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ABSTRACT

SHEAR AND VOLUMETRIC STRAINING RESPONSE OF
KIZILIRMAK SAND

¢ a k Hife
Master of ScienceCivil Engineering
Supervisor. Prof. Dr.Kemal Onder Cetin

September 202@17 pages

The response of sandy soils under monotonic loading depemnsigegrshape and

mineralogy of particles, fabric, stresmd density states of mixtures. Researchers

around the world have studied their local sands and calibrated their responses (e.g.,
Toyoura sandlapan, Ottawa safldanada, Sacramento sad®, Sydney sad

Australia, etc.). However, there are not many studies thegfbaused on regional

sands from Turkey. This research study a
sand, to literature as a "standard sand" from Turkey. For this purpose, shear and
volumetric straining responses of bazéel ér m:
series of consolidatieundrained monotonic triaxial and oedometer tejt@cimen

with relative densities 085-45-60-75 and80 %, were prepared by wet tamping

method and consolitled undeb0 kPa, 100 kPa, 200 kPa a4@D kPecell pressures,

followed by undrained shearing. Test results were presented bywéyuplots,

which enable the individual variations of axial load, cell pressure, pore water
pressure, and axial deformationragowith the progress of the stress paths relative to

failure envelopes. On the basis of test results, linear and nonlinear-pstictly

plastic constitutive modeling parameters, including but not limited to stress and

relativedensity dependent modgand effective stress based angles of shearing



resistance, were estimated. D'uargles o i t
shearing resistance values 5 -42.& were observed, which are closer to the
upper limits of availabldéterature. Triaxal modulus values fall in the range of ~10
and ~160 MPa and are concluded to be in conformance with available literature.

Similarly, samples with varying relative detiss, prepared by air pluviation method,
weretested iraconventional oedometer devigaderstresgsstarting from ~17 kPa
increasing up to ~38 MPa. During tess, unloading and reloading cyclegere
performed.Based on these test results, particle crushidgced yield stresses of
Kézeéel ér mak s an @€sCa@aluesnwgreestimatelas 2.146 iMPa

~2 1031 10% and ~110%1 103 respectively. It \as concluded that
Kéez el ér ma kedByperBdvoluengtric icdmipression response as defined by
Mesri and Vardhanabhu@2009) Additionally, test results were also assessed within
critical state framework. Critical state framework soil parameters of angle of steady

state shearing resistancésandGv al ues wer e est iam®07.d as

Initial dividing ling, defining the boundary between strain hardening and softening

responses, is determined specific for

Keywords: Triaxial test, Onalimensional volumetric compssion, Angle of

shearing resistancParticle crushingk @ z €1 ér mak sand
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KI'zl LIl RMAK KUMUNUN KAYMA VE HACKMSEL
DEFORMASYON DAVRANI kI

¢ a k Hife
Yuksek LisansK nk aat M¢hendi sl iJi
Tez Yoneticisi: Prof. Drkemal Onder Cetin

Eylul 202Q 217 sayfa

Kuml u zeminlerin stati Kk yéekl eme altend

mi neral ojisi, dokusu, geril me ve sékeéel el
kontr ol edi |l mektedir. Arakt ér macél ar k el
-al éekxkarak &astandaet mkumblar ol arak | ite

Toyoura kumu Japonya, Ottawa kumiKanada, Sacramento kurWBD, Sydney

kumu Avusturalya, vb.). Ancak Turkiye'de yerel kumlar Gizerinde standart bir kum

gel i ktirmeye odakuleudnmamaktsad&rd.a - al ék ma
Bu -aléexkma yerel Kezéelérmak kumunu | iter
ama-|l amaktadéer. BKéamdéea maknd&luimbnalnakal m

birim def or makensaidasyodita v e a stk &cz eksenli  ve
odometredeneyleri ile incelemi k t i r . Baj €l -456075uven8D alan,l ar € %
neml i sékékt er ma y5ShkPa 10 kPa, 208 kHa aez480kPaa n mé K
h¢cre basén-laré alténda konsolide edile
e di | mbBanudar,r deney suresince numunenin eksenel yikleme, birim

def or masyon, bokl uk suyu basén- biriki mi

i zini yenil me zarfé illerkuliakiélandkr shbhinlu

vii



Bu veriler de$ ases allog nraursaadastikonlikenamelapastik

binyemodel par ametrel eri belirl eeferiifkaymabu par ame
direncia- gseé€i |l me ve bajcéek séekél @l Knlae d¢dedrjenrakke K t i
kumunun k°keli dkayme qiampe&rs@&b #d2¢la8sié nadériiae é] énda
ol duj unnbied ,debnelri t erat ¢r deki dejerl erin ¢ st
gor ¢l meé-ktekrs.enl i mo d ¢ | dejeril eri ise 10 ve
ol up, | iterat¢r degosteenekieliren dej erl erl e uyum

Benzer ol ar ak, far kl é baj el sékel ekl arda,

numunel er odomekPdkanrd ¢le@¥DEIPAa nadar artan dg¢Ke
yékloer al t eénde ntegys ts éadaislémidiat iy kl eme ve bo
uygd a n mékéa zZé&l.er mak dané temu munk ér &l yaniime bakl adeéej
geriimeleininveCe, Cai ndi s mdnesjéerraseér ii | MPar-~2 1Pveve ~4. 0
~1 102, ~1 10° ve ~1 103 mertebelerindeo | duj u bel éz &éle@mmak i r .

kumunun hacimsel birimd e f or ma s y o n Meésa \amdaVardhar@alohatin ,

(2009)t ar af éndan tanéemlanan, Ti psoBicual avr anék ¢
var él Eeé wtl arr.a k , deney sonu- | agergve&imdent i k dur un
dei rdel enmi Kktir. Kriti k durum za@mmn mekani i
kayma direncia - élsee,Gdej er | er i séraséyla 39. 4e¢, 0.
belirl emmi dteif oor mBRisryon pek|l ekmesi ve yumukarm
bakl angé- sénér dojrusu Kezeéeléermak kumuna °

Anahtar KelimelerUg eksenli deneyBir-boyutlu hacimsel& k & ,Kayma direnci

a-eskBane kérél mase, Kézél érmak kumu
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CHAPTER 1

INTRODUCTION

1.1 Research Statement

There exista number of research studies regarding the mechanical behavior of clean
sands. These studies confirm that sand behavior is complex, and its mechanical
behavior depends on the size and shape of particles, mineralogy, and packing of the
particles, stress dndensity states of the sand. Depending on these factors, the
response of sand can be significantly different. Compared with the other engineering
materials, geotechnical engineering material properties cannot be specified and
produced, but instead, thelyaild be measured and identifigdfroth and Houlsby,

1985)

Sand behavior under high stress levels is alsmracern with advances in the
construction of highrise buildings, high eartfill dams, and deep tunnels, etc. Stress
levels on foundation soils can reach to MPa levels. At these high stress levels, sand
may be subjected to grain crushing. After crushiogh the physical and engineering
properties of sand may significantly differ from their initial configuration. Therefore,

it is essential to identify the crushing stress levels and understand the behavior of

sand after crushing.

Researchers from diffeméregions have studied their local sands and calibrated their
responses (Toyoura saddpan, Ottawa sardanada, Sacramento sad®, Sydney
sandAustralia, etc.). However, there are not many studies that focus on regional

sands from Turkey.

This researclstudy aims to investigate the shear and volumetric straining response

of a | ocal ssand, and inoeluce thi€ sandatd the literature as a

"standard sand" from Turkei( € z €|l ér mak sand i s obtained



i n Keé ritésknkt a Iwiglely studied sand in the literature, onlyeav studies
availableaboutK € z € | e r IfeagkTatas (201&) and Bilge (2005). For this
purpose, a laboratory testing program was designed. As a part of the testing program,
20 monotonic straktontrolled consolidated undrained triaxial tests, 7 -one
dimensional compression tests and soil index tests (minimum and maximum void
ratio detemination, grain size distribution and specific gravity determination) were

performed. The results were compared with the available literature

1.2 Research Objectives

The research objectives of this study are described as follow;

1. To investigate the effects stress states on theo-dimensional (triaxial)
stressstrain behavior and strength of rel ati
sand specimens.

2. To investigate the effects of density states on thediweensional (triaxial)
stressstrain  behavior and strengtio f Kezeéel ér mak sand S pE
consolidated to different confining pressures.

3. To investigate the effects of density states ondinensional compression
behavior of Kézeéel érmak sand.

4. To define stiffnress&x) correl ations for Kfézél éer mak
elastoplastic constitutive models

5. To define shear strength and s.tate param

1.3  Scope of the Thesis

Following this introduction, a brief summary of the available literature focusing on
the sand behavior in terms of shegremd volumetric responseand aspects that

affect these behaviors is presented in Chapter 2.



In Chapter 3, detailed testing program, descriptions of test equipment, sample

preparation technigues, and testing procedures are discussed.

Test results andheir interpretation are presented in Chapterneyhre discussed in
both conventional Mok€oulombfailure, stressstrain, and critical state domains.

Also, test results are compared with the available literature.

In Chapter 5, the conceptualized constit i ve model ing of Kéz
presented. Linear elastic and nonlinear elgstidectly plastic constitutive modeling
parameters are developed on the basis of triaxial test results, and elastic moduli are

suggested for Kezeéelérmak sand.

Finally, a summary of this research is presented, and major conclusions and

recommendations are listed in Chapter 6.






CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Soil behavior has been studied over many decadash resulted in @aluable and
an extensive literature on this topic. A humpieet comprehensive summary of
availableliterature will be presented in this chapférrstly, hear straining response
of sand will be explainedRelated to that responseitical state concep will be
explained Secondly onedimensional straining response of samdll be briefly

introduced Finally, stiffness of sandy soils will be discussed.

2.2  Shear Straining Response of Sandy Soils

Sandy soils behave differently under different density siness states.These
parametersagethercontrol whether the soihasdilative or contractivebehavior
Loading conditionsare also important when sandy soil behaviortaken into
considerationDuring loading,excess pore water pressiseaccumulateddilowed
by a relatively fastlissipaion due tgorous structuref sandy soilsimmediate upon
the completion of loadingl'herefore a significant portion of stressescarried by
soil grains. This loading type is simulated by drained experiments imakaloy
testing. On the other hand, if the loading ratéasterthan the excess pore water
dissipationrate, excess pore water pressuoatinues to accumulatdherefore,
negative or positive excess pore water pressdependingn the density and ssg
states of soils, will bebuilt up. This loading type is simulated by undraitestsin
the laboratoryenvironment.The lbose and denssoil responses changkepending
on the stateparametersalong with the type of loading: i.edrainedor undrained
(Figure 21).
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Figure 21. Loose and dense sand behavior under drained and undrained Igatiegsen and
Schjetne, 2013)

Loose sansishowcontractivebehavior water dissipates with increasing strain under
drained loadingwhich lead to a decrease in specimemdume.No definite peak
strengthis observegahardeing responsep to a critical/steady state under drained
loadingis common On the other hand, undandrained loading, volume cannot
change, but positive excess pore water pressuresugl Excess pore watbuild-

up controls thestress stateor vice versa. fie strength and straining responses are
then governed by effective stresdesose sandeaclesa peak strength, and then its
strength decreases to criticldteady) state strength under undrained loading

conditions

Dense sanéxhibitscontractivebehaviorat small strain levels, and then it starts to

dilate as strain increases Therefore,at first its volume decreases a little at low



strains, and during dilatiospecimen'solume increasesindit absorbs watemnder
drained loadingA peak strengths observedand then its strength decreases to
critical statestrength Under undrained loadinconditions, volumevill be constant
However, negative excess pore water pressure builds up during dilatiothiand
controls the effective stress@gich in turn controlshe behavior of the sand and its
strength. Dense sand does not showleéinite peak strength; it hardens with
increasing strain under undrained loadinge.: its strength will increase

progressively.

