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PREFACE

This report is one of a series, summarizing the work started under Grant No.
ENV P76-9838 of the National Science Foundation (RANN - Program Manager:
Dr. S.C. Liu) on the project:; "Underground Lifelines in a Seismic
Environment,” The work was continued under Grant No. PFR 78-15049. The
objective of the research is to develop information needed for the
formulation of guidelines for the design, evaluation and risk analysis of
underground lifeline systems and components, located in areas which may be
subjected to earthquakes. The results will be useful to public utilities,
regulatory bodies, manufacturers, planners and civil engineers.

The research work is conducted by Weidlinger Associates and Columbia
University (Department of Civil Engineering & Engineering Mechanics) with
the following participants:

Principal Investigators: M. Baron, M. Shinozuka, P. Weidlinger
Investigators: J. Isenberg, R. Kratky, 1. Nelson, M. Salvadori, S. Takada,

J. Wright






I1

I11

IV

TABLE OF CONTENTS

Preface

List of Figures

Abstract |

Introduction

Non—-Coherent Seismic Free Field
Interference Response Spectrum
Conclusions

Appendix 1 - References
Appendix 2 - Notations

Figures.

Distribution List

Page

13
19
21

23






LIST OF FIGURES

Coherent and Incoherent Components of a Multipoint Ground
Motion Input

Examples of Incoherent Wave Forms Due to Phase Delay
(E1 Centro, May 1940 Comp SOOE)

a) Original Record
b) Incoherent Wave Form At=0.1 sec.
c¢) Incoherent Wave Form At=1.0 sec.

Incoherence vs. Non-dimensional Phase Delay

Example of Incoherent Wave Form Due to Discontinuity (San Fernando.
February 9, 1971, Comp. N90E, Hollywood Storage Basement/
Parking Lot)

a) Original Record
b) Incoherent Wave Form £=160 ft (50 m)

Comparison of Pseudo Velocity (S ) and Absolute Velocity (SA)
Spectra (z=0.05)

a) Imperial Valley, May 18, 1940 El Centro Site, Comp S9OW

b) " Comp SOOE
¢) San Fernando, Feb, 9, 1971, 15250 Ventura Blwvd. Comp N79W
4) " " Comp N11E

Comparlson of Relative Displacement (8 ) and Absolute Displacement

(S ) Spectra (z=0,05)

a) Imperial Valley, May 18, 1940, El Centfo Site, Comp SOO0E
b) San Fernando, Feb. 9, 1971, 15250 Ventura Blvd., Comp N79W

Construction of Absolute Spectra from Pseudo Velocity Spectrum

a) Tripartite Pseudo Velocity Spectrum
: A
b) Absolute Displacement (Sg) and Absolute Velocity (SV) Spectra

A



IR Spectrum from a Discontinuity £=160 ft (50 m), San Fernando,
Feb. 9, 1971 Comp N90E Hollywood Storage Basement - Parking Lot
Comparlson of Absolute Displacement (SA) and Absolute Velocity
(S ) Spectra, with IR Spectra for Several Values of Phase Delay
Tlme (z=0.05)

a) Imperial Valley, May 18, 1940 El Centro Site, Comp S90W
b) " " Comp SOOE
c) San Fernando, Feb. 9, 1971, 15250 Ventura Blvd. Comp N79W
d) " " Comp N11E



ABSTRACT

Lifeline structures extending over long horizontal distances are affected
by the non-coherent components of ground shaking. The response of in-
terest is the relative displacement of adjacent points on the structure,
instead of displacement relative to the ground. For this reason, the
seismic analysis of lifelines requires techniques which are distinct from
those used in the analysis of buildings.

In this paper, the concept of the Interference Response Spectrum (IR
Spectrum) is discussed. The IR Spectrum presents quantitatively and in a
unified form the effects of the non-coherent free field on the dynamic res-
ponse of lifeline structures. Derivations, properties and examples of IR

spectra are gilven.



