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Response of buried pipelines located through
liquefied and non-liquefied ground

b O
Masakatsu l'\-11}_.’;1_|1m;1' and Masaru Kitaura

ABSTRACT
1964 Niigata Earthquake and the 1983

;\Tj]mr]kai-(‘lmhu Earthquake show that 1?1::: |:?ipclim: damage Wwere found near the
houndary between the liquefied and non-liquefied arcas. In this paper, main factors
.ffecting the pipe failure located through both liquefied and nfm-hqupflcd g'roun‘d
h considered 1In connection with subsidence, buoyancy and seismic motion which 18
motion of neighboring sites. Formulae obtained by using beam

the response characteristics of pipelines are discussed. The
should be paid tO vibration-induced strains

The earthquake damage data In the

arc 3
Jifferent 1rom the
theory are presented and '
suggest that S€rious attention

results

: liquef&ction.
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INTRODUCTION

caused much damage to buried pipeline systems

The liquefaction of sandy soil
Pipeline damage induced by

‘he 1989 Loma Prieta Earthquake in the U.D.A,
repeatedly occurred 1n several earthquakes, for example, in the 1964

1983 Nihonkai-Chubu Earthquake and so oOn. Effects of
as follows: Loss of bearing capacity and

placement, and large dynamic response of
at the boundary between liquefied and non-
f the ground characteristics. [t was very

i
interesting to note that all of the damage to cast iron pipe occurred at liquefied sites
those occurred near the boundary bctween the liquefied and non-

during the 1983 Nihonkai-Chubu Earthquake (Kitaura and Miyajima
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Niigata Earthquake, the
iauefaction are classified into three types
-neration of buoyancy, large ground dis
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most of
fied sites

are to clarify pipe behavior through a

The purposes of the present paper
discuss characteristics of

boundary between liquefied and non-liquefied sites and 10O
the failures of the pipelines buried in such areas.
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houndary conditions Egs. (3), (4) and {5 ar¢ ulso available for the problem of

The
"
castC <=
(3) Casc¢ 3
Since the schematc model of case 3 is taking account ol the liquefaction in the

Supcri'w:;i! taver of the ground, including the original model presented by Nishio et

(1987), the differential equation can be written in.. & form Q)

al.
<
- e ] f ,
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The houndary conditions arc

4
ﬂ:tr :O -
e (X =43 (10)
du] du?
**1:“: dj’, — dl‘ (x :I) (11)
du? 5
o= (x=Li¥ ol
vhere U7 in Eq. (8) and B i Eg. A9 R expressed as follows;
27X
Rt =)
g ———U (13)
g (211:1) SO
COS
g
where u, Vv — longitudinal and transvcersc displaccments 1n the pipeline, U, V =
displacements in the ground, B ® young's modulus of the pipe material, A = CIOSs
S tiinnsl miea of the pipe, I = "aed —oment of inertia of the pipe, Kea Ky =
equivalent spring constants of the longitudinal and (ransversc motions, F = a force
which i1s given as € 2 =

— longitudinal wavc velocity

ed by the buoyancy effect, ¢ =
= displacement

E;/p in which Eg is Youngs modulus of soil and p s soil density, Usg
ia_mr!imds: in non-liquefied superficial laver, T = period of shaking, 2l = width of the
liquefied zone and L = pIpe length. Subscripts 1 and 2 respectively correspond to the

fwo seclions.

APPLICATION OF ANALYTICAL SOLUTIONS TO THE PRACTICAL CASES

non-linear characteristics with increasing so1l
constant is assumed 1O be unchangeable

Soil spring constant shows
for simplicity 1n this paper. This

{jl.hpldﬂﬂﬂiﬂﬂt- However, the soil sprng
irrespective of the relative displacement
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estimated by using the method described by Kitaura and Miyajima (198)5).
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ue 1S cal!cd 45 round depends On degree of liquefaction of | _
I bsidence of the gr()uﬂd indi_i{;r;{?}

constant.

