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ABSTRACT

SLOPE STABILIZING PASSIVE PILES: A LABORATORY MODEL
STUDY

i nv,Abi din Mengyg-
Doctor of PhilosophyCivil Engineering
SupervisorAssoc.Prof. DrrNej an Huv aj Sar éhan

December 202380 pages

The behaviour of passive piles in a large shear box with different ratios of center to
center pile spacing sto pile diameterd (/d=5, 4, 3, 2, 1 and single pile test) and
with different pile socketanto the stable soil layer were investigated within the
scope of this research\ clay soil having an average undrained shear strength,
c,=100 kPa was at the bottom of the shear box siingl#ie stable layeiThe upper

part of the shear boxvhich is mowable in horizontal directionyas filled with a soft

clay having an average undrained shear strengtBpdPa The pressures on model
piles loaded passively by the movement of the upper box were recorded by the
miniature pressure transducers mountederptlesThe transducers were calibrated

by soil and waterBoth for soil and water calibration cases, it was observed that the
loads acting on the piles decrease in the upper and lower zones of the shear plane as
s/d ratio decrease$oft soil and watecalibrations can be accepted to be in a
moderate compatibilityas evidencedhat upper loads do not deviate so much.
However, this is not the case in stiff soil calibrati@sults Besides, bth the
maximum upper and lower pressures recorded are gredi€} iH socket case than

the pressures recorded in OF socket case at all displacement leygls sliding



layerdepth).For shear contribution gdiles an optimum pile spacing of s/d=4 was

determined as the most effective pattern.

Keywords: Laboratory Model Test, Passive Pile, Slope Stabilizatidfiniature

Pressure Transduc&oil and WatelCalibration
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KEW, ¢LENDKRANKF KA ZIBKIEMRRATUVAR MODEL
¢ ALI Kk MASI

i nv,dobi din Mengyg¢ -
DoktorgaKnkaat M¢hendi sl ifJi
Tez YO meotDr.dNegian Huvaj Sar éhan

Ar al é 38022 3

Bu ar akt ér nba;, yki,akp sba mé nkdeas me Kk vetku séu n(dsa kdi= 5d, e
2, 1 ve t;eks: :kanzeerkk etzedsetni mer ke e vieadak ajraa
tabakaya dejikiKk boyl arda soketl enen p a
Ort al ama dr ednaayjasnegzh®® KRaylanakil bir zemin, kayna

kutusunura | t é nd a k ia b dtkeary$eialn Ketsmiek kiut usunun yat
hareket edebi |l en ¢ s tkayrka® s iy @ ,ce20&KPaaolam ma d r ¢
yumukak kil ile doldurul muktur. I st kKut i
mo d el kaz&bblnakasén-1 ar , k azeéelkhmirn ysaztegri ne
baseén- t rvaanssédi mssedr d yedTer dai nl sndi ¢kstrere Su ke kalilree mi

edimi k Hem. zemin hem de su kali baaslydbéak- a u
kesme d¢zl emiahitn b@stgeherinde kazeéekl ar a

g°zl enmi ktkilrv.e Yswmukkaal ki btaraftakiy @, rkll eerré ,n & 0tk f

sapmay ° st er salchidasrit a der e c e dedkabh ediebilu.yancak i - i n

k at &alibrasybns o nu - ldaurréunnd ab°® y IDe |J d e ] itdald soket an, f
yapél dndoar 8 mu i -nmaksimkinkkyad/endhi¢ lgaetlbeas en- | ar |

t¢, mdeplasmanseviyelerinde,05 H soket dun munda kaydedil en ba
daha vy {(HKilawktabakal er i .n| ki 22§ én kesme kat keéesé

kazeék sidedanekik@abbloar ak belirlenmiktir.
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CHAPTER 1

INTRODUCTION

1.1 Statement of theProblem

One of the oldst geotechnical engineering problem in construction activities
throughoutthe history is the slope stability since naturally or rmaade occurring

soil movements are always in agenda. It is generally called a landslide or a slope
failure when a slope fal due to gravitational forces. There are many ways of
stabilizing unstable slopes. The conventional stabilization methods generally reduce
driving forces by removing a weight of soil from the upper part of the slope and/or
increase resisting forces by ctmsting a buttress (dead load) at the toe part of a
landslide area. A third general technique to stabilize unstable slopes issihe in
reinforcement of the ground. Constructing discrete (spaced) piles through a sliding
mass penetrating into the stalagers is the most common reinforcement method of
stabilizing slopes. Discrete piles are especially quite effective, where there is not
sufficient land to allow excavation of the head of a slide and/or providing the dead
load at the toeThe bored piles g&cially can be constructed in the unstable slopes
without any additional movements that may cause further instalbiligddition to

this, thep i | strigct@iral capadies in stabilizing the slope movemendse quite
effective compared with other slopéalsilization methodsThe pile solution is
almost a unique method of stabilizing landslides in many cases where the topography
inhibits other solutiongCarder, 2009)Beside this popularity, a universally accepted
calculation and design procedure is net wvailablefor pile stabilization This
determination can be seen in several recent publicatidan S et al., 2021 Xiong

et al., 2022;Jiang et al., 2022Galli et al, 2029. Thetiteh Lands |l i de st abi
by piles: A subject not yet stabilizedf aninvited lecture given by Ergun (202ih)

a symposium emphasizegtiamgudgement conspicuously.



There areseverafactors that should be taken into account in designing a single row
of discrete piles penetrating a stable layer as shown in Figur8pacing between

the piles to guarantee the development of soil archingetismonablsocket length

of the piles into the stable soil layer, and the forces acting on the piles due to sliding
mass aresome important factors in designing the stabifizaies.A model test study

has been executed in laboratory in this research to investigate these factors
concentrating especially on the loads exerted by the moving soil on stabpiksg

To investigate arching mechanism, different pile spacingdmieeter patterns have
been used in model tesfhere aresery few studieshatrecommend an appropriate
length of pilein literature Therefore pile socket lengtin the stable layer is another

subject of research in this investigation.

As a summary, iB thesis investigates the behavi@f modelpassivepile groups
under the loading of moving soil. The stabilizing reinforcement system consists of a
row of model piles made of brass with different spacing/diameter ratios and different
socket lengthsn stable layer. Tests include a single pile load test also. The single
pile and the pile groups were loaded by lateral soil movement using a specifically
designed shear box testing system in laboratory. Kaolinite type ofollsywere

used inthemodel test.
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Figurel.l. Slope stabilization by piles

1.2  Objectives

The objectives are

i) to investigate some of the essential mechanisms, such as soil arching in
passive piles stabilizing a slopaumerical researchnd model test results in
literature andgearchand evaluatéhe current design methods of pile stabilized slopes

critically recommendech the literature

i) to investigate the loads exerted by the moving clay type offsogeveral
patterns in a rowef stabilizingpassivepilesby a series of small scale model tests in

a specifically designed shear box in laboratmyth above and below the shear plane

iii) to investigate the displacement behawiof stabilizing single pile and pile
groups with diferent centeto-center spacing of piles/pile diameter ratios (s/d) and
with different socket legthsin the stable clay soil layer, present the/ gurves of

the passive piles obtained in laboratory model tests;



iv) to developdesign recommendations bdsen the model test results involving

different s/d ratios and different socket lengththe stable soil layer.

1.3  Scope of theResearch

In this research, the behauroof a row of model piles with differergatternsand

socket lengths and the piles instdlifor the purpose of slip surface stabilization has
been investigated in a specifically designed shear box at the laboraioce. a
capping beam is generally designed for landslide stabilizing group piles in practice,
a brass capping beam has been aesigt the top of group model piles testeldy

type of soils have been usedilis researchThe testhave been executed ilaage

shear box with dimensions 30x30 cm in plan and 30 cm in depth. The first 15 cm
part of the shear box in depth is sepagldtom the bottom part to allow a shear plane

in tests.The stiff clay placed at the bottom part represents the stable layer while a
soft clay at the topepresergthe unstable layeihus, the upper part of the box is
movable in horizontal directionThe 2 cm diameter model piles made of brass have
been instrumented by miniature pressure transducers of which the sensitive surface
diameter is 7.6 mm with thickness of 2 mm to measure pressures directly. There is
also a Gnm diameter and khm thick anothepedestal part mounted to this sensitive
surface part. The lateral and vertical displacements ahthebleupper part of the

box have been recorded; the total resistance of the upper part of the box has also been
measuredvith a proving ring There are lao recordings measuring the top arm
horizontaldisplacements of the model piles. Detailed explanations of the stages of

the model tests are given@hapter3 of the thesis.

1.4  ThesisOutline

Thesis outline iexplainedoelow:

Chapter 2 is composed ofdrature review on stabilization of slopes by pilelich

are generally called as passive piles. Stabilization mechamispexially arching



effect the investigation results by laboratory mogsitsandthe research onltimate
soil resistancand groupeffects in passive piles are given in Chaptevi@reover
therecommendations related with the analysis and desigitesfto be used islope
stabilzationin literatureare presented in this chapt&he solution ofpiles that are
loadedlaterally by the py methodand application othe method fopassive piles

aredescribed in AppendiA.

The experimental setp used in this research, soil materials and the preparation of
the samples and also the procedures followed in model tests are all exptained i
Chapter 3The test setip and testing program actarified by means of twoand
threedimensional drawingsThe details of model piles and measurement devices
used in the tes{sniniature pressure transducers, proving ripggentiometric linear
displacement sensofer measuringpile top and tiphorizontaldisplacementsdial
gaugesand dad acquisition systendetailg are given in this chapter. The results of
theindex tests andlso the strength test results of the soft and stiff clay soils used
in model tests aralsopresented in Chapter Ihe unconsolidatedndrained (UU)

triaxial compressionest results are given in Appendix B.

Miniature pressure transducers mounted on the model piles are the main instruments
in this research to directlyecord the loads acting on the model passive piles.
Calibration process was described in Chapt@h®.results of water calibrations and

also both soil (the soft unstable and the stiff stable soil layers) calibrations performed
for all the pressure transders used in theodel testsre given imAppendixC. The
calibration results of proving risgand potentiometric linear displacement sessor
(PLDS)used in the model testan be found in Appendi®.

The model tests in this investigatibave been condusd fora single pile and for
five different model pile spacingse., s/d=1, 2, 3, 4 and S: pile spacing, d: pile
diamete). The tests were alscarried outfor two different socket lengthis the
stable stiff clay laye(i.e., 50% and 80% of slidings layer depth) The model test
results depending on these variable conditionakhmesented in Chaptdrandin



Appendk E and AppendixF in graphical forms. The results are discusased

evaluatedn Chapter 4

Chaptelb includes the conclusions ideedas a result of the discussions of the model
test results. The effects of pile spacing and the socket lengjtk stable soil layer

in slope stabilizing by piles are given in this chapter. The practical uses of the
conclusions are presented. Finatlye suggestiongor future research are included

in Chapterb.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The downward mass movement of either rock or soil type of materials is called
landslide which is caused by gravity. If the rock material, wisabut of the scope

of this research, is excluded, there are mainly two general types of landslides that
most commonly occurs in highway and civil engineering projects. They are (1)
movements involving surficial material, (2) movements involving esssgied soft

soils. The conditions promoting movements are (a) changes in groundwater
conditions, (b) presence of clay or shale that softens when wet, and (c) topography
(Abramson et al., 2002). As deduced from these classifications, the predominant
material inlandslides is cohesive type of soil material. This has been confirmed in
many landslides observed in nat(ifeoman et al., 2004; Cornforth, 20@emir et

al ., 2006; S ChHergrared Laut201&lony a2 @1 2nd Aydoj] mu
Troncone et al.,, @21; Shangguan et al., 2023pn the other handhe research
considering cohesive type of soils published recently showtibi is an open issue

for geotechnical engineers in thisld (Fantera et al., 2022; Galli et al., 20ZP)us,

the clay type ofoil is the material that is researched in this thesis.

A row of bored piles spaced at specific intervals along slopes is a preferred slope
stabilization technique in many projects since it has some advantages. The technique
is quite a quick method to impve the stability of a failing slope. The drainage
measure for instance often take a significant time topacticularly in clay slopes.

Slope stabilizing piles are also often preferred due to their long design life to resist
long-term environmental eficts and low maintenance cosis.other words, the
method offers a permanent structural fixgénerallydoes not require additional

servitude Bored pilescanespecially beconstructedn almost any type of soil and



rock conditions by various construmti techniques. Finally, the piling is often the

most suitable stabilizing method of slopes due to topographical restrictions.

2.2 PassivePile Problem

De Beer (1977) classified the horizontally loaded piles into two main groups: active

and passive pile§hepilesused in slope stabilization, for instanaeg subjected to
lateralloadscaused by the horizontal movements ofdbiéenvironment.Therefore,

the piles used for this type of application have been considered as passive piles. It

should be remindethat the active piles are those used to resist the lateral loads
transferred directly from the superstructur
piles move relative to the soil; the fApassi
that soil moveselative to the pilesin other words, étive piles are loaded at their

heads caused by the superstructure. Passive piles, on the other hand, asédngded

their shafts caused by the horizontal soil movements addition to slope

stabilization problentypical examples of passive piles are gire@hen and Poulos

(2997):

U Pilesneighbouring th@approactembankments
U Pilesneighbouring theile drivingoperations
U Pilesneighbouring théunnel constructions

U Pilesneighbouring thexcavation operations

In fact, the interaction mechanisms between the pile and the surrounding soil are
similar in both active and passive pile cases. However, there is a marked difference
between the two: The structural load in actively loaded pile is usually well defined
at the leginning of a design. On the other hand, the load acting on the passive piles
due to soil movement is rather ill definddhe horizontal forceacting on the passive

piles depends on the soil movements. At the same time, these soil movements are

affected ly the piles themselves. Therefore, the problem is complex due to this



interaction.Thus, there have beencontinuous research effad develop suitable
methods for analysis and design due to this uncertainty of loads acting on passive

piles.

Startingfron 195006s many case histories have be
and passive pile stabilization. Besides of a relatively few unsuccessful applications

(Root, 1958; Broms, 1969), several successful applicatiomsuid Matsui, 1977;

Sommer, 1977; Sné&dr, 1985; Allison and Williams, 1991; Reese et al., 1992;
Rollins and Rollins, 1992; Smethurst and
2013; Galli and Bassani, 2018; Nusairat, 202BangH et al, 202% Li and Du,

20217 were reported. Several dgsiapproaches were recommendesbime othese

and otherliterature and there is no a universally accepted design procedure in

literature.

2.3 Stabilization M echanisms inPassivePiles

Optimum design of a slope stabilization project by piles is apdeilinteraction
issue The main factors to consider in design include the pile spacing
(spacing/diameter ratio), lateral resistance of piles, the most effective location of
piles in slope and their socket length below sliding surface, and the overall stability

of the general slope stabilized by piles.

Viggiani (1981) considered the failure mechanisms in passive piles both
geotechnically and structurallyhe potential failure mechanisrasesummarizedn
Figure 2.1.There are mainly two types: (i) The first gmincludes the soil flow
around pilesfrom ground surface to sliding depémd the soil failure below slip
surface due to insufficient embedment below slip surface (See Rldiaandb).

(i) One or more plastic hinges are generated in the pile irettand group of failure
mechanisms; the plastic hinges are to be generatieelpintsof maximum bending
moment occurenc@-igure2.1c).



As can be deduced from the failure mechanisms in Figdsetiere are basically
two stabilization mechanisms in pgtabilized slopeshese will beexplainedn the

following sections.

2.3.1 Reinforcement Mechanism

When piles are designed to stabilize a sltpeyshould pass thiilure surface and
penetrate into a firmstablesoil layer. Since there is a sliding abowe tfailure
surface, the displacements above this surface is forced to be diminished when rigid
piles are installed. Resulting earth pressures above the sliding surface are transferred
to the stable soil layer beneath sliding surface in a similar waydatdever beam

with the earth pressure on the pile as cantilever load. Thus, a shear force and bending
momenteffects are developed the pile at location close to tiséipping surface.

This additional resistance provided by the-gdli¢ interaction istie reinforcement

effect which can be considered as straightforward. The second stabilization
mechanism namely arching mechanism is described in more detail below since it is

the main research subject about landslide stabilizing piles in literature.

2.3.2 Archin g Mechanism

The arching mechanism is quite compiéxhdue to its localized effeethich means
that localized soil failure may occur since the piles are located intermittently in

landslide stabilizing projects.

As will be described below, soil stresses tansferred from a yielding mass of saoill
onto neighbouringstable or harderlayers by means of arching mechanism. It
generally occurs in structures like tunnels, pile walls, slopes or fills and backfills
where moving or settling soil is adjacent to istadry structures or masses of soil.
Terzaghi (1936) wasne ofthe earliest nvestigator of the arching effect in soifs.

soil mass that is located abovgielding trapdoor is used in this investigation and it

was observed that as the door displaced mieavd, the vertical earth pressure

10



exerted on the wall decreased considerably. At this time, the pressure on the
stationaryneighbouringparts of the platformvasincreasedThe shearing stresses
developed between the moving mass and the neighbouringe gtabls were
interpreted to be the reason for this load transfer.

As it is understood, arching mechanism is especially important to consider in
geotechnical designs where the piles are located in an intermittent manner. A series
of model experiments wasrcieed out by Bosscher and Gray (1986) with a sand slope
supported at base by gates that have different sizes to examine the effect of sall
arching in spaced pile retaining walls. Some gates in experiments were so designed
that they can rotate around thbase point. Both the fixed and rotating gates were
instrumented by load cells to measure the slope loads. Fixed gates simulated the
embedded vertical piles. Rotating gates, on the other hand, simulated the soil
between the piles. The test results indicaked the load acting on the rotating gate
decreases beyond a certain degree of rotation. This was attributed to the transfer of
loads to the nearby fixed gates by soil arching. Moreover, it was meaured that as the
spacing between the fixed gate gets sendlle., fixed gate width is constab® cm

and rotating gate widths are decreasing as 40 cm, 30 cm, 20 cm and 10 cm), more
percentage of loads were transferred to the fixed gates, the arching mechanism being
more effective. They concluded after this asé that the stronger arching effect is
observed and more loads are to be transferred to the piles in retaining walls as the

pile spacing decreases (Bosscher and Gray, 1986).

