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Abstract

In this paper, different aspects of the behavior2ep pile groups under liquefaction-induced latemspreading in a
3-layer soil profile is investigated using largeate 1g shake table test. Different parameters efrésponse of soil and piles
including time-histories of accelerations, pore grapressures, displacements and bending momentprasented and
discussed in the paper. In addition, distributidnlateral forces due to lateral spreading on indival piles of the groups is
investigated in detail. The results show that téatral forces on the piles are influenced by shadow effect as well as the
superstructure mass attached to the pile cap. k alao found that lateral forces exerted on thegih the lower half of the
liquefied layer are significantly larger than thosecommended by the design code. Based on the itainanalyses
performed, it is shown that the displacement basethod is more capable of predicting the pile grdaghavior in this
experiment comparing to the force based methodjiged that the model parameters are tuned.

Keywords: Liquefaction, Lateral spreading, 1g shake tablet,t®le group, Lateral soil pressure, p-y curvegjnherical

analysis.

1. Introduction

Several important structures supported on pile
foundations have been severely damaged due to
liquefaction during past destructive earthquakesied the

world. These damages have been reported to be more

extensive in areas located in mildly sloping graurat
waterfronts where lateral spreading has occurred.
Numerous examples have been documented in the
literature in this regard, among which the 1964galia,
Japan, the 1989 Loma Prieta, USA, the 1995 Kolpmnla
and the 2010 Haiti earthquakes are the most welvkn
ones [1-6].
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Liguefaction-induced lateral spreading is referteds
the lateral displacement of a gently sloping gro®®%
to 5% slope) or a level ground ending in a freeefas a
result of liguefaction in shallow underlying sati@t loose
cohesionless deposits during an earthquake.

Horizontal displacements in a lateral spreading loan
up to several meters which can impose significant
kinematic lateral forces to pile foundations resgiltin
extensive damages. Damages will be more sevarasies
where a non-liquefiable crust layer (e.g. the abibve the
water level) exists on top of a liquefiable layé@ice the
crust layer can ride on top of the spreading ligagefoil
exerting substantial lateral pressure on the pile
foundations. Damages to pile groups in past eaatkeg
were observed to be mostly localized in three misti
locations along the piles i.e. the connection betwpile
and cap, the boundary between liquefiable layer reomd
liquefiable crust layer and the boundary between
liquefiable layer and base non-liquefiable layei7[&8].

Geotechnical physical models can be used as alusefu
tool for understanding the mechanisms of soil-pile
interaction in laterally spreading ground. In thegard,
response of pile foundations under lateral sprepdias
been experimentally investigated by different resieers
during previous studies implementing 1g shake tg®le
18] or Ng centrifuge [7,19-23] physical model tearsd
field experiments [24]. Basic mechanisms of pilspanse
under lateral spreading have been scrutinized eseh
studies and the effects of different parametershenpile
response have been evaluated including presereaai-
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liquefiable crust layer, thickness of liquefiablayér,
permeability of liquefiable soil, group size (numbef
piles and pile spacing), stiffness of the pile groand
geometry of ground surface (being located in slgpin
ground or behind waterfront structures). Indeeddifigs
from previous studies have effectively improved the
understanding of pile behavior in laterally spregdi
ground, yet the complexity of the problem, someeatp
of the soil-pile interaction in laterally spreadimggound
have not been fully identified. Therefore, the peob has
still remained an issue of research in geotechnical
earthquake engineering.

This paper aims to study the behavior %2 pile
groups embedded in a 3-layer soil profile congistifi a
base non-liquefiable layer, a middle liquefiablgelaand
an upper non-liquefiable layer, by conducting lggéa
scale shake table test. A lumped mass was attdoheade
of the pile groups to investigate the effects of
superstructure on the pile response during lateral
spreading. Distribution of lateral forces among the
individual piles of the groups is also focused @iotaining
contribution coefficients of lateral forces for feifent pile
rows of the groups. Exerted lateral forces dueaterdl
spreading on piles are also compared to current
recommendations for design of pile groups agamstrél
spreading. Experimental p-y curves are back-caledla
from the recorded data to understand the intenactfile
groups with laterally spreading soil. Finally, dretbasis
of the test results, numerical models are calibradad
analyzed to predict the behavior of pile groups aund
lateral spreading during the experiment.

—mmm  Displacement transducer
@ Aceelerometer

©  Pore water pressure transducer All units : meter

2. 1g Shaking Table Test

The shake table test was carried out by using shake
table facility of the Earthquake Engineering Reskar
Center at Sharif University of Technology (SUT) alhiis
a 4mx4m, 3DOFS facility, capable of shaking a %00
payload in longitudinal direction an@x200kN payload

in transversal direction both with a maximum base

. m .
acceleration 0120—2 and a maximum frequency of 8@
Q

2.1. Physical model

The employed physical model consists of two separat
2x 2 pile groups. A lumped mass of 12 kg was attached t
the cap of one of the pile groups in order to sttiuy
effects of superstructure loads on pile responsengiu
lateral spreading.

The physical model was constructed and tested in a
rigid box having 3.5m length, 1.0m width and 1.5aigit.

The box length was selected long enough to provide
required space for the laterally spreading soilirduits
movement towards the downslope. In contrary to ichys
modeling of dynamic soil-pile interaction, rigid tbalary
condition in this study is of low degree of importe as
the studied phenomenon is rather kinematic in eatur
order to monitor soil movement during lateral spieg,
two large Plexiglas windows were provided in onetred
longitudinal sidewalls of the rigid box. Schematimoss
section and plan views of the physical model aloviid
the general layout of transducers are shown inEig.
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Fig. 1 Plan and cross section views of the physical malbelg with the locations of installed transducers
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As seen in this figure, the model ground consi$ta 8-
layer soil profile sloping down by 4 degrees. Top layer
is 0.25m thick consisting of medium dense sandritpe
relative density of about 60% which is located nyost
above the water level. The middle layer is a 1lntkthi
liquefiable sand layer with a relative density bbat 40%
and the lower layer is a non-liquefiable sand layéh a
relative density of about 80%.

