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ABSTRACT

The GreatEastJapan Earthquakef 2011 caised severe damage Urayasu Citybecause ofiquefaction
Damages thatvere not caused by past earthquakesre observedThese damages were asgd to have been
caused by thé@swinging phenomendn(a kind of sloshing)in which the duration othe earthquaké motion is
extremely long and the ground continues to shake significantly after liquefabtidhis study, we tried to
reproduce the swinging phenomenon usinguperabsorbent polymer to investigate the behavidigoéfied
ground during swingingA shaking table test was conducted to investigate the influence of the inclination angle
of the base layer on the liquefied ground surface. The expegdhrestltsshowedthatthe maximum horizontal
strain of the simulated ligefied ground increased at the positiere the inclination of the base layer stdrt

The maximum value also tended to increasethe slope became larg&¥e experimentally proved that the
inclination of the base layer affectthe vertical displacement and the horizontal strain of the simulated liquefied
ground surfaceThis methodvas used irattempts to reproduce the damage calgeithe swinging phenomenon

to buried pipe joints. The detachment of joints could be reprodbased on the experimental resulithe
experimental results indicatethat the seismic motion characteristics and the condition of the buried pipe
influencead the damage caused to the joint.
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1. INTRODUCTION

Buried underground pipesuch as water and sewer pipes, gas pipes, leee beermoderatéy
damaged by every large earthquakke damage rate is particularly high when the ground liquefies,
but thedamage mechanism dhe buried pipe in the liquefied ground is complicated and difficult to
clearly explain.The lightpipe buried in the ground rises, and the hepipe settles, wen the ground
liquefies at the time of the earthquaKédne damage caused by the vertimalvement of the buried
pipe itself is simpleHowever,the mechanism is complicatedhen the liquefied ground moves largely
in the horizontal directiomnd damages a buried pipenvo types of madbn can be observenh the
horizontal direction: (1) repeatiydgenerated duringhe earthquake wtion because okarthquake
shakingand (2) large permanent displacement occurring in the directitire ifjuefied ground flow.
The damage of the buried pipe by {2scaused by the flow of thgentlesand dune slop@ Noshiro
City during the Nihonkai Chubu Earthquake of 1983urthermorethe damageluring the Niigata
earthquake of 196d4ndthe Great Hanshidwaji earthquakeof 1995was caused by the flow of the
ground behindthe revetment and quays an example of the dynamic displacement(lf the
displacement amplituderas approximately20 cmwhen the acceleratiodate from Kawagishi town
liquefied at the NiigateEarthquake is integratedWeak buried pipessuch as supply pipesvere
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damagedbecaise ofthis dynamic displacemeniHowever, liquefactiorcommonlyoccured around
the point of the peak acceleration of the groomation followed by a reduction in shakinbherefore,
not much damageeemed to have occurréd buried pipes with high stretly such as distribution
water pipes and supply pipes.

However, the ground continued to be shaken for a long tirme after liquefaction occurrdazbcause
the durationtime of the 2011 Great East JapaartBquake disaster was extremely longusng a
ground deformatiorfrom theunique shakeWe obtaineda displacement wavefortyy integrating the
acceleratiordatarecorded by KNET Inage in the Tokyo Bay arewhere liquefactiorextensively
occurred.Even after the point at which liquefaction occurredarge wave with a period of 3to 4 s
thenpropagatedvith a single amplitude of approximatel$ cm.According tothe videoscapturedby
citizens on the road along the Makuhari Kaihin Park near ti¢EK Inage, the sidewalk was
repeatediydisplacedwith acycle of 3 to 4 sFigure 1l shows the dmageto a communityroad caused
by the swinging phenomenowithin UrayasuCity. The sidewalk of the main road was pushed up in
various placeas shown irFigure?2 (Yasuda et al014).

