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ABSTRACT

2D plane strain FiniteElement (FE) analysesare performedfor rigid circular pilesto evaluate undrained seismic
limiting pressure behind soil gaps in contiguous pile wgllBW). Taking advantage of symmetrical conditions]y

one quarter of the rigid circular pile and onéf lndi the soil gap hee beenmodelled The pile has beemodelledas a
rigid material, whereas soil (clay, with isotropic and constant undrained shear strength property) has been considered as
a perfectly plastic Tresca material following an associates flde. Boundary conditions were considered as per the
field conditions and seismic loads were consideredpseudestatic force applied in terms horizontal seismic
coefficient, k,. Adaptive meshing technigueas adopted tmbtain resultsreasonablycloserto exactsolutions. The
effect of soil gap ratios, adhesion factors and intensity of seismic loading on limiting pressure behind the piles
studied in detail using@ptumG2 software based dimite element limit analysi@pproach For deeper insights dn
influence of various affecting parametermwdimensionalchartsare providedor seismic limiting pressure. Further, it
has been observed that the considered parameterasaymficant effecton the seismic limiting pressubehind the

soil gap in CRV.

Keywords: Contiguous pile walls; Soil gaps; Limiting pressure; Finite element limit analysis; Horizontal seismic
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1.INTRODUCTION

In developing countries, rapid urbanization and infrastructure development are basic demands of growing
population. Due téhe constraintof limited openrland usage, tlulfillpe opl esd® requi rement s
high-rise buildings with basements, subwagsdmetro railway tunnels have increased rapidly over the past
few decades. Sometimes due to legal and unavoidsdiesthese structures are forcefully constructed in

soft soil by creating deep excavation. Usually, sheet pile walls and concrete diaphaigrnave been
preferred to provide continuous support for deep excavation in soft soils. Moreover, for cohesive soils with
groundwater table much below the excavation lesehtiguous pile walls@GPW) is one of the economic
solutions to support deep exedions temporarily or permanen{§aba et al. 2002; Kumar 2008; Teparaksa
2011; Zhang et al. 2015; Richards et al. 2016; Ramadan et al.. Zdntjguous piles (typically consist of
discrete bored ca#t-place column piles of large or small diameter) are installed intohdtidls created by
augers atelatively small gagas compared tthe diameterof individual pile) in soft soils and at large gap in

stiff soils. The major benefits dCPW are its coseffectiveness since a smaller volume of concrete is used to
construct unonnecteficonnectegiles and lowcost augers can be utilized to drill holes for these piles, thus
providing another option for an economical retaining wehe static lateral earth pressure acting on the
freely exposed soil gaps develop smipportingstable mechanism produced by an arching effect between
neighbouringpiles. But duringa seismic eventthe undrained lateral earth pressure behind soil gaps could
increase and alter thieehaviourof CPW. Hence, estimation of the undrained seismic limitprgssure

behind soil gaps o€PW is a prominent issue in the design of supporting pile, especiallhéqerpetual
purpose
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Oneof themajorfactors that affects the performance GPWis the gap ratio between adjacent pil&e to
selfsupportingmechanismdevelopedoy arching effecin soil gaps between adjacent pilesting against
seismicearth pressurehe freely exposed soil gaps in CPW are stakelend themApart from theabove
mentionedfact during an earthquake due to additional seidmicl theseCPW might experience large
stability issuesPredictions of the undrainesgtismiclimiting pressure behind soil gaps acting on a pile in a
CPWin this regard is an imptant aspect.

Figure 1 shows the problem definition of undraingeismiclimiting pressure behind soil gaps @PW in
homogeneouslay. The plane strain condition is assumed along the direction of pile depth in the analysis.
This assumption is applicable if theil movements take platelow a certaiepth from the ground surface
and thus the@resensolutions are only applicable f@PW sections that are locatedadfinite depthfrom the
ground surfacet is assumed that the contiguous pile wall system is formexsigle rowof rigid circular

piles of diameterD placed atnequal distanceS In addition, the piles are assumed as an integral system by
use of cotinuous bracing to ensure no relative movemem. uniform pressurepP represents a lateral
pressure behind soil gaps tratusea general failure in the soil masBhe clayis assumed to follow a
perfectly plastic Tresca material model obeying associated flow rulecaitstant undrained shear strength,
S. In this study, e interaction between soil and pile interface is considered throughltasion factorl)