As can be understood by the above discusstbesstates of sandy soils relative to
critical state dilation and contraction resporseontrol the behavior of sandy soil
The relationship betweendbefeatures andandoehavior will be examined in detalil

in the following sections.

2.2.1 Critical State Concept

As soilis sheaedup to high strain levels under constant loading, it reaidhestate

at which no further volume changis observed. In this statsoil behavesas a
frictional fluid, andit is called as critical state. Void ratio and theaneffective
stress aréhe two important parameters usediitical statesoil mechanicsThe void

ratio at the critical state is called critical void ratio, and it decreases with increasing
effective stress. The relation between the critical void ratio and effective stress is
called the critical state loc€SL) (Jefferies and Been, 200@)ense sand reaches

critical state by dilation, and loose sand reaches by contraction.

Simple shear testresult, performed biroscoe, Schofield and Wrofh958) given

in Figure 22, shows that all the specimens converge to a unique void ratio.
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Schofield and Wrotl§1968)classified sos as "wet soil'if their stateis looser than

the critical state During deformation under drained conditions, wet soil dissipates
water to reach critical state, and its volume decreases (contraction). If it is sheared
under undrained condition, its effective stress e@eeshy an increase ipore water
pressure, thbe able toeachto thecritical state. The soil, which is denser than critical
state is classified as "dry soil". During deformation under drained conditions, water
is absorbed"dry soil') to reachto critical state, and its volume increases (dilation).

If it is sheared under undrained condiBpnegative pore pressure needs to be
generated to be able to increaftective stresss, which is necessary teachto

critical state(Figure 23).
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Figure 23. Critical states in the specific volume vs. pressure space along with the position of the
wet and dry staté€Schofield and Wroth, 1968)



In a drained test, critical void ratio is defined as the void edtichich the soil under
shearing is not subjected to any volume change. In an unditaisiedritical void

ratio is defined as the void ratat, whichthe effective stress remains cons@unting
shearingIf one unique line is obtained under different loading paths of both drained
and undrained tests, that line is defined as the critmal ratio lineRoscoeet al
(1958) The critical void ratio lings a projection of a curvia an ep'-gq spaceThis

curveis pregnted inFigure 24.
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Figure 24. Critical state line, drained and undrained loading pathgirgespacgRoscoeet al,
1958)

At this point, the definition of the steady state and the critical ss&teuld be
explained in order to prevent confusion. At critical state, the specimen behaves like
a frictional fluid and keeps its volume constant. The plastic yielding occurs
continuously without any) or 0 changeOn the other handtesady state is defed

as "a soil can flow at a constant void ratio, constant effective minor principal stress,
and constant shear stress"®@astro and Pou(1977) Poulos(1981)pointed out

that the main differences between critical state and the steadywstai® (i) "an
oriented flow structure™ where the soil grains flow in the direction of the shearing

and, (ii) "constant velocityat which the strain rate alsoconstant. In critical state,



these two conditions remain undefined. Therefore, steady statiely wccepted by

the researchers aspecificversion of critical state.

The historical development of critical state and stesatgsonceptss presented in

Figure 25.

1936 Casagrande
firstly proposed the “critical |——@
density™ of a soil

1948 Geuze
@ put forward a concept of
1948 Koppejan et al. “turning point density”
used “turning point” to ®
characterize the critical
density
- 1958 Roscoe
@ | established the “critical
voids ratio” state
1969 Castro
found roughly parallel ——@
C.VR lines

1976 Casagrande
developed the concept of “flow structure™

1977 Castro and Poulos &
firstly defined the term “steady state”

1981 Poulos

indicated the difference between
critical and steady state are “flow
Since 1981 structure” and “constant velocity™

The uniqueness of the SS/CS and
whether they are the same or not
become a hot academic debate

A 4

Figure 25. A brief summary of the development of the critical state and steady state cqleewts
et al, 2019)

The factors that influence the critical/steady staie briefly given in Figure 26.

Since the researchers have a different perspective on the subject, there is not a
consensus about the governing fastbat influence the critical/steady stdkang

et al, 2019)

10



= Drainage o

v Condition, .
’ Initial Fabric, AN

T Initial State 8

-

1

I Strain Rate,
| Loading Type,
|

Influencing
Factors of
CS/88

Sample Size

Consolidation
History

Significant
Effect

\ " Stress Level, Particle Size, .

b Extension or Compression, T
N Stress Rotation, Fines ,
= Content, Void Ratio, Grain ,
~ Breakage, Grain Size -7

S~ Distribution . ~

Figure 26. Factors effecting the critical/steady st@€anget al, 2019)

Experimental evidence of the critical state line is preskim Figure 27. Simgde
shear tests performed I8troud(1971)on sand specimens over a range of stresses

lie on a line in the specific volume at critical state vs. logarithm of the stress plot.

19
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Figure 27. Critical state line as defined by a simple shear tdat(8&oud, 1971)

The critical statéine is defined byEqgn.2-1 andEqn.2-2, as given byschofield and

Wroth (1968)
Eqgn.2-1

Eqgn.2-2

11



wheren is the deviator stres$, is the frictional constantjags the mean
effective stress) is the specific volume is the specific volume at a reference stress

(generally 1 atm. pressure), ands the slope of the critical state line.

2.2.2 Dilation

Sand tends to expand or contract its volumigetable to reach trritical state while
undergoing shear deformation. Thhavior is called dilatancy. Volume expansion

is accepted as positive dilatancy, and the volume contraction is accepted as negative
dilatancy in soil mechanic8Vithin the confines of this thesigpstive dilatancy will

be referredo as "dilative behavid. Similarly, negdive dilatancy will be referretb

as "contractive behavior". There are two different approaftilesved to defire
dilatancy; (i) absolute definition and, (ii) rate definition. Absolute definition
considers the change in the voluretative toits initial condition, and rate definition
considers the rate of volume charfdefferies and Beg 2006) The differencs are

illustratedin Figure 28.

Apasiin

Volemeing stran

Figure 28. Absolute and rate definitions of dilatan@efferies and Been, 2006)

Initial relative density and confining stress are ttwe major factors that affeic
dilatancy. Dense sdailtend to dilate (expanth volume), and loose saitend to
contract (decreas® volume) to reacho critical state. Sofl sheared under high
confining stresssexhibitcontractive, and sakheared under low confining stress

exhibit dilativeresponseslhese two mechanisms contookralldilatancyresponse

12



Barden, Ismail and Ton@1969) tested RiverWelland sand in a plane strain
compression test and concluded that dense soil under high confiningestress
mimicked loose soilresponseAt high stress levels, particle crushing occurs, and
dilation is overcome by tsehigh stressesigure 29 shows the River Wellad sand

test resultslt is seen in the figurthat the specimemvhich isconsolidated to a lower
confining pressureshows dilative responsewhen comparedo the specimen
prepared at the same initial porosity but consolidatader higher confining
pressue. Furthermorethe specimenwhich isprepared at lower initial porositigut
consolidated to the same confining pressure, shows more dilative behavior compared

to theone that waprepared at higher initial porosity.
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-3

]

=0

VOLUMETRIC STRAIN Vo,

20

Figure 29. Test results of the River Welland sgBardenet al, 1969)

Bishopgs (1966) study on Ham River sand shows th&fluence ofinitial relative
density on dilationBased on dst results of Ham River santis seen thatolume
changeresponses diffebetween initially loose and dense specimens under low
confining stressKigure 210). Denser specimen dilates more when compared to
looser specimen. However, at high confining stressels dilation tendency

decrease andevendisappears

13
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Figure 210. Test results of the Ham River safiishop, 1966)

The dfect of particle crushing on dilatancy is explained BRighop (1966) as "at
initial stages, local crushing occurs with increasing strestest'is, ntrusions and
the protrusions on the sand oragel particles are crushed. Therefore, volume
increase (dilation) due to particleianbingover each other is lost. At highstresses,
sand and gravel graitisemselvestart to fracture. After these crushing mechanisms,
dilation considerably decreasés.the light oftheseexplanatios, it is understood
that particle shape is anothettical factor thataffects dilatancy. Angular particles
tend to dilate more when comparedounded ones.

2.3 Shear Strength of Sandy Soils

After discussing the shear straining response, shear stiegteptandthefactors
affecting itwill be discussedext.The $ear strength of sandy soils depends on many
factors such as initial relative density, confining stress, particle morphology,
mineralogy, fabric, gradation, boundary conditions, and loading (@dshibli and

Cil, 2018)
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Shear strength estimatidsy following two different approaches i) classical soil
mechanics andj)icritical state soil mechanics approaches will be examined in the

following sections.

2.3.1 Classical Soil Mechanicgoncepts forStrength Assessments

In classical soil mechanics, the MeGoulomb failure criterion isvidely used as a

failure criterion. Sheastrength is defined agvenin Eqgn.2-3;
T Cee ,e20 & & Eqn.2-3

wherecags cohesion, ais the effectiveconfining stress, anads the angle

of shearing resistance

In this study, clean sand is used so that its cohesion vakmoven to bezero.
Therefore consistent with thiscohesion term will not bassessedConfining stress
and angle of shearing retanceterms will bethe main focusn the following

discus®ns.