A unigue dynamic displacemertalledi s wi ngi ng phenomenono (Yasuda,
2015) was thought to occumithe Great East Japan Earthquakderethe liquefied groundwas

slowly shake because on extremely long periodf earthquake motiams a resultthe damage to

the sidewalk of a living road or a main roaday be consideretb occurnearthe boundary of the

structure shown inifure 3(a) or at a place where the lower surface of the liquefaction hager

inclined (Figure 3(b)).

Figure2 A sidewalk pushed up on the main road at Urayasu City
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Figure 3 Conceptual diagram thie pushup damage athe plan road

Figure 4Schematic diagram alfie deviation of sewerage / manholes generated
and onission of a culvert in Urayasuitg etc.

The schematic diagram Figure 4 shows thathe manholén the sewer pipeline shiftednd tte joint
of the sewer was pulled out or damagéhis resultwasthought to also beaused bythe swinging
phenomenon (Yasuda 2013)aagealsooccurred in a high strengthrain pipe (Yasuda et al. 2014).
This studyinvestigated whethethe damage to the buried pipe ocmd by such a mechanism by
analyingthe reduction in rigiditicaused byiquefaction(Yasuda et al. 2014)

We report herein theresults froma model experimentwhere the damage mechanism were
investigated

2.OUTLINE OF THE MODEL EXPERIMENT

Model experimentsvere conducted im containerwith dimensionsof 1800 mmwidth I 670 mm
lengthT 400 mmdepth(Figure 5). The experiments should bperformedusing sandbut we didnot
doit. The excess pore water pressure quididgipate in the ground with a thin layer thicknesand
excitation cannot be performed while maintaining the liquefied state. In this tesswinging
phenomenon camot be reproduced. We searched for a very soft material with similar properties as
liquefied sand. We opted to simuldte liquefied ground material using a sample of the waté1
wasset to 1 versus 300 blye mass raticThe density ofhe superabsorbent polymess1.1g/cnt.

A soil containerfilled with superabsorbent resin was sat o a 2  shaking tableamd excited in
the longitudinal directionThe ground surface displacementis measuredsing image analysig.he
markes shownin the lower rightcornerof Figure 5 wereon the ground surface at 20 mntervals
ADIPP-Motion VO was used to perfornthe image analysisA threedimensional (3D) position
informationfor each marker was calculated by stesgnchronously shootinthe simulated liquefied
ground from two higkspeed cameras installed at a height of 3 m above the shaklag
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Three acceleration waveforms were used for excitafioat, a sine wave with a frequency of 0.25 Hz
was usedo investigate the effect of long periods of ground motion after liquefacliom apparatus
was excited for 30 s with acceleration of 50 gal.

The table was excited wittvaveformsmatchingthe 2011 Great East Japan Earthqutdat were
observed withK-NET Inage K-NET WWW service 2011YNS direction, maximum acceleration
177.24 gal)and Port Island during the Great Hanstiwaji Earthquake 0f1995 (Japan Road
Association2002 (GL-16m, NS direction, maximum acceleration 564.18.gal)

The Inagewaveformswere divided intawo sectiondor conveniehimage analysisThe experiments
were conducted in the first half and the second Baith the Inage and Port Islamgaveformshad an
excitation timeof 155 s The maximuntableacceleration waapproximately250 gal.Figure 7 shows
the acceleration waveforobserved wittthe shaking table.

Two experiments were conductéethe firstoneaimedto reproduce the large horizontal avettical
local displacemergwhen the bottom surface of the liquefaction layes irregular(Figure 3 (b)). The
secondone aimed to reprodue the detachingof the buried pipeaused byhe swingng phenomenon

(Figure 4.

3. EXPERIMENTAL RESULTS CAUSED BY THE DIFFERENCE IN TH E
UNDERSURFACE INCLINE OF THE LIQUEFACTION LAYER

In this experiment, an inclined plate was installed in the cawitainer to simulate an inclindower
surfacewithin the liquefaction laye Figure 6 shows theexperiments conducted with a total folur
configurationsn which the inclination angles wesetto 0A, 5 A, 1 I Aach case, ¢oin2 200A .
mm from the right end wadefinedas the ground boundary, and the thickness of the liquefied layer
was kept constant at 100 mm.