I. INTRODUCTION. Highways, bridges, tunnels and pipelines are called

lifelines. A characteristic that distinquishes a lifeline from other
structures is that it extends (essentially parallel to the ground surface)
over a distance which is long compared to its other dimensions. The founda-
tions, therefore, are either at widely separated points (e.g., bridges) or
they extend continuously over long distances (pipes, tunnels). For this
reason, in considering the effects of ground shaking, we cannot assume a
priori that the motion at all points of ground contact 1s identical(*)(i.e.,
that the ground motion is coherent). When the motion is nat coherent, the
relative displacement of the points of contact produces stresses in the
structure, whereas identical (i.e., coherent) excitation at continuous or
closely spaced foundation points may result in primarily rigid body displace-
ment, with no significant strain.

The analysis and design of lifelines subjected to earthquake is, therefore,
different from that of buildings, where we customarily (and a priori) assume
that the ground motion over the entire foundation plane is coherent and that
the relevant response is displacement relative to thé ground.

These two types of ground excitations and their consequences determine the
essential difference between the analysis of buildings and lifelines, as

summarized in the table below:

(#) The significance of this is recognized by researchers concerned with
lifelines, C£. Newmark in Ref. 11 p. 16, Christian (3) and
Matsushima (9).



TABLE 1
Buildings Lifelines

1. Ground motion: coherent non-coherent

2. Relevant response: relative to relative to adjacent
ground surface points in structure

The first line in Table 1 above is mostly a subject for seigmologi-
cal research (i.e., acquisition and analysis of records and extension of
the knowledge of the free-field phenomena). The second item concerns it-
self with problems of dynamic analysis and methods of calculation. This
investigation is addressed primarily to the latter but contributions
to the clarification of non-coherent ground motion are offered by in-
vestigating appropriate forms of input for the analysis.
Consider a segmeﬁt of a lifeline, as shown schema;ically in Figure 1.
The structure is supported on the ground at points A and B, separated by
an interval %. The ground motions at these points are ZA(t) and zB(t), and
we call it coherent if

ZpA = Zp (1)
and non-coherent if

Zp % Zp (2)



In the latter case, it 1s convenient to decompose the ground excitation
into its coherent component:

2, =iz, + zp) _ (3
and its incoherent component:

Az =% (ZA - ZB) (4)
and we may note that if the structure itself is symmetrical, with respect
to A and B, its response to the two components will be in symmetrical and
antisymmetrical modes respectively. In the analysis of buildiﬁgs (as
mentioned previously) the assumption is either that

Az = O (5)
or that its effects are negligible because of the dynamic characteristics
of the structure or because the ground-structure interaction filteﬁg out
incoherence. |
In the analysis of lifelines, the coherent component should not be a
priori neglected, but if it turns out to be gignificant, the procedures
and methods are identical to those, used in the analysis of buildings.
This investigation, therefore, concerns itself with the incéherent com-
ponent of the ground motion.

Generally, if the time histories zA(t) and zB(t) are known (or

can be synthetized), integration of the equations of motion provides the
entire response without separation of the input into coherent and incoherent
components. If we operate in the frequency domain, the modal contributions

give a clear indication of the significance of each component. Whenever



the significant response is contributed by coherent excitation,
analysis by standard response spectrum techniques is the method of choice
at the present. This procedure is very attractive because of the com—
putational convenience it offers. Equally dmportant is the free-field
information contéiﬁed implicitly in the response spectrum itself, as
reflected by its modification due to variations of the resonant fre-
quency of soil layers above the base rock. The spectrum also clarifies
and quantifies the effect of structural damping and of non-linear
elastoplastic response (12). By presenting these essential facts in a
concise form, response spectra are useful tools for the definitiom of
design earthquakes, and permit the codification of the design input and
analytical procedure.

The purpose of this paper is to develop a similar technique (called
Interference Response (IR) Spectrum) for Incoherent ground excitation,

applicable to lifeline analysis and design.



