVE CONTRIBUTION

TWAVE = 2

B2 = BSZ

QJ = SQRT {( T x T - TiS * T1S } / R
Ul = Ul + SUMPS (QJ)

HETURN

END

FUNCTION UIH (T)

IMFLICIT COMPLEX (C)

COMMON /IDEX/ IWAVE

COMMON /SLOW/ BP, BS, BR, BP2, BS2, BSP
COMMON  /GEMG/ X, Y, 2, QS, QC, RO, R
CoMMON /TIME/ T1P, TI1S, T1H, THM

UiH = 0.
IF ¢ (7T .LE., TIH ) .OR. { T .GE. THM ) ) RETURN

CONICAL HEAD WAVE CONTRIBUTION

IWAVE = 2
QQ = { T~ 2 % BSP } / RO
QH = SQRT ( QQ * QQ - BP2 )
IF {{ T .LE. T1S ) THEN
UlH = SUMHO (QH)
ELSE
@J = SQRT ( T ¥ T - T1S ¥ TiS )} / R
UlH = SUMH1 ( @J, QH )
END iF
RETURN
END

FUNCTION vz {T)
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IMPLICIT COMPLEX (C)

COMMON /IDEX/ IWAVE

COMMON /SLOW/ BP, BS, BR, BPZ, BSZ

COMMON /GEMF/ YP, ZP, FS, FC

COMMON /GEMG/ X, Y, 2, QS, QC

COMMON /TIME/ TDUM(4), T2

COMMON /FACT/ TFDUM{Z2), AFR, AFI, AFP, AFS

DATA CI / (0., 1. }y /

Uz = 0.
IF { { X .LE. 9. ) .OR. { T .LE. T2 3} ) RETURN

CONICAL P WAVE CONTRIBUTION

IWAVE = 1
TP = T - X % BR
TEM =z SQRT ( TP % TP + AFP )
CAF = AFR % TP + CI % AFI * TEM
CAFT = AFR + CI ¥ AFI * TP / TEM
CX = CI % BR
CY = CI % CAF / QC

CXY = CX ¥ CX + CY % CY
CZP = SQRT { BPZ2 + CXY )

Z8 = SQRT ( BSZ + CXY )

CALL SQURCV ( CX, €Y, CXY, CZpP, CZ3, CR, CF 1}
CG = { CI % CY ¥ FC + CZP ¥ ¥S ) % CR
U2 =z REAL ( -CI % CF ¥ CAFT / CG )

CONICAL S WAVE CONTRIBUTION

IWAVE = 2

TEM = SGRT { TP ¥ TP + AFS )
CAF = AFR % TP + CI % AFI * TEM
AFT = AFR + CI % AFI x TP / TEM
CX = CI ¥ BR

cy = CI ¥ CAF / QC

CXY = CX ¥ CX + CY % CY

czp = SQRT ( BP2 + CXY )

CzZs = SQRT { BS2 + CXY )

CALL SOURCV { {X, CY, CXY, CZp, CZS, CR, CF )}

CF = CF J CZ5

Cca = (CI % CY % FC + CZ8 ¥ F5 } * CR
u2 = U2 + REAL ( -CI % CF % CAFT / CG }
RETURN

END

D-12
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FUNCTION UeH (T)

IMPLICIT COMPLEX (C)