The liquefiable layer was constructed by water
sedimentation technique and implementing a sand
pluviator which was designed and constructed famimg
sand in water under controlled conditions. The lonen-
liquefiable layer was prepared by compaction of wedt
sand while the top non-liquefiable layer was cardtd
by air pluviation, accompanied by a moderate cottipac
using a light hammer.

All model piles were constrained against transtatio
and rotation at the bottom and were fixed in tHe pap at
the top. The center-to-center distance betweerpites of
the groups was 3.0D (D is the outer diameter a)pilop
and side views of the physical model on SUT shakédet
device are shown in Fig. 2.

\,

[25] and lai [26]. Considering dimensions of thgidibox,

a geometric scale ofl =8was selected for this purpose.
The scaling factors used in this study are sumradrin
Table 1.

Table 1 Scaling factors for 1g shaking table test
Scaling factors
proposed by lai et al.

Scaling factors in

Parameter [25] this study
(prototype/model) (prototype/model)

Length () A 8.0
Density (0) Ap 1.0
Strain (£) Ag 1.0

Time (t) (A1,)%° 2.828

Frequency (f ) (AA)™* 0.353
Acceleration (i) 1.0 1.0
Displacement () A, 8.0
Stress O ) A, 8.0

El of Pile AN, 1A, 32768

Firoozkuh silica sand No. 161, crushed sand with a
uniform gradation, was used for construction of Huodl
layers in the experiment. A summary of the properif
Firoozkuh sand is presented in Table 2. As mentione
earlier, a target relative density of 40% was cdersd for
the liquefiable layer in this study which is catdged in
medium density range. Prototype pile foundationgewe
designed based on Japan Road Association desigan cod
(JRA) [27] to withstand the exerted lateral spragdi
forces. Geometrical and mechanical properties @& th
model piles were subsequently obtained using the
aforementioned similitude laws. All piles of the deb
were made of aluminum pipes (T6061 alloy) whileepil
caps were made of Plexiglas. Mechanical and gedraktr
characteristics of the model piles as well as ftie gaps
are summarized in Tables 3 and 4, respectively.

Table 2 Properties of Firoozkuh silica sand no.161
Dso Do Dgo
(mm) (mm) (mm)
0.24 0.18 0.39

Gs €max €min Cu
2.70 0.87 0.608 1.49

Table 3 Material characteristics of model piles
Height  Outer/inner I El
(m)  diameter (cm) (cm’) (KN.n¥)
1.25 5.0/4.74 5.901 4.387

Material

Aluminum

Table 4 Material characteristics of pile caps

Material  Dimensions (BxLxt) ~ Weight (kg)  E (kNfin

Fig. 2 Physical model on SUT shake table (a) top vieysite
view

Plexiglas ~ 25cmx25cmx5cm 3.510 3.1%10

2.2. Material properties

All required material properties of the physical dab
were obtained using similitude law suggested byetaal.
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2.3. Instrumentation

As sketched in Fig. 1, the transducers used insthidy
include accelerometers in free field (far from fikes) and
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on top of the pile caps to measure soil and pilp ca
accelerations respectively; pore pressure transsluire
free field as well as close to the pile groups tecjsely
monitor generation and dissipation of excess poatemw
pressures; displacement transducers (LVDTSs) attatbe
the pile caps and mounted in free field to recadid pap
and soil lateral displacements respectively; anthlify
strain gauges attached to some individual pilesthef
groups to record bending moments in piles duririgréd
spreading. In addition, during the experiment digit
camcorders and cameras were implemented both at top
and side of the physical model to observe defowmati
patterns of soil and piles in horizontal and veticiews,
respectively.

2.4. Base excitation

The physical model was shaken with a sinusoida¢ bas
acceleration having a frequency of 3.0 Hz and aongsi
of 0.3g. Duration of the base excitation was 12e@ s
including two rising and falling parts, each of dtion of
about 1.0 sec at beginning and end of the shalBage
shaking was applied in longitudinal direction, piafato
the model slope.

3. Summary of General Experimental Results

In this section, a summary of the main data measure
during the test (in terms of model scale) is presstrand
discussed.

3.1. Soil acceleration records in free field

Time histories of soil acceleration in free fiekbil far
from the piles) at different depths of the mode plotted
in Fig. 3. Positive amplitude in this figure compesds to
downslope direction. As observed, the amplitude of
acceleration records in liquefiable layer descended
significantly after a few cycles of shaking at game time
that the soil liquefied and consequently lost itea
strength. However, after liquefaction, acceleration
recorded at the surface of non-liquefiable crusteda
(ACC4) shows some amplification relative to the
accelerations of deeper depths, in liquefied lay#ich is
due to the fact that the crust layer is not licaigle. Also,
it is clear that the acceleration amplified in 8@l from
the bottom towards the ground surface before the
liquefaction and the amplification is greater innhslope
direction. Minor spikes observed in soil accelenati
records can be attributed to the momentary dilatibthe
liquefied soil.

Onset of initial liquefaction in

A// free field

ACC4 (Surface)

ACC3 (65cm depth)

ACC2 (95cm depth)

Acceleration (g) Acceleration (g) Acceleration(g) Acceleration (g)

0 1 2 3 4

02 - 5
0 o ]
02 ;
5 9

6 7 8
Time (sec)

10 1 12 13 14

Fig. 3 Time histories of soil acceleration in free field

3.2. Excess pore water pressure records

Pore water pressures were recorded in differens pér
the model including free field and areas closeht piles
by installing pore water pressure (PWP) transducers
Representative excess pore water pressure recoeds a

shown in Fig. 4. Pore pressure transducers PWPRPW
and PWP3 were located in free field while PWP7, BPWP
and PWP11 were installed adjacent to the upsloge @i

pile P2 and PWP6 was placed in the soil inside griteup
PG2. General trends of recorded pore water pressure
show that the soil in free field liquefied afteroaib 7

International Journal of Civil Engineering, Vol. 1Rp. 3, Transaction B: Geotechnical Engineeringy2014 377


https://ijce.iust.ac.ir/article-1-900-en.html

[ Downloaded from ijce.iust.ac.ir on 2026-02-18 ]

cycles of shaking; and the upper the elevation,sth@ner
the indication of liquefaction. As expected, disgipn of
excess pore water pressure or consolidation okefigd
soil started from the bottom of liquefiable layenda
followed by reduction in excess pore pressure ipeap

elevations. Suction spikes in free field recordsirduthe
time span that the soil is approaching liquefactoa also
detectable, especially at shallow depths, indigatin
momentary dilation due to the soil movement towards
downslope.