2.3.1.1 Effective confining stress

Soil strength increases with increasing confiningsstia Figure 211, Mohr circles
of drained and undrained tests are presented, and it can be seen that the shear strength

increass with increasingconfining stress.
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Figure 211. Mohr circles and failure envelopes for drained and undrained(Ristsop, 1966)

Figure 212 presents the Ham River sand drained test results takenBismop
(1966) From these results,dheffect of confining pressures on the shear strength is
clearly understood. In both dense and loose specimens, shear strength increases with

increasing confining stress levels.
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Figure 212. Stressstrain and volumetric sin vs. axial strain plots of Ham River sg{&ishop,

1966)

2.3.1.2 Angle of shearing resistance

The angle of shearing resistarnisghe other strength parameter of M&woulomb
failure criterion. It is a function of critical state friction angle and dilatancy. Recall
from section2.2.2 dilatancyis governed bynitial relative density, confining stress,

and particle shapand sizeeffects etc

Friction and dilation angles can be estimated from the Mohr circle and the Mohr

Coulomb failure avelope Figure 213).
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Figure 213. Friction angle and dilation angle definitiofidoulsby, 1991)

Bolton (1986)stated that the critical state/constant volume friction ar¥gle) (s a

function of particle mineralogy. It also depends on particle shapgpical value is

roughly suggested byolton(1986)as 33 e f or quar tByitsefnd 40e f or
the critical state friction angle is nstfficientto determine the friction angle of a

specimen. Because of dilation, specimen gains an extra shearing resistance;

therefore, it ha a higher friction angléd ) than its critical state friction angle.

Higher rate of dilation'@ /'Q ) results in highefo . The difference between

%0 and%o is defined as dilation angle J. Maximum friction angle%. ) and

dilation angle[( ) are defined byolton (1986)asgivenin Eqn.2-4 andEqn. 2-5;

L t
O Bdee T Eqgn.2-4
OFT Sk
Q Eqgn.2-5

wheret : shear stress at the pegk, major principal stress at the pegk;
minor principal stress at the pedk;: change in the volumetric strain at the peak,

‘Q : change in the shear strain at the peak.
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Here%aeepresents secant friction angleterminedy the line which passelrough
theorigin and drawrtangentto Mohr circles. Elementary relation between friction

and dilation as suggested Bolton (1986) is given inEqgn. 2-6;
%0 %o [ Eqgn.2-6

where%ee s critical state friton angle and dilation angle.
Sliding of granular particlealongeach other can be explained with an analogy with
a sawtooth, agiven inFigure 214. If one flatblock slides on another flat block, the
friction between surfacesdefined ashe ratio of the normal stress to the shear stress
givenin Eqn.2-7;

— O Adlee Eqn.2-7

where t1: shear stress, a2normal effective stres$ee : constant volume

friction angle

If the surface between blocks is a rough surface (like soil grains), then this rough
surface can be represented by a sawtooth shape. The angle of the sawtooth teeth by
the horizontal is , and from simple statics, the friction between surfaces nowsequal

to;

T A
—, OMiee OA% T Eqn.2-8

Summation of the friction angle at the constant volume and the dilation angle gives
the resultingfriction angle. This type of definition of the relation between friction
angle and the dilation angle is called flow rule.
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Figure 214. The sawtooth analogy for Figure 215. Taylor's energy correction analog'
dilatancy(Houlsby, 1991) (Houlsby, 1991)

Taylor's energy correction approaishanotheralternativeto relae friction and the
dilation angls. Taylor (1948) equates the work done by the external forces to the
dissipation of the energy during dilhg. Taylor's energy correction analogy is

presented ifrigure 215.

Energy correction approach can be implemented toespbnsé simple shear wit
the addition of the normal stress term in the waokieas follows

®» o, - i OAMAb 7 Eqn.2-9

where,, : effective normal stress, : volumetric strain rate}: shear stress,

[ : shear strain raté : constant volume friction angle

From thed (%= 1¥,ee ando w&é¢ - I definitions, the relation between
friction angle and the dilation becoma&s inEqgn.2-10;
OMbee OMH OAI Eqn.2-10

Rowe(1962)puts an effort to define the relation between friction and dilation angles
on the basis of tests performasing steel balls. First, stress rafio ¥, &2 and the

strain ratio- - are defined for the regular structure of spheres. Then an analogy

20



between soil particles and irregularly structured spheasemtroduced Sliding is

assumed to take place on the sawtooth plar&h@snin Figure 216.

Figure 216. Rowe's stresdilatancy mechanisrtHoulsby, 1991)

The stress ratio is expressedragqn.2-11;
» o OA% T - Eqn.2-11
» OAIl -

where %o is the fundamental angle of friction for gramgrain contact.

Rowe(1962)considers the minimum energgtio to derivé  “At %0 1¢. The

final expression is;

—_ — Eqn.2-12

As an alternative to these theoretical relations, an empirical relati@iscdre used
Bolton (1986) suggests an empirical fit by using extensive database on friction
and dilation angles. The empirical equatiogiigenas follows;

%0  %ae T&q) Eqgn.2-13

The approaches discussed above were comparkldidgby(1991)in Figure 217.
Bolton's empiricafit and Rowe's approach give very close predigiandtheyfall
in the middle of théines recommended by alternataeproaches. The problem with
these relations is thagach failure mode nesdlifferent constants, e.g., constant

fiction angle is diffeent in simple shear and triaxial compression tests.
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Figure 217. Comparison of friction and dilatancy angles estimat{dtaulsby, 1991)

To examine the behavior of sarBishop (1966, 1972)performed experiments on
the deformable but unbreakable steel shot and coadithat the maximum friction
angle reduces witlan increag in confining pressure. In granular soils, particle
breakage under high stress levels also affects the dilasowell asmaximum
friction angles (Vesic and Clough, 1968; Bishop, 1972)

In Figure 218, Bolton (1986)presents the Mohr circldsr dense specimens under
low and highconfining pressures. As théigure revealsunder high pressures,
dilation angle and maximum friction angle (i.e., shear strergjtdense sandsre
estimated to béower than tlose values obtained undemw pressuresBased on

theseit can be said thdtigher pressures reduce the maximum friction ar¥fe ().
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Bishop (1966) compileda database dfiction angle vs. effective stress data from

15

a2

different soil specimens, as presente&igure 219.
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From thisfigure, it can be seen that Me@oulomb failure envelopdsavecurved
shapswith a decreasing slope by increasing effective stress. This rtinedfrgction
angle decreases with increasing effective stress. Cusivagge MohCoulomb
envelopes are observed more clearhganularsoil tests This can bettributed to
particle crishingas suggested gishop(1966) In Figure 220, at low confining
pressurs, friction angle differencebetween a loose and a dense soil sangle
approximately 6°, and this difference is closing gradually with the increasing
effective stress. After 1000 psi, friction angleecame the same for the initially

dense and loose specinséBishop 1966)

40 [ { o T | —— T
IINITIAL  POROSITY %
0397 _—

A
om

[ ]
o

@ DEGREES
bt

LAl
3

[ ]
o

Th L ] ol 1 1 L 1 } g
(] co Rwlwln 4200 10000

ey PS5l

Figure 220. Friction angle vs. effective stress relatigBishop, 1966)

Cornforth(1973)defines a density factor to find a relation between relative density
and friction angle. He normalized the maximum strength by dividing it by its ultimate
strengthand defires this ratio as a density factor. He observed that the density factor
increases with increasing relative dry density. The relation between normalized
maximum strength and relative dry density gives the strength that comes from the
density component. Theiffbrence between drained strengarameter(%o)
obtained from plain strain and triaxial compressionsteggtreases with increasing
relative density, and the plain stra@gstsalwaysproducehigher values. The ultimate
friction angle of the sand is rabst constant withoubeing affected byrelative

density.
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The relation between dry density factor and density compdf@nj is given in
Figure 221. Sincethese curves are dimensionless, friction angle can be calculated
for a given density aného . Calculated friction angle valudsr a given ultimate
strength friction anglare summazed in a graplgivenin Figure 222.
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Figure 221. The relation between density component of strength and relativedsityfor plane
strain and triaxial compression tegBornforth, 1973)
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Figure 222. The relation between friction angle and relative dry density for plane strain and triaxial
compression tes{€ornforth, 1973)

Bolton (1986)correlates the maximum friction angle with both relative density and
confining stress by defining a relative dilatancy intlenm, as defined irfEgn.2-14
throughEgn.2-16.

O Opmag p Eqn.2-14
R 0 Al Eqn.2-15
q O gn.2-
0 Q Q
o) ) Eqgn.2-16

where O is relative dilatancy indexO is relative density,Q is the
maximum void ratioQ is the minimum void ratidQis specimen's void rati@,

is mean effective stress at failure, and Q is a material constant.

For plain strain test
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%o %0 ™ uQJ Eqn.2-17

For triaxial strain test

%o %0 ™ coQJ Eqn.2-18
For both tests
0- )
,Q—_ T® OJ Eqn. 2-19

“Oin between 0 and 4.

where%o is the peak angle of shearimgsistancg%o is the critical state

angle of shearingesistancg is the dilation angl€Q s the relative dilatancy index,

- volumetric strain, and is the major principal strain

Experiment results b&ndersen and Schjetrf2013)indicate that maximum friction
angle increasewith increasing relative densityand decreases with increasing
confining stress. Stress levels higher than 5 MPa results in crushing and sugppresse
the dilation. Therefore, maximum friction angle decresasest results also showed

that at these high stress levels, initial relative dermtytributionon the friction

angk disappearsin their study, it is stated that the angular particles have higher
maximum friction angles when compared to rounded ghemall relation between
mean particle siz€Dsg) and maximum friction angle is discovereshaximum
friction angle hasigher values when the specimens have higher A relation

between the coefficient of uniformity (Cand the friction angle cannot berified.

Andersen and Schjetii2013)also compiled undrained effective stress friction angle
data, as shown ifrigure 223. The data support that increasing relative density
increases friction angle. However, no apparent effect of confining stress, when it is

higher than 100 kPa, on the friction angl®bserved
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Figure 223. Undrained effeive stress friction angledge) vs relative densityAndersen and

Schjetne, 2013)

The relation between relative density amtirained effective stress friction angle

(%ee), drained peak friction angl&ée), and drained constant volunmectfion angle

(%ee ) is shown inFigure 224. The difference between constant volume friction

angle and drained peak friction angle increases witheasing relative density.

Similar trend is observed on the relation in constant volume friction angle and

undrained effective stress friction angle.
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Koener (1968}¥tates that internal friction angle of granular materials is affected by

angularity and gradation, as well as other factors. Angular particles show higher

friction than rounded ones. In their experimental stédshibli and Alsaleh(2004)

observed that the fricticeingle increases by angularity and particle roughness. Shape

and angularity were studied in 2D imagesAighibli and Alsalen(2004) Alshibli

and Cil(2018)investigate the particle charaerization and its effect on the friction

angles and dilatancy of uniform silica sand from 3D images. In this recent study,

they examind the particle characterization in terms of spherici® (), roundness

("O), elongation’Q, and surface textar(Y ). After the experiments, thepncluded

that particle fracturelid not depend on specimen density, but on type of sand. As

presented irFigure 225, dilatarcy angle increagewith ‘O, 'Y andO, whereas it

decreasgwithn jn . Therewasno clear trendetween dilatancy andO This

might be because othe combined effect of FY and™O. Alshibli and Cil (2018)

proposd equationgEqn.2-20- Eqn.2-22) for %o , %0 and] whichwerefunctions

of "Q°0,'Y ,'0 andf jn
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Figure 225. Relation between dilatancy angle and (a) fatmh roundness, (c) surface texture, (d)
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% COo po&d pTHIO Yy ™Woep— mWTOG EQgn.2-20

% CO Q& TO @ PTO wBT & n&)oqhn— ™ ¢t  Eqn.2-21

[ XKCa x®O p& ﬂﬁw(ph— TH 0@ Eqn.2-22

2.3.2 Basic Concepts of Critical State Soil Mechanics

As previously discussed ichapter2.2.], critical state isa stateat which soil is
subjected to unlimited shear deformation without any volume and stress change. In
this chapter, shear strength and soil behaagsessmentsy using critical state soill

mechanicsonceptwill be discussed.