COMMON /IDEX/ IWAVE

COMMON  /SLOW/ BP, BS, BR, BPZ2, BSZ

COMMON /GEMF/ YP, ZP, FS, FC

COMMON /GEMG/ X, Y, 2, ®5, QC

COMMON  /TIME/ TDUM(5), TZ2S8, TZH

COMMON  /FACT/ FDUM{Z2), AFR, AFI, AIP, AFS

DATA cr / (0., 1. ) /

TUZH = 0.
IF { (T .LE. T2H ) .CR. (T .GE. TZS } 3 RETURN

PLANE HEAD WAVE CONTRIBUTION

IWAVE = 2
TP = T - X ¥ BR
TEM = SQRT ( AFS - TP * TP )
IF (Y .GE. 0., ) THEN
AFH = AFR % TP - AFT % TEM
AFHT = AFR + AFI % Tp / TEM
SGNP = ~1.
ELSE
AFH = AFR ¥ TP + AFI % TEM
AFHT = AFR - AFI % TP / TEM
SGNP = 1.
END IF
CX = CI ¥ BR
CY = CI ¥ AFH / QC
CXY = CX % CX + CY % CY
CZP = SGNP ¥ CI % SQRT { ABS ( REAL ( BPZ + CXY )} ) )
CZ8 = SQRT ( ABS { REAL { BSZ + CXY } } )

CALL SOURCV ( CX, CY, CXY, CZP, CZS5, CR, CF )

CF = CF / CZS

e = { CI ¥ CY ¥ FC + C2ZS ¥ FS } * CR
U2H = REAL ( -CI % CF % AFHT / CG )
RETURN

END

FUNCTION U3 {T)

IMNPLICIT COMPLEX (C)
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COMMON /IDEX/ TWAVE

cCoMMON  /SLOW/ BP, BS, BR, BP2, BS2
COMMON /GEMF/ YP, ZP, FS, EC
COMMON /GEMG/ X, Y, Z, Q5, QC
COMMON /TIME/ TDUM{3), T3P, T38
COMMON /FACT/ FDUM(6), BTR, BTI, S2ZR, 52I, S2P, 526
DATA cr / ( G., 1. } /

U3
I¥

0.
( Y .LE. 0. ) .OR. ( YP .LE. 0. } (OR. { T .LE. T3P ) }
ETURN

g 1

e

CYLINDRICAL P WAVE CONTRIBUTION

IWAVE = 1

TEM = SQRT { T * T - T3P ¥ T3P }

CBT = BTR ¥ T + CT % BTI % TEM

CBTT = BTR + CI % BTI ¥ T / TEM

CsG = S2R % CBT + 521 ¥ SQRT ( 82P - CBT * CET )
CX = CI % CSG % QC + CI x CBT * @5

CY = CI ¥ C8G ¥ @8 - CI % CBT ¥ QC

CXY = CX ¥ CX + CY » CY

Czp = SQRT { BFZ + CXY }

CZs = SQRT { BSZ + CXY j

CALL SOURCV ( CX, CY, CXY, CZP, CZS8, CR, CF )
CG { CI ¥ CX + BR } ¥ { C8G % FS / CZP + @S * FC } % (R
U3 REAL ( ~CI ¥ CF x CBTT / CG )}

il

IF ( T .LE. T35 ) RETURN

CYLINDRICAL S WAVE CONTRIBUTION

IWAVE = 2

TEM = SQRT ( T ¥ T - T3S ¥ T35 )

CET = BTR * T + CI * BTI * TEM

CBTT = BTR + CI % BTI x T / TEM

€3G = S2R % CBT + S$2I ¥ SQRT { S2S8 - CBT * CBT }
CX = CI ¥ CSG * QC + CI ¥ CBT ¥ @S

CY = CI ¥ CSG ¥ @5 - CI ¥ CBT * QC

CXY = CX ¥ CY + CY x CY

CZpP = SQRT { BPZ + CXY )

CZs = SQRT ( BSZ + CXY )

CALL SOURCV { CX, CY, CXY, CZP, CZS, CR, CF )

