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EXPERIMENTAL AND NUMERICAL MODELLING STUDIES FOR
INTERPRETING AND ESTIMATING THE p- 6 BEHAVIOR OF SINGLE
PILES IN UNSATURATED SOILS

SUMMARY

In geotechnical engineering practice, conventi@agl mechanics principles are used
for the design of shallow and deep foundations rassy the soil is in a state of

saturated condition. However, such an assumption moé be representative of the
actual field conditions in most situations as saite typically found in a state of

unsaturated condition. This is particularly true doils in arid and semi-arid regions,
where the ground water table is at a greater dépib.to this reason, the loads that
are transmitted from the superstructure to thelehabnd deep foundations are
distributed within the unsaturated soil zone abthe ground water table. Several
recent studies have shown that the bearing caps@tiboth coarse and fine-grained
soils are significantly influenced due to the cimition of suction.

There are some studies reported in the literatuaé @are useful for the design of
shallow foundations in unsaturated soils. Howetlegte are limited studies reported
in the literature that discuss the design of pdanidations taking account of the
influence of suction in unsaturated soils. The kéjective of the research studies
presented in this thesis is directed towards dgwaipsimple and reliable techniques
or semi-emprical models including numerical moaejlstudies that can be used in
geotechnical engineering practice to estimate #agibg capacity of single piles in
coarse and fine-grained unsaturated soils.

Several single model pile tests were performed letbaratory environment to study
the influence of suction on the pile shaft resistéaplaced in a statically compacted
unsaturated fine-grained soil (i.e. glacial till) different constant initial water
content conditions. A constant initial water contessures uniform matric suction
value in the compacted soil over the entire deftiainless solid steel cylindrical
rods with different diameters and circular highesgith plastic tank were used as
model piles and as testing chamber, respectivelydé¥ pile tests were conducted
under both saturated and unsaturated conditionsrutifferent drainage conditions.

These test results were interpreted using the ¢mrext methods such as thep and

/. methods introducing modifications. In additionpmsempircal models were also
proposed for estimating the carrying capacity oigk piles using the soil water
characteristic curvgSWCC) data and the conventional saturated shear strength
parameters. The proposed semi-empirical modelsuaedul for estimating the
variation of total shaft resistance of piles wispect to suction. There is a good
comparison between the predicted bearing capaaityes using the proposed semi-
emprical models and the measured values from tloehmpile test results.

A separate testing program was undertaken to eteatha shaft resistance of jacked
mild steel open end pipe test piles in two différeendy soils (i.e. Soil #1: silty sand
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and Soil #2: clean concrete sand) under saturatdduasaturated conditions. The
contribution of matric suction on the shaft bearaagacity of single piles placed in
non-plastic compacted coarse grained soils was uatedl by introducing
modifications to the convention@ -method.

Within the scope of this thesis, load-displacen{eat p-d) behavior of a single pile
in a glacial till is also modeled using an elagtiastic Mohr-Coulomb model.
Different scenarios of saturated and unsaturatddcenditions were considered to
estimate the influence of suction towards the loadying capacity of single piles.
The commercially available finite element analysiftware program (SIGMA/W) is
used to perform the numerical modeling analyse® fhleoretical background and
the numerical modeling technique associated with #pproach are presented in
detail. This approach is simple and requires ohly tonventional shear strength
parameters and tH®WCC The numerical modeling studies were performedh loot
in-situ single pile under saturated and unsatura@itl conditions. Conventional
empirical methods were also used for estimating dftenate shaft capacity.
Comparisons are provided between both these apgmsato highlight how
conservative the presently used conventional agpesaare in geotechnical practice.

The studies presented in the thesis are consigi#imtthe approaches and methods
that are used in conventional engineering practicether words, they are simple to
follow and hence they are promising and encouradgmg implementing the
mechanics of unsaturated soils in to engineeriagtyme.
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SUYA DOYGUN OLMAYAN ZEM INLERDE TEK iL KAZIK p- &
DAVRANI SININ TAHM INi VE YORUMLANMASINA DAYALI DENEYSEL
VE SAYISAL MODELLEME

OZET

Zemin mekargi, muhendislik meka@ ve zemin 6zelliklerinin bir birlgmi olarak
ortaya ¢ikmaktadir. Bu tanimlama birgok zemin tiirkapsamaktadir. Klasik zemin
mekangi temel prensipleri, doymyuzeminlerin davraglarinin incelenmesi temeline
dayanarak gejmistir. En genel tanimlama ile zeminler bu kapsamdgnude kum,
silt ve kil zeminler olarak siniflandiniglardir. Geoteknik mihendigii
uygulamalarinda temel tasarim hesaplari gelenekisglgun zemin mekagi
prensiplerine dayandirilarak yapiimaktadincak dgada klasik zemin mekaginin
Oongordigu prensip ve yakkamlara uymayan ve farkli davrgngosteren birgok
zemin malzemesi bulunmaktadir. Bu durum, mevcuitlesirilmis kabullerin yani
sira; muhendislik alaninda daha gergek¢i sonuglaide edilebilmesi igin;
zeminlerin d@al hallerine en yakin olan ¢6zimlerin yaratiimasiwe bu haldeki
davranglarinin da incelenmesinin gerekdilni ortaya koymaktadir.

Bu baks acisi ile, temel zemin mekani calisma alanlari bakimindan en genel
hatlari ile suya doygun ve doygun olmayan zemiggdttinde iki ana bgik altinda
incelenebilmektedir. Doymu zeminlerin iki fazl sistemler olmasi muhendislik
uygulamalarindaki kullanimlarini ve kabullerini yay hale getirnsitir. Suya doygun
olmayan zeminler: dane, su, hava olmak Uzerdidaalc fazdan okmaktadir.
Dorduncu bir faz olarak ise hava-su temas yluzeydilkate alinmaktadir. Her iki
durum da gerek mevcut fiziksel yapilari gerekse emilslik davrarglar agisindan
farkhliklar gostermektedirler. Mihendislik uygulamnda sik¢a karastigimiz kazi,
orseleme, kompaksiyon gibglémler suya tam doygun olmayan zeminleri ortaya
ctkartmaktadir. Siktiriimis (kompakte) zeminler, yuksek plastisitgigen zeminler,
su muhtevasindaki aga bali olarak yuklemeler altinda ¢oken geX siltli zeminler
ve negatif bgluk suyu basinci etkisi altindaki zeminlerin timiya doygun olmayan
zemin davragina en temel Ornekleri ¢kil etmektedirler. Ozellikle yeralti su
seviyesinin derinde bulungu durumlarda, mevcut gve derin temel yapilarindan
dogan gerilme dalimlari, yeraltt su seviyesinin Uzerinde kalan,yasudoygun
olmayan bolgelerde etkili olmaktadir. Son yillar@enel sistemlerinin tama gucu
kapasitelerine ikin yapilan bir cok bilimsel calmada, kaba ve ince daneli
zeminlerde, emme basincinin kayma mukavemetine kddkisi ile taima gucu
Uzerine olan etkisinin kayda gler 6lctlere ulgtigl raporlanmgtir

Insaat muhendisginde, diinya genelinde son on yil icerisinde ozidlilltyapi
insaatlari dnemli Olcide hiz kazanarak artmaktadirraig@llari, havaalanlari,
dolgular, barajlar gibi bircok geoteknik muhendslprojeleri doygun olmayan
zeminlere oOrnek t&il eden sikgtirlmis (kompakte) zeminler (zerine sgma
edilmektedirler. Bu anlamda, sgkrilmis zeminler (zerine Waa edilecek
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mihendislik yapilarinin tasariminda, suya doygumaglan zemin mekagi
prensiplerinden faydalanmak daha uygun olmaktadir.

Literatiirde son on yil icerisinde yapilan galalarda, suya doygun olmayan kaba ve
ince daneli zeminlerde stemel sistemlerinin tasarimi ile ilgili atamalar buyuk
Olcide yer almaktadir. Bu catnalarda, negatif btuk suyu basincinin (emme
basinci) kayma mukavemeti ve temedit@a glcu kapasitesine olan 6nemli etkisi
deneysel veriler ve sayisal analizler ile raporlgtum Ancak, suya doygun olmayan
zeminlerde negatif tuk suyu basinci etkisi altinda benzer muhendidbikrang
Ozellikleri gostermesi beklenen kazikli temellee illgili yapilimis, az sayida
calismaya rastlanmaktadir.

Sunulan tez calmasi kapsaminda temel amag, geoteknik muhendislik
uygulamalarinda kullanilmak (zere, sayisal modedlem de icereksekilde basit
teknik ve yari ampirik modeller gstirerek, suya doygun olmayan kaba ve ince
daneli zeminlerde bulunan kazikli temel sistemlartasima gictinin hesaplanarak
belirlenmesidir.

Bu amacla, laboratuvar ortaminda kurulan deney m§zekullanilarak, farkli su
muhtevalarinda hazirlanan ve statik kompaksiyon sikstiriimis ince daneli
zeminlerde (Indian Head buzul tili ve killi kum-Loazemin) emme basincinin kazik
cevre surtinmesine etkisi kazik yukleme model diemeye argtiriimistir. Yapilan
deneylerde, farkli su muhtevalarinda ve dolayisigtkli emme basinci gerlerinde
hazirlanan numuneler ile zemin doygunluk derecesé&azik cevre sirtinmesine
olan etkisi argtirilmistir. Olusan emme basincinin kazik ug¢ direncine olan etkisi b
calisma dahilinde dikkate alinmagtir

Deneyler, 300™300"™ boyutlarinda dairesel yiiksek dayaniml plastik taskinda
gerceklatirilmistir. Model kaziklar, farkli caplardaki paslanmazlikceici dolu
dairesel kesit boru cubuklardan yapgtm Numuneler, optimum su muhtevasinda ve
optimumdan daha quk deerde secilen ¢ farkli su muhtevasinda hazirlanarak
50kPa ila 200kPa gerlerinde dgisen emme basinclar elde edigm. Zemin
numunesi, tank icerisine 350kPagddane kadar statik kompaksiyon ile stkularak
yerlestirilmistir. Model kazik deneyleri, suya doygun ve suya gloy olmayan
durumlar icin, drenajli ve drenajsiz yukleme durammda gerceklgirilmi stir.
Zeminin sabit bir su muhtevasi ginde hazirlanmasi, deneyde kullanilan zeminin
derinlik boyunca sabit emme basincgeene sahip olmasina imkangtamaktadir.

Eksenel yuk altindaki tekil kaziklarinstena guct hesabinda c¢ok yaygin olarak
kullanilan klasik a-alfa (Skempton 1959)3# beta (Burland 1973) vd-lamda
yontemleri (Vijayvergiya ve Focht 1972) suya doygolmayan zeminler icin
degistirilip genisletilerek deney sonuclarinin yorumlanmasinda vel aaamanda
emme basincina pla tasima gicu kapasitesinin gisim fonksiyonunun elde
edilmesinde kullanilngtir.

Negatif bgluk suyu (emme) basinci 6lcimleri, zemin-su kanati& egrilerinin
belirlenmesi ve kayma mukavemeti test sonuclarukoostur. Onerilen modifiye
yarl ampirik modeller ile (gesletiimis a-alpha, & beta ved-lambda ), zemin su
karakteristik @rileri ve suya doygun kayma mukavemeti parametre{er,¢)
kullanilarak, suya doygun olmayan zeminlerde tk&#iklarin ¢evre surtinmesinden
dogan tgima gucu dgerlerinin tahmin hesaplari gercegtielmistir. Deney
sonucunda elde edilen ve onerilen yontemlerin kultaasi ile hesaplananstana
glcu dgerleri kagilastirmali olarak sunulmaktadir.
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Yapilan, deney sonucunda, suya doygun olmayan diaumodel kazik cevre
surtinmesinin suya doygun duruma kiyasla 5-6 katafaldgu gosterilmgtir.
Deneysel sonuclar, klasik hesap yontemlerinin siiyggun olmayan zeminler icin
kullaniimasi durumunda ¢ok giivenli sonuglar vgirdigostermektedir.

Kaba daneli zeminlerde negatif ghak suyu basincinin tekil kazik cevresitaa
kapasitesine etkisi ise, ayri bir deney programiki farklh kum zemin (siltli kum ve
kum)icerisine yerlgtirilen ¢elik boru model kazik Gzerinde suya doygindoygun
olmayan durumlar icin incelensgtir. Elde edilen sonuglar sirasiyla suya doygun ve
doygun olmayan zemin kollari icin klasik ve modifiyefyontemi kullanilarak
deserlendirilmistir. Analiz ve dgerlendirme sonuclarindan, silti kum zeminlerde
mevcut negatif bguk suyu basincinin nihai cevrest@a kapasitesine katkisinin
%40-%50 mertebelerinde olgu ancak kum zemin icin bu katkinin ihmal
edilebilecek kadar az ol@u ortaya konulmgtur.

Sunulan tez calmasi kapsaminda, deneysel gaklara ek olarak, tekil kazik yuk-
deplasman davragiari elastik-plastik Mohr-Coulomb modeli kullanigr sayisal
analiz teknikleri ile modellenrgiir. Negatif bgluk suyu basincinin kazik stana
gucine olan etkisi farkli Bk suyu basing profilleri i¢in incelenerek
modellenmgtir. Sayisal modellemeleiSIGMA/W sonlu elemanlar analiz programi
kullanilarak ve suya doygun olmayan zemin dawanitanimlamaya uygun
yaklasimlarin da model icerisine dahil edilmesiyle yapsiim. Olusturulan sayisal
analiz modeli, arazi kmllarini temsilen yerinde dokme betonarme kazik dpygun
ve doygun olmayan zemin dlarinda gercekkgirilmi stir. Nihai kazik cevre tama
kapasitesi bilinen ampirik metodlar ile de hesaptak, sayisal analiz sonuclari ile
karsilastiriimistir. Karsilastirma sonuclari bilinen hesap yagalarinin doygun
olmayan zeminler igin kullaniimasi durumundgiriagivenli yaklaimlar ortaya
koydugunu gostermektedir.

Tez kapsaminda yapilan gahalarda, dlcim ve hesaplamalardan elde edigméa
glcu dgerleri arasindaki uyum ve onerilen modifiyealpha,- beta ved—-lambda;
yontemlerinin bilinen yakkamlar ile tutarhilik ve paralellik gostermeleri, yau
doygun olmayan zemin mek&ni prensiplerinin pratik muhendislik alaninda
uygulanabilirligini desteklemektedir.
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1. INTRODUCTION

1.1 Statement of the Problem

Both the shallow and deep foundations in many s8dna are placed in soils that are
typically in a state of unsaturated condition. Heere in conventional engineering
practice, the influence of capillary stresses (matric suction) in the unsaturated
zone (i.e. capillary zone) above the groundwateletés ignored. The soil profile is
generally assumed to be either fully saturatedractce as it is simple for analysis
and also it is a conservative approach. Experinhesma theoretical difficulties
associated with the controlling and measuring eactind rationally interpretating
the influence of suction on the bearing capacity aettlement behavior have
discouraged the practitioners in implementing lgemhechanics of unsaturated soils
in the design of both shallow and deep (i.e. gil@dations.

The design of pile foundations in practice are @mnionally based on the principles
of saturated soil mechanics or empirical procedoresased on in-situ test results.
Typically, pile foundations are designed assumiaturated, dry or submerged
conditions. The influence of unsaturated soil cbads above the ground water table
level and the possible water table fluctuatioe&! on a single pile are not typically
analyzed extending the mechanics of unsaturatésl Jdiere are no studies that are
reported in the literature to estimate the shaftistance of piles due to the
contribution of capillary stresses or specificdlhg matric suction to the best of the

knowledge of the author.

1.2 Research Objectives

The key objective of the thesis is to develop sanahd reliable techniques and
models that can be easily used in geotechnicalneegng practice for the
implementation of the mechanics of unsaturateds doilestimate the shaft bearing

capacity of a single pile. The research programudoevas directed towards



developing a theoretical framework based on laboyagtudies performed on model
piles. This framework has been also extended fonarical modelling to estimate

the load-displacement behaviour of piles.
The key objectives of the presented research are:

» To study the influence of matric suction on therlmgacapacity behavior of single
piles in unsaturated coarse and fine-grained $&yilperforming model pile load
tests.

« To estimate the shaft bearing capacity of singlee @by modifying the
conventionala, f and 4 methods and to estimate the contribution of matric
suction.

e To propose semi-empirical models to predict thaatian of shaft capacity of
piles in unsaturated coarse and fine-grained sails respect to matric suction
using the saturated soil parameters and the SotleMA@haracteristic Curve
(SWCC)as a tool.

* To propose numerical models to simulate the loadugedisplacement behavior

of piles in-situ and as well as model poles.

* To demonstrate how conservative the conventiodalblzion methods are when

they are extended for unsaturated soils.

1.3 Scope of the Study

1.3.1 Litreature review

Significant advances were made during the last Sarsy towards better
understanding the engineering behavior of unsadrabils. These studies have
contributed to develop theoretical frameworks, expental methods and
constitutive models including the numerical tecluaisi The focus of the research
presented in this thesis is directed towards piliagosools for interpreting and
estimating bearing capacity of single pile founadiasi. The carrying capacity of piles
in unsaturated soils is signficantly influened by shear strength behavior. Due to
this reason, literature review focus has been wicedowards providing more
background on shear strength of unsaturated soils inder drained and undrained

loading conditions.



1.3.2 Theoretical background

In recent years, empirical or semi-empirical modetsre been proposed in the
litreature for the estimation or prediction of thleear strength of unsaturated soils
(Vanapalli et al., 1996; Fredlund et al., 1996)e BWCCis used as a tool for the
prediction of the shear strength of unsaturateds.sdihe present understanding
related to the shear strength of unsaturated Bagsbeen extended for interpretation
of the behavior of single piles and also for estioraof the shaft bearing capacity of

single piles in unsaturated soils.

The most commonly used conventional semi-empirfoathods in geotechnical
engineering practice as the Skempton (1959), thg, Burland (1973), Meyerhof
(1976)andthe A, Vijayvergiya and Focht (1972) methods were moditiee@stimate
the shaft bearing capacity of single pile in badtusated and unsaturated coarse and

fine-grained soils.

1.3.3 A study for estimating shaft bearing capacityf test piles in non-plastic

unsaturated soils based on previous experimental wo

A testing program was undertaken at the Lakeheadebsity was used to evaluate
the shaft resistance of jacked steel open m@pd piles embedded in two different
sandy soils (i.e. Soil #1: silty sand and Soil £&an concrete sand) both under
saturated and unsaturated conditions. Two diffetgmes of sand were placed in a
test tank at different compaction water contentd iaitial dry density values. The
matric suction value were measured using comméycalailable tensiometers,
which were embedded at different depths, immedjatéter compaction, while
raising the water table to the ground surface arnabequently while lowering the
water level to the base of the test pit. Basedhenrésults of the study, a technique
for estimating the shaft resistance of test pileslem unsaturated conditions is
presented taking account influence of matric saceatending an effective stress
analysis approach of the conventiopaimethod which is the modified method.
This method is applied to the results to estimheethe shaft bearing capacity of a

single pile by using th8WCCand the saturated shear strength parameters.



1.3.4 Shaft bearing capacity of test piles in fingrained unsaturated soils

The experimental studies to address the resealelctves were undertaken at the
Geotechnical Laboratory of the University of Ottawacomprehensive experimental
program was undertaken using a fine grained coredasbil (i.e. Indian Head till
and Loam solil) to determine the shaft bearing dapat a single pile in saturated
and unsaturated conditions. The shear strengtmedeas and the interface strength
parameters between the pile material and soil ohétexd by conventional direct
shear test apparatus. Other soil properties fota$ied soils were also determined in
the laboratory including th&WCCusing the pressure plate apparatus. The shear
strength parameters, and other soil properties thighmodel pile dimensions were
used for calculating the shaft bearing capacity @fingle pile under staurated soil
condition using the effective stress analysis aotdl tstress analysis conventional
empirical methods for drained and undrained loasliregpectively. Based on the
experimental results of the tested soil and otbarentional soil properties, the shaft
bearing capacity of a single pile in unsaturated sere interpreted using the

modifieda, £ andA methods.

1.3.5 Modelling the load versus displacement behars of a single pile in

unsaturated fine grained soils

A numerical model is developed using the elastas{it Mohr-Coulomb model to
simulate load versus displacement behavior of glesipile placed in unsaturated soil
condition. This model is extended to reanalyzedlad-displacement results of an in-
situ single pile in an unsaturated glacial till lafwer Cromer till obtained by the

critical state concept model (Georgiadis, 2003).

The finite element analysis is undertaken using ¢benmercial finite element
analysis program SIGMA/W (Geostudio 2007) softwatech is a product of GEO-
SLOPE (Krahn, 2007). These analyses were carriedsng the elastic — perfectly
plastic model extending the Mohr - Coulomb yieldeston. The conventional shear
strength parameters (i.e. ¢' agdl and the SWCC are required for performing the
analyses. In addition, the theoreotical backgroasgbciated with this approach and
numerical modeling procedures are succinctly sunzedr The SIGMA/W analyses
were compared with the analysis results of the sas#ty by Georgiadis et al. (2003)

to validate the developed numerical model.



The contribution of suction to the bearing capabiavior of a full-scale single pile
of 20 m in length and 1 m in diameter, placed iac@l till, was investigated
considering the influence of capillary stressesvabohe ground water table.
Different groundwater table conditions have beesuamd to achieve both positive
and negative pore water pressure profiles consigedifferent scenarios. The
conventional and unsaturated analyses have bedormped assuming drained

loading conditions.

1.4 Thesis Outline

The presented thesis is organized as nine cha@bepter 1 describes the objective
of this thesis research and the scopes and this thafine.

Chapter 2 provides litreature review to introduasy kunsaturated soil mechanics
concepts and all relevant background that is nacgdsr explaining the research

presented in this thesis.

Chapter 3 under the titl@heoretical Backgroungrovides a summary of pile
foundation design. In addition, key studies on beraof pile foundations that are
based on the mechanics of unsaturated soils armatined. Finally, semi-empirical
models that were proposed for predicting the viamadf shaft capacity of single pile
with respect to suction are presented.

Chapter 4 entitled, A Study for Estimating ShaftaBeg Capacity of Test Pile in
Non-Plastic Unsaturated Compacted Soils Based@Rtévious Experimental Work
presents the previous experimental studies peridrnoestudy the influence of the
matric suction effect on shaft bearing capacityaofmodel single pile placed in
unsaturated coarse grained soil. The design deftalie testing set-up is provided
including the interpretation of the test resultsngsthe proposed semi-empirical
methods.

Chapter 5 entitled, Shaft Bearing Capacity of Takts in Fine Grained Unsaturated
Compacted Soils: Equipment Details and Methodolpggsents the experimental
study performed to measure the matric suction effacshaft bearing capacity of a
model single pile placed in unsaturated fine griseil with. The methodology
followed in collecting all the necessary informatielated to the experimental study
and the design details of the testing set-up isered in detail.



Chapter 6 entitledlaboratory Test Program and Methodologyovides details

about the testing program undertaken for the ptesesearch program. The
experimental research program consists of a sefisingle model pile tests were
performed in a laboratory environment to studyittilelence of matric suction on the
pile shaft resistance in a compacted fine-grair@lid.sThe model piles were loaded
to failure under both saturated and unsaturateditons under different drainage
conditions. Step by step procedures of the experiahenethodology is summarized

in this chapter.

Chapter 7 titledPresentation and Interpretation of Test Resatissists of two sub-
sections.Section-1provides the results for matric suction &@@WCCmeasurements
and the for the model pile load tests. The loagidzemenip-J) curves associated
with the controlled suction and water content akeery Finally, the results for the
shear strength measurements including the intedaeet shear test and unconfined
compression tests are providesection -2discusses the interpretation of the test
results by using the proposed semi-empirical medifnethods for the prediction of
shaft bearing capacity of single piles for draiaed undrained loading conditions in
unsaturated soils. The comparison between the mezhsand the predicted shaft

bearing capacities are provided.

In Chapter 8 entitled, Modelling the Load versusgdacement Behavior of a Single
Pile in Unsaturated Glacial tills, brief theoretibackground related to the numerical
modeling techniques of critical state model (CSMY ahe conventional elastic-
plastic Mohr-Coulomb model is discussed. The a@itgtate model (CSM) extended
for unsaturated soils and its implementation todase study by using the Imperial
College Finite Element Method (ICFEP) to investigg#te influence of suction and
GWT fluctuations on the behavior of a single p8epresented in all details. Elastic-
plastic Mohr-Coulomb model is also extended foratmsated soil condition and the
defined case study is adopted and re-analysed &asgic plastic Mohr-Coulomb

model in commercially available finite element aiséd software program

SIGMA/W. The SIGMA/W analysis results were compaveith the previous case

study results considering unsaturated soil condingh the ICFEP.

Chapter 9 presents the summary and conclusionseofelsearch program and also

provides some recommendations for future studies.



2. LITREATURE REVIEW

2.1 Introduction

This chapter provides a brief background of keycepts related to the mechanics of
unsaturated soils. The rational approach of in&thpg the unsaturated soils behavior
in terms of independent stress state variablesnargrized. Information related to
how the variation of soil-air-water interphase apesand influences the unsaturated
soils behavior is detailed. In addition, the usesofl-water characteristic curve
(SWCC)as a tool in the estimation or prediction of eegiing behavior of

unsaturated soils is also discussed succinctly.

The focus of the research presented in this thesdirected towards developing
interpretation techniques and also proposing senmiécal models for predicting
the shaft capacity of single piles in both coaes®d fine-grained soils taking account
influence of matric suction. To address these dives, background information
related to the shear strength behavior of unsadraoils is required. Due to this
reason, in this chapter, the shear strength beha¥iansaturated soils under both
drained and undrained loading conditions is sunuedri

2.2 Effective Stress Concept and Stress State Variables

2.2.1 Saturated soils

Terzaghi (1936) introduced the effective stressngiple for interpreting the
mechanical behavior (i.e. shear strength and volahange) of saturated soils as
(2.1):

where g’ = effective normal stressg = total normal stress, = pore-water pressure.

Figure 2.1 provides details of how effective norstaéss(o- u,) and shear stresses

; act on an elementy andz directions of soil under dry and saturated coondgi In



addition, the matrix equation consistent with th@gples of continuum mechanics

is shown.
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Figure 2.1 : Normal and shear stresses on soil element andspmnding stress
tensors: (a) saturated soil, (b) completely dry. soi
Terzaghi effective stress equatida;- u,) is a single stress state variable that can be
used as a tool to rationally explain the mecharbehlavior of both saturated and dry
soils, that have only two phases which is soil aater or soil and air, respectively ,
using constitutive relationships without introdugi@ny empirical parameters that are

dependent on other soil properties.

2.2.2 Unsaturated soils

Unlike saturated soils, which are two-phase sofitays, unsaturated soils have
multi-phase systems composed of three phases tingsef solid (soil particles),

liquid (water) and gas (air). Based on the fundaalatefinition of a phase, Fredlund



and Morgenstern (1977) introduced the air-wateerfate, contractile skin as the
fourth phase to rationally interpret the enginegrinehavior of soils that are
influenced by the stresses in the soil-water-degrphases. They suggested using the
term “unsaturated soils”, instead of “partly satadasoils” or “partially saturated
soils” since the inclusion of the smallest amouhfree gas into soils renders the

system “unsaturated”.

Figure 2.2 shows an unsaturated soil element #rabe visualized as a mixture with
two phases that come to equilibrium under appltezss gradients (i.e. soil particles,
contractile skin) and two phases that flow undegliad stress gradients (i.e. air and
water). The pore-ain), and pore-wateny, pressures in the soil structure of a soil
that is in a state of unsaturated condition infeesnthe engineering behavior of soils
(i.e. flow, shear strength and volume change behnpviThe changes in pore-
pressures in an unsaturated soil are due to meisturtuations as precipitation or
evaporation, changes in ground water table levedli to other reasons such as

excavation of natural soils or compaction.

Contractile skin
(air-water interface)

Figure 2.2 : Typical structure in an unsaturated soil.

Bishop (1959) introduced a single-valued facpprinto Terzaghi’s effective stress

equation for estimating the effective stressesgaturated soils as given in (2.2):
J':(O-_ua)-'-)((ua_uw) (22)

where, g’ = effective stressg = total stressi, = air pressure in the pore spaog-
pore-water pressurég - U;) = net normal stresgu, - Ww,) = matric suction, y =

effective stress parameter which depends on theedax saturation.

The effective stress parametgr=1 for saturated soils angt = 0 for dry soils

(Bishop, 1959). In each case (dry or saturatedghd@p’s equation (2.2) shows a



smooth transition to the Terzaghi’'s effective streguation (2.1). The parameper

depends mainly on the degree of saturafion

Bishop and Donald (1961) performed triaxial testscohesionless Braehead silt and
compacted soils to examine the validity of the @ffe stress equation proposed by
Bishop (1959). The cell pressures), the pore-water pressure,), and the pore-air
pressureyy) were varied keeping the combinations of the stetate variableggs -

Uy) and (us - W,) constant. The test results showed that the measiress-strain
curve was monotonic. These test results indirestfyport the validity of the chosen
variables(os - uy) and(ua, - Uy) as stress state variables, for rationally explariive
behavior of unsaturated soils. Other studies howkaee shown that paramegem
Bishop’s equation is also dependent on the saicgire, wetting and drying cycles
or stress changes that contribute to changes iehece of saturatiors Several
investigators experimental studies have shown tthete is no unique relationship
between the parametey, and the degree of saturation (Figure ABishop and
Blight, 1963).