Been and Jefferigd985)suggestda state parameter to express behavieand.
State parameter represehtth density and stress state effectsemponse ofand.
They define the state parameter as the distance between current state and steady state

of the sand's void ratiat the same stress statédqure 226).
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Figure 226. State parameter as defined by Been and Jeffi@een and Jefferies, 1985)

They stated that similar state parameters lead to similar behavior independent of
initial void ratio and effective stress combinationsFlgure 227, the behavior of
specimens with test ID df03and D8, and 112and45 are similar, although they

have differentinitial void ratios. This similarity is because of thendar state
parameter values. Despite the fact g@#cimen87 and103 and 112and113 have

the same initial void rat&) butthey behave differently. Thisgure tells us, relative
density by itself is not a good parameter to represeraverallbehavior. The state
parameter is a simple, single parameter that combines both stress and density state
effects. However attention should be pattiat the state parameter concept does not

consider the fabric, which also affects the behavior of sand.
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Figure 227. Stress paths of Kogyuk sand for samples at the same relative density and state
paramete(Been and Jefferies, 1985)

Been and Jefferied985)observea good correlation between normalized strength

and normalized pore pressure and state parantatgré 228). They also present

friction angle and state parameter relatibrgre 229) for different sands compiled

from the literature. They explain the scatter in thgaire with the lack of fabric

effectsin definition of the state parameter.
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Figure 229. The relation between friction angle and state parameterfferetit sand¢Been and
Jefferies, 1985)
Ishihara(1993)argues to the statement that sand specimens behave similarly if their
state parameter values are similar. He stated that this argument holds for the medium
and dense sands under relatively high confining stress. However, when the void ratio
is high, the bkavior of the sand is more sensitive to the small variations in the void
ratio. Moreover, in the case of medium and dense sand under relatively small
confining stress, agairihe use of astate parameteconceptis judgednot to be
reliable. In order to oger these drawbacks of the state parameter, he suggests a state
index (k) asgiven inEqn.2-23 and presented iRigure 230.
Q Q

© Q Q

Eqn.2-23

where'Q is the threshold void ratio which divides the zero and-zeno
residual strengthmesponsesSpecimens prepared looser th& have zero steady
state strengthQ is the void raticon quasisteady stateurve andQis the void ratio
of the specimenna is the intersection of theQ 'Q line and the isotropic

compression line of theample prepared at the loosest possible state.
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Figure 230. Definition of state index,dl(Ishihara, 1993)

Sand specimens that have similar state index show similar behBigarg 231);
however, the quantitative values of shear strength or mean effective stress values
depend on the initial confining stress. In addition, it is important to 8tatek is
specific tothe specimen preparation technique or mode of sand depositien.

fabric significantly affects the void ratio at zero strength and the egtaady state

line (Ishihara, 1993)
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Figure 232 reveals that normalized peak strength has a linear relationship with the

state index.
B T I T T

. 05

5 L Toyoura  sand
2 Soyoudra sund
IE' o4k ]
_E -

Eh L )

o Q3

] L . ]
= . y =07+ 022 1

g 02+ » . - _Szlmﬂ__.i

o L.

H g E
2D 0 ] 1 ] 1 ] i 1 ] 1 1

] o1 0z a3 Q4 0% Qs oOF 08 09
State index , la
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2.4 Volumetric Straining Response of Sandy Soils

Volumetric straining behavior controls the volumetric settlements o$. s8dnd
subjected to vertical stress ispacked due to the intgrarticle slip and rotation of

the grains. It is compressed, and its volume decreases due to loading. Its stiffness
may decrease or increase according to the mechanism behind the volumetric

behavior.

Two particle responsenechanismare observedvhen soi areloaded vertically;
locking and unlocking mechanism. Engaging of the particles to each other and
compression (€., repacking of the grains) are theomponents oflocking
mechanisms. Interparticle friction should be overcome for rearrangement of the
grains. Interparticle slip and particle damage are the unlocking mechanisms. Again,
when the interparticle frictiorsiovercome, interparticle slip occurs. When particle
strength is exceeded, particle damage occurs. Particle damage is classified into three
levels; level 1, level Il, and level lll. Level | damage is the erosion of the particle
surface roughness. Leveldamage is the crushing of the angular particle's corners
and/or crushing of the particdeprotrusions. Level Ill damage is the crushing,
fracturing of the particle itsefiRoberts and de Souza, 1958; Marsal, 7t 3ardin,

1985; Coop, 1990; Pestana and Whittle, 1995; Nakata, Ba#b, 2001; Chuhaet

al., 2002, 2003)

Volumetric behavior is controlled by the net effect of the locking and unlocking
mechanisms. When locking mechanism overcomes the unlockorgstrained
modulus (M) increases. When unlocking dominates risponsg constrained
modulus decreases. If they are in balance, no change in the constrained modulus is
observedChuharet al, 2002, 2003; Mesri and Vardhanabhuti, 2009)

Volumetric straining response of granular materials can be examined in terms of
primary compression and secondary compression behavior. Primary compression
occurs under incesing stress, and secondary compression response occurs under

constant stress. End of primary compression void ratio (EOP void ratio) vs. logarithm
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of the effective vertical stress €, plot represents the primary compression
behavior. Primary copression behavior of the granular materials is divided into
three; Type A, Type B, and Type C respon@éssri and Vardhanabhuti, 2009)

In Type A compression behavior, theme three stages of the compression behavior.
In the first stage, locking mechanism overcomes the unlocking, and constrained
modulus increases with effective vertical stress. At this stage, level | and level Il
particle damages are observig., Vaid, Chern and Tumi, 1985; Yudhbir and
Rahim, 1987; Rahim, 1989)n the second stage, unlocking overcomes the locking,
and decrease in constrained modulus is observed with increasing effective stress. At
this stage, level Il particle damage is repofedndall and Strack, 1979; McDowell

and Harireche, 2002)n the final stage, increase in constrained modulus is observed
(locking dominates the unlocking). Ldve I, and Il particle damages occur.
Beginning of the second stage is defined as the effective stress coriagpond
maximum constrained modulus ( 0 ). Similarly,theend of the second stage

is defined as the effective stress correspuntb minimum constrained modulus

(L O ). These points are interpreted from the EOP void ratio vs. effective
vertical stress plot as the first and second inflection p@uhesri and Vardhanabhuti,
2009)

Type B compression behavior is a transition between Type A and C. It is similar to
Type A since it displays three stages. It is similar to TypesiGce constrained
modulus does not decrease with increasing effestiress. In the first stage, locking
dominates the unlocking, and M increases with increasing effective stress. In the
second stage, locking and unlocking effects are in balance, and M does not change
with vertical effective stress. In the final stage,ilreases witteffective vertical
stresgNakata, Hyodoet al, 2001; Nakata, Katat al, 2001; Chuhaet al, 2003)

Mesri and Vardhanabhui2009)defines,, 0 and, © as the same in

Type A, start, and thend of the second stage.

In Type C behavior, decrease ini&/nhot observed. Locking mechanism overcomes

the unlocking mechanisms during vertical loadjag. Pestana and Whittle, 1995)
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Level | and Il particle damages are observed effectively at low stress stage, and
particle damage continues with level lll at high stress le(@top, 1990, 1993;
Chuharet al, 2003)

Type A compression behavior generally observed in cleanyagtided, and strong
coarse particles such as memaartz sang@Nakata, Katoet al, 2001; Chuhaet al,

2002) whereas Type C behavior generally observed in angular and weak particles
such as carbonate san@tardin, 1985; Chuhaat al, 2002, 2003) Type B isless

common compression behavior when compared to Type A and C behavior.

Examples of EOP void ratio vs. effective vertical stress plots of Type A, B, and C
compression behavior are taken froddesri and Vardhanabhu(2009) study and

presented ifrigure 233 throughFigure 235.
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Figure 235. An example of Type C compression behayMesri andvVardhanabhuti, 2009)

When granular particleare crushed, they go under irrecoverable deformation.

Particle crushing causes change in the mechanical behavior of sandy soils, such as

anincrease in compression behavior. Therefore, a sudden changevimidhatio
vs. logarithm of stress plot is observed. Tpasnt of abrupt changecorresponohg
to the maximum curvature of the void ratio vs. logarithm of the stresssptifined
as "yield point" byRoberts and de SougE958)and "break point" biRobertq1965)
Chuhanet al. (2003)andNakata, Katogt al. (2001)statethat this yield point is a
sign of particle crushind-dagertyet al, (1993; McDowell, Bolton and Robertson
(1996; Nakata, Hyodoet al. (2001); Nakata, Katoget al. (2001); McDowell and
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Harireche(2002; Chuhanet al. (2003) are the other researchers that define yield
stress as the maximum curvature of fle a ¢,® plot. Different then these
definitions,Mesri and Vardhanabhut2009)defines yield stress as the stregsere
Mmaxis observed.

Hagertyet al.(1993)present the compression test results as a grapy/@fsRuncrushed
vs. maximum stressf thecorrespondingest(Figure 236). He defines the breakage

stress as the stress corresppgto Dso/Dsouncrushedatio to bel.
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Figure 236. Dso/Dsouncrushed/’S. Stress plotéHagertyet al, 1993)

The ratio of MhaMmin is used to see the degree of a sudden change in the particle
damage. High Ma/Mmin values are reported for the wetlunded, coarse, uniform,

and strong patrticles. There is an abrupt change from stage one to two in these types
of particles. However, there is a smoother transition in the-gvatled sands
(McDowell and Bolton, 1998; Nakata, Hyodst,al, 2001)

Increase in stiffnessuringloading because of densification of granular material was
observed ina study byWu, Yamamoto and Izum{2016) This increase can be
understood from the shape of strgfigin plots irFigure 237. Hagertyet al (1993)
explains the increase in stiffness mechanas1iAt stresses above the crushing
stress, the additional stress increments cause additional fracaumhgxtensive

rearrangement of particles. Therefore, the slope of the stiress plot decreases
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with increasing stress. As the mean particle size reduced and particle rearrangement
causes a significant reduction in voids, the number of particle cqeastolume
increases. Gradually, this particle fragmentation and rearrangement leads to a
reduction in average stress. The stress reduction leads to less additional crushing and
increase in stiffness.” Hetatedthat although the initial propertig®.g., initial

relative density, particle shape, particle mineraJogere different, after the

extensive particle crushing, specimens sklitle differences in final constrained

modulus.
25
= G kM 25 o 6KN

0 o LN WE = 15N 7
£ P 30kN z 4 30N E‘Gg—:
2 15y v S0 £ 15F v 50N &
E- L o M ér"
£ 10+ g 10+ vﬁﬁf 5
2 i z > i I
- [ o z 4 .