soil spring
tHC

equivalent

due tOo SU ;
the equivalent soil Spri

: constant ; ; es
zgirlmg Initially, the bcndmgdpl_[:? :;;ZfiSOH ¢o - the ratio of
ook . : jpgated 1 T '  Er
liquefaction are 11};?52522 ] Fig. 2 shows the rglatlonshlp between lhE:' maximym,
P gt ses duc 10 subsidence of the Ilqucﬁcd' ground, andl thg width of the
bending Pipe SUESSEE 1, " pipelines wsed in (RIS analysis are  steel pipelines whgg
liquefaction zone. . “tigted 10 Table 1. The magnitude of subsidence of the
ar 20 cm, and it 18 cquivalent to a 2% subsidence ot
the average vertical strain jq :

propcrlies
' ssumed 1O be
iy concluded that

. ~ Yoshimi et al. .
e llqueﬁEdolliady;gon ander the weight of the soil was 1% to 3% when a horizop,
result of cons to a dcpth of approximately Sm to 20m

turated sand was liquefied |
layer of lefios:l S139u7r5)_ The experimental results prescnted by Lee and Albaisa (1974
£ gan ith indicated by Yoshimi et al. (1975). It can be seen from Fig)
| spring constant is, which megp,

f the equivalent soil ' .
imum bending pipe stresses gre

: - ter the max
iler degree of liquefaction, lie gred : ' '
sma g ‘hat the maximum bending pipe stress for each ratio of

[t is interesting ; ; : ‘
equivalent soil spring constant does not Increase 1In areas of liquefied ground wher.
the width exceeds 10m. The maximum bending SLrcss exceeds the allowable bending
stress of steel pipe (4,200kgf/cm2) when the ratio of the equivalent soil spripg
constant is greater than 0.1, particularly at a width of liquefied zone less than 5 [

Fig. 3 shows the relationship between ihe

the region near Om.
It can be seen from thig

displacement of the pipe and the width of the liqueficd zone.
figure that the relative displacement between the ground and pipe 1s observed {or
liquefied ground or low ratio of the equivalent soil

relatively narrow width of the
In case 1. the location where the maximum bending stress occurs, is

spring constant.
liquefied and non-liquefied ground, for greater

nearer the boundary between the
width of the liquefied ground or higher ratio of the cquivalent soil spring constant.

physical
liquefied ground

except for

liquefaction are

4

the buoyancy effects of the pipelines during
Fig. 4

in cast L
sho ' : : : ;
effcwts t_hc:l relationship between the maximum bending pipe stress duc to buoyancy
the cr:laltl'l UCl:-’«fi tl))y liquefaction and the excess pore water pressure Fig. 5 illustrates

ionship between the di | : : T
ground. In Fhis stud hc dlspl_acemem Cff the‘ pipc and the width of the liquefied
TR g A dy, the equivalent soil spring constant of the liquefied soil is
e 1 yth ¢ empirical equation proposed by Yoshida and Uematsu (1978). It Was
Coas ity ¢ pipe reached the ground surface in the area wh - *
quelicd ground exceeded 10 m as shown in Fig. 5 ¢ ic e &
%3:121? stresses  disappear for great width and hij hg' . Therefore, the maximum bending

1S evide : 2 - CXxeess pore : e 4
higher thcm from Fig. 4 that the greater the width otl') th “i%tcl' fPreSSure \d l‘jlg. x
failure of maximum bending stress are, that | S aund s, ¢
maxi of the pipe due to buoyancy eff : 1s, the greater the probability of
aximum bending pj y ¢€liects. It is also interesting t  that th
great width of PIpe stresses occurred in th ; : g to note that the
of the I lhf"’ liquefied ground. 1In th & nonth“Cfled ground in case of
'quefaction process s lengthy erle al;lalyscs, it 1s assumed that the duration

ough to allow the occurrence of pipe

earth , Since th : :
QU_akc dgpcnds On the loca] sf)i]dl::z)an[:i?go e l};qucfaction ooy by an <y
ns, the above may actuall
y not be the

: y. In ord
more precisely, (h €r 10 evaluate the pipel;
» UIC : ; ¢ pipel
< dynamic analysis indicaleg pbymliil;isrioncstc a?uc(lgog_]l))upyancyf dtl:;:as
: 1S preferabic.

