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ABSTRACT

Pipeline damages caused by earthquake excita-
tions in the longitudinal direction of a pipeline’
have been observed to be a major mode of failure. A
simplified quasi-static seismic deformation analysis
neglecting the dynamic terms for buried pipelines
subjected to earthquake wotions in the axial direc~
tion is proposed. The amalysis involves the solution
of a system of static equilibrium equations of a
pipeline which consists of rigid pipe~segments and
flexible joint springs.

~ Using this model, parametric studies involving
soil-pipe interaction parameters, time delay of the
traveling seismic waves, soil variations along the
pipeline, end conditions and variation of the seismic
wave form are performed.

Results obtained indicate that the delay time of
seismic waves and the non-uniformity of sofl resis-
tance have much greater effects on the response be~
havior of buried pipelines than other parameters.

NOMENCLATURE

An index
Number of pipe segment
Time
¢ Constant delay time of seismic
wave between two pipe segments in
constant segmenr length system
used in the parametric study
Distributed soil damping coeffi-
cient aleng ifh pipe segment
Total soil resistant force
(spring + damping) on 1ith pipe
segment
Distributed soil spring constant
(force/length) along ith pipe
. segment
x.,:'ci,xi :  Acceleration, velocity, displace-
. ment of ith pipe segment
Xy 9Ky o % Acceleration, velocity,, displace-
G171 TGt ment of ground above :Léh pipe
“ segment
xco,ico,xco ! Acceleration, velocity, displace-
ment of ground at beginning of
- pipeline
xGn’iGn’xcn i Acceleration, velocity, displace-
ment of ground at end of pipeline-
£(t),g(t),h(t) : Seismic acceleration, velocity,
’ displacement time functions

..

(a2 O - I ol

D

~

*

A 3 Maxiwum acceleration of a seismic
max
record th
C:t : Damping coefficient of i~ joint
dashpot -

Y‘n
{x}, {x}, {x}

{EG},'{gc}

K]
k']

M)
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YRR}
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. . .

Pipeline beginning restraint
damping coefficient i
Pipeline end restraint damping -
coefficient

Total restrained force (spring +
dashpot) of ith joint

iR joint spring constast
Pipeline beginning restraint
spring constant

Pipeline end restraint spring
constant ]

Length of 3t pipe segment

Mass of ith pipe segment
Extension/contraction of i?h
Jjoint spring

Yaximum velocity of a seismic
record

Seismic wave propagation velo-
city within 1th pipe segment
Relative digplacement between
ith pipe segment and the ground
displacement above

Normalized ith joint spring con-
stant Kj/k{Ly

Normalized soil restraint com-~
stant along ith pipe segment
ki/ky :
Delay time of seismic wave from
beginning of pipeline to ith
pipe segment

Normalized pipeline beginning
restraint spring constant

Rg/ kll‘l

Normalized pipeline end restraint
spring constant Kn/kply

Pipe segment acceleration, velo-
city, displacement vectors
Ground velocity, displacement
vectors

Dawping matrix of soil

Stiffness matrix of soil

Dampping matrix of joint dashpots
Equivalent damping marrix of
pipeline beginning and end dash~
pots

Stiffness matrix of joint springs
Equivalent stiffness matrix of
pipeline beginning and end
restraincs

Mass matrix of pipe segments

Earthquake damage has become an increasing threat
to human life in recent years due to its frequemt



occurrence. The design of structures against earth-
quake has long been a practice in areas where earth-
quakes often occur. However, much effort in the past
has been concentrated on the above~ground structures,
such as buildings, towers and bridges. As to under-
ground structures, which are just as vulnerable in the
event of earthquakes, very little discussion in the
literature has been found until recently.

Past observations of actual earthquake damage to
underground pipeline systems show a variety of failure
modes (longitudinal, shear and bending). In particu-
lar, most literature surveys on pipeline failure due
to earthquakes indicated joints being pulled ocut and
crushed are the most common modes of failure (5,6,7,
20,21). The response behavior of buried pipelines
during seismic shaking has been found to be predomin-
ant in the axial direction of the pipeline (8§,10,11,
14,16,18). From these observations it is logical to
believe that the failure mode or response behavior of
buried pipeline due to longitudinal earthquake motion
is, if nor the most important, certainly one of the
most important characteristics deserving close atten-
tion and thorough investigation.