CF = CF / CiZ5

CG = { CI ¥ CX + BR } * ( CSG % FS / CZS + QS x FC } ¥ (R
us3 = U3 & REAL ( ~-CI % CF % CBTT / CG )}

RETURN

END
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FUNCTION U3H (T)
IMPLICIT COMPLEX (O)
COMMON /IDEX/ IWAVE
COMMON /SLCW/ BP, BS, BR, BP2, BS2
COMMON  /GEMF/ YP, ZP, FS, EC
COMMON  /GEMG/ X, Y, Z, QS, QC
COMMON  /TIME/ TDUM(B), T3S, T3H
COMMON  /FACT/ FDUM(6}, BTR, BTI, SZR, 521, §52P, 525
DATA c1 / ¢ 0., 1. 3% /
U3H = 0.
IF ( (Y .LE. 6. ) .OR. { YP .LE. 0. ) } RETURN
I ( (T ,LE. T3H ¥ .OR, { T .GE. T3% b RETURN
PLANE HEAD WAVE CONTRIBUTION
IWAVE = 2
TEM = SBQRT { T3S ¥ T3S - T % T )
IF { X .GE. 0. ) THEN
BTH = BTR *¥ T - BTI * TEM
BTHT = BTR + BTI ¥ T / TEM
SGNP = -1,
ELSE
BTH = BTR *# T + BTI * TEM
BTHT = BTR - BTI * T / TEM
SGNP = 1.
END IF
CsSG = SZR ¥ BTH + 521 % SQRT { 525 - BTH ¥ BETH j
CX = CI % 0SG ® QC + CI % BTH % @S
CY = CI ¥ CSG ¥ Q5 -~ CI * BTH ¥ QC
CxY = CX ¥ CN 4+ CY % CY
CZp = SGNP % CI % SQRT { ABS ( REAL { BP2 + CXY by
CZ5 = SQRT ( ABS { REAL ( BS2 + CXY Yoy )
CALL SOURCV { CX, CY, CXY, CZP, Cis, CR, CF ;
CF = CF / CZS
CG = { CI ¥ CX + BR } % ( CSG % FS / C7ZS + QS ¥ FC ) % CR
U3H = REAL { «CI * CF % BTHT / CG )
RETURN
END
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FUNCTION SUMPS (QJ}
COMMON  /SUMS/ NJ, PT{(10060), WT

SUM = O,
po 160 I =
SUM = SUM

100 CONTINUE
SUMPS = WT * SUM

1, NJ
+ FOTN ( PT{I) * QJ )

RETURN
END

FUNCTION FCTN (Q)

IMPLICIT COMPLEX (C)

COMMON T

COMMON  /IDEX/ IWAVE

COMMON  /SLOW/ BP, BS, BR, EBPZ, BSZ, BSP, BZ
COMMON  /GEMF/ YP, 2P, F5, FC

COMMON /GEMG/ X, Y, Z, QS, QC, RGO, R, R2
COMMON  /FACT/ SGR, SGI

DATA Ci / (0., 1. ) /

TRZ = RZ2 ¥ { B2 + Q@ * Q

TEM = SQRT ( T ¥ T - TQZ )

CSG = 8GR * T + CI % SGI * TEM
Cx = CI * C5G x QU ~ @ % &S
CY = CI % C5G ¥ Q8 + @ x QC
CxY = CX * CX + CY % CY

CZP = SQRT { BP2 + CXY )

CZS = SQRT ( BSZ + CXY )

CALL SOURCV { CX¥, CVY, CXY, CZP, CZS, CR, CF )}

IF { IWAVE .E@. 1 ) THEN

CG = { CI # CX + BR )} x [ CI ¥ CY ¥ FC + CZP % FS ) % CR
FCTN = REAL { CF x CZP / CG )

ELSE
CG = ( CI ¥ CX + BR ) % ( CI * CY %¥ FC + CZS % F5 ) ¥ CR
FCTN =z REAL { CF / CG )

END IF

RETURN

END
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FUKCTION SUMHEO (QH)
COMMON /SUMO/ NH, PH{1000), WH{1000)
SUM = 0.
DO 100 I = 1, NH
SUM = SUM + WH{TI) * FCTNH ( PH{I) * QH )
100 CONTINUE
SUMHC = QH #* 35UM
RETURN
END

FUNCTION SUMHLI ( QJ, QH
COMMON  /SUMI1/ NH, PH{100G), WH{1000)

QC
QL

( QH + @J ¥ / 2.
({ QE - QJ } / 2.