0 2 4 6 8 10 12 14 16 1§ 20 0 2 4 6 8 10 12 14 16 18 20
Axial strain € (%) Axial strain € (%)
(a) Toyoura sand (b) Masado sand

Figure 237. Axial stress vs. axial strain plots of Toyoura and Masado @&ncet al, 2016)

Studies show that all compression mechanisms (particle slipping, rotation, and
crushing) continue with time. This compression behavior is called as secondary
compression. Secondary compression shbaldifferentiated froncreep. Creefs
definedas the timedependent behavior under drained or undrained loading when
soil is subjected to external shear stre¢sgsMesriet al, 1981; Murayama, 1983;
Murayama, Michihiro and Sakagami, 198#owever, secondary compression is
used for the drained, laterally constrained,-dmeensionally loaded specimens; or
drained, equal allound loaded specimens. The majdference of these terms is
explainedoy the statement théhe global failure may occur due to creep but cannot
be observed due to secondary compressagnsated inMesri and Vardhanabhuti
(2009)
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Studies on the compression behavior of granular materials show that the compression
index (&) changes with effective vertical stress. Particle mineralogy and initial
relativedensity affect the compression index. Particle shape is also a factor at low
stresseChuharet al.(2003)explain the angularity effegbn compression behavior

by statingthat angular particles underga# grain crushing at contact points. This
breakage leads tan increase in contact aremd adecrease ircontactstreses
Therefore, the specimen becomes less compressible at higher stresses. In fact, at high
stresses, major effexdf grain size, grairshape, grain mineralogy on compression
behaviorare observed to disappeér Figure 238, C. data compiled from literature

by Mesri and Vardhanabhu2009)is presented.
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In addition to thechangsin the slope ofQ & €, ®plot, the slope 0Q & ¢ {6lat

also changes under laad after crushing. The secondary compression index
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increases with increasing effective stress and becomes significant after the yield
point is passedand particle crushing (level 11l) was start¢dade and Liu, 1998)

The mechanism of timdependent behavior is explained with the particlsiung

in Takei, Kusakabe ahHayashi(2001) Particles are crushed into fragments, and
these fragments are rearranged into a new packing. With this new packing, particle
stresses are qdistributed and reacto a new equilibrium. Then, again particles are
crushed under new +@ranged stress distribution. New fragments ararranged

into a new packing, and again, stresses adistebuted. The crushing process goes
onin this patternFor angular materialsnfore specificallyguartz particles in their
study), timedependent behavior is related to the breakage of angular edges and the

local crushing at contact areas.

2.4.1 Factors Effecting the Particle Breakage

Particle crushing is affected by the initial relative density, gradati@dian grain
size, particle mineralogy, particle shape, stress path, and loadin(Riyperts and
de Souza, 1958; Hardin, 1985; Hagestyal, 1993; Nakata, Hyodcet al, 2001;
Nakata, Katoet al, 2001)

Initial relative density - Yield stress increases with tivecrease innitial relative
density, andevel Ill damage is observed at higher 0 . This response is
explained as the particle crushing staytat higher stress levels on the specimens
with higher initial relative density. This behaviorabservedlue to the lower particle
stress distribution in higher relative density specinfRuberts and de Souza, 1958;

De Beer, 1963; Coop, 1993; Hageetyal, 1993; Lade, Yamamuro and Bopp, 1996;
Nakata, Kato,et al, 2001; Chuharet al, 2003) Therefore, particle breakage
potential decreases with increasing relative denitgrdin, 1985) However,
Chuhanet al. (2003) observd in their studythatthe loose and denseespmen's
porositystress plots are joined and continue together after the yield stress of the

dense specimen has been passed.
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Gradation - Similar to high relative density specimens, wgihded sands have
higher grain contact; therefore, lower contactsstrdistribution. Then, they show
higher, 0 than uniformly graded sandksadeet al, 1996; Nakata, Hyodo,
et al, 2001)

Particle mineralogyi Chuharet al.(2003)studied the particle mineralogy effect on
compression behavior by using meguartz sand, lithic sand, and carbonate sand.
Very coarsegrained chertich sand and fingrained micaich sandarealso tested.
They stated in their study thahertrich sands have higher yield stress than other
sands. Carbonate and ntigeh sand have highest porosity loss values at low stresses
(0-5 MPa). Lithic sand, monquartz sand, and cheith sand follow, repectively,

the carbonate and micech sands in the means of porosity loss. Porosity vs. stress
curves of different sand®llow a general trend that the difference between the
curves becomes smaller with increasing grain size, i.e., increasing graedsizes

the mineralogeal effects on compression behaviokfter some point, thee effects

disappear

Particle shape- Significant level | and level Il particle damage are observed in
angular sands because of the higher tension and shear stressegaatiagiéecontact
points This results in lower, 0 values.Hagertyet al. (1993) explain the
behavior with the following hypothesi$here occurs eccentric loading on angular
particles compared to spherical particles. This eccentricity is the reason of the higher
shear and tensi stressegHagertyet al, 1993;Ladeet al, 1996; McDowell and
Bolton, 1998)

Particle sizei The particle breakage potential is proportional to the particle size. It
increases with increasingarticlesize. Thigs explained with the same mechanisms
valid for high relative densitgnd weltlgraded sandsparticle contact forces increase
with particle size. Therefore, breakage increases with(kiaedin, 1985) Chuhan

et al. (2003)studied the grain size effect on compression behavior by using-mono
quartz, lithic, and carbonate sands. At low stress&N®a), they observasmall

increase in porosity loss with the increase in grain size. At intermediate stresses (5
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25 MPa), they okerve a strong proportional relation between particle size and
porosity loss. At high stresses {26 MPa), similar porosity loss values are observed

for all types of sands. In addition, they stated that yield stress increases with a
decrease in grain size

Stress path Effective stress and effective stress paths also play an important role in
particle breakageHardin (1985)reportedthat breakage potential increases with

increasing effectivetsess and increasing 7, ratio.

Loading type- Loading mode also affects particle crushiidtuhafi and Coop,

2011; Miao and Airey, 2013)In isotropic compression tests, level Il particle
damage starts at higher stresses when compared {iroaasional test§Kwag,

Ochiai and Yasufuku, 1999; Nakata, Kagb,al, 2001) The reason behind this
explained with the contribution of the shear stresses irdimensional compression

(De Beer, 1963; Bishop, 1966; Lee and Farhoomand, 1967; Coop, 1993; Pestana and
Whittle, 1995) Also, triaxial compression testesult in higher percent of paite
crushing. An example of the GSD curves for different loading modes are presented
in Figure 239.
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2.4.2 Particle Breakage Measurements

The amount of particle breakage can be identified from sieve analigib are
performed onhie specimenbefore and after the compressionde$here are some
measures in the literature to express the amount of breakage quantitatively. Some of

them can be listed as follows;

- Leslie(1963)used the increase in percent passing on sievasigempared to the

sieve size where original material was 100 % retained

- Later Leslie (1975) again defined d#reakage measusges the increase in percent

passing on the sieve sizwhich the original material was 90% retained.

- Marsal (19653 efinesabreakage measure as the increase iogmepassing on the
sieve sizeat which the highst increase was observed. However, if increase in
percent passing occuasmore than one diameter, breakage measurensubed as

thesum of these percent passing.

- Lee and Farhoomar(d967)used the si/Disaratio as a breakage measuresii3
the diameter of the 15% of the original samjoldefiner, and Dsais the diameter
of the 15% of the loaded sampebefiner.

In Figure 240, these breakage measurement methods are presented on a GSD graph's
sketch.
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Hardin(1985)uses the relative breakage definitemabreakage measure. Relative
breakage (B is defined as the ratio of the total breakage to the breakage potential.
All relevant parameters are defineddqn.2-24athroughEqn.2-27 andFigure 241.
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2.5 Stiffness of Sandy Soils

Stiffness estimatiohare listed a®ne of the important problesin soil mechanics.

The diffnessthat was measured in the laboratory, and the one which was back
calculated from the observat®ron ground movementsn the field showed
significant differences. Lately, researchers understand these differences in the light
of properties of soiktiffness, especially nelnearity in the behavio(Atkinson,

2000)

Figure 242 presats the general stressrain curves for undrained shearing and

isotropic compression tests.
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(a) Shearing (b) Compression

Figure 242. Generaktressstrain curves for (a) shearing and (b) compresgikinson, 2007)
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Different modulusdefinitions for different tests are gen in Figure 243. From
uniaxial loadingestYoung's modulusfrom simple shear test shear modulus, from
isotropic compressn test bulk modulusand from confined compressiorest

constrained modulusan be estimated
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Figure 243. Different modulus typed_ambe and Whitman, 1969)

Basic stiffness parameters from a triaxial test are pregémEigure 244. When the
specimens loaded, a nofinear stresstrain curve is observed, and two different
Young's moduli are defined as the tangent modulus and the secant modulus. Very
small strain, small strain, and large strain levels are defipédkinson and Sallfors
(1991) At very small strain level, stiffnesgaches to itsnaximumconstanwalue

At small strain leved, modulusdecreasesontlinearly with strain. At largestrain

level, stiffnessdecreases significantly to a relativelyryesmal value (Atkinson,

2000.
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Figure 244. Basic stiffness parametgistkinson, 2000)

The typical stiffness strain curve is arslgaped curve in the seilog space and
presented ifrigure 245. Atkinson(2007)refersthe behavior in the very small strain
levels (up to ~0.001%) as linear; henstffness is constant. At small strain level

(in between ~0.001% to ~1%), strestmin relation is notinear; therefore, stiffness
decreasewith increasingstrain increments. At large straiissjl state is on the yield
surface, and elastoplastic belwa is observedBenz(2007)defines these strain level
boundaries as ~0.0001% and ~0.1% for very small strain and large strain levels,

respectively.
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Figure 245. Stiffness strain relatiofAtkinson, 2007)

50



Typical strain ranges are recommended/Aayr (1993)for the $ructuresconstructed
in or onLondon Clay along with the proper testing technique for different ranges
of strain as showrin Figure 246. Traditional soil tests can be used to observe the
behavior at large strains. Dynamic measurements are needeshsure stiffness at
small strains. The basic methodhiased orshear wave vektity measurement as
given inEgn.2-28. To estimatestiffness at small strain levels, there is a need for the
internal local gauges on the sample to capterg smallstrain responses, which is
not possible at conventional triaxial tests.