II. NON-COHERENT SEISMIC FREE-FIELD. The ground motion z{x,t) is said to be

coherent in the interval &, if for purposes of analysis it is reasonable to

assume that

z(x,t) = z(t) (6)
where x is a coordinate within &. This assumption is used in the seismic analy-
s8is of buildings (as noted in the Introduction).

Consider now a straight branch of length L of a lifeline network consisting of
links of length % << L. In this case, the approximation of Eq (6) is not valid,
and the incoherent component of the ground motion, with respect to the {end
points) of the interval % is given by

Az(x,t,8) = z(xti/p,t) - z(x-4/7,t) (N
where x is a coordinate of the midpoint of the interval. 1In analysis of life-
lines, it 1s usually permissible to use a first order approximation of the inco-
herent motion by setting

Az(x,t,2) = Az(t,R) (8)
for points in L, provided that the peak relative response of adjacent links,
located at, or near the midpoint of L may be taken as representative of the per-
formance of the entire segment. The approximation of the two types of ground
motionsby Eq's (6) and (8) are assumed to be sufficiently accurate inputs for
séismic analysis. The approximation is also justified by probabilistic con-
siderations, in view of the limited resolution and the statistical nature of
seé¢ismic records. In the discussions that follow, we will consider only first

order incoherence as defined in Eq (8). Incoherent motion includes the following



two special cases:
(a) 1f one of the end points of the interval is at rest at a time t, we have:
Az(t,2) = z(t) 9)
This will occur at all times if the separation interval & is large, compared
to the hypocentral distance.
(b) If all Fourier components of the motions of the two points of the interval
are out of phase by an angle 7w, we have
Az(t,8) = 2z(t) (10}
and consequently, in general, the coherent and incoherent ground motion must
satisfy the inequality:
Azpax =‘$lzzmax[ (1D
which defines the upperbound of the incoherent motion (Newmark, op. cit. p. 14).
Finally, incoherent motion 1eéds to the definition of the mean strain, by
e(t,9) = === (12)

over the interval, and also to the strain at a point within the interval:

e(t) = lim éfﬁfi&)
=0 L (13)

Such ground motion maxima and strains are important characteristics of the free
field. 1If it can be assumed or shown, that the deformation of a lifeline
structure conforms to that of the surrounding soil, these quantities are the
design parameters of the system, otherwise, they are the input for further dyna-
mic analysis.

To clarify the causes of incoherent ground motion,we consider a disturbance

propagating from a symmetric point source in an infinite, homogenous isotropic,



elastic space. One component of the motion of two spatially separate points will be
coherent if, and only if, they are equidistant from the source. In all other cases, we
will observe incoherence as manifested by phase shift and variations in ampli-

tude. In seismic distrubances, non-coherent motion exists due to a variety of

causes. The following is a list of some of the significant socurces of non-

coherent seismic ground motion.

TABLE 2

SOURCES OF NON-COHERENCE

1. Attenuation of amplitude as a function of hypocentral distance

2. Finite dimension and directionality of source (faults)

3. Phase delay due to finite propagation velocity

4. Observable and measurable geophysical and geological irregularities
(inhomogenedity, 1éyering, variation of soll properties, non-uniformity
in lagering)

5. Random variations

6. Man-made discontinuities

Cases 1 and 2 produce noncoherent ground motions in homogeneous soil, but

changes in the wave form which are attributable to this cause are not signifi-
cant if the epicentral distance R3>%. This restriction applies to most in-
stances of practical interest and, therefore, these sources of non-coherence

will not be considered.