State of the art papers (9,20,21) on buried life~
line earthquake engineering have been published re-
cently. Analytically, the response behavior of under-
ground piping systems has been studied by the investi-
gatrors at Weldlinger Associates . (4) and at Rensselaer
Polytechnic Institute (15). To aid the design of
buried pipelines, both the static displacement ap~
proach (13,17) and the dynamic interference response
spectra approach (12) have been proposed.

The purpose of this paper is to studv the re-
sponse behavior of long buried pipelines dus wo
seismic excitations in the direction of the pipeline
axis by a simplified quasi-static analysis model.

Note that since the dynamic effects on the re-
sponse behavior of buried pipelines have been found
to be negligible (8,10,14,18), the inertia and damping
terms in the dynamic equations of motion can be
dropped. Thus, the equilibrium equation is essentially
a static one. Since the input ground motion is a
function of time, the response will also be a function
of time. Therefore, the analysis is called a quasi-
static analysis.

GENERAL DESCRIPTION AND ASSUMPTIONS

The buried piping system described in this paper
is a long pipeline (typical of water/sewer trans-
mission lines) buried underground. The pipeline is
made up of pre~fabricated pipe segments. These pipe
segments are connected at joints, which are sealed by
a rubber gasket or caulked by cement/lead, Figure 1 -
shows a buried piping system schematically.

P77 777777777777 /7777777 /7S 777/
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Fig. 1 Schematic of A Buried Pipeline

The earthquake damping forces to buried pipe-
lines include seismic shaking/vibrations, fault
displacements, tectonic uplifts/subsidences, land- .
slides, soil liquefaction, etc. The modes of failure
of pipelines due to tectonic uplifts/subsidences,
landslides or soil liquefaction are catastropic and
will not be considered.

This paper limits discussions

to the response behavior of buried pipelines due to

-seismic shaking/vibrations.

Due to the motion of the ground relative to the
pipe segment during earthquakes, resistance between
the pipe and the surrounding soil develops. The soil
resistance to the pipe motion is assumed to be uni~
formly distributed and linearly proportionzl to the
relative displacement between the pipe and the ground
(Fig. 4). To model such soil resistance, a uniformly
distributed soil spring, k, is proposed.

The joint resistance between two pipe segments 1is
modeled by a joint spring, K, and a dashpot, C, as
shown in Fig. 2. Note that the joint spring constant
from a rubber-gasket, cement-caulked or lead-caulked
joint is in general very swall as compared to the
stiffness of pipe itself or the resultant soil spring
constaant along a pipe segment.

IS /77 7/l 77 S S s
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Fig, 2 A Buried Long Pipeline Model

Under seismic excitation, both pipe segments and
joint springs are all subjected to the imposed ground
displacements/strains. However, it is anticipated
that most of the ground displacements/strains will be’
absorbed by the movements of joint springs and very
little by straining of the pipes. TFor simplicity and
conservatism (in estimating joint extension/contrac-
tion) purposes, all pipe segments will be assumed to
be infinitely rigid.

An earthquake motion traveling along a pipeline
resembles the problem of wave propagation in an elas-
tic media. An incident earthquake at one end of a
pipe segment will not simultaneously reach the other
end some distance away. Thus, for wave propagation
problems, a time lag is generally associated with the
wave in the direction of propagation. Since the dis-
sipation of seismic wave energy is negligible along a
pipeline during the period of investigation, we assume
that the wave form remains constant in the course of
propagation.

Further assumptions or limitations for the simpli—
fied model will be made in later sections.

FORMULATION OF THE PROBLEM

A long buried piping model consisting of n-seg~
ments is shown in Fig. 2 where ¥y, Mz, ... My, .. My
are equivalent masses of each segment of underground
pipes which should include the mass of the pipe and
the soil that moves with the pipe; K3, K2, ... Ky, ..
Ky and G, Cg, ... C4, .. Cy_, are spring constants
and damping coefficients at joints between pipes; Ky,
K, and Cqg, C, are spring and damping comstants at the
end supports.