@

" —— Eqgn.2-28
Qe 0 q

Typical strain ranges

|‘" 'l"—"[ Retaining walls

[-'- -l-'—'-] Foundaticns

- "I""_"'l Tunnels

Stifiness: G

T T T T T 1
0-0001 0-001 0-01 01 a 0
Shear strain, £.2%
Dynamic methods |

Local gauges
S e

Conwventional soil testing
|
|

Figure 246. Typical strain ranges for laboratory tests and typical struc(at&sison, 2000)

Although the soil isa highly norlinear material, generally, simpknalyses are
performedassuming thatoil behavioris linear and elastic. A comprehensive
analysis of a geotechnical structure requires special laboratory tests and complex
calculationgAtkinson, 2000)

In Figure 247, strergth and stiffness relatiship of the soil is presented, the
reference strain, is defined as the ratio of the peak stress and initial tangent modulus

(Egn.2-29). In thisfigure, solid line presents the nbinear behavior, and the dashed
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line presents the idealized behavior. Remember thajsthequalsto the area under

the stiffnessstrain cure from the origin to the peak state. Therefore, the area under
the solid line and the dashed line should dpeadas showrnn Figure 247.

- = Eqgn.2-29

ak E A
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Figure 247. Typical strengtkstrain and stiffnesstrain relation and their idealizatis(Atkinson,
2007)

Atkinson (2007) suggests that elastoplastic models, like Cam clay maodal,be
usedto model soil behavior for large strain levels. He suggéstshe Eqn. 2-30
can be usetb model the almost linear stressain behavior for very small strain
levels. Healso suggeststhat Eqn. 2-31 is suitable to modehighly nonrlinear

response

— 0 nn— @ Eqn.2-30

0w Eqn.2-31

Lade and Nelso(i1987)pointed outhatthe granular material's response to loading
includes both elastic and plastic straincamponentsElastic strains are relatively
smallwhen compared to plastic strains; however, at the initial portion of the-stress
strain relation, an elastic region is observed. Constitutive models need elastic
parameters to a@r this elastic response ran@ecasionally, elastic models are used

to undestand general soil response even at larger strain |évals, although the
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elastic strainingangeis small, it cannot be ignored, it should be weiberstood
and definedLade and Nelson, 1987)

The elastic behavior of granular material is asstito be isotropic and depends on
the density and stress sttef the material. According to Hooke's law, two
independent variables are needed to model the elastic behavior of an isotropic
materialfrom among the followingPoisson's ratiop, Young's modulusQ, bulk
modulus 6, andshear modulusQ Theelastictheory basedelatiors between these
parameters argivenin Eqn.2-32 andEqn.2-33.

O

—_— Eqn.2-32
op CUL

O
S Eqn.2-33
¢p v
Experimental studies show that @6 and"Ovaluesdepend on the stress state and

Poisson's ratio mostly assumed as congtaatte and Nelson, 1987)

The initial slope of the stresdrain plot from triaxial compression test or the initial
tangent modulus is the most basic and widely used modulus dite daseof
estimationfrom conventional triaxial tests. The modulus relation was originally
proposeddy Janbu(1963) which iswidely accepted and used. This typical power
function isgivenas follows:

0 N Eqn.2-34

n
where v is modulus constant) is atmospheric pressurg, is confining

stress, and is modulus exponent.

Biarez and Hiche(1994)proposé a relation for Young's modulwssa function of
void ratig asgivenin Eqn.2-35.
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whereQis void rdio, rjags mean effective stres§, is reference stress.

Maximum shear modulus expressed as functions of confining stress and void ratio

as given irEgn.2-36.
O 0 "M, Eqn.2-36

whereo is modulus constaniDQ is void rato function,, is initial effective

stress, and is modulus exponent.

Hardin andBlack (1969)proposed an empirical relation for maximum shear modulus
asgivenin Eqgn.2-37.

X Q Ee
¢;

- . Eqn.2-37
p Q n

0 o

whereQis void rdio, rjags mean effective stres§, is reference stress.

There are diferent modulus relatiorgps and void ratio functios used in the

literature, onlya couple of themverepresented in thithess.
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CHAPTER 3

LABORATORY TESTING PROGRAM AND PROCEDURE S

3.1 Introduction

In this chapterthelaboratory testing program and testing proceslare described.

The experimentaltsudy was car r i eahdThe hboratantedtirgz €1 € r m;:
program consiss of four soil index tests, 20 monotonic straiontrolled

consolidated undrained triek tests, and 7onedimensional compression tests.

Triaxial tests and onrdimensional compression tests wpeformed on relatively

loose and dese reconstituted sand saneslK € zé1 ér mak sandt i s a |
sandquarry It is further sieved througNo. 4 sieve andoarser fraction is excluded.

Then, it is sieved througNo. 200 sievand the finer fratton is washed ouwWhile

preparing sdisamples, the undeompaction method was used for triaxial testd, an

theair pluviation(dry) methodwasused for onalimensional compression tests.

3.2  Soil Index Testingand Mineralogy

For Ke z e lirmexprapertiesnaludidgspecific gravity "O , minimum void
ratio Q , maximum void ratioQ , and gradationveredeterminedTo find
specific gravity "O , four specimes were preparedand testswere performed
according ttASTM D854-14. The averagéDoft he Keé z é | édetermmikeds and w

as 265. Individual results of all testarepresented in Appendix A.

Maximum void ratio Q was determined by following thaSTM D425416.
Minimum void ratio Q  wasdeterminedoy vibrating and compressing the soil
into a container in three layeBxperimentsvere repeated three tisfor Q  and
two times forQ  determinatios. The wlume of the coniaer was measurednd

thevolume of solids and voids were calculaté€d. wasdetermined as 0.799 and
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‘Q wasdetermined as.853 by taking the average of the calculated valubs. T

detailed calculatiosteps ar@resented in Appendix B.

Gradation of the&K € z & | sand waskdetermined by sieve analysis in accordance

with ASTM D6913/6913M17. Grain size distribution is presentiedFigure3.1. In

this figure, red line represents the average of three experintdmsiniformity

coefficient was determid as @7, and the coefficient of curvature was determined

as 094. Therefore, accding to USCS {Unified Soil Classification System

Kezeél érmak Sand i s andaabls3ilpreseatsthegransipeoor | y gr at

characteristice f Kezél érmak Sand.

Fine Grained Soils Fine Sand Medium Sand Coarse Sand

100 I I I
I | I
I | I
80 l l l
I I
R I I
S | | |
5 60 | i |
a | | |
g I I / |
S | | |
o
o
I | I
| |
20 i i
I | I
| | | —— Average GSD curve
0 - l l :
0.01 0.1 1 10 100

Particle Size (mm)

Figure3.1. Grain size distributioourveso f Kezeéel érmak sand
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Table3.1Gr ain size distribution characteristic

USCS: | SP
r 102
r -0
r -101
r -|136
R | 6.07
Fi | 0.94

Particle mineralogy was also studied for
optical magnification. As a result of this examination, it was observed that
Kezéel érmak sand mostly consists of quart
include agglmerate and andesite rodkagments fFigure3.2). Kéz él ér mak s a
showed a very weak reaction with dilute (10 %) hydrochloric acid. This weak

reaction suggests a minor amount of <car b

Agglomerate rock
fragment

Andesite rock
fragment

Figure3.2. Agglomerate and andesiteck fragments (23 mm di amet er) observed |
sand

In addition to visual examinations, -RRay powder diffraction analysis was
performed on Kézél ér mak s andX-Rdypogvder was si
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diffraction analysis was performed BMETU Civil Engineering Department

Corstruction Materials LaboratoryX RD pattern of the Kézeéel ér ma
given inFigure3.3. Qualx2(Altomareet al, 2015)software was utilized to analyse

the XRD pattern and identify main mineral constituents. XRD pattern shows distinct

guartz mineral peaks. Secondary mineral is albite which is a plagioclase feldspar

(mainly Na plagioclase). A minor peak at 29.4th2ta indicates a small amount of

calcite mineral.
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Figure3.3.X-Ray powder diffraction pattern and identifie

3.3  Triaxial Testing

The aim of this experimental study is to investigate the volumetric and shear
straining response of Kézeéel ermspdnseas and. To €
laboratory testing program consisting of 20 monotonic sttantrolled consolidated

undrainedriaxial tests with pa water pressure measurement was desigx&tM

D4767-11procedure was adoptedtreugh the standard is usually used for cohesive

soils. Due to ease of pore pressure transducer calibration as oppose to volume
transducers, CU testgereprefered as compared to CD tes&and specimens were

prepared atarious relative densities and consolidated to diffezethpressures. fie

triaxial testing program is psented inrable3.2.
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Table3.2 Triaxial testing program

Relative Density / Consolidation Pressure
s'<=50 kPa s'c=100 kPa s'c=200 kPa s'<=400 kPa
Dr=35% 35% /50kPa | 35% /100kPa| 35% /200kPa| 35% / 400kPa
Dr=45% 45% / 50kPa | 45% / 100kPa| 45% /200kPa| 45% / 400kPa
Dr =60 % 60% / 50kPa | 60% / 100kPa| 60% / 200kPa| 60% / 400kPa
Dr=75% 75% /[ 50kPa | 75% / 100kPa| 75% / 200kPa| 75% / 400kPa
Dr=80% 80% / 50kPa | 80% / 100kPa| 80% / 200kPa| 80% / 400kPa
3.3.1 Sample Preparation

To be able tohave homogeneous specimgnreconstituted sand specimen
preparation techniques are generally used in laboratory tessimbara (1996)
suggests three reconstituted sampteparation methods: dry deposition, water
sedimentation, anchoist placement.

In the dry deposition method, an ovéned sand specimen is put into a funnel. Then,

it is poured into the mold through this funnel with zero height and constant velocity.
Target density can be obtained by applying tapping energy by hitting the side of the

mold. By adjusting tapping energy, specimens can be prepared at any density.

In the water sedimentation method, sand is mixed withibel water and poured

into the mold withzero height at a constant velocity. In an alternative methed, de
aired water is put into the mold, and dry sand is poured into the mold just above the
water surface. In both water sedimentation methods, it is essential that the sand
deposited under watarthout considerable sedimentation. If the denser specimen is

aimed, then tapping can be applied by hitting the side of the mold.

In moist placement method, specimen is mixed witaided water (about 5%) and
is divided into 5 or 6 equateight layers. Each layer of the specimen is poured into

the mold and tamped by a rod. Tamping energy should be arranged considering the
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target intial density. Ifaloose specimen is to be prepared, low amount of energy is
needed. Il dense specimen is to be prepared, high amount of energy is needed. This

method allows to prepare a specimen within a wide range of void ratios.