Case 3 phase delay is the predominant source of non-coherent motion. In this
case, the motion may be described by a single progressing wave equation, in the x
direction

z(x,t) = £(x-ct) (14)
where ¢ is a constant velocity of propagation. (This formulation ignores variable
phase velocity due to 1nhomogeneity and layvering. Results obtained under
this constant velocity assumption are expected to be modified, to some extent,
by further research). By Eq's (7) and (14) we may now compute the incoherent
ground motion by

Az{t,At) = z(t) - z(t+At) (15)
which is the interference of two waves and where

At = &/, ‘ (16)
is the phase delay when the direction of propagation is along the x coordinate.
Examples of the use of Eq (15) with data obtained from integrated accelerometer
records are shown on Figure 2. If the plane wave front is inclined at an angle
a to the x axis the effective velocity to be used in Eq (16) is

c, = c/sina (17)
and incoherent motion, in this case, vanishes whenever o = 0 (i.e. At=0)

By substituting Eq's (15) and (16) into (13) the strain at point is
= 1 lim  Az(t,At) _

= = V/ie

€ ¢ At=o At / (18)

where
3z

V= 5 (19)

is the ground velocity. The maximum strain is
v
e = _max
max c

(20)

where Vma is the maximum ground velocity.
X



- 10 -

The peak amplitude of the incoherent motion due to a phase delay is
MAX|Az(t,At) | = rz (At) = Az(t ,At) (21)
where tO is a root of

0z(t) - dz(t#ht) _ g
at ot (22?

The peak amplitude of Az is conveniently representated by a non-dimensional

function :
bz (At)
I(At) = —22X
callad the Incocherence function, where
D = MAX|z(t)] (24)

max

The initial slope and the maximum value of this function are significant, and
they are determined as follows:

It can be shown that

dA
zmax = M'AX.BAZ
dAt AL
At=0 At=0 (25)
and since
. Az 3z
lim —_~ = =% =V (26)
At=0
we conclude that
dAz
max!| - v
dAt At max 27)
=9

and, therefore, by Eq's (23) and (27):

4ar | _ Vinax
dAt D (28)
max
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If the ground displacement z(t) exhibits a single dominant frequency w the

relation
Vméw
w = 2o (29)
max :
follows and the maximum value of the inccherence, by Eq (11)
T nax 2 (30)
occurs when
wAt = (31)

Fig. 3 shows plots of incoherence I, (calculated from six accelerometer records)

vs. the non-dimensional phase delay:

o= Vmax At _ wdt
"5 32 (32)
max

where w is given by Eq (29).
An upperbound approximation to these curves is the function

I(t) = MAX|sinwt — simw(t-At)|=2sint, T<%. (33)
as shown by the solid line of Fig. 3. The numerical value for the frequency w

may be estimated by using the empirical relation given in Ref. 12.

_ Vmax _ 36 _
w == 8 0.75 rad/sec. (34)
max
so that in this case
T = 0.375 At : (35)

The Incoherence function of Eq (33) may be used as the generic definition of the
incoherent ground motion maximum as a function of phase delay. It is directly

applicable as design input, and it is used in the IR Spectrum, ‘as
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will be shown in the next section.
When incoherence is not attributable to phase delay phenomena, the following
procedures for the other cases of Table 2 are suggested:

Cases 4 and 5 incoherent motions are calculated by Eq (7), where the ground

motions z(xt#/2) are synthetized in accordance with the subsurface conditions at
the end points of the interval ( 4 ). The subsurface data (such as, resonant
ground frequency, e.g.) are obtained either deterministically or by statistical
methods (16, 17).
Case 6, occurs frequently in the lifeline networks at nodal or terminal points,
where the lifeline is connected to a larger structure. If the coherent motion
zét) is known (or can be synthetized) we calculate the response time history
R(t) of the nodal structure, and obtain

Az(t) = z(t) - R(t) , (36)
provided that the presence of the nodal structure does not significantly affect
the free field. |
It is anticipated that further research: Will make it possible to deal with the
above cases in a manner similar to that used in the case of phase delay. An
illustration oftthe incoherent motion corresponding to Eq (36) is shown on Fig.
.4,’whére both inputs, i.e., the free field z(t) and the function R(t) were
available from accelerometer records. ,The instruments were placed at an interval
of 160 ft at the Hollywood Storage basement énd at the parking lot. The orienta-
tion of the interval is such that it is nearly perpendicular to the direction at
which the epicenter 1s located, so that phase delay phenomenaby Eq (17) do not

contribute to the incoherent motion.
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IIT. INTERFERENCE RESPONSE SPECTRUM (IR Spectrum).