The coordinates that define the motion of the
ground and the pipe during an earthquake are shown in
Fig. 3 in vhich xy, %5, .. Xys oo are longitudinal
digplacements of mid-sectfons of pipe segments;

%G1s Xg2s +- Xg, ATE the corresponding ground dis-— .
placements in the direction of the pipeline axis; xgq
and Xgn41 are the ground movements at the ends;

Ll’LZ’ .e Li’ . e Ln are pipe lengths.
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Fig. 3 Coordinates of Buried Pipeline Model
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Fig. 4 Dynamic Equilibrium of A Pipe Segment

Referring to Fig. 4, the dynmamic equilibrium
equation (2) for pipe segment i is:

'::',i n Fi—l - Fi + fi 2 0 (D)

in which M, %, is the inertia force; Fl N Fi are

joint resilitait forces at both ends of The pipe and £j

is the resistance from soil surrounding the pipe.
Using the coordinates, X3 > Xgqs X4 > Xy 4o

X341 > Xy, the above resistant forces can be E%pressed
s:

By o= CGryg%) + K Gy ymxy)
Fig = Gy Gym®y ) + Ry Gyxy y) @
£, = dly Gk ) + kL (xy-xp0)

where d; and k; are damping and spring constants per
unit length of surrounding soil. )
Substituring Eqn. (2) into Egqn. (1), the equation
of motion is obtained:
A

- Oy (rpgmmy) = Ky o)

+ gLy Gegmxy) * kL Geyoxey )

)Ry y)

After rearranging, Eqn. (3) becomes

Mix=Ci1®51

“CFir KXy Ky G L)X Kox

= diLixGi + ki LixGi &)

M e

Let us define

C,=C ,*+cC +d.L
K =K ) K+ kL (s)

Eqn. (4) is simplified to:

Mx = Cii¥ia

-K

tCox -G

1-1%4-1 YRR T RXg

- diLixGi + kiLixGi (6)
Note that Eqn. (6) is valid for any i-values except
i =1 and 1 = u {n which case the end-restraint
springs are involved. .

When { = 1, %5 and xq» which do not exist, are
replaced by Xgg and xgg to obtain the equation of
motion for the beginning pipe segment as:

M1x1+(co+cl+d11.l)xl-C1x2+(Ko+K1+lel)xl—le2
™ Co*eotdit%er ™ o*co 1l % ™

Similarly, when i = n, i3+l and x,47, which are not
defined, will be replaced by Xg 43 and Xen+1s and the
equation of motion for the end pipe segment becomes:
Mnxn - Cn’lxn_1 + (C

+ (Kh-l + Kn + knLn)xn

+ .
n-1 + cn dnLn)xn
- Kn--lxn-l

+ k L x (8)

+d L x - e Xcn

+
nn Gn Knx

= CnxGu+l G+l

Combining Egqns. (6) to (8), the system of
equations of motion for a pipeline of n-segments in
matrix form will become:

M1 Gx) + [c] {x} + [K] {x}

= [d}] {:_':G)+{k]{§G}+IC']{gc'}+{K’]{§G‘} (9
where
EN [ %] r xl‘
2 x *2
xi=q %0 (&= %3 {x}=q x, ¢ (10)
- ;;nd ; L J-(n.. H L inJ
nxl nxl nxl

are the acceleration, velocity and displacement vectors
of the pipeline system respectively. The system mass
matrix is:

© M= ' ‘. (11) -




the system damping matrix is:

(& -
BT R
< G G
[cl= ..
€1t G
- -Cn—l Cn
nxn

the system stiffness matrix is:

%
K KX
«, R, -k,
{K}’ ) * . ) * . ’ ° .
Kjmd &
- -Kn-l
nxn

@a2)

(13)

and the ground velocity and displacement vectors are:

*a %50 | %61 [*co ]
x 0 X 0
G2 0 - 1.9 0
s 12d o sr 1.l ¢ i T lad -
Gegd=q %aqp Wol=g ¢ ¢ {xed=q mgyp x'¢! J 0
. 0 . 0
";. . }‘(0 . : . 0 .
L Xgnd 3 L *gn+1d ° - ¥oo- } - *Gcn+1
nxl nxl nxl nxl
(14)
the soil damping and spring matrices are:
r P i -
dlLl lel
oty kyly
4583 ksly
[d)= diLi [k]= kiLi
- dnLnJ : L kth.
nxn nxmn
and

(c'l= .. as)