Figure 8 shows the displacement behavior in theaXig direction obtainedby obtaining the3D
displacement of the locus of the marker by the sine wave excitation.
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Figure 8 Particle motion with sine wave



< <
a %’ 20 F L L —_— T T T o § 20 T T M T T T T :Y ]
_ 22 g 3 23 150 ' max102.5mm b
323 £ 393 1 | ]
38z 1000 E § 8 = 100F : -
=38 3 =39 1 .
5 ot I I I I I I I I E*_, o L L E :
! i
z 40— T T T T T z 40— L T T T T
[=X Q r a E ' 1 ]
z 3 30F E g % 30- ! max:12.9mm v
~C E 3 Vo
385 o 1 3S8E 20 : o
5332 7 383 °t : P
23 100 E =33 100 ; =
25 F =t ! 1 1
I o - 1 1 1 1 1 1 1 - 8 oS- 1 :1 1 1 1 1 "
23 3 ' H
24 T T T T T T T T 2/" T T :T T T T T : T
20- ] 20F o
%] %] [ 1
235 1o 1 §3§5 @& | .
[SR=% § 120 ] 2 =X 190 ' 1 ]
S5 N 5N [ '
S22 o 1 SEa y -
325 SEER: -
8 4 ] <8 4 g N
PR B T (I P E I Y N HEUR N S R S B
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Distance (mm) Distance (mm)
Casl Cas@
B
(a) Base inclination angl® A (b) Base inclination angl® A
S 2 ———————— o e e S m s e
o X 3 1 I o X F 1 1
@ 3 150 ' - @ 3 1500 ' [
~g % 3 T 1 ] ,-\'g 5 3 1 1
32 2 : o3 3 - : oo
Sgz m | 383 ™™ m
35 50 - D 35 5% PN
3 o £ ' ] =e} £ '
~3 9 1 ) -3 T A A . . . !
8 ' =) '
=z 4 T T Z 40 T T
a @ 3 ' 3 o 2 ' ]
&% 30 . @ = 30 b
~S3 1 292 b
38 5 20 . 353 o b
@ E 1 ] 1 ]
=35 10 b =33 10 -
@3 N =3 o
S = £ ' -0 '
~8 o i 8 ot L
4 T i ZA, T TE ]
L ] 20- [
2= 29 ] o2 . F [
B o o 16+ ' - a o o 16- il e
=2 S0 X H 4 2. =X r H 1
SN S 12 | 4 SN 5§ 12+ v
=09 g Vo] — 0o g o ]
S 8- - S 3 F -
83 [} . SE3 .
PR B T . 1: NI ; 1 I Y B e B R T
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 ‘1400 1600 1800
Distance (mm) Distance (mm)
10 70
(c) Base inclination angld. 0 / (d) Base inclination angl@ 0 /

Figure 9 Maximum value distribution diagram with sine wave

Maximum displacement valu@s the horizontal and vertical directiowere takerfrom these particle
motions. Figure 9 shows the distribution and the maximum brizontal strain.The horizontal
displacement showed a large value near the center of theostdinerin every caseThe vertical
displacement was smaikar the centeand increasedearthe wallswhen the base was horizontal
contrast the verticaldisplacemenbecame larger near the uppertion of the inclinevhenthe base
was tilted Looking at the strain in the horizontal direction, the strain became largdotbavalls in
the absence of laase inclinationThis result wasconsistent with the fact that the road pushedegr
the vertical walls of buildings with a cellarKigure 3 (a)). A large strain was generated around the
inclinationwhen the base was tiltd&igure 7). This finding wasconsistent with the fact that tihead
pushed upardsnear thetop of the inclination.This result wascaused bythe fact thathe bottom
surfaceof the liquefaction layer ws also inclined (Figure 3 (b)). Thus, in this experiment, the
behavior at the actual damage point could be rejmes The maximum value othe vertical
displacement anthe horizontal strairin the experimental resuliscreased as the inclination angle of
the base layer increasetihe base tilt anglés expected taffect the degree of damagehe same
tendency waslso obtainedvhen seismic &ves were used; hence, the resulteevwet showrherein
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Figure 10 Particle motion with seismic wave