11
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In slopes stabilized by discrete piles, when the piles are spaced too apart, the arching
mechanism will not be effective as shown in Figua,2and the soil fails between

the piles. Adachi et al. (1989) performed a series of model tests in (adyorat
investigate the arching mechanism of landslide stabilizing piles in granular materials.
They used fixed piles, which were aligned horizontally, with different spacings.
Strain gauges were used on thikes to measure the load. Figu2e2 shows the
experimental apparatusvhich is a vertical frame and the piles with different
arrangements. The displacement of some of the granular materials was observed to
understand the mechanism. The development of an arching mechanism is explained
in Figure2.3. It is seen here that the soil particles B, C and D are not affected by the
uphill pressure within the arching zone. Therefore, they move verticHiig.
displacements above the arch was much smaller (Particle A in E@)rdt was
determined thahe loadacting on the piles was equal to the weight of the soil in area
above the arch up to the soil surface as shown in FRJGrdt was also found that

the load acting on the center pile increased as the pile spacing increased. Moreover,
the arching footholdeen in Figur@.3will cause less pressure to act on circular piles
than on equivalent rectangular pile. Zigzag arrangement of piles was found to be
more effective than a parallel arrangement due to dearoleng effect (Adachi et

al., 1989).

It should ke noted that only the cohesionless type of materials were used in Bosscher
and Gray (1986) and Adachi et al. (1989) researches.
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The arching mechanism was investigateddinen and Martin (20023Iso inboth
cohesionless and cohesive soflbey conductedumericalcomputationsising the

computerprogram FLAC (Fast Lagrangian Analysis of Continua) fondislide
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stabilizing discrete pilesTwo- and threadimensionalanalyses werearried out

although most of the results have been presantédo-dimensional plane strain
computations. They identified an elastic zone betweenngighbouringpiles for
bothcohesionless and cohesive sollgmnsfer of pressure through this arching zone

is not possible due to the formation of the elastic zone according to Chen and Martin
(2002). Moreover fte rotation of the principal stress directigsaccepted as evident

of the existence of an arching effedihe calculated pressures exerted on piles
depending on the relative pile/soil displacement are shownin RAgfgti c ur ves)
for both cohesionless and cohesive soils

of two adjacent pile).
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Figure 2.4. Group behawioin a row of passive piles (Chen and Martin, 2002)

As shown in Figure 2&} the ultimate lateral pressurescdease as the pile spacing
increases in granular soilBhis means thahe arching effect will be greater e
piles get closeThe computations for cohesive soils indicated a different betmravio

as shown in Figure 2b4closer pile spacings resultedgreater pressures on the piles
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in cohesive soils. Moreover, it can be said that the effect of arching is less developed

in cohesive soils when compared to cohesionless soils.

The verification of the accuracy of numerical analyses made yditwenisonal

plane strain model in Chen and Martin (2002) was mainly based on the analyses
made by a thredimensional model just by comparing the displacement contours in
these models.

Liang and Zeng (2002hade a research d¢ime soil archingphenomenoin landslide
pileslocated intermittently. The twdimesional code called PLAXIS was used for
both cohesionless and cohesive soils. The finite element model used in this research
is shown in Figur@.5a. Liang and Zeng (2002) used the stress distribution property

of the finite element method in a twbmensional environment to quantify the soil
arching. They examined the curves of the stress or load transfer based on the relative
movement between the soil mass and the pilles.prescribed displacement feature

of the pogram was used to simulate tleil movement Any prescribed
displacementan be defined on a desired boundary in PLAXIS program. These
displacements were defined on boundary BC as shown in RAdael'he oneforth

of piles is found to be sufficient toodel due to symmetry (Quarter circles ABG and
CDH in Figure2.53). The finite element model used was validated by using the
experimental model test results of Bosscher and Gray (1986) and Adachi et al.

(1989); the comparison of the results was found satisfy.

Liang and Zeng (2002) carried out extensive parametric computations by the finite
element simulations to investigate the arching behavio landslide stabilizing

piles. The effects of various parameters like pile spacing, pile diameter, piks shap
internal friction angle of cohesionless soil and the cohesion of the clay type of soil
were all studied in this researd¢hwas determined thatile spacingo pile diameter

ratiois the most important vaable. The ratio affectthe possibility and itensity of

soil archingdominantly A general conclusion is that the more loads are transferred

to the piles due to soil arching as the spacing of piles/diamater of piles ratio decreases
(Liang and Zeng, 2002). This effect can clearly be seen in prirstigakes direction
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in Figure2.5%0. It was observed that the soils with higher friction antgeeloped
stronger arching effect. This was attributed to more interlocking between denser
soils. The cohesive soils especially were found to have greater tenidersyil
arching. It was seen that small cohesion valuesdbeut 15 to 30 kPa) were enough

for arching effect to be developed very effectively. If the pile spacing becomes larger
than the eight times the pile diameter (s>8d), on the other hand¢cmageffect
would be expected such that each pile in the group behaves like a single pile.

The parametric computations with tvdamensional model used by Liang and Zeng
(2002) clearly show the arching mechanism. Since the model wedinvemsional,

a large number of analyses could be run to show the proportions of the loads on the
piles and the residual load acting on the soil between piles. However, it should be
noted that the modelled piles in this research are restricted to displace in sliding
direction Thus, the load transfer tables given in this paper can only be valid for
fixed-head piles. The percent of residual loads acting on soil mass between the piles
for several variables (i.ecohesion values between 0 and 40 kPa, friction angles
betweenOath 40 U, pi | ecmdéilcanraredtOkxns and ©d rdtios 2, 3

and 4) are given in the load transfer tables (Liang and Zeng, 2002). However, the
calculation results for larger spacings (istéd>4) are not given; so the arching effect

at larger spaings could not be observed.
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(a) Finite element mesh (b) Principal stresses direction

Figure2.5. Finite element modglLiang and Zeng, 2002)

Liang and Yamin (2010) performed a thidienensional finiteelement parametric
study to investigate the arching behawiof a drilled shaf{boredpile)/slope system
in one row Thefinite element program ABAQUS was used in analysegure 2.6
shows the conceptual model and boundary conditions.
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Threedimensional finite element modellinggsvenin Figure 2.7.
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Figure 2.7. A threglimensional finite element modelling (Liang and Yamin, 2010)

The piles are socketedto arock layer. The soil movement resembling an unstable

slope is generated bydistributed load (kN/rf) applied at the top of the slope

The displacement contours obtained fréne threedimensional ihite element
simulation of a pilestabilized slope argiven in Figure 2.8 where the soil arching is
clearly seen.As noted, the relative displacemehetween the pile and the
surrounding soil is minimum at the location of pile, while it is maximum at the

location between the piles.
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Figure 2.8. Displacemésjust before the pile for a vertical plane (Liang and
Yamin, 2010)

It is shownin Figure 2.9 that the stresses are maximum at the location of the piles.
Whereas, the stresses are minimum between the piles. Figure 2.9 reveals that the
stressest the dowmslope side are smaller as compared to the ones apshepa

side. The pile inclusion results in this stress reduciitrese are all the evidences

for soil arching phenomendhiang and Yamin, 2010).

It is believed thata successfulvay to quantify thearching phenomenon in a
stabilizing pile row is the thredimensional finite element analysis in this era. An

alternative to this can heemodel testperformed at laboratory or at sites.

21



: 's'ais'g;v'e;sf
O

8388
..3; ¥

:

@E: W.o AEMNS/STAEDAFD Version 5.5-1 Wed Jem 17 11:35:11 Zestern Standard Time 2007

/I\ Step: LOADING, Applying Surchazge 1
- Increnent 1: 3Tep Tiee - 1.000

£ L5
Trimary var: 3, 311
Deforsed Var: §  Deformatiom Scale Facter: +1.000e+00

Figure 2.9. Stresdistributionfor the horizontal plane atdepth (Liang and Yamin,
2010)

2.4  Research by Numerical Analyses

Ekici (2013) made a research in which thd#mensional numericahodels were
formed to investigate the influencing factors in a passive pile problem. The finite
element package, Plaxis 3D Z)Iwas used in the analyses. Figstnumber of
published case histories with recorded field data were utilized to check the accuracy
of the numerical model results. These validation results are given in Ekici and Huvaj
(2014) in detail After the validaton stage, @arametricstudy was performed to see

the variations in the factors such as the pile embeddwegih, pile spacing, amount

of lateral soil displacement.

Three dimensionahear boxes were modelled in Ekici (2013) as shown in Figure
2.10. The dameter of the model pilesas1 m. The width of the model (Skas
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between 6 m and 60 m depending on the number of the Piledistance between

the prescribed displacements and model piles was chosen as 5 times the diameter of
the piles (i.e., WE5 m inFigure 2.10).s/d ratioswere betweer2 and 20 (s: pile
spacing, d: pile diameter).

Prescribed ) ¥

: : S - w
Displacement =T —%H——m__‘_ﬂ
(w) = hv'/fr Wl?r)/s/ 2 Tl
| :
H ! — | < B X

d

. :

Figure 2.10. Shear box modeith single pile(Ekici, 2013)

Ekici (2013) conducted two types parametricanaly®s using different types of

soils. In the first grop of analyses, cohesive soils were assumed both for sliding and
stable layers and pile embedment depth imasstigatedfor a single pile Some
conclusions obtained can be statedadlsws: 1) As thepile socket into the stable

layer increases, the hooiatal force acting on the pile increases in all combinations

of unstable and stable soil undrained shear strengths, 2) A critical embedment depth
was revealed at which sufficient pile end fixity condition is valid (i.e., not a condition

of rigid body rotaibn, but flexural bending) The exerting load by the soil on pile

increases as the undrained shear strength of the sliding soil increases.
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Ekici (2013) defined loose and dense sandsdsnaterials to examine the effect of
pile spacing in the secondayip of analysedDrained analyses were applied in this
second groupSome conclusions can be made from the analysis resuscdgthe
maximum relative pilesoil displacements occur at the ground surface, the soll
arching effect is most pronouncedla¢ surface, 2) As the pile spacing increases, the
arching effect decreases based on the relative movement rectweethe pile

head andsoil in between (i.e., highefplup, shows that soil between the piles flow
meaning that arching is ineffectivap:uground displacement between the pilgs, u
pile head displacement), 3) Although stronger soil arching is obtained by reducing
the pile spacingmore group reductions are developed in smaller spacings, 4) The
pile spacing of s/d=4 was found to be an mjpiin pattern for pile design when the

soil arching and group action reduction effects are taken into account.
Pile spacing effect for cohesive soils was not examined in Ekici (2013).

Benmebarek et al. (2022) carried duto and threadimensional finite el@ment
analyses using therogram Plaxis to optimize a row piles in a slope stabilization
problem.The pile location in a slope, pile length and pile spacing are the parameters
in their optimization process. They used different pile head boundary cosdito,

fixed headno displacement and rotation at all, hinged hesdtionoccurswithout
displacementonrotated headlisplacemenbccurswithout rotation, free headoth
displacement and rotation occur€phesivefrictional soil material was corgered

in the researchThe threedimensionalmodel is given in Figure 2.11Stability
analyses using the strength reduction metficel, phtc reduction) which has
increasingly been used for slope stability analyses in the last decade, were executed

by Benmebarek et al. (2022) to interpret the results.

Figure 212 and Figure 2.13 present the results of factor of safety versus L/H
variations for different pile head conditions (L: actual pile length, H: slope height).
It is noted that the safety factors bew stable (i.e., F2.79-1.80) after about

L/H ©0.5 levelbothfor two and thee-dimensional analyses for fixdwead pilesFor

the hinged head piles, on the other hahe, factor of safetyncreases with the
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increase of pile length up to LA#8.7 (Figure 2.12)Finally, the contribution of the
free-headed piles is very marginal as far as the safety factor of the slope is concerned
(Figure 2.12 and Figure 2.13).

Figure 2.11. Threeimensional pileeslope model (Benmebarek et al., 2022)

Figure 214 gives the safety factor versus S/D variation (S: ceateenter pile
spacing, D: pile diameter). Since the pile spacing cannot be modelled realistically in
a twodimensional analysis (i.e., conversion of the row of piles into a plain strain pile
wall with an equivalent thickness), the spacing effect is not visible in this mbdel.

is noticed that the decrease in safety factor becomes quite remarkable for SAD.
The safety factor value approaches the safety of gpiled slope at about S/D=12
spacng level. That means that there is no arching effect at these spacings
(Benmebarek et al., 2022). Finally, the contribution of-fieaded piles is quite
marginal again as observed in Figure 2.14. Therefore, thénéaged pileshould

not be consideredithe stabilization cohesiMectional slopes according to authors.
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Resende and Garcia (20213ed numerical method employing Slide and RSPile
computer packages of Rocscieno evaluate thetabilizing effect of the piles in
slope instabilitiesSlide program was used to assess the global stability considering
the statistical variability of the soil parameters and varying the stabilization
geometry. RSPile program was usedbalyze the pile structurally by means of the
p-y curves methodh the package. An existing embankment case in a situation of
slope instability as shown in Figure 2.15 was chosen for analyses (i.e., safety factor,
FS=1.10 indicates an instability condit)). The soil layer that is prone to instability

is composed of silty clay and clayey silt with some boulders mRili. length(L),

pile diameteKd), centerto center spacing of pil€s) and position of the piles in the
slopewere the variables in anysles (i.e., L: 3, 5, 10, 15, 20 m; d: 10, 15, 20, 25, 30,
40 cm; s/d=2, 3, 4, 5These variables can be seen in Figure 2.16.

Resende and Garcia (2021) made analyses considering the above variables. One
variable was kept constant while the other parameters varied.Thus, several
combination of analyses were carried olihey also conducted analyses by the p
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curve method of RSPile 2018 softwaveh a certain pile length and pile diameter
The piles were located on the crest of the slope and spa@ndiameter ratio varied

from two to five in py curve analyses.

Method: bishop simplified

FS det.: 1.098000

Method: bishop simplified

Factor of Safety, mean: 1.095245
Factor of Safety, standard deviation: 0.165411 9.14
Probability of Failure: 30.000% (= 150 failed / 500 valid surfaces)
Reliability index (lognormal dist): 0.53072 * best fit = Lognormal

X

X

Figure 2.16. Pile variables (Resende and Garcia, 2021)
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Severalconclusions obtained as a result of these analysebecatated as: Ihe
longer piles improve the stability more efficiently. When the piles are shorter than a
certain length (i.e., shorter than about 5 m in this research), the piles work effectively
if they are located cke to the toe of the slope onfYn the other hand, there is an
optimum pile length beyond which no increase in safety factor is observed (i.e., L=15
m in the case studied}) The location close to the crest of the slope was found as
the most favourable position for the stabilizatioreefff 3)Relatively larger diameter

piles improve the stability more efficiently. There is again an optimum pile diameter
for efficiency (i.e., no significant improvement was observed after the diameter 0.5
m or greater in the case studied).Ad the spacig between piles increases, the
efficiency of the piles in slope stabilization decreases. s3ds recommended for

pile diameters up to 20 cm. Larger dimensions are recommended up to 5d spacing.
5) The greatest forces on the pile were determined atittiegssurface depth.

Some conclusions of Resende and Garcia (
casespecific. Namely, location of stabilizing piles close to the crest of the slope for
maximum efficiency can be valid for the case studoreover, tle pile diameters
consideredn the analyse$d=10~40 cm)cangenerallybe designedor relatively

shallow sliding depths in practice.

2.5 Model Tests

Model tests are effective ways to investigate the validity of theoretical and empirical
approaches descriig the landslide stabilizing pile and the surrounding soil
interaction. Load transfer mechanism between them can be searched efficiently

based on controlled and instrumented conditions at the labomatatysite

One of the early model test research wasducted by Fukuoka et al. (1985) and
Hada et al. (1988). The results obtained iesglresearche were summarized in
Anagrostopoulos et al. (1992). The model used &rdsearchsis shown in Figure
2.17. An orthogonal tank 1x1x1.75 m, made from wooganels and covered with
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vinyl plates was designed. The tank was filled with sand material. When the tank
was lifted from its rear side, the soil mass could move downwards exerting loads on
the model pile, which was installed, vertically. Single piles witferent diameters

were used in tests. The piles were instrumented with spegials. The panetould

recordnormal and tangential earth pressures (stresses).

monitoring

Figure2.17. Section of the used model (Fukuoka, 1985; Apnatppoulos, 1992)

The resultshowed that the angles between the normal or shear stresses and the axis
of the soil movement are approxi mately 45U.
effect between the pile and the tank sides (Fukuoka et al., 1985). The magnitude of
arching and therefe the load acting on the piles were found to be dependent on
geometry of the system (s/d ratio; s: pile spacing, d: pile diameter) and the shearing
strength of the soil. The normal stresses were measured not to increase linearly with
depth, as considerguteviously. The distribution of the total load is rather parabolic
with the resultant force acting at around half of the depth (i.e., ~0.45H from bottom).

Only sand material was used in this research. Moreover, the boundary conditions at
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the top and botta of the model piles were seem not to represent the actual conditions

at site in a general sense.

Poulos et al. (1995) and Chen et al. (19%fyied outa series of laboratory tests on
instrumented single model piles and pile groupsey used thealcar®@us sand
materialin their tests. The piles were loaded by kueral movementf the soil
Although the material is sand in these te#tss interesting toseethe model test
details which include a design of prescribed horizontal displacement profile

different pile head conditions and different pile configurations.

The experimental apparatus is same in both researches. The apparatus consisted of a
testing tank made from steel sheets ofrrf thickness. The width, the length and

the height of the t& are 450mm, 565mm and 700nm respectively, as shown in
Figure2.18. The upper part of each steel plate rotates around its hinge in Eig@ire

so that the upper part of the sand moves. Tausiangular pattern of horizontal
displacement profile is &&d on the andlayer along the deptfi.e., the maximum
displacement is at the sand surface and it is zero at the level of hinges). The length
of aluminium model piles wasr. The diameter of model pilesgmsbetween 25 and

50 mm. The model piles were iimamented by strain gauges to measure bending
moments (Figure 218c). The bending moment increases with increasing soil
displacement according to the results obtained in single pile tests (Poulos et al.,
1995). It wadeterminedn single pile testthatas the pile embedment in the stable
layer increasedthe bending moment increasatso. Poulos et al. (1995) used a
boundary element analysis program called PALLAS to predict the experimental
results.There was a fairly goodonsistencyetween the theoretl predictions and

measured values.
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Figure2.18. Experimentaketup (Poulos et al., 1995; Chen et al., 1997)

Chen et al. (1997) conducted model tests on pile groups using the same apparatus
The length and diameter of model piles in group were 1dr2&mmm respectively.