5EH

SUM o.
DO 1006
Q
QQJ
SUM
100 CONTINUE
SUMHL = SQRT (L) % SUM

I = 1, NH
& PH(TI} *

5 { Q @J
sU WH{ X

LR I H

C o+ i QL
Q T - j
UM + I3 ( FCTNH (Q) + FCTHH (-Q) ) % QQJ

RETURN
END

FUNCTION FCTNH {Q)

IMPLICIT COMPLEX (C)

COMMON T

COMMON /SLOW/ BP, BS, BE, BP2, BS2
COMMON /GEMF/ YP, 7P, FS, FC

COMMON /GEMG/ X, Y, 2, @S, @C, RO, R, R2
COMMON  /FACT/ SGR, SGI

DATA CI o/ 0 0., 1.0y /7
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T@Q2 = R2 % {( BSZ2 + & ¥ & )

TEM = SQRT ( TZ - T * T )

5GH = SGR ¥ T - S5GI ¥ TEM

SGHT = SGR + SGI * T / TEM

CX = CI % SGH ¥ QC - & ¥ @8

cY = CT % SGH ¥ Q8 + @ ¥ QC

CXY = CX % CX + CY % (Y

CZP = -CI % SQRT { ABS { REAL { BPZ + CXEY } }
CZ5 = SQRT { ABS ( REAL ( ES2 + CXY } 1} )

CALL SOURCVY { CX, CY, C¥Y, CZP, CZ5, CR, CF )
CF = CF / CIZS

CG = { CI ¥ CX +# BR ) % ( CI ¥ CY % FC + CZ8% % Fs } % CR
FCTwH = REAL ( -CI % CF ¥ SGHT / CG )

RETURN

END

SUBROUTINE SGURCV ( CX, CY, CxXY, CTZpP, CZ5, TR, CF )
IMPLICIT COMPLEXY (C)

COMMON  JIDEX/ IWAVE, IDISP, ISLIP

COMMON  /GEMF/ DUM{2), FS, FC, F$2, FCZ

DATA cT /6., 1)/

U8 = CZ5 x CZ25 + CXY
CR = 4. % CZP % CZ5 % CXY - CS x (8

GG TC ( 100, 20C } ISLIP

160 CONTINUE

STRILE-SLIP
FP-WAVE
IF { IWAVE .E@Q. 1 ) THEN

IF ( IDISP .EG. 1 ) THEN
CF = =8, ¥ CI ¥ Cx ¥ CX x CY CZ5 % FS
+ + 8., ¥ CX ¥ CX ¥ CZP ¥ (Z8S *» FC
ELSE IF { IDISP .EQ. 2 ) THEX
CF = -8, % CI % Cx ¥ CY ¥ CY ¥ CZS * IS

%

+ + 8, ¥ CX % CY % CZP ¥ CZ5 * FC
ELSE IF { IDISP .EQ. 3 ) THEN
CF = ~3. ¥ OCX % CYV % CS ¥ FS
+ - 3. % C1 ¥ CX ¥ CZF x C5 % FC
ExD IF