Excess pore pressure (kPa)

0 2 4 6 8 10 12 14 16

18 20 22 24 26 28 30

32 34 36 38 40

0 2 4 6 8 10 12 14 16

Time (sec)
(@
™ 14
;o | —— PWP11
2 19 J-———— e B e — — e e
o PWP7 LD PWP9
5 10 - w7 —— PWP7
w et | 4 1 T T TR R AT BT T i o i 2 7 P PR |y, P R S e ot e e e e e e e
@ 8- P ,
2 Npwp9 Tt
;' 69— IE-WW*@M'W&&WW‘“ o P —— — . ———————
3 4 1 MH PWP11
@ 0
Q
m '2 T T T T T T T T T T T T T T T T T T T
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(b)

s

F: -
MO N R 00 O M
1

0 2 4 6 8 10 12 14 16

Excess pore pressure (kPa)

18 20 22 24 26 28 30 32 34 36 38 40
Time (sec)
(©)

Fig. 4 Representative excess pore water pressure re@rifsfiee field, (b) close to pile P2 and (c) despile group PG2

Pore water pressure time histories adjacent tos pile

generally show that the soil next to the pile liipe a
little later than that in the free field. Contraty this, the
dissipation of excess pore pressure started saat)acent
to the piles compared to that in the free fieldisThte
initiation of liquefaction and also early dissiati of

378

excess pore pressures close to the piles can éprieted
by separation of the soil and pile at down-sloge sif the
pile during lateral soil movement and consequently
formation of a drainage path along the pile. Tintdny
of pore water pressure recorded inside the pilegmG2
(Fig. 4-c) illustrates that the soil inside theepgroup was
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also liquefied later than that in the free fieldigthcan be
attributed to the effects of confinement induced thg
piles.

3.3. Records of lateral displacement of pile capd &ee
field soll

Fig. 5 displays lateral displacement record of pile
caps along with that of the free field soil (recaudoy the
displacement transducer (LVDT3) near the ground
surface) in which positive values correspond to the

movement of the crust soil towards downslope giarte
when the soil was approaching initial liquefactidhe soil
movement continued until the end of the shaking,
ultimately reaching a maximum value of about 73./h.m

It should be noted that the maximum lateral ground
displacement obtained by analyzing the movies deEmbr
from side of the model during lateral spreading waso
200 mm and occurred near the mid-height of theeligad
layer. This value is much larger than the maximum
displacement measured at the ground surface. Thigi
will be addressed in more detail in section 4.4.

downslope movement. As seen in this figure, the
e r,=1.0 (onset of initial liquefaction)
E s ¥
L7
+ 6 - :
G 5 :
4 ;
£ 4
E ?: — Ground surface
o i
0 i
°-1 T T T T T T T T T T T T
0 1 2 3 4 5 6 8 9 10 " 12 13 14
Time (sec)
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525 ;\,ﬁne*,f"us[wu{o. + — PGt
2 i VL [ o -
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Time (sec)

Fig. 5 Time histories of ground surface displacement atetdl displacement of the pile caps

Unlike the free field soil displacement which kept
increasing until the end of the shaking, pile cap
displacement records show that the pile groupshezhthe
maximum displacement at the caps a few secondsthée
occurrence of lateral spreading and then bouncexk ba
gradually as the shaking continued, since after the
liquefaction, the middle layer was loose enoughatow
the pile groups to gradually bounce back due tarthe
rigidity while the liquefied soil was flowing arodnthe
piles. The maximum recorded lateral displacemehthe
pile caps were about 30.0 mm and 28.0 mm in pitelgs
PG1 and PG2, respectively.

3.4. Pile bending moments

In order to obtain time histories of bending moreent
several strain gauges were attached to the piles at
predetermined depths which recorded bending stcairing
the shaking. Half Whetstone bridge configurationswa
utilized for strain measurements in order to ineluzhly
bending strains in the records while excluding lamizes.
Measured strain data were finally converted to bend
moments using Euler-Bernoulli beam theory. Timéohiss
of bending moments in instrumented model pilesoates
representative depths are displayed in Fig. 6.

The time histories corresponding to deeper depths

(close to the base of liquefiable layer) show thanding
moments in piles reached the maximum values a few
seconds after the beginning of liquefaction ancbrédt
spreading and then decreased gradually with thstiela
rebound of the pile groups as described in secBd
However, time histories of bending moments at aldep

20 cm (located in the non-liquefiable crust layi#ustrate

that bending moments reached the peak values and
remained almost constant until the end of shaking.

It should be noted that as the applied base shalidg
the lateral spreading had the same direction, decbr
bending moment data consists of cyclic and monotoni
components which are respectively due to the mleatnd
kinematic soil pressures acting on the piles. lakedoil
pressures are exerted by ground oscillations while
kinematic pressures are induced by lateral soilv.flo
Basically, lateral spreading is a post-liquefactievent
which includes large monotonic ground displacements
Since the main objective of this paper is to stulg
effects of lateral spreading, only monotonic congraa of
bending moments are focused on. For this purpassdicc
component of recorded bending moment data waseilte
out by passing the records through a low-pasg filihe
monotonic components of bending moments can be
observed in Fig. 6, by thick lines.
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Fig. 6 Bending moment time histories (main data and monotymponents) in instrumented piles at represietdepth