Each pile was instrumented byan gauges to measuteebending moments. Piles

in different configurations as shown in Figurd2were tested in calcareous sand
undergoing lateral movementhere were mainly three pileest arrangments,
namely, piles in a row, piles in a line and piles in square. Tests were performed on
free-head and cappeuead pilesThe embedded length of model piles in the moving
soil and stable soil were 350 mm and 325 ,mespectively for all the tes(See

Figure 220 for typical test section)Only the test results for lgi patterrs in a row
aresummarized here due to the large amount of test data. The results are for a soill

surface displacement, y of 60 mm as shown in FigLze. 2.
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Figure 220. Typical test section imodel tests (Chen et al., 1997)

The measured maximum moments decrease with decreasing pile spabmgile
groups that are either frdead or cappedaximum bending moment decreased
about 20%free-head)and 30%(capped) in 2.5d (d: pile diameter) tastcompared
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to that measured in single pile te&senerally, no significant effeof number of piles
on pile bending moment was observed. The boundary eleroemuter program
PALLAS was used to make a comparistinwas discussed thaach pile in a group
may possess a different ultimate lateral soil pressure due to group Hffeet
shownthat a reasonable value of the ultimate lateral pressuie pachpile in a

group is a must for a satisfactory theoretical prediction.

Nal -akan and Ergun (2001) presented the res
shearapparatusvas utilized for the pyose of loading different pile patterns in a

row. The shear &x is 30x30 cm in plan and 600 mm in total height as shown in

Figure 221. The 15 cm upper pamwhich is on roller bearings, is movable. The upper

part can be driven directly by a gearbox connected to a mdtocommercially

available kaoliite powder wasnixed with water to get cohesive soils to be used in

tests. Soft and stiff clays with average undrained shear strengths of 12 kPa and 85

kPa, respectively were obtained and testetivo main groupexperiments.The

model piles made of brass were 300 tomg and 10 mm diameter.

(1) Electrical Motor

@ Gear Box

(3) Driving Machina (Worm Gear)
(@ Transducers

(6) Load Cell [Proving -Ring)
@ Adjustable Screw

@ Clay

Friction less Rollars

(9 Rigid Pilals]

@ Shear Box

@ Loading Frame

(@ Transducers Fixing Frames
(@ Connection Metal Rods

(D) Pile Fixing Frames

{® Metal Plate

Figure 221. Large direct shear box testing appardilss | - akan 2000)d Er gun,
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Tensile load transducers connected to the model pile at the top and bottom were
utilized to measure the load on a pile in the gr&@gweral tets with different pile

spacing ratios (s/dwhere s is the ceatto cener distance between piles and d is

the diameter of model pilek.was determined that as the pile spacing, s/d decreases

the lateral load on a pile in the row decreaftesas reprtedthat there may be a

group action reduction even if the piles are spacesfdatl0 patterr Nal - ak a n,
1999). Group action reduction factors were recommended in soft and stiff clays
separatelylt was found that the lateral soil reactions on the mpitied increase with

increasing lateral displacements at all pile spacing ratios.

The following expressionwvas generallyrecommendedhn literatureto predict the
ultimate pressur¢P) developed on a pile due to a moving cohesive soil (Broms,
1964; De Beer]977; Viggiani, 1981Ergun, 1995

P=k c, d (2.1)

where, kis thebearing capacity factor, ¢s theundrainedshearstrengthof the sol,
and dis thepile diametelP is the ultimate pressure on the pile as linearly distributed

load unit: Force/Length

Different k values are expressed abgke and below(kz) the sliding surface in

passive piles by several authors (De Beer, 1977;iatggl 981 Maugeri and Motta,

1992;Ergun, 1995Chow, 1998. Various k values were calculated for soft and stiff

clay soilconditonsusi ng transducer | oad measur eme.
(2001). It was shown that the bearing capacity faist@ diplacement dependent

factor. Maximum k value of 2.75n soft clay and 5.97 in stiff clay were calculated

both are for s/d=15 at a shear box displacement of 10 mm

The model test results gareonnforimavindgsail - ak an
(i.e., nodata for a stable layeand alsdor pilesfixed at top and bottonThe slope

stabilizing piles in practice, on tleentrary,are constructed through an unstable layer
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and embedded into a stable layer inggah Moreover, a row of pilem practiceis
usually connected by a toginforced concretbeamjoining the piles and this can

not be consided as a fixed end constraint.

¥zte¢rk (2009) wused the same appar.atus expl e
Cohesionl ess sand s oi |raingauges wereefasteneshon¥ zt ¢r k (
the aluminium model piles to measure the strain values. Therefore, the bending

moments developed along the model passive piles were examined in this research.

The variation of bending moments in a single pile and piles inrdiffgositions of

a pile groupwas compared and discussdtl.was determined that the maximum

moment occurred at 0.7L depth (L: length of pile) for single pile and piles in the

group.The observed bending moments near the pile head (i.e., at 0.1L deph) we

quite small. The maximum bending moment position above the shear plane within

the pile group wasletermined as nearest to the loading side. This behaviour is

reversed on the shear plane (imaximum bending moments were on the piles

farthest from thdoading). The maximum bending moments were recorded mainly

on the piles nearest to the loading below the shear plane. As a result of the research,

moment multipliers were presented for a 1x5 passive pile gietmg loads and

displacement issue were rextamined in this research.

Pan et al. (200) and Pan et al. (200pyresented the results of model testsimgle

andicoupl edo ,pespsecivelyTeh ep itleesn @ c o uipcéoald 6 was use
two model piles are involved thesetestseither in a row(piles being perpendicular

to the direction of the soil movement) or in a line (piles being in the direction of the

soil movement)Two model piles were loaded by a uniform horizontal movement of

soil as shown schematically in Figur@2.
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Stainless steel model piles with 20 mm w{Be20 mm) and 6 mm thick were used
in tests. Saturated soft clays with an average undrahedrstrength, =18 kPa
were prepared from kaolte slurry. Themain purmse was to determine tbimate

soil pressure acting aloqge length The ultimate pressures; were 7.1¢for a pile
spacing of 3B and 8.6¢or a pile spacing of 5Bor the testsnvolving piles in a row
The soil translation at these ultimatiags was 0.65B as an average. In Pan et al.
(2000), on the other hand, thevalue for single piles wagpproximatelydetermined

as 10¢g at a soil translation of 0.48B\s noticed, the group effed still valid for a
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pile spacing of 5BA group factor Fwas defined to quantify the group effect in this
study:

Fo=Puc/ Pus (2.2)

where, pcis the utimate sopressure of a pilen the test of two adjacent pilesnd
pusis the ultimate soil pressure of a pitethe test of singleile. It can becdculated
that the group factors are less than unity and deeyeasas pile spacing decreases

for piles in arow.

It is noticed that the top and the tip of the model piles in these researches were both
fixed. Moreover, the model piles are rectangular in shBpes, the results achieved

in Pan et al. (2000) and Pan et al. (20€4) be useful tget some theetical group
factors valid fora plain surface having minimum side resistasee fixed boundary

conditions

White et al. (2008performedargescale pile load tests similar to largeale direct
shear testsTheyinvestigaté the soilstructure interactionor composite grouted
isolated piles witltenteredsteel reinforcement subject to lateral soil moveniEme.
load test setup is illustrated in Figur@&2.There were three soil types with low
plasticity (i.e., ML and CL according to USCS classifica}iand two pile sizes (i.e.,
nominaldiameters115 and 178 minin the pile load test plaifhe undrained shear
strengths of the cohesive soighich were collected from experimentation site and
recompactedwere 17, 28 and 53 kPRiles wereembed@d approximtely 1.5 m
into the stable sobbelow the bottom of each shear boku§ total length othepiles

is 2.1 m.The tests were also performed for unreinforced shear box.
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Figure 223. Pile loading test setufyhite et al. 2008

Three string potentionter displacement transducers were used to measure the
displacement of each shear box as shown in Fig@Be Phe strain profiles of piles
during loading were measured by strain gauges installed on the tension side of the

reinforcement.

The first conclugin in White et al. (2008js that the installation of slender piles in
unstable soils can provide significant resistance to lateral soil movement, with
improvement factors ranging fro.1 to 3.9 as measured in the load tests
(Improvement factor=Peak loath the pilereinforced test/Peak load in the
unreinforced test). Mometpacities of all tested piles were reached indicating that
a slender pile failure mode was valid. It was revealed that negative soil reaction
occurred at the head of slender piles #nd is not considered in presssinased
methods in literature. Acccording to White et al. (2008), predsased methods
may overestimatthe passive resistance provided by slender piles since the negative
soil reaction at the head decreases the pigaisforce at the sliding surfacéhe
predictions based onycurves documented by Reese and Wang (2000) provided

general agreement with experimental tests.
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Only dngle and slender piles were investigated under-fied@ lateral soil
movements in Whiteteal. (2008).Thepiles in the shear baestswere socketed to
underlying stable soil by 2.5 times the unstable layer depth to guarantee a long pile
failure mode (i.e.moment capacity wasobilized. This failure mode is quite less

frequently encountered practicein landslide stabilizing piles

Kahyaojlu (2010) <carr i etdsinulate astcefrom@aor at or vy
infinitely long row of piles in an inclined sand bed. A series of model tests were
conducted to investigate the pile spacipdg rigidity, the condition of pile head

fixity and the slope inclination effects on the distribution of the moment and lateral

soil pressurgacting on the passive model pild$e general details and results of

this research wer e 3.2012)iTeehsectlon view ofkiley ha o] | u
experimental setup designed and manufactured in this research is given in Figure
2.24.The test test setup is consisted of a test box, measuring devices such as load

cell in front of a loosening support, displacemenhdchucers at the heads of the

model piles and strain gauges along model pilég.solid aluminium model piles

with diameter of 20 mm were used in the teftee length of the piles was 750 mm.

Quartz drysand was used in this research.

In addition to abovénstrumentation, digital image analysis techniques were used to
monitor the soil surface displacements so that the soil arching mechanism on the soil
surface could be observed. A digital camees assembled above the test box for
this purpose as shown kigure2.25. The 1 mm diameter specks were marked on
the soil surface to measure the relative displacements.

It was determined for free head piles that the load carried by each pile increases as
the pile spacing decreases. This behaviour was attribmteéd soil arching between
the model pils along the box depth. Also, the maximum moment value is increased

as pile spacing decreases (Kahyaojlu et al

In the fixed head piles, on the other haadecrease in the load carried by each pile
is observedMoreover, he smallest bending montsrwere obtained a®mpared to

the free head piles
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Bauer et al. (2016) conducted model tests onlesipide and pilepatterns in aow
loadedhorizontally by lateral soil movementsThey performed the tests under 1g
condition.Very ft kaolinte type of clay soil was used in the tesSibe undrained
shear strengths are between 0.6 and 5.2 kPa. Thevatiiles in the model tests
are pile shape (circular and rectangular), pile diameter (d=20, 30 and 40 mm), pile
interface interface (rough and smooth), displacement rate (0.01, 0.1 anfiriimyhm
and pile spacing (s=2d fi®d).The test setup is shownkigure 226 schematically.

The photographs are given in Figur@722.The clay filled test box is on a cart which

is pulled by means of a hydraulic press. The steel cable connects the hydraulic press
and cart with ball bearings at both endibe aluminium mdel piles with 20 cm
length were fixedby means of two guys, which are connected to a load cell by means
of a ball bearing, aligned with the direction of the soil movement (Fig@#p.
Thus, the forces acting on the pile doesoil movement can be mmaed without

any connection to thhydraulic press pulling the cart (Figur€z). The particle

image velocimetry (PIV) method was used to analysedhe®vements

The expression given ikquation 2.1 for ultimate lateral pressure on piles (i.e.,
P=kzc,2d) was evaleted in Bauer et al. (201@pifferent values of the factorwere
summarizedjiven in literature, where k is generally betw&dnand 11 based on 1g
model test§Wenz, 1963; Mtsui et al., 1982; Pan et al., 2000; Pan et al., 20&d
etal., 2008; Knappett et al., 2010).
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Figure 226. Test setugBauer et al.2016)

The lateral pressure acting on a pileyas normalized by the soil shear strengih, c
The pile diameter, d (or pile edge length for rectangular shape), on the other hand
was the dimension to normalize thee trelative displacement between the pile and
the soil bodyji. It wasobserved in single pile tests thiae soil flonedaround the
pile for small values ofiawhile an accumulation of soil in front of the pileasvalid

for large values ofc Flowing soil around the piles yielded higher lateral pressures
than a accumulation of soil in front of the piles. Timaximumk values in Equation

2.1 (i.e.,maximum normalized lateral pressurps;) are between 5 and 7 for the
maximumnormalized relative displacement appliedthe testg(i.e., for U /e di).
Thesefactorscan notbe acceptedasthe ultimate values since the lateral pressure
increases as the / ndrmalization increasg¢8auer et al., 2016).
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Figure 227. Photographs of setyBauer et al.2016)

Two or threepiles in a rowperpendicular to the soil moventewere tested to see

the group behavio. The results show that the lateral pressures acting on the piles in
a row are smaller than for a comparable single pile, up to a spacin§dfdspile
diameter).In other words, lateral pressures on piles ireeeaith increasing pile
spacing (Bauer et al., 201&Jowever, the results dhe researches yatsui et al.
(1982) and Wenz (1963) had resulted in a contrast balravio

The undrained shear strength of the clay ssitetween 0.6 and 5.2 kRahich are
quite low values encountered in practice. The viscoplastic material bahafiery

soft clays can be observed in Bauer et al. (2016).
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Zhang et al. (2017) investigated the pile reinforcement mechanism of soil slopes by
conducting centrifuge model tesf&he main questions in the research ardddyw
dothepilesprevent theslopefailure? and, 2) How do theyreduce thalisplacements

of a slop@ Theslopes stabilized by thales and correspondingaturalslopes(i.e.,

no pile at all)were usedn the catrifuge model testsThus, the stabilizing effect of
stabilizing piles could beevaluatedby comparing the responsesthg slope with

piles and corresponding unreinforced slopes. Different soil slopes were simulated
between 1 vertical: 1 horizontal tovertical: 1 horizontal in théests although the
results of 3rerticat 2 horizontal case are evaluated generally in the pa@perheight

of the slope model was 320 mm as shown in Figuz@ 2.

.

15| 65 N loading plate
1

pile

320

N
]
40

133

Figure 228. Photograph and schematic view of a modgies(@hang et al.2017)

45



Two loading stylesvere usedThe centrifugal acceleration was increased step by
step for the seliveight loading style. Seconthe application o& vertical loadwas
involvedat the top of the slope model at a centrifugal acatter of 50g Silty clay

was the materialto form the slopes in the centrifuge model tests. The strength
parameters of the clay were determined by conducting drained triaxial tests. The
cohesioninterceptand the friction angle values are betweerB2%Paand 21250
respectively. The gypsum model pile with square secsate length=20 mm) was
selected to simulate the reinforced concrete pile (i.e., 1 m in prototype dimension at

the 50g acceleration level).

After a comparison obladsettlement relatiosps of the loaded plate at the top of
the slopdor stabilizedandunstabilizedconditions, it is understood thidue stability

level was increased Ipjlessignificantly.

The measurement of displacements performedby correlation analysissingthe
takenimagesduring model testshrough the transparent window on the lateral side

of the slopeby means of white terrazzoBl€ase se the photograph in Figure2g).

It was understood thahé deformation behauvio of the slopehas beeraltered
remarkdly by the slope stabilizing pilesThe test results demonstrated that the
horizontal deformation of the slope was decreased significantly in the neighbouring
zone of the piles. Zhang et al. (2017) drew a boundary in which the piles had a
remarkableeffect on the slope deformation The zone inside was termed pile
influence zone in the papdvleasured horizontal displacements in the tests were
used to prepare the various pile influence zones under different condiRigose(
2.29). Figure 229a illustrateghat a wider pile influence zone is obtained as the pile
spacing decreases (L: pile spacing, D: pile side lengtitably, the pile spacing had
adominantimpacton the pileslope interactionf the slope gradient is increased, on
the other hand, the zens contracted (FigureZ8b). Similar results were obtained
when the piles wereotated downwards (Figure2®c) and vertical loading was
applied (Figure 29d). The pile spacing is 5D in Figure®2h, c and d.
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Figure 229. Pile influence surfaces tifferent test§Zhang et al.2017)

Thus,the deformation rules and reinforcement mecharoétine slopes stabilized
by piles can be put forward based on the pile influence zémesldition, the pile
layout may be designed by referring the piduence zongZhang et al., 2017).

After theseZhang et al. (2017¢xplained thepile reinforcement mechanism using

the strain analysis from the perspective of deformation in continuum mechaniscs.
Shear strains and horizontal normal strains of several sanaidns of the
unreinforced and reinforced models were determined using the image measurement
system.Theyexplained the pile reinforcement mechanism usimgconcepts, arti

shear effect and compression effect. These effects were used to determine the
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restriction effect of the stabilizingpiles on theslopedeformatiors, quantitatively.
Since the reinforcement effect is dominant around the pilesoti@ression effect
wasquite influential n the vicinities of the pilesThen, in the unreinforced parté o

the slope upwards, thempression effect was then tréorsned to anotheform

called antishear effect near the potential sliding surfatlus, the failure was
prevented. An effective analysis method to evaluate the reinforecement effect of
piles and &bility of pile-stabilized slopes can be developed based oddabkeribed
reinforcement mechanisatcording taZhang et al., 2017.

Hu et al. (2019) took a real landslide called Majiagou landslide as the protatype.
model test setip was established tansulate his actual casé@ he piles in the actual

site are ret@angular with 2x3 m dimensions. Horizontal spacing is 7 m. The piles are
18~22 m long and are socketed into the bedrock by 10 m. The thickrtesslading
mass is approximately 12 m. Two ptoagimodels of the pilstabilized system were
constructedvith testing frames of dimensions 2.7 m (length) x 1.0 m (width) x 1.5
m (height)as shown in Figure 20. The concrete model pilesgith steel wires in
themwererigid in one of the models while pasteramide model pilegereflexible

in the other.