EARTHQUAKE MOTION INPUTS

In order to study the seismic response of buried
pipelines (governed by the equation of motion shown in
Eqn. 9), the ground velocity and ground displacement
time histories for every station must be known. As
indicated earlier, the wave form is assumed to remain
constant during the course of investigation, the earth-—
quake motion vectors {x.} and {x.} can be more realis-
tically represented by lncorporgging a delay time,
which is the time required for the seismic wave to
travel from one segment to another. Accordingly, just
one earthquake time history data is needed for the
analysis. ’

The inputs of the time-space varying ground
motions starting from the first end restraint are:

xGO = Amaxf(t)
Xeo = Vmaxg(t) for all t 3 0 {16a)
*go © Amaxh(t)

xGl =0

X5 = 0 for t < td,l = ATl/Z (16b)
%G = 0
o1 = Apaxf (F7%y )
X ™ Vmaxg(t—td,l) for all t 2 td,léATl/Z (16¢)
Xgp = Bpaph -ty 4)
X, =0

Gi 1-1
oy ™ 0 for t < :d,i=j£luj+ui/2 (16d)
%5y =0

Xy ™ Apaxf -ty 4) -

*o, '.Vmaxg(t-td,i) for tztd’iajflétj+ATi/2 (16e)
Xog ™ Opan(t7dy 4)
ooy = 0 .

n

Royq = 0p for t<td,n+l’jflATj (lﬁf)
xG = 0



*Gn+1 © Amaxf(:—cd,n+l) a
*oa ™ Vmaxg(t"td,nﬂ) for tatd,nﬂ';l A'l‘j (16g)

Xonel * Am;xh(t'td,n+1)

where Ap.ys Vnayxs 8pay are expected maximum values of
acceleration, velocity and displacement of seismic
data. 4Ty = L,/Vgy is the delay time for a seismic
wave traveling Li~-distance of pipe, Vgy = wave velo-
city of soil surrounding ith segment of the pipeline.

SIMPLIFIED QUASI-STATIC ANALYSIS MODEL

The system of dynamic equations developed in the
previous sections involved inertia and damping effects,
which, together with the time delay effect in ground
excitations, become an extremely tedious problem to
solve. In terms of computing time, it is a very ex-~
peusive task, Furthermore, it is very difficult, if
not impessible, at this time to obtain reasonably ac-
curate values for the equivalent mass and damping co-
efficients for the system.

For general design purposes, it is desirable that
the design procedure be simple and the analysis be
economically feasible, yet reasonably corrxect. Tor
this reason, we need a simple model which will provide
results similar to the exact model for the same prob—
lem,

In recent years, several investigations (8,10, 11,
16) done in Japan, indicated that dynamic effects are
not significant in the behavior of underground piping
systems., In view of this information, we will convert
the dynamic model into a simple guasi-static problem
by neglecting the {x}, {%} and {x,} terms. For sim~
plicity, we assume equal pipe segment length in the
analysis model. The system of equations becomes:

[R] {x} = [k] {xg} + (K] {x'.} an
in which [K] is a tridiagonal-symmetrical matrix, [k]
and {K'] are diagonal matrices. Or in extended form,
the governing equations of equilibrium are as follows:

K =K, x, ’ le

b

Gl

_Kl KZ -K2 xz kZL )
_Ki—l Ki —Ki x4 kiL Xy
-Kn_1 Kn x . knL oo
nxn nxl nxan nxl
Ko )
1 . 0
+ L 0 (18)
1 0
1 0
L Xontl
nxn nx1l

Note that the ground displacement vectors, {xG}
and {x';} are constantly changing from one instant to
another due to the delay time effect although the wave
form remains unchanged.

For simplicity, we further assume a constant de-
lay time, DT for the seismic wave traveling from one
segment to another in a given system. Using the first

pipe segment as- the time reference, the input ground
displacement vectors can be defined as follows:

*G1 [‘h“)
X52 h{t-DT}
{x.}= : =- A : (19a)
% :
Xy DA% ¢ n(r-[1-1]DT)
Xen ’ L h{(t-[a-1]1DT)
<. . Chee + 2 1)
G0 2
0 0
{x'.} ? J ?
x' }=¢ - A : (19b)
G
0 max 0
0 o
xGn+l Lh{t=[n - EJDT

Now, let us define the following parametric constants
for the quasi-static analysis:

1) Normalized Joint Spring Parameters
i =1 to n-1

@ =K kL (20)

2) Normalized End Restraint Spring Parameters

Yo T KO/kIP (21a)