Variations of monotonic components of bend cap at the top. In this respect, it should be adtatl the
moments along the model piles at some time stepha degree of fixity at the base of the piles was gne#than
shaking history are provided in Fig. As seen in thi that at the cap, as positimeoments at the base are cle:
figure, most of the times, sign of bending momemtgiles larger than negative ones near the cap. Interégti
changes at some elevations above hhse of liquefiec negative bending moments in pile P1 are compatst
layer. Besides, maximum positive bending momenes larger than those observed for pile P2. These f:
observed at the base of liquefied layer while mamar bending moments can be attributed to the effectthe
negative bending moments occur at a depth almosedb massattached to the pile cap as a superstructure. i$r
the middle of liquefied layer. These observatiores due regard, it should be pointed out that the maximegative
to the fact tht model piles were fixed against translat bending moment in pile P1 was about 1.4 times
and rotation at the base and were partially fixethe pile measured in pile P2.
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Fig. 7 Longitudinal profiles of monoton components of bending moments in instrumented nuitk=
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4, Detailed Analysis of Experimental Results
4.1. Lateral forceof liquefied soil on the pili

The lateral forces exerted on the individual podéshe
groups can be badalculated from the bending mom:
distributions, M (z,t), measured along the piles, using

following equation:

90*(M (z,1))
2

P(z,t) = %

(1)

In this equation,P(zt) is the lateral force of liquefie
soil on the pile due to lateral spreading at dtZ and time

U The lateral forces should be determined by do
differentiation of bending moment data; howeveruldle
differentigion procedure is potentially associated v
numerical errors. Different methods have been eg
for reducing such errors to obtain lateral forcesmf
discrete bending moment data points. A common nae
for such reduction of error is differentiatiof polynomial
curve fitted to the discrete bending data [28]. idaer, in
this regard, Brandenberg et al. [29] recently psmobe

method for error reduction based on minimizing &gl
residuals and showed that their proposed methods
better resultghan conventional procedure of polynon
regression. In this study the method introduced
Brandenberg et al. [29] is implemented for I-
calculation of lateral forces of soil from recordeending
moments to minimize the potential numerical er
asseiated with double differentiation procedure. |
determination of lateral forces, monotonic compdsef
recorded bending moments were used in differeati
procedure.

Fig. 8 shows profiles of the monotonic componen
lateral forces of liquefied st back-calculated in this study
along with the lateral forces proposed by JRA [2@fe
for design of pile groups against lateral spreadiflgis
code recommends using 30% of the total overbu
pressure to be applied to the outermost width efpite
group as lateral forces due to lateral spreading.ases
with a top nonliquefiable layer, it suggests that 1
passive pressure from r-liquefiable layer should be
considered as well. For design applications, impleing
JRA [27], it is commonly assumethat the total lateral
force exerted on the pile group is equally distieok
among the individual piles of the gro
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Fig. 8 Profile of monotonic component of lateral forcesimdividual piles of the groups obtained in tstudy nd those recommended by
JRA [27]

As seen in Fig8, distribution of exerted lateral forc
on all piles follows rather a similar pattern. Aetearly
stages of shaking when the soil was not yet liguk
induced forces ar negligible. But upon liquefaction a
following lateral spreading, magnitude of kinemadéteral
forces increased significantly. Almost in all diagrs of
Fig. 8, an increase in applied lateral forces is obgkat
upper elevations where the non-ligaéle crust exists. |
fact, the norliquefiable crust layer moved towards 1
downslope during lateral spreading, exerting egtessure
on the piles. The magnitude of lateral forces ftbecrusi
layer was to some extent smaller than the passiss|re

suggested by JRA [27] code. In general, in all nhpdes,
back<calculated lateral forces in lower half of the kdjed
layer are considerably larger than those obtairtethe
upper half. Such an observation can be well adddeby
larger lateral diplacement of the soil in lower half of t
liquefied layer when compared to its upper halfy@kbe
shown and discussed later in section 4.4). At thme
time, lateral deflections of piles are less in lo
elevations resulting in larger relative cdacements
between soil and pile in such elevations. The ages
between the magnitudes of b-calculated lateral forces
with those values recommended by JRA [27] is maor
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upper half of the liquefied layer while along tlesver half
of the liquefied lger, the magnitudes of be-calculated
lateral forces are significantly larger than thesggeste:
by JRA [27].

4.2. Total lateral forces exerted on individualgsilof the
groups

Time-histories of the monotonic components of t
lateral forces exertecbn the piles were calculated
integrating the lateral soil forces along the péessgiven ir
equation 2. These total lateral forces were segn

evaluated for the liquefied layer and the -liquefiable crust.
The calculated time histories are cayed in Fig. 9.
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Fig. 9 Time histories of monotonic components of totaddat forces in different piles of the mo

In above equationsFL_Li(t) and FN_Li(t) are time

histories of total lateral forces exerted on pildyi the
liquefiable layer and nohguefiable crust, respectivel
F (t) is time history of the total lateral force exerted

pile i and H and H are the thicknesses of liquefiable la
and non-liquefiable crust, respectiveljig. 9 demonstrates
that total lateral forces increased in early stageshe
shaking when liquefction and lateral spreading occurr
attaining the peak value, and then decreased wthék

piles were bouncing back showing a residual valuthe
end of the shaking. However pile P3, as the dovpe
pile of the group, behaves differently in this tect since
the amount of residual force observed in this jsilenuch
larger than those observed in piles P1 and P2upktope
piles of the two groups of piles. The separationsoil
from downslope side of pile P3 during the laterall
movement can beonsidered as a reason for such diffe
behavior.

Another worthnoting observation is that the late
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forces exerted by the crust layer kept increasiogngd
shaking while those exerted by the liquefied layached
a peak and then decreased indicating the phasrdliffe
between the lateral loads exerted by crust andefigd
layer. This fact is graphically shown in Fig. 10 fule P1
as an example. The reason behind such an observatio
the fact that the liquefied soil showed minimumisesce
to pile rebound during shaking while the crust fagept
its resistance, exerting additional lateral forcetloe piles
at upper elevations.

o
)

In Fig. 11, back-calculated monotonic components of
maximum total lateral forces in different individugiles
of the groups are compared. The main findings ftom
comparison can be itemized as below:

- Comparing maximum total lateral force in piles P1
and P2 (arrow 1 in Fig. 11), indicates that the atonic
component of total lateral load exerted on pilei?about
1.07 times that exerted on pile P2. This obseraaten be
attributed to the effect of superstructure on thenatonic
lateral load exerted on pile P1 during lateral adneg.