Video camera | Video camera 11

Thrust plate

3D laser
scanner

Hy draug;e N

Sliding mass ™",

Pile 8%

Bedrock

270cm

Figure 230. Section of the model te@tu et al., 209)
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The model piles are 5x7.5 cm in cresection. The 57 cm long model piles were
socketed into a brick bedrock by 20 che clay soils usenh the model tests were
collected from the actual site. The strength parameters of the soils were similar in
actual and model cases. The natural state cohesion value and frictiorofatigie
sliding zone were reported as6tkPa and 1719Uin Hu et al. 2019). The model

piles were instrumented by the strain gaugdges monitor the deformation
characteristicsA 3D laser scanner and video cameras were used to monitor the
surface displacements of the mott®jether with théread displacements of the piles
(Figure 231). White spherical pushpinsith number more than 200ere usemn

thepile heads and surface of throdel to monitor the displacements.

Video camerall  video m}ﬂ-a I

Loading ~
A '-...-.'I...n X . {
oI - . Surface deformatidn 3D laser
atle v P
\ monitoring p(illll.\;X MP) scanner

Figure 231. Three dimensional monitoring viegf the model test (Hu et al., 2019)

In the first model withrigid piles, as the loading force increased several linear tension
cracks formed perpendicular to the sliding direction, uphill of the piles. After a time,
the deformation considerably accelerated and some soil material above the piles was
gradually extrded betweenhe piles. In the second model with flexible piles the

deformation and heaving of the upper part was smaller. The flexible pile system
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deformed with the landslidé/loreover,a longer load time and a larger failure load

were required ithe flexible pile system

Thus rigid piles can better control the deformations below the slope stabilizing piles.
Hu et al. (2019) suggests rigid piles foe stabilizationof landslidesespeciallywith

strict criteria for soil deformatiofe.g.,the highway $opeg. The flexible piles, on

the other hand, are more suitafidethe stabilization of landslides in the lotegm.

The flexible piles may also be suitalbée landslides withrelatively high tolerance

to deformations such as reservoir landslides (Hal.e019).Finally, the bending
moment of the rigid piles changed with depth forming a reverse S pattern. Maximum
shear force developed at the pile head. However, triangular patterns of the bending
moment and shear force were developed in the flexiBegst.

Hu et al. (2019) investigateaainly two extreme stiffness cases for mogées
which are rectangular in shapgecase studyith rectangular piles/as simulated in
this researclalthough the rectangular shape is quite rare in pradfioecover the
group piles were tested for only one spacing (i.e., s/d=3 wherecex$pacing and
d=5 cmypile width) to simulatéhereal caselt would be useful to test the group piles
for different spacingsEarth pressures acting on the stabilizing piles wee

investigated in thisesearch.

2.6 Failure Modes andUItimate Soil Resistance oPassivePiles

As mentioned previouslthere isno a universaly acceptedmethod proposeh
literaturepresently forthe analysis of the piles in stabilizing unstable slopes a
result of this an overdesign strategy is generally followed up in the analysis and
designof stabilizing piles Many emgrical and analytical methods for the analysis
of stabilizing piles have been proposeddayeralauthors.Before going into the
details of the suggested analysis and design methaldsefmods and ultimate soil
resistancesvith group effectsdiscussedn literature are tdoe summarizedfirst

below.
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2.6.1 Failure Modes:

As mentioned previously irBection 2.3in general Viggiani (198) considered
geotechnical and structural factors to classifg failure mechanisms of passive

piles Viggiani (1981) usedne concepts developed by Broms (19640 mainly
evaluateshe ultimate load of a vertical pile subjected to a hatiadoad(i.e., active

pile case).Viggiani (1981) simplified the piksoil interaction in a passive pile
problem by making several assumptions. These assumptions can be summarized as

follows:

U Two layers of soil constitutes therofile. Theuppersoil slides uniformly
over thelower soil.

U Thesurface of the ground is horizontal. Slidiswyfaces horizontaltoo.

U Both soil layers are saturated clays and in undrained condition.

U The undrained shear strength values are constant in each layer.

Viggiani (1981) suggested sikfferent failure mechanisms as shown in FiguB22.
Notations in Figure 32 are as follows: d= the pile diameter, c= undrained shear
strength of theclay, k= limiting bearing capacity factpd and 2 subscripts are for

theupper and lower soil layersspectively.

A, B and C failure modes show thmeechanism®f failurefor a rigid pile.In mode
A, the pilepenetration is insufficient; the soil fails and the pile is draggedure
modeB fails in rotation around a point in the lower layermode C theunstable
soil runs downaround the pilewhich is fixed in the firm lower soilNotably,
calculation of naximum bending momespossiblein mode Bonly (Figure 232).

Viggiani (1981) defines the conditions that can be used to find the failure mode
depending on the ratios of the length of pile and undrained shear strengths of the clay
layers.
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Viggiani (1981) haslsodeveloped dimensionless design chiarisstimate thehear

and bending momemfectsin a twolayer undrained clay profile where the upper
soil slides over the lower layer. Thendition oflimit equilibrium is considered for

the failure mechanisms A, B and C in Figur&22The lengths of the pile above and
below the failure surfag and the soil strengths are the basic variables in the solutions
in which a full developed pitsoil limiting pressure is assumed. Therefore, only the
ultimate condition is represented in solutiomBe effect of displacements on the
developed forces wasot consideredlt is noted that the slope stabilizing piles are
generally designed for a condition that is far away from ultimate condition by using
appropriate safety factors. Thus, specifying an allowable maximum displacement in

design would be a moreasonable solution.

Moreover,Viggiani (1981)took into consideratiom set of failure mechanisms in
which the development of plastic hinges due to high bending moments in the pile is
assumed as shown in B1, BY and B2 failure modes in FigB2e Phesal ultimate
pressure conditiowas not reached in these second set of solutions.

Poulos (1995) conductealtheoreticalresearchemploying a Fortran 77 computer
program, ERCAP (Earth Retaining Capacity of Pilegking use of boundary
element analysisThe pile is modelled as a simple elastic beam, and the soil
environment as an elastic continuum in this programupper unstable soil layer is
assumed to move as a rigid body downslope through a thinner shear zone layer. The
underlying stable soil layer igationary in his analyse§.he analyses require a
knowledge of the lateral soil modulus values and ultimate lateraspilgressure

with depth, and the frefeeld horizontal soil movements. The followirfgilure

modes were obtained based onrgmultsof analyses

a. The flow failure modd the upper sliding layer is shallow, and this layer
becomes plastic flowing around the pile

b. The shorfpile failure modé the upper sliding layer is relatively deep and
the pile embedment depth in the stable soil layeelatively shallow
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c. The intermediate failure modethe soil strength in both the sliding and
stationary layer is fully mobilized along the pile length

d. The long pile failure modé the pile yields because of the maximum
bending moment (This mode can béd/&or any of the three failure modes

above).

The three failure modealustrated in Poulos (1995regiven in Figure 233.
Notations in Figure 33 are as follows: & the sliding layer thickness, L= pile
length.The resultshown in Figure 33 are fa a 15 m long steel tube pile. The
undrained shear strength of the sliding clay layer is 30 kPa, while in the lower
stable clay layer, a 60 kPa of strength is postulated. The soil movement in the
sliding layer is taken as 0.4 m and constant with depthsid@r zone was
consideredTwo practical deductions were made from Figui@2an Poulos
(1995): () the damaging effect of soil movement on the pile is minimum in the
flow mode; therefore, if protection of the piles is an important design criterion,
this mode of behaviar should be promoted in design, (ii) the maximum shear
force and bending moment in the pile are developed in the intermediate mode;
hence, the intermediate mode of behawrishould be promoted piles are
designed to stabilize slopes.

Notably, the assumption thateipile head is unstrained (i.the pile head is not
fixed by any means like a top beam or ground anchor) is vatitkimnalyses
given by Viggiani (1981) and Poulos (1995). In practice, however, the pile head

is not unstrainedenerally in &ndslide stabilization designs.

Otherkey parameterin slope stabilizing pilegsrethe ultimate soil resistance
between the pile and saihd the group effect. These subjegiit be discussed

next.
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2.6.2 Ultimate Soil Resistanceand Group Effect for PassivePiles:

Some information about the ultimate pdeil resistance subject $ibeen given
beforein Section & in the nodel test resultpublishedin literature The passive
piles are frequently kxded laterallyalong their shafts soft fine grained layer3.he
undrained shear strength of the soft soils is thereformajor parameter in
determining the ultimate soil resistance in passive piles. The equatigiverlin
Section %5 is mostly usedin literature to predict the ultimate pressure (i.e.
P=k cu d). There are several suggestions for the bearing capacity,factdhe
suggested k values based on the model test results are summarized in Sgction 2.
Besides these model tests, the anaytand the numerical analysegere also
utilized to produce k values. Suggested k valuelgénature are given in Table 2.1
for the pile body in a flowing soilhe k factors are in a @ range between 2.8 and
11.75 as seen in Table 2.1.

Table 2.1 Suggested k factors in P=lcu d for single pile

Reference Analysis type Kk
Smoltcyzk (1973) Theoretical 4
Ito and Matsui (1975) Theoretical 3.33
De Beer and Carpentiel .

Theoretical 2.80
(2977)
Chen (1994) Finite Element
. 1140
Analysis
Bransby (1996) Finite Element
_ 1175
Analysis
Pan et al. (2000, 2002) 1g Model Tests 10.60
Knappett et al. (2010) 1g Model Tests 8.62

Bauer et al. (2014, 201¢ 1g Model Tests  5.007.00
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Since the k factors in Table 2.1 are valid for the piles in a flowing soil, the pries he
can easily be considered as passive piles that are forcem moving soil along

their shafts. In a slope failure problem for instance, this loading length is up to the
depth of sliding since the soil does not move below dlepth. Thereforesome
researchers define a different k factor beltve sliding depth (De Beer, 1977;
Viggiani, 1981;Maugeri and Motta, 199Zrgun, 1995Chow, 1998. In fact, when
consideringhe conditionbelow the sliding depth in a landslide problem, the pile is
displacedlaterally in a nonmoving soil environment. Therefore, the pile here
behaves like an active pile. There are several suggestions for the k factor for active
pile condition. The suggested k factors in active case range between 8 and 12.5
(Broms, 1964; BrinctHansen, 1961Fleming et al., 2008; Russo and Viggiani,
2008.

Defining different values of k factor for the sliding and stable parts in a landslide
model was criticized by Poulos in his papers published in 1995 and 1999. There
appears to be no reason $oich a different definition of k factor; the only difference

may be due to neaurface effects according to Poulos (1995) and Poulos (1999).

Since the piles are generally located in an intermittent manner in slope atadiliz
designs, the grougffect between piles becomes an important subject that should be
taken into account at the design stageer€ are several conclusions published in

literatureabout this issueéSome of them were mentioned before in this thesis.

According to numerical anais results by Chen and Martin (2002) as explained in
Section 2.2, greater pressures on the piles were obtained as the pile spacing

decreased in cohesive soils.

Similar results were achieved in Liang and Zeng (2002) research in which extensive
parametit computations were carried out by means of adimmensional finite
element model. More loads were transferred to the piles as the s/d (s=spacing of
piles, d=diameter of piles) ratio decreaddar{g and Zeng, 2002).
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Liang and Yamin (2010) made asearch on the same subject by numerical analyses
using a threelimensional finite element methothey defined a load transfer factor
which is the amount of the reduction in the driving forces due to presence of the piles
[Load transfer factor=F (F: force that the pile will exert on the soil on the
downslope side up to slip surface, F: force that the soil will exert on the pile on the
upslope side up to slip surfateAs this ratio decreases, more loads are transferred

to the piles. An extensive paratne study by Liang and Yamin (2010) shows that

as thespacing/diameter ratio decreases, the load transfer factor also decreases

meaning that more loads are transferred to the piles.

The details of a model test prpaigedam by
Section 5. According to these model test results, the lateral load on a pile in the
row of piles decreases as the s/d ratio decre@seap action reduction factofer

several pile spacingsere recommended for soft and stiff clays in tlasearch.

Reduction coefficientas low a$).4 t00.5or evenless were reported.

A similar setup systemas abovevas used in the model tests by Pan et al. (2000)
and Pan et al. (2002). The details are given in Sectritavas reported that the
group eduction factors are again less than unity. The ultimate soil pressures acting

along the length of the piles decrease as the pile spacing decreases for piles in a row.

As described in SectionZ.Bauer et al(2016) conducted 1g model tests using very
soft kaolinite type of clay. The model piles were loaded laterally by horizontal soil
movementsTest results show that the lateral pressures on piles increase as the pile

spacing increases.

As understood from the above experimental and numesiadies theresults are
contradictory as far as the group effect is concerned. This shows that further

investigations are needed to understand the belravigile group.
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2.7  Design Approaches for Landslide Stabilizing Piles

Although landslide stabilization using largeemeter piles is a frequently applied
method that has been used successfully to improve many unstable slopes, a well
established computation and design procedure is not yet available. There is no a
standard method that can be found in text boNksnerows suggested methods can

be found, on the other hand, in literature.

A general grouping for the proposed design methods can be done as follows (Stewart
et al., 1994Pradel et al., 201Ardalan and Ashour, 2018lan et al., 2023

U Empirical methods

U Pressue-based methods

U Displacemenbased methods

U Numerical methods (Finite element/Finite difference analyses)

2.7.1 Empirical Methods

Some empirical correlations have been propadseliteraturebased on field and
laboratory tests to estimate the maximum bending momnethe piles installed to
stabilize unstable slopes. Stewart et al. (1994), for instaudected data from
different sites where some piles were instrumented. Some laboratory test results were
also utilized for correlations. Two kinds oérrelationswvere developed by Stewart

et al. (1994):

1. A correlation between maximum bending moment and relative stiffness
between soil and pile

2. A correlation between pile head deflection and relative stiffness
Although these correlations provideagpidandcrudeesimate of the behavio of a

pile group in an unstable slope, the data in the correlations are so scattered that the

resulting preliminary design is open to some douWtgably, the design charts are
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valid for the project condition from which themeasuremas were obtained.
Therefore, using these charts for a different site conditiapnot bereliableat all

It would be quite difficult to take into account new design conditions such as pile
spacing, pile diamater etc. when the empirical method is udags, Empirical
method cannot be relied on in such geotechnical designs whersite conditions

affect the results so intensely.

2.7.2 Pressurebased Methods

These methods are based on the analysis of passive piles subjected to lateral earth
pressurglto et d., 1975; Winter et al., 1983; Reese et al., 1992; Hassiotis et al.,
1997; Ergun, 2000; He at al., 2013)n important drawback of the pressinased
methods is that the mobilized spile pressureis not dependent on the soil
movement and they apply toe ultimate state only.

The methodof Ito and Matsui (1975) is one of the madiscussed method in
literature. The soil is squezzed between piles in plastic equilibrium and the soill
arching between piles is not considered in this methlbd.method is dealoped for

rigid piles with irfinite length and only the soil around the piles is assuméeé ia

a state of plastic equilibrium, satisfying the Md&wulomb failure criterionThe
theory was later extended to flexible piles under the assumption oftafalnation

(Ito et al., 1981).The lateral force acting on a row of piles caused by the soill
movement is computed by the theoretical equations derived by Ito and Matsui
(1975).The plan view of plastic deformation of the soil around piles is shown Figure
2.34. The lateral force per unit length of the pilg) @anydepth is given b¥quation

2.3 below.The notations are as follows:

D1: pile spacing in a row (center to center)
D2: clear spacing between the piles

c: cohesion of the soil
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(3 angle of internkfriction angle of the soil
2: unit weight of the soil

z: an arbitrary depth from the ground surface

G and

D1 m
Direction of
deformatian

(2.3)

Figure 234. Plasticdeformation ofsoil aroundpiles (Ito and Matsui1975)
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The Equation 2.3 can be written as given in Equation 2.4 in the case of cohesive soil

(R=0).

R w0 ocdéQ —odt ¢O O 74§ © (2.4)

The above equations were derived to apply for the portion of the piles in the unstable
soil layer.Poulos (1995) states thhe above equations are only valid over a limited
range of pile spacings, since the mechanism of soil flow around the piles
hypothesized by Ito and Matsui is not the critical mode at large spacings or at very
close spacingst is also noticed that the palue increases quite significantly as the

clear spacing between piles is reduced.

Winter et al. (1983) took also into account the pile spacing at the beginning of the
analysisin their proposedmethodfor the design ofklope stabilimg piles. They
consdered cohesive soils and a reduction factor for the sliding velocity of the slope.
A theory ispresented considering the viscous properties of the cohesive soil. They
considered also viscous soil to solve for the horizontal pressure againstpées.
spaing and the length of the piles are determined by presuming a reduction factor
for the sliding velocity. The allowable moment capacity of the piles is fully used in
the final stateThey computed horizontal pressure on passive piles in viscous soil for
different relative velocities between pile and surrounding soil and obtained p
solutions as 6.3d and 5.7@ for the 1 cm/month and 1 cm/year relative velocities
respectively (p: horizontal force per unit length on one pile, d: pile diansefaie
spacings/d=4). It was revealed that these forces are lower than the forces computed
by Brinch Hansen (1961) and Wenz (1968)ories. It is to be noted that a block of
soil sliding on a thin weak layer is considered by Winter et al. (1983). Their method

can ony be used in viscous soil slopes undergoing creep.
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Reese et al. (1992roposedhe py method that includefur major evaluations
(1) the determination of loads due to earth pressures #iengortion of a passive
pile above the sliding surface; (2gtresistance of theoil below the sliding surface
(3) the response of the pile, both above and below the sliding sudadactor of

safety of a slpe that is reinforced by piles.

The forces exerted on a passive pile are shown in FigBEewhere thedepth to
sliding surface is denoted by.This depth can be found with an appropriate limit
equilibrium computer codfor the factor of safetyhich is targeted to be increased
by the use of piledRReese et al. (1992) made an assumption that the stidihgas
moved a sufficient amount that the ultimate resistance from the soil has developed
against the passive pile above the sliding surfabes ultimate load is employed as
the distributed earth pressure on the pile (Figuskl). The shear force,:Rnd the
bending moment, Mare the boundary loads for the portion of hile in the stable
soil. The pile portion below the sliding surface deflects laterally?kgnd M. The
resisting forces from the soil in the lower portion are shown in Fig88b.ZThe pile

is analyzed using theypcurve method. The maximum bending moment obtamed
compared with the ultimate moment capacity of the pile esestionselected

Adjusment in the pile crossection is made if necessary.

s f’\\ P /ML‘
' vl a o
-

(b) (a) (c)

Figure 235. Forces o apassivepile (Reese et g11992
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After this step, the resisting shear &hd moment Mis employed in the limit
equilibrium analysis code to find a new sliding surface with which the computations
are repeated until the computed sliding depth matchesassumed one at the
beginning(i.e., new R andM; values are obtained and analyses are repeated until
agreement is found between that surface and the resisting forces for the piles).
Finally, thestabilizedand urstabilizedsafety factorof the slopeare compared to

determine if the heel of improvement is adequate.