Blight (1965), Burland (1964, 1965), Aitchison (H)6 and Fredlund and
Morgenstern (1977) questioned the validity of ussimggle effective stress equation
for unsaturated soils. They suggested that the amechl behavior of unsaturated
soils should be described in terms two independ@rss variables. In unsaturated
soils, not only theapplied stressbut also thesoil suction contributes to the
deformation of the soil structures; however, tlveintributions to the deformation are
different. In addition, they parameter values derived from shear strength are
different from the volume change behavior for thene soil. Due to this reason, the
use of single effective stress equation cannobmatly explain the mechanical
behavior of unsaturated soils. In order to overctimese limitations, it was proposed
to use two independent stress state variablesdoribe the mechanical behavior of

unsaturated soils.
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Figure 2.3 : Experimental results showing the relationship betweparameter and
the degree of saturation (Lu and Likos, 2004).

Fredlund and Morgenstern (1977) and Fredlund (199@Vvided a theoretical
framework for unsaturated soils based on continm@chanics by experimentally
proving that any two of the three possible stréates/ariables can be used to define
the stress state in an unsaturated soil. The fhwesible combinations which can be
used are: ifo - Uy) and(Ua- W) i) (0- W) and (o - w,) i) (0- W) and (Ua- Uy).
The first two stress state variable combinationgehtie disadvantage that when the
pore water pressure changes, both the stress whaitgbles are affected. The
advantage of the third combination (i(er- u) and (u, - Wy)) is that when the pore-
water pressure changes, only one stress varidble; u,) is affected. For
conventional geotechnical engineering applicatiadhg, third combination of the
stress state variables is best suited. The porprassurey, is typically equal to

atmospheric pressure; hence, the stress(@fata,) can be easily calculated.

Each of these independent stress variables in -thmensional space can be
represented by a tensor satisfying the continuurchar@cs principles. The complete
form of the stress state for an unsaturated sailticarefore be written as two sets of

independent stress tensors (Figure 2.4).

Using two independent stress-state variables (@e.u,) and (u, - U,)) constitutive
relationships can be written for interpreting thngjieeering behavior of unsaturated
soils (Fredlund and Rahardjo, 1993). The use ofhsacrational framework
eliminates the limitations of using single valudteetive stress equations that were

proposed with parameters that are dependent on pitbgerties of the soil.
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Figure 2.4 :Normal and shear stresses on soil element andspamding stress
tensors for an unsaturated soil.

2.3 Soil Suction

Total soil suction is the thermodynamic potentialsoil pore water relative to a
reference potential of free water containing nosalged solutes, having no
interactions with other phases that impart cuneatr the air-water interface, and
having no external forces other than gravity (Lu dikos, 2004). For a flat air-
water interface, the water pressure at equilibrisiequal to the air pressure (ilg=
Uy). The physical and physicochemical mechanismsoresple for total soil suction
that decrease the potential of pore water reldbvihis reference state of free water

can be written as follows (2.3):
Al//t :ch+Awo+Awe+Awf (23)

where; Ay; = the total potentialdy. = the capillary potential which is change in
potential due to curvature at the air-water integfécapillarity),dy, = the osmotic
potential which is the change due to dissolvedteadffects Ay = the change due to

the presence of electric fielddys = the change due to van der Waals fields.
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Neglecting temperature, gravity and inertial effedhe primary mechanisms that
decrease the potential of soil pore water incluggiliary and osmotic effects. The
algebraic sum of the matric and osmotic componenksiown as total soil suction
and is given in (2.4). The term “matric” reflectarier usage of the term “matrix”,
which was intended to describe the component diiGuarising from interactions
between the pore water and the soil solids, or m@itrix. The capillary potential
change is the differential pressure across the soesiof the air—-water interface
within the soil which is the unique mechanism todemstand unsaturated soil
behavior. Suction arising from the influence ofstised solutes is referred to as

osmotic suction{fosmotic

wtotal = wmatric + wosmoti( (24)
(//total = (ua - uW) +7T

where,yiotal = total potential(u, - W,) = matric suctiong = osmotic suction.

2.3.1 Physical representation of capillary suction

The air-water-solid interface in unsaturated sathim a soil pore can be visualized
as equivalent to the air-water interface in a glagse (i.e. a spherical interface
model) which describes the suction component duecdpillary effects. The
equilibrium of the interface can be maintained lhy difference between the air and
the pore-water pressurdsy - U,) acting on the pore water which is balanced by the

surface tensiorils, acting at the wetting angle, along the air-water contractile skin.

A simple analysis of mechanical equilibrium considg the free-body diagram is
shown in Figure 2.5. Vertical force equilibrium sotering (1, - U,) acting over the
area of meniscus and the vertical projectiorToacting over the circumference of

the interface leads to the expression (2.5):
u, (7r®) =u, (7r?) + T, cosa (21 ) (2.5)
This relationship (2.5) can be reduced to the f(2rf) as given below:

(u,-u,) =w (2.6)

13



where (U, - W,) = matric suction,Ts = surface tensiong = the contact angle which
varies 0 < g < 9Cfor a partially wetting surface with the air-watgtterface

curvatureR = r/cosa.

2.4 Soil Water Characteristic Curve (SWCC)

Soil-water characteristic curv&s\WCC)is defined as the relationship between the
water content(w) or degree of saturatiofS) or volumetric water conten(f) of a
soil and the corresponding soil suction. The refeghip between the volumetric

water content, ) degree of saturationS(and water contentyy is given by (2.7) :
6=Sn=p, w (2.7)
wheren = porosity,oy = dry density of the soill.

A typical SWCCfor a drying soil for the entire range of sucti@e. from saturated

to dry condition) of 0 to 1,000,000 kPa is showrFigure 2.6a. The curve can be
divided into three zones (Figure 2.6a); namelytlig boundary effect zone also
known as the capillary zone, (ii) the transitiomealso known as desaturation zone,

and (iii) the residual zone.

In the boundary effect zone, the water phaseontinuous within the soil pores
although desaturation exerts tension on water whadric suctions increasing. As
the suction keeps increasing, at a specific suctadoe, air replaces water from the
largest pore in the soil matrix. This specific \&alf suction is known as the air-entry
value(AEV).

14



Capillary tube model Pressure distribution

T Ual Atmospheric air
AN ALY pressure (40)
\ /\ 127\ ; Uw = - Yw he
. >~ X
interface <] U -7
Negative pore water
glass tube — ] ) pressure
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©
=
y N \4
water Positive pore water
pressure
—>|2r|<— *

Figure 2.5 : Physical model and phenomenon related to capylarit

Any increase in matric suctiazontributes to a significant decrease in water eoint
or degree of saturation beyond tREV (i.e. starting point of the primary transition
zone). As desaturation continues in the transitamme (i.e. from primary to
secondary transition zone), the area of water intat with the soil particles
decreases and the continuous water paths are dleake air (Figure 2.6b). Finally,
in the residual zone; water content, degree of saturatior§ or volumetric water
content,d decreases are small in spite of significant ine@ean suction values. The
amount of water retained within the pore spacdis ttesidual state is referred to as
the residual water content;), residual volumetric water conter) or the residual
degree of saturatior§). The SWCCcan be used as a conceptual, interpretative, and
predictive model for better understanding the wrsaé¢d soil behavior (Barbour,
1998).
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Figure 2.6 : (a) Typical soil-water characteristic curve afid physical
representation of air-water-solid interaction icleaorresponding desaturation stage
(modifed after Vanapalli et al. 1996).
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The shape of th& WCCis different for different soils (Figure 2.7). Gea-grained
soils such as sands consist of large pore sizethaisdvill have a loweAEV. Sandy
type of soils desaturate rapidly even at low madtiction values. On the other hand,
clayey type of soils, gradually desaturate offeniagistance to suction as they have
smaller pore sizes. These soils typically havedaAEV. The rate of desaturation
that occurs in the transition zone is related te dmstribution of pore sizes. The
percentage of fines within the soil and also thié fabric orientation will affect the
shape of th&WCC.
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Figure 2.7 : Typical Soil-Water Characteristic CurveSWCC} for
different soil types.

N

v
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2.5 Shear Strength of Unsaturated Soils

The shear strength of soil is a key property reglifor several geotechnical
applications such as bearing capacity, lateralhepressures and slope stability.
Shear strength of saturated soils can be determemézhding the effective stress
concept and the Mohr—Coulomb failure criterion 28)

r=c'+(o-uy,)tang (2.8)

wherer = shear stress, = effective cohesion(g - u,) = effective normal stress,=
total normal stressy, = pore-water pressured = effective angle of internal friction

for a saturated soil.
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The critical combination of shear and normal seeq2.8) corresponding to failure
condition defines the Mohr-Coulomb failure enveldjpe saturated soils (Figure
2.8).

2.5.1 Linear or planar failure shear strength envedpe approach using two

independent stress state variables

Fredlund et al. (1978) proposed an equation fagrpretation of shear strength of

unsaturated soils in terms of two independent Ststate variables as in (2.9):
r=c+(o,-u,)tang +(u, - u,) tangr (2.9)

where 7 = shear strength of an unsaturated soil= intercept of the “extended”
Mohr-Coulomb failure envelope on the shear stress \ahen the net normal stress
and the matric suction at failure are equal to zéras also referred to as the
“effective cohesion”(ad, - W) = net normal stresgy = friction angle contribution
due to net normal stresk - U,) = matric suction ang = friction angle due to the

contribution of matric suction.

Shear strength,t
N

Failure Envelope

\

c'¢

v

Effective normal stress, ¢ - uy)

Figure 2.8 : Mohr-Coulomb failure envelope for a saturated soil.

For simplification purposes, the shear strength dnsaturated soilyynsar can be
visualized as having two components, which constithe saturated shear strength,

Isatand the shear strength contribution due to suctiggionas given in (2.10).

4 :CI+(0-n_ua)tan¢I+Tsucti0| (2-10)

unsat
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The experimental shear strength test data publighdgishop et al. (1960) were
reanalyzed by Fredlund et al. (1978) using (2.9)e Tesults are summarized in
Figure (2.9a) as versus(us - W) relationship. The resulting planar failure surfése
called the extended Mohr-Coulomb failure envelop&ictv is shown as a three
dimensional relationship (Figure 2.9B6he failure envelope onvs. (o - U,) plane in
Figure 2.9b on which the matric suction is zerathis same as the Mohr-Coulomb

failure envelope for saturated soils.

Ho and Fredlund (1982) performed multistage tribglaear tests on two different
Hong Kong residual soils. The air and water pressuwvere controlled in the
specimen during different stages of testing to eahidifferent matric suction values.
The results were interpreted using Fredlund (1@flation assuming planar failure

surface.

The matric suction can be assumed to contributedéacohesion of the soil as given
below:

c=c+(u - y,)tang (2.11)
wherec = total or apparent cohesion of the soil.

Escario (1980) also conducted a series of condeliddrained shear and triaxial tests
on unsaturated Madrid gray clay and again repattt@tl an increase in the shear
strength with the increasing matric suction sugpgrthe idea of a linear shear

strength behavior.
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Figure 2.9 : (a) Planar failure envelopes on theersugu,-uy) plane for two
compacted soils (figure from Fredlund et al. 19&fadrom Bishop et al. 1960), (b)
Extended Mohr — Coulomb failure envelope.
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2.5.2 Non-linear or curved failure shear strength evelope approach using two
independent stress state variables

Later testing by a number of researchers demoesdtritat the shear strength
behavior is nonlinear (Escario and Saez, 1986; G886; Fredlund, 1987; Gan et
al., 1988; Gan and Fredlund, 1988). The shear gitiecontribution due to matric
suction, ¢ is equal tog in the low suction range; howevef’ decreases with
increasing matric suction. Experimental studies Edcario and Saez (1986)
multistage direct shear tests on Madrid grey clagws in Figure 2.1@upport the

nonlinear relationship when tested over a largéiGucange.

700
(0-u,)

750 kPa
600 -

600 kPa

500 A
450 kPa

400 P
300 kPa

300 A
120 kPa

T (kPa)

200 A

100 ¢

o

200 400 600 800 1000 1200
(u,-u,) kPa)

Figure 2.10 : Direct shear test results under controlled sudiioMadrid grey clay:
shear strength versus suction for different vabfabhe normal stress (modified after
Escario and Saez (1986)).

Gan (1986) and Gan et al. (1988) performed mugiestidirect shear tests on saturated
and unsaturated specimens of a compacted glati&brtisuction range of (i.e. O-
500kPa). The experimental results for this largetisa range showed a significant
non-linearity (curved failure envelope) for the ahestress versus matric suction
relationship (Figure 2.11). Several researchersties since then supported the
nonlinear shear strength behavior of unsaturatdd €boll, 1990; Vanapalli et al.
1996).



2.5.3 Prediction of shear strength of unsaturatedasls using theSWCCand
saturated shear strength parameters

The amount of water and the wetted contact arehirwthe different pores of an
unsaturated soil at a particular value of suctias & profound influence on the shear
strength. In other words, shear strength of unasdrsoils can be related to the
amount of water occupied within the pore spacer@utlly deriving this information
from theSWCC(Vanapalli, 1994).

250

(0-ug) =72.6 kPa

200 A

150 A

100 A

Shear stress, 1 (kPa)

50 & C+(0- ug)tang) = 44.6 kPa

0 T T T T
0 100 200 300 400 500

Matric suction, (u, -u,) (kPa)

Figure 2.11 :Suction envelope and variation#fwith suction for glacial till soil
sample (Fredlund et al., 1987).

Vanapalli et al. (1996) proposed two different aggwhes to predict the variation of
shear strength with respect to matric suction ussagurated shear strength

parameters and ti®WCC The first proposed approach is given as follows:

T =C + (0, —u,)tang +(u, —u, )0 tang (2.12)

unsat

where @ = the normalized water content which is a dimemgiss parameter
representing the amount of water in the soil toalige the area of water which is in
contact with the soil particlesy = a fitting parameter which is a function of
plasticity index of the studied soil to obtain dtbeagreement between predicted and

measured shear strength data.
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The normalized water conten® also equals to the degree of saturati@nThus,
(2.12) can be rewritten by replacin@ by S as (2.13). The fitting parametex,
required can be obtained from relationship betwbenfitting parameterx and the

plasticity index|, was presented by Vanapalli and Fredlund (200&jgare (2.12).
T =| € +(0,—u ) tang [+[(u,- u,) S tanp ] (2.13)

The first part of the equation is the saturatedaslsrength when the pore-air
pressurey,, is equal to the pore-water pressuwig, The second part of the equation
Is the shear strength contribution due to sucti@t tan be derived from tI®&NVCC

using an appropriate value gf

4.0 : : : : 1 : : : : 1 : : : : 1
3.5 A
X
- 3.0 7 Clay (Escario and Juca 1989)
g
)
g 254 Till (Vanapalli et al. 1996)
@©
S
Q 20 A
? A silty clay (Escario and Juca 1989)
E 15 -
L Clay sand (Escario and Juca 1989)
1.0 ¢
Sand (Adams et al. 1996)
0.5 . . . . T . . . . T . . . . T
0 10 20 30 40

Plasticity Index, l,

Figure 2.12 : The relationship between the fitting paramekerand
the plasticity indexl,

The shear strength contribution due to suctiorerms of normalized water content

is mathematically expressed by Vanapalli et al9@)&s:

Tynea = (U~ U,) O tang (2.14)
Differentiating (2.14) with respect to matric swctj(Us - Uy) gives the incremental
shear strength contributiods,nsa:due to matric suctiohis explains the nonlinear
variation of shear strength with respect to matriction (i.etan ¢°) related to the

rate of change o®.
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tang = d7ypee  _ d((u,— u,)O" tang)
d(u, - u,) d(u - )

=d(u, - L{N)[(G’()(tangd)]+ (u - qN)[ d(@")( tan;d)] (2.15)

d(e")
= (@) +(u, - u,)——— |(tang)
() d(u-y,)
The derivation(2.15) supports the use 8#VCCas a tool to develop a shear strength
function of unsaturated soils (Vanapalli et al.98p

In the second proposed method, residual volumefaiter content or residual degree
of saturation is used as tool for predicting therroauction contribution towards the
shear strength (Vanapalli et al., 199B8)e proposed equation (2.16) is given below:
o (6-6,)
Tuea =|C T (0, —U)tang] +| (u,- u)| -— 4 tang || (2.16)
(es - er)
where,f = volumetric water content at any suctida= volumetric water content at
saturation,f, = residual volumetric water content. The voluneetwater content

values can be determined from B¢/CC.

Figure 2.13shows the relationship between the meas®&Cand shear strength
of unsaturated soils. In the boundary effect zopeto theAEV of the sail, the soil is
essentially saturated and an increase in sheagsirés similar to that of a saturated

soil. In other words, the shear strength contrioutiue to suctionf = ¢.

Beyond theAEV, as the soil begins to desaturate (i.e. transitimme), the effective

area of contact between the water phase and theasticles begins to decrease as
air displaces the water within the soil pores. @guently, further increase in matric
suction is not as effective in producing an inceeas the shearing resistance and

henceg® contribution will be less thagi.

Beyond the residual suction, the relationship betwshear strength and suction is
not well defined. The shear strength may incredserease, or remain the same

depending on the soil type.
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Figure 2.13 : The relationship between tis8VCCand
shear strength of unsaturated soils (Vanapalli9200

2.5.4 Undrained shear strength of unsaturated soils

For saturated condition during undrained loadirg dleviator stress at failurég; -
03) remains constant regardless of the applied comfipressure. The undrained

shear strengthg,, for the soil remains constant at various confingressures. As a
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result, the unconfined compressive strengthjs calculated as twice the undrained
shear strengtlg,, for the saturated soil, regardless of the magnitfdée confining

pressure (Figure 2.14a).

_q (2.17)

However for an unsaturated soil, as the confinirgsgure increases, the undrained
shear strength for the unsaturated soil also iseeaFig. 2.14b). Therefore,
unconfined compression test results can be usedrfarnsaturated soil only when
the total confining pressurey is equal to zero (Fig. 2.14b). In that case, unoeaf
compressive strengtly, can be approximated to the undrained shear strengt
(2.17). In other words, the compressive strengtluevanay not be satisfactory in
approximating the undrained shear strengthat a confining pressure greater than
zera (Fredlund and Rahardjo, 1993).

Shear stress,
Shear stress,

A A .

Unconfined Unconfined

compression test compression test

e
I /AN
0x=0 0%>0 Oy g5=0 oy 035>0 -
——
G = (01 - o) q, = (01 - o)
Total normal stress; Total normal stress,
(@) (b)

Figure 2.14 : (a) Relationship betweerandofor a saturated soil (with negative
pore-water pressures); (b) relationship betweand o for an unsaturated soil.

2.5.5 Prediction of unconfined shear strength of waturated soils usingSWCC

and saturated shear strength parameters

Oh and Vanapalli (2009) presented a model to predecvariation of shear strength
of the unsaturated fine grained soils in (2.18hwespect to suction after analyzing

six sets of unconfined compressive test results/émious unsaturated fine grained
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soils available in the literature. The model usesunconfined compression strength
test results for saturated condition and$WéCCalong with two fitting parameters.

(u, ~u,)
C =cC 1+—=2 W [(g)/ 2.18
u(unsaj y sat (Pa /1013)( ) ,U ( )

where: Cysary Cuwunsayy =Shear strength under saturated unsaturated o slit
respectively,P, = atmospheric pressure (i.e. 101.3 kPa) angdk = the fitting
parameters to obtain a better agreement betweesuneeband predicted resuli,/
101.3 = the normalization term which was used f@intaining consistency with

respect to dimensions and units on both sideseoétjuation.

The fitting parametey; was found to be constant value of 9 for soils Withalues in
the range of 8% and 15.5%. The valueuohowever increases linearly on semi-
logarithmic scale with increasing value following the given relationship in (2.19)

and in Figure 2.15.

u=9 for 801, (%415.5
0.0903( , ) (2.19)
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Figure 2.15 :Relationship between plasticity inddy.and the fitting parametex,
(Oh and Vanapalli, 2009).

27



2.6 Summary

Significant advances were made during the last Harsy towards better
understanding the engineering behavior of unsadrabils. These studies have
contributed to develop theoretical frameworks, expental methods and
constitutive models including the numerical teclueis, This chapter provides
litreature review to introduce key unsaturated so#ichanics concepts and relevant
background that is necessary for the proposed nesdehe effective stress concept,

the role and meaning of suction for unsaturateld smidSWCCare also defined.

The focus of the research presented in this theslgected towards proposing tools
for interpreting and estimating bearing capacity saigle pile foundations. The
carrying capacity of single piles in unsaturatetissis signficantly influened by the
shear strength behavior. Due to this reason, tilezaeview focus has been directed
towards providing more background on shear streofytinsaturated soils both under
drained and undrained loading conditions. The meseshear strength theoretical
background information has been used for develofiiagemi-empirical modified,

L and A methods for estimating the shaft bearing capaoitya single pile in

unsaturated soil conditions. These details aresanzed in Chapter 3.
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3. THEORY

3.1 Introduction

Design procedures for many soil structures in catwaal geotechnical engineering
practice are based on theoretical methods (i.@estpability analysis and design of
retaining walls). Acceptable theoretical methodsuse in practice for the design of
pile foundations however are still not availabledtde (Douglas, 1989; Jardine et al.,
2005; Lehane et. al, 2012). Several practicingrezgyis believe that the load versus
displacement behavior and the ultimate bearing @gpaf pile can be determined

with certainity only by performing in-situ load tegClausen, 2001). Terzaghi and
Peck (1967) also stated that théheoretical refinements in dealing with pile
problems are completely out of place and can belysanored”. Such a statement

by these eminent geotechnical engineers clearlyodstrates the gaps in the

measurements and the theoretical predictions eflq@havior.

Poulos (1989) in his Rankine address summarizedcse study published by
Douglas (1989) in the Fifth Australia—New Zealamhference on Geomechanics to
highlight the differences in field studies resubiad computed theoretical and
modeling results of several investigators. Thisdgtwas an open competition of
investigation inviting geotechnical engineers toedict the load-displacement
behavior of two instrumented precast piles; ongairi25m depth into a clay layer
underlain by very dense sand, and another piledhaén to a depth of 30.5m of

dense sand layer.

Figure 3.1 summarizes the comparisons betweenrddicped and the actual load-
displacement behavior of the longer pile which iiveh to a depth of 30.5nThe
results of the competition show significant diffeces between the estimated and
measured load versus displacement behavior okaopinany of these investigators.
This study clearly highlights the limitations iretlestimation of the pile performance

based on theoretical studies by geotechnical eaggne
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Design codes of many countries encourage testiagtdbin 10 piles on construction
sites because of the limitations in the reliablenestion of pile performance from
empirical, theoretical and computer modelling stsdiHowever, in-situ pile testing
in many cases is not possible due to high cospsamtical limitations of the site for
conducting the pile load tests. The practical acdnemical limitations encourage
researchers proposing empirical, analytical or mgak techniques for reliable

prediction of the load versus displacement behaiqiles (Lehane et al., 2012).

4000

3000 A Maximum prediction

Measured

2000 A

Load (kN)

1000 - Minimum prediction

0 10 20 30 40
Displacement (mm)

Figure 3.1 : Predicted and measured load-settlement behavior
(Modified after Douglas, 1989).

The load versus displacement behavior of piledagey soils was studied by several
investigators during the last 50 years (Tomlinsd®57; Chandler, 1968;

Vijayvergiya and Focht, 1972; Burland, 1973; Meydrhl976; Kraft et al., 1981;

Dennis and Olson, 1983a; Semple and Rigden, 198dd®&ph and Murphy, 1985;

Azzouz, 1986; Mochtar and Edil, 1988; Sladen, 19itza, 1995; Kolk and Velde,

1996; Chow, 1996; Jardine and Chow, 1996; Mirz&y719ardine et al., 2005; Gavin
et al., 2010; Doherty and Gavin, 2011a; Doherty &avin, 2011b; Lehane et al.,
2012).

Many studies were also undertaken to better urateisthe performance of piles in
sandy soils (Robinsky and Morrison, 19@3ennis and Olson, 1983b; Briaud and
Tucker, 1989; Toolan et al., 1990; Kraft, 1991; aed et al., 1993; Randolph et al.,
1994; Jardine and Chow, 1996; Chow et al., 1998ahe et al., 2004; Lehane et al.,
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2005; Coop et al., 2005; Igoe, 2011). One of the dgectives of all these studies
was to propose theoretical, empirical or computedeting procedures for
estimating the ultimate load capacity of pile oe fbad versus settlement behavior

using the in-situ pile load tests data.

In-situ tests such as standard penetration testk camme penetration tests are
commonly used for proposing indirect relationsHimsestimating or calculating the
carrying capacity of piles in soils. These tests tgpically perfomed during the dry
season because of their relative ease in compatsather seasons. The solil is
typically in a state of unsaturated condition dgrithe dry season. However, the
interpretation of the test results is based on entwnal soil mechanics principles
assuming the soil is saturated. In other words,irifleence of capillary stresses on
the load versus displacement behavior of pile fatiods is ignored for soils that are
in a state of unsaturated condition. As discussethé earlier chapters, the key
objective of the present thesis is to propose smplocedures for engineering
practice applications for reliable interpretatidrtioe load carrying capacity of single

piles considering the influence of capillary stess@.e. matric suction).

This chapter provides a theoretical backgroundaooiventional procedures used for
estimation of the load carrying capacity of singides in saturated soils. These
procedures are modified such that they can be tag@ty account of the contribution
of matric suction for interpreting model pile tesperformed in a laboratory
environment. Focus of the studies presented in thesis is directed only to
understand the shaft resistance of the single jldsoth coarse and fine-grained

soils.

3.2 Pile Foundations

Pile foundations are preferred in compresible sailth relatively low bearing

capacity that are also susceptible to settlementilpms. These foundations typically
provide better solutions in comparsion to shallosundations. Piles are also
preferred as foundations for problematic soils sagkexpansive and collapsible soils
(Prakash and Sharma, 1990). They are also commmdgl as foundations where

stability problems due to erosion or liquefactiarigntial are likely.
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In many scenarios, pile foundations can carry tygesstructure loads safely as an
end bearing and/or friction piles. The ultimate ribgg capacity of a single pile is
derived from the combined contribution of the @leaft skin friction,Qr and the end

bearing resistance€,.

Several semi-empirical methods were proposed ifitdr@ature to estimate the shaft
load carrying capacity of single piles. These méshare derived based on the results
of a large number of field pile load tests perfodmia different soils. The most
commonly used semi-empirical methods in geotecheiegineering practice are the
a method which is based on the total stress appro8kbmpton (1959), th@&
method extending the effective stress approachlaBdr(1973) andhe A method,
Vijayvergiya and Focht (1972).

3.2.1 Piles in clay

For saturated cohesive soils, the short-term bgacipacity of piles is critical

because the strength of clay typically increaseth wespect to time due to
consolidation or strength regain of disturbed sdilse most popular approach used
in practice for short-term bearing capacity evabarat(i.e. to estimate the shaft
capacity) for piles in saturated clays is tbremethod extending the total stress
approach (i.e¢= 0 concept). The key parameter used in the e8timaf the shaft

resistance of piles is the average undrained stissngth(c,). The other parameters
that influence the short-term bearing capacity lays are the undrained shear
strength ratidc,/d'y), stress history (i.€OCR effect), strain softening effect related

to pile length(L) and pile slendernesk ( D ratio).

Some recent studies question the validity of udimg total stress approach in
engineering practice. The need for using a traorsali approach from total stress to
effective stress approach is encouraged for r@iabtimation of the ultimate bearing
capacity of piles in clays (Mochtar and Edil, 1988)

3.2.2 Piles in sand

The effective stress approach known as fhenethod is commonly used for
cohesionless soils to calculate the unit shaftitncmobilized at failure conditions.
The mobilized shatft friction on the pile is depentden the relative density of sand
and stress level (Robinsky and Morrison, 1964; Negt 1959). The shaft
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resistance of piles placed in sand can be betterpreted knowing the local shear
stress along the pile shaft (Jardine et al., 2005).

Instrumented pile tests (i.e. model and in-sitisjelsave been used to measure radial
effective stress changes and the local shear stessdoped along the pile shaft. The
radial effective stress at failure’,s, and the interface friction anglé, controls the
unit shaft resistance following the Mohr-Coulombiuige criterion (Jardine et al.,
2005).

3.2.3 Model pile load tests

The in-situ pile load tests provide reliable inf@atmn with respect to the load versus
displacement behavior. However, the high costscestsal with conducting full-scale
pile tests taking account of the variability of tfield conditions make them
impractical for conventional research studies (Atdtlib, 2001). Due to this reason,
model pile tests are conducted under controlledditioms in the laboratory to
evaluate the effects of different parameters ssctha soil type, loading history, pile

material properties, shear strength and stateedst

Table 3.1 summarizes the model pile and the tegtdanensions used to understand
the load-transfer mechanism and the various pammeéifluencing the behavior of
piles. One of the major problems associated wighpite model studies is related to
the boundary and scale effects since the laterahdmries of the testing tank can
affect the stress and displacement behavior intésted soil. Studies by several
investigators have shown that the boundary effie¢isence will be negligible if the
soil tank has a diameter of about 15 times the gitneter in which the test is
conducted (Vesic, 197MRobinsky and Morrison, 1964Cooke and Price, 1973;
Randolph and Wroth, 1978). However, more receMbyyoral et al. (2005) reported
that the test tank-to-pile diameter ratio of 10responds to an optimal testing tank
size that minimizes the effect of the boundaries wuthe lateral forces measured on
the pile.
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Table 3.1 :Dimension characteristics of model pile tests.