1. Standard Frequency Response Spectrum. To develop the spectral

technique of 1lifeline analysis, it is useful to recall the derivation of the
single degree of freedom (SDF) response spectrum; which is used to represent
the peak modal response of structures. The {(relative) displacement spectrum

(1) is defined by:

SD ((L), C) = MAle(t)l = y‘max (37)

where y(t) is the solution to

§ + 20c§ + o’y = -5(t) (38)
which is the response of a SDF oscillator {(of undamped frequency w and fraction
of critical damping ), subject to the ground motion input z(t). The variable

y(t) is the relative displacement of the mass point with respect to the ground

displacement z(t), and Y nax therefore is proportional to the peak force in the
spring. The absolute displacement of the mass point is:
XxX=y+ z , (39)
and Eq (37) in absolute coordinates, is written as:
i+ 2uck 4+ w’x = 0lz(r) + 20g8(c) (40)
and using "mixed" coordinates we find:
X+ 20ty +u’y =0 (41)
from which, for an undamped oscillator, we ocbtain
MAX |x(t) | = MAX |y (1) | (42)
which is a good approximation for a damped system, provided that

g<< 1 (43)
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By eq's (42) and (37) the spectral acceleration is defined as:
. 2
5,(6,0) =0°S) (,0) (44)
which is the approximate peak absolute acceleration of a lightly damped
oscillator. By analogy,

8y(wy8) = wSy (u,7) (45)

is called the spectral or pseudo velocity, which is taken as a measure of the
kinetic energy of the system. It is the peak velocity response only when it
occurs after ground motion has ceased, and is an approximation, provided that

the peak response occurs after the strong motion phase. Eq's (44) and (45) per-
mit the familiar tripartite logarithmic representation of the three spectral
amplitudes in a single plot. An envelope obtained by statistical analysis of a
large number of spectra is represented in the tripartite plot, consisting of
three (or four) straight line segments, called a generic or design spectrum
C12). It is used as an input for the seismic analysis of buildings and
other structures.

2. Absolute Spectrum. In the standard response spectrum, discussed

above, the spectral acceleration Sa is the peak absolute acceleration response,

while the displacement spectrum SD is in relative coordinates. The absolute

displacement spectrum (2 ) 1is defined as

SA
D (w,5) = MAX|x(t)] (46)

and the absolute velocity spectrum 1s defined as

s% (w,z) = MAX|x(t)| (47)

where x(t) and %(t) are solutions of Eq (40).
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In the high frequency range (i.e., w = large), the oscilator is very stiff and
the absoclute response of the masspoint is not too different from the ground

motion, so that the approximations

A

5p % Dhax (48)
and

A

SV . vmax

(49)
are good in the high frequency range (f>3Hz, approximately) and at high
frequencies the spectral amplitudes are constant (i.e., horizontal) at the
value of the ground motion maxima.

In the low frequency range, when the osscilator spring is "weak" (i.e., w=0)

we find

D v v (50)
but the displacement response relatlve to the ground motion is nearly that of

the ground motion, so that

D max (51)
Finally, in the mid and low frequency ranges, peak response to seismic excita-
tions tend to occur after (or near the end) of the strong motion phase, and,

therefore, in this regime the approximation

S % % | (52)

5p = 5p (53)
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holds only in the mid frequency range. These observations are illustrated on
Fig.'s 5(a) to (c) and Fig. 6(a) and (b) which compare pseudo velocity to
absolute velocity and relative displacement to absolute displacement spectra
calculated respectively from several accelerometer records. These comparisons
suggest that absolute spectra may be constructed on a tripartite logarithmic
plot from the pseudo velocity spectrum. This is shown on Fig. 7.