Reese et al. (1992) considered two extreme cases where the latesafrforcthe

moving soil and response of a pile can be computed in a relatively straight forward
manner: (1) when thdlps are contiguous with no spacing between, @ &all), and

(2) when the piles are so apart from each other that no interaction occurs. In the first
case, the Coul ombdéds equations for computi ng
walls are generally aghted in practiceln the second case, the concept of the failure

soil wedge by Reese et al. (1974) and Reese et al. (1975) can be applied to compute
the lateral thrust on each piBetween the above extreme cases, the overlapping of
failure wedgesand reaulting complicated equationare concernedReese et al.
(1992) considered the pile response in a group since the research with respect to
thrust from moving soil has been found quite limited in literature. They considered
group effect based on experimdnsaudies in literatureFor a wall solution for
instance (i.e.pile spacing/pile diameter=1), the ultimate resistance force developed

in each pile in a group is only2 of that develeopedn a single piléor clay materials

under undrained conditions @g and Reese, 1986). Some reduction factors were
given in Reese et al. (1992) based on experimental research. Notabd,is

necessary for generating a group effect and corresponding soil arching between piles.

Since the method proposed by Reese et al. (1992) is based ey tietipod jt will
be useful to explain the-p method of analyis for laterally loaded piles.eTh
explanations are given in Appendix



Hassiotis et al. (1997) proposed a methodolgy for the design of slopes stabilized with
a single row of piles. They used Ito and Matsui ()9m&thod to find the lateral
forces acting on the pile section above thecal failure surface for the slop&he

friction circle method developed by Taylor (1937) was found to be the most
convenient way to analyze homogeneous slopes reinforced by piles. A new force
polygon was obtainetb find the pile resistance forcedjFand a new failure surface

for pile stabilized slope (Hassiotis et al., 199Here are two sections in the pile in

the methodology they proposed. Since the presssure that acts on the section above
the critical surface is known, a closm solution is pesible. The section below

the critical surface, on the other hand, is analyzed as a Winkler foundation using the
finite difference techniqué\ stepby-step procedure was proposed for the design of
both the slope and the piles by Hassiotis et al. (19%MeImportant conclusions

of this research are: (13s the horizontal distance of piles from the slope toe
increases, the safety of the slope changes at a rate depending on the raig,of D
the rate of change in the factor of safety increases as ifbeD#D: decreases
therefore, piles should be close enough to act as a (iPlgase refer Fig. 24 for

D2 and D); (2) the piles must be located in the upper middle part of the slope to get
a maximum safety factor for the slo8) the pile top shouldot be free to limit the

moment and shear on the pile.

Notably, the friction circle method on which the methodolgy ofditais et al.

(1997) is based, is limited to circular sliding surfaces and homogeneous soil profile.

Ergun (2000)roposed a design gredurewhich is iterative and a trial and error
routine. A trial diameter and spacing of piles and a trial depth of penetration below
the sliding surface are selected at the beginning. The ultpnegsureleveloped on

a pile due to a moving cohesive Issipredicted by Equation 2.1 (i.2=kzc,2d).
Differentk factors are used above and below the sliding surface. The interslice forces
obtained in conventional slope stability calculations without piles and limiting values
of ki above the sliding surfacare evaluated and a simple (uniform) upper
rectangular soil reaction on piles is decidedyun (2000) uses a group reduction

factor for passive piles inohesives o i | based on the study
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Namely, a pile in a pile row takes less load panmed to a single pile of the same
diameter. Reduction coefficients down to 0.5 are reported. The rectangular soll
reaction decided above is decreased depending on the spacing of thfteitehkis

step, the loaded pile is solved structurally by selgdinear spring coefficients for

the lower stable soil and upper soil (ioft springson the back of theiles if the
contact betweethe piles and moving upper soil is preservete rigidity (EI) of

the pile is provided in #asolution. The resultare evaluated by comparing the soil
spring coefficients with the ultimate passive pressure. It is important to check at this
stage that thejkvalues for the lower stable soil should be less than the reported
maximum values in the @tature. In fact, in many projects piles stop slope
movements at relatively smaller displacements and mobilized k values are smaller
than the reported values o#Zor k. and 5.68 for k> (Ergun, 2000)If the pile loads

are found excessive, the pile diameter and/or spacengheanged. The calculations

are repeated. After the finalep the calculated shear force at the sliding surface or
maximum allowable shear capacity of the pile secisomtroducednto the slope
stability calculation and an increased factor of safetbtained.

He et al. (2015) in their research aimed to extend the approaoch of Ito and Matsui
(1975) Additionally, thesoil arching effects along tts#iding layer depth were taken

into accounbetweerthepi | es. They anal yzedintalbbo Afl ow mo
of piles in the sliding layefThe flow mode failure mechanismas considered in
Poulos (1995) resear@xplained in Section &.1 beforeHe et al. (2015) analyzed

the soil arching zonghown as the dashed area in FiguBé.dt is seen that tlsizone

is at the rear of the pile$he plan view of the deforming soil between two adjacent
piles was given before in Figure32. (Ito and Matsui, 1975). A crossection
between the piles (i.an the plane AA' parallel to xdirectionin Figure 234) upto

sliding depthis taken and soil stressase analyzed. He et al. (2015) conducted the
analysis in two stages: (Ihe soil pressure acting on the planéAwas analyzed
based on the soil arching thepr2) the lateral force acting on the piles was

computed considering the squeezing effect between the piles.
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They adopted the soil arching thepirywhich an arc of a circle for the trajectory of
soil archingis employeddevelopedoy Paik and Salgado (2003)he plane AA'

was assumed in active conditi as assumed in Ito and Matsui (1975) research
(Figure 234). However, He et al. (2015) predicted the active earth pressure by soil

arching theory rather than the Rankineos

|
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Figure 236. Soil archingzonefor passivepiles (He et al, 2015

In the second stage, the squeezing effects of the soil between two adjacent piles as
proposed by Ito and Matsui (1975) were taken into account to analyze the lateral

forces acting on the piles. He et al. (2015) replaced the active stresses on-plane A

by their stresses which were calculated based on the soil arching thbesy.

proposed a new formula for the lateral force acting on a stabilizing pile. As a result,

the lateral force calculated by the proposed new formula shows -dinean
distribution,which results from the soil arching effect. It should be stated that the

di stributions of the | ateral force compu
along thestabilizing pile from top of the soil to the sliding deptte et al. (2015)

made compasonsbetween the observed values in the field published in literature
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and theoretical values of lateral force acting on stabilizing piles as given in

Figure 237 where (a), (b) and (c) show the data from three landslides in Japan.

Notably, themodifiedapproactproposed by He et al. (2015) gives the lateral forces

and distributions more consistentiyien comparewith the field measurements.

(a) Force acting on piles, t'm
B -fy -1 -2 0 2 4 ] ]
& T T T A I! T T
1} s
I N
= Experimental value : I,
= B Sliding surface /;r/
. Proposed”
10 - [to and Matsui
12
(h) Force acting on piles, t'm
-12-10 -8 s 4 -2 0 2 4 & 8O0 12 14
| rp—g—— LN B B B B B B B L R
1F . |
i e I"-, | Proposed
| B
18 '\I'/
E I T and Matsui
= 5 l- :.II ".!,_,z"'
=1 g
& b Sliding surface L .J‘/ Y
S
Bl e o el EETTET
@ } Experimemal value
1
() Force acting on piles, t/m
-l -8 -y -4 -2 i 2 4 f 8 1k
& ————
_ - - -- La——Pile head
2 | - R
- Ito and Matsui Y (oo
o _"':*\.' .
= 4t i
= Proposed |
= !upuﬁr.-:_"q__h ,'\. |
= i
8 ek slidingsurface | =
- Experimental value
4k - “--';F/f
110

Figure 237. Comparison®etweerfield measurements artteoreticavalues(He

et al, 2019
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2.7.3 Displacement-based Methods

The lateral response of the pile is analyzed by imposiadateral soil movement
above the failure surface thesemethods (Lee et al., 1995; Poulos, 19%&png et
al., 2003;Galli and di Prisco, 2013)lherefore, mobilized pile resance can be
obtained depending on the soil movement. This e main advantage of
displacemenbasednethods Thus it can be said that they reflect the mechanism of

soil-pile interaction more rationally thahe pressurebasedmethods.

Lee et al. (199bsuggested an approach involving an uncoupled formulation in
which the pile response and slope stability are considered separately. A modified
boundary element method is applied to analyze the pile response when subjected to
external lateral soil movementrom slope instabilitfFigure 238). External soil
movements result in shear force and bending moment effects in the pile, developed

at the sliding surface. These effects are evaluated in the analyses.
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(a) PiledSlope Stability rFoblem  (b) Pile Response

Figure 238. Simplifedpiled-slope stability analysis(Lee et al., 1995)
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An incremental approach was developed so that the analysis can be carried out up to

the ultimate sotbile pressure with definesbil deformation. Yieldnoment of the

pile can be taken into account in analyses. The soil mass is assumed to hehedastic

only nonlinearity effect that can be incorporated in the analysis is asdhpile

interfaces which can yield when they reach the specifiegpdeitiltimate pressure.

Different pile head and base boundary conditions may be modelledinting@ned

shear strength ofday soil(cy) is suggested toe used incorrelatieo f t he Youngos
modulus of the soi(Es) and soipile ultimate pressur@y) by multipliers Kes and

Kpy. Typical values are given betweers£250-1000 and K,=3-12 (Lee et al.,

1995).

The critical sliding surface was determined by the Bishop simplified method of slip
circle analysis (Bishop, 1955). As a result of these analysesegtstimg moment,

M, and overturning moment, Man be found for the critical failure surface. The
resisting moment generated by the stabilizing pilg) {at is obtained at the depth

of the sliding surface analyzed in the previous step, can be deternimesi the

factor of safety for the stabilized sloffep) may be determined as follows:

0 — (2.5)

Lee et al. (295) obtained theoretical solutions for a row of piles for both uniform

and twelayered soil slopes based on above principles. Some conclusions are: (1)

location of piles fathe toe or crest i homogeneous salope may result in the

mostefficientslope stabilization, (2)he pile diameter, pile spacing and the-pali

ultimate pressure argeveralimportant factorggoverningthe effectivenesf the
stabilizing pil es; however the Youngds modu
little effect on tlke overall piledslope stability response for both homogeneous and

two-layered slopes.
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Notably,in the method proposed by Lee et al. (199%,pile is modelled as simple
elastic beam andhé soilas an elastic continuum, which does not represent the real
nonlinear behaviar of thepile andsoil material. Also, the method is valid only for
circular slip surfaceas described in the proposal.

Poulos (1995)used the simplified boundary element analysis in the method he
proposed.These analysesevealed the »astence of several failure modes as
described in Section @1 in detail. The desigmethodologyproposedoy Poulos
(1995)follows closely that dagictedby Viggiani (1981) anthas three main steps: (1)
determiningthe total shear forcaecessaryo increae the factor of safetgf an
unstable slop& asatisfactoryalue; (2) evaluating thgile capacity in terms of the
shear force that will resisgainst sliding of the unstable part of the slope; (3)
selecting theile type and pilemumbersand also te most effectivglaceof piles in

theproject area

Step 1 above involves detailed stability analysis restite.definition of the actual

safety factor, kfor a slope igiven as:
" B
@) 5 (2.6)

where B Yis the sum of resisting forces along the critical failure surfaceBaéd

is the sum of disturbing forces along same surface.

If the actual factor of safet Fa is less than theéargetfactor of safetyFarges an
additional resistanceP) must be provided by the stabilizing piles. So, the following

eguation can be written:

Ftarget: (2 . 7)
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From equations (2.6) and (2.7),

qP=B"0 'O "0 (2.8)

g is theresistingforce, per unit width o$lope provided by the stabilizing pilesd
it can easily be calculateifl B "O is obtainedfrom the stability analysis results
(Poulos, 1995).

For step 2, Poulos (1995) claim that the most satisfactory solstionconduct an
analysis in which the pile is subjected to soil movements simulating the movement

of a sliding mass of soil over a stable layer as shown in Figg®e 2.

T
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Distribution of
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Figure 239. Unstablesoil movementover astablelayer(Poulos, 1995

A simplified boundary element analysis was applied fofdtezal responsanalyss
of the pile shown in Figure 29. The other details and some observations from the

theoretical analysis were given Sectio6.2 before.
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For step 3, Poulos (1995) statesne general guidelines. He emphasitteat the
placepiles in alandslide project areaptimally is nota clearly defined subject in
literature. ®me general recommendationere presented by Poulos (1996) the
stabilizing piles to be effective. Somkthem are as follows: (1) the diameter of the
piles must be large enough and they must be relatively stiff to avoithulee; (2)
theyhave tdbepenetratedbelow the critical failure surfacgell enough (3) the piles
should beplaced aroundhe cener of the critical failure circle so that there will be
no probabldailure surfaces behind or in front of the stabilizing piles.

Later, Poulos (1999) used the same methodology and principledeveloped
design charts for thelope stabilizing piles.

It should be noted th&oulos (1995) modelled the pile as a simple elastic beam, and
the soil as an elastic continuum. Therefore, reallim@ar behaviar of the pile and
soil material could not be represented in his analydes group effect between the

piles also are also not considered.

Jeong et al. (2003) made a research in which the pile response and slope stability are
considered separately (i.en uncoupled analysisfheload transfer of passive pile
groups subjected to lateral soil movement opslwagjuantifed as a result of the
analyses they carried odthen, the results of the uncoupled analysis were compared
with the coupled analysigesults usinga threedimensional finite elemet paage

called ABAQUS.Many rumerical analyses on piles wetarried outising various
parameters such #se pile spacingcap rigiditiy, the relativéocationof the pile row

on the slope andifferent kateral soil movemergrofiles

In the uncoupled analytical model of Jeong et al. (2003), the load and dedormat
of piles subjected to lateral soil movemevire computedased on the transfer
function approachA passive pile that is subjected to lateral soil movement is shown
in Figure 240. The portion of the pile in the unstable soil layer is called as #sivga

pile portion; wtereas the bottom part is in active conditidhere are mainly two
stages in solving the problem. First, the pressisplacement (®i) curves

originated in the sultratum is obtained either from measured test data or from
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threedimensional finite element analysi§={s-w, where yis the freefield soil
movement at each depth before pile construction and w is the lateral pile
displacement). Secon@:u curves are used as input to study the behawwb the

piles which were modelleds beam resting on ndinear soil spring constanté
hyperbolic functionwas used to define thie-i curves which have ultimate soil
pressures and initial tangent stiffnesses. Group effect of the piles are considered
based on thredimensional finite eleent analysesGroup interaction factors were
obtained as a result of these analyses. Ttheryltimate pressure acting on each pile

in a groupwas assumetb be equal to thatalid for the single pile multiplied by the
group interaction factgrobtainedn thethreedimensional finite element analyses.
There are four possible pile head conditions considered as follows: (1) free head
(both displacement and rotati@me allowed; (2) hinged head (rotation is allowed
without displacement); (3) unrotated he#édisplacement is allowed without

rotation); (4)fixed head (neither displacement nor displacement are allowed).

soil movement
-
a4
-
il
F:‘H;; > unstable layer -+
-
—
L
active I

{a) a deflected pile (k) stress state

Figure 240. A passivepile underthe effect oflateralsoil movement (Jeong et al.,
2003)

The forces on stabilizing piles and unstable slgye shown in Figure £1. The
critical circular sliding surface is determined by the conventional Bishop simplified

method together with the resisting and driving moméits, Mp). Then, the pile

74



shear force and bending moment developed in the pileeadépth of the sliding
surfaceare found to obtain the resisting moment generated by the passive pile. It was
assumed at this stage that the mobilization of shear forces and bending moment have
been taken place by a sufficient lateral soil movement exieytéee sliding body on

the piles (Jeong, 2003). Thus, the factor of safety of the stabilized slope with respect

to circular sliding is calculated as:

FS= FSital + qF

=— + (29)

where FSiisa=factor of safety of unstabilized slopg-=additional safetgfter pile
stabilization; M=bending moment at critical surface;~shear force at critical
surface; and MagFshear force at pile head.

{XDI YO-:I

Y head

Figure 241. Forces ora passivepile problem(Jeong et al., 2003)
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Jeong et al. (2003gsted the validity of theuncoupled model by comparison with

ot herdés coupled analysis results in |iterat

Some conclusions from Jeong et al. (2003) are as follows: (1) the uncoupled analysis
of a pile stabilized slope based on the displacefhaséd method describadthe
paperis intermediate in theoretical accuracy between couf@eadtinuum)analysis

and uncoupled analysis based on presbased method developed by Ito and
Matsui (1975) (2) the prediction in the safety factor in a stabilized slopeery
conservative foan uncoupled analysisherefore, thecoupled analyss based on
threedimensional finite element analysise recommended3) the pile top should

be restrained (hinged or fixed) in slope stabilizing projects since a slope stabilized
with restrained heagliles shows a significantly larger safety factor for the slope.

The last recommendation above is open to some criticism suckigné#tcantly

larger safety factors are generally not needed in slope stabilization projatssto

the movementsTherefae, hinged or fixed pile heads may mbivaysbe necessary

in this contextAccording to thesisabbr 6 s experi ence, satisfacto
obtainedn many landslide stabilization projectsdgsigning just a top beam, which
providesanunrotated heain the piles

Galli and di Prisco (2013)nd Galli et al. (201H)roposes a simplifed displacement
based procedure which is to bbaracterizedespeciallyuseful ina preliminary
design stageThe nonlinear p-y curvesmentioned in Section 22 beforeand
degribed in AppendixA, can be adopted to analyze the interaction between the soill
and the pile in a slope stabilization problem according to Galli and di Prisco (2013)
In this approach,4y curves have a new role that threpresenthe loads trarisrred

to the pile by a moving soil mass.