5 | Pile P1|

Monotonic component
of lateral force (kN)

P2
1

— — Crust layer
I——Liq. layer
L ——

0 0.2 0.4 0.6 0.8

1 1.2 14 16 18 2 2.2

Pile cap disp. (cm)
Fig. 10 Variations of lateral forces exerted by crust Aqdefiable layers versus pile cap displacement
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H 0.027

P1

P2 P3
Pile

Fig. 11 Comparison between back-calculated monotonic coemsrof maximum total lateral forces in individpdes of the groups

- The amount of total lateral force in pile P2 (fhent
or upslope pile) is about 1.09 times of that obsdrior
pile P3, the shadow or downslope pile (arrow 2ig E1).
This finding is consistent with the results of aest study
conducted by Haeri et al. [18] on a group of singles
(without cap).

- The shadow effect as described above is onlipatiéd
to lateral forces exerted by lateral spreading despin

International Journal of Civil Engineering, Vol. 1Rp. 3, Transaction B: Geotechnical Engineeringy2014

liguefiable layer. Ironically, the magnitude ofdedl force
exerted by the crust layer on pile P3 (shadow [slgbout
15% higher than that exerted on pile P2. This isarebe
well described by the separation occurred at thendmpe
of pile P3 resulting in lack of lateral supportrfrdhe soil in
the crust layer. Concrete evidence for such saparat soil
and pile, extracted from a movie recorded from tthe of
physical model during the experiment, is showniin E2.
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Direction of lateral spreading

Tension crack at
downslope side of
pile group

Fig. 12 Separation between soil and downslope pile roie @roup PG2) during lateral spreading (t=4.0 sec)

The photo shown in this figure illustrates the aoef of
the model at time of about 4.0 sec when developroént
the first tension crack at downslope side of tHe group
PG2 is observed. The tension crack was detectatile u
the end of shaking, providing evidence for différen
behavior of pile P3 as previously discussed andvsho
Fig. 9.

It should be noted that quantitative comparison
between the exerted lateral forces on the piladistussed
above is somewhat preliminary at this stage andisiee
further experimental investigations to be geneealiz

4.3. Total lateral forces exerted on the pile greup
Total lateral forces applied on each rows of theugr

and subsequently on the whole group can be estimate
from Equations 3 and 4, respectively.

2

Frow, =Y R () @3)
i=1
2

I:total (t) = Z Frow i (t) (4)

j=1

In above equaltiond:"JWJ (t) is time history of total

lateral force applied to jth row of piles amgl,, (t) is time

history of total lateral force exerted on the miup. It
should be noted that in current experiment, onky pite in
each rows of the groups was instrumented but dubeo
symmetry it was assumed that both piles in a raveive
the same total lateral forces. Total forces exeaedach
pile group resulted from this experiment are coregar
with those recommended by JRA [27] in Fig. 13.
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Fig. 13 Comparison between monotonic components of
maximum total lateral forces in different pile gpsufrom this
experiment and JRA [27] recommended values

Total lateral forces exerted on pile group PG1 Whic
has a lumped mass and pile group PG2 are respgctive
about 88% and 75% higher than the values calculated
using recommendations of JRA [27]. The differenaes
found to be more profound if only lateral forcesnfr
liquefiable layer are compared. This issue has been
previously pointed out by other investigators faitep
groups located in mild slopes or behind quay wegdlg.,
Motamed et al. [16] and Motamed and Towhata [30]).
However, the trend observed for the non-liquefiadriast
layer is completely different as the lateral forseggested
by JRA [27] is in average about 2.3 times the expental
values observed for pile groups PG1 and PG2. Tasore
is that passive pressure recommended by JRA [27] fo
non-liquefiable crust layer is applicable providedht a
passive failure wedge is formed in the crust laybile
relative displacement between the pile cap andcthst
layer in this experiment does not seem to be endagh
formation of a failure wedge and development of
subsequent passive pressure in the crust layer.

Based on the formula given in Equations 3 and 4,
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contributions of each rowfagpiles in total lateral forc
sustained by the pile group can be evaluated mgesf
numerical values called contribution coefficienss

Fmax

Cow = - (5)

| max
total

where F ™ is the maximum total lateral force exer
]

on jth row of piles, F"=* is the maximum total later.

force exerted on the pile group arCrOWj is the

contribution coefficient of jth row. Contributic
coefficients calculated for front (upslope) and n
(downslope) pile rows of th@x 2 pile group (PG2) in thi
study are depicted in Fidi4. As seen in this figure,

liquefiable layer, the upslope row of piles carries lar
lateral forces than the downslope one while in -
liquefiable crust layer, the downslope row sustajreatet
forces and in overall, the contribution coefficiaittotal
lateral force in upslope row is gtea than that obtaine
for downslope row.
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Fig. 14 Contribution coefficients of different pile ro

Motamed and Towhata [30] based on shaking t
experiments org8x 3 pile groups in single liquefiable lay
behind quay wall, proposezbntribution indexes of later
forces in individual piles of the group depending tbeir
position within the group. The contribution inde;
obtained by these investigators increased in ladgitl
direction, parallel to the direction of lateral spting. In
other words, those piles located in upslope carfeess
lateral forces than those located in downslopery tiea
quay wall. These facts show that the distributibhateral
forces in individual piles of a pile group locatieda mild
slope, suctas the case in current experiment differs fi
that in a pile group located behind a quay walblaservec
by Motamed and Towhata [30]. The main reason far
different behavior is that pattern and magnitudesoif
displacements in a mild slope differon those behind
quay wall.