Figure 10 shows the movement of the ground scefgapproximately0.5 s) near themaximum
accelerdabn when each seismic waveform wasedfor excitation Overall, theparticle motionof the

Port Island wavewas gentle than thelnage wae. The vertical displacement near the inclined
substrate increadeunder excitation with the Inage waveeevif the maximum acceleration sa
approximatelythe same with both waveforms. The characteristics of the seismic waveform, such as
the duration and the period of vibration may affect the ground displacement.

4. REPRODUCTION EXPERIM ENT OF THE DETACHMENT OF A BURIED PIPE JOINT
BY THE SWINGING PHENOMENON

Assumingthat an actual sewage pipeas buried under the ground, a pipe made of vinyl chloride
(outer diameter 18 mm) was fixed on hinges to a simulated liquefied ground on or{Eigige
11). Each end ofhe pipe was joinedvith a T-shapedconnectoito two straight pipesThe lengthgX

and Y) of the two straight pipes were changed in six stages and con{bigace 12).

The experiment was also conducted by changing the density pip threelevels (i.e., 0.9 g/cn?
(Casel), 1.2g/cnt (Case?2), and 1.6 g/cnt (Case3)). The density othe simulated liquefied und
(superabsorbent polymer) . 1g/cnt

We usedthe Inage andPort Island waveforra as the excitation sourcesto comparethe simulated
earthquake motiorBoth earthquake waves were excited by settingpthaktable acceleration to be
approximatelythe same (250 gal).
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Figurell Installation drawing of buried pipes
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Figure 12 Experimental conditions

(a) Beforedetachment of the joint (b) After detachment of the joint

Figure 13Before and aftedetachment of the joint

The eperiments were conducted under thesaditions andwe canreproduce théoint detaciment
from the pipe with therlage wavrms Thejoint could not bedetachedinder all conditionsvith the
Port Island waveformsThe Inage waveorms hal the following characteristis: the earthquake
duratin was very long and the number of repetitions sviarge compared to the impaatrPIsland
waveorms

The ease of jointletachmentvaried depending on the length and weight condition of the pipe ev
when excited with certainnbhge waviorms The casein which the joint wasdetachedduring
excitation wadabeledas 0 , while the casen whichit was not removed wdabeledas x . Figure 14
summarizeshese casedhe horizontal axishows the total length (=X + Mm) of the pipewhile the
vertical axis represents the maximum horizontal displacement of the liquefied grotngjbint-free
end(=Y mm) obtained frontheimage analysis.

In Case 1, the maximum amounttb&horizontal displacement between the joint and the free end was
large, and it became earydetachas the lengthfathe buried pipe became longer

However, in Case,3n whichthe pipewas heavydetacling even when the maximum displacement
was large or when the buried pipeas longwas difficult In Case 2 it was easy todetachin the
middle. Such a difference may have ariseorfithe reasonthat follow.
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Figure 15 State at the endtbEexcitation and particle motion tfie simulated liquefied ground

Figure 15 shows the state at tlemdof the excitationwhenthe finished pipe lengthwas 1100 mmin
Case 1 the pipefloated up to the surfacevhen the pipedensity was lower than that of the
superabsorbent polymdn contrastthe pipein Case 3vas heavyand sunk.

Figures 15(a) and (b)presenthe particle motionat the surface othe simulated liquefied grund near
the earthcontainermeasuring300 mm and 1600 mm obtained fraheimage analysiskigure 15(b)
shows it pushing upn the vicinity of 1600 mm of the sodlontaine. The super absorbent polymer
pushe the free end to the upper righhen thelength of the pipe exceeddlde center of the sail
container and the specificrgity of the free end portion wasmaller than that of the super absorbent
polymer (Case 1)Thereforethe jointseemeceasy todetach.On the contrarythe joint wasthought
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