Testtank  Model pile TtEOSt 'i[ﬁ;nk
Reference diameter diameter L/D op
diameter
(mm) (mm) :
ratio
*Vesic (1963,1964) 2540 50.8-171.5 6-20 15-50

*Tan & Hanna (1974)

Hanna & Tan (1973) ©10% 610 15.7-38 47-113 16-39

*Das et al. (1977) 457 x 610 25.4 12 23

*Chaudhuri &
Symons (1983) 1100 25.4 -50 26-52 22-43

*Kerisel (1964) 6400 40-320 22175  20-160
Robinsky & Morrison o1« 291 505375 25135  24-13

(1964)

Shin et al. (1993) 457 x 457 25.4 10-15 18
Al-Mhaidib (2001) 450 30 15
Mayoral et al. (2005) 510 51 5 10
Nanda & Patra (2011) 750 32 10-30 23.5

* adapted from Kraft et al. (1991)
3.2.4 Piles in unsaturated soils

The load bearing capacity of piles measured fromitin load tests has been found to
be typically higher in comparison to estimated ealdrom analytical or empirical
methods conventionally used in engineering practieeulos, 1989; Douglas, 1989;
Jardine et al., 2005). Such results can be dueh¢o underestimation of the
contribution from the shaft resistance along thaglle of the pile (Poulos, 1989).
This behavior in part can be attributed to neghectthe contribution of matric
suction and its influence on the soil-structureeiifice properites on load carrying

capacity of piles.

The in-situ and model pile tests suggest that sévyearameters such as the soil
compressibility, the development of initial skicfron, the loading history, the shear
strength and the pile material properties influetioe load carrying capacity and
deformation behavior of a single pile (Law, 1982pwever, there are limited studies
reported in the literature that consider the infleee of matric suction on the load
carrying capacity of both shallow and deep fouradeti(Oloo et al., 1997; Douthitt
et al., 1998; Georgiadis et al., 2002; Costa et 2003; Georgiadis et al., 2003;
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Mohamed and Vanapalli, 2006; Vanapalli et al., 208@mid and Miller, 2009;
Hossain and Yin, 2010; Gurpersaud et al., 2013).

In the present study, modifications to the conwerdl a, § and A methods are
proposed to estimate the shaft bearing capacigingfie piles taking account of the
influence of matric suction. The modified S and A methods are similar to the
conventional techniques used in the design of piegeotechnical engineering
practice. There is a smooth transition between rimified and conventional
methods and the proposed modified equations wheem#tric suction value is set to

Zero.

3.3 Bearing Capacity of Friction Piles: Basic Mechanisma

The load carrying capacity of a pile arises frora tontribution of end and shaft
resistance, irrespective of whether the pile is leearing or friction pile (Fig. 3.1a).

The shaft resistance contribution arises along éhtre length of the pile-soll

interface. The load transfer mechanism betweepitaenaterial and the surrounding
soil has a significant influence on the ultimatergiag capacity of pile load (Vesic,

1973) (Fig.3.1b).

The shaft resistance or the skin friction is nateassarily equal to the shear strength
of the soil. This can be attributed in part to thariation in the physical
characteristics of the soil that arise during pitallation. In other words, the stress
changes that occur in the soil during the pilealation influence the shear strength
behavior of the soil (Randolph, 1985). From sailtsture interaction, the skin
friction that is mobilized between the soil and fike length can considered to be a
function of the adhesion and angle of friction betw pile and soil. Extending this
reasoning, the shaft resistance has been suggesteie a functional relationship

(3.1) as given below:
f,=f(o,.¢.c,) (3.1)

This form of equation explains the fact that thefshesistance can be analysed
either in terms of total stresses or in terms déative stresses considering the
undrained and drained loading conditions, respelstivin total stress analysis since
the drainage is not allowed, it is assumed thay timt undrained shear strength is
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developed along the pile shaft for fine-grainedissoDn the otherhand for the
effective stress analysis, the effective stress@s gignificant importance since the
cohesion component of shear strength is close tequal to zero due to the

remolding and softening effects along the pile shaf

The local shear stresses at failure acting on tlee ghaft, «, follow the simple

Coulomb failure criterion for coarse-grained soils:
I, =0, tand, (3.2)

where: d'ys = the horizontal (lateral, radial) effective sgeacting on the shaft at
failure anda = the interface angle of friction. The shaft capacan be estimated by
integrating local shear stress over the exterrlal grea. Jardine (2005) showed that
in clays; as well as sands, the local shear failsralso governed by the Mohr-

Coulomb effective stress interface friction lawgagen in (3.2).

Thus, pile-soil interface strength of the frictibrapacity of a pile is primarily a
function of the effective lateral pressure betwésn pile wall and the surrounding
soil. These pressures are affected by the verticdllateral effective stresses in the
soil prior to installation and by the pile instaiten and loading stages. The secondary
factors influencing the capacity of the pile inauthe soil composition, roughness of
the pile and rate of loading (Bea, 1975).

Model tests have shown that the load-transfer Hehat the pile shaft takes place in
a shearing zone of a thin interface zone (Fig. ®f3th is surrounded by a soil mass
that remains largely undeformed with minimum defations and limits the shear-

induced volume changes in the interface zone (Lelaud White, 2005). Change in
lateral stress on the pile shaft arise from changeslume of the shear zone and
will increase with increasing level of confinemgmbvided by the surrounding soil

(Fig. 3.4).
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Figure 3.2 :(a) End bearing and friction pilef)) Local shear stress mechanism at
the soil-pile interface (modified after Vesic, 1973

For slip to occur, a radial displacemedt, must develop in the thin interface shear
zone in similar in magnitude to the average peakeogh centre-line roughness of
the pile surface. This is approximately around ho2for lightly rusted steel piles.
This displacement induces a reactive change irstine@unding soil mass causing a
radial effective stress changéy',, which is inversely proportional to the radiusr Fo
piles with diameters greater than 1m the radiat@iVe stress changeld’,, may
contribute to the bearing capacity with less th&h However, it is important for
medium-scale piles and can significantly dominateliehavior of small model piles
(Jardine et al., 2005).
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3.4 Empirical Methods for Predicting the Shaft BearingCapacity of a Single
Pile: Saturated Condition

The conventionaky, S andA methods can be summarized in dimensionless form
(3.3a-c)(Randolph, 1985). This form explains the important@inderstanding the
influence of the parameters S andA carefully such that they can be used with a

greater degree of confidence in practice for estimgahe load carrying capacity of

single piles.
a :% (3.33)
,8:% (3.3b)
=5 :SZCU (3.3¢)

3.4.1 Shatft friction in terms of effective stresseg Method

Chandler (1968%uggested that the lateral effective stresseseigtbund control the

magnitude of pile shaft friction when rates of Imadare slow enough to ensure
drained conditions in the clay along the pile sh&fhen the pile is subjected to axial
loading, a relatively narrow clay zone deforms doighe simple shear around the
pile shaft (Chandler, 1968; Cooke and Price, 18(8Jand, 1973). When the rate of
loading is slow, drained conditions are going tadbeninant along the pile shaft. The
following simple relationship (3.4) can be usedreate the drained strength of the

clay around the pile shaft:

r=Cc+o, tang (3.4)
where,7; = drained strength on the failure plane at failurg¢,= horizontal effective
stressd = interface friction angles' = effective cohesion.

The expression given below for estimating the wtienfriction resistance per unit

areafs
f,=c + Ko, tang (3.5)

where K, and o, corresponds to the the mean values along thesipil:.
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The validity of the given equation was verifidf@m pile test results performed in
London Clay by several researchers (Skempton, 1BB#jngton, 1961; Frishmann
and Flemming, 1962; Whitaker and Cooke, 1966; Butlet al., 1966).

However, it was observed that this method givesoaarestimated shaft friction
results for bored piles in London clay. The effettoftening due to remoulding and
change in effective stress parameters were stuaftedvards and it was concluded

that the cohesion term is reduced to zero whilectiffe internal friction angley is

not affected remarkably. Thus, (3.5) takes theofeihg form (3.6) for shaft friction

in normally consolidated clays:
f.=K o, tang (3.6)

In 1973, Burland presented an approach for calcigdhe shaft resistance of piles in
clay extending the simple effective stress prireigdased on the following

assumptions:

(1) Excess pore pressures are considered to be coitgptissipated before
loading.

(i) Drained conditions are available during loading daethe thin layer of
disturbed zone,

(i)  Effective cohesion is negligible due to the remwddieffect during pile
installation regardless of the pile type.

In the light of the above discussion, shaft frintialong a pile,fs at any point
including the soil-structure interface angfas given by (3.7):

f.=K o, tand (3.7)

The given equation can be expressed in nondimessionm using an empirical

factor, proposed by Burland (1973) as follows in (3.8):

=% =K, tano’ (3.8)

\Y

where = Bjerrum-Burland coefficient, it can be cleasigen thap is a function of
earth pressure coefficieit, and effective angle of friction between the soitldhe

pile shaft,d.
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Burland (1973) had extended the given relationgbipestimating the local peak
shatft friction as given in (3.9). This approachusmsss a linear relationship between

the shaft resistance at static failure and théaireffective overburden pressure, .

Q = f,x A=Y " K(c\)tand (zdL) (3.9)
where 8 =K, tand
fo=po,
= f,xA =" B(o')(rrdL) (3.10a)

Assuming a linearly increase in stress distributiddong the pile shaft, the average

vertical stress along the pile &sz'z%, in which y’is the effective unit weight of

the soil. Therefore, (3.10a) can be rewritten ie fbllowing form as given in
(3.10Db):

Q :zl( o, )(md) Z,B( j(ndL) (3.10b)

The shaft resistance is approximately proportidoatlepth if 8 is assumed to be

constant value (Fig.3.5a). The pile test resultamited by Burland (1973) based on
a wide variety of clays shows a remarkably smadittec (Fig.3.5a) giving a mean

value of 0.3 for the8 parameter for normally consolidated clays.
Murphy (1985) and later Burland (1993) also con®dethe stress history of clays

and interpreted the relationship betwegnand undrained shear strength ratio,

c,/o,. It has been shown th#tvalue increases with an increase in the o,

(Figure 3.5b).In other words/ value is lower for lightly consolidated or nornyall

consolidated clays than the values for over codat#d clays. Burland (1973) and

Meyerhof (1976) suggested the correlation ,éls(l— singd) tanyy OCR Y in order

to include the effect of overconsolidation ratitoithe calculations.

For sandsfs values were estimated according to suggestionse rbgdMcClelland
(1974), Meyerhof (1976), and API (1984) using thieinal friction angle of sang,
and the soil/steel friction angley. For driven piles in sand McClelland (1974)

suggested values of 0.15 to 0.35 for compression and 0.10.24 for tension shaft
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resistance of driven piles in sand. Meyerhof @)93roposed3 values of 0.44 to

1.20 for soils with a friction anglep in the range of 28to 37. APl (1984)
recommended the correlation q$’=0.7tan(qd—5°). Briaud and Tucker (1997)

estimatedf values from the relative embedment of the pile #mel frictional
resistance of the soil/pile interface and the typpile installation. For bored piles in
sand Meyerhof (1976) proposgdvalues of 0.1 to 0.35 for soils with a frictiongha
@ in the range of 33to 37.

The shaft friction depends on the compressibilitghe soil, the original horizontal
stress in the ground and on pile type and shapaeker, the changes in lateral earth
pressure coefficient; and in the interface characteristics, damong the pile shaft
are generally not known after the pile installatibhe appropriat# values therefore
can be determined by back-calculations from pibadltest results if effective stress

conditions along the soil/pile interface are known.

3.4.2 Total stress analysiseg Method

Effective stress approach can be used for all typiés (i.e. for sands and clays),
whereas the total stress approach is used for pilsaturated clays considering the
critical short-term design parameters (&= 0 concept).Total stress approach is an
empirical method based on simple in-situ and lalooyatests with correlations. The
adhesion that arises between the pile and sgiplays a prominent role in the
calculation of the shaft resistance of piles inyslaarried out in terms of total
stresses. Several national foundation design cates other studies suggest
estimatingc, reducing the undrained cohesiqnby a coefficient that is equal .

The a coefficient represents a fraction of mobilized by the pile-soil adhesion
mechanism. The coefficient; that is named as the adhesion factor is converljona

considered to be an empirical parameter.

Sladen (1991) however has shown that the adheaaiarfa has a theoretical basis
to explain the stress transfer mechanism of |loawister in saturated clays along the
soil and pile interface. It is suggested that lib#h effective and the total stresses at
the pile soil interface is influenced by the sametdrs.
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The mobilized interface strength (i.e. the totaks$) can be explained using the
undrained shear strength as a tool because theohtal effective stress at the
interface can be related to undrained shear stig&hden, 1991)he shaft bearing

capacity of piles in clay can be estimated in teah#otal stresses using the simple

correlation shown in (3.11).

c, =ag, (3.11)

Q = f,xA=)  acmdl

wherec, = the average adhesion between the clay and lhslpft,As = the area of
the pile shaft in the clayy = adhesion factoi, = undrained shear strength= pile
diameterL = pile length. The adhesiog, is related to the average undisturbed shear
strength of clayg, within the depth of penetration of the pile inycla

The above relation states that the shaft resist@adirectly proportional to the
undrained shear strength for assessing the shont ¢darrying capacity but is not

equal to it mainly because of the effects of dismce during installation.

Since the early studies by Tomlinson (1957), Skem§1959), Semple and Ridgen
(1984) and Fleming et al. (1985), it became appdteat the backcalculated values
of a from load tests reduce with increasing shear gtrerc, which was also

understood to depend on the sample quality ante#tenethod.

The evaluation ofo was also carried out using series of equationstandesign
charts as a function of undrained shear strengtiny Kerisel (1965), Tomlinson
(1957), Woodward and Boitano (1961), Peck (195&nris and Olson (1983), API
(1974), Sowers and Sowers (1979) and McCarthy (L977Figure 3.6. All the
studies show that the adhesion parametelecreases with increasing soil undrained
shear strength from close to unity to about 0.3uiodrained shear strength higher
than 150 kPa.

In order to simulate the complete stress histora gbil element adjacent to a pile,
including the over consolidation and pile instatlat the adhesion factor is defined

as a function of vertical effective stress and aimd shear strength known as the
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undrained shear strength rati@,/d',). The theoretical derivation of the adhesion
factor shows thatais the function of over consolidation rat@®CR) vertical
effective stres¢cd',), lateral earth pressure coefficient at r@&f), swelling (Cs) and
compression(C;) indices, installation factaik) and the interface friction angl@)(
(Sladen, 1991). All these parameters may be relteshch other by means of the
undrained shear strength raf@/d',).

Several investigators; Semple and Rigden (1984)dBiah and Murphy (1985), API
(1987) and Sladen (1991) over the years proposechulations to define the
adhesion factorg as a function of undrained strength rafm,/ ¢'y) given in Figure
3.7and inTable 3.2.

3.4.3A method

A method that is referred to as thenethod for calculating the shaft capacity of piles
driven into clay has been suggested by Vijayvergiyd Focht (1972) using th#ePI
database.The conventionalA method combines the total (i.e. undrained) and
effective (i.e. drained) stress approaches. Thihatedraws together existing total
and effective stress approaches for calculating pépacity, in a manner, which
reduces the sensitivity of the calculation to theasured shear strength of the soil,
Vijayvergiya and Focht (1970sing the total and effective stress analy§ise total

shaft capacity is calculated using the equatioh2(3.

fs( avg = /1 (0-\'/(avg) + 2Cu ) (312)

whered'yavg) = the mean effective stress along the pile steaft undrained shear
strength along the pile length,= frictional capacity coefficient which is a funati

of entire embedded depth of pile.
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Table 3.2 :Shaft resistance determination from laboratoryngfite data

(modified after Poulos, 1989).

Soil Relation  Remarks Reference
type
a = 0.45 (London clay) Skempton
(1959)
a =1.0 (¢< 25kPa) API
a = 0.5 (g< 70kPa) (1984)
a = 1.0 (¢< 35kPa) Semple &
a = 0.5 (¢< 80kPa) Rigden
(1984)
0.5 -0.5
a= (&j (&,j for (&,j <1
2 % v Fleming
et al.
05 -0.25 (1985)
A2 e (2]
o) \oy gy
-0.5
Clay f,=ac, a=0 5(&] for (&j <1
g, g, Randolph
&
Murphy
-0.25
a= 05(&j for (ij > 1 (1985)
UV UV
R Sladen
@=093 5 (1991)
a=05"° ify<1
— -0.25
a=0.5y if >1 AP
(2000)

where ¥~= c/oy andoy =
vertical effective stress
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The A value varies from 0.12 to 0.5 for pile penetratadrO to 70 m for the 42 piles

load test data gathered and presented by Vijayy&nd Focht (1972). Thevalue
is a function of pile length which can be deterndifieom Figure 3.8 for estimating

the load capacity of piles in-situ. The researcta dmalysed Vijayvergiya and Focht
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(1972) is revisited and plotted differently as #atienship between thd and the
ratio of pile diameterd to pile penetration depth, (Figure 3.9). A best-fit linear
curve is plotted through the data which exhibithescatter.

0.0

N
o
!

Pile embedded depth (m)

60

Average trend
o ® Testpile data

Figure 3.8 : Frictional capacity coefficient} vs. pile penetratiort,
(modified after Vijayvergiya and Focht, 1972).
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Figure 3.9 : Relationship between the variationbtoefficient and the ratio betwee
pile diameter, d to pile penetration, L (data freifayvergiya and Focht, 1972).
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3.5 Extending the Unsaturated Shear Strength Equationdr Predicting the
Shaft Bearing Capacity of Single Pile in Unsaturate Soils

3.5.1 Modified 8 method-effective stress analysis

In the case of unsaturated conditions, a genegaiession for estimating the shaft
resistance of piles in unsaturated sa@s,with the contribution of matric suction

can be expressed as shown in (3.13):
Qf (us) = Qf + Q%—%) (313)

The contribution of ultimate shaft resistance daeratric suctionQu.wy can be
determined by extending the equation for predicshgar strength of unsaturated
soils in (3.14) proposed by Vanapalli et al. (19863 Fredlund et al. (1996) using
the SWCCand the effective shear strength parameters.

7 =[c +(g, - u,) tang] +[( u, - u,) (S (tany )] (3.14)

where, ¢' = effective cohesiong = angle of internal frictionx = fitting parameter

used for obtaining a best-fit between the measared predicted values, an8=

degree of saturation.

The second part of (3.14) constitutes the sheangtin contribution due to matric

suction as:
I, =[(u,~u,) (9" (tangs)] (3.15)

Extending the same philosophy, the contributiorultimate shaft resistance due to
matric suction, Qu.wy along the pile and soil interface can be estimaiade the
shaft resistance is explained by the shear strethgibry (Hamid and Miller, 2009).

The shaft capacity then will be equakigtimes the surface area of the pie,
Q(ua—uw) = Tus X As (316)

Thus, a general expression for estimating shafsteexce of piles for unsaturated

conditions can be obtained by substituting (3.1#8) €.16) in (3.13) as given below:

Q1= # Q) =A( L |(ra )+ (u - w)(§ @nd )] @l (347
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In the above equation, the fitting parameters provided from the relationships
studied by Vanapalli and Fredlund (2000). Furtheemdn order to determine the
shaft resistance of a single pile by using (3.17atric suction(u, — u,), along the

pile shaft or the average matric suction val(ig,— uy)ayg and the corresponding

degree of saturatioi must be known.

3.5.2 Modified @ method-total stress analysis

Vanapalli et al. (2007), presented a techniquedfgtermination of undrained shear
strength for unsaturated soils as the summatiotwof components as undrained
shear strength for fullgaturated condition and the shear strength conitibbalue to

. suction (3.18).
matric

Cuqunsay = Cy s+ (L= Uy) tangP (3.18)

where, ¢ = the angle of internal friction with respect totn@msuction.

Oh et al. (2009) proposed a model to estimate tidrained shear strength under
unsaturated condition based on the unconfined cesspn test results for saturated

condition and th&WCCalong with two fitting parameters as given in &.1

— (ua ~ UW)
Cu(unsau - CL( sat 1+m( SJ) /,U (319)

where Cysay Cuwnsar) = Shear strength under saturated and unsaturateditions
respectively, v. # = fitting parameters which are the function ofgpieity index, |p.
The term(P,/101.3)is used to maintain consistency with respect todingensions

and units on both sides of the equation.

Thus, a general expression (3.20) for estimatingftshesistance of piles for
unsaturated conditions for total stress analysisbeaobtained by substituting (3.19)

in (3.11) as given below:

_ (U, —u,)
Q = 1+ 22 W& [ |mdL 2
w9 = TCu s (P, /101.3) (3.20)
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3.5.3 Modified A method

The conventionall method modified to propose (3.21) including théiuence of
matric suction in the estimation of shaft resistaraf piles in unsaturated soil
condition by substituting (3.19) in (3.12) as giveiow:

_ (U, —u,)
Qf(us)—/]{aﬁchsa)[l*mg/# rdL (3.21)
where ¢, = the mean effective stress for entire embeddedthe andil = the

coefficient which depends on entire embedded depthe pile.

The form of this equation will be same as the catie@al A method once the matric
suction, (uy - Uy) component is set to zero.(3.21) can also be useaurddict the
variation of total shaft resistance of pil@yus) with respect to matric suction. The
required information using this equation are thalramed shear strength under
saturated conditiorgyayand theSWCC.

3.6 Summary

Several semi-empirical methods were proposed iditér@ature to estimate the shaft
load carrying capacity of single piles. The mosmomnly used semi-empirical
methods in geotechnical engineering practice extgnthe mechanics of saturated
soils are ther Skempton (1959), thg, Burland (1973) and Meyerhof (197&hdthe

A, Vijayvergiya and Focht (1972) methods. These methwdre derived based on

the results of a large number of field pile loastseperformed in different soils.

However, the predicted load bearing capacities ksings the developed
analytical/semi-empirical methods show differendesn the bearing capacities
measured by the in-situ load tests which is madhlg to the underestimation of the
shaft resistance. This is because the in-situ lpidal test results are commonly
interpreted without taking account of the influermfematric suction although the
pile load tests are commonly performed on the gbas are in a state of unsaturated

condition during the dry season.

In the present study, the modification to thesehod$ are proposed to estimate the
variation of ultimate shaft capacity of single gilaith respect to matric suction
using theSWCCand the conventional shear strength parameteexeTil a smooth
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transition between the modified and conventiangf andA methods once the matric
suction is set to zero. The main objective of theppsed modified methods is to
implement the unsaturated soil mechanics into cotiwmeal geotechnical practice by
introducing simple and reliable techniques.
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4. ESTIMATION OF THE SHAFT BEARING CAPACITY OF MODEL
TEST PILES IN NON-PLASTIC UNSATURATED SOILS

4.1 Introduction

This chapter provides details of a technique tarege the contribution of matric

suction towards the shaft bearing capacity of girgles in compacted unsaturated
coarse-grained soils. This technique is proposédguihe results of test program
performed on a series of model test piles in twitedint sands. The key objectives
of the study summarized in this chapter include:

« To assess the carrying capacity of single pileseuiension and compression
loading conditions.

* To evaluate the relationship between 8WCCand the shaft bearing capacity of
a single pile.

* To develop a simple technique to estimate the Hadt earing capacity of a

single pile by using th8WCCand the saturated shear strength parameters.

Some experiments presented in this chapter on mubkeltesting were originally
intitated under the supervision of Prof. Eigenbesdl Prof. Vanapalli at Lakehead
University. This research was continued and supedviby Prof. Vanapalli, after
Prof. Eigenbrod passed away. Further investigatiorese undertaken at the
University of Ottawa and supplemented in the presardy to interpret and estimate
the shaft resistance of test (model) piles in twieent sands under saturated and
unsaturated conditions under the supervison of. Rfa@hapalli. In addition to model
pile load tests, other tests that include CPT agtérchination of the shear strength
behavior of the soil and the soil/steel interfasesre performed along with the

measurement of total stresses, pore water pressun@snatric suction.

The test results show that the shaft resistangeled increases both in compression
and tension due to the contribution of matric suctiThe conventiongls method

originally proposed by Burland (1973) is modifiea include the contribution of
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matric suction and used for interpretation of bhegcapacity of single piles tested in

unsaturated soils.

4.2 Model Pile Testing Program: Equipment and Methodolgy

A specially designed test tank was used in thearebeprogram for vertical loading
of the model pile in compacted coarse grained ddobdel pile load testsvere
performed for compression and tension loadings usatirated and unsaturated soil
conditions. All the required data related to thel swoperties, shear strength
parametersSWCCand suction measurements were also collected gltinem testing

program for interpretation of the model pile tesgtults using the modifiegimethod.

4.2.1 Soil properties and equipment details

The test tank used for conducting the model pitstdashe dimensions of 2200
mm in width, 4400 mm in length and 2500 mm in heidHnis was divided into two
smaller units as A and B by a timber lagging atdéetre of the tank length. The soll
sample was placed in tank A. Tank B was initiadift empty and is used to add and
remove water for saturation and desaturation psooethe compacted soil in tank A.
The capillary stresses of the compacted soil ik fartan be controlled by changing
the height of the water in tank B (Figures 4.1 4rf).

Soil # 1 is well graded silty sarahd Soil #2 is poorly graded commercially available
washed concrete sand. The soil was placed in gigdek A in layers of 150 mm
thickness and compacted with a vibratory plate caetgr. The compaction process
was consistent for all the layers in the test boa an average dry density of 104%
and 100% of the optimum was achieved respectivalysiity sand and clean sand.
The density of the compacted soils was checkedhduslacement using a nuclear
densometer and sand cone. The compaction curvémfiorsoils (Soil #1 and Soil #
2) are shown irFigure 4.3. Table 4.1 summarizes the propertigh®fsoils used in

the test program.
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Table 4.1 :Properties of the tested soils.

Property Soil #1  Soil #2
Sand (%) 58 100
Silt (%) 42 -
Clay (%) - -
Soil friction angle,¢’(°) 40 40
Effective cohesiong (°) 0 0
Soil-steel interface frictiond) 36/28  24/22
Optimum water contentyop: (%) 1250 12.20
Maximum dry unit weightyary.mas (KN/m®) ~ 18.70  18.95
Total unit weightyora, (KN/m®) 21.00 19.70
Saturated unit weighsa (KN/m?) 22.00 21.50
Placed water content; (%) 8.50 6.50
Placed dry unit weighty (kN/m?) 19.40  18.90
Degree of compaction, (%) 104 100

4.2.2 Instrumentation

The applied force and the displacement on the mpitkelwere recorded during the
test through a data acquisition systéDAS) Tensiometers, pressure cells and a
vibrating wire piezometer were used to collect daaing testing. Commercially
available jet fill-type tensiometers were instalidhree levels in the soil at 300 mm,
600 mm and 1200 mm below the ground surface (Figukgto quickly and reliably
measure the matric suction in the range of 0 tkPa. Total pressure cells were
installed at four different elevations along thektavall. A vibrating wire piezometer
was placed in the tested soil with the tip locaé¢dl067 mm below the ground
surface to measure pore water pressures in thelgoig the fluctuations of water

levels.
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4.2.3 Pile properties and installation

Blank stainless steel and coated mild steel opeh ppe piles of 65 mm outer
diameters were jacked to an embedment depth of &@86Grom the ground surface
(Figure 4.1). The piles were not instrumentedthe following section, only the
results from the stainlessteel pile will be presented as the mild steel pile
experienced corrosion along the shaft in spite hif protective coating, which

resulted in an uncontrollable change of interfduaracteristics.
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A load frame with 10 ton capacity was used for milstallation and testing. Figure
4.4 shows the test setup for the loading of thespih compression and tension,
respectively. The penetration resistances measatretaximum depth of 1350 mm
during the installation of the blank stainless kspéle in Soil # 1 and Soil # 2 was 13
kN and 21 kN, respectively (Figure 4.5a-4.5b).

The plug formation during the pile installation wasorded in both soils. In both
soils plug length was less than 400 mm which hasgldped after approximately 400
mm of pile penetration. They remained constantl @0 mm of penetration in Soil
# 1 which is silty sand in nature and until 900 mn%oil # 2 which is clean sand. At
these points the plugs moved again, gaining apprataly 20 mm in length but
remained constant during continued penetrationough¢ final pile depth of 1350
mm (Figure 4.6a-4.6b).

Figure 4.4 : Test setup of model pile loading of pile in comgiea and pile in
tension.
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Figure 4.5 : Penetration resistance during installation of $tas steel pipe pile (a)
in Soil # 1 and in (b) Soil #2.

After the pile was installed at the desired defk,soil inside the pile was removed
with a hand auger and a void was created belovioi®f the pile by augering to a
depth of approximately 200 mbelow the pile toeMuch care was taken to expand
the void laterally beyond the pile shaft dimensiohise loosened soil was removed
with a vacuum hose inserted into the hollow pildeTvoid below the pile was

visually inspected with a flashlight for proper Is@@moval. The intent of the void

below the pile toe was to eliminate the toe resms#aduring compressive loading,

thus permitting direct measurement of shaft restdan compression and in tension.
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Figure 4.6 : Plug length vs. pile penetration during installataf stainless steel pipe
pile in (a) Soil #1 and in (b) Soil #2.

4.2.4 Saturation and desaturation process

The compacted sand in the test box was saturatedding water in test tank B and
increasing the water level up to the ground surf&absequently the water level was

lowered in the test tank B by pumping.