4.4, Pattern of soil displacement during laterafesgpding

In order to monitor the lateral displacement ofl
during lateral spreading, digital high speed cameaad
camcorders were implemented both at top and sidbe
model. Colored sands were formed in a grid pate
surface of the model as well as iertical columns at side of
the model behind the Plexiglas windows. Patternsailf
displacement in vertical cross section view ansuaface o
the model were obtained by analyzing the photosrtdfom
side of the model and the movies recorded fromof the
model, respectively. Fidl5 shows the profile of lateral s
displacement in free field at selected times durthg
shaking providing a valuable opportunity for ass®g
lateral soil movement while lateral spreading orsdir As
seen in this figure, the maximum permanent
displacement is about 20cm at the end of shakinighv
occurs near the middle of the liquefiable layer.e
maximum lateral soil displacement in rliquefiable crust
layer occurs at the ground surface which is conshie
smaller than the maximum dispement observed in
liquefied layer. Displacement values show a sigaiit
reduction near the boundaries between the m
liquefiable layer and upper and lower -liquefiable layers.
This reduction in movement of liquefiable soil cée
attributed to thefrictional forces exist at the interface
liguefiable and notliquefiable soils

Lateral soil displacement (cm)
0 5 10 15 20 25
0 1 1 1 1

02 - Non-liquefiable crust layer

Liquefiable layer

Depth (m)
o o
o] =

o
o)

—a—1t=3.0 sec
—=—t=4.0 sec
——t=5.0 sec
—et= 10 sec
——t=12 sec

12

Fig. 15 Profile of lateral soil displacement in free fietlupslope
side of the model extracted from snapshots dutisghakin

A Contour plot showing the lateralisplacement of
ground surface at the end of shaking is provideFig. 16.
Since some parts of the ground at downslope ofribdel
were submerged, it was not possible to obtain
displacements in those areas by analyzing the ded
movies. For thigeason, an area located at the downsl|
0.5m far from the end of rigid box is not coveredtie
contour plot. Fig.16 demonstrates that the largest
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displacements are observed at upslope and downghope
of the ground surface while magnitude of displaggme
decreases at the vicinity of the pile groups. $icamt

reduction in soil displacement is also observediEiope
side of the pile groups illustrating that the moeeatof
crust layer was blocked due to the presence of.pile

1110 9 8 7 6 5 4 3 2cm

Direction of lateral spreading

Fig. 16 Contour map of lateral displacement of ground serfat the end of shaking

4.5. Back-calculated p-y curves

A p-y curve correlates the lateral soil pressurtn he
relative displacement between the soil and the wheh
is widely used in practical applications for anaigt or
numerical analysis of soil-pile interaction.

In order to further investigate the interactionvisn
the pile group and the laterally spreading sothis study,
p-y curves were back-calculated from the experialent
data. For this purpose, monotonic soil pressurese we
obtained by the same procedure previously explained
section 4.1 for obtaining lateral forces and thelative
displacements between soil and pile were obtaised a

zt) = Yq (zt) - yp(Z,t)

®)
ozt = [0 77

In above equations,y(zt) defines time history of
relative displacement between soil and pilg, (zt) is

time history of displacement of free field soil ayg(zt)

is time history of displacement in each individpde, all

at depth z. Two boundary conditions are required fo
evaluation of pile displacements from equation #jch

can be selected as displacements at the base addohe
the pile. Displacement at the base of the pile was
considered to be zero as the pile was fixed dtate and

displacement of the pile head was obtained from the

displacement data recorded by the transducer atiath
the pile cap. For evaluation of relative displacetsgall
cyclic components were filtered out. In additiomce the
variation of free field soil displacement with times not
digitally measured in depth by electronic sensors was
only known at ground surface (from surface LVDT
mounted at free field of the model), the profilelateral

soil displacement was assumed to follow the santienpa
obtained by analyzing the side photos as previostsbywvn
in Fig. 15.

Back-calculated p-y curves for the instrumented @hod
piles at various depths are provided in Fig. 17.sen in
this figure, p-y curves in all piles and at diffetelepths of
liquefied soil generally consist of two rising (daning)
and falling (softening) portions (except those
corresponding to the soils close to the boundary of
liquefiable and non-liquefiable layers) while p-yrees of
non-liquefiable crust only consist of a rising pafhis
contradictory behavior implies that the crust lagept its
resistance during lateral spreading while the gtierof
liquefied soil degraded after liquefaction. In atheords,
the lateral pressure by the non-liquefiable crusptk
increasing up to the end of lateral spreading withemy
evidence of yielding of the soil in the crust lay&his is
completely consistent with the trends observed inme t
histories of lateral forces of crust layer on pilpeviously
discussed in section 4.2. On the other hand, ttezala
pressure induced by the liquefied soil increasedato
maximum value that in turn created the maximum
deflection in the pile where the rigidity of thdepresisted
against additional deflection. At that time, thqukfied
soil was not able to withstand the elastic reacftiom the
pile and consequently the soil failed allowing thie
group to bounce back. After the peak point, thealsriced
lateral pressure by the liquefied layer kept desirep It
should be added that the soil at depth of 30 cratéatin
liquefiable layer (adjacent to the crust layer)wb@ p-y
behavior similar to that observed for the crust.
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Fig. 17 Back-calculated p-y curves for individual pilestioé
groups

Almost in all p-y curves of liquefied soil, the nigsum
lateral resistance and also the maximum initidfness of
liquefied soil are observed at deeper depths wiiie
minimum values are obtained at shallower depths.
Additionally, the ultimate resistance of liquefiesbil at
deeper depths mobilized in smaller displacementspeaoed
to the shallower depths in which the peaks of piyes are
observed at quite large relative displacements.

It is also interesting to note that in upslope pibé the
groups (piles P1 and P2), it is observed that thecprves

corresponding to depth of 30cm are located abowseth
related to depth of 20cm, almost in entire range of
displacements, while for downslope pile (P3), teeerse
trend is observed. Such a different behavior can be
attributed to the formation of the gap betweendbi and

the downslope side of pile P3.