3. Interference Response (IR) Spectrum. We define the IR Spectrum by

S;(w,z,2) = MAX|Ax(t) ]EAxmaX (54)

as the solution to
Bx + 20EA% + wobx = wPAz(t,L) + 20rAZ(t,R) (55)

where Az(t,%) is as in Eq (7),and the interference response

bR =Xy T % (56)
is the difference of the absolute displacements of two adjacent points
i and i+l. Since the response is in absolute coordinates, the IR Spectrum may also
be defined as an absolute displacement spectrum in which the ground motion input
is as in Eq (9):

A
S_(0,%,%) = S (w,5)
L D z=Az (57)

The response of Eq (56) is interpreted as the distortion (separation or rota-
tion) of a joint in a lifeline. It can be shown (23) that such response
occurs in antisymmetric modes and it is excited only by the incoherent com-

ponent of a multipoint ground input. If this component satisfies Eq (8), the
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response in the k-th (antisymmetric mode) is (23):

Ax, =L S (w ,Z,2%)

where Lk is the modal participation factor. The contribution of n significant

modes may be combined e.g., by:
2‘ s
.
max (59)

n
A ax = E(AX

Eq (54) gives the TR spectrum as a family of curves parametric in £ (and 1)
which are computed from a set of two ground motion records,separated by various
distances. This is done by solving Eq(55) for a set of inputs of the form of

Eq (7). Only very few such record pairs are available at the present time from
(closely spaced) instruments. TFig. 8 shows an IR spectrum computed from the
input shown on Fig 4 corresponding to an interval £ = 160 ft {50 m).

If the interference response is excited by phase delay incoherence, the input

(of the type shown on Fig. 2) is obtained from a single record by use of Eq. (15)
and the spectrum is parametric in At, given in Eq. (16).

For small values of At, Taylor expansion of Eq. (15) yields

Az(t,At) = %% At | (60)

by neglecting higher order derivatives (11) and by using Eq. (60) as input

into Eq (40) and using the equivalence of Eq (57) we obtain
S, (0,T,A) = ALSS (,1) (61)
so that the parameter At is now a coefficient of the spectral amplitude. The

approximation is good for the entire frequency range of interest for At <0.10

sec., which for ¢ = 1000 ft/sec (300 m/sec)represents intervals & < 100 ft

( 30 m). This corresponds to the maximum spacing of joints as used in
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many pipelines.
In lifelines where the interval of interest 1s larger, the approximation
Az(t,At) = I(At) =z(t) (62)

may be used in the neighborhood of wAt < 7, where
I(At) is given in Eq's (23) or (33) and w , in Eq (29). The approximation appears
to be good for 0.5<At<2.5 sec. When Eq (62) holds,

| 5;(us2,8) = T(AL) Sh(u,z) (63)
where now the parameter appears through the incoherence function which is a co-

efficient of the spectral amplitude.

Eq (61) by Eq (26) leads to

A
§; SV
Az iy = gpectral amplitude
max max (64)
and Eq (63) by Eq (23) to:
: A
S S
I - D = spectral amplitude
Az D
max max (65)

These relations are shown on Fig. 9(a) to (d), where IR spectra for various
phase delays and the absolute spectra are calculated from four different records,
These observations show that approximate IR spectra may be obtained from absolute
velocity and displacement spectra, which in turn may be constructed from pseudo
velocity spectra as shown on Fig. 7, so that, an IR spectrum approximation is

obtainable, if a pseudo velocity spectrum is given.
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IV. CONCLUSIONS. Examination of the curves of Fig. 9 show that the maximum
spectral amplitude (i.e., dynamic amplification) of 2 to 4 occurs in the frequency
band 0.1Hz<f<2.0Hz at a damping of 5.0% of critical. <{(Calculations show that the
spectrum is essentially flat at an amplitude of unity when £>0.25). Because the
failure or service limit of pipes subjected to seismic shaking, 1s most con-
veniently expressed by the separation or rotation éf joints (7) the IR spectrum
gives the peak relative dilsplacement (or rotation) of adjacent points (i.e.,
links). Acceleration response can also be obtained from the spectral accelera-
tion Sa calculated for the incoherent input.