4.2.5 Testing program and pile testing procedure: ethodology

A series of model pile tests were performed in tifberent compacted sands for
both saturated and unsaturated conditions undetio@d conditions. Four different

sets of test were conducted and the results wesepted for Soil #1 as follows: Test
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No.l: Unsaturated condition, Test No. 2: Saturatmhdition, Test No. 3:
Unsaturated condition which was performed after week. Finally Test No. 4 was

performed with the new pile installation in unsated soil condition.

Three key tests were conducted on Soil #2. TestIN@insaturated condition, Test
No. 2: Unsaturated condition, the pile was testgdira after a period of 4 days.
Finally the soil was saturated and Test No. 3 wadgopmed under saturated
condition. A total of seven pile tests with sevaratles of compression and tension
were performed during this study. The pile was atpdly tested, alternating
between tension and compression which resultedbimirwously decreasing shaft

capacities.

The piles were tested in axial compression anddansy loading in increments of
approximately 20 N up to the point at which no liert load increment could be
sustained (Figure 4.7). Each load increment wad batil the rate of movements
decreased to zero. After reaching the maximum susike load, which was defined
as failure load, the piles were unloaded in twpsteack to zero. After a pause of at
least four hours the next load test was carried datally a testing set was started
with a compression test, followed by a tension. telstximum loads were reached in
Soil # 1 after 1 to 2 mm movement and in Soil #t2ra3 to 4 mm. In Soil # 1 the
shaft resistances in compression were generalgetathan in tension, whereas in

Soil # 2 the opposite was the case.

Immediately after the compacted soil was placethentest tank and during the pile
testing, the coefficient of lateral earth pressitgyalues were measured in the test
tank by using the total pressure cells installetbat different elevations along the
tank wall. The measured horizontal stresses inetkamost linearly with depth
resulting in earth pressure coefficients of apprately 0.7 for both soils in terms of
total stresses. No total stress changes were retahdring testing by the load cells
that were installed in the walls of the test tank.
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Figure 4.7 : Typical load deformation curve for pile in compiiessand tension for
Soil#1 ( Test Series 1 "xycle ).

4.3 Experimental Results

4.3.1 Laboratory pile load test results

For each test, the maximum initial loads and theximam loads that were
experienced after the last load application arevshfior compression and tension.
The results of the pile tests that were accompabiedensiometer readings are

summarized for Soil #1 and Soil #2 in Figure 4.8 anFigure 4.12.

For both soils, the test results show that the tskapacities in tension and
compression decreased during the repeated loddirgch case, it was apparent that
the cavity below the pile toe had collapsed afterwater table had been raised to the
soil surface. This was confirmed from the obseoratiof soil movement into the
hollow pile shaft which contributed to the develagrh of some end bearing. In
addition, the soil portions adjacent to the lowie ghaft had loosened up, resulting
in a decrease of the shaft capacity. In both célseshaft capacities in tension and in
compression decreased during repeated loadinglasitd observations reported

previously, for example by Poulos (1989).

4.3.1.1Silty sand-Soil No.1

Tests were carried out by varying (raising/lowe)ingater levels representing the

saturated and unsaturated conditions. Four diffaests were conducted for Soil #1
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as follows: Test 1: unsaturated, Test 2: saturdtedt 3: unsaturated again and tested
after one week, and finally Test 4: the new pilatation.

Referring to Figure 4.8, the pile shaft bearingawdjies obtained in Test No. 2 are
considerably lower than the results obtained int Nes 1 after the soil was saturated
by raising the water table level to the ground acef Such a behavior was
anticipated on the basis of the associated deciaasféective stress. Subsequently,
the water table was lowered again. Surprisinglg,glte tests which were carried out
one week after the water table lowered and was thedbase of the pit (Test No. 3),
resulted in capacities that were only slightly ghhan those observed during

saturated condition in compression and even lowégnsion.

After the water table had been raised to the aailase it was apparent that the
cavity below the pile toe had collapsed and thdtlssed moved several centimetres
into the hollow pile shaft. It can be visualizedtttdue to this process some end
bearing had developed and that the soil portiofecadt to the lower pile shaft had
loosened up, resulting in a decrease of the slagfaty. This may explain the low
shaft capacities measured in Test No.3 after mpiaimd lowering of the water table.
For this reason, the pile results of Test No. 2 &est No. 3 are considered not fully
comparable to Test No. 1. Hence, the pile was remi@nd subsequently reinstalled
about 0.6 m away from the original location. Théseguent load tests (Test No. 4)
after the new pile installatiprshowed slightly higher capacities than Test No. 1,
reflecting the slightly densified conditions due tioe effective stress changes
experienced during the preceding water table fatobns.

After completion of the testing program in Soil #sand was removed from the tank
with the pile in place and samples were taken ftbm sand along the pile shatft.
Thin-sections from these samples identified a cotmagon of fine particles within a
zone of 1 to 2 mm adjacent to the pile surfacewel as orientation of elongated
particles parallel to the pile shaft. This indicatkat the soil conditions had changed
along the pile shaft as a consequence of instalimgj testing of the pile. Such a
behavior will influence the friction angle of theilssteel interface required for the
determination of th¢g parameter. More discussions on thearameter will follow
later in the chapter.
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Figure 4.8 : Summary of pile test schedule and results for &hil

Figure 4.9 and Figure 4.how the matric suction and pore water pressureges
(expressed in terms of piezometric head above pietr tip) with time within the
soil observed during raising and lowering the watdsle in tank B. The matric
suction values measured in Soil # 1 immediatelgrgitacement in the test tank were
14 kPa, 15 kPa and 14.5 kPa at depths of 300 mifa, @ and 1200 mm,
respectively given in Figure 4ifdicating an approximately uniform suction profile
along the pile shaft. After completing Test No.luimsaturated condition, water table
was raised to the ground surface by adding wattnhk B to saturate the compacted

soil sample in tank A and subsequently lowered doying.

A time delay of 14 hours occurred between the fuater table in pit B and the
equalized pore-water pressure in the soil. Theydb&ween free water table and
response of the tensiometers (Figure 4.9) was eshttan that for the piezometer
readings (Figure 4.10). The time span betweerptiet when a stable free water
surface was established and the point at whichlestedpillary stresses or matric
suction values were achieved was approximately @@rsh At fully saturated

condition, the matric suction values from the thregpective tensiometers were in

the range of 0.9 to 1.5 kPa.
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4.3.1.2Clean concrete sand-Soil No. 2

Three key tests were conducted using Soil #2. Nest1 was conducted under

unsaturated condition. After a period of 4 days flle was tested again under

unsaturated condition (Test No. 2), and finally soé was saturated and tested (Test
No. 3).

In Soil # 2, the pile was repeatedly tested, aiteng between tension and
compression. Changing the direction of loading lteduin continuously decreasing
shaft capacities from 2.2 kN after the first logmblecation to 1.7 kN after the sixth
load application in compression and, respectiviebm 3.1 kN to 1.9 kN in tension
for Test No. 1 (Figure 4.11)After a period of 4 days waiting, the pile was sttel
(Test No. 2). The shaft capacities of the pile ampression and in tension had
decreased further to 1.5 kN and 1.6 kN in compoesand tension respectively at

the end of the first cycle load application.
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Figure 4.9 : Changes in capillary stresses (matric suction)nguraising and
lowering the water table (Soil #1).
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Figure 4.10 :Pore water pressures measured with piezometed&f in below
ground surface during raising and lowering of ttee fwater table in pit B (Soil #1).

The matric suction values measured in Soil # 2 idiately after placement of the
soil sample in the test tank was 10 kPa, 11.5 kigal& kPaat 300 mm, 600 mm and
1200 mm, respectively (Figure 4.12)owest value of matric suction value was
measured near the surface and the highest at tger ldepth. Two days before
performing the Test No. 2 water was added to the soface using a garden-
sprinkler resulting in decrease in matric suctiafues at all three tensiometer levels.
The largest decrease was observed near the sucfeareging from 10 kPa to 3 kPa
almost immediately. The smallest change occurreadeatowest tensiometers with 6
hours delay from 18 kPa to 16.2 kPa (Figure 4.I2)e tensiometer readings
increased again when the application of water oshil surface was stopped. The
matric suction values before, during and after wapglication to the soil surface of

Soil # 2 are plotted against depth in Figure 4.13.

Finally, the soil was saturated and the pile wadete again, applying three load
cycles. However, for Soil # 2 in saturated soil dition, only the tensile capacities
were recorded due to the same reasoning in Sdhatlthe cavity below the pile toe
had collapsed when the water table was raised.

67



Legend

1. Cycle 1

3. Cycle

C - Compression
T - Tension

Load (kN)

1

5

C | T
Test 1 Test 2 Test 3

Moist 1 Moist 1 Submerged
(Unsaturated) (Unsaturated)

Placed Dry Unit Weight (18.9 kN/m?)
Figure 4.11 :Summary of pile test schedule and results for &ail
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4.3.2 Cyclic direct shear test results

The shear strength along the soil-steel interfage determined by performing cyclic
direct shear tests at constant normal I§@NL). The shear strength along the soil-
steel interface was measured by placing the upgléohthe shear box (height of 25
mm) on a plane steel plate, filling it with soildaeompact it before shearing at a
specified load along the steel surface. Cyclicdishear tests were carried out to
simulate the load reversals applied during piledltesting Both soils experienced
contractive behaviour during cyclic shearing, whisécame more pronounced at
higher stress levels (Figure 4.14 and Figure 4.B@xticularly for Soil # 1 the
shearing resistances were consistently lower duriogd reversals. Similar
observations had been reported frddNL direct shear tests along sand-steel
interfaces by Hanke (2001) and Lehane and Jard®@4).
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Figure 4.15 :Results from cyclic shearing test along interfatsteel and Soil #2 at
normal stress of 60 kPa.

The direct shear test results of the interfaceteélsand Soils # 1 and # 2 are
summarized in Figure 4.16 and 4.17, respectiv&he friction angles¢’ and o’
determined for both soils and for the respectiviésteel interfaces, are summarized
in Table 4.1.

4.3.3 Determination of the SWCCs

The SWCC (drying curve) was plotted as a relationship betwehe degree of

saturationSand matric suctiorn{(ua- Uy), by using three different methods.

(i) SWCCswvere measured using pressure plate apparatus.
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Figure 4.17 :Shear strength along soil/ steel interface (Sojl #2

(i) The measuredSWCC results were also compared and supported with the
estimated values obtained by using computer softwaoilVision 2000 which uses

the grain size analysis data and the volume-magsepies (Fredlund et al. 2002).

(iif) One-point prediction technique proposed bgndpalli and Catana (2005) was
used to obtairsWCC There are several models based on the fittingecaquations
by using one or more fitting parameters for theedatnation ofSWCC The one
point measurement technique builds up a relatidwden the easily obtained soill
properties and fitting parameters of widely usedatigns and models proposed by
Brutsaert (1966), van Genuchten (1980) and Fredlamd Xing (1994) but only
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needs one experimental data point of matric sucfitwe results will be given within

test results section. There is a good comparistmdas theSWCCsbtained using

all three different methods (Figure 4.18 and Figud®).
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Figure 4.18 :Measured and predicted soil-water characteristieector Soil # 1.
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Figure 4.19 :Measured and predicted soil-water characteristieector Soil # 2.

4.4 Estimating the Shaft Resistance by the Proposed Mdad SMethod

The shaft bearing capacities of the tested pilegsnisaturated soils were calculated

using the modifiegz method (4.1) which has been derived in detaihanfireceeding

chapter.
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Q. = Qi +Q, - =,8(V—2Lj(nd L)+[( u - y)( S (tand’ )]n dl (4.1)

where: 8 = Bjerrum-Burland coefficienty = unit weight of the soill. = embedded
length of the pile, effective cohesioB~= degree of saturatiow = interface friction
angle, k = fitting parameter used for obtaining a best-étvween the measured and

predicted values.

The predicted and measured results are summarmzédhle 4.2 through Table 4.5
for Soil #1 and Soil #2 respectively for comparisoithe contribution of matric
suction to the total shaft resistance was evaluededoth soils using values of
0.24, 0.35 and 0.60 in tension and compression.chbeen range is widely used in
the conventional analyses. Thus, it also appeapgdopriate to obtairnf values
directly from back-calculations of the pile tessults and the vertical effective stress
conditions along the soil/pile interface. The baekculated values can be compared
with the values obtained from the analytical metlisthg the relationship given in

(4.2) and with the values suggested in literature.

B =K, tand 4.2)
whereK, = lateral earth pressure coefficient at rest tiiserved that the choice/f

affects the contribution of matric suction to tiek resistance.

In the present study, matric suction values anit ttagiations were measured by the
tensiometer readings located at three differenthdeim the soil bed of the test tank.
However, the water contents at these locations wetemeasured directly. The
SWCCdata were used as a tool to obtain the correspgrifigree of saturatioig
values at these depths by back calculation whidearately summarized in Table
4.3 and Table 4.5.

Soil #1 -Silty Sand

Table 4.2 :Contribution of matric suction to the total shafsistancgiven with
measured and computed results for Soil #1.

Qf(predicted) Qf(meas).
Test No. (kN) (kN)
B=0.35 B=0.24 £=0.60 -

Q(Ua- Uw) Qf(us) Q(Ua- Uw) Qf(us) Q(Ua- Uw) Qf(us] Qf(sat, unsa

Test 1-UNSAT 1.84 3.11 1.82 2.70 1.82 4.00 4.7
Test 2-SAT 0.0 0.74 0.0 0.51 0.0 1.26 0.9
Test 4-UNSAT 1.82 3.09 1.82 2.70 1.82 4.00 5.1
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Table 4.3 :Measured matric suctions and estimated normalizgdecontents at
various depths for Soil # 1.

Test No Depth Matric Suction  Degree of Saturation

' (m) (Ua- Uw), kPa (S, %)
0.00-0.45 135 0.780

Test 1 0.45-0.90 15.0 0.765
0.90 - 1.30 14.0 0.775

0.00-0.45 1.5 0.985

Test 2 0.45 - 0.90 1.0 0.990
0.90 —1.30 0.9 0.990

0.00-0.45 11.0 0.810

Test 4 0.45-0.90 16.0 0.755
0.90 - 1.30 16.0 0.755

Soil #2 —Clean Sand

Table 4.4 :Contribution of matric suction to the total shafsistancgiven with
measured and computed results for Soil #2.

Qf(predicted) Qf(meas).

Test No. (kN) (kN)
for f=0.35 forf = 0.24 forf = 0.60

Q(Ua- Uw) Qf(us) Q(Ua- Uw) Qf(us] Q(Ua- Uw) Qf(us] Qf(sat, unsa

Test 1-UNSAT  0.057 1.25 0.06 0.88 0.06 1.25 2.2
Test 2-UNSAT  0.056 1.25 0.056 0.87 0.056 2.10 15
Test 3-SAT 0.00 0.71 0.00 0.48 0.00 1.21 N/A

Table 4.5 :Measured matric suctions and estimated normalizgdrcontents at
various depths for Soil # 2.

Test No Depth Matric Suction  Degree of Saturation,
' (m) (Ua- U), kPa S)
0.90-1.30 10.0 0.050
Test 1 0.45-10.90 12.0 0.048
0.00 — 0.45 18.0 0.025
0.90-1.30 8.0 0.060
Test 2 0.45-0.90 10.0 0.050
0.00 - 0.45 16.5 0.030
0.00 - 0.45
(Slﬁfr;fe g 045-080 N/A N/A
0.90-1.30

The estimated shaft bearing capacity values usiagptoposed modified method
given in (4.1) versus the measured shaft capaatieplotted in Figure 4.20. Two
key observations can be made from the summarizadtseas the contribution of
matric suction to the total shaft resistance, dddifference between the measured

and predicted total shaft bearing capacities.
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The contribution due to matric suction to the tathhft resistance was found to be
45%-50% of the total shaft capacity in the Soiw#iich was silty in nature. For Soll
#1 the contribution of matric suction to the shaffistance is approximately 50% of
the measured total shaft resistance for the uretetlicases. However, contribution
of matric suction to the total shaft resistance alasost negligible in Soil # 2 which
was clean concrete sand. For Soil #2, the mateticgu contribution towards shatft

resistance is quite low for unsaturated conditions.

Soil#1-Test 1-UNSAT
Soil#1-Test 4-UNSAT
Soil#2-Test 1-UNSAT
Soil#2-Test 2-UNSAT
Soil#1-Test 2-SAT

mO@®DbD

Silty Sand-UNSAT
3 A A

Estimated shaft bearing capacity (kN)
N

Sand - UNSAT
O [ ]
1 .
Silty sand-SAT
0 T T T T T T T
0 1 2 3 4 5 6 7 8

Measured shaft bearing capacity (kN)

Figure 4.20 :Estimated values versus measured shaft bearingitafi model
single pile tested under saturated and unsatucateditions fors = 0.35.

As discussed earlier this can be attributed to rdq@d reduction in degree of
saturation even with small increases in matricisactalues (Figure 4.19). Similar
rapid decreases in shear strength values wereteepahen degree of saturation
decreased with small increases in matric suctioan@palli et al., 1996). This
behavior can be attributed to the soil approachesidual stage of desaturation. In
the residual stage of desaturation, the sheargitregenerally decreases, especially
for sands and silts (Vanapalli et al., 1996; Vatiapaal., 1998). The water content
or degree of saturation in the residual stage pgctyly low for sands and silts and
may not transmit suction effectively to the soittje or aggregate contact points.
Since the matric suction contribution is the samethe possible estimated shaft
bearing capacities, it can be concluded that tfferdnce between the measured and

estimated shaft bearing capacities can be attdbtbethe f values which are
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dependent on the stress condition of the soil.thisrreason, values were back

calculated to understand the influence of unsatdrabil conditions dependent on

the stress condition of the soil.

4.5 Discussion: Back Calculateg3-values

The difference between the estimated shaft beaapgcities obtained by using the
proposed equation (4.1) and the measured shafhbezapacity values can be due to
the selectedB parameter. TheB value is a function of in-situ stress conditions,
frictional resistance and mode of pile installatiéthough the coefficient of lateral
earth pressure, values were measured in the test tank by usingotiad pressure
cells installed along the tank wall, this does fudlyy define the lateral stress changes

in the shearing zone of thin interface betweerpileewall and the surrounding soil.

Thus, thef values were back calculated from the measuredt stagfacities in
compression and tension (i) for fully saturatedditbon (4.3); (ii) for unsaturated
condition considering the contribution of matricsan (4.4) and (iii) for unsaturated
condition without considering the contribution ofatric suction (4.5) using the

following equations, respectively.

Equation(4.3) is used to back calculate tBevalues from the model pile load tests
performed under the fully saturated soil conditidvesed on the conventionAl
method. The modifie@® method (4.1) is used to obtain the given equatiof#i4) to
back calculate theS values from the tests performed under unsaturadt
conditions considering the matric suction contridmat However, in conventional
engineering practice the matric suction contributies not included in the
calculations and the conventional approaches di@nved although the soil is in an
unsaturated condition. Thus, (4.5) is used to detnate this situation and thg

values are back-calculated by ignoring the contidimuof matric suction.

The back calculated values by using the (4.3),) (4l (4.5) are summarized in
Table 4.6 and in Table 4.7 using first cycle lo&msSoil # 1 and Soil # 2. The back
calculated values using (4.3) to (4.5) - varying from 0.241td1, which are in close
agreement with values reported in the literaturé¢ $hwow considerable scatter.
However, this scatter ifi values considerably decreases, if contributiormatric

suction is taken into account by using (4.4).
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For Soil # 1 thes values that were back calculated for unsaturabddcenditions
without considering soil suction were greater thhO, whereas thef values
including soil suctiorranged between 0.6 and 0.9. Th@iyalues calculated with
considering the influence of matric suction arensein 36% and 45% lower than the
situation when it is ignored. As it is unlikely tithe angle of friction valid along the
soil pile interface is different for saturated aadsaturated conditions, it can be
concluded that the normal stress acting againspilleeshaft is less in unsaturated
soils than in saturated soils. This assessmeneaguéh the notion that soils when
unsaturated will experience contraction as a resuthe capillary tension between

the soil particles.

The equations for back calculation@®parameter are given as follows:

ﬁ=% (4.3)
[Zj(ﬂdL)
B= Qg =~ Qu-uy (4.4)
(ij(ndL)
2
ﬁ:—LQf ) (4.5)
(yzj(ndL)

The s values that were back calculated for saturatedlitions were much lower in
both soils than for the unsaturated soils, refterthe effect of looser soil conditions
near the pile shaft after the soil had sloughed ihe cavity below the pile tip after
being saturated. Under saturated conditions th& balculateds values were much
lower, ranging between 0.24 and 0.43 but this timpresenting a loose soil

condition.

For Soil #2 4 values, calculatedith and without soil suction, are similar. Thisud

can be attributed to very little contribution of tma suction towards shaft resistance.
Because of zero fine content in Soil # 2, waternocarbe retained and hence the
behaviour of Soil # 2 is similar to dry sand orusated sand, in spite of the

unsaturated conditions.
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The back calculate values shows that as the matric suction increthsss values
tend to increase also. In other words the saturatiegree and thg values are
inversely proportional.

Table 4.6 :Thef values back calculated from measured shaft capadédr Soil # 1.

Back calculated

Qimeas)  Qf(meas) S values
Test No. KN N @3 s 5
c* T cC T C T C T
(UT,\TgtAlT) 47 40 - - 080 060 130 1.10
(UTleétAflr) 5.1 45 - - 090 074 141 124
(TS(ZS‘%Z 0.9 14 043 024 - - S

* Compressioné Tension

Table 4.7 : Thef values back calculated from measured shaft capadédr Soil # 2.

Back calculated

Qf(meas.) Qf(meas) S values
Test No.
kN kN (4.3) (4.4) (4.5)
C* T® C T C T C T
Test 1
(UNSAT) 2.2 3.1 - - 0.64 088 066 0.90
Test 4
(UNSAT) 1.5 1.6 - - 043 045 044 047
Test 2
(SAT) 1.5 N/A 0.54 - - - -
4.6 Summary

The objective of this study is to determine thetdbation of matric suction towards
the total shaft resistance of piles and proposecanique to estimate the shaft

resistance in unsaturated soil conditions.

The shaft capacities of steel pipe piles which been jacked hydraulically into two
sands tested under saturated and unsaturated ioosditere evaluated in terms of

the matric suction that was measured in the ursitisoils.
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The contribution of matric suction was found outb® between 45%-50% of the
total shaft capacity of the test piles for siltyndabut almost negligible for clean
sands. Thus, it can be concluded that in unsatlisais, with the exception of clean
sands and granular soils, the contribution of roauction to the total shaft capacity
of piles cannot be neglected. In addition, a simi@ehnique was proposed to
estimate the shaft resistance in unsaturated enitons using th&WCCand the

conventional shear strength parameters.

In Soil # 2, which is clean sand with zero fine t®m, the back calculateflvalues
were approximately the same with and without cagrsition of soil suction. Because
of the low fine content, the effect of soil suctisnalmost negligible on th8 values

and thus on the normal stress against the pile.shaf

The results of this study are promising to prethet contribution of matric suction

towards shaft resistance using well establisjfadethod for sandy soils in the
literature. However, more pile load tests needeagobrformed and evaluated for a
better understanding of the contribution of mastiction towards the shaft capacity

of piles in different types of sandy soils.
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5. EQUIPMENT AND ACCESSORIES DETAILS USED FOR
DETERMINING THE SHAFT BEARING CAPACITY OF MODEL PIL ESIN
FINE GRAINED SOILS

5.1 Introduction

This chapter presents details of the equipment Weae used to determine shaft
bearing capacity of model piles under axial loadingstatically compacted fine-

grained soils. Model piles were loaded in a spbc@ésigned test tank under both
saturated and unsaturated conditions. The key igeaf the testing program was to
determine the contribution of the matric suctiowaods the shaft bearing capacity of

the model piles under axial loading.

In addition to the model pile tests, t8&CCof the compacted fine-grained soils
were determined using the soil pressure-plate apysmr The matric suction of the
compacted soil specimens were determined usingnibdified null pressure plate
apparatus. The variation of matric suction in tlempacted soil specimen with
respect to depth in the test tank were measured) ube Tensiometers. Theoretical
background and working principles associated wathkey equipment and the other
accessories used in the research study are alsenpee in this chapter. Detailed
experimental procedures with respect to modelte#ting are however summarized

in the next chapter.

5.2 Model Pile Testing Set-up

The shaft capacity of model piles were to be plaaad axially loaded in compacted
fine grained soil in a specially designed test temietermine shaft bearing capacity
under both saturated and unsaturated conditions.tdihk used in the study is a
cylindrical high strength plastic container withetdimensions of 300 mm both in
diameter and height with a wall thickness of 12m.nThree clamps were wrapped

around the high strength plastic container to elate the possible strain effects on
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the container during compaction of the sample ahdewioading the model pile.
Three holes were placed in the tank wall depth catak distances to introduce
Tensiometers into the compacted soil for deternginthee matric suction. This tank
was originally designed by Vanapalli et al. (200G@) determining the bearing
capacity of surface model footings of fine-grairednpacted soils (Figure 5.1).

The soil will be placed in the plastic mould andtistlly compacted using a
specially designed compactor. The compactor cangibttwo concentric circular
plates (300 mm in diameter x 9.85 mm in thicknes$ B60 mm in diameter x 9.85
mm in thickness) placed on each other with a solitindrical bar (50 mm in

diameter x 230 mm in height) fastened on top of 166 mm diameter plate. The
smaller metal circular plate was fastened on lameminium circular plate to

prevent possible bending while compacting the isothe mould. Four holes drilled
through the larger circular plate allow drainagéeTproving ring will be used to
measure the applied compaction stress to thersthki test tank (Figure 5.2).

Solid stainless steel model piles with diameter&®f15, 20, 30 and 45 mm referred
to as D10, D15, D20, D30, D45 with total lengthddD mm were used in the present
study. A cylindrical hole was created to a deptl220 mm in the compacted soll
using thin wall tubes to reduce the disturbance #oel generation of excessive
stresses adjacent to soil during the pile insialtatThe thin wall tube diameters
were slightly less than the model piles to devedogood contact between the pile
and the soil along the shaft length. After the haridling was completed, model pile
will be jacked down to an embedment depth of 200. draoid of 20 mm in length
was intentionally left below the pile toe. This gdacilitates in the measurement of
shaft resistance over a length of 20 mm without aagtribution from the end

bearing resistance.

The conventional triaxial testing equipment (ELE Intd- TRI-FLEX 2 is used as
the loading frame for compacting the soil in thst tank. The same equipment also
is used for loading of model piles. The load armspldicement were measured by a
load cell and a Linearly Variable Displacement Bdurcer (LVDT). A Data
Acquisition System(DAS)was used to collect the data. The model pile gesup
used for the test program is shown in Figure 5.3.
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Figure 5.1 : Testing tank and compactor details
(photo adapted from Vanapalli et al., 2007).

Figure 5.2 : Test tank assembly and the loading frame with tb&ipg ring.
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Figure 5.3 : Test setup for model pile loading in fine-grained.{® Adjustable
height loading frame Test tank® LVDT @ Load cell® Model pile).

5.3 Compaction Equipment

The compaction characteristics of the tested satewdetermined by statically
compacting it in standard consolidation rings. Bod samples used in the study
were prepared at different initial water contenfBhe soil was compacted in one

layer into the brass compaction equipment showkigare 5.4.

The compaction equipment consists of a brass ntald §emi-cylinders attached)
with 120 mm in height and 52 mm in inner diameted @ compactor ram with a
tapered teflon base to reduce friction. The Tefbase also formed a tight seal with
the mold to prevent the soil particles from jammihg ram. A 25 mm circular piece
of porous plastic was inserted into the Teflon Haading to an air vent to eliminate
the possibility of vacuum developing inside the dnduring compaction. The vent
would allow any trapped air to escape out of thédniBigure 5.4) More details of

this equipment are available in Catana (2005).
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Figure 5.4 : Specimen compactor mold and ratnbrass mold separated into two

halves@ specimen ring® ram,® tapered Teflon base&) grooves to hold the
specimen ring.

5.4 Soil Suction Measurement Techniques

Soil suction measurement techniques are summarneddgure 5.5 based on the
working suction range and suction (i.e. matric aaf) measured. In the present
research, Tensiometers and axis-translation weze i direct measurement of the
negative pore water pressure (matric suction). Bbéh Tensiometers and the axis
translation technique rely on the use of high-airye(here after referred to &AE)

materials made of ceramic to measure matric suction

5.4.1 Properties of High-Air-Entry (HAE) materials

HAE ceramic materials consists of relatively uniforritmscopic pores. Once these
pores are filled with water and the ceramic makesigaturated, a contractile skin or
a membrane is formed due to the influence of sarflansion. This membrane
separates the air and water phases and offersaressto the flow of air but allows
free passage of water through the pores as lontheslAE ceramic pores are
saturated (Figure 5.6). The maximum pressure thatbe resisted by the surface
tension offering resistance for air to pass throtighsaturated pores is referred to as
the air-entry valuefu, - Uy)p, Of the material. The air-entry value of ceransc i
inversely proportional to the pore size and carestmated using the principle of

capillary forces equation (5.1) below.
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ZTS
r

(u,-u,), = (5.1)

whereTs = the surface tension at the air-water interface,the radius of the pore
size of theHAE material or the ceramic.

[ Resistance Sensors (entire range)
Noncontact Filter Paper Method
(1000-500.000kPa)
Total < >
Suction Humidity Control
(4000-600.000kPa)
Thermocuple: >
Psychrometers
(10C-8000kPa
«—>
\ . .
P Contact Filter Paper Method (entire range)
( Axis Translation
< (0-1500kPa >
Matric Conductivity Sensors
Suction Tensiometery
<« (0-100kPa) |
0 10! 102 10° 10 10° 108

Soil Suction (kPa
Figure 5.5 : Different suction measurement techniques
(adopted from Lu and Likos, 2004).