5. Observation of Physical Model After Lateral
Spreading

Ground surface and also sidewalls of the physical
model were carefully examined after the experimnt
visually investigate the effects of lateral spregdiFig. 18
shows a photograph taken from the surface of thdemno
after lateral spreading. As seen, some surficiatks are
detectable in upslope part of the model which are tb
the lateral soil movement in addition to the licastfon-
induced settlements.

Crack development
at upslope

Shaking direction Lateral spreading direction
+-—r —_—

Fig. 18 A photograph of the ground surface after liquéfacand
lateral spreading

6. Numerical Analysis of Pile Group Response
6.1. Force based method

Response of pile groups under lateral spreadingoean
evaluated by the force based method in which tlested
lateral pressures are modeled as imposed limiting
pressures similar to the procedure that JRA [27deco
recommends. Based on this procedure, the profile of
exerted lateral pressure on the pile group cantaired
as:

Kouh O<hs<H;

P(h):{0.3[VN.LH1+yL.L(h—H1)] H, <h<H, +H, )

In above equationy, , is the unit weight of non-
liquefiable crust that istGOkN/m3 , YL Is the saturated
unit weight of the liquefiable soil which is equéd
195kN/m3, K, is the Rankine passive pressure
coefficient for crust layer being equal to 3.25d8suming
¢ =32 as angle of friction of the soil in the crusi, and
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H, are in turn thicknesses of non-liquefiable crust a

liquefiable layers anch is the depth measured from the
ground surface. Obtained pressures based on thee abo
procedure (Fig. 19a) were used to conduct a statidysis
of the pile groups under lateral spreading impleimgn
SAP2000 [31] software. The pile groups were modaled
plane frames and P-delta effect was consideredhén t
analyses to investigate the effects of superstreatn pile
response during lateral spreading. However, it khbe
kept in mind that inertial loading from supersturet
during the shaking is not considered herein. Intamd in
order to precisely model the fixity conditions la¢ tbase of
piles and also at the pile-cap connections, ratatio
springs were used in these locations. For this qaep
rotational stiffness of the springs at the conmediof the
piles to the basel 4, ) and the capK, ) are defined as:

M
K =_b
& eb
(8)
K :&
"

where M, and M, are measured bending moments in

piles at the connection to the base and the capectively
while 4, and g, define the corresponding back-calculated

rotations at these locations. Using the experintetdia,
Kg and K, were estimated to be 3.58 and 0.52

kN.m/rad, respectively.

In order to obtain exerted lateral forces and syibset
induced bending moments in individual piles of greup,
it was assumed that total lateral force exertedhenpile
group is equally shared among the individual piles.
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Fig. 19 Numerical analysis of pile groups under laterakaging (a) force based method, (b) displacemesgcdmethod

6.2. Displacement based method

Another widely accepted procedure for the analgsis
pile groups under lateral spreading is the disphare
based approach in which a Beam on Nonlinear Winkler
Foundation (BNWF) model is utilized. As depictedFig.
19(b), in this approach profile of free-field lakrsolil
displacement 4., ) is applied at free ends of the p-y

springs of laterally spreading soil. A wide randempirical
models are available for determination of freedfitdteral
soil displacement (e.g. Baziar and Saeedi Azizk4§8d],
among others). However, most of these models alg on
capable to predict lateral displacement of the mggou
surface; therefore for practical applications, vheation of
ground displacement with depth should be evaludted
simple approximations. In this study, the inpueffield soil
displacement in calculations was selected to balaquthat
measured in the experiment, as previously depiictdeig.
15. It should be added that the displacement bastidod is
essentially a pseudo-static analysis by which thsimum
bending moment is evaluated for design purposess e

profile of soil displacement utilized in this methshould be
specified at the same time that the maximum bending
moment is observed in the pile which is abbat05 sec in
current experiment.

In order to obtain the p-y curve for a liquefied or
laterally spreading soil, a reduction factor, knows
p-multiplier is usually applied to the corresporglip-y
curve of the non-liquefied soil. In this respecgsign
diagrams have been proposed by different researarer
codes of practice, most of them correlating p-rplidrs
with (Np)eo values, among which those introduced by
Brandenberg [33] and Architectural Institute of dap
(AlJ) [34] can be pointed out as the most populaeso
The most commonly used p-y curves in lateral pédsigh
applications are those introduced by API [35]. hist
study, standard p-y curves recommended by API {85]
non-liquefiable soil were multiplied by the appriape
reduction factors to obtain the corresponding csirfe
laterally spreading soil. For this purpose, thaigadf SPT
blow count (Npt) was assumed to be {j=12 for
D=40% of the liquefiable soil layer of this studydan
consequently the reduction factors were estimatetbet
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0.113 and 0.190 using the average values propoged b
Brandenberg [33] and AlJ [34]. It should be addwat,tfor
those depths located in non-liquefiable crust laysy
reduction factor was applied to the p-y curves.aisd p-

y curves as discussed above were ultimately used to
specify the parameters needed for nonlinear shaiddysis

of the pile groups subjected to lateral spreadisqu
SAP2000 [31].

6.3. Numerical results and discussion

The pile groups of this study were analyzed under
lateral spreading by two common methods used in
practice, namely force based and displacement based
methods. In order to evaluate the capability os¢héwvo
methods in predicting the behavior of pile groupghis
study, profiles of bending moment in different mbgies
were calculated based on each method and the geselt
provided in Fig. 20. Note that the p-multiplier va$ used
in the calculations are the average values propdsed
Brandenberg [33] and AlJ [34]. Referring to Fig., 20
appears that the displacement based method usieng th
average p-multiplier value proposed by Brandenljagj
outperforms all the other methods in predicting the
induced bending moments in different model piles
especially in depths less than 0.8m. In this regénd
consistency of measured and calculated bending misme
using this method seems to be more for piles P2R#d
than pile P1 (the individual pile of a group with

maximum negative bending moments, occurring clase t
the middle depth of the model, reasonably well ih a
model piles; while the estimated maximum positive
bending moments which occur at the base of thes pite
far larger than those recorded during the experinigmis
could be due to the fixity conditions at the bakthe piles
employed in the analyses which might be slightijedént
from those existed in the experiment.