as shown in Equation (Keawsawagong and Ukritchon 2017)

a == (1)

where,§; is theundrained shear strength at suike interfaceand S, is theundrained shear strength thie
surrounding soilThe stability problem of the proposed study is to determine the undiséisdiclimiting
pressure®,) that produces a failure in soil gaps dEBWand can be expressed as @isionless parameter
PJ/S, presented in Equation 2
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where,P/S, is theundrainedseismiclimiting pressure factor behind soil ga®#D is the soil gap raticg the
unit weight of soilandk;, the horizontal seismic coefficient

This paper presents finite element limit analyBiELA) based on lower and upper bound plasticity solutions
available in software, OptumG018) to estimate the seismic undrained limiting pressure fa8ggJ
behind soil gaps acting on a pile per daiigth in aCPW. It can be observed from Figure 2 ti@®W used

for deep excavations are subjectechtouge amounof pressure from the existing structures. In this study,
extensive analysdsave been carried out by varyingapameers affecting the limiting pressure GPW like

soil gap ratio §D); adhesion factorl) at the soilpile interface and seismic @fficient (), includingS/D =

0.1 to 3;U= 0 (smooth) to 1 (rough) arg= 0to 0.4 g.
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Figure 2 Applications ofCPW (Martello Piling 2017)
2. METHOD OF ANALYSIS

To study various complex stability problems in geotechnical engineering, Limit analysis and FELA have
been extasively used in the pa@Chen and Liul99Q Sloan 2013)FELA is a powerful numerical approach
which combinesthe limit analysis with finite element discretizatioa enhane the capabilities of both the
numerical method$=ELA is widely usedo bracket the exact limit load by upgesund (UB) and lower
bound (LB) solutions of limit analysis for handling complex problems in geotechnical engineering with
irregular geometries, varying soil properties, loadings, and boundaryicosdRaj et al, 2018a, Raj et al,
2018b).In OptumG2, both the lowdyound and uppdoound problems under plasséain condition are



formulated using secormtder cone programming (SOCRMakrodimopoulos and Martin 2006;
Makrodimopoulos and Martin 200%) solve geotechnical stabiliigsues The details ofthe numerical
formulationof FELA in OptumG2 can be found Krabbenhoft etla(2015)
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Figure 3. CPW witiJ= 1, 9D = 1 (a) numerical model fd¢, = 0 g; (b) initial meshing fok, = 0 g; (c) adaptive mes
at failure fork, = 0 g (d) numerical model fok, = 0.4 g; (e) initial meshing fdg, = 0.4 g; and (f) adaptive mesh a
failure fork,= 0.4 g



The procedure adopted for analyzing seismic undrained limiting pressure behind soil gaps in a CPW through
FELA in OptumG2 is summarized below. 2D plane straiitdielement models dfe circular pilewith soil

gapSD = 1 andU=1 have been shown in Figures 3(a) and (d) for static and seismic con¢htien8.4 9
respectively. Taking advantage of symmetmly one quarteof the rigid circular piles andnehalf of the

soil gaps have beanodelled The top dimension of the domain is chosen to be large enough that the failure
zone does not intersect this boundary, and hence hafiuenceon the computed limit load# both upper

and lower boundolutions triangular elements have been used to discretilesoil massand pile. The pile

has beermodelledas a rigidelastic material @ssigned relativelyargev al ue o f Youthgd0s mc
interaction between soil and pile has been simulated by definingaitgeelement at the circumference of

the soil-pile interface (allowed for velocity and stress discontinuitiéa limit analysis) To simulate
symmetrical planes, left and right boundaries of FE models were restrained horizontally whereas bottom
boundary 6 soil gap is set free to move. Fixed boundary conditiwase applied to the pile in both the
directions to ensure nmovement.In both upper and lower bound analyses, initial uniform surcharge
pressure of intensitf (equal to 10 kN/m?m) is appliedandin subsequent steps 6fmit analysis the

intensity is increasedrtill incipient failure of soil as trapped by FELA.