The maximum matric suction that can be applied tBBsting unsaturated soils
extending axis translation technique is the ainentlue of the ceramic. Free air
starts passing through the pores of HWE material when this specific value is
exceeded. More details about the axis translagghrtique are available in a later

section.

The SWCC (i.e. drying path) for a typical soil and ideaiz&E WCCfor a HAE
material are shown to highlight the differencesthie pore structure of the two
different material{Figure 5.7). The water drainage through the soikp shows a
smooth transition with increasing suction due te tion-homogeneous pore-size
distribution. However, there is sudden transitiorithneHAE material beyond the air-

entry value due to uniform pore-size distribution.
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Figure 5.6 : Schematic representation of an High-Air-EntiffAE) ceramic disc
(Lu and Likos, 2004).
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Figure 5.7 : Comparison of characteristic curves of a typicdl&od HAE material
(Lu and Likos, 2004).

5.4.2 Tensiometers

From a theoretical stanpoint of view, conventiof@nsiometers are capable for

measuring matric suction values of 100 kPa in sainples without cavitation

problems. However, several studies report problasssciated with cavitation when

suction of values of 80 kPa are measured (Vanaptlil., 2003; Stannard, 1990;

Vanapalli and Oh, 2011 avitation problems are enhanced due to the infleet

impurities, dissolved gasses and air bubbles geterathin the system.
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Tensiometers consist of three main parts as: i)s#resing probe unit with a HAE
ceramic tip, ii) water-filled body tube unit, ang measuring unit connected to the
tube (i.e. pressure gauge) (Figure 5.8). A goodtambnis required between the
saturated sensor tip and the soil in order to bbBlianeasure matric suction. The
negative pore water pressure in the soil resultowm of water from the Tensiometer
to the soil through the saturated ceramic sengorThe water in the measurement
system is in tension and is measured as the nsatckon of the soil once the system
reaches equilibrium condition (i.e. no flow of wateccurs in or out of the

Tensiometer at equilibrium conditions).

@ ‘“‘"““Scre'w!:ap

j Angle Port
\ / {ratated to see side wiew]
Porous
Ceramic Cup v
- e

Plastic ——
Body Tube

~4—————— Cup Tube
Assemibly M"_’F]

WVacuum
Cup Tube Dial Gauge

Fitting

Quick Water Vent

Release Screw Fitting
Tl | 5

Vent Tube

Figure 5.8 : A schematic diagram of laboratory tensiometer
(Soilmoisture Equipment Corp., 2009).

5.4.3 Axis translation technique (ATT)

Hilf (1956) suggested axis translation technique tésting unsaturated soils with
matric suction values greater than 101. 3 kPa fioee-water pressure lower than -
101.3 kPa) without cavitation problems. This is iaebd by elevating the
atmospheric air pressure,E 0) and negative water pressutg, € 0) to a condition
of positive air pressure  uy(> 0) and pore-water pressure (ip= 0 or higher)) in

a controlled environment (i.e. typically a chambé} performing tests with

unsaturated soil specimens (Figure 5.9).
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Figure 5.9 : Meaning of axis translation technique (Lu and Lika804).
5.4.3.1Modified null type pressure plate apparatus

The modified null pressure plate apparatus is dsedhe measurement of matric
suction in statically compacted specimens (i.ehérange of 20 — 500 kPa) applying
the axis translation technique (Power and Vangpalill) (Figure 5.10)The
apparatus consists of two main parts: i) Suctioasueement unit, and ii) Flushing
unit. The suction measurement unit has a preshamber which consists of brass
cylinder and a brass cap through which the airqumescan be applied, an acrylic
base with inlet and outlet tubes attached at thtolvo connecting the pressure
chamber to the flushing system, antlAE ceramic disc (Figure 5.10a). The acrylic
base has a special housing for placing a specimgnof 20 mm in height and 50
mm in diameter (Figure 5.10b). TIHAE disc with an air-entry value of 500 kPa is
embedded inside this acrylic base maintaining algmmtact with the test specimen.
The HAE disc in the modified null pressure apparatus wasirated before

performing matric suction measurements.
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(b)

Figure 5.10 :(a) Modified null pressure plate apparatus for meament of suction
using the axis translation technigu@rass chambe® acrylic baseppressure

gauge® peristaltic pump® glass tube® dimmer switch@air trap,®stop-cock,
@reference marking), (b) acrylic base WHIAE.

The initial, intermediate and equilibrium stages fileasuring the matric suction of
an unsaturated soil specimen are shown in Figure(Power and Vanapalli, 2011)
The initial position of the water level has to berked on the glass tube as a
reference level (i.eapproximately the mid-height of the specimen inrihg) before
placing the specimen in the apparatus.
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When an unsaturated soil specimen is placed oratwratedHAE disk, the water in
the glass tube tends to go inension and level of water in the glass tube starts

decreasing as water is imbibed into the specimiguf€ 5.11a).

() C

U, = 0 kPa U, > 0
Null  Null
Specimen i Specimen iti
(Us — ) = 200kP Jpositio oty 2 200kPa i -~ | -POSItoR
.@ T SaTturatId HATE Omn—l l .E t Siuratgd HAtE E. Omn'I I
R —
1 1 «— [ 1]
(a) (b)
u, =200
kP:=
L Null
Specimen ositi
(V=) = -} {PoStS]
200kPa
(J E Saturated HAE C ] Omrr
an 1n
(©)

Figure 5.11 :Key stages followed during measuring matric suctiah the
modified null pressure plate apparatus:itafial condition (1, = 0kPa), (b)
Intermediate stage, (c) Final stag® & matric suction value of the specimen).
(modified after Power and Vanapalli, 2011).

The tendency of the water to go into tension showldbe allowed by increasing air
pressure (i.eu, > 0 kPa) in the chamber to bring the level of wdiack to its
original position (Figure 5.11b). Eventually, arugdprium condition will be attained
(i.e. attains a “null” condition). At this stage t®ain the specimen will not further go
into tension. The applied air pressure in the chamd achieve “null” condition is
the matric suction value as water pressure is etpuaero (i.e. numerically the

negative pore-water pressure with respect to athegppressure) (Figure 5.11c).
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Air can get dissolved within the system and flolsough theHAE disc and gets
collected at the bottom of the disc when the aramdlation test is performed for
relatively longer period of times. The flushing uof the modified null pressure
plate apparatus is used for removing the accundilaitebubbles beneath théAE
disc to prevent erroneous measurements. The intktoatlet tubes circulate water
underneath theHAE disc with the help of peristaltic pump. The aagr with
stopcock allows to remove the accumulated air ftbensystem to the atmosphere.
The spiral grooves located within the acrylic béstow the HAE ceramic disc
provides a path to circulate water and helps toorenthe accumulated air bubbles
(Figure 5.12). The acrylic base is advantageoumparison to metallic base as it

facilitates seeing any air bubbles formed durirsging with the naked eye.

Figure 5.12 :Bottom view of the acrylic base with spiral groowesl theHEA
ceramic disc.

5.4.4 Pressure plate apparatus for measuringWCC

The SWCCare conventionally measured by using pressure pfgtaratus for coarse
and fine-grained soils (ASTM D 2325). Soil MoistlEgquipment Corporation 1600
Model 5Bar Ceramic Plate Extractor was used inpitessent study. The equipment
consists of a steel pressure chamber, measurem#érdand aHAE porous ceramic
disc. The working principle is the same as the ifiredliinull pressure plate apparatus.
The suction application range is limited to theemtry value of the ceramic plate
which is 500 kPa. Figure (5.13a-bhows a schematic drawing and a picture of a

pressure plate apparatus.
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The pressure plate apparatus consists of a cefdat& covered on one side by thin
Neoprene diaphragm sealed to the edges of the platmternal screen between the
plate and the diaphragm provides a passage fdiotlveof water. The water reservoir
is vented to the atmosphere through an outflow tabated on top of the plate, thus
allowing the air pressure in the vessel and theematessure in the reservoir to be
separated across the air-water interfaces bridtegsaturated pores of tHeéAE
material (Figure 5.13a). An outlet stem running through filate connects this
passage to an outflow tube fitting, which conndotdhe atmosphere outside the

extractor (Soilmoisture Equipment Corp., 2008).

The saturated soil specimens prepared in metak rerg placed on top of the
previously saturated ceramic disc. Air pressuréhin vessel is then increased to a
desired level while pore water is allowed to driaom the specimens. As soon as air
pressure inside the chamber is raised above atransgitessure, the higher pressure
inside the chamber forces excess water througmtbescopic pores in the ceramic
plate and out through the outflow stem (Soil Maist&Equipment Corporation 1600

Model 5Bar Ceramic Plate Extractor Manual).

The outflow tube is connected to a burette withezg of small diameter tubing and
the outflow of water is monitored with this burettetil it ceases. The burette reading
will not measurably change for many hours or dayseoequilibrium condition is
attained.At this point of time, it can be assumed that tpecgmen has reached
equilibrium condition. The equilibrium period deplsron the applied suction and the
saturated coefficient of permeability of the sgksimen. The test is continued by
increasing the pressure to determine the new éguith water content. Typically,
six to eight pressures are applied with successigeements to be plotted as a
relationship between the water content and the sadtion; this relationship is
referred to as the soil-water characteristic c(S&/CG. The water content of the
specimen at different equilibrium condition is detsed from mass-volume
relationships using back calculations after detemmg the water content of the
specimen tested at the highest (and the last bgstven drying. This equipment
facilitates placing several specimens on the ceradmsk at the same time to
simultaneously measure the soil-water charactemstives.
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Figure 5.13 : (a) Schematic cross section of pressure plate axisl&@on apparatus
(Soil Moisture Equipment Corp, 2008) and (b) plgoaph of pressure plate
apparatus set up (University of Ottawa Geotechniahl) ® Pressure vessed

Pressure gauge) Outflow tube.
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6. LABORATORY PROGRAM AND METHODOLOGY FOR TESTING
MODEL PILES IN FINE-GRAINED SOILS

6.1 Introduction

This chapter provides the details of the laborgimgram and the methodology for
testing model piles in fine-grained compacted sdilse proposed laboratory testing
program to determine the influence of matric suctta the shaft bearing capacity of
a single model pile is conducted in three stagé® flrst stage (i.e. Experimental
Program-1) includes the soil sample preparatioterd@nation of the soil properties
and the compaction characteristics. In the sectemgegi.e. Experimental Program-
I), the matric suction values of the compacted specimens were measured using
both the axis-translation technique and Tensiorsetgr addition, theSWCC of
compacted soil specimens were measured using #ssye plate apparatus.the
third stage (i.e. Experimental Program-11l), thedabpile load tests were carried out.
The third stage also involves details related ® ghear strength tests: direct shear
(i.,e. interface tests) and unconfined compressiestst on statically compacted
specimens to determine the shear strength behafvle-soil interaction.

6.2 Experimental Testing Program

The key objective of the test program was to detsnthe influence of matric

suction on the ultimate shaft capacity of modekgiblaced in unsaturated fine
grained soils. To achieve this objective, seveeales of model pile load tests were
performed in both saturated and unsaturated comgbafhe-grained soils under
drained and undrained loading conditions. TablesGrhimarizes the model pile load
tests performed for different initial compacti@mater contenst, pile diameters, and
drainage conditions. In total thirty model pile doaests were conducted.
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Table 6.1 :Experimental Test Program.

Model INDIAN HEAD TILL LOAM SOIL
. ode W =% 13.2 W =% 16.2 W =% 18.8 W= % 13
Dra'”f”!ge . Pile (dry of optimum) (dry of optimum) (optimum) (dry of optimum)
Condition] Diameters AS AS AS AS
mm
(mm) [ Saturated Compacted Saturated Compacted Saturated Compactec Saturated Compacted
10 v v
k= 15 v
=N
T E 20 v v v v X v
oY
=S 30 v v v v ) v
45 v v v v
10
<
0 E 15 v X v
w e
< E 20 v v I v v
< N X
z 3
a) S 30 4 v
45 V4 v
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6.3 Determination of Properties of the Soils (Experimetal Program-I1)

Two different soils were studied in the researobgpam. The first soil used in the
study was Indian Head till from Saskatchewan, Canabhe second soil was Loam
which is a low plasticity fine-grained soil obtathérom Ottawa region, Ontario,
Canadaln this first stage of the experimental testinggvean, the soil properties and
compaction characteristics of both the tested sai® determined.

6.3.1 Soil suitability

The Indian Head till and Loam soil samples weresemofor this particular research
study because of the reasonable equilibration timesquired for
saturation/desaturation processes. Indian Heasldiillis sandy clay and requires 5-7
days for reaching equilibrium conditions with respéo different matric suction
values used in the present study. Loam soil isnadl@asticity silty clay that requires

about 2-3 days to reach equilibrium conditions.

The desaturation stages (capillary zone, transidone, residual zone) for the
SWCCdor both the soils, Indian Head till and Loam dall in the range of 0 — 500
kPa. TheSWCCdor this range can be measured using the pressate gpparatus.

The matric suction values of the individually corojgal soil specimens with
different initial water contents were measured gshe modified null pressure plate

apparatus.

Both the Indian Head till and Loam soil are low spieity fine grained soils that

show engineering behavior characteristics in betmtbe sandy and clayey type of
soils. The shear strength behavior of both thesdwbe a significant influence due to
the contribution of matric suction. Hence, it iS@lexpected that there would be
significant influence of matric suction on the miéte shaft capacity of model piles

for both these soils.

The unconfined compression test results for theaindHead till and Loam soil
compacted with different initial water contents asguired for interepreting the
model pile load test results. The compacted sa#icispens can be prepared and
tested relatively easily for determining the undoed strength an&WCCfor both

the soils. Also, soil specimens have to be coltkdtem the bearing capacity test
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tank for conducting unconfined compression testsh bonder saturated and
unsaturated conditions for intepretation of the tesults. This is possible with both

these soils.

6.3.2 Soil sample preparation

The soil collected from the field was first airehli for several days and then
subjected to gentle pulverization using a grindmgchine. The grinding process
lasted for two hours for preparing one bucket df gwmt meets the standards for
testing. The pulverized soil was then passed tHraugieve with opening size of 2
mm (i.e. #10 sieve). The prepared soil for therentesting program was put in a
drum and rolled and stored (Figure 6.1). The sgjuired for testing was collected
from the drum and oven dried for 24 hours. The oggnsoil was brought to the
room temperature and pre-determined quantity ofilléd water was added to
achieve the required initial water content condsiofor testing. The calculated
amount of distilled water was sprayed on the dny sample using a spray bottle.
The spraying was done in several layers on theasall mixed with a spatula. The
mixing was done carefully to achieve a homogenooi-wsater mixture. The

occluded soll particles formed, if any, during #wél mixing were removed.

Figure 6.1 : Rolling the samplén a barrel to obtain a uniform soil for use in the
entire testing.
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The prepared soil samples were put in tightly cestetouble plastic bags and stored
in a humidity controlled box (moist room) for 3 d@afor curing. This procedure
resulted in a uniform soil-water mixture with lgtbr no soil-water clods for both dry
and optimum water contents. After the standaray8aliring period was completed,
small samples were taken from each single plastgcib order to check the water
contents. Three different samples were taken frdfardnt locations of the bag. The
water contents of the mixtures in all bags werea@aamately the same (i.e. £ 0.5 %).
The small differences in water content may be attad to evaporation losses or

humidity changes during the mixing of soil and wate

6.3.3 Static compaction test

The compaction curves for both soils were obtaitgd statically compacting
specimens at different water contents with a conpastress of 350 kPa in a brass
compaction equipment. The equipment details alonth whe compacted soil
specimen are shown in Figure 6.2. The specimens a@npacted in one layer into
the specimen ring and the excessive part was trinbyeusing a wire saw. The
compaction effort was applied manually and conglby a calibrated proving ring.
The compaction curves for Indian Head till and Losoil are shown in Figure 6.3
andFigure 6.4respectively.

Figure 6.2 : Brass compaction mold and ram used for static catigra

Three different water contents with values of 13#y (of optimum), 15.5% (dry of
optimum) and 18% (close of optimum) were chosemftbhe compaction curve for
Indian Head till for testing. A water content valoiel3% was chosen for Loam soil

for this particular research study. The water ent# chosen cover a wide range of
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matric suction values. The matric suction measargmfor different corresponding
water contents of the compacted soil specimensdetermined using the modified
null pressure plate extending the axis translatemmnique. The details of the tests

related to matric suction measurements are providé&ter sections.
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Figure 6.3 : Compaction curve for Indian Head till.
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Figure 6.4 : Compaction curve for Loam soil.
6.3.4 Sieve analysis and Atterberg limit tests

The soil index properties, grain size distributidata and compaction results are
summarized in Table 6.2.
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Table 6.2 : Basic soil properties of the studied soils.

Indian Loam
Head till soll
Soil Properties Value Value
Optimum water contentp (%) 18.6 17.4
Maximum dry unit weightygma (KN/m°) 16.7 17.9
Saturated unit weighgsa (kKN/m”) 20.0 21.0
Sand(%) 28 15
Silt (%) 42 75
Clay (%) 30 10
Liquid limit, LL (%) 325 25
Plastic limit,PL (%) 17 18.5
Plasticity index), (%) 15.5 6.5
USCS CL CL-ML

6.4 Suction Measurements (Experimental Program-I1)

6.4.1 Matric suction measurements using axis translion technique

Matric suction measurements were carried out orstiigcally compacted specimens
prepared for the compaction curves (see 6.3.4pusiodified null pressure appratus
extending axis translation technique. Three Indidead till soil specimens
compacted at the water contents of 13% (dry ofnoytn), 15.5% (dry of optimum)
and 18% (close of optimum) and one Loam soil spenimompacted at the water
content of 13% were used. In addition, matric suctvalues of the specimens
collected from the test tank after pile load teg&se also measured. The specimens
used for measuring matric suction were collectad metal rings of 50 mm in

diameter and 20 mm in height using thin walled tustached to the rings.

The high air-entry (i.eHAE) disc in the modified null pressure apparatus was
saturated overnight by addidggtilled water on top of the disc. The next dayy lair
pressures (i.e. less than 10 kPa) were appliednhtthe null apparatus further
accelerate the saturation process. The stop-cotkeaénd of the air-trap was left
open such that the air in the system can freehapmesahrough it. The initial,
intermediate and equilibrium stages were followexdirdy the measurement of the
matric suction of an unsaturated soil specimen withmodified null pressure plate
apparatus as detailed in section 5.4.3.1. The me@smatric suctions are
summarized in Table 6.3 for the representative §méicimens that were used in the

experiments.
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Table 6.3 : The matric suction values measured by the axisla#ion technique.

Soil

Type Winitial (Ua— l-lN) )4 Wary e S

(%) kPa KN/m° kN/m® - %
IHT ~ 13.0 205 16.0 14.3 0.85 45
IHT 155 110 18.6 16.2 0.64 65
IHT  18.0 55 19.2 164 0.61 76
LS 130 8090 180 16.0 0.6 55-58

6.4.2 Matric suction measurements using tensiometer calibration and

installation

The accuracy of matric suction measurements usiagconventional Tensiometers
are dependent on the degree of saturation of th&oseip. Due to this reason, prior
to testing, the sensor tips of the conventional simmeters were fully saturated
(Figure 6.5).The ceramic probe acts as a hydraulic connectibmdss the soil pore

water and the water filled body tube and shouldutiy saturated before measuring

the suction values.

The ceramic sensor tip was immersed in de-aireidledswater for several hours to
fill the pores with water. Tensiometer system (pkastic body tube) was filled with
de-aired water and temporary vacuum was appliegroove air bubbles from the
system.The sensor tipnust be periodically resaturated through the serpiort if

measurements over prolonged testing periods angreely The accumulated air in
the nylon tube and in the plastic body tube mustdmoved.This precautionary
measure assures the system to be sensitive to ehangsoil suction values and

provide reliable and reproducible measured suctaues.

In addition, a good contact is required betweenstresor tip and the solil in order to
maintain a saturated link between the pore watértlam measurement system. A thin
wall tube with 6 mm diameter was used to creat®la m the soil for placing the
sensor tip. The value on the guage measured afteviang equilibrium conditons is
the soil suction (see Figure 6.5).
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Figure 6.5 : Tensiometer saturating and its installation for suegg soil suction.

6.4.3 Testing procedure for developing the SWC&using the pressure plate
apparatus

The SWCCfor drying path was established using the presglate apparatus for the
specimens prepared by following the proceduresilddtan section 5.4.4. Three
Indian Head till specimens with initial water comtie of 13%, 15.5% and 18% were
prepared and two Loam soil specimens with the saitial water content of 13%
were prepared. The soil specimen diameter was 5Gnd20 mm height. The mass
of the specimen ring (i.éM;ing) and initial total mass of prepared specimens (i.e

Miing + Msoi) were measured.
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After saturating the ceramic plate, the soil spetisprepared in the rings were
placed on the ceramic of the pressure plate apmafat saturating them. The top
and bottom of the specimens were covered withter fdaper in order to avoid loss
of soil particles during saturation. A porous metehs placed on top of the
specimens to prevent the possible swelling during $aturation process. The
specimens were left submerged into the water waphlieation of air pressure. Trial
measurements showed that a time period of 5 dagsrequired for saturating the
specimen by reaching the target saturated watetesbuletermined by using the
volume-mass relationships. The total mass of eadividual samples were measured
and recorded(Ming + Msatsoi). The specimen volume-mass properties were
determined after saturation.

The saturated soil specimens were placed backhetehamber (Figure 6.6) to start
the desaturation process for measuringS3W¢CCby applying a known value of air
pressure. After reaching equilibrium condition untlee applied air pressure (i.e.
with respect to matric suction), the specimens viaken out and mass of specimen
holder and specime(Miing + Msoi) Were determined using a sensitive laboratory
scale.

Figure 6.6 : Specimens placed into the pressure plate appdmat&VCC
measurements.

The water content/degree of saturation of the spewiat different equilibrium
condition is determined from mass-volume relatigosirom back calculations after

determining the water content of the specimen deatethe highest matric suction
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(i.e. last test) by oven drying. Air-pressure valed 10, 20, 50, 100, 150, 200, 250,
300, and 400 kPa were respectively applied witltssgive increments in the present
study for establishing theWCC A time period of 2 days was required for achigvin

equilibrium conditions under each applied valuswdtion.

6.5 Testing Procedures for Model Pile Load Tests (Exp@nental Program-Iil)

As summarized in Table 6.Experimental Program-Ill involves the model pilado
tests, interface tests (i.e. direct shear) and nfitted compression tests performed
on statically compacted specimens. Model piles weséd under saturated and as

compacted condition under drained and undrainedingeconditions.

The soil sample in the test tank was compactedcaligt in five layers with a
compaction energy 350 kPa using loading rate ofamately 5 mm/min with a
specially designed compactor. The static compactioergy was controlled by a
calibrated loading ring. After completion of compan of each layer, the soill
surface was scarified in order to maintain continbetween the successive layers of

the compacted soil.

The flow chart shown in Figure 6.7 summarizes mgdelload testing program.

(Indian Head till, 2mm sieve,

Winiio = 13, 16,18%) Load Test UNSAT Drained

-
Sample preparation ]
Suction, g =203 kPa

Compaction »/
(static, stress = 350kPa, five layers) \

' Load Test UNSAT Undrained
Suction, y= 203, 110, 53 kPa

Saturation
(Downward flow of water)

7%\

Load TestSAT Drained Load Test SAT Undrained
Suction, y=0kPa Suction, y =0 kPa

Figure 6.7 : Flow chart for testing program using Indian Hed#d ti
6.5.1 Model pile load tests in compacted soil withniform suction profile

After statically compacting the soil in the bearicapacity tank, thin wall tube was

pushed down to a depth 220 mm to create a holepiter installation without
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overstressing the soil that will surrounding thedelopile. Penetration of the tube
and model piles was conducted by operating a lgadmachine at a rate of
approximately 5.0 mm/min.

After the thin wall tube reached to a depth of 22 down in the compacted soil, it
was removed with the soil by operating the loadmaghine in the opposite direction
(Figure 6.8). The outer diameter of the tube ightly less than the model pile
diameter. This procedure was followed to ensurea gontact between the soil and
the surface of model pile shaft for determining tbial shaft resistance. One of the
important precautions is to assure perfect aligrineénthe model pile with the
created hole.

Figure 6.8 : A hole created in the compacted soil using thinkstel tube for
installing the model pile.

6.5.2 Model pile load tests under saturated condadn (SAT)

The compacted soil in the tank was saturated bgugidéy allowing downward flow
of water from top of the soil through the compaettich had apertures. During the
saturation process, the compactor plate was placetbp of the compacted soil
sample and fixed to the loading frame to avoid {mbssvolume change due to
swelling, if any. A piezometer attached to the sudehe tank was used to check
saturation of the compacted soils. The saturatidhe@compacted soils was assumed
to have been achieved when the level of water énpllezometer reached the same
water level within the test tank (Figure 6.latric suction was also directly
measured with a Tensiometer that was placed inctimpacted soil to check the
degree of saturation. The Tensiometer readin@pf u,) = 0 kPa provided another
indication that the compacted soil is saturatedadidition to these checks, small
chunks of soil specimens were collected from thektdor water content

measurements after determining the ultimate skadacity of the model pile. The
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average water content from these tests was detednaind the corresponding degree

of saturation was calculated from mass-volumeigxahips.

1 1

y=(Uq-U,)=0 water level

Figure 6.9 : Schematic representation of the bearing capaaity $aturation.

The model pile was jacked down to a depth of 200 imthe drilled hole, leaving a
void of 20 mm in length below the pile toe. In atheords, the void facilitates in the
measurement of shaft resistance over a length ghi20during model pile loading
without any contribution from the end bearing riesise (Figure 6.10). The same
procedure as in the installation of the casingol®Wed while installing the model

pile.

The drained and undrained tests differ from eadterotn terms of loading rate.
Previous studies on Indian Head till compacted dasnghow that drained conditions
can be achieved in soil specimens when they ametbat a strain rate of 0.0102
mm/min to 0.0132 mm/min (Gan et al., 1988; Vanaglhkl., 1996). In the present
study, a strain rate of 0.0120 mm/min was chosenldading the model pile to
achieve drained loading conditions. A relativelgtféoading rate of 1.14 mm/min

was used to simulate undrained loading conditions.
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Figure 6.10 :Schematic of the model pile test set-up.

6.6 Determination of the Shear Strength Parameters oftte Studied Soils

Pile shaft resistance developed along the piletstaiface is controlled by the shear
strength parameters of the soil. The local shalitirais governed by the Coulomb
effective stress interface friction law for drainkéding conditions. However, the
failure characteristics are dependent on the unddashear strengtls,, of soil for
undrained loading conditiohe shear strength parameters determined from these
tests were used to interpret the pile load tesiliesising the proposed modified

a, B, andA methods.

6.6.1 Single stage direct shear tests: interfacests

The direct shear box interface tests were conductethdian Head till and Loam
soil specimens prepared at 13%, 15.5%, 18% and dB%aitial water contents
respectively for both saturated and unsaturateel @s compacted condition)
conditions. The interface strength parameters ¢.@nd J) were used to estimate
the ultimate shaft resistance of tested model fibesdrained loading conditions

using the modified proposegg method.

The direct shear box dimensions were 60 ;B0 mm. The interface plate with
same dimensions was prepared using the same rhatadiaoughness characteristics

as the model pile to simulate the actual loadingddmns. Interface plate was placed
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into the lower part of the shear box. The top awlel parts of the direct shear box
were fastened each other and the prepared soillsangs compacted in one layer
using 350 kPa of stress level into the upper baxots plate and loading cap were
placed afterwards. Tests were conducted applyirggthormal stress values of 200
kPa, 350 kPa and 450 kPa.

For conducting direct shear tests, the soil spetsnweere first saturated for a period
of 24 hours and then consolidated for another 2drdhander the applied normal
stress. The vertical movements of the specimemgdulie consolidation stage were
monitored until no further settlements were obsegride specimen was sheared at a
rate of 0.012mm/min after it was consolidated. Ttetograph given below in

Figure 6.11 shows the contact surfaces after gtentas completed.

lower box pile upper box
material compacted soil

e
= il

Figure 6.11 :Interface Direct shear box test (after the test).
6.6.2 Testing procedure for unconfined compressiot@sts

The undrained strength of the soil specimens weterchined from unconfined
compression tests. The undrained shear strengtlewvaletermined were used to
estimate the ultimate shaft resistance of testedeinpiles for undrained loading
conditions using the modified and A methods. The unconfined compression tests
were conducted on both saturated and unsaturaeecag§ compacted condition) soil

specimens.
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6.6.2.1Saturated tests

Soil specimens of 50 mm in diameter and 100 mnemngth were extracted from at
least two different locations of the test tank ingiiagely after completing the model
pile load tests using the thin wall sampling tufiE@mm in diameter and 120 mm in
length) (Figure 6.12a). The specimens were colkeapgproximately at a distance of
4d or greater @ = diameter of the model pilefrom the tested pile outside the
displacement envelope to ensure that the stressesiated with pile loading on the
collected soil specimens were negligible (Robinslnd Morrison, 1964; Vesic,

1977). The tubes were pushed down into the sowlgland the specimen was
extracted from the sampling tube with care to minemthe disturbance. (Figure
(6.12b)).

)b
Figure 6.12 : (a) Soil specimen extraction technique from the beacengacity test

tank (b) Specimen extracted from the test tanlcémducting unconfined
compression test (saturated sample).