The displacement based method with average
p-multiplier value of AlJ [34] overpredicts bothgtive and
negative bending moments. However, using a p-ntiektip
value of about 0.110 which is read from the loweuril
curve of AlJ [34] will significantly improve the agement
between the computed and recorded data.

It can also be observed in Fig. 20 that the foraset
approach based on JRA [27] loading, underprediots t
maximum negative bending moments in the piles while
overpredicting the maximum positive ones. In fatte
general shape of bending moment profile predictedding
lateral load pattern of JRA [27] is not consistaith the
shape of that measured in the experiment. In geriecan
be mentioned that the force based method which IRés
[27] recommended loading is not able to predict
satisfactorily the bending moment profile recorded
current experiment. One reason can be the facirtHatce
based approach, no information regarding the madmit
and pattern of lateral soil displacement profileassidered
in the analysis. This can be mentioned as one ef th
drawbacks of using force based approach for piadithe

superstructure). Besides, this method predicts the response of pile groups under lateral spreading.
0 0 0
Pile P1 I\ Pile P2 Pile P3
02 1 ® Observed (monotonic) 0.2 ® Obsened (monotonic) 0.2 1 ® Obsened (monotonic)
—=—Force based method —=—Force based method —&— Force based method
04 - —A—Disp. based method- 0.4 4 —A— Disp. based method- 04 4 —A— Disp. based method-
’ Brandenberg (p=0.113) ' Brandenberg (p=0.113) ’ Brandenberg (p=0.113)
—a— Disp. based method-AlJ a— Disp. based method-AlJ —a— Disp. based method-AlJ
T (p=0.190) c (p=0.190) € (p=0.190)
~ 0.6 - ~ 0.6 - ~ 06 1
S S =
Q. Q. Q.
a a 8
0.8 - 0.8 - 0.8 4
14 14 1 A
1.2 4 ] 1.2 A 1.2 A
[ J
-0.1 0 0.1 0.2 0.3 -0.1 0 0.1 0.2 0.3 -0.1 0 0.1 0.2 0.3

Bending moment (kN.m)

Bending moment (kN.m)

Bending moment (kN.m)

Fig. 20 Comparison between measured and computed bendimgmt® along the model piles

In general, based on the results of numerical apaly
it can be concluded that displacement based apiprizac
more capable of predicting the pile group behavioder
lateral spreading. However, it should be kept imdnihat
as the results of this study illustrate, predictezhding
moments by displacement based method highly depand
p-multiplier values or the stiffness of p-y sprirgdopted
in the analysis. Also the degree of fixity (at these and
the cap) considered in the numerical model plays an

important role in this regard. Therefore, propealeation
of these parameters is crucial when adopting digphent
based method using p-y springs.

Moreover, as the results of this research show, the
response of an individual pile in a group variesdaaon
the pile position within the group while in ordigar
displacement based approach this issue is not taiten
account. As a result, it is recommended that whding
displacement based method in practical applications
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p-multiplier values be adjusted in an appropriatey io
accommodate the effects of pile position in theugro
Otherwise, it would be wise to use this method jiost
obtaining an average estimation of the response of
individual piles of a pile group.

7. Summary and Conclusions

The behavior of2x2 pile groups embedded in a 3-
layer soil profile consisting of a base non-ligaéfe layer,

a middle liquefiable layer and a crust non-liquielalayer,
was investigated by conducting 1g large scale shaiile
test. Experimental results regarding the resporisiee
field soil (e.g. acceleration, pore water pressure lateral
displacement) and piles (e,g. bending moment atedala
cap displacement) were presented and explainedén t
paper. Lateral soil pressures on model piles wexek-b
calculated from the bending moment data and used to
obtain the distribution of lateral forces among the
individual piles of the groups. Additionally, nureal
analyses using p-y curves were carried out to ptetie
response of model piles during lateral spreadig: Main
findings of this research can be summarized asibelo

1. Records of lateral displacements associated wit
lateral spreading indicate that unlike the freddfimteral
soil displacement which kept increasing until thed eof
shaking, the pile groups at the caps reached thémaen
displacement a few seconds after the occurrenctheof
lateral spreading and then bounced back graduallthe
shaking continued.

2. In all model piles, maximum positive bending
moments are observed at the base of the liqueéiger |
while maximum negative bending moments occur at a
depth almost close to the middle of liquefied layEhe
presence of superstructure was found to intendify t
negative bending moments in the piles.

3. In this experiment (2x2 pile groups), the magphéts
of back-calculated lateral forces due to laterabagding on
piles are significantly larger than those suggestedRA
[27] code at the lower half of the liquefiable layehich
consists of medium dense sand.

4. Based on the calculated contribution coefficenit
lateral forces, in liquefiable layer, the upslopsvrof the
piles carried larger lateral forces than the dowomslone
while in non-liquefiable crust layer, the downslopsw
experienced greater forces. However, contribution
coefficient of total lateral force in upslope rowasvin
overall greater than that obtained for downslope. ro

5. The maximum lateral soil displacement in a eaiti
cross section of the model is observed near thellmiof
the medium dense liquefied layer while displacement
values show a significant reduction near the borieda
between the middle liquefied layer and upper angeto
non-liquefiable layers. The largest ground surface
displacements are observed at free field parthefriodel
while the magnitude of displacement decreases at th
vicinity of the piles. Significant reduction in gmod
surface displacement is observed at upslope sitieegdile
groups since the movement of crust layer was blbdke
the pile groups.

6. Back-calculated p-y curves in all model piles a
different depths of liquefied soil consist of twasing
(hardening) and falling (softening) portions (excémse
corresponding to the soils close to the boundary of
liquefiable and non-liquefiable layers) while p-yrees of
non-liquefiable crust only consist of a rising part

7. Based on the results of a numerical analysithisf
experiment it is concluded that the displacemergetla
approach is more capable to predict the behavigpilef
groups under lateral spreading. However, propercteh
of different mechanical parameters of the numenicatiel
is vital when adopting displacement based methadgus

p-y springs.
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