For the IR spectrum technique to be applied for the analysis of 1lifeline networks,
experimental (observational} and theoretical investigations in three major areas
need to be completed:

1. The properties of the incoherent ground motion must be further ex-
plored and better understood. This should be accomplished by data acquisition
from accelerometer arrays placed at close intervals and by the resolution of
several theoretical problems regarding the properties of local velocity (20, 21)
of propagation, free field strain and curvatures (22).

2. The work on static and dynamic failure and service limits of the
various lifeline systems need to be continued and expanded by experimental and
analytical methods (5, 6, 15). Dynamic properties, such as typical response
frequencies and damping characteristics of these systems must also be established
(19).

3. The interaction of buried pipes with the surrounding soil must be

better understood. The prevalent view in the current literature (7, 8) is that,

usually, interaction is not significant. But, interaction with the incoherent
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component of the motion has not been fully investigated, although general experi-
mental (10, 18, 19) and theoretical (13, 14) work has been published. Ongoing
research in this area indicates that there are ranges of dimensions, geometries
and construction details where strong dynamic amplifications occur in signifi-
cant frequency ranges. The assumption that buried pipes generally conform to

the ground motion is almost certainly not correct in a ﬁumber of instances of

practical interest.



(1

(2)

(3)

(4)

(5)

(6)

7)

(8)

(9

(10)

(11)

(12)

_(21..

APPENDIX — REFERENCES

Alford, J.L., Housner, G.W. and Martel, R.R., "Spectrum Analysis of
Strong Motion Earthquakes", California Institute of Technology,
August, 1951,

Ayre, R.S,, "Transient Response to Step and Pulse Functions", Shock
and Vibration Handbook, Vol. 1, McGraw Hill, N.Y., 1961.

Christian, J.T., "Relative Motion of Two Points During Earthquake",
Journal of the Geotechnical Eng. Div. ASCE Vol. 102, GT 11 Proc.
Paper 12513, Nov., 1976, pp. 1191-1194.

Jennings, P.C., Housner, G.W. and Tsai, N.C., "Simulated Earthquake
Motions" Report, Earthquake Eng. Res. Lab., California Institute of
Technology, April, 1968.

Kratky, R.J. and Salvadori, M.G., "Strength and Dynamic
Characteristics of Mechanically Jointed Cast-Iron Water Pipelines",
N.S.F. Interim Grant Report IR-3a, Weidlinger Associates, October,
1977.

Xratky, R.J. and Salvadori, M.G., "Strength and Dynamic
Characteristics of Gasket-Jointed Concrete Water Pipelines", N.S.F,
Interim Grant Report IR-5, Weidlinger Associates, February, 1978.

Kubo, K.,"Behaviour.of Underground Waterpipes During Earthquakes',
Proc. of the Fifth World Conference on Earthquake Engineering, Vol.

1, Rome, Italy, 1974, pp. 569-578.

Kuesel, T.R., "Earthquake Design Criteria for Subways', Journal of
the Structural Division, ASCE Vol. 95, ST6, Proc. Paper 6616, June
1969, pp. 1213-1231. .

Matsushima, Y., "Spectra of Spatially Variant Ground Motions and
Associated Transfer Functions of Soil-Foundation System",
Proceedings of the Fourth Japan Earthquake Engineering Symposium-
1975, Nov., 1975, Tokyo, Japan, pp. 351-358.

Miyajima, N., Miyauchi, J. and Ueno, K., "Stress on the Underground
Pipeline During Earthquakes', Proceedings of the Fourth Japan
Earthquake Engineering Symposium—-1975, Nov., 1975, Tokyo, Japan, pp.
663-670 (in Japanese).

‘Newmark, N.M., "Problems in Wave Propagation in Soil and Rock”,

Proceedings of the Intern. Symposium on Wave Propagation and Dymamic
Properties of Earth Materials, Albuquerque, N.M., 1967, pp. 7-26.