In themoistplacemetmethodjt may behard to apply the same energy to each layer

all the time.Additionally, even though the same energy is applied, due to the
compaction energlyansferred fronupper layerso lower onesbottomlayersof the
specimen may be oweompactd. To eliminate these problems undempaction
methodis proposedby Ladd (1978) In this methodeach layer is compacted to a
lower density than the desired density. This predetermined amount of low
compaction called as percemhdercompaction {Y). Percent undecompaction

value increases linearly from the bottom to the top, and it becomes zero at the top
layer. In brief, the bottom layer has the maximOfvalue and the top layer has

Y =0. Figure3.4 illustrates the method by using a graph. Percent uomi@paction

in a layer is calculated by the following formula;

7 7, 'Y Y .
Y Y —2 €& P Eqgn.3-1

where,

"Y dpecent undercompaction selected for first layer

Y d,pecent undercompaction selected for final layer,usually zero
€ dnumber of layer being considered

€ dfirst (initial) layer

¢ dtotal numner of layers (finddyer)
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Maximum Value

Percent under-compaction in layer n

Ayerage percent under- compaction
for layersny ton

PERCENT-UNDER-COMPACTION

Minimum Value
{usually zero) m =1

Nt
LAYER NUMBER

Figure3.4. Undercompaction metho@Ladd, 1978)

The undercompaction method was used as a specimen preparation technique in this
study. Layer number an®Y values were selected as 10 and 4%, respectivdly
specimens were prepared with a water content of 5%. Required height of each layer
is calculated by;

Y

p T

Q
€

E p p Eqn.3-2
where,

"Qdfinal (total)height of the specimen

¢ dfotal numbenof layers

¢ dnumber of the layer being considered

"Y dpercent undercompaction for layer being considered

Required weight of the specimen is calculated by;

W W 8 ¥ Eqn.3-3
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z7 Eqn.3-4
where,
wdyvolume of specimen (volume of the mold)
“Odspecific gravity of the soil,2.65
(Yyoid ratio of the specimen
[ dunit weight of the water
The void ratio at the desired relative density is calculated as:
Q Q 0z Q Q Eqgn.3-5
where,
‘Q dmaximum void ratio,0.799
‘Q  dminimum void ratio,0.453

O daimed relativadensity
3.3.2 Monotonic Triaxial Testing

3.3.2.1 Apparatus

Triaxial testswereperformed by using the VJ TECH triaxial testing system shown
in Figure3.5. The g/stem includes:

1 A triaxial cell,
1 Aloadingframe

1 An automated pressure controller with a pressure transdu@@pty and
measure the cell pressure throughout the test
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1 An automated pressure controller wdtpressure transducer to apply and
measure the back pressure. In addition, it also measures the volume change
of the specimen throughout the test
A load cell to measure the deviatoric load acting on the spegcimen
A linear variable displacement transducer (LVDT) to measure the axial
deformation of the specimen

1 A data logge(MPX3000 withv 5V range and 16 [@tresolution)to monitor
the deviatoric load and axial deformatjon

1 A computer to use Clips softwanehich contols the automated pressure
control units and allows monitoring the deviatoric load and axial

deformation

Figure3.5. VJ TECH triaxial testing system

3.3.2.2  Setup of the specimen

At the beginning of the all experiments, cleaning of the apparatus (soil grains from
the previous experiment were removed from the pedestal with the help of a brush,
back pressure, cell pressure, poat&er pressure, and top cap lines were cleaned by

flushing deaired water) has been performed. Porous disks were boiled to prevent
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any blockage in the pes and to eliminateemains from the previous experiment.
Then, a latex membrane wéted inside the mold, and a filter paper was placed
between the latemnembrane anthemold toevenly distribute the suction around the
membrane angrotectit from the suction of the vacuum pump. étfthis, themold

was connected to the vacuum pump to stretch membrane to mold's wall. In this step,
a vacuum regulator wassal connected to the system to control the amount of
vacuum applied to the specimen during specimen preparation. Vacuum regulator is
important to prevent the application of vacuum pressurigher than the
predetermined consolidation pressure. Higher vacuprmessure than the
predetermined consolidation pressure results in ananesolidated reconstituted
specimen that is not intended for this study. 20 kPa vacuum pressure was used for
the specimens being consolidated to 50 kPa consolidation pressadb0 kPa
vacuum pressure is used for the specimens being consolidated to 100 kPa or higher
consolidation pressuse The prepared mold was placed on the pedestal, where
bottom porous disk had already been placed. Prepared mold and vacuuming line is
shownin Figure3.6.

Figure3.6. Prepared molfbr theexperiment
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The calculated amount of specimen was weighed and mixed wéhliatewater to

get ready for the underompaction process. The specimen amount was decided to
reach tahe target relative density. Corresponding equations are provid#thpter
3.3.1 After adding deaired water, the gzimen was covered with a wewel to
prevent the loss of water by evaporatiom Figure 3.7, the wetted specimen is

presented.

Figure3.7. Wetted specimen

As a next step, the specimen was prepared by using the-cordpaction method
proposed by.add(1978) While applying the method, 10 layers were chosen to get

a more uniform specimen. In this method, soil mass in the layers stays constant, and
layers' heights are changed to achieve predeterminesitydar that layer. An

adjustablgaamping rod, preseedtl inFigure3.8, was used for this process.
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Figure3.8. Tamping rod and caliper

The calculated amount of mass for one layer was taken from the wetted specimen,
and poured into the mold by using a funnel. After that, the soil specimen was
compacted with the tamping rod previously adjusted to the desired hehght. the

layer's surface was scratched to increase the bond between soil layers. All these
processes are illustrated kigure 3.9 throughFigure3.14, ard arerepeated until a
complete sample is prepared. During specimen preparation, it is essential to keep

vacuum pressure constant by using the vacregulator.
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Figure3.9. Height adjustment of the tampin

rod Figure3.10. Mass measurement for a layer

Figure3.11. Measured mass and funnel
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Figure3.13. End of the compaction process

Figure3.14. Scratching the compacted surface
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After 10 layers were compacted, top porous stone and top cap were placed on the
specimen. The top cap level was checked by using water gauge in all experiments to
see whether the specimen's surface was flat or not. The flat surface is important to
preventthe loadingappliedeccentrically Then, the membrane was fitted to the top

cap, and one of the-fngs from both bottom and top were placed, and then vacuum
pressure was applied to the specimen through the back pressur&hkme.the

second @&ings wereplaced, and the mold was taken out. The final specimen looks
like the one givenn Figure 3.15. Diameter measurements were taken from three
different pgaces of the specimen in different directions. The average of these
measurements was used as a specimen diameter when the volume of the specimen

was calculated.

Figure3.15. Prepared specimen

After this step, the pedestal was placed on the triaxial setup. The triaxial cell was
placed, and water was filled in 20 or 50 kPa ell pressure, according to the
predetermined consolidation pressure, was applied. 20 kPa was used for the
specimens consolidated to 50 kPa consolidation pressure, and 50 kPa was used for
the specimens consolidated to 100 kPa or higher consolidation pré&ssung. this

process, vacuum pressure wgredually decreased to reach tagget effetive
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stresses. After reaching tkerget cell pressure and decreasing vacuum to zero, the
vacuum pump was disconnected from the setup, and the specimen was ready to

satuation, which will be discussed in the next section.

3.3.2.3 Saturation and Consolidation

Saturation is an essential process for an undrained test to avoid measurement errors
in porewater pressure. Flushing of-déed water along with back pressuring were
used inthis study to saturate the specimen. To increase the effect of flusineng,
specimen wasft flushed withCO,, agas more solubléan air, befce the deaired

water. Flushing wittboth CQ and deaired water were performed from bottom to

top. The pacef the flushing gas and fluid is important to avoid any undesired
reorientation of the sand grains in the specimen or piping proQl@xwas applied

for gpproximately 40 minutesvith the rate of 23 bubbles in a minute. The GO
flushing process can lseen inFigure3.16 andFigure3.17.

Figure3.16. A general view of the CQube and C@line
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Figure3.17. CO, outlet valve

After COp, 250300 ml deaired water was flushed through the specimen (bottom to
top) to fill voids, as shown iRigure3.18. In Figure3.19, bleeding of water frorthe
specimen top cap can be seen.

de-aired o
water tank |

1

de-aired water
line connected to
J the bottom of the
= specimen

Figure3.18. De-aired water flushing
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Figure3.19. Bleeding water from the specimen

During this process, water in the bgmlessure water tank was replaced with de
aired water. After daired water flushing was completed, the back pressure

saturation process has begun.

This method takes advantage of the compressibility and solubilitly € in our

case) in water. Both compressibility and solubility increase with increasing pressure
(Boyle's and Henry's law, respectively). This process has two basic application
methods. In the first one, cell pressure is increased while the drainaggdes to
specimen) is closed. In the second one, cell pressure and the back pressure in the
specimen are increased simultaneously to keep effective pressure constant. The
second method was preferred and used in this study. Cell and back pressure
increments were adjusted to not oxansolidate the specimen. Therefore, 20 kPa or

50 kPa increments were applied according to predetermined consolidation pressures.
These increments were continued until full saturation was obtained. Saturation was

checked by Eempton's Bvalue, which is calculated as follows;
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0 = Eqn.3-6

where,
Yodchange in pore water pressure
Y, dechange in cell pressure

A B-value of 1 is considered as full saturation. However, one should not forget that
B-value depends on the compressibility of the pore fluid and soil grains. The same
B-value may mean 99% saturation for a stiff soil but only 95% saturation for a soft

soil. Therefore, Bvalue higher than 95% does not have the same meaning in all

cases. Rather than checkingy8lue itself, checking its changeth pressurenay be

more meaningful. When full saturation is achieved, no more changeatuB will

occur. Both Bvalue itself and its change were monitored in this study.

After each pressure increment, approximately230minuteswas allowedfor the

dissolution of the gas in the specimen. Then, the back pressure (drainage) line was
closed, and cell pressure was irased by 20 kPa. The-Balue check was done by

dividing the change in pore water pressure by 20 kPa (increase in cell pressure). If
desired Bvalue and/or change in-#alue was not reached, back pressure and cell
pressure \&s continuedto be increasetb ge the desired Bralue. B 0.93 was
considered to be full saturation for Kez
600 kPa back pressures.

For the consolidation phase, the back pressure valve was closed, and predetermined
consolidation pressure waspdipd to the specimeisotropicallyby increasing the

cell pressure. A few minutegerewaited for porewater pressure stabilization. After

porewater was stabilized, the consolidation phase was started by opening the
drainage valve. During the consolidatj time vs. volume change data were

recorded. When volume change with time became constant, the consolidation stage

was stoppg. For Kez él ér mak s a approxsnatelyclsecendss |, t hi ¢

The height and the aredter consolidationwerere-calculded, and in the shaag
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stage, thesepdated ¢orrectedl values were used. Axial strain, volumetric strain,

corrected height, and corrected area are calculated by usiggrit® 7 - Eqn.3-10.