6.6.2.2Unsaturated tests (as compacted condition)

Information of unconfined compression test residtaecessary for interpreting the
model pile tests that were conducted in the coneplsbil. The soil specimens
required for conducting these tests were prepatethea same water content and
compaction stress. In addition, soil specimens ved¢se extracted from the bearing
capacity tank for conducting unconfined compresdiests after completing the

model pile load tests. The unconfined compressnength was determined from soil
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specimens by loading them at a rate of 1.14 mm/fie same rate of strain was
also used for conducting the model pile load test¥er undrained loading condition.

6.7 Summary

A comprehensive experimental program was underta&estudy the influence of
matric suction on the shaft bearing capacity of etagingle pile placed in two
different fine-grained compacted soils (i.e. Indidead till and Loam soil). Model
pile diameters of 10 mm, 15 mm, 20 mm, 30 mm andwbwere used in the study.
In addition to model pile tests; several otherddstat include the matric suction
measurements,SWCC determination and strength measurements were also
conducted. These tests are necessary for the rietatipn of the model pile load test
results using the modified, £, andA methods. The results of the testing program

undertaken are reported and analysed in the nepteh
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7. PRESENTATION AND INTERPRETATION OF MODEL PILE LOAD
TEST RESULTS IN COMPACTED FINE-GRAINED SOILS

7.1 Introduction

The proposed test program summarized in Table @re werformedollowing the
procedures described in Chapter 6. The resultsoalefpile tests, matric suction and
shear strength measurements are presented angrétéer in this chapter. The

difficulties associated with performing some ofgbédests are also detailed.

Model pile load tests were conducted on two différsoils : i) Indian Head till,

i) Loam soil prepared at different initial compi@a water contents.

The tests on Indian Head till soil sample compa@ean initial water content of
Winitial = 13% (i.e. dry of optimum condition) and for satied condition. The soil
compacted at two other different initial water @nts, one with ami,iia =16% (i.e.
also representing dry of optimum condition) andthaowih anwiniia = 18% (i.e.
close to optimum) were also tested As compactediton tests (hereafter referred
to as ASCOMP) provide uniform matric suction prefithroughout the bearing
capacity tank in which the model piles were tested.

The tests on Loam soil were performed for as comepgacondition on samples

prepared at an initial water content W iia; = 13% (i.e. dry of optimum).

7.2 Suction Measurements and SWCE€

The SWCCs were established using pressure plate apparatliswiiog the
procedures detailed in Chapter (6ee section 6.4.3pn specimens that were
compacted in metal rings with a compaction strefs350 kPa. The static
compaction stress used for preparing soil samplthenbearing capacity tank for
testing the model piles and the specimens for meggstheSWCG was the same. In
other words, identical conditions were maintain@dréliable interpretation of the
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test results. TheSWCCdor Indian Head till and Loam soil are given in &ig 7.1
and Figure 7.2, respectively.

The measure®WCCsof the Indian Head till compacted at differenttiadi water
contents are different from each other due to fifeceof soil structure. The soil
compacted at an initial water content of 13% @mg. of optimum condition) exhibits
flocculated structure (i.e. more open pores) agwhtlirates at a relatively faster rate
in comparison to the same soil compacted at hiutigal water contents of 16% and
18%. The soil compacted at 16% is less flocculated the soil compacted at 18%
exhibits close to dispersed structure. The soilgacted with a higher water content
offers more resistance to desaturation due toenfte of soil structure. THBWCC

results in the present study are consistent witréisults of Vanapalli et al. (1999).

7.3 Model Pile Load Tests

Model pile load tests were performed as displacéncentrolled tests. Previous
studies on Indian Head till compacted samples stiaw drained conditions can be
achieved in soil specimens when they are loadadsatin rate of 0.0102 mm/min to
0.0132 mm/min (Gan et al., 1988; Vanapalli et 4096). In the present study, a
strain rate of 0.0120 mm/min was chosen for loadimg model pile to achieve
drained loading conditions. A relatively fast loaglirate of 1.14 mm/min was used to
simulate undrained loading conditions. In this megtmodel pile load test results

performed under both drained and undrained loadimglitions.

7.3.1 Procedure to estimate and control the matrisuction

The soil was compacted in the test tank followimg procedures detailed in Chapter
6 to achieve uniform water content and matric sucprrofile. Thin walled sampling
tubes (20 mm of inner diameter, 100 mm of lengtti @®2 mm of wall thickness)
and stainless steel metal rings (20 mm of heigdtZhmm of diameter) were used
to collect samples from different depths of the task for water conten{w), degree

of saturation(S) void ratio,(e) and matric suction measurements after the pile lao
test was completed. Model pile test results loagus displacemenp{d) plots are

presented with the corresponding water contentaaitic suction profile.
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Figure 7.1 : SWCCdor Indian Head Till specimens prepared at

different inital water contents.
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Figure 7.2 : SWCCfor Loam soil specimen prepared at

an inital water content of 13%.
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7.3.2 Model pile failure criteria

In engineering practice, it is typically assumedttthe ultimate total load bearing
capacity of a single pile is reached at verticalpiicement of 10% of the pile
diameter (Potts and Zdravkovic, 2001). However,ulienate shaft resistance for the
model piles mobilized at smaller displacements Wwiscess than 1%~2% of the pile
diameter. This displacement is assumed to be thedariteria in the present study

to define the ultimate shaft bearing capacity fadel pile load tests.

7.4 Model Pile Load Test Results: Indian Head till (TesSeries No. 1)

In Test Series No.1, model piles were tested platdadian Head till soil sample at
different compaction water contents{ia = 13%, 15.5%, 18%). Each individual
test is named refering to the Soil Type - Test Qo - Initial compaction water

content - loading condition (i.e. IHT.ASCOMPAC.13\

7.4.1 Test results of IHT.ASCOMPAC.13 : ( matric sation = 205 kPa)

The variation of water content with respect to teminducted for model pile results
conducted on soil samples (i.e. as compacted gonfitompacted at an initial water
content of 13% are summarized in this section. Waiter content corresponds dry of
optimum condition (i.e. -5% of OMC) having an agFanatric suction value of 205
kPa. The dry of optimum conditions were chosentligs first test series since it is
relatively easier to achieve uniform conditionsotighout the specimen and also

relatively quicker to saturate the sample in tan& tb the flocculated soil structure.

Water content values obtained along the compaaig#dofile are summarized in
Table 7.1. The matric suction distribution diagrabtained from thesWCCusing

the measured water content data is presented mrd=ig.3. Two additional soll
specimens were also collected at depths of 50 nal@8 mm from the surface for

matric suction measurement using the axis trawsladgchnique (Table 7.2).

Table 7.1 : Water content values with depth.

Depth (mm) 0 20 75 150 200 300
w (%) 125 13.1 13.3 13.0 12.8 13.0
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The matric suction values measured by axis transléchnique on the soil samples
collected from the test tank were also shown inufgg7.3. The results are

summarized in Table 7.2.

—@=—Estimated suction from SWCC

O Measured suction from Axis

’l‘ translation technique r'-‘

matric suction water content
profile profile
Matric suction (kPa) w (%) mm
1}o 200 220 12 13 141
0

100

150

Depth (mm)

200

250

300

(Ua- Uy)av=205kPa W,,=13%

AN

Figure 7.3 : A schematic illustration of the matric suction amater content profile
for IHT.ASCOMPAC.13.

The water content values summarized in Table 7oWstthat the water content was
uniform throughout the depth. To avoid air-dryingridg testing, wet paper towels
were placed on the surface of the compacted sdittaa surface of the test tank was
covered with a plastic wrap to minimize the evaporalosses. All the tests were

conducted in humidity controlled laboratory envinzent.
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Table 7.2 :Soil properties for the compacted saturated sdhéntest tank for
IHT.ASCOMPAC.13.

Sample
Depth type (Ua- Uy) Jh Yary e w S
mm kPa KN/ kN/m® - % %
50 Ring 215 19.14 145 0.87 12.7 0.43
100 Ring 205 1890 145 0.87 12.8 0.45

7.4.1.1Test results of IHT.ASCOMPAC.13.UD

IHT.ASCOMPAC.13.UD tests were performed using pitésdifferent diameters;
namely, 10 mm, 15 mm, 20 mm, 30 mm and 45 mm aedederred as D10-D15-
D20-D30-D45 model piles. The-o behavior of different pile diameters are
summarized in Figure 7.4. From the behavior for the tested piles, it can be seen
that the shaft capacity is fully mobilized of beeme0.2 mm to 0.5 mm of vertical
displacement which corresponds to 1-2% of the gdiemeter defined with the
failure criteria. Reasonably well defined peak eatan be observed for D10-D15

and D20 piles however this behavior is not obsefeegiles D30 and D45.

4
................... D-10
-—— —— == D15
D-20
—_——_——— D-30
3 —————— D-45

Shaft Bearing Capacity, p (kN)

15 2.0 25 3.0
Displacement, d (mm)

Figure 7.4 : p-obehavior of IHT. ASCOMPAC.13.UD for piles
D10-D15-D20-D30-D45.
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7.4.1.2Test results of IHT.ASCOMPAC.13.D

IHT.ASCOMPAC.D refer to the the model pile testgfpaned on as compacted
Indian Head till and tested under drained loadioigdition. Tests were performed for
piles D20, D30 and D45The test results are summarized in Figure 7.5. g4de

behavior of piles D20 and D30 shows a peak vatuexgpected around 0.2 to 0.3
mm of vertical displacement. The trends of fhé behavior are consistent with the
expected trends. These results indirectly suggegpbaal contact between the pile

material and the surrounding soil.

The load-displacement behavior of model pile-D4%véner shows no significant

peak value but reaches a constant value of ultisizaét capacity at a displacement
value of 1.2 mm. This value is higher than the exge failure displacement value
which may be associated with loss of contact betwike pile and soil and also due
to some degree of disturbance during installation.

3.0
é o5 | —— —— —— D30
a |- D45
-‘2—; 0’0’ OOOOOOOOOOOOOO
5 207 -
© P
o P
5 7
O .
(@)] _—————
£
<
(]
m
T
e
)

1.0 15 20 ot o

Displacement, d (mm)

Figure 7.5 : p-obehavior of IHT.ASCOMPAC.13.D test for Pile-D20-D®45.
7.4.2 Test results of IHT.SAT.13

The second set of tests were performed with thepeated soil under saturated
condition with an initial compaction water conteit13%. The saturation process
was performed following the procedures detailedCinapter 6 (see 6.5.2). The

compacted soil in the test tank was saturated uairdpwnwards flow of water
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simulating natural flow behavior in field conditi®r{i.e. infiltration and flooding).
Saturation of the compacted soil in the tank wagsfiomed using three different
methods; which included Tensiometer measurementgzometer reading

observations, and from volume-mass relationships.

Prior to starting the tests, three Tensiometerevpdsiced in the compacted soil of
the bearing capacity tank at depths of 50, 1001&tdmm from the surface. All the
Tensiometer recorded zero matric suction confirmimgsaturated conditions of the
compacted soil. In addition, the water level in ghiezometer connected to the base
of the plastic tank was the same as the water ievitle test tank assuring saturated
condition of the compacted soil. Water content galwere measured collecting
samples from various depths after the model p8esterere conducted. The samples
were collected in the region where the soil wasdisturbed due to the loading of
the model pile. The average water content was méted as 31% which
corresponds to the degree of saturation of 96%igier from the volume-mass
relationships (Table 7.3). All the three techniqyeevide evidence that the soil
sample compacted in the bearing capacity tank \wagated. Figure 7.6 shows a
schematic illustration of the model pile load tesider saturated condition. The
following table summarizes the data obtained fratustion checks.

Table 7.3 :Soil properties for the compacted saturated sdhéntest tank
for IHT.SAT.13.

Depth Sample Type (Ua- Uy)* Jh Yary e w S
mm - kPa  kN/m kN/m® - (%) (%)

0 Tube+M.Can 0 19.14 145 0.87 32 100
50 Tube 0 1890 145 0.87 31 96
150 Tube 0 19.00 145 0.87 31 96
250 M. Can - - - - 30 -

*Measured by using the conventional tensiometers.
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Figure 7.6 : A schematic illustrating the saturation process satdration control
for IHT.SAT.13.

7.4.2.1Test results of IHT.SAT.13.UD

Model pile test results IHT.SAT.13.UD (i.e. Indibdead till saturated soil sample for
undrained loading condition) are summarized in F@gd.7. The ultimate shaft
bearing capacity was observed at 0.02 mm of védisplacement which is less than
1%~2% of the pile diameter as stated in the faiturgeria for D20 and D30 piles.
The load test results for pile D20 and D30 showt thace the ultimate shaft
resistance is reached, the load-displacement cuaneparallel to each other with
further displacement. This behavior is observedaturated soil samples and soil
samples tested with lower matric suction values THad tests on pile D4&re not
reported as the compacted soil sample was higkturtied during the placement of

the model pile.

121



0.30 T

0.25 4 - D30

0.20 4

0151

o4 /

0054/

Shaft Bearing Capacity, p (kN)

000 ¥
0.0 05 1.0 15 2.0

Displacement, d (mm)
Figure 7.7 : p-odbehavior of IHT.SAT.13.UD for Pile D20 and D30.
7.4.2.2Test results of IHT.SAT.13.D

IHT.SAT.13.D tests were performed on pile D20 ar8DFigure 7.8)Pile-D45 was
not conducted due to some disturbance. Model m#stwere started with the
smallest diameter of the pile. After the test waspleted, the next higher size
model pile was placed in the same hole and thaelishowever sufficient time was
allowed for regaining the strength (i.e. overnighEpr saturated condition tests,
special care was taken to reduce the possibleriéstae both during the pile
installation and removal. In spite of the all theqautions, some is expected. Due to
this reason, disturbance effect was considereleranalysis and interpretation of the

obtained results.

Since the drained loading tests are slow testsl@agling rate 0.012 mm/min), total
vertical displacement of 3 mm takes 5-6 hours. mthis period, the soil sample
should be assured to saturated conditons. In etbeds, evaporation losses should
be controlled during the long periods of testirmirthe surface of the test tank. This

was acheived by covering the surface with plasteess.
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Figure 7.8 :p-0 behavior of IHT.SAT.13.D for Pile D20 and D30.
7.4.3 Test results of IH-T.ASCOMPAC.15.5 : (matric sction=110 kPa)

The next set of tests were performed on soil samplapacted an initial water
content of 15.5% (-3% of OMC) with an average neastiction value of 110 kPa.
The measured water content values along the coegpacil profile are summarized
in Table 7.4The water content profile and the associated matration distribution

diagram obtained from tr8WCCis illustrated in Figure 7.9.

The distribution diagram for water content show Knflactuations with depth
around the average value of 15.5%. These variadomsvithin the acceptable limits
of £ 2%. All the precautions discussed in the pdétg sections were also taken

during testing to reduce air-drying on the surfatthe compacted soil.

Table 7.4 :Water content values with depth.

Depth v 59 5 100 100 150 200 250 300
(mm)

w (%) 16.0 16.0 15.3 154 15.0 15.2 152 152 152

Matric suction values of the soil speciemens ct#iédrom depths of 200 mm and
150 mm were measured using axis translation tedenigrhese results are

summarized in Table 7.5.

123



—@=— Estimated suction from SWCC

O Measured suction from Axis
translation technique

matric suction water content
profile profile
Matric suction (kPa) Water content (%)
mm
5|) 100 15 145 155 145
0
* 50
~—~
S L2 4 100
e
N
= L2 150
o
o
8 200
* 250
300

(Ua- Uy)a=110 kP W,,=15.5%

Figure 7.9 : A schematic illustrating for the controlled uniformatric suction and
water content profile for IHT.ASCOMPAC.15.5.

Table 7.5 :Soil properties for the compacted saturated sdhéntest tank
IHT.ASCOMPAC.15.5.

Depth Sample  (Ua- W) h Yeiry e w S
Type

mm kPa  kN/m kN/m® - % %

100 Ring 85 18.3 1550 0.65 15.6 65

150 Tube+Ring 105 18.6 16.20 0.65 15.3 63

7.4.3.1Test results of IHT.ASCOMPAC.15.5.UD

The model pile test results performed for the asmacted soil condition prepared at
an initial water content of 15.5% (-3% of OMC) undmdrained loading condition

are given in Figure 7.10.

124



1.6

o — — . c— o —
o —— — — . — — —

Shaft Bearing Capacity, p (kN)

0.0 0.5 1.0 15 2.0 25 3.0
Displacement, 8 (mm)

Figure 7.10 :p-dbehavior of IHT.ASCOMPAC.15.5.UD for Pile D20-DEM5.
7.4.3.2Test results of IHT. ASCOMPAC.15.5.D

The model pile test results performed for the asmacted soil condition prepared at
an initial water content of 15.5% under drainedliog condition are given in Figure
7.11.
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0.4 A
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— D20

Shaft Bearing Capacity, p (kN)

0.0

0.0 05 10 15 2.0
Displacement, é (mm)
Figure 7.11 :p-dbehavior of ASCOMPAC.15.5.D for Pile D20.
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7.4.4 Test results of IHT.UNSAT.15.5.D : (average atric suction = 60 kPa)

In this series of model pile load test, the soiveampacted in the test tank at an
initial water content of 15.5% (-3 % of OMC) andlawnward flow of water was
applied through the drainage holes of the compagilate for a period of three days
following the test procedures described in theiearthapter. The intial matric
suction of the compacted specimen will reduce duthe water infiltration. In other
words, the matric suction profile will vary withsect to the depth. The objective of
this particular series of tests is to understamditfiuence of varying matric suction
on the carrying capacity of the model pile. In &ddi, using the test results, a
technigue has been developed to intepret the mesdetesults based on the average
matric suction value. Such a technique is usefuirfterpreting the field test results

as such scenarios are common.

After the model pile test was completed, soil sasplwere collected for
determination of water content and matric sucti@asurements at depths of 0 mm,
50 mm, 100 mm, 150 mm and 200 mm from the surfé¢keocompacted soil along
the pile shaft. Four of the specimens were usetddasure matric suction using the
axis translation technique. The results are sunmedrin Table 7.6 and Table 7.7.
Figure 7.12 summarizes the results.

Table 7.6 :Water content check after the test.

Depth(mm) O 50 100 150 200
W (%) 23.0 205 18 17.0 158

Table 7.7 :Soil properties for the compacted unsaturatedisdiie test tank.

Depth Sg/rggle (Ua- Un) 72 Yary E w S

mm - kPa  kN/m  kN/m’ - % %

0 Can 0 - - - 24 -
50 Tube+Ring 20 19.3 16.9 0.58 20.5 86
100 Ring 35 20.0 16.7 0.59 18 76
150 Ring 50 19.2 16.9 0.61 17 72

200 Tube+Ring 100 18.6 16.2 0.65 156 66

The measured matric suction values using axis laaos technique for the
corresponding degrees of saturation were plottedhenmeasure®WCC (Figure
7.13). The measurgao behavior for drained loading condition is shownFigure

7.14.
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Figure 7.12 :A schematic illustrating the varying matric suctemmd water content

profile for IHT.UNSAT.15.5.

(%) S ‘uoneuinies jo aaibaQg

||||| O S
il i G B R —
||||| -4t
HuuuuﬁuuuumuuuHuﬁuuuuﬁhuuuu
||||| ﬁ||||4|||||ﬁ|||JmT||||
||||| oo o b
L
- -3 = |I|HF||.O.|.M|I| i i
e e S et et
SO N Dl N R
..... e
||||| fo—m-————fp-———f £
O _ _ 2
R S R I = |
s LTt St Fo———f 2 =
e e
— F____1 w 8
- b =%
S el £%
g _ _ _ | 3 <
||||| T T . °
A S N S
o o o o o o
w (o] [o0] N~ o n

1000

100
uy) (kPa)

10

Matric suction, (ug

Figure 7.13 :SWCCfor Indian Head till with compaction water contéot

IHT.UNSAT.15.5.

127



— D20

Shaft Bearing Capacity, p (kN)

0 ;3 1IO 1I5 20
Displacement, d (mm)
Figure 7.14 :p-dbehavior of IHT.UNSAT.15.5.D for pile D20.

7.4.4.1Procedure for calculating the average matric suctio value

In this test series (i.e. IHT.UNSAT.15.5.D), avezagatric suction is determined
which corresponds to the centroid of the suctiatritiution diagram from surface to
the pile embedment depth of 200 mm.

Vanapalli and Mohamed (2007) and Oh et al. (20@8etsuggested a procedure for
the determination of average matric suction valoe ghallow foundations (i.e.
footing) within the stress bulb region. The strbstb depth typically extends from
the base of the foundation to a depth of 1.5 totilm@s the width of the foundation
(i.,e. d = 1.5B to 2B). The average matric suctialug has been defined as the matric
suction value at the centroid of the matric suctilistribution diagram assuming a

hydrostatic distribution profile.

The diagram in Figure 7.18hows the technique used for estimating the average
matric suction value based on the measured matdtos distribution diagram by
Oh and Vanapalli (2011). The measured non-lineatrimauction profile was

simplified as two straight lines.
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Figure 7.15 :Estimation of average matric suction value basethatric suction
distribution diagram (Oh and Vanapalli, 2011).

In a similar manner, for the model pile test serthe average matric suction value,
(Ua - Uw)avg= Wwavg Was estimated simplifying the actual matric sucttbstribution
diagram (Fig. 7.12) as two straight lines (Figurel6]. The matric suction
distribution diagram along the pile shaft (i.e. 28fh = pile embedment length) was
considered for the calculation of average matrictisn. The matric suction value,

wavg (1y COrresponding the centroid of the triangular caéagmwas equal to 60 kPa.

Htotal

Wave(e) = 100 kPa

Measured matric suction profile
— = = Simplified matric suction profile

Figure 7.16 :Estimation of average matric suction value basethatric suction
distribution diagram in the varying suction profgée test series.

7.4.5 Test results of IHT. ASCOMPAC.18 : (matric sutton=55 kPa)

IHT.ASCOMPAC.18 tests were performed for close pdiraum condition with an
initial water content value of 18 % (- 0.6% of OMQhe matric suction of the soil
sample compacted at this water is equal to 55 Ka. measured water content
values along the compacted soil profile are sunwedrin Table 7.8The water

content profile and the associated matric suctistridution diagram obtained from

129



the SWCCis illustrated in Figure 7.17. The data of unitigiet, degree of saturation
and water contents directly collected from the task are summarized in Table 7.9.

=—@=rFEstimated suction from SWCC

O Measured suction from Axis

rl‘ translation technique l

matric suction water content
profile profile
Matric suction, kPa Water content, %

mm
P 40 50 6 17518 185 1p

@

A
U,

b <\

Depth (mm)
14

-

(Ua-Uy)ayvg=53kPa

A\ \

Figure 7.17 :A schematic illustrating for the controlled unifommatric suction and
water content profile for IHT. ASCOMPAC.18.

Table 7.8 :Water content check.

Depth (mm) 0 50 100 150 200
w (%) 175 18.0 182 17.7 185

Table 7.9 :Soil properties for the compacted unsaturatedisdiie test tank.

Depth  Sample Type (Ua- Uy) h Yeiry e w S
mm kPa  kN/m kN/m® - % %
100 Ring 45 19.0 173 059 18.2 85
150 Ring 55 187 170 0.63 17.7 82
200 Tube - 19.0 170 058 185 80
200 Can - - - - 18.5 -
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7.4.5.1Test results of IHT.ASCOMPAC.18.UD

Figure 7.18summarizes the model pile test results performedndran Head till
compacted soil condition at an initial water comteh18% under undrained loading
condition The p-o behavior of pile D45 shows a lower value of ultienahaft
capacity than the expected value. Such a behasiotbe associated with improper
installation and/or disturbance during installatidime measured and expectgdd

curves for D45 pile is given in Figure 7.18.

12

D O SED S n ¢ ¢ o e ¢ — . — — — — w— — — —

D20
— — — D30
—_——————— D45 (expected)
——————— D45 (measured)

Shaft Bearing Capacity, p (kN)

0.0 0.5 1.0 15 2.0 25
Displacement, d (mm)

Figure 7.18 :p-0 behavior of IHT. ASCOMPAC.18.UD for Pile D20-D30-b4
7.4.5.2Test results of IHT.ASCOMPAC.18.D

The model pile test results performed for the asmacted soil condition prepared at
an initial water content of 18 % under drained lngccondition are given in Figure
7.19.
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Figure 7.19 :p-dbehavior of IHT. ASCOMPAC.18.D for Pile D20.

7.5Model Pile Load Test Results: Low Plastic Loam So{{Test Series No.2)

An attempt is made to estimate the shaft bearipgaty of a single pile placed in
unsaturated Loam soil with a low plasticity £ 6.5%) in this section. The measured
matric suction values are reported in Table 7ah@ shown in Figure 7.20n the

compaction curve.

Table 7.10 :Matric suction values measured by using the aaisstation technique.

Sample (Uay- Uy) h Yairy e w S
Type

kPa  kN/m kN/m® - % %

Ring 115 18.0 16.0 0.60 13.6 60-56
Ring 107 18.0 16.0 0.60 13.2 58-55
Ring 80 18.0 16.0 0.60 13.4 59-57
Ring 50 18.8 16.5 0.60 14.7 65-66

The measured matric suction values using the adsskation technique are
presented in Table 7.18nd the corresponding degree of saturation fell on the
measuredSWCCusing the pressure plate for the studied Loam a&®ishown in
Figure 7.21.

It was decided to work with an initial compactioater content value of 13% which
is the dry of optimum condition (i.evy, = 17.4%) where the degree of saturation
varies between 50%-60% and which corresponds étatively higher matric suction

value and falls within the range of 80-100 kPa.
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Figure 7.20 :Matric suction values measured for the as-compauatadition.
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Figure 7.21 :SWCC for Loam Soil and axis translation technique

measurement results.

7.5.1 Test results of LS.ASCOMPAC.13 : (matric suan = 85 kPa)

The first experimental measurements were perfororedinsaturated soil sample

prepared at an initial water content of 13% whiolresponds to a suction value of

80-90 kPa. The pile loading were performed botheundrained and undrained

loading rates for as compacted soil condition ole-BR0 and D30.The suction

control before and after the tests were done bema@intent check and also by axis
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translation technique measurements performed osdiheamples collected from the
test tank after completion of the loading tests.t&acontent profile for the

compacted soil and the associated matric suctsmitdlition diagram is illustrated in
Figure 7.22 and in Table 7.11. The estimate mauction profile was obtained
based on the measured water contents usinGWe€C The model pile test results
performed for the as compacted soil condition preghat an initial water content of
13% under undrained and drained loading conditamesshown in Figure 7.23 and

Figure 7.24&espectively.

==@=Estimated suction from SWCC

O Measured suction from Axis
’l-‘ translation technique l
| ]
matric suction water content
value profile
Matric suction, kPa Water content, %
To 90 11p 12 13 1gmm
W 0
50
—~~
= i 100
&
N
= 150
—
3
200
(@)

250

300

(Ua- Uy)avg=85 kPa W, =13 %

A\

Figure 7.22 :A schematic illustrating for the controlled unifommatric suction and
water content profile for LS.ASCOMPAC.13.

Table 7.11 :Water content check.

Depth (mm) O 50 100 150 200 250 300
W (%) 132 135 135 134 126 12.6 12.6
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7.6 Shear Strength Measurements: Interface Direct Sheafests

Single stage interface direct shear tests wer@peéd on Indian Head till and Loam
soils to measure the interface friction angleand adhesiorg’, between the soil and
the pile material. The specimens were loaded wiblied normal stress values of
200-350 and 450 kPa and sheared at a constardfrai®120 mm/min. The shearing

rate used for model pile loading was the same asrdte used for shearing for
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interface direct shear testing. The shear stressigghe normal stress relationships
and the shear strength parameters for the satuaatkés compacted conditions for

both Indian Head till and Loam soil are summarizethe following sections.

7.6.1 Test results of interface direct shear for Idian Head till

The interface direct shear test results for saddraind as compacted condition and
the interface shear strength parameters for InHiead till are given in Table 7.12

and in Figure7.25 and Figure 7.26.

Table 7.12 :Shear strength parameters obtained from the iceedaect shear test
results for saturated (SAT) and as compacted (ASeAE) condition.

Test Series SAT ASCOMPAC
Winitial (%0) Ca(kPa)  9'(°) ca(kPa) J'(°)
13 20.0 23 50 25

15.5 15.0 23 22 23

18 12.0 23 19 23

7.6.2 Test results of interface direct shear tester Loam soil

The interface direct shear test results for saddraind as compacted condition and
the interface shear strength parameters for Loahasogiven in Table 7.13 and in

Figure 7.27.

Table 7.13 :Interface direct shear test results for satura®&dl) and as compacted
(ASCOMPAC) condition for Loam soil.

Test Series SAT ASCOMPAC
Winitial (%0) C'a (kPa) a(®) C'a (kPa) d(°®)
13 7 25 26 25
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Figure 7.25 :Saturated interface shear strength results foamtiead till.
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Figure 7.26 :As compacted interface shear strength resultaftinh Head till.
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Figure 7.27 :As compacted and saturated interface shear streegjtis
for Loam soil.

7.7 Shear Strength Measurements : Unconfined Compressiorl ests

The unconfined compression tests were perfromesiomples that were obtained in
two different ways for saturated and as compadasting conditions:

I Thin wall tubes were penetrated into the test tartk saturated compacted
soil to extract samples from them.

il. For ASCOMPAC condition tests, samples were prepagedompacting in
the compaction mold separately to avoid the possdskernal factors affecting the
results. This methodology was decided since theaetxdon process (i.e. force to push
sample out from the tube) of the collected samfile® the thin-wall tubes causes
decrease in the volume due to the high frictionveen the soil sample and the thin-
wall tube leading to an increase in the unconfimednpressive strength. This
phenomenon was not observed for the SAT sampldaaltiee low friction between
the soil sample and the thin-wall tube leading twegligible volume change during

the extraction process.