Newmark, N.M. and Hall, W.J., "Procedures and Criteria for Earthquake
Resistant Design'', Building Practices for Disaster Mitigation,
Building Science Series 46, N,B.S., February, 1973, pp. 209-237.




(135
(14)
(15)
(16)
(17)
(18)
(19)
o
(21)
(22)

(23)

- 22 -

Novak, M. and Hindy, A., "Seismic Response of Buried Pipelines",
Proceedings of the Second Annual Engineering Mechanics Division
Specialty Conf, on Advances in Civil Eng. through Eng, Mechanics,
ASCE, New York, May, 1977, pp. 44-47.

Parmele, R. and Ludtke, C., "Seismic Soil-Structure Interaction
of Buried Pipelines”, Proc. of the U.S. National Conf. on
Earthquake Engineering, Ann Arbor, 1975, pp. 406-415,

Salvadori, M.G. and Singhal, A., "Strength Characteristics of
Jointed Water Pipelines', N.S.F. Interim Grant Report IR-3,
Weidlinger Associates, July, 1977.

Shinozuka, M. and Kawakami, H., "Underground Pipe Damages and
Ground Characteristics", The Current State of Knowledge of
Lifeline Earthquake Engineering, Proceedings of the First
Specialty Conf. sponsored by TCLEE, ASCE, August, 1977, pp. 293-
307.

Shinozuka, M., Takada, S. and Kawakami, H., "Risk Analysis of
Underground Lifeline Network Systems', presented at U.S.-
Southeast Asia Sympdsium on Engineering for Natural Hazards

Protection, Manila, Phillipines, September, 1977.

Takada, S., "Dynamic Behaviour of Underground Pipelines",
Proceedings of the Fourth Japan Earthquake Engineering Symposium-—
1975, Nov., 1975, Tokyo, Japan, pp. 671-678 (in Japanese).

Takada, S. and Nagao, 5., "Dynamic Frictional Forces and
Efficiency of Joint Parts for Aseismic Strength of Buried
Pipelines", Proceedings of U.S.-Japan Seminar for Earthguake
Engineering Research with Emphasis on Lifeline Systems, Tokyo,
Japan, November, 1976, pp. 211-222.

Toki, K., "Strain Amplitude by Body and Surface Waves in Near
Surface Ground", Proceedings of the U.S.-Japan Seminar for
Earthquake Engineering Research with Fmphasis on Lifeline Systems,
Tokyo, Japan, November, 1976, pp. 15-28.

Toki, K., "Detection of Phase Velocity from Strong-Motion
Accelerograms", Proceedings of the Fourth Japan Earthquake
Engineering Symposium-1975, Nov., 1975, Tokyo, Japan, pp. 269-272
(in Japanese).

Tsuchida, H. and Kurata, E., "Observed Earthquake Ground
Displacements Along a 2500 Meter Line", Proceedings of the U.S.-
Japan Seminar for Earthquake Engineering Research with Emphasis on
Lifeline Systems, Tokyo, Japan, November, 1976, pp. 29-42.

Nelson, I. and Weidlinger, P., "Dynamic Seismic Analysis of Long
Segmented Lifelines", presented at ASME Winter Annual Meeting,
San Francisco, December, 1978.



[w ]

max

w v U w»n o] H Hh
H <% Hpd o o E;Eg s
A

<Hecatn w

max

2N < M

1l

It

I

APPENDIX 2 - NOTATIONS

velocity of propagation
ground motion maximum

frequency

incoherence function

mode numbey

modal participation factor (k-th mode)

interference interval

mass

responge function

spectral acceleration - absolute

spectral displacement - relative

spectral velocity - pseudo velocity
spectral displacement - absolute

spectral velocity - absolute

interference response spectral displacement
time

period

ground velocity maximum

displacement - absolute

displacement — relative to ground

ground displacement

angle of incidence

phase delay time

displacement - relative to adjacent point
incoherent ground displacement component
strain

fraction of critical damping
nondimensional phase delay

circular frequency
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