Y, Kn/knL (21b)
3) Soil Resistant Spring Ratios

Bi = ki/kl; 1=1¢ton (22)

Substituting these parameters [Eqns. (20) to (22)]

into Eqn. (18), the system of the governing equation
becomes:

(Yo"rﬂl-!"l) —ul xl
"oy (optep8yee)) a8 )
1B CpgBigtesBite) e8] X
. . ) .
-an—lsn-l (un—lﬁu—l+Yan+Bn *n
1 x Y X
Gl 0 GO
62 Xao 1 0
.. : + 1 0 '
8 x . ‘ 23)
- 1 GL 1 6 :
Bn *Ga Ynsu xGn+l

in which all elements in the matrices are dimensionless
quantities. It is interesting to mote that this
governing equation for the analysis of buried pipe~
lines does not involve pipe segment length variable,
L, since its effect has been built into the relative
values of «, B, and y. Furthermore, the effects of
pipeline length can be studied by varying the number
of segments and the magnitude of DT used in the
analysis.

For the analysis, the following special cases of
a, 8 and y are studied:

1) Pipeline buried in uniform soil eanvironment,

B, = 84'= .- Bi_f .. Bn =1 . ‘24)



2) Pipeline without end-restraints

= 0 and Y. " 9 (25>

o
3) Pipeline with uniform joint construction

O = ,..=q = q (26)

1 i n~-1
which is assumed to be the case in this paper.
indicated sarlier, the Joint resistance is much
smaller than the soil resistance along & pipe segment,
thus a in general will be a smsll quantity even
though the effects of a are studied parametrically.

. @

As

METHOD OF SOLUTION

Since the system of governing equations shown in
Eqn. (23) for the quasi-~static analysis model in~
volves only symmetrically tridiagonal and diagomal
watrices, it is more efficient and advauntageocus to
convert [X] into an upper triangular matrix by elim-
inating the subdiagonal elements. The system can
then be solved directly by backward substitution (3).
This scheme, which eliminates matrix inversion, re-
duces computer storage, and has less truncation
errar.

The response of the pipe-segment x;"s were com-
puted at each time step for the whole time-history of
the input earthquake record. These responses were
then used to datermine the following two parameters:

Yi = Xymxog xi(g)-xG(t—Ii—ljnT); i=] ton

Uy ™ %5 X4 (21
where

Y. : is the relative displacement between the

ground and the pipe-segment 1.

is the extension/contraction of $%! joint

spring between two adjacent pipe-segments.
These two parameters enable us to deduce the general
response behavior of the pipeline under a certain
earthquake record and other prescribed conditions.

Note that a computer program for the simplified
quasi-static analysis of buried pipelines has been
written and reported by Cheng (1), this paper only
presents the important results/conclusions without
derails. Since the seismic failure criteria of
buried pipelines will be reported latar (19) this
paper discusses only the elastiec response behavior.
Computations were made for varfous conditioms by

varying the value of different parameters, such as
the time delay, the number of pipe-segments used, the
soil/joint spring stiffness parameters, the epd re-
straint coefficients, and the relative soil resis~
tant ratios, etc. The computer program finds the
maximm values of Y and U for each condition and sub~-
sequently outputs Y, . and Up,y and the time and

_ location when the maximum Y and U occur.

u,

RESULTS/DISCUSSION

Two sets of real earthquake records, xG(;) were
used. They are the El Centro May 18, 1940 S90W com~
ponent and SOCE component, whose digplacement time
history records are shown in Pigs. 5 and 6
respectively.

EL CENTRO May W, 1940 130W  CoMPONENT
Poak dipmcomes o 7.79 inchen {779 cw)
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Fig. 5 Referenced Ground Displacement Input
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Fig. 6 Typical Ground Displacement Input

To establish a basis for comparison of the seis-
mic response behavior of buried pipelines for various
parameters, the following conditions are arbitarily
set as the 'reference conditions‘:

Number of masses T M= 6
End restraint conditions : Noune, i.e. YO-O and
. Yn'O

Soil conditioms :+ Uniform, i.e.

8 =1,1,1,1,1,1

DT = 0.1 Second

El Centro May 18, 1940
S90W Component

Note that the seismic response behavior of buried

pipelines presented in this paper are limited to the
maximum relative displacements between the pipe seg-~
ment "and the ground, Yp.., and between pipe segments
themselves, Upay (for the rigid pipe segment assump-

Delay time
Seismic input

s

- tion, Uy, represents the joint spring elongation/

shortening conservatively) for various joint spring
constants.