7.7.1 Test results of unconfined compression tesirfIHT and LS

The unconfined compression test results are showvimei following figure for Indian
Head till and Loam soil samples (Figure 7.28, Fegudr29 and Table 7.14, Table
7.15).
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Figure 7.28 :Unconfined compression test results for Indian Hdhsample.
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Figure 7.29 :Unconfined compression test results for Loam Suihgle.

The results show that the undrained shear stresfgthecimens compacted at dry of
optimum condition is higher than those compacteapfitnum condition. This is due

to higher matric suction in the specimens. Howel@rthe specimens compacted at
two different dry of optimum conditions (i.e. 13%d15.5%) show that the one with

higher initial water content and lower matric santshows slightly higher undrained

strength when compared to the sample preparedoatea water content. Post-peak

softening behavior is more pronounced for specimetishigher matric suction.
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Table 7.14 :Unconfined compression test results for Indian Hébsample.

W (33\/)_ Qu Cu

% kPa kPa kPa
13SAT1-UU 0 23 11.5
13SAT2-UU 0 22 11.0
Avg(13SAT-UU) 0 23 115
13ASCOMPAC1-UU 205 125 62.5
13ASCOMPAC2-UU 205 140 68.0
13ASCOMPAC3-UU 205 178 89.0
Avg(13ASCOMP-UU) 205 150 75.0
16 ASCOMPAC1-UU 110 170 85.0
16ASCOMPAC2-UU 110 163 81.5
Avg(16ASCOMPAC-UU) 110 166.5 83.0
18 ASCOMPAC1-UU 55 118 59.0
18ASCOMPAC2-UU 55 112 56.0
Avg(18ASCOMPAC-UU) 55 115 58.0

Table 7.15 :Unconfined compression test results for Loam Somgle.

(%) kPa kPa kPa
13SAT1-UU 0 22 11
13SAT2-UU 0 18 9
Avg(13SAT-UU) 0 20 10
13 ASCOMPAC1-UU 80 110 55

Avg(13ASCOMPAC-UU) 80 166.5 55.0

7.8 Interpretation of Test Results

The model pile load test results are interpretethis section using three different
approaches considering the drained and undrairagting conditions as; i) Modified
amethod following the total stress approach (TSA), Modified S method
following the effective stress approach (ESA), andCombining total stress and the
effective stress approaches in the modifiechethod. Comparisons are provided
between the measured and estimated ultimate siyztities (hereafter referred to as
USC) for each methods.
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7.8.1 Estimation of USC by the modifiedr method - (TSA)

The model pile tests conducted under undrainedirigacbndition were interpreted
using the modifiedr method (7.1) (see section 3.5.2).

_ (u, —u,)

Qf(us) —O'Cu(sa) 1+(ana}1w)su /,U srdL (71)
where,Qsus)= ultimate shaft bearing capacity of a pile for atugated conditiony =
adhesion factorgyisa) = undrained shear strength under saturated andunated
conditions, respectivelyp, = atmospheric pressure (i.e. 101.3 kRa),- u,) = v

=matric suctionS= degree of saturation amglu = fitting parameters.

The fitting parameters, andu were determined based on tjevalues of the studied
two soils (i.e. IHT and LS). For Indian Head titliissample (i.el, =15.5)v = 2 and
1 =9 (see section 2.5.5 amdgure 2.16). This is further discussed for Loar gD
the following sections.

The undrained strength of the soil specimens weterchined from unconfined
compression tests. The measured undrained sheagstrvaluesg, were used for
the estimation of ultimate shaft bearing capacitilse estimated undrained shear
strength values using the (3.19) in section 3.%elgiven for comparison purposes.
The adhesion factors (i.@ca = Qsavunsa) Were also back calculated from the model

pile test results and presented along with theyarsatesults.

The analysis results of the model pile tests paréat for Indian Head till with the
initial water contents of 13% -15.5% and 18% ungtedrained loading condition are
summarized through Table 7.16 to Table 7.19. Thewpasison between the
measured and those estimated shaft bearing casaaging the modified method

are provided in Figure 7.30.
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7.8.1.1IHT.ASCOMPAC.13.UD : (matric suction=205 kPa)

Table 7.16 :Measured and estimat&t5Cvalues using the modifieg method for
IHT.ASCOMP.13.UD.

D Winitial (Ua' UW) Meas. Est. Osat/unsat Est. Meas. Ocal
Cu Gy Qrws. Qs
mm__ (%) kPa kPa kPa - kN kN ;
10 0.37 0.35 0.78
15 0.55 0.50 0.74
20 13 205 68 64 0.90/0.75 0.73 0.68 0.80
30 1.10 1.25 0.89
45 1.64 2.30 1.20

7.8.1.2IHT.SAT.13.UD : (matric suction=0 kPa)

Table 7.17 :Measured and estimatétSCvalues using the modifieg method for

IHT.SAT.13.UD.
Meas. Est. Meas. Acal
D Winitial ~ (Ua - ca
Initial ( a ) C, Osat Qf(us‘ Qf(us‘
(mm) (%) kPa kPa - kN KN -
20 0.13 0.10 0.70
30 13 0 11.50.90 0.19 0.14 0.64

The measureddSCfrom model pile tested on compacted saturatedistower than
the estimatedJSC This result is attributed to the problems encered during the
drilling and jacking procedures which caused sofigrand soil disturbance. It was
challenging to conduct the model pile tests in rsdéd condition in the present
research program without disturbance. A low valieU&SC (i.e. 0.10 kN) and
associated lowr value (i.e. 0.70) may be attributed to the distndeaof the soil
sapme. The expectddiSCfor saturated condition is 0.13 kN for the meadugay
of 11.5 kPa. The back calculated value for USC of 0.13 kN is 0.9 which is

consistent with the results published in the liiem
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7.8.1.3IHT.ASCOMPAC.15.5.UD: (matric suction=110 kPa)

Table 7.18 :Measured and estimat&t5Cusing the modifiedr method
IHT.ASCOMPAC.15.5.UD.

D Winitial (Ua - UW) Meas. Est Osat/unsat Est. Meas. Ocal
Cu Cu Qf(us‘ Qf(us‘

mm % kPa kPa kPa - kN kN -
20 0.74 0.55 0.55
30 155 110 83 65 0.90/0.67 1.11 1.00 0.67
45 1.66 1.50 0.66

7.8.1.4Analysis results for IHT.ASCOMPAC.18.UD: (matric suction=55 kPa)

Table 7.19 :Measured and estimat&t5Cusing the Modifiedr method
for IHT. ASCOMPAC.18.UD.

D w. (Ua- Uy) Meas. Est. a Est. I\geas. u

initial a C, C, sat/unsat Qf(us) f(us) cal
mm % kPa kPa kPa - KN KN -
20 0.64 0.50 0.67
30 18 55 58 52  0.90/0.82 0.95 0.77 0.70
45 1.44  0.70*  0.61
* disturbance/improper installation
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Figure 7.30 :Comparison between the measured and the predit€Hd using the
Modified a method for Indian Head till soil sample.
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7.8.1.5LS.ASCOMPAC.13.UD: (matric suction=80-90 kPa)

As discussed earlier, the proposed method usesnith@ined shear strength derived
from unconfined compression test results for s&tdracondition and th&WCC
along with the two fitting parameterg,andu. The fitting parameteny =2 can be
used for fine grained soils for thgvalues in the range of 8% to 15.5%; howevgr,
value of the tested loam is 6.5%. Therefore, thayaes were carried out for both
=1 and 2 with differenft values following the work of Oh (2012). Table 7.20d
Figure 7.31provide the comparison between the measured arse #stimated shaft

bearing capacities using the modifieanethod.

Table 7.20 :Measured and estimat&t5Cusing the modifiedr method
for LS.ASCOMPAC.13.UD.

Meas.

Est. Meas.
D Wiitial ~ (Ua- Uw)  Cu(sat
c Qus) Qrws)
u(unsat)
kN
0,
mm Yo kPa kPa =5 =6 =7 =8 kN
20 0.61 053 045 042 0.32
30 13 80 10760 0.92 0.79 0.68 0.63 0.60

The best results were obtained for the fitting pesgers of ¢ =2, u =7-8). The

results estimated by using the fitting parametef. did not provided good results.

7.8.2 Estimation of USC by the modifieg3 method (effective stress approach)

The modified method is proposed for the interpretation and iptieth of the shaft
bearing capacity of a single pile placed both ituisded and unsaturated fine and
coarse grained soils for drained loading conditiofise proposed technique was
developed by extending the concept for predicthig gshear strength of unsaturated
soils and the conventionglmethod used for estimating the shaft capacityilespn

sandy type of coarse grained soils.

The general expression proposed for estimatingiitiraate shaft capacity of piles in
unsaturated soil€Xws) iS given as in (7.2). The derivation of this edpratis detailed

in Chapter 3 (see section 3.5.1).
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Qtwy = Qusay + Qiy-y)

- ['309 +{(“a‘uw)(5“)(tan5ﬂnd L (7.2)

Equation (7.2) shows that there is a smooth tramsibetween the ultimate shaft
capacity of a single pile from an unsaturated tarséed condition. This relationship
will be the same as conventiongdimethod when matric suction is equal to zero (i.e.

saturated condition).

However, the contribution of cohesion componenbeissed with the adhesiony’
under drained loading condition may not be negleibbr evaluating the pile
capacity of fine-grained soils for th@ method. In other words, there will be some
contribution of adhesiong,’ towards the ultimate shaft capacity which will be
mobilized with time after the installation of thdep Therefore, the ultimate shaft
capacityof piles in unsaturated fine-grained soils undexirded loading conditions
can be estimated as given in (7.3). The shaft ¢gpaicthe model pile is estimated
using (7.3).

Qt g :[c'a+,8(a’z)+(ua— u,) () (tand )]ndl (7.3)

where,c. = adhesion component of cohesion for saturatedition, §'= effective

angle ofinterface along the soil/pile.

The analysis results of the model pile tests paréat in Indian Head till with the

initial water contents of 13 %, 15.5% and 18% urdi@ined loading condition are
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summarized through Table 7.21 to Table 7.25 an®&igure 7.32. The analysis

results of the model pile tests performed in Loamwith the initial water content of
13 % is summarized in Table 7.26 and in Figure.7.33

7.8.2.1IHT.SAT.13.D: (matric suction=0 kPa)

Table 7.21 :Measured and estimat&t5Cusing the Modifiegd method
for IHT.SAT.13.D.

. Est. Meas.
D Winitial (Ua' va) ,8 J C

® Qius)  Qrus)
mm % kPa - ° kPa kKN kN
20 0.26 0.16
30 13 0 0.5 23 20 0.39 0.92

7.8.2.2IHT.ASCOMPAC.13.D: (matric suction = 205 kPa)

Table 7.22 :Measured and estimat&tSCvalues using the modifie method
for IHT. ASCOMPAC.13.D.

. Est. Meas.
D Wiital  (Ua-Wy) B d Ca Qius  Qrws:
us us

mm % kPa - ° kPa kN kN
20 13 205 0.5 0.50 0.82
30 13 205 05 23 20 0.73 1.40
45 13 205 0.5 1.10 2.00

7.8.2.3IHT.ASCOMPAC.15.5.D: (matric suction =110 kPa)

Table 7.23 :Measured and estimat&tSCvalues using the modified method
for IHT.ASCOMPAC.15.5.D.

Est. Meas.
D - _ '
Winitial (Ua- Uy) £ J Ca Qs Qrws)
mm % kPa - ° kPa kN kN
20 15.5 110 05 23 15 0.45 0.80

7.8.2.4IHT.UNSAT.15.5.D: (avg. matric suction = 60 kPa)

Table 7.24 :Measured and estimat&tSCvalues using the modifie method
for IHT.UNSAT.15.5.D -varying suction profile.

Est. Meas.

D W . u - '
initial ( a UW) ﬁ J G Qf(us) Qf(US)
mm_ % kpa - ° kPa kN kN

20 155 60 0523 15 0.33 0.29
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7.8.2.5IHT.ASCOMPAC.18: (matric suction = 55 kPa)

Table 7.25 :Measured and estimat&tSCvalues using the modifieg@method
for IHT.UNSAT.18.D.

Est. Meas.
D W o u - C '
initial ( a UW) lB J a Qf(us‘ Qf(us‘
mm % kPa - ° kPa kN kN

20 18 55 05 23 12 040 0.62
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Figure 7.32 :Comparison between the measured and the preditG€H using the
modified S method for Indian Head till.

7.8.2.6LS.ASCOMPAC.13 : (matric suction = 80-90 kPa)

Table 7.26 :Measured and estimat&tSCvalues using the modifieg@method
for LS.ASCOMP.13.D.

Est. Meas.

D Winital ~ (Ua- W) S J G Qiws) Qs

mm % kPa - ° kPa kN kN
20 0.30 0.40
30 13 90 0.3 26 7 045 0.80
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Figure 7.33 :Comparison between the measured and the preditS€Hd using the
modified S method for Loam Soil.

7.8.3 Estimation of USC by the modifiedd method

The A method was modified to propose (7.4) to include thfluence of matric

suction effect in the estimation of shaft resistanotpiles in unsaturated soils.

. (u, -u,)
Q =Al o +2 1+—2—¥—g" /u | |rdL
f (us) v(avg) T “Qu(say (P /101.3) (7.4)
The form of this equation will be same as the catie@al A\ method once the matric
suction, (U, - W,) component is set to zero. The required informatising this
equation are the undrained shear strength underased conditiongysay and the
SWCC

The A value is a function of pile length which can beedained from Figure 7.34
for estimating the load capacity of piles in-sifine data of Vijayvergiya and Focht
(1972) is revisited and plotted differently as #atienship between thd and the

ratio of pile diameterd to pile penetration deptlh, in Figure 7.35. A best-fit linear
curve is plotted through the data which exhibitmneoscatter. This relationship is
useful for interpreting the model pile results camgul to the relationship shown

Figure 7.34. Thel values for interpreting the model pile test residtsletermined
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based on thd/L ratio as shown in Figure 7.35. The shaft capaditthe model pile
Is estimated using (7.4).
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Figure 7.34 :Frictional capacity coefficieny] vs. pile penetration (modified after
Vijayvergiya and Focht, 1972).
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Figure 7.35 :Relationship between the variationb€oefficient and the ratio
between pile diameted,to pile penetration, using the data from
Vijayvergiya and Focht (1972).
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The analysis results of the model pile tests peréal in Indian Head till with the
initial water contents of 13 % -15.5% and 18% undedrained loading condition
are summarized through Table 7.27 to Table 7.30imrkégure 7.36. The analysis
results of the model pile tests performed in Loaihwsith the initial water content of

13 % is summarized in Table 7.31 and in Figure .7.37
7.8.3.1IHT.ASCOMPAC.13.UD : (matric suction=205kPa)

Table 7.27 :Measured and estimatétSCvalues using the modifieélmethod for
IHT.ASCOMP.13.UD.

D s @eu) MBS g, fstoMess
mm (%) kPa kPa kPa - - kN kN

10 0.050 0.23 0.19 0.35
15 0.075 0.27 0.33 0.50
20 13 205 68 64 0.100 0.32 0.53 0.68
30 0.150 0.40 099 1.20
45 0.225 0.40 1.48 2.30

7.8.3.2IHT.SAT.13.UD : (matric suction=0kPa)

Table 7.28 :Measured and estimat&tSCvalues using the modifieélmethod for

IHT.SAT.13.UD.
Meas. Est. Meas.
D it - d/L
Winitial (Ua - Uw) c, Qf(us) Qf(us)
(mm) (%) kPa kPa - - KN kN
20 0.10 0.32 0.09 0.10
30 13 0 115 0.15 0.40 0.19 0.14
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7.8.3.3IHT.ASCOMPAC.15.5.UD: (matric suction=110kPa)

Table 7.29 :Measured and estimat&t5Cusing the modifiedl method for
IHT.ASCOMP.15.5.UD.

D Wnia (Ua-Uy) Measc, Est. diL 1 Est. Meas.
u Qf(us) Qf(US)

m % kPa kPa kPa - - kN kN

m

20 0.100 0.32 0.53 0.55

30 15.5 110 83 65 0.150 0.40 1.00 1.00

45 0.225 0.40 1.50 1.50

7.8.3.4IHT.ASCOMPAC.18.UD: (Suction=55 kPa)

Table 7.30 :Measured and estimat&t5Cusing the Modifiedl method

for IHT.ASCOMP.18.UD.

Meas. Est. Est. Meas.

D Winiti Uy - d/L

initial ( a va) c, c, A Qf(us) Qf(us)
mm % kPa kPa kPa - - kN kN
20 0.100 0.32 0.46 0.50

0.150 0.40 ) .

30 18 55 58 52 0.86 0.77
45 0.225 0.40 1.30 0.70*
* disturbance/improper installation
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Figure 7.36 :Comparison between the measured and the preditG€H using the
modified A method for Indian Head till.
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7.8.3.5LS.ASCOMPAC.13.UD: (matric suction=80-90 kPa)

The fitting parameters were chosenvas 2, ;= 7 for Loam soil with the plasticity
value equal td, = 6.5% . (Table 7.31 and Figure 7.37).

Table 7.31 :Measured and estimat&t5Cusing the modifiedd method

for LS.ASCOMP.13.UD.

Est.
Meas. Cy Est. Meas.
D Wniti Ug - d/L A
nidal - (Ua = Us) Cu(satf Cu(unsat) Qr(us) Qr(us)
mm % kPa kPa kPa i kN kN
20 0.100 0.32 0.27 0.32
30 13 90 10/60 40 0.150 0.40 0.51 0.60
20
é & LS.ASCOMPAC.13.UD 6090
£ 2>
®© 1.5 //*\e
o
© \)9
13} S
o 6\0\9
£ o®
S 1.0 -
o]
5
=
(7]
o 0.5 4 <>
9
(&)
= »
o
o
0.0 T T T
0.0 0.5 1.0 15 2.0

Measured shaft bearing capacity (kN)

Figure 7.37 :Comparison between the measured and the preditS€Hd using the

7.9 Summary

modified A method for Loam soil.

In this chapter, the results of the model pile ltegts performed under saturated and

unsaturated conditions on two different compactee grained soils (i.e. Indian

Head till and Loam soil) were presented and andly®estudy the influence of

matric suction on the shaft bearing capacity. Thienate shaft bearing capacites of

model piles with different diameters (10 mm, 15 n#@,mm, 30 mm and 45 mm)
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were determined from the measurped curves following the assigned failure

criteria. The difficulties associated with perfongisome of these tests are detailed.

The presented model pile load test results wera tinéerpreted by using the
modified a, £, and A methods considering the effect of matric suctiOther test
results including the matric suction measureme3igCCdeterminatiorandstrength
measurements were also reported and used as fartaalerpretation and prediction

of shaft capacities under unsaturated condition.

The experimental shaft bearing capacity of a sipgke under unsaturated condition
was found to be approximately 5 to 6 times highantthe shaft bearing capacity of
the same soil under fully saturated conditions. Tésults of this experimental
program suggest that the conventional procedureshf® estimation of pile shaft
capacity of a single pile used in engineering pcacare conservative when they are

applied for unsaturated soil conditions.
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8. MODELLING THE LOAD VERSUS DISPLACEMENT BEHAVIORS OF
A SINGLE PILE IN UNSATURATED FINE GRAINED SOILS

8.1 Introduction

The load-displacement (i.p-9) behavior of pile foundations can be determinedfr

in situ load tests. However, in many cases it is passible due to high costs or
practical limitations of the site for conductingetpile load tests. The practical and
economical limitations have encouraged researdbegosopose empirical, analytical
or numerical techniques for reliable and quick preoh of thep-J behavior of piles.
However, these conventional interpretation procesltechniques are based on the

mechanics of saturated soils.

Experimental results of model pile load tests cateldl on unsaturated coarse and
fine-grained soils in a laboratory environment asebscribed in earlier chapters
showed that the load-displacement behavior is fsogmtly influenced by matric
suction. The matric suction contribution due tofshesistance of a single pile was
determined to be between 40-50% for silts and s#tyd type of soils and is around
30-120% for tills. In previous chapters conventiorrg SandA methods were
modified to estimate and interpret the contributadmmatric suction to the ultimate
shaft bearing capacity. Numerical modeling studhethis direction also would be of
value to understand the influence of matric suctarthe ultimate shaft capacity of
piles and to predict the-o behavior. Some studies in this direction were rigubin
the literature to understand the influence of sucton the performance of piles
behavior (Georgiadis et al., 2003; Muraleethararalet2008; Muraleetharan and
Ravichandran, 2009; Ravichandran, 20Qfshnapillai and Ravichandran, 2011)

Georgiadis et al. (2003) proposed a constitutivedehofor unsaturated soils
extending the critical state concepts and incoteadranto the Imperial College Finite
Element Program (here after referredl@sEP). This model was used to estimate

the p-o behavior of a single pile under axial loading usthg critical state model
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parameters. The contribution of matric suctionh® bearing capacity behavior of a
full-scale single pile (i.e. 20 m in length and limndiameter)placed in glacial till,

was investigated considering the influence of dapil stresses above the ground
water table. Different scenarios with varying grdwater table conditions have been
assumed such that both the positive and negatiwe \water pressure influence the
pile behavior. The conventional and unsaturatedyaea have been performed

assuming drained loading conditions usingI®EEP.

In this chapter, the single pile analyses undertdke Georgiadis et al. (2003) were
reanalyzed using a commercially available finiteeneént analysis program
SIGMA/W (Geostudio 2007) software which is a product ofGG&.OPE (Krahn,
2007). These analyses were carried out using tastielperfectly plastic model
extending the Mohr-Coulomb vyield criterion. The weentional shear strength
parameters (i.ec' and @), the soil-water characteristic curv8WCQ, the elastic
modulus for saturated (i.€sa) and unsaturated conditions (iEBysa) are required
for modelling thep-o behavior of single pile behavior. The numericahtaique is
based on the elastic-plastic Mohr-Coulomb modelt ibaincorportated into the
SIGMA/Was one of the failure criterion models. TBkEsMA/Wanalyses performed

were compared with th€FEP analysis results of Georgiadis et al. (2003).

8.2 Background

8.2.1 Elastic-plastic constitutive model extendinthe Mohr-Coulomb theory

Elastic-plastic framework can be used as a toprdpose simple constitutive models
to describe the general soil behavior. A yield fiorg a plastic potential function

and hardening/softening rules are required to fétateuan elasto-plastic material.

A yield function defines the starting point of glasstraining. This function seperates
elastic behavior from the elasto-plastic behavioryield function is a scalar
function in the form of F({o},{k})= Owhere {fg} = stress components or stress
invariants ang’k} = state parameters. On the other hand, a plastenfal function

of the form P({c},{m}) = 0 determines the direction of the plastic strainingeve
{m} = vector of state parameters (Potts and Zdravk@@d01). In the axial loading

condition, the plastic strains take place in th@ealirection as the applied stresses.
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However, for multi-axial loading it is necessary define the plastic strain under
different stress states.

A hardening/softening rule is required as the ni@tehardens or softens for
modeling. The hardening/softening rules determines how tHE$arameter$k}

vary with plastic straining. If the material is festly plastic, no hardening or
softening rules are required. However, for materiahich harden and/or soften

during plastic straining, rules are required tocgyehow the yield function changes.

Elastic-plastic framework together with the Mohr«@mmb failure criterion can be

used to propose simple constitutive model to deectine general soil behavior in
terms of effective stresses. The plastic behaWogaverned by the shear strength
parametersd’ and ¢) and dilatancy angle¢)); however, the elastic behavior is

dependent on the Young's modul&$ &nd Poisson's ratig).

There is no need for hardening/softening law ifM@hr-Coulomb model is assumed
to be perfectly plastic. The state paramefkf={c’,¢/}' can be assumed to be
constant, independent of plastic strain or plagbck. In spite of assuming the Mohr-
Coulomb model to be perfectly plastic, the caladaplastic strains results in a
dilatant plastic volumetric strain behavior whick dependent on the angle of
dilatation, ¢. This is one of the main shortcomings of the madgeit can contribute
to unreasonable predictions for some boundary vghueblems (Potts and
Zdravkovic, 1999).

8.2.2 Critical State Model CSM) for saturated soils

Mohr-Coulomb failure envelope is not capable to eloddequately many basic
features of soil behaviour such as the dilatanayndwield. The constitutive critical

state model presents a framework to define mechbbahavior of soils considering
both the shear strength and the volume change atkasdics. The original critical

state framework for saturated soils used in the CkEy model was later extended
into the Modified Cam clay model (Georgiadis et aD03; Potts and Zdravkovic,
2001). These models define a unique failure sunfacep-v space and use thé, A,

Kk, v andv, as the basic model parameters to define critizab dine (Figure 8.1)

through the following relationships (8.1) and (8.2)
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q=Mp' (8.1)
v=v,—AIn(p’) (8.2)

where,q = deviator stressyl = the slope of the critical state line projectetbip’- q
stress spac@,’ = effective mean stresg= specific volume = (1+ ey, = the specific
volume at critical statej = slope of the virgin compression line and slopehe

critical state line projected inta p~v space ana = slope of the swelling line.

The critical state parameters are also relatetgaconventional soil properties such
as the angle of internal frictioy and the compression inde®; .The slope of the
critical state line in theg-p’ plane,M can be obtained from a series of triaxial

compression tests and can be related t@thising (8.3) as given below:

6sin
- _bsing. 8.3)
3-sing
v A Isotropic Compression
line
Vv q A
Vo Swelling line
CSLon g-p
\ M
CSL on Inp-v
> Inp >

Figure 8.1 : Critical state model parameters.
8.2.3 Critical state model CSM) extended for unsaturated soils

One of the first constitutive models to be develofmdunsaturated soils was the
Barcelona basic model (Alonso et al., 1987; Aloesa@l., 1990). This model was
based on the modified Cam clay model for fully satedt soils, and was extended for
unsaturated soils through the introduction of thecept of the loading-collapse yield
surface. Most constitutive models for unsaturatats sire extensions of critical state

constitutive models originally proposed for satadatsoils (Alonso et al., 1990;
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Kohgo et al., 1993; Wheeler and Sivakumar, 1995z@o et al., 1996). These
constituve models consider the change in degresatofation during the variation of

volumetric deformation due to swelling-shrinkagenet normal stress.

Georgiadis et al. (2003) presented a constitutisdehfor unsaturated soils based on
the loading-collapse yield surface concept by definan additional equivalent
suction space. The proposed constitutive modelufmaturated soils based on the
loading-collapse yield surface concept by definiwg yield surfacesThe equation
for yield surface and associated plastic potestialace is extended to the equivalent
suction space by introducing a suction tekmy, This term represents the expansion
of the yield surface into the tensile total stréssess-suction space) region and
defines the amount of increase in apparent cohesionGeorgiadis et al. (2003)
model, the cohesion increase paramétegn either have a constant value leading to
a linear increase of apparent cohesion with suctorbe set equal to the degree of
saturation &). The SWCCdata is required when the parameleils assumed to be
equal tos.

In order to model mechanical behavior of unsatdrateils, the critical state line
equation and compression line equation are modibgdincluding the above
assumptions in (8.1) and (8.2) to obtain equatkdg), (8.4b) and (8.5) as given

below.

q=M(p+Kks,+s,;) if k=constant (8.4a)
A=M(p+Ss,*s,) T k=5 (8.4b)
V= \V(S) —A(seq)ln P, (8.5)

where, s,, = s— §;,, § = the degree of saturatiorsq = the equivalent suctiors, =

soil suction values,; = air entry suction value.

8.3 Single Pile Analysis by Georgiadis et al. (2003)

Georgiadis et al. (2003) summarized two common scenarios of porsugaes
distribution profiles which are illustrated in Figure 8.2; (apffee 1: Conventional
analysis and (b) Profile 2: Unsaturated analysis. In conventianalysis, the
influence of negative pore water pressure above the groundwater table) (GWT

ignored. The pore water pressure is considered to be equal toakzeve the
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saturated zone as it is a conservative assumption. For unsaturatggisacade, in
general, three different negative pore-water pressures profiles are pogs#nehe
soil is in a state of unsaturated condition. These include: (i) €xeesvaporation
condition, (ii) hydrostatic condition, and (iii) flooding desated soil condition

Profile 1 Profile 2

Conventional agalllysis Ganaturated analysis
lle i iii

Uy = 0 g Uy = '(hunsatyw)
Unsaturated Zone |

hunsa

owt L[

Saturated Zone |3

+ U
u = +(haYw) D

U = +(harYw) i

Figure 8.2 : The variation of pore-water pressure with respect to depth considering
the initial ground water table level condition (modified after Geoigiatial.
2003).

The proposed critical state model extended for unsaturated soils deas b
implemented into th&CFEP and used to investigate the influence of suction and the
ground water fluctuations on the behavior of a single pile placea giacial till
deposit. The single pile used in the study was 20 m intheagd 1 m in diameter.
The analyses were performed considering different ground water table fewel

the ground surface (i.e. 0 m (saturated condition), 2 m, 6 m, &adn25 m) for both
conventional (Profile 1) and unsaturated analysis (Profile 2-ii) for ylugobktatic
pore-water pressure profile condition. The soil considered in thady stower
Cromer till (hereafter referred to as LC till), which was assumed tedispic and
homogeneous. This soil can be categorized as sandy clajowihlasticity. All the

analyses were performed assuming drained loading condition.