Galli et al.(2017) clarified the terms of theanalysis first, as shown in Figuret2.
In a sliding soil mass, the domain can be subdividedungttable and stable parts
where a nofzero and zero soil displament rats, "Y(x, z) respectively are valid. The
boundary between two parts is represented by the failure surfacewhich the

disturbing load by the own weight, W of the unstable part and mobilized shear
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resistance,U are effective The action, Acan be interpred as thestabilizing
contribution loads to the slop@nly the slow gravitational soil movements are
considered in this research so that only the dependance of A on U is valid. Therefore,
the simple form, the so caln &dA(Ufiishar act
obtained.The term, U is a scalar quantity representing the magnitude of the soill

displacement in a specifoint in the unstable soil mass (Figuré2}.

In the classical limit equilibrium method, a global factor of safety, FS, is applied as
a reduction factor for the material strendtiA « is denoted as the characteristic value
of the stabilizing action, A, then the equilibrium equation for the chosen failure

mechanism, F, can written as:

O — o0 (2.10)

where Ex represents the characteristic value of the effects of the loads acting on the
systemandR« represents the strength of the sysfernthe failure mode caidered.

The value of A needed to obtain the design value of FS can be determined by
Equation (2.10); however, an estimation cannot be made for the displacement
necessary to obtain thegign value of FS (Galli and di Prisco, 2013).

The methodsby Viggian (1981) andPoulos (1995 1999 being uncoupled
approachesnd the hybrid methods (Kourkoulis et al., 2011, 20d4r2) generally
referred in literature to evaluate the displacemértts. hybrid methods, especially,
introduce the characteristic curve A=A(Wvhich is generally evaluated by means
of a threedimensional numerical analysis, directly into Equation (2.10). Thus, an
explicit relationship between FS and U is derived allowing the evaluation of the soill
displacement needed to obtain the design vaflisafety factor, FS.
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b)

d)

Figure 242. (a) Definitions ofsoil displacementsates; (b) Stabilizingtructures
within theslope (Pile angyroundanchor); (c) Stabilizingctionstransferred to the
slope; d) Structuraflesign andsafetychecks (Galli et al.2017)

The hybrid methods, on the other hand, do not allow the design engineer to estimate
the evolution of FS with time after the stabilization. Also, a precise prediction of the
final value of the safety factor cannot be made since this depends direttly soil
displacementin addition to these, the variation with time of &d R, due to
environmental loads, such as water table oscillations and seasonal rainfall events, is
not explicitly taken into account by hybrid methods. The resear¢@alf and di

Prisco (2013); Galli et al., 2017 ¥or these reasons, suggest to reinterpret the limit

equilibrium equation as the motion equation for the unstable soil mass as follows:

006 Yohy 6 °Y oY 0 7Y (2.11)

where, again, E R, and A are the characteristic values of the driving loads, shear
resistance along the failure surface(Mgure 242c) and the stabilizing action,

respectively.
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Notably, the variation with time (t) ofd&nd R can be explicitly taken into account

by Equation (2.11)Vk is a viscous resistance along the failure surfaceé is

dependent on the soil displacamheate("Y . Mk represents the inertia of the unstable

soil mass, proportional to soil accelerat{®v within that mass.

Notably, by integrating Equation (2.11),is possible to explicitlyevaluate the

effectiveness of the slope stabilization in terms dtiotion in the soil displacement

rate, and of the corresponding variation of the internal action within theAsile.

under st ood,

met hodo
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met hod
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(2017) .

hybrid

Galli and di Prisco2013) considerethe simple geometryf an infinite layer of

loose materiahs shown in Figure 23, with a water table of depth,zsliding on a

stable layer to exemplify the full displacement method. Thpplied several

alternativesolutions includinglinearly elastic steel pile, ndmear elasteplastic

reinforced concrete pile, different pile lengths of 5 to 10 m, affereint pile head

conditions (i.e.free-head pile, anchored pile with or without pretensioning).
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sliding |
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Figure 243. (a) Section of annfinitely longdliding layer withstabilizing piles, b)
Simplified soil-pile interactiormodel- U: uniform soil displacement over H, u:
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After computing the 4y curvesas shown in Figure 24 accordingto the method
proposed in Reese and Van Impe (2010) (Please see Apgefatix-y method of
laterally loaded piles)Galli and di Prisco (2013) revealed and evaluated the
characteristic curvess shown in Figure 25, by employing the numerical stepwise
procedure described in their papg@ome conclusions of the numerical examples are
as follows: (1)since the long and steel pile=10 m)is sufficiently rigid and well
embedded to the stable layer, it is possible to resist the complete mobilization of the
ultimate value of they curves in the upper unstable layel=4 m), (2) for the 10

m long reinforced concrete pile, on the other hainé,activation of a plastic hinge

in the pile isthe dominant behaviar especially for the anchored pile with
pretensoning; (3) the response of a short pile (L=5 m) is comalilg weak for a
freeehead pile; (4)for the 10 mlong free-head steel pile (hollow section with
diameter, D=80 cm), pile deflection does not change significantly for soll
displacement, U greater @ah about 6 cmand supporting thi®bservation no
significant increase in the bending moment value is observed>6rdc; these
resultsindicate that the soflows around the pilafter a specific displacement of

soil.

250 | z=4dm
| z=3.67Tm
== z=333m

L L —#=z=3m
+ — =267 m

—t =2 m
=233 m
z=1.67 m
=7 =1.33 m

L 1.3

— =] m

- - ; = z=0.6Tm
={0.33

0.10 0.15 0.0 W2 m

y=U-u [m]

Figure 244. p-y curves forthe 4m unstableayer ofloosesand(Galli and di
Prisco, 2013)
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steelpile; L=10m RCpile; L=10m
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-— - - -
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z
S0304
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0.10 4 :-:, = = free head 0.10 _-'; = = free head
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0.00 + + + 0.00 t t t
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
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0.60
(C) steelpile; L=5m
___________
------ anchored
- = free head
w—pretensioned
0 0.05 0.1 0.15 0.2
U[m]

Figure 245. Characteristicurves forinfinitely longslope (Galli and di Prisco,
2013)

In the final step of theimethod Galli and di Prisco (2013) used the characteristics
curvesto canduct adisplacemenbased stability analysis of an infinite slope by

solving Equation (2.11)They used the B and S values (Figuré3p sufficiently

large to avoid any interaction among piles for the sake of simpli€itige inertial

term is disregardkfor the same Bson,a viscous actioremainsn Equation (2.11).

A viscous parameterg (unit: Force.Time.Lengtf), proportional to the soil
displacement rate, was introduced for the viscous action Y& € Y 8The

par ameter e is to be determined either
observation on the shearing zone by the elsmonitoringdata ofthe unstable soil

layerdisplacements

The full displacement methgaroposed by theesearchers have some advantages
over the hybrid methods as described abbBlosvever, he method reqtes, although

suggested for a preliminary dgsi advanced procedure and parameters such as
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viscous parameter;. These may restrict the application of the method by the

practising engineers.

2.7.4 Numerical Methods

As understood from above explanations in this chapter, the limit equilibrium
methods are mostly used in pgtabilized slope problem®&n the other handnihe

last few decades, the numerical methods have been applied frequently with the rapid
advancements in computer technol@ifyiough these methods are computationally
intensive and timeonsuming Several analyses and design methods were published
usinggenerallythreedimensionalcomputercodes in the literature (Cai and Ugai,
2000; Won et al., 2009sanagabaa et al., 2011; Kourkoulis et al., 2012; Liang et

al., 2014,

Cai and Ugai (2000used the thredimensional elastplastic shear strength
reducton finite element method to investigate thiéects ofstabilizing pilesin

landslide stabilization.

The shear strength reduction technique has some advaategrethe method of
slices for slope stability analysis. No assumption is needed about the @hape
location of the failure surface which is found automatically in this technithere

are no slices ihe finite elementnethod in stability analyses. Therefpitis not
needed to make assumptions about slice side forces. More details about ehe slop
stability analysis bythe finite element methodere given in Griffiths and Lane
(1999)andGriffiths and Marquez (2007).

Numerical analyses were performed to investigateetfexts ofpile spacing, pile

head conditions, bending stiffness, and pile owss by Cai and Ugai (2000 he

results were compared wit h mBthosl,lwbepdhe si mpl i f i
reaction force by the piles has been determined byidot s ui 6 s(ieequat i on
Equation (2.3) in Section22).
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The finite element modeind mesh is shown in Figured. A c-" soil was chosen

for the analyses (i.ecohesion intercept, c=10 kPa, angle of internal fricticn2 0 U) .
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Figure 246. Finiteelementmodel andmesh (Cai and Ugai, 2000)

In thesecond approacfi.e.,employmenof thelimit equilibrium method byBishop,

1955) the safety factor, F$an be written as:

oY —— (2.12)

where Mr is the soil resisting moment gnillp is the disturbingnoment of the

sliding body Mp is the resisting moment by the pile ravr is determined by:
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b —=AT-6 (2.13)

where, R is the radius of the circular slip surfaceisDhe centeto-center spacing

of the piles—is the angle between the tangential direction of the slip circle at the
pile location and the horizontal directicemd the Q is the total force applied by the
piles on the sliding body. This load can be computed by integrating of Equation (2.3)
from the top of the pile to the depth of the slip circle at the pile positiantfiee
equation by Ito and Matsui, 1975).

The following conclusions were revealed by this researchin(thpth approaches,

the safety factor increasas the piles get closahe finite elemenapproactgives
significantly | arger safety factor as
hingedhead piles (i.e.rotation allowed without displacemen(®) the pressure on

the stabilizing piles are influenced by the pile head conditions and the bending
stiffness of the piles, and these affect the safety factor of the slopes; since the pressure
onfree head piles is negative over a certain depth in flexible piles, the factor of safety
of the slope is significantly smaller as comparedhat of a slope stabilized with
restrained head piles; (B)e safety factor of the slope predicted by limit aquitim
method is quite conservative as compared to that predicted by the finite element
method with restrained pile head; (4) for maximum safety, the pile row should be
installed in the middle of the slope in the finite element method, whereaslimithe
equilibrium method, the piles should be installed slightly closer to the top of the

slope.

Notably, the piles were treated as a linear elastic solid material, and they were
embedded and fixed into a stable bedrock in the research by Cagan(2000).

Won et al. (200pperformed coupled analyses for stabilizing piles in a sldpe
pile response and the slope stability @eamined simultaneouslin coupled
approaches. This was also the solution procedtttes finite element method of Cai

and Ugai (200) as rememberedWon et al. (2005used a commercial finite
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difference package called FLAC 3Bast Lagrangian Analysis of Continua in Three
Dimensions) Mohr-Coulomb elastglastic material type was used to idealize the
soil. The pile elemenvasassumd to remain elastic at all timeBhe shear strength
reduction technique is used in this package. A homogeneous slope withwopite

groups was investigated for stability.

The results of Cai and Ugai (2000) research were fsgedlidation by Won etla
(2006). The safety factors predicted by the finite difference code, FLAC were found
slightly higher as compared to factors predicted by the shear strength reduction finite
element method of Cai and Ugai (2000his slight difference was attributed twet

mesh refinement difference in the region surrounding the piles, and the comgparison
in calculated safety factorgere found fairly well (Won et al., 2005).

Won et al. (2005jnadealsocomparisons with the results of Hassiotis et al. (1997)
and Jeong «tl. (2003) researches, which have been examined in Secti@nad

2.7.3 before, respectivelsiome conclusions are as follows: &%)a result of coupled
analyses madey Won et al. (2005)it has been understood that the critical failure
surface invaably changes due to the addition of piles in slope; therefore, the
uncoupled analysis, in whidnly a fixed failure surface can be analyzed, should be
limited in its application (ie.J eong et al . 6s (200e uncou
modified friction drcle method of Hassiotis et al. (1997 which a new failure
surface is defined for the piled slope, is relatively effective; however, this approach
is intermediate in theoretical accuracy between coupled FLAC analysis and
uncoupled limit equilibrium méod; (3)if the piles are more flexible, the factor of
safety of the slope stabilized with fixed head piles is significantly higher than that
with free head piles; therefore, a restrained pile head is recotechém stabilize the
slope; (4) Numerical angdis results indicate that the pressure acting on the piles is
maximum when the piles are located in the middle portion of the slope; therefore,

the piles should be installéderefor an optimum pile stabilization solution.
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Kanagasabai et al. (2011) caedi out also thredimensional finite difference
analyses with the program FLAC 3D to investigtie single pilebehaviar in

stabilizationa sliding mass of soil over a stasial layer.

Their analyses werearried outin four different series. Firsthe analyses were
performed tacheck the calculation of the pis®il line load p (i.e., thelateralforce
acting on the pile per unit length along its axissing nodal forces obtained from
the interface elements. Also, the purpesesto investigatehe effects of the shear
strength interface elements on the pile behavidur6 m long x 5 m wide x10 m
deep mesh, representing the soil, was created. A 1 m digahgtée with height of
L=10 m was formed in this soil block. The bottom end of the pileich was
modelled as a linear elastic materiags fixed. The soil was modelled a Mohy
Coulomb elastglastic material The undrained shear strengthas c,=30 kPa
which was uniform along the deptfiwo different interface shear strengths were
seleced: (1) @/c=1 (rough interface); and (2)n#cu=0 (smooth interface)A
uniform lateral soil movement of 60 cm (Ojdile diameter) was was applied in
incrementslt was determined by the analyses that ¢benpatibility between the
calculated values ahe ultimate lateral pilsoil line load, p, and the analytical
solutions of Broms (1964) and Randolph and Houlsby (19&!)quite well.
Moreover, thenumerical twedimensional plane strain salons by Chen and Martin
(2002)(i.e., 9.14cd for the smoth interface and 11.94a for the rough interfage
agree well with the solution¥ heseultimate values were attained in the deeper saill,
as the surface effects reduced theglue above a depth of at least 5d. The results in
the first series of solutionsuggest that the interface between the pile and soil is
operating correctly in the numerical model (Kanagasabai et al., 2011).

In the second series of solutions of Kanagasabai et al. (2011), the failure mechanisms
of Viggiani (1981) were examined. Onlyikfailures were considere@hese failure

modes were indicated as A, B and C type failures as described in Seétibn 2.
before. It will be useful to show the failure modes here again as shown in Figure
247. In mechanism Athe penetration of the pileetowthe shear plane ishortthat

the soil layer below the slip surface fai&le rotates as agid body in mechanism
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B so that both soil layers failhe pilepenetrategar enough below the sliding plane

in mechanism C so th#te unstable soil flosaround theupper partAs understood

in these mechanismthe failure mode for a single piie largely dependent othe

relative extets of the slippingurfacedepth(H) andthe pile length (L).

(a)

Slip surface

Soil does

ol fail

Ship surface

—=====7

Sol fals

(c)

Soil fails

Sotl does
not fail

Figure 247. Failuremechanism®ccuring in thesoil only; modified from Viggiani
(1981): (a) Failurenechanism A; (bJFailuremechanism B; (cfailuremechanism

A 16 m long x 5 m wide x H m high block of mesh representing the unstable soil
layer with an undrained shear stgém ¢=30 kPa, was created first as shown in

Figure 248. H values were chosdéna s e d
ultimate pilesoil line load,(pu/cud)=11.94 for both the layers above and below the

sliding surface. Thus, H values wergs9and3 m

C (Kanagasabai et al., 2011)

Viggiani 6s sol

A

for Viggiani 6s

and C, respectivelft =10 m, d=1 m)The bottom soil blockvith an undrained shear

strength, =60 kPa,was then modelled below the upper block. The sliding plane
was represented by the interface elements attachén tbottom face of the upper

soil block.A shear strength of zero was assigned for the interBat. soil layers

were modelled as elasfdastic MohrCoulomb materia. The unstable soil block

was released and moved 40 cm (@3 and the pile deflectig shear force, and

bending moment developed in the pile together with the laterasgildine loads

were computed every 10m of soil movementThe numerical analysis results

ut i
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indicate that the behawioof the rigid pile in this model with a distingiding plane,

and a horizontal ground surface, matching the assumptions made by Viggiani (1981),
agree well with his mechanisms of spile interaction.Threedimensional effects,

on the other hand, were demonstrated to be significant by the finiteeditée
analysesThe lateral shearing resistance provided by the piles may be overestimated
by the direct application of the limit equilibrium equations, especially near the
surfacedue to the vertical soil movements associated with the unconfined ground
suface. Also, the full mobilization of p over the short length of pile below the
sliding surface may be difficult in mechanism A, because of vertical soil movements
in the vicinitiy of the sliding planéAnother conclusion is that the pile displacements
are much smaller for mechanis@ than for mechanism B, which might be an

important consideration in a design of serviceability.
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Figure 248. Thegeometry ofmesh for the FLAC 3D (Kanagasabai et al., 2011)
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In the third set of solutions, slip suciashear strengths were assigned to investigat
the interface strengtleffects. Theshear strengths of the slip plane were used as a
fraction of the undrained shear strength/c,=0.5 and @/c,=1, where ¢=30 kPa.

In all three mechanisms, it was deténed thathehigher theslip plane strength, the
lessthe movement on theliding surfaceThe main mode of pile movement was
changed from translation to rotation with the increase in sliding shear strength in
mechanism A; but, the ultimate lateral psleil line load, p, could not significantly

be altered. In mechanisms B andré€duced soil movement on the sliding surface
decrease the pile rotations and displacements and hence #swipliee loads

developed above the sliding surface.

Finally, theeffect of a sloping ground and sliding surface was investigated on the

pile behaviour in the ultimate stat&he ground and the sliding surface slopes were
14Uand 22Jin two different analyses. Pile deflection was not much affected by the

140 s | o peas;itwaw m@eaased signf i cantly by the slope
variation of the significant angle with soil strength wasg of the scope of the

researclby Kanagasabai et al. (2011).

Kourkoulis et al. (2012) proposed a hybrid metkmte used inlesigiing theslope
stabilizing piles.The general design procedure follows the decoupled approaches
described by Viggiani (1981) and Poulos (1995, 1988 method consists of two
stages: (1) evaluation of the lateral resisting force (RF) required to inthhedaetor

of safety of the unstable slope dotargetedralue, and (2) estimation of the most
suitable pilepatternthat givesthe required RF for a prescibédplacementevel.
Conventional slope stability analysis results are sufficient for thestage. In the
second stage, on the other hand, a novel approach is proposed that decoupling of the
slope geometry from the computation of pile lateral capacity is perforimehis
process, only a limited region of soil around the stabilizing pile isulsited
numerically. Thereforahe computations can be carried out quite efficiently due to
the limited number of elements used in constructing the finite element mesh in a

design. Moreover, parametric analyses can be conducted in a short time.