For the evaluation of the effects of a particular
parameter te the response behavior, Yp,, and Uy,
ouly that parvameter will be varied from the above
mentioned referenced conditions.

Effect of Joint Stiffness

The results of the relacive displacements hefween
pipes, Upax and the relative displacements between
pipes and their surrounding soil, Yy,. against nor-
malized joint spring stiffness, c¢ are shown in Fig. 7
and Fig, 8 respactively,

One can see from Fig, 7 that the relative dis-
placement between pipe segments, Up,y, (i.e¢. the in-
dication of joint extension or contraction) is about
1.4 inches (3.56 cm) for small joint stiffness (low a
value} and decrease asymptotically approaching zero as
@ increases tovard infinity. On the other hand, Fig.
8 shows thar the relative displacement between the
pipe segment and ground, Ymax is very small when a is




small and increases tremendously as ¢ increases beyond
0.1. ‘The low Yp,, quantity for small a values agrees
well with the observations by the investigations (8,
10,11,14,16) in Japan. Thus, for further discussions,
the joint stiffness parameter has been limited to

less than 0.1.

iN CM REFERENCED CONDITIONS:
Excitation~ El Centra May 18,1940 SSOW Comp.
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I
L
2. {80
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Q001 Qot [} g (o3 = 100.
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Fig. 7 Umax vs a Under Referenced Conditions

N CM REFERENCED CONDITIONS:

} Excitation- €] Centro  May 18, 1940 S90W Comp.
1. Beta - I I1,1,1,1,!
Gammga- 0,0
J M- €
oT- 0 sec.

ALPHA
Fig. 8 Ymax vs a Under Referenced Conditions

Effect of Non—uniformity of Surrounding Soils

The objective of this study is to verify the
statement that the earthquake damage of buried pipe—
lines was higher in regions of transition from one
soil type to another as reported by Kubo et al (9),

The effects of vartation of the soil conditivns. .

for a pipeline on U , and Ymax are shown in Figs., 9
and 10.

N CM
.0 Beis - 1,1,1,5,9,9
»100 \
318 90 Excitation- EI Centro May 18, 1940 S90W Comp.
Gomma - 0.0,00
M- 6
.80 oT- [XRTTH
3.0 J ..
v 70 . Bete-11,,4,4.4
mox 5. S ————
Teo
204 8o
40
B Beta- 11,111,
r3.0
10 4
2.0
0.8 |
L0
0.0 I AT | .
Ty X bttt

ALPHA » S:mnnn of [eim
iiiness soil

Fig. 9 Effect of Non-Uniformity of Soil on Umax
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05 Beta - 1,1,1,4,4,4
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[+2+]
0.00t . [oo]] . [o14
ALPHA )

Fig. 10 Effect of Non-Uniformity of Soil om Yma#

In these two figures, the bottom curve, denoted
by BETA = 1,1,1,1,1,1, represents the case of uniform
soil condition. The middle curve denoted by
BETA = 1,1,1,4,4,4 represents the effect of soil
stiffness surrounding the last three pipe segments
which is 4 times greater than those surrounding the
first three pipe segments. The top most curve, de~
noted by BETA = 1,1,1,9,9,9, represents the effect
for even higher relative difference in soil stiffness
in two regions. These curves indicate a comsiderable
increase in Up,, values as the soil is changed from a
uniform condition to a non-uniform condition. Thus,
Kubo's observation is verified.

Effect of Delay Time
The delay time of seismic waves traveling from
one pipe segment to another is determined by two




variables. One is the length of the pipe segment

and the other is the seismic propagation velocity

which is related to the soil stiffness. Thus, one
can interpret the increase of delay time as an in-
crease in pipe segment length or by a decrease in

soil stiffness.