lon of th - .
the CquiVa]C : ¢ axial Pipe€ strain is '
5 Sh . 5 ;
it soil spring constant K]/Kzown anigFlg7. ?i - re]ﬂlll(;lfc‘
y : HHiustrates :
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of the equivalent

ml;ltmnﬂhlp between the maximum axial pipe strai
: e ~onsts | o N R S i ye strain and the rati
. sTIng ¢ onstant. I'he ‘ i , dl the rati0
. I used in these anfily“t(tnd”mnﬁ IOF ihe ground . and the magnitud f
' oL < SEes are Ssur : S ‘ - — ‘ ituac ¢
are¢ summarized in Table 2 g {:5 ui_ s of | A7)
‘ - : 1s evident Irom 1NEsScC

Gm-thquukc
hat the maximum axial stra
| strains decrease and the location wh th :
- ere e maximum
in the ratio.

{jgurcs
ctrains og:.curs _al?[.n'oac!‘;c:s the boundary of the ‘
pDuring liquefaction processes, not only the _gTQU}‘d with a decrease
hut alsO Iongnudmal wave velocity ¢ Variegcqmr}dl.CM soil spring constant Jaries
vclocil)’ 1S assumed 1O be proportional to the h'f:aunh herefore, the longitudinal wave
excess pore water pressure ratio because the ri;z; (.)f (_1 - r ), where r‘is the
foporlmpa] to lht‘:‘, square root of Young's modulus of s %1lud1nal wave velocity 1S
the soil 1S propomonal to the sguare root of ( 1 - r ) O;& B e shca‘r modulus ol
pI’OPOﬂi_Ona] to lh‘e ShTaI: modulus of the soil. Fig.- 8 Sk?;?svcfﬁngg?l'g's F“Odu\?s .
e the excess pore water pressure ratio. Filg.ugo?lh?su;?ez
e excess pore walcr

axial P1P® ;
the relationship bcgwccn the maximum axial pipe strain and th
BReess - :
pore water pressure higher than 0.9 1s notl included in this

I th@ 1()“ ] lld‘“a wave
gll ! 1 cannot bf: tral\Smittﬁd 1n SUCh SOft gf()und. 1t

causc
h 1 '
these 1h{;gubr§sndt;at ;he maximum axial pipe strain occurs at the
ry between the liquefied and non-liquefied ground.

. train corresponding to the val _
1S ‘markedly great. This can be explainc(;l €aso ffoqiiwzf ;:;;eslso psggw?a:ﬁ;
' ratio of response displacement in a superficial layer. In this analysis
gEarie ) 15 less than 1.0; therefore, the magnificalion ratio increases sharply with
' in  1/( =904 'y {e  with a decrease in ¢ . TIOWENOL in this case the
1'3“0‘ deqreases because 1/( ¢T/2 ) is greater than 1.0. Effects of the
resonance hquefled ground are great when excess pore waler pressurc ratio 1S
to 0.2. Furthermore, Fig. 10 suggests that car€ should also be taken 1n
the resonance of the liquefied ground for greater width of liquefied
han that in this analysis. The above results obtained by mathematical
analyses suggest Iha} th?: probability of failure is high at the boundary between the
for each cause of pipe failure.  These findings

presented by Kitaura and

CONCLUSIONS

racteristics of pipelines located through both liquefied aqd non-
mathematical analysis.  The following can

Response cha
larified based on

liquefied ground were C

be concluded:
(1) One of the

ed 1O subsidence of
ficial ground, the

ristics of pipelines subject
er bending pipe

e of liquefaction in the supe€l

response characte
Morcover, the high

ller the degre

ground is that the sma
greater the maximum bending pipe Stresses.
stress occurs 1n  arcas of smaller width of the liqueficd ground. e
(2) The effects of buoyancy on pipe response are grcat in areas qf great width ©
of liquefaction in the superficial ground _
influence O the ax‘lal

high degree
| layer of ground has great

This suggests that great €O
! liqucfaction.

liquefied ground and a
(3) Resonance of the superficia

pipe strains during liquefaction PTO
should be given 10 vibration-induccd S
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