In addition to the surcharge pressufe seismic loachas beerappliedasa pseudestatic forcein terms of
coefficient of horizotel acceleratiorat thecenter of gravity of eachsoil masselementas shown in Figre

3(d). Automatic mesh adaptivity was also employed for both lower and upper bound analyses to determine
tight upper and lower bound solutioddaptive meshing withife iterationswasused for all the analyses

where the numiler of elementswvere increagd from 7,000 to 10,000 to obtaimesults closer to exact
solutions Figures 3(b) and 3(e) show the initial mesh developed based on the number of elements specified
for static and seismic case respectively. Similarly, Figures 3(c) and 3(f) represent the mesh at failure for both
static and seismic case respectively. It can be observed from these figures that using adaptive mesh technique
has given the advantage of predigtihe failure surface exactlyhich is evident through the smallement

size adjacent to theipture areandlargeelementslsewhere.

3. RESULTS AND DISCUSSIONS

Thetransformatiorin the observed failure mechanism from a narrow soil §4p £ 0.1) to a large soil gap
(§D = 3.0) is clearly illustrated in Figures 4 and 5 for the cases of rough ip#ed£ 1) with different soil
gap ratiosS/D = 0.1- 3.0 andk, values of 0 g and 0.4 g respectively. This variation in the failure mechanism
is represented in the form of shear dissipation conttiuzan be observed from Figure 4 that for narrow soil
gap, a radial shear zone behind the soil gap is formed whéoeasoderate soil gapS(D = 0.5- 1.0), a
curvilinear triangular zone is formed hiye enlargemenof the radial shear zoné\s the soil gap increases
further, the interaction of radial shear zones vanishes. Similar observadi@aalso been observed ftne
seismic casas presented in Figure Bhe formulations used bigeawsawasvong and Ukritchon (201@)
estimate the undrained limiting pressure factor behind soil gaps dabnsitlerthe influence ob, k, andk,
which is unrealistic. Hence the authors proposed the following equation (EgBatittich would represent
similar relations proposed l{ieawsawasvong and Ukritchon 201¥hen?, k, andk, = 0. In the following
equationk, represents theoefficient of earth pressure at rest.

P _ (P- gH(k +k))
s s

©)

Based on the above relation the undrained seismic limiting pressure factor was estimated for all
combinations considered in this parametric study. The results thus obtained has been pasdbsted
variationin the pressure factor withD andalsofor varying values otlin Figures 6(a), 7(a) and 8(a) fiar

=0 g, 0.2 gand0.4 g respectively. Similarly, Figures 6(b), 7(b) and 8fimwthe influence oD on P/S,

with varyingUfor k, = 0 g, 0.2 gand0.4 g respectively. It is interesting to note that for all considered cases,
the exacP,/S, can be accurately bracketed by computed upper (UB) and lower (LB) bound solutions within
1%. For a particular value df, P/S, decreases with increasir®D whereas, for a particuls®D, Py/S,
increases with increage U For large soil gapP,/S, has a marginal increase withe changein U put, for

narrow soilgap even a small change Wileads to a significant increaseRy'S,. It is interesting to rie from



the seismic case (i.e. Figures 7(a) and 8(a)) thaSor> 1.5, P/S, yields negative values whichre
practically not feasible.

(f)

Figure 4 Comparison of shear dissipation of soil gapler 1 andk, = 0 gwith (a) D = 0.1; (b)SD = 0.5; (c)SD =
1.0; (d)SD =1.5; (e)9D = 2.0; and (f)S'D = 3.0
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Figure5. Comparison of shear dissipation of soil gapUer 1 andk, = 0.4 gwith (a) ¥D = 0.1; (b)SD = 0.5;
(c) D =1.0; (d)SD = 1.5; (e)9D = 2.0; and (lSD = 3.0



=

P/S

10

Ky

a=0

o =0.25
o =0.50
o=0.75
o= 1.00

0.0 0.5

1.0

S/D=0.1
=0.15

Figure 6 P/S, variation fork, = 0 g as a function of (apil gap ratipand(b) adhesion factor
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Figure 7 P,/S, variation fork, = 0.2 g as a function of (a) soil gap ratand(b) adhesion factor