By changing the delay time, DT, from the
‘reference conditions’, the effects of DT on Up,y and
Ypax are shown in Figs. 11 and 12. Apparently, the
role of DT 1s to cause a magnification in both Up,x
and Ypax. This result is quite consistent with the
observations by Kachadoorian (5) who reported that
pipelines in soft soil (longer delay time) experienced
more damage during an earthquake than pipelines ;n
firm soil.
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Fig. 11 Effect of Delay Time nax
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Fig. 12 Effect of Delay Time on Ymax

Effect ‘of 'End Restraints

The effect of end restraints of a pipeline repre~
sents the effect of an intersection/junction of a pipe-
line with a building, a pumping station or another
pipeline. They are defined by a y quantity at ends
(i.e., vg = Kg/kjL and v = Ky/k,L). The effects of
end restraints with y-value ranging from zero (free
end) to unity (equivalent to the same soil resistance
along a pipe segment) on U and Ymax are shown in

Figs. 13 and 14. max
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Fig. 13 Effect of End Restraints on U
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Fig. 14 Effect of End Restraints on Y
] max

Oune can see from these figures that the higher the
end restraints are, the larger the relative displace-
ments, Upax and Ypay, will be. However, one can
easily observe that such increases of Up,y are not as
high ag those influenced by the changing of soil uni-
formity or delay time. On the other hand, the in-
crease of Yp,x is much higher than those influenced by.
8 and DT values. :

Effect of Pipeline Length
Although the effect of pipeline length may be




studied by the effect of delay time described earlier, the maximum displacement for each case normalized to
however, for a common delay time between segments, the wunity as shown in Fig. 17. Obviocusly, the response of
study of the effect of pipeline length would be more a buried pipeline i3 dependent on the magnitude of the

representative by varying the number of segments in ground excitation. The purpose of the normalization of
the analysis model. ground waves 1s to eliminate the absolute value com-
By varying M from 4 to 12, the results of Upg, parisons. Thus, the effect of wave forms can be
and Yp., are given in Figs. 15 and 16. From these evaluated.
two figures, one finds that there are almost no OMALEED 300€ COMPORENT
changes of Upay and Y. values for a < 0.1. £ Cowre Ny 8, 340
. [0
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Fig. 17 Normalized Ground Displacement Input
0.0l The results of U and Y of a common
? *
ooor 00! ol 10 10 100. . reference’ buried piggfine modef subjected to twe

Stittness of joint normalized ground waves are givem in Fig. 18 and

ALPHA *grmrees of soill ‘ Fig., 19.
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From these observations, onme may conclude that ALPHA

the seismic response behavior of 'a long buried pipe-

line may be studied by a quasi-static model consistin :
of 4 segments or more. : i Fig. 19 Effects of Wave Form on ¥ .

From these two figures, the response of v and
Ym seem to be a little higher under the SQOE com—
ponent than those under the S90W component. One

Effect of Seismic Wave Forms -
In this case, two El Centro May 18, 1940 records,
the S30W component and SQOE component were used with




possible explanation is that the Sng component ex-—
hibits several cycles of peaks at - 1 values while
the S90W component experienced only one peak at the
earlier stage. One may conclude that for the same
maximum ground displacement, the seismic wave form
with more cycles of the same peak will have higher
effects on the response behavior. However, more re-~
search is required to study the true effect of wave
forms.

SUMMARY AND CONCLUSIONS

] The proposed simplified quasi-static analysis
model seems capable of evaluating the general longi-
tudinal response behavior of buried pipelines sub-
jected to seismic shakings/vibrations. Parametric
studies involving such important parameters as joint
stiffness, uniformity of soil condition, delay time,
end constraints, pipeline length and wave forms have
been performed. The following general concluding
remarks can be made:

1. Higher joint stiffness will produce larger
relative displacements between pipe segments
and between pipe segments and the ground.
For low joint stiffness, the relative dis-
placement between pipe segments and the
ground is very small, which agrees with the
general field observations. .

2. The effects of non-uniformity of soil en-
viropments and the delay time are the two
most important influential parameters on the
response behavior of buried pipelines. TFor
uniform soil, the longer the delay time or
the softer the soil stiffness, the larger
the differences the transition of one type
of soil to another, the higher the response
will be,. '

3. The effect of end restraints is also ob-
served, but such an effect is not as large
as those caused by non-uniformity of soil
and the variation of delay time. .

4. TFor a pipeline comsisting of pre—fabricated .
segments, a model invelving 4 or more seg-
ments will be accurate enough to determine
its response behavior.

5. As to the effect of the seismic wave form,
it is found that a wave form which has more
cycles of maximum peaks seems to yield large
response values. More research in this area
is recommended.
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