OO0

LLSE
IF { IDISP .EQ. 1 THEN
CF = 2. % C1 % CY % { { CZ8S % CZS - CY % C% + CY ® €Y } % (S
+ + 4. % CZP ¥ { CX ¥ CX - CV % C¥ ) % CZ8 )} ¥ FS
+ + (8. ¥ CY ¥ CY % CZP % C28 - 2. % CS % CS y ¥ CZ5 x FC
ELSE I¥ ( IDISP .EGQ. 2 THEN
CF = 2. ¥ CI x CX ¥ { { CZS5 % CZS + &X ¥ CX ~ CY % CY } % CS
+ = 4. ¥ CZP ¥ { CX x CX -~ CY ¥ CY ) % (28 ) % FS
+ - 8. ¥ CX % CY ¥ CZP x CZS ¥ CZS * FC
ELSE IF ( IDISP .EQ. 3 ) THEN
CF = 8. % CX ¥ CY % CZP % CZS % {ZS % FS
+ + 4. % CT % CX % CZP % CS ¥ C2Z8 ¥ FC
END IF
END IF
RETURN
200 CONTINUE
DIP-SLIP
P-WAVE
IF { IWAVE .EQ. 1 ) THEN
IF ( IDISP .E@. 1) THEN
CF = =1, ¥ CT % CX % C2S % { CZP % CZP + CV % OV ) ¥ RS2
+ + 8. % CX % CY % CZP % CZS % FC2
ELSE IF ( IDISP .EQ. 2 ) THEHN
CF = -4, % CI ¥ CY ¥ CZS % { CZP % CZP + CVY % OV ) ¥ FS2Z
+ + 8. ¥ CY ¥ CY ¥ CZP % CZS % F(C2
ELSE IF { IDISP .E@Q. 3 ) THEN
: Ck = -2, % ( CZP % CZP + CY % CV ) % CS * FS2
+ - 4. ¥ CI ¥ CY % CZP % CS » FC2
END IF
S~WAVE
ELSE

IF { IDISP .EQ. 1 } THEHN
CE = 2. ¥ CI * CX ¥ ( ( CZ8 % CZ§ - CY % CY ) ¥ LS
+ + 4. ¥ CY ¥ CY % CZP % CZS )} # FS2
8. ¥ CX ¥ CY % CZP * C2S % (CZS % FC2

¥ -
ELSE IF ( IDISP .EQ. 2 ) THEN
CF = 2, ¥x CT £ C¥ x ( ( 2., % C28 % C7Z8% + Cx ¥ CX 1}y * (s
+ - 3. ¥ CX ¥ CX % CZP ¥ CZS5 ) % F§2
+ +{ 8. ¥ CX %X CX ¥ CZP % (78 - 2., % CS ¥ C8 ) % CZS % rg2
ELSE IF ( IDISP .EQ@. 3 ) THEN
CF = 4. % CZP % CZ5 % ( CXY + CV % VY } ¥ CZ8 ¥ FS2
+ + 4. ¥ CI ¥ CY % CZP % (CS % CZS % FC2
END IF
END IF
RETURN
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"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical Documen-
tation,” by Jean H. Prevost, 9/14/89, (PB90-161944/A8),

“1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protec-
ton,” by AM. Reinhom, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/29,
{(PB90-173246/A8).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary
Element Methods," by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699/A%).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structares,” by
HHM. Hwang, J-W. Jaw and A.L. Chi’ng, 8/31/89, (PBO0-164633/A8).

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes,” by H.H.M, Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330/AS).

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems,” by Y.Q. Chen and T.T.
Socng, 10/23/89, (PB0-164658/AS).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems,” by Y. Ibrahim,
M. Grigoriu and T.T. Soong, 11/10/89, (FB90-161951/A8),

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. O'Rourke and M. Hamada, 12/1/89,
(PB90-209388/AS).

“"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J.M.
Bracei, A.M. Reinhorn, I.B. Mander and $.X. Kunnath, 9/27/89.

"On the Relation Between Local and Global Damage Indices,” by E. DiPasquale and A.S. Cakmak,
8/15/89, (PB90-173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A.J. Walker and H.E. Stewart,
T/26/89, (PB90-183518/AS).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese
and L. Baumgrass, 1/17/89, (PB90-208455/AS).
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NCEER-89-0037

NCEER-89-0038

NCEER-89-0039

NCEER-89-0040

NCEER-89-0041

NCEER-50-0001

NCEER-90-0002

NCEER-90-6003
NCEER-90-0004

NCEER-96-0005

NCEER-50-0006

NCEER-90-0007

NCEER-90-0008

NCEER-90-0009

NCEER-90-0010

NCEER-90-0011

NCEER-0-0012

NCEER-90-0013

NCEER-90-3014

NCEER-90-0015

A Determinstic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veleisos and Y. Tang,
7/15/89, (PBRO0-164294/A8).