The cohesion increase paramekewas chosen as a constant value of 0.8 due to the
the low suction values associated with the pore-water pressurke pA&suming the
parametek as constant value eliminates the need for usinGWEC(8.4a). An air-

entry suction values,,, was assumed to be zero for the unsaturated analyses cases
and the soil between the ground surface and the ground watemablconsidered to

be unsaturated. In other words, the capillary saturated zone exjératimthe water

table up to the air-entry head has been ignored.
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In the numerical modeling analyses performed by Georgiadis et @3)(268ight-
noded axisymmetric isoparametric quadrilateral elements with reducsgration
were used. The critical state model paramet@msnd iz which control the shape of
the defined yield surfaces were selected in a way that the model foatedtsoil

conditions is the same as modified Cam-clay model.

8.4 Estimation of p-oBehavior of In-situ Single Pile in Unsaturated Glaal till
Deposit Using Elastic-Plastic Mohr-Coulomb Model inSIGMA/W

The in-situ single pile behavior studied by Georgiadis ef2803) was reanalyzed
using the commercially available finite element softweé8&;MA/W (GeoStudio

2007) extending the elastic-plastic Mohr Coulomb model for uretai soils.

8.4.1 Definition of the analysis problem and soil fpperties

An independent finite element analyses (here after referre@Aswere undertaken
by usingSIGMA/Wto evaluate load carrying capacity of a single pilediffierent
scenarios of positive and negative pore-water pressures as showrfile Prand
Profile 2: (ii) hydrostatic condition given in Figure 8.2. Tumesaturated zone above
the GWTlevel was defined by assigning the water table level at differentslépim
the ground surface as 0 m (saturated condition), 2 m, 6 m, a@d5 m. The soil
profile at the site is assumed to be isotropic and homogenEoegile dimensions,
groundwater table conditions, soil properties and the analgps $or the problem
defined in this paper were parallel to the example problem present@éddrgiadis
et al. (2003). All the analyses were performed for drained loading tammsli

Due to the lack oSWCCinformation of LC till, theSWCCof Indian Head till
(adopted from Vanapalli et al. (1996)) was used in the present Stodi.C till and
Indian Head till have similar grain size distribution, indeagerties and engineering
properties. Therefore, it is reasonable to useSW&CCfor Indian Head till in this
study. For comparison purposes, the soil properties ofanndiead till are
summarized along with thieC till in Table8.1. TheSWCCof the Indian Head till

used in the present study is summarized in Figure 8.3.
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(8.6)

&

15

23
2.73
19.2
15.5
28

42
30

Till
Vanapalli (1994)

Indian Head
Vanapalli et al. (2007)

Lower Cromer
Till
Gens (1982),
Maswoswe (1985),
Bell (1991)
12
26
2.70
17.0
12
38-64
18-32
17-30

¢'+(o,-u,)tang +(u,~ u,) tany’

effective internal friction angléy, - u,) = matric suction and

Tunsat

Table 8.1 :Soil properties used in the study.

angle of shearing resistance due to an increase in matric suction.

Effective friction angleg’ (deg)

Effective cohesiong’ (kPa)
Specific gravity G

Total unit weight,y (kN/m?)
Plasticity Index], (%)

Sand (%)

Solil Properties
Silt (%)

Clay (%)

¢

The shear strength behavior of unsaturated soils for Profile 2nsinokrigure 8.2 can
be interpreted using the Fredlund et al. (1978) equation in tefrtvgo stress state

where I nsat= Shear strength of an unsaturated s6#; effective cohesiorn(g, - U,)

variables, net normal stress and matric suction (8.6):

8.4.2 Shear strength of unsaturated soils

net normal stressy
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Figure 8.3 : Soil-water characteristic curve for Indian Head till.



Vanapalli et al. (1996) provided a semi-empirical equation (8.7prelict the
variation of shear strength of unsaturated soils using the conwvahsibear strength
parameters (i.ee’and¢’) and theSWCC.
, (9-9) 8.7
Tynsa =C +(0,—u)tang +(u,- u,)| -——= tany (8.7)
(gs_er)

where,f = the volumetric water content at any suctién= the volumetric water
content at saturationd, = the residual volumetric water content. The various

volumetric water content values can be determined frorBYHEC

The SWCCfunction can be defined in tf®GMA/Wsoftware in terms of volumetric
water content(d) versus suctionu, - U,) such that the contribution of suction
towards total cohesion can be estimated. The user defined effectesagh’ for
saturated condition along with tBAVCC(& vs.(ua- U,)) data is used to calculate the
variation of total cohesion with respect to suction using theviahg relationship
given in (8.8):

6.-6,

S r

C:c'+(ud—qm){((g_0r))tan¢} (8.8)

Georgiadis et al. (2003), in their study reported the slopeeottitical state linelv
to be equal to 1.2. The internal friction angftefor LC till was derived from Eq. 8.3
for use in the Mohr-Coulomb model. The back calculagédalue of 26° is also
consistent with the reported values in the literature for LC till samples (Bell,
1991).

8.4.3 Definition of the pore water pressure profile

In SIGMA/W the variation of pore water pressure with respect to depth can be
simulated in two different ways: i) by defining an initial watable (hs) and a
maximum negative pressure headhh based on the assumption that it varies
hydrostatically with distance above and below the initial growader table level
(Fig. 8.4), and ii) by defining a spatial function to simuldite pore water pressure
change asexcessive evaporation condition, hydrostatic condition or as figodi

desiccated condition.

In the former case, if the defined maximum pressure head is lowethénéimckness

of the unsaturated soil layer (i.endh < hinsa) the negative pore water pressure is
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constant up to the ground surface beyond once the maximumveegegssure head
is reached. If maximum negative pressure head is greater than the bkigh
unsaturated soil layer (i.emf > huinsa) then the negative pore-water pressure can be

defined to be increasing hydrostatically up to ground surface §Fy

hma><<hunsat hmax Zhunsat

)

hunsat

Uy = 'hunsat-yw

Uy = Nsar.Yiw U = Nsat.Yiw

Figure 8.4 : Defining pore water pressure in SIGMA/W by assigning an initetiew
table (modified after Oh and Vanapalli, 2011).

8.4.4 Elastic modulus for unsaturated soil conditin

Oh et al. (2009) proposed a semi-empirical model for predicting the igariat
modulus of elasticity of unsaturated solg;sa:using theSWCCand the modulus of
elasticity under saturated conditioBsa (8.9). This relationship is used for the
analysis to estimate the elastic modulus for the unsaturatexbseilabove th&WT.

(u,—u,)
E —E_|1l+g2 W & 8.9
nsat sa‘{ P,/101.3 } (89)

where Esa, Eunsat = elastic modulus under saturated and unsaturated conditions,
respectively, andy, £ = fitting parameters = 2 for fine-grained soils regardless of

lp. Vanapalli and Oh (2010) have shown that the fitting paraneten be defined

by a relationship shown in (8.10). The relationship shovet the inverse of

a nonlinearly increases with increasirng,
(l/a)=0.5+0.063(, } 0.036( 2 (8.10)

The fitting parameters values of=1/10 andfG = 2 suggested by Vanapalli and Oh

(2011) for Indian Head till witty, value of 15.5 were used in the present study.
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In SIGMA/W the elasticity modulus can be simulated in two different wgysy
defining the variation of elastic modulus with depth, andbyi)defining an average
value of elastic modulus for the entire soil profile. Both approasiees used in the

present analyses obtaining close results.

i) The variation of the elastic modulus with respect to matric suciah the
correspondingEynsa: Values for the unsaturated zone (i.e. hydrostatic negative
pore water pressure profile assumption) is calculated by (8si0y theSWCC
dataand Eg value.The obtained relationship is given in Figure (8.5). These
values are defined as data point functiorSIGMA/Wto plot the variation of
elastic modulus with depth considering different depth<5MfT location (i.e. O
m, 2 m, 6 m, 10 m and 25 m). The elastic modulus for theadatlzone below

the GWT is assumed to be constant and equ&al.to

500000

a=1/10, B=2

400000 -

300000 -

200000 -

100000 -

Elastic modulus, E (kPa)

T T T T
0 100 200 300 400 500

Matric suction, (ug -uyy) (kPa)

Figure 8.5 : Variation of the estimated elasticity modulus
with respect to matric suction.

ii) An average value of elastic modulus Bssaiavg)iS defined for the given soil
profile. This value oEnsaiavg) IS determined by calculating the average of the
data point function values obtained in (i). The calculated iffmatavg for

various depths are summarized in Table (8.2).

165



Table 8.2 :Elasticity modulus values used for calculations in unsaturatagsas

GWT level Esatiunsat(avg)

(m) (kPa)
0 20000
2 21920
6 33196
10 57127
25 90815

8.4.5 Model parameters

The model parameters used for predicting the load versus displacereeptdji
behavior using the elastic-plastic Mohr-Coulomb model are summairzé&eble
8.3. Axisymmetric analysis was performed using quadrilateral elemetiitsivgle
nodes considering appropriate boundary conditions. Figureugénarizes the key
details; however, it is not drawn to scale. The space coordinates égté m and

55 m in thex andy directions, respectively. The pile and soil material properties
were defined separatelyhe pile itself is modeled as linear elastic material with a
relatively high modulus of elasticity compared to the sbile loading on the pile

was applied by increments of vertical displacement to its top.

Table 8.3 :Model parameters used in SIGMA/W analysis.

Model Soil Pile
Parameters
Elastic Linear
Mode Plastic Elastic
c’(kPa) 12 -
¢(°) 26 -
Esai (kPa) 20000 2@ 10°
y (KN/m?) 17 24
Ko 1 =
U 0.334 0.15
w() 0 -
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4o

Figure 8.6 : Finite element modeling in SIGMA/W (not drawn to scale).
8.4.6 Finite element analysis results

The FEA results of the present study using &€ MA/Ware compared with the
ICFEP results reported by Georgiadis (2003). In Figure 8.7, the lcauladiement
(i.e. p—-9) behavior of the single pile for saturated soil conditiosusimarized. The
p—o behavior for the conventional analysis based on the pore preRsnfike 1
shown in Figure 8.8 through Figure 8.11. Th&curves show the analysis results
assumingGWTat 2 m, 6 m, 10 m and 25 m depths from the ground surfaee. Th
unsaturated analysis results based on the hydrostatic pore watergeessimption

in Profile 2 is summarized in Figure 8.12 through Figure .8.15

The contribution of matric suction to the load carrying capaditgile for shallow
GWTdepth of 2 to 6 m in comparison to saturated soil conditie not significant.
This behavior can be observed from the conventional and the unsatanaigdis

(Fig. 8.16a-b). However, bearing capacity of a single pile increasglesan increase

in the GWT depth from the ground surface. The increase in bearing capacity for
unsaturated analyses is due to the contribution of suctithretshaft resistance. The
analysis results also show that the end bearing capacity ssgndicantly influenced

by the unsaturated zone for the fine-grained soil investigatin ipresent study.
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Figure 8.7 : Load-displacement curve for drained loading analyses for saturated soil
condition when GWT = 0m.
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Figure 8.8 : Load-displacement curve results for conventional analyses
when GWT =2m.
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Figure 8.9 : Load-displacement curve results for converdicamalyses
when GWT = 6m.
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Figure 8.10 :Load-displacement curve results for conventional analyses
when GWT = 10m.
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Figure 8.11 :Load-displacement curve results for conventional analyses
when GWT = 25m.

The conventional analysis underestimates the load carrying capacihe gfile
approximately by 2, 4, 12 and 45% compared to the unsaturateciarfatlyGWT
located at 2 m, 6 m, 10 m and 25 m from the ground surface, reghgechg the
GWT level changes over time and moves to a greater depth (i.e. dewaiering
underdrainage) after pile installation, the pile load capacity incre@bespile load
tests can result in higher bearing capacities when compared to the eshturat
condition. However, if GWT rises to the ground surface againdhesverprediction

of 293% would be observed for the two extreme conditions of G¥W2Z5 m depth

and at natural ground surface (i.e. the fully saturated case).

170



5000

| i

—&— SIGMA/W-shaft
—&— SIGMA/W-base
4000 +———————F—"—>——%0F—————— o bl —o— SIGMA/W-total
O ICFEP-total

|
~—~ |
Z 3000 +¢ e e i wra—watgsat—————— +———————
=3 |
E |
o I Y R I I B l
I 2000 :
|
|
1000 fff——————d——— =&+ —————— = T ———————
|
|
|
|

0 50 100 150 200 250
Vertical Displacement (mm)

Figure 8.12 :Load-displacement curve results for unsaturated analyses
when GWT =2m.
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Figure 8.13 :Load-displacement curve results for unsaturated analyses
when GWT = 6m.
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Figure 8.14 :Load-displacement curve results for unsaturated analyses
when GWT = 10m.
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Figure 8.15 :Load-displacement curve results for unsaturated analyses
when GWT = 25m.

There is a reasonably good agreement between the two models @isaqudhis
study both for the conventional and the unsaturated analysetsrdsu$ agreement
shows that the elastic-plastic Mohr-Coulomb model can be useddeling the pile
foundation behavior in unsaturated conditions considering theemde of suction.
The proposed approach has the advantage of working with comadnsbear

strength parameters and t8&/CCusing commercial software.
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Figure 8.16 :Comparison of the load-displacement curve results for conventional
and unsaturated analysis results for GWT = 0-2-6-10-25m.

8.4.7 Validation of the elastic-plastic model for nsaturated soils

Comparisons were provided between the load versus displacgm@ribghavior of

a single pile placed in a glacial deposit under saturated and unsatsaited

conditions using two different numerical analysis techniques. mhmerical

technigue proposed by Georgiadis et al. (2003) is a comprehecmngitutive

model based on critical state soil mechanics concepts for unsatucaedThe

technique presented in this paper is based on an elastic-plasti€cddolomb model

which uses the conventional shear strength parameters al@iMG€that can be
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implemented with the commercial software progrd8IGMA/W). There is a
reasonably good comparison between the simulated results usihg thege

approaches.

Two key conclusions can be derived from the present study. Fitgtlyonventional
calculation methods for estimating the load-displacementpid.behavior of pile
foundations are conservative when they are extended for unsaturatedafiresig
soils. Secondly, the elastic-plastic Mohr-Coulomb model supd by the
commercial software (i.eSIGMA/W can be used as a tool to estimate the load-
displacement (i.ep-d) behavior of pile foundations for both the saturated and

unsaturated soil conditions.

8.5 Analytical Calculation of UBC for Conventional and Unsaturated Analysis
Using the Modified g Method

The modified Method (8.11) was used for calculating the ultimate shaft bearing

capacity. More details of this method were discussed in Chaptee 3éstion 3.5.1).

Qf(us) = Qi(sanp ¥ Qf(u-uy,)

:[,80"2 + U, - uy )(S¥ )(tand’ )] mdL (8.11)

where, k = fitting parameter used for shear strength, &wl degree of saturation,
(ua- W) = matric suctiond = internal friction angle between pile and sdl= K,

tan d, whereK,= (1-sin d) which is the average lateral earth coefficient at rest.

The effective adhesion between the pile and s@ilyas neglected on account of the
local remoulding assumed to occur during pile installationt$Rotd Martins 1982).
The end bearing resistance of the pile is also calculated in the pregsnusing the
conventional formulation given in (8.12) and the matric suction eff@st not taken

into account.

Qp = Ngou A (8.12)
where,Q, = ultimate pile tip bearing capacity; = bearing capacity factor which is
the function of effective internal friction angle differewt;= effective overburden

pressure at the pile tigy,= area of the pile tip. A value of 8 is used Ky for piles
(Prakash and Sharma 1990).
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The ultimate load bearing capacity values for conventional araturased analysis
calculated from the conventional and modiff@dnethod are respectively plotted on
the same figures. The failure criteria (i.e. ultimate bearing capacitiy)pisally
estimated to be reached at 10% of the pile diameter (ASTM D1148)ulfimate
bearing capacity values corresponding to the 0.1 m of verticaladeplent are

calculated and shown on Figure (8.17).

10000
—— Unsaturated Analysis : : :
— — Conventional Analysis | | |
s000 4| Calculated-Convensional | || |
@ Calculated-Unsaturated __o_}___,_c'?——:—o
[ | |
o iIZ' —_ '(JP' - _:— ©
6000 —————|——:_;—|t@=——‘1|‘=‘— ————t————t———
L 2 ————

Load (kN)

4000 + M ——————L—o—— Lo ==—=lt=="—T=___

| |
| | | |
| | | |
| | | |
| | | |
T T T T
0 20 40 60 80 100 120 140 160
Displacement (mm)
Figure 8.17 :Load-displacement curves and analytical calculation results using the

modified S method for conventional and unsaturated analysis for GWT = 0-2-6-
10.

The biggest difference for the calculated loads is observed for the unséturat
analysis when GWT = 25 m. The predicted results using thefiewgf method
given in Figure 8.17 shows a good comparison with the nealeanalyses results
where the GWT is comparatively at shallow depths (i.e. 0 n® tm)lL However for

the condition where GWT is located at 25 m depth, the modiffechethod
underestimates the bearing capacity by 20%. This may be explaingx lmyatric
suction contribution due to end bearing since pile tip is &sated within the
unsaturated soil zone when GWT = 25 m which is ignoreddrcéificulations (Figure
8.18).
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Figure 8.18 :Load-displacement curves and Analytical calculation results useng th
modified S method for conventional and unsaturated analysis for GWT = 25m.

8.6 Summary

The load-displacement (i.e9-d) behavior of pile foundations is conventionally
estimated assuming saturated soil properties using theoreticaticaingi numerical
analysis methods. The same methods are also conventionally usgedbging
engineers for piles that are placed in an unsaturated soil state aymhtthieution of
soil suction towards bearing capacity is ignored. However, expatah studies
presented in this thesis show that there is a significantilsotibn of matric suction
towards shaft resistance of single piles embedded in coarse and fimedgrai

compacted soils.

Georgiadis et al. (2003) proposed a constitutive model for ums$atursoils
extending the critical state concepts and incorporated into theriehollege Finite
Element PrograniCFEP). The ICFEP was used to estimafeo behavior of a single
pile of 20 m length and 1 m diameter in a glacial till considedififgrent scenarios
of saturated and unsaturated soil conditions. In this chaptetasinc-plastic Mohr-
Coulomb model is extended to estimate the same series of resptiged by
Georgiadis et al. (2003) by using the commercially availeBlA software program
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(SIGMA/W). The theoretical background and the numerical modeling technique
associated with this extended model are presented. The modelesedbe
conventional shear strength parameters (i.e. saturated shear staaagtieters as;

and ¢), the soil-water characteristic cun@WCQ, the elastic modulus for saturated
condition (i.e.Esa) and theSWCCdata. TheSIGMA/Wanalyses were compared with
the ICFEP analysis results. There is a good agreement betwegndheehaviors for
axial loading of the single pile under saturated and unsaturatedionadising both

the numerical modeling techniques. The studies presented ichtpser suggest that
the elastic-plastic Mohr-Coulomb model provided by the commesoitvare (i.e.
SIGMA/W can be used as a tool to estimate the load-displacemept.éehavior

of pile foundations for both the saturated and unsaturated soitiooisd

Also in this chapter, the analytical calculation of ultimate beadapacity for
conventional and unsaturated analysis was performed using thentiomal and
modified S methods, respectively. Comparisons show that there is a goeehaant
between the conventional and modifigg8l method calculation results and the
numerical modeling results. The performed analysis reported in tldy provide
additional credence to the modifig8l method for implementation in engineering

practice.
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9. SUMMARY AND CONCLUSIONS

9.1 Introduction

Several recent studies have shown that the bearing capacities ofvdioalhmlations
in both coarse and fine-grained soils are significantly infladndue to the
contribution of matric suction (Costa et al., 2003; Mohamed aawdlapalli, 2006;
Vanapalli, 2009; Vanapalli and Oh, 2010). There are howeverelimgtudies
reported in the literature that discuss the design of pile foundatimng account of
the influence of matric suction in unsaturated soils (Georgiadils, &002). Two key
objectives form the research focus of this thesis. The first objeciage divected
towards developing reliable techniques to interpret the contribofionatric suction
towards the shaft bearing capacity of single piles and also for girgpsemi-
emprical models to estimate the variation of load carrying capatisyngle piles
with respect to matric suction under both drained and undrainedh¢padnditions.
The second objective of the research was directed towards developiegical

modelling technique using an elastic-plastic Mohr-Coulomb miumdestimate the-

O behavior of single piles in unsaturated soils consideringnthg@ence of matric

suction in-situ and model piles both in coarse and fine-grainsaturated soils.

The summary and conclusions from the studies undertaken inthtbsss are

summarized in the following sections.

9.2 Estimation of the Shaft Bearing Capacity of Test Rés in Non-plastic

Unsaturated Soils

1. Comprehensive experimental program was undertaken in a geotechniqal test
to determine the contribution of matric suction towards the tb&dt sesistance
of piles embedded in two coarse-grained soils. These test resritsused to
propose an interpretation technique to estimate the shaft resistanatedogsi

the contribution of matric suction.
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The shaft bearing capacity of a steel pipe pile which had been jacked
hydraulically into two different types of sandy soils (i.eil &a: silty sand and
Soil #2: clean concrete sand) and tested under saturated and unsaturated

conditions.

2. The test results have shown that the contribution of matric sutctibe between
45 to 50% of the total shaft capacity of the test piles for sdnd; however, the
influence of matric suction was negligible for clean sands. Thusan be
concluded that in unsaturated coarse-grained soils, with the excegtclean
sands and granular soils, the contribution of matric suctiotihdototal shaft
capacity of piles should be taken into account for the rationajresipiles.

3. The conventionaf;-method was modified for interpreting the contribution of
shaft resistance of single model piles. In addition, a semi-esapmodel has
been proposed which is consistent with the modifiedethod to predict the
variation of the shaft resistance with respect to matric suctiory tka Soil-
Water Characteristic Curv&(WCQG and the effective shear strength parameters.
The results of this study are promising to predict the contoibuof matric

suction towards shaft resistance using the modifietethod for sandy soils.

9.3 Shaft Bearing Capacity of Test Piles in Fine-graing Unsaturated Soils

1. Test equipment was specially designed to study the shaft beapagity of test
piles in compacted fine-grained unsaturated s8iiginless solid steel cylindrical
rods with different diameters and circular high strength plasticvamne used as
model piles and as testing chamber, respectively. Several series efraimgg!
pile tests were succesfully performed in a laboratory environmestutty the
influence of matric suction due to the pile shaft resistance. Twierelit
unsaturated compacted fine-grained soils (i.e. Indian Head tilLaath soil)
were used in this study. The shaft resistance of the model pilesdeed in
statically compacted soils prepared at predetermined constant indiar w
contents from dry of optimum to optimum conditions to achimatric suction
values in the range of 50 kPa to 200 kPa. A constant iniidrvcontent assures
the uniform matric suction value over the entire depth. Tests weciea
under both saturated and unsaturated conditions using diffel@mage

conditions succesfully using the specially designed equipment.
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2. The total shaft resistance of piles in unsaturated conditiomgnigicantly higher
in comparison to saturated conditions for both drained and uedrdiading
conditions.(between 400-450%). These experimental results clearly demonstrate
that ignoring the contribution of matric suction in the carrygagacity of single

piles in fine-grained unsaturated soils is conservative.

3. The conventionak, f andA methods were modified to interpret the contribution
of matric suction on the shaft resistance capacity of single pileaddition,
semi-empirical models were developed to predict the variation of the shaft
resistance of single piles with respect to matric suction uss§WCCand the
shear strength parameters taking account of different drainage conditions

(drained and undrained loading conditions).

4. The studies show that there was a reasonably good comparison semgedb
between the measured shaft capacity of single piles in unsaturatedatedp

fine-grained soils and estimated values using the modifigcand A methods.

The present research shows that the proposed methods and model§ are o
considerable promise. The proposed approaches are consistent vaidimikational
engineering practice methods and also are simple. The research présdahted

thesis therefore is of significant interest both to the researcherbapdatctitioners.

9.4 Modelling the p-dBehaviors of a Single pile in Unsaturated Fine Griaed

Soils

The contribution of matric suction to the bearing capacity behafiar full-scale
single pile of 20 m in length and 1 m in diamefadgced in glacial till (i.e. Lower
Cromer till-a low plastic sandy clay), was investigated by Geoiggiedal. (2002)
considering the influence of capillary stresses above the ground taéter for
different groundwater table level conditions (i.e. deptlfGW¥T from the surface: 0
m; 2 m; 6 m; 10 m and 25 m). The conventional and unsatuaagdgises have been
performed assuming drained loading conditions. The contribafionatric suction
to the ultimate bearing capacity of a single pile for shalBWT depths of 0-10 m in
comparison to saturated soil conditions is not significant.otimer words, the
difference between the ultimate loads calculated using the mechanics ofeshturat
(i.e. conventional) and unsaturated soils is relatively small enréimge of 2-10%.
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However, for greater depths GWT (i.e. more than 25 m) the conventional approach
significantly underestimated the ultimate pile load bearing capagitysimnately by
45%. The analysis results also show that an increase in the cheapacity for
unsaturated analyses is mostly due to the contribution of matims tothe shaft
resistance. The end bearing capacity is not significantly infleenog the

unsaturated zone.

A simple numerical model is developed using the elastic-plastibri@oulomb
model to simulate load versus displacem@rd) behavior of a single pile placed in
unsaturated soils considering the influence of matric suctioncdimeentional shear
strength parameters (i.e. and ¢) and theSWCCare required for performing the
analyses using finite element analysis progr&GMA/W (Geostudio 2007)

software.

Comparisons were provided between fhé behavior of a single pile placed in a
glacial deposit under saturated and unsaturated soil conditging the proposed
elastic-plastic model and the comprehensive constitutive model lasexditical
state soil mechanics concepts for unsaturated soils (Georgiadis2&i0a). There is
a good comparison between the simulated results using both dpesoaches. In
addition, predictions of using the conventional finite elemetyses are also in

good agreement with the modifigdmethod for the drained loading condition.

Two key conclusions can be derived from the numerical modellindjest. Firstly,
the conventional calculation methods for estimating phé behavior of pile
foundations are conservative when they are extended for unsaturatedafiresig
soils. Secondly, the elastic-plastic Mohr-Coulomb model etpd by the
commercial software (i.eSIGMA/W can be used as a tool to estimate phé

behavior of pile foundations for both the saturated and unsaturaltedrsditions.

9.5 Recommendations and Suggestions for Future Studies

The recommendations and suggestions for the future studiesresiprect to; (1)
Equipment and measurement techniques used, (2) Need for studgregsails to
better understand the limitations of the proposed interpretationidqeesn (3) Need
for conducting in-situ pile load tests in unsaturated soil$ @rform numerical
modeling studies, (4) Need for proposing interpretation methods bétter
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understanding the contribution of matric suction due to end aas#stof piles. This

section summarizes these details.

1. Equipment and measurement techniques: Equipment designedeahiah tise

present research was satisfactory. Based on the experience of undertaking
several tests, it is suggested to use a different techniqueingtesalleviate

some experimental problems encountered in the present research study.
Instead of drilling a hole into the initially compacted sdilis suggested to
compact the soil around the pile using a specially designed compagth a
technique would reduce disturbance during pile installation fos tesd

likely provide better correlation results as it eliminates the lprod
associated with the soil disturbance. In addition, this teclenadso provides
better contact between the pile and the soil. Additional measureroents
lateral earth pressure using soil pressure gauges close to theyvafitlie
pile-soil interface during pile installation and loading shoual$o be
considered for future studies to evaluate its effect on the measured shaft

capacity.

2. Need for studying more soils to better understand the limistioh

interpretation techniques: The results of this study are promisiqpgedict

the contribution of matric suction towards shaft resistance usegbdified

a, p andA methods in the literature. However, the results summarized in this
thesis study and the proposed techniques are based on tles stodertaken
using limited number of compacted soils and analyzing few caskestu
More experimental and numerical studies need to be performed and evaluated
on both saturated and unsaturated soil conditions to better tardkerthe

contribution of matric suction on different coarse and fine-graindsl. soi

3. Need for conducting in-situ pile load tests in unsaturated aoiksperform

numerical modeling studies: The conventioral 5 and A methods are

commonly used in engineering practice for estimating the ultimaaé sh
bearing capacity of single piles in saturated soils. In the pressaarch,
these methods were modified such that they can be used to eshieataft
bearing capacity of single piles using tB&/CCand the conventional shear
strength parameters. The proposed semi-empirical models are alsofaiseful

estimating the variation of total shaft resistance of single pilgsnaspect to
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matric suction. There is a smooth transition from the modifiethods to the
conventionala, S and A methods. However, the validity of the proposed
techniques and models should be tested by conducting inHgitload tests,
model tests and numerical analyses in order to check the validityeof t

proposed modified approaches for estimating the shaft bearing capacity.

. Need for proposing interpretation methods for better understantieg t

contribution of matric suction due to end resistance of piles: Thesfof the

studies presented in thesis were directed towards interpreting anctipged
the shaft resistanc&)s of single piles. These studies are more valuable for
fine-grained soils as the contribution from the base resist&ces rather
low. However, the contribution of matric suction towards the esaribg
capacity is significant in sandy soils and in sandy claysoids svith large
percentage of sands. There are several soils in which the contrbatising
from both end and shaft resistance is significant. In other wthidss is a
need to develop a better understanding of the contribution of emdng
capacity such that the total carrying capacity of a single Qiecan be
reliably determined by summation of the contributions from baseee)

resistanceQp, and shaft resistanc@s.
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