89



Schematicsections of the two stages of the decoupled methoddlpdiourkoulis

et al. (2012) are shown in Figure 2.An existingslope in Figure 29%ahas aractual

safety factor (SF), which is to be increased by stabilizing piles. The new safety factor
after indalling the piles is the target safety factor {SH he stabilizing piles provide

an additional resistance force, RF, so that:

AVa'e)

(2.14)

where, R is the resisting force, ana#s the driving force for the slope.

Notably, the location of the failure surface is not affected by designing stabilizing
piles in the slope according to the proposed approach of Kourkouwls (012).
Therefore, geometrgiependent phenomena such as the effect of soil arching (Liang
and Yamin, 2010), which may reduce soil displacement, in the vicinity of the piles
areconservatively ignored in the calculation of the required resisting fBieeby

the piles(Stepl). Such effects aréaken into account ithe numerical analysis

conductedn the secondtepof the method (Kourkoulis et al., 2012).

In the second step of the proposed method, it was assumed in the unstable soil layer
that an almst uniform displacement profile along the pile length is valid. The
reasonable validity of uniformly distributed displacement profile was proposed by
Poulos (1999). This proposal was followed by Kourkoulis et al. (2012).
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STEP1: Free Field STEP 2 : Piles Installed

2 T +RF

SFy =

Z(W, sina))

Eca Ecas Eeca Lica

Figure 2.4. Two steps of tke decoupledmethodology: (aflopestability analysis
by limit equilibrium; (b) Pileconfiguration atprescribedlisplacemen{Kourkoulis
et al., 202)

Since the complete numerical analysis of the full geometry of a slope stability
problem by a finite el@ent technique may be computationally inefficient (especially
for parametric analyses), Kourkoubs al. (2012) suggested to decouple the slope
that they have needetihey assume a uniform displacement profile at a distance of
5D (D: pile diamater) for pes in the middle part of the sliding mass. To confirm this
assumption, Kourkoulis et al. (2012) conducted a sufficiantber of finite element
analysesNotably, the optimum location of the stabilizing piles was not investigated
by Kourkoulis et al. (202). They followed the recommendation by Yamin and Liang

(2010) in this context (i.e., the optimal pile locatiomithe middle part of the slope).

A schematic illustration of the simplified methodology for estimation of pile ultimate
resistance is showin Figure 250. Only a certain region of soil around the piles is
modelled in this methodology as shown in Figurg02.The ultimate resistance is
then computedby a uniform displacement profile imposed on the model boundary.
In order to determine thetuhate load at this stage, it is just required to apply a
displacement that is large enough to mobilize the lateral capacity of thgilsoll

interaction.
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The analyses by Kourkoulis et al. (20&2¢carried out using the finite element code
ABAQUS. The @il is modelled as an elasfdastic material with MoRCoulomb
failure citerion. The piles, on the other hamde modelled with threelimensional

beam elements. Both elastic and inelastic pile bebaisonodelled.

It is possible to prepare design disdor rows of piles at various spacings,order

to estimae the resisting force by the pile, RBtabilizing unstable slopes of any
depth. The evolution of RF with pile deflection and pile bending moment can be
determined by the full thredgimensional omputations. In another research by
Kourkoulis et al. (2011), several design charts were presented and discussed for
various soil and slide conditionsourkoulis et al. (2012) utilized several published
experimental, field, and theoretical results fordation of their numerical analysis
methodology.

A design procedure was presented by Liang et al. (2014) to be used in landslide
stabilization projects. A row of drilled shafts (bored piles) was considered and the
piles were equally spaced. Two fundamergsiies were taken into account in their
research: (1) the safety factor (FS) of an unstable slope with installed piles, and (2)
the internal forces and moments in the piles due to the determined design loads on
piles. The soil arching concept recommentdgdeng and Liang (2002) and Liang

and Zeng (2002) were utilized in the proposed analysis method. The earlier
researchers Liang and Zeng used-tlimensional finite element parametric analysis
results. Since the early study was carried out bydimtensioml approach, the
researchers made several assumptions to simplify the problem (Section 2.3.2). The
method proposed herein, on the other hand, made use of extensive three dimensional
finite element modelling and parametric analysis results. Therefore, ¢h®an
proposed by Liang et al. (2014) is more representative of three dimensional nature
of the problem.
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Assumed displacement
profile u

Figure 250. The model osimpledecouplednethodologyfor estimation ofpile
ultimateresistancéKourkoulis et al., 2012)

93



Thetermsoil archingn a piled slope problem iniang et al. (2014)asillustrated in

Figure 251, is that the installation of rigid piles in an unstable slope would reduce
thedisturbingforces in the unstable soil layer on fhe | devenglope side because

of the lateral arth pressures being redistributed to the flleang et al., 2014). Thus,
safety factor (FS) of the piled slope system is increased due to the reduction of the

disturbingforces for the gartof the soils on the i | devenglope side

The proposed analysidesign method by Liang et al. (201gd)composed of three

key parts: (1 mathematical formulation derivationitalude pileinduced arching

effect as summarized above,orderto calculate the safety factor of a piled slope
system by the limit equidrium method of slices approach; @pvelopment of a
practical semiempical equation to quantify piteénduced soil arching that is affected

by such factors as soil strength parameters, stiffness of soils and piles, diameter and
length of piles, spacingnd location of piles, sliding surface depth, top of rock, and
rock modulus; (3proposal a practical method to calculate the deflection and internal
forces and moments of a stabilizing pile dubjected to the earth trust from the unstable

soil mass on the gpe.

The global factor of safety of a pile stabilized slope is generally calculated by the
limit equilibrium methods in literature where the effect of piles are mostly treated as
an additional resistance (e.g., Ito et al., 1981; Hassiotis et al., 1993¢ Beal.,

1992; Poulos, 1995); Equation (2.7) in Section 2.7.3 is an example of this type of

approach.
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Figure 251. Theconcept ofsoil arching: (a) Topview; (b) Sectionview, TOR: Top
of Rock(Liang et al., 2014)

An alternative approach was propossgd_iang et al. (2014) based treir previous
researches (e.g., Liang, 2002; Yamin and Liand,02Qi and Liang 2012). The
global factor of safety (FS) of a pile stabilized slope is expressed in this alternative

approachas:

oY —— (2.15)

&

where, Fr is the resistance forcephs the disturbingforce andgd-arching is the

reduction ofdistutbing force due to arching effect of piles. As understood, the effect
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of piles is treated as a reduction in thsturbing brce on the i | devenglope side
due tosoil arching and force transfer to the piles in this new appraaahg et al.
(2014) formuated the limit equilibrium method of slices incorporating this reduction
in disturbingforce on the downslope side of piles due to arching efféety defined

a new variable in this formulation, called as the load transfer fafitavhich is

expressed a$-igure 251):

qd ——— (2.16)

where, P loads are the horizontal forces onréicat plane on the downslope and
upslope gies of the pilesNotably, the net force on the pile can be calculated by
subtracting the force on the upslope side of the pilgi¢fepie) and the force on the
downslope side of the pile {§wnsiopepile), Which areexpressed as:

Fupslopepile: Pupslope S (2.17)

Fdownslopepile: Pdownslope S (2.18)

where, s is the centéo-center spacing between adjacent piles. The net force
determined here is used as design load in a commercial program such as, LPILE

(Reeseand Wang20Q0) or other equivalent laterally loadedg#dnalyss software.

Liangetal. (2014 sed t he results of Al Bodourdéds (201
of soil arching toderive a semiempcal equation for load transfer factat, . The

finite element code, ABAQUS was used in this resedrbk.resultant forces in the

soil upslope and downslope sides of the pile are determined by integrating the lateral

soil stresses on the vertical plane from the top of the pile down the faili@eesas

illustrated in Figure &1. These integrals can be written as:
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0 ., Qi Qa4 (2.19)

Ca

,e Qi Qa (2.20)

where s is the model thickness, whidthe distance between center to center of two

adjacent piles, and:lis the distance from th®p of the pile down to the failure

sur f ax@ae dog dle horizontal stresses as shown in Figubd)2.Soil was

modelled as a linear elasfperfectly plastic material in finite element calculations.

A baseline slope model, with factor of safety, FSwds created first as shown in

Figure 252. This unstable slope was stabilized with a single row of piles, which are

equally spaced, for a series of finite element parametric calculations. As a result of
importance analyses, six dominant parameters weezndimed affecting the load
transfer factor, d . These parameters ca

parameters of the soil (¢), pile diameter (D), and the geetry parameters (s/D,

% b)), wher e c = re=dribtiersangterof the Bojlstcenter tg aenmtdr ,
pi |l e sygalelocatign, whigh is XX as shown in Figure 22, and b=slop
angle.

Using a software with the data set obtained from the finite element parametric study,

Liang et al. (2014) derivka semiempiricaéstimative equ#on for the load transfer

factor in terms of the above six important parameters. It is to be noted that the load
transfer factor, d should always be grea"
zero means that the piles take all of the earth thwistreas one indicates that the

piles exert no effect on arching.

Within the scope of their research, Liang et al. (2014) developed a general slope
stability program, UASLOPE, for complex slope geometry, soil profifel
groundwater conditions. The develdpegrogram was validated with three
dimensional finite element simulation results for safety factor of the slope and net

force on piles.
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CHAPTER 3

LABORATORY MOD EL TESTS

3.1 Introduction

As briefly describedn Chapter 1, a large shear box has been used at the laboratory
to investigate the behaviour of a row of model piles with different spacings and
socket lengths in this research. The model kg beernstalled for the purpose

of slip surface stabilization in the shear box which includes two layers of soils, the
upper layer being the unstable soft clay layére upper part of the shear box slides
over the lower part of the baxhich is not movableThe lower ayer is composed of

a stable layer otiff clay. Since the main purpose is to measure the loads on the
model piles both above and below thleear planethe model piles have been
instrumented by miniature pressure transducers along their.shadtdetds of the
model test programexperimentalsetup details material preparatiorand the

measurement devices algiven in the following sections.

3.2 Model TestDetails

Two types of brass model piles with diameter of 2 cm have been designed in this
reseach as shown in Figure 3.lh type1 tests, the model piles were socketéd 61

(0.8 15=12 cm) belowthe shear plane, whereas in typetests, this socket was

05 H (05 15=7.5cm). As understood, the miniature pressure transducers were

mounted orthe speific places of thanodel piles Also, there are two points where

the horizontaldisplacements of the model piles were recorded. The details of the

model piles and measuremeiatviceswill be given in the subsequent sections of the

thesis.
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Model tests havéeen programmed for six types mife configurations There are
five types of pile spacirgother than single pile test as shown in Figure 3.2.

schematic thredimensional view of a model testillustrated inFigure 3.3.

There are seven pressure trareis in a pile as given in Figure 3.1. Also, there are
two instrumented piles in model tests other than the single pile test as shown in Figure
3.2. Investigating a middleor edgeeffect in onerow of pile system is not in the
scope of this research. tnementing two piles in a model test is against a probable
experimental deficiency and/ortensducer defect in a pile. Moreover, the purpose
here is to see the variation of lateral pressures on two piles in a test. It is expected
that the recorded presss on two piles in a test are to be similar in acceptable

deviations.

Since the shear box length is 30 cm as shown in Figuréh@.Bycation of the model

piles is an issue that should be taken into account with caution. Reese and Van Impe
(2010) preserid some field test results for the influence zone of piles. Five times the
pile diameter is the average distance for the anibe zone distance in these results.
Kourkoulis et al. (2011) and Kourkoulis et al. (2012) used similar boundary distances
in ther numerical analyse@.e., 5 times the pile diametegkici (2013) carried out
threedimensional numerical analyses to investigate this subject. The distance
between the prescribed displacement and the ipde the distance in front of the
piles) wasused as Simes the pile diametan all of his analysegpile diameter=1

m). Ekici (2013) changed the distance behind the @5 d, 15 d, 25 d, 35 d

and so onThe displacement bethiaur is almost same aftd6 d length behind the

piles. The total legth of the model (i.e., the length in front of the pited plus the

length behind the pileS d,15d,25déé) over sliding depth r at

parameter affecting the results.

Based on thenformationstated above, the model piles iistresearchveredecided
to be located ashown in Figure 3.2The distance in front of the piles is 5 times the

model pile diameter (i.e., 5¢ p 1©M).

Notably,in Fukumoto (1975)yesearch summarized by Fukuoka (19dii§ialso in

Zhou et al. (201Q)similar distancegi.e., a smaller distance in front of the model
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piles against a larger distance behind the pilese usedn the model tests with
passive pilesFukumoto (1975) used the lengths of 8 times the pile width and 32

times the pile width in front of the pilesd behind the piles, respectively.

In laboratory model tests carried out by Bauer et al. (2016) (Please see Section 2.5),
it is observed that, there is a zone of 5 to 8 pile diameter around the pile (depending
on the soil's undrained shear strength atiteroparameters in their study). It is
thought that this can be considered as a region around the pile, that should free to
deform and should not be influenced by the rigid boundaries of the shear box. In our
study, we have more than 8 times the diameit¢he pile in the direction of shear,
behind the pile30-10=20 cm inFigure 3.2).

3.3 Test Setup and Modifications

The | arge shear box modified in this res
The results of t hat resear c(BOlywand the gi ven
findings were summarized in Section 2.5. A cesstion of the original setp was

given in Figure 2.14 in Chapter 2. As understood in that section, only the upper
movable part, which is 15 cm deep, was filled with the soil and the bgidoiof

the apparatus, which is 45 cm deep, was stationary and there were no soil at the
bottom part. In this research, on the contrary, the bottom part has been used for a
second layer of stable soil layer. In other words, the upper movable 15 cm deep sof

clay soil overlies another 15 cm deep stiff stable clay layer which is not movable

Two steel boxes are separate parts so that there is a horizontal predefined surface,

which is considered as the failure (sliding) surface.

In order to minimize the friain between the two parts of the shear box, a sliding
cylindrical support mechanism has been designed and mounted to the apparatus as
shown by the reéine arrows in Figure 3.4. This friction force has been tested with

an almost frictionless pulley mechami and it was found that only 280 gr of weight

is enough to slide the upper empty steel part over the lower part. Therefore, it is quite

possible to neglect the frictions. Another modification made for this research is the
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design of a tightening (headlockystem to apply a surcharge load on the soil layers.

This modification is described in the following sections in more detail.
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A threedimensional SolidWorks drawing of the modified testiggt where the
general dimensions of the agh can be seen, is shown in Figure 3.5. A general view
from a conduad model test is shown in the photograph given in Figure 3.6. As
shown here, the testing apparatus is composed of a steel frame with U section beams
and columns. The square shear boxes are composed of two parts with dimensions
30x30 cm in plan. Crossecton of the large shear box apparatus is in Figure 3.7,

where the names of the parts of the apparatus can be seen.

30

| SOFT CLAY

SOIL
—= ©
MOVEMENT

2 STIFF SANDY CLAY

T 173

15

Figure 33. Threedimensionakchematicview of amodeltestwith piles
(Dimensions in cm)

01 /1'2'/2‘?@1 6

Figure 3.4. Cylindrical sliding supportaohanism between two boxes
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An electromechanical stem was designed so thahas been possible to shear the
reinforced soil samples. It is thought that this system models the actual problem of a
landslide with piles penetrating through the sliding surface. The electrical power (380
Volt) was converted t@ mechanical energy by means of a-bnese power (Hp)
motor giving 1000 revolutions per minufEhe horizontal loading system is similar

to that of a conventional direct shear box. A gearwas installed to apply three
differentrate of shearingBeforestarting the model tests, the velocities of the gear

box have been tested.

Three loading velocities were determined as: (1) fast8st mm/min., (2) medium

speed 0.387 mm/min., and (3) sloweis0.0143 mm/min. It has been decided to use

the medium sped in the model tests in this reseafgfedium speed in the test

apparatus corresponds to the moderaieslow movement velocity in the

classification propasd by Cruden and Varnes (1996) as given in TableShéar

rate is also selected considering tmined/undrained behaviour of clays in

| andsl i des. AExtremely slow0o rate of moveme
shear of clays. In this research we have modeled undrained behaviour in landslide

stabilizing passive piles.

Table 3.1. Landslide veldgiscale (Cruden and Varnes, 1996)

Velocity Classification Description Velocity Limits
7 Extremely rapid >5m/s
6 Very rapid 3 m/mini 5 m/s
5 Rapid 1.8 m/hri’ 3 m/min
4 Moderate 13 m/month’ 1.8 m/hr
3 Slow 1.6 m/yeaii 13 m/month
2 Very slow 16 mm/yeari 1.6 m/year
1 Extremely slow " 16 mml/year

Hunt (2005) and Bell (2007) suggest also the above velocity limits in the description

of landslides with regard to movement rate.
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3.4  Soil SampleProperties

As mentioned previously, two soil samples wiiffedent consistencies have been

used in this research. These soil samples are to be placed in a 30x30 cm square steel
shear boxesThe stiff clay sample is placed into the bottofithe shear box, with

height of 15 cm and dimensions 30x30 cm. After theg soft clay sample with same
dimensions is placed over the stiff clay layer. Two samplemamentact with each

other with a sliding plane between them.

Commercially available kaolinite type of clapil wasused in this researcfihe
white powder kaohite clay was mixed with water to achieve the required
consistency. A fine sand was use@mnothemixture to obtain the stiff clay samples.
Kaolinite type of clayis usually preferred in model tests due to its low swelling or
shrinkagebehaviair, whichmay cause complications during testiktpreover these

type of clays have low liquid limit value and low activity, which are desirable features

in laboratory testing.