"Workshop on Ground Motions Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by
R.V. Whitman, 12/1/89, (PB90-173923/A%).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Cos-
tantino, C.A. Miller and BE. Heymsfield, 12/26/89, (PB20-207887/A8).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by LH,
Prevost, 5/10/89, (PBO0-207879/AS).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment,” by K. Ho
and A.E. Aktan, 11/1/89.
"Geotechmical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,”

by T.D. O'Rourke, H .E. Stewart, F.T. Blackburn and T.8. Dickerman, 1/90, (PR90-208596/A8).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D,
Lutes, 2/28/90.

"Earthquake Education Materials for Grades K-12," by K.EK. Ross, 4/16/90.
"Catalog of Strong Motion Stations in Eastern North America,” by R.W. Bushy, 4/3/90.

"NCEER Strong-Motion Data Base: A User Manuel for the GeoBase Release (Version 1.0 for the
Sun3),” by P. Friberg and K. Jacob, 3/31/90.

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid
Earthguake,” by H.H.M. Hwang and C-H.S. Chen, 4/16/90,

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station,” by H.H.M. Hwang and C.S.
Lee, 5/15/50.

"Pilot Study on Seismic Vulnerability of Crude (il Transmission Systems,” by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. & Rourke and M. Shinozuka, 5/25/90.

"A Program to Generate Site Dependent Time Histories; EQGEN," by G.W. Ellis, M. Srinivasan and
A8, Cakmak, 1/30/90.

"Active Isolation for Seismic Protection of Operating Rooms," by M.E, Talbott, Supervised by M.
Shinozuka, 6/8/9.

"Program LINEARID for Identification of Linear Structural Dynamic Systems,” by C-B. Yun and M.
Shinozuka, 6/25/90.

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams." by AN. Yiagos,
Supervised by I.H. Prevost, 6/20/90.

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity,” by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhorn, 7/1/90.

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details,” by §.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/50.

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes," by JN. Yang and A.
Daniclians, 6/29/90.
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NCEER-90-0016

NCEER-90-0017

NCEER-90-0018

NCEER-90-0019

NCEER-90-0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0023

NCEER-90-0024

NCEER-90-0025

"Instantaneous Optimat Control with Acceleration and Veloeity Feedback,” by LN, Yang and Z. L,
6/29/90.

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90.

“Evaluation of Liquefaction Poiential in Memphis and Shelby County,” by T.S. Chang, P.S. Tang, C.S.
Lee and H. Hwang, 8/10/90,

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring
Isolation System,” by M.C. Constantinou, A.S. Mokha and A.M. Reinhorn, 10/4/98.

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System
with a Spherical Swiface,” by A.S. Mokha, M.C. Constantinou and A M. Reinhorn, 10/11/90.

"Dynamic interaction Factors for Floating Pile Groups," by G. Gazetas, K. Fan, A. Kaynia and E.
Kausel, 9/10/50,

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures," by S, Rodrl guezvﬁfmez
and A.S. Cakmak, 9/30/90.

"Study of Site Response at a Selected Memphis Site,” by H. Desai, . Ahmad, G, Gazetas and M.R. Oh,
10/11/90,

"A User's Guide to Strongmo: Version 1.0 of NCEER’s Strong-Motion Data Access Tool for PCs and
Terminals,” by P.A. Friberg and C.A.T. Susch, 11/15/90.

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions,” by L-L.
Hong and AH.-S. Ang, 10/30/90.
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