Soft clay sample used in the tests is composed of 100% kaolinite and water. Stiff clay
sample, on the other handpntains 50% kaolinite and 50% fine sand by weight
together with watefThe grain size distribution of the fine sand is given in Figue 3.
Theindex properties ofthe soil samplesised in the t&s are summarized in Table
3.2, where low plasticity index values can be seEhe plasticity chart given in
ASTM D248%17 (2018)canbe used for soil classification according to Unified Soil
Classification System (USC®jigure 3.9) Stiff clay is classified as CL and soft clay
is clasdiied as ML according to USCS (Table 3.B)the BritishhEuropean norm is
used (BS EN ISO 14688, 2018), stiff clay is classified as CIL (Clay with low
plasticity) and soft clay is classified as SiM (Silt with medium plasticity) (Figure
3.10.
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Table 3.2. Index propges of soils used in model tests

Gs Sieve Analysis
Sample type (Spef:ific +No.4 -N0.200 Clay size
9raVIY) | ieve (%) sieve (%) %)
Kaolinite (100%) | 2.645 0 99.4 40
(Upper soail in
model tests)
Kaolinite (50%) +| 2.640 0 51.7 18.5
Fine sand (50%)
(Lower soil in
modeltests)
Atterberg Limits
LL (%) | PL(%) [ PI (%) SL (%) | USCS
Sample type Liquid Plastic | Plasticity | Shrinkage Soil
Limit Limit Index Limit Classf.
Kaolinite (100%) 45 31 14 29.6 ML
(Upper soil in
model tests)
Kaolinite (50%) +| 27 19 8 17.8 CL
Finesand (50%)
(Lower soil in
model tests)
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3.5 Preparation and Consolidation of Test Samples

For the soft clay sample preparation]y the kaolinite clay, which was turned into a
powder form first, has been mixed with water. The water/kaolirateo was
approximately equal to 0.45 by weight to get a sample mixture having a water content

around clayodés |iquid |imit.

For the stiff clay sample preparation, the kaolinite clay and fine sand with same
weights have been mixed with water. The waterikiel ratio was approximately
equal to 0.5680.55 by weight in this case to get a sample mixture having a water

content around liquid limit.

The prepared soil samples were then put in double plastic bags to maintain their water
contents. These samgdidled plastic bags were placed in the humid room insthie
mechanicdaboratory at leastevendays before the consolidation phase, to get the
most possible homogeneous soil samples.

Aluminium metal boxes were manufactured for consolidation phase of the soil
samples. Afteisevendays in humid room, the soil samples were placed into the
manufactured metal boxes by hand, stage by stage in order not to cause any cavity in
the samples as shown in Figur&13.It is to be noted that the width and length of the
metd boxes were almost same with the dimensions of the shear box (i.e., 30x30 cm).
The height of the met al box was 18 c¢m,

of 15 cm to allow a space for consolidation settlement and trimming cut.
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Figure3.11. Soi sample placement in metal consolidation box

Both the top and bottom metal covers of the box are perfdi@tedainageas shown
in Figure 312. There are also geotextilé®tween the metal covers and the soil

samplefor the purpose of separation.

The purpose in this research is to obtain the undrained shear strengths of the soft and
stiff soil samples as around 20 kPa and 100 kPa respectbiete the aim was to

have @ (stable soily/ Cu (unstable soipratio of 5 to represent practical landslidases
encounteredPneumatic and hydraulic press (consolidation) equipment were used in
the laboratory for this purpose. The siied metal boxes were maintained under
stepwise loads with vertical settlement readings. Consolidation phase is shown in
Figure 3.B.
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Figure 313. Soil samples under consolidation
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The reqired loads to achieve thendrained shear strengths fwoft and stiff soil
samples(i.e., 20 kPa andQD kPa)can be estimatebdased orthe undrained shear
strengthratio definition. It was showihat the undrained shear strength can be
normalized with respect to the effective overburden stress (Ladd and Foott, 1974;
Mesri, 1975).The researchers show thiaé undrained shear strength ratio, which is
given as @l is approximately awstant for a particular deposih some other
publications, it wasecommended that an average shear strength ratio of 0.22 (i.e.,
c,/0v'=0.20~0.25) is a reasonable ratio in stability analyses for inorganic soft clays
and silts (Mesri, 1989; Ladd, 1991; Terzaghi et al., 1996)e ratio can be written

as:

— =0.22 1) G

where,cyis the undrained sheatrength, andy' is the effective overburden stress.

This ratiowasusedin this research to estimate the approximate loads that should be
exerted to the soil samples to get the desired 20 kPa and 100 kPa undrained shear
strengths. Since the loadingearis 0.3x0.38.09 nf, the requiredloads can simply

be calculated a8.2 kN (836 kgforce) and 40.9 kN (4170 kigrce) fortargeted
strengthsey so=20 kPa and, (stifp=100 kPa, respectively.

Before starting the consolidation of the soil sampleshasvn in Figure 33, the
pneumatic pistons were calibrated. It was determined that the small diameter
pneumatic pistons have the capacity of 550fkgce (5.4 kN)with the aid of theair
compressor existing ithe soil mechanics laboratory; whereas thegéadiameter
pneumatic pistons have the capacity of 2500fé&rce (24.5kN). These pistons are
givenin Figure 314, where the large and small diameter pistcaus be seeat the

left and right side, respectively.
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It has been understood that the capaotypneumatic press equipment is not
sufficient for the stiff clay samples that should have the undrained shear strength of
100 kPa. Therefore, the hydraulic press (consolidation) equipment, the capacity of
which is larger than 5000 kgrce (49 kN), was @t into use. This equipment was
also calibrated with the aid of a jack under controlled loads. The hydraulic press
system is shown in Figurels.

At the beginning, several soft and stiff soil samples were consolidated for trial and
many triaxial compressn testing samples with diameter 36 mm and length 72 mm,

were collected to determine the undrained shear strengths of the soils.

Soft soils were also tested by the laboratory vane equipment in the aluminium

consolidation boxes.
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Figure 314. Pneimaticpistons
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It should be emphasized here that the model tests explained in Section 3.2 above,
have been conducted under a surcharge load of 50 kPa on the shear box to achieve a
depth effect. By this way, it was aimed to eliminate the-sadiace effects that ay

cause errors in lateral load measurements by pressure transducers especially near the
top of the model piles. The undrained shear strengths of the consolidated soil
specimens collected from the trial soil sardfilled aluminium metal boxes have

been deermined by means dahe unconsolidatedindrained triaxial compression

tests. It was concluded after several trials that three to four weeks of consolidation
under controlled vertical displacement measurements of consolidation is to be
sufficient to obtairthe targeted undrained shear strengthsis, the undrained shear
strengths of 20 kPa and 100 kPa for the soft and stiff clay samples respectively, were
obtained within acceptable deviations as determined by the triaxial compression

tests, in this resedrc

Figure 315. Hydraulicpress ¢onsolidation equipment

The undrained shear strengths of the soft clay samples were also determined by the
laboratory vane equipment as mentioned before. Although the vane tests have been
conduc-s e tu dn tigeialureinium metal box just after the consolidation

phase) without a surcharge load on the box, the undrained shear strengths were
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determined to be approximately 30 to 50% more than the values determined by the
triaxial compression tests. Ergun (1982)ried out a comprehensive experimental
research on the undrained shear strength subject and found similar results (i.e., the
undrained shear strengths determined by the laboratory vane equipment were larger
than the strengths determined by the triag@hpression tests by about 20 to 60%

in that researgh In fact, the undrained shear strength of cohesive soils should not be
accepted as a constant and definite parameter for a specific clay; rather, the tests and
the conditions should be clearly statetler which the strength values have been
obtained (Ergun, 1982).

After these discussions, it was decided to use the results of the triaxial compression

tests in this research.

Several results of theial unconsolidatedindrained (UU) triaxial compressidests
conducted at the beginning of the reseanehgiven in AppendiB. As noticed the
diameter of the Mohr circles are not same due to lack otatiiration Therefore,
the value of gcorresponds to 50 kRermal stresswhich is the surcharge m®ure
in model tests, is selectdtis noticed that theyoralues for the soft clay samples are
between & and 2 kPa On the other part, the undrained strengitesbetween ®
and 1@ kPafor the stiff clay samplem trial tests The deviations from thtargeted

values of 20 and 100 kPa can be assumed acceptable.

Notably, the undrained shear strengths of the soft and stiff soil samples were
determined afteall model tests in this resear@atisfactory results within acceptable

deviations were obtainet@he resultaregiven inSection 3.1Dbf the thesidelow.

It should also be noted that the water contents of the soil sarmales been
determined before the model tests (i.e., after the consolidation pa#ge shearing

They are given in Table 3and Table 3l below. The water content values shown in

the tables are the averages of three water contents, which deviate marginally,
collected from the different levels of the soil sampkes.can be seen in Table 3.3,

the water contents of the soft clagmples after consolidation before shearing are

between 36.4 and 37.1%, with an average vallg6at%. Therefore, water content
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of the soils before shearing were similar in all tests. Same similarity can be seen for

stiff soil samples in Table 3.4.

Table3.3. Water contents (wc) for soft clay sampédter consolidation before
shear(upper layer in the shear box)

Tests with shorsocket| Tests with longocket
lengthpiles lengthpiles
Test type (0.5 H embedment) (0.8 H embedment)
wc (%) wc (%)
1St test 2"d test 15t test 2" test
s/d=1 (12 model piles) 37.1 36.6 36.5 36.8
s/d=2 (7 model piles) 36.4 36.8 36.5 36.5
s/d=3 (5 model piles) 36.5 36.8 37.0 37.1
s/d=4 (4 model piles) 37.0 36.9 37.0 36.5
s/d=5 (3 model piles) 36.8 37.0 36.5 36.6
Single ple tests 36.9 36.9 36.4 36.8
Tests without model pile 15'test: 36.8 %, P test: 36.5 %

3.6 Model Piles and Miniature Pressure Transducers

The model piles are made of brass material in this research. The diameter of the
model piles is 2 cmTwo types of model piles have been manufactured as shown in
Figure 3.1 before. The lengths of piles in the soil sample are 22.5 cm and 27 cm for
Typel and Type2, respectively as shown in Figure 3.1. The embedment depths
below the shear plane are diffetén these types. It is to be noted that the total lengths

of the piles are 4 cm more than the above 22.5 and 27 cm lengths (i.e., total lengths
are 26.5 cm and 31 cm) so that they extend above the top of the upper soil layer to

monitor the top displacemes of the pile.
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Table 34. Water contents (wc) for stiff clay sampkgter consolidation before

shear(lower layer in the shear box)

Tests with shorsocket Tests with longsocket
lengthpiles lengthpiles
Test type (0.5 H embedment) (0.8 H embedmet)
wc (%) wc (%)
1S'test 2" test 1S test 2" test

s/d=1 (12 model piles) 17.6 17.9 17.6 17.8
s/d=2 (7 model piles) 17.5 17.7 17.8 18.1
s/d=3 (5 model piles) 17.8 17.7 17.4 17.7
s/d=4 (4 model piles) 17.8 18.0 17.7 17.6
s/d=5 (3 model piles) 175 18.0 18.0 17.5
Single pile tests 17.8 17.8 17.5 17.5
Tests without model 1Sttest: 17.7 %, P'test: 17.7 %
pile

Brass model piles are shown in Figuré63.A 8 mm diameterhole all along the
center of thgiles was opened for the dab of the pressure transductrde left out.
Therefore, the wall thickness is 6 mm in model pilEke miniature pressure
transducers were mounted on the piles quite rigorously so that there is no any level

difference between the pile shaft gme&ssurdransducesurface.

Within the scope adthe stiffness of thenodel piles, lte flexural rigidity of the model
piles can be determined as E=(1x1CF kN/m?) (7.629%10° m*=0.7629
kN.m?, where E is the modulus of elasticity of the pi@assmateria, and } is the

moment of inertia of the hollow stem fsle

Poulos and Davis (1980) defined a dimensionless pile flexibility factarioK
measure the flexibility foa pile relative to the sognvironment The factor is given

as:
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(3.2)

where,Ei s t he soil és horizontal modulkus al ong
value is infinity @) for an infinitely rigid pileon one end. It izero for an infinitely
long pile on the other endBesides laboratory test resultgri@lations given in
literaturecan be used faa quick estimatiomf thesoil modulus valueThe value 6

Es has beeffrequently correlated to undrained shear strength aflétysin literature
based on loadeflection measurements on fgltale piles. Poulos (2001)
summarizecempirical correlationsecommendd in literaturethat he values of E
were betwen 100 c, and450 c, based on several researchdamiolkowski and
Garassino (1977) summarizetso several correlations and gave an approximate
range between£E200 c,and720 c,. Reese and Van Impe (20¥phasizes that
Es is highly cependent on thersiin level. It decays as the displacements increase.
The range is given betweens£200 c, at relatively high displacement levels to
1500 cy at quite small strain levefsr normally consolidated clay®eese and Van
Impe, 2010)

Based orthe above recommaetations given in literature, trsoft soil moduluscan

be taken as approximatelys=B00 20=8000 kPa. Tlerefore the pile flexibility
factor is determined as,R€0.018 for the long model piles. Poulos and Davis (1980)
states thaa pile is relatively rigidf Kr is larger than 1x18 Thus, the model piles

used in this researaan be accepted as rigid piles

Since the model piles have high flexural rigidity in this research, a point of pressure
reversal is expected near the tip of the piles under lateading. Therefore, a
pressure transducer has been located near the tip of the pile on the reverse side as
shown in Figure 3.1 (no.1 transducer).

Commercially available miniature strajauged pressure transducers from a Japan
company Tokyo Sokki Kenkyujo Cavere selected for this research. The transducer
and its dimensions are given in Figure73.The capacity of the transducers is 200

kPa. The transducer model is named as TML PIDBKPB, which is most suited to
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shortterm measurement in model experimeritsemploys simple waterproof
construction which allows underwater measurement for a short term. The pressure
transducer is calibrated with the input/output cable connected to a constant voltage
excitation type strainmeter.

Figure 316. Brass model j¢s with miniature pressure transducers
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Figure 317. Miniature pressure transducer

Calibration of miniature pressure transducers was performed by three ways in this
research: (1) water calibration, (2) soft soil calibration, and (3) stiff soil cadibra
A fluid and a soil pressure chamber were designed specifically for calibration works.
The detailof the calibration processd thecalibrationresults argoingto be given

in Section 3.12n this Chapteand AppendixC, respectively.

124



3.7  Testing Program

As inferred from Section 3.2, two series of model tests were executed within the

scope of this research. One sem&as conducted by usirigng model piles which

have been socketed below the shear planeby . mes t he moving soft
(i.e.,0.8 15=12cm) as shown in Figure 3.1. &@kocket was B. 15=7.5cm using

shortermodel piles in the second sext tests.

As shown in Figure 3.2, the model tests were executed for six patterns of model piles,
one of them being single pile test. Two miggiges were instrumented in one test as
shown in Figure 3.2. The purpose of instrumenting two piles in a test was to observe
the almost same loads in the transducers for a check. This was also considered as a
measure against anyrgbable defect titamay acur in the sensitive miniature

transducers.

Each test was conducted at least twice to seeefheatability of the model tests so
that a probable variation in measurements can be described and evaluetefhre,
thereareat least24 tests with model ifes within the scope of the research (i.e., 12
model tests using pilesith short socket- 12 model tests using pilesith long
socke}. In addition,2 model tests were conducted without any piles to see the shear

resistance just between the soft and Eifer of soils.

3.8  Preparation Phases of a Model Test

The preparationstages ofconductinga model test with piles together wittne
explanations of the details of the ma@snent devices will belarifiedin thesections

below.

3.8.1 Placement of the Consolidagd Soil Samples into the Shear Box

After the consolidation phase of the soil specimens described in Section 3.5, the
samplesareplaced into the shear box by means of a manual jack as shown in Figure

3.18. The reactionforce is taken from the existingte¢ frame around the test
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apparatus. Since the dimensions of the test sample in the aluminium consolidation
box are almost same with the dimensions of the shear box, the soil sapipted

into the shear boguitetightly. First, the stiff sandy clay saheps pushed and settled

at the bottonof 15 cmheight Then, the soft clay sampis sdtled on top of the stiff

layer by the same way.

Figure 3.B. Placement of consolidated soil samples into the shear box

3.8.2 Applying Surcharge Load

After the pacemat of two samples one on the top of the other, a 50 kPaange
load isheld at the top for around 15 hours as shown in Figur@ 8 obtain an
intimate contact between the soft and stiff soil sampdeightening (headlock)
system with steel platesas designeh this researcto apply this surcharges stated
before(Red line arrows in Figure B9). The load was given through a rigid metal

plate placed on top of the soft clay lagarshown by thélueline arrow in Figure
3.19.
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Figure 319. Headlock system to apply surcharge load

A proving ring was placed at the top ¢beckthe applied load as indicated by the
straight line arrow in Figure 20. The load wa®riginated by means ofneumatic
pistonlocated at the bottom of the systéaotted line arrow in Figure 20) powered

by a compressar This newly designed tightening (headlock) system was also
operative during thexecution oimodel tests as will be described3action 3.8.6 in
this Chapter.
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Figure 320. Proving ring angpneunatic pistorpowered byacompressoin the
headlock system

3.8.3 Drilling Holes for Installing the Model Piles

After the 15 hours time under 50 kPa surcharge load, the next stage is to install the
model piles in the shear box. A commercially available mingeduger with diameter

of 18 mmwas used to drill the holes for installittge model pilesThis diameter of

the continuous flight auger was selected to place the 20 mm model piles without any
gaps around them.
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Aluminium metal guide plates were manufactiesd usedo guarentee the holes to
be drilledvertically. The holes were drilled through th@es of three layers of plates

as shown in Figure 21.
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Figure 321. Drilling holesfor installing pilesthrough metal guide plates

3.84 Installation of Model Piles

In the next stephe model piles on which the miniature pressure transdheses
beenmounted are to be pushed into the drilled holes by hand one by one as shown

in Figure 322. The installation proasis again performed through tldguminium
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metal guide plates to ensure the vertical alignment of the model Hilesquite
important at this stage that the direction of the pressure transducers mounted on the
piles should be perpendicular to the direction of the soil movement to record the
laterd loads correctly. Thisigorousadjustment is shown in Figure23.

Figure 322. Installation of model piles
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Figure 323. Adjustment of direction of model pileduring installation

3.8.5 Capping Beam at the Top of the Model Piles

It is known in practiceghat modly a cagping beam is designed at the top of the
landslide stabilizing pileto unify their behaviour agpast lateral loads.

A brass caping beamwas manufatured and used at the top tbie model piles in
this research as shown in FigureB Phethicknesf the brass beam is 10 mithe
beam rests on the soft clay lay€he brass capping beam was used in all model tests

in this researcincluding single pile tests

131











































































































































































































































































































































































































































































































































































































































































































































