- = Eqn.3-7
0 0z p - Eqn.3-8
Yo Eqn.3-9
) an.=
5 oL O YO Eqn.3-10
p - O an

where,

"O dheight of the specimen afteonsolidation

"O djnitial height of the specimen

- daxial strain

- dyvolumetric strain

w djnitial volume of the specimen

Yoxichange in volume of the specimen during consolidation stage
0 darea of the specimen after consolidation

0 djnitial area of the specimen

3.3.2.4  Monotonic Loading

After the completion of the consolidation stage, the back pressure valve was closed
again to perform the undrained test. The machine shearing rate was set to 1mm/min,
and the last stage of the experiment was started. Applied deviatoric load,

deformation, ad porewater pressure measurements were recorded at every 0.1 mm
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deformation, and each test was continued to reach to a maxim20%d sxial

strain.

Before each experiment, the loading rod was lubricated to eliminate the piston
friction. Therefore, pisto friction correction was not applied, assuming frictionless
response. To confirm this, at the beginning of shearing, zero force reading was taken
while the axial motor moves at the designated shearing rate without the piston
touching the top capothat any piston friction and uplift force could be eliminated

during calculations.

Axial strain, deviatoric and mean effective stress, and excessmabee pressure

were calculated, and fouvay plots wee prepared for each experimehhe effects

of parabolicand cylindrical area corrections were cangively tested. It was
concluded that both of the correction schemes produce almost identical failure shear
stresses. However, at larger strains getting close to steady state parabolic area
correction scheme prade approximately 5% smaller shear stresses. Due to their
relative insignificance it was decided to continue with cylindrical area correction
procedure. Therefore,t any sage of shearing, the height and the area of the
specimen were recalculated as giverfEqn. 3-11 throughEqgn. 3-13, by assuming

thecylindrical shape of the specimen was not disturbed during the shearing stage.

'd O YO Eqn.3-11

0

0 Eqgn.3-12
p -
YO Eqn.3-13
o) gn.3-

where,
"0 dheight of the specimen after each shearing stage
"O dyeight of the specimen after consolidation

Y'Odaxial deforméion of the specimen in each shearing stage
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0° darea of the specimen after eattearing stage
0 darea of the specimen after consolidation
- daxial strain in each shearing stage

Deviatoric stress, principaiffectivestresses and half dfie deviatoric stess(shear

stress,q) and meareffective stress (p') were calculated byngsthe following

formulae
” "ao° Egn.3-14
n ” 0 Egn.3-15
n e, 0 Eqgn.3-16
ne ., ., 1¢ Eqn.3-17
n . . Ic Eqn.3-18
where,

» ddeviatoric stress

"Q@force on the specimen

» aajmajor effective stress

» &gminor effective stress

»  dcell pressure

odpore water pressure

r dmean effective stress

ndhalf of deviatoric stres@hear stress)

A sample four way plot is gen inFigure3.20.
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Figure 320. An example of fourway plot (TRX_4550)
3.4  One-Dimensional Compression Test

To examine the volumetric strainingesponsg a laboratory testing program,
consisting of edometer testwasdesignedSand specimens were preg@éat 25
35-45-60-75-80-85 % relative densities, and loaded up to an axial stress o6 ~33
MPa.ASTM D2435/D2435M11 procedure was adoptedirough the standard is

widely used for cohesive soils.

77



3.4.1 Sample Preparation

To be able to get homogeneous speasneeconstituted sand specimen preparation
techniquesvere useds part othe laboratory testing programhe dry deposition
method was preferred for omkmensional testing. In this method, an owkred
specimen was placed into a funnel. Then, the soil was poured into the mold through
this funnel at zero dropping ight and constant velocity. Target density is obtained
by applying tapping energy, hitting the side of the mold. By adjusting tapping energy,
specimens can be prepared at target dengislehara, 1996)

Required weight of the specimen was calculated as:

W "0z p(b,Q Egn.3-19
where,
wdyvolume of specimen (volume of the mold)
“Odspecific gravity of the soil,2.65
(yvoid ratio of the specimen
The void ratio at the desired relative density was calculated as:
Q Q 0z 7Q Q Eqn.3-20

where,
‘Q  dmaximum void ratio,0.799
‘Q  dminimum void ratio,0.453

O dfarget relative density
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3.4.2 One-Dimensional Compression Testing Procedure

3.4.2.1 Apparatus

Onedimensional compressiotests were performed by usinpe SOILTEST
oedometer apparatus and a data acquisition system, shofigure 3.21. The
systemincludes:

1 An oedometer apparatusth loading frame and two levels of the lever arm
to apply the load on the specimen,
An oedometer molavith a diameter of 50 mm to prepare the specimen,
21 metal weights, ranging from ~250 gr. up to ~16 kg., to loadplecimen,
A linear variable displacement transducer (LVDT) to measure the axial
deformation of the specimen

1 A dataacquisitionsysem (TestBOX1001 withv 10V range and 16 bit
resolution)to monitor axal deformations,

1 A computerwhereTest Lab soft@reand the axial deformation data were

installed and saved, respectively.

Figure3.21. SOILTEST oedometer apparatus and data acquisition system
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The oedometer apparatus used for the experiments has two IpadisgOne has
an overall load magnifiaggon of 1:10 lever ratio, and the other 1:40,s®wn in

Figure3.22.

=L
ry

J
e IE
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8 unlts

mimwj )

.b-.

Figure3.22. SOILTEST oedometer apparatus' lever ratios

3.4.2.2 Loading

Both of the two hangers discussed previously were used during the experiments.
First, the 1:10 lever ratio part of the apparatus was used to apply relatively small
pressures on the specimen. Then, the 1:40 lever ratio part was used for higher
stresses. Dimg loading, at selected point, reloading was performed, and then the
test was continued with loading again. Five loading and unloading cycles were
performed on each test. A total of 41 loadings vegalied as part of thegecycles.

The predetermined ldang pattern igpresented imable3.3. In this table, the black
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font represents loading, whereas theard italicfont unloading. Applied loads on

speimens were calculated by using the 1:10 and 1:40 lever ratios.
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3.4.2.3 Loading weights andoedometer lever ratio calibration

In order to check thiatio of the lever arm and to confitfmatthe loads wreapplied
accurately and precisely, a calibratischemewas followed by using a calibrated

load cell. For this process, a load cell was placed into the cell, in the place of the
specimen.

A load cell, which has a 10 ton capacity was used for the calibration process. It was
loaded in the pattergivenin Table 3.3 withoutany inter-reloading patternThree
loadng andunloadng cycleswere performedThe alibration line for the 1:40 lever

ratio is presented irFigure 3.23. In order to avoid the nehnearity in the smaller
loads, another load cell with a smaller capacity was used. Loads up to 520 kg were
calibrated by ltis 1-ton capacity load cell. It was loaded in the load pattern of the
load number 4, 911, 1617 (i.e., up to ~500 kg on the specimen but without any
inter-reloading)given inTable3.3. Loading and unloading cycles were performed 3
times. The calibration line is presentedrigure3.24. Figure3.23 andFigure 3.24
confirm the 1:40 and 1:10 lever ratios of the apparatus.

7000 600

6000 vy =39.687x+ 572.272
R2=10.999

500 ¥ =10.216x+0.200
R?=0.999

—_
£ 5000 a0
-
= 4000 é’?
3 = 300
3000 &)
= g 200
< <
S 2000 g
= 100
1000
0 0
0 s0 100 150 200 0 10 20 30 40 50 60
Load
Load (kg) (kg)

Figure3.23. Calibration line for the load highe Figure3.24. Calibration line for théoad
than ~500 kg smaller than ~500 kg
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In conclusion, true loads were estimatedjiasnin Table3.4.

Table3.4 Comparison of calculated and calibrated loads

Loadon | Loadon | “%a® | coiculated TrueLoad | e

10 40 on Specimen Pressure Specimen Pressure
(kg) (ko) Q) (MPa) | P | (MPa)
0.255 2.55 0.0126 3.38 0.0170
0.510 5.10 0.0253 5.99 0.0301
0.967 9.67 0.0479 10.66 0.0536
1.970 19.70 0.0976 20.91 0.1052
3.967 39.67 0.1965 41.31 0.2078
7.956 79.56 0.3941 82.07 0.4129
15.953 159.53 0.7903 163.77 0.8239
31.958 319.58 1.5831 327.29 1.6466
51.956 519.56 2.5738 531.61 2.6746
10.004 919.71 4.5561 969.87 4.8794

25.976 1558.59 7.7210 1603.76 8.0685

42.509 2219.93 10.9971 2259.93 11.3697

58.485 2858.94 14.1627 2893.95 14.5595

73.297 3451.43 17.0978 3481.82 17.5171

89.297 4091.42 20.2682 4116.81 20.7117

105.306 4731.79 23.4405 4752.17 23.9082

121.3106 5371.99 26.6119 5387.36 27.1039

137.3162 6012.21 29.7835 6022.59 30.2997

153.3203 6652.37 32.9547 6657.75 33.4952
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3.4.2.4 Machine deflection calculations

To eliminate the displacements due to machine deflection/seating desingy,

four testswere performed, without sand samples inplace. The oedometer apparatus
was loaded following the same loading pattern; however, a sand specimen was not
placed into the mold. Therefore, measured deformations were uniquely due to

machine deflection/seating.

7.0 25% RD
/ test result

60 |

g 0 85% RD

é / test result
4.0

- <

E L —

5 30 ‘%/ /

&

3

_% 2.0

=
1.0
0.0

Machine
deflection
— tests

10000 20000 30000 40000
Vertical load, c', (kPa)

=

Figure3.25. Machine deflectiopas compared with some oedometer tests perfoomed Ké z €1 ér mak
sand

A comparison of the machine deflection/seating deformation and oedometer test data
wi t h Kézél pesemtadk Figura3128. Ad can be seeftom Figure 3.25,
machine deflection/seating deformation values are very small compared to sand
deformationsand all four tests gave slightly different deflection results. Therefore,

it was concluded that there exists some randomness in machine deflectidmsirand t
measurements. This could be due to their relatively low magnitude and intrinsic
variabilities in machine preparations. The average of these results was used as

machine deflection/seating deformation data, and subtracted from oedometer test



datawithKé z € | ér mak sand s amp lpresentedifFigure825e. Thi s a\

by a red line.

3.4.2.5 Setup of thespecimen

At the beginning of all experiments, cleaning of the mold, especially top cap, from
the crushed materiathich could bestuck in the metal joinidas beer performed.

Then, the required mass of sand specimen was calculated and put into the mold with
the help of a spoon and funnel. After pouring sand into the mold, vibration was
applied by using a metal rod to reach to the target relative density. Aftergafye

top cap was placed, and the flatness of the specimen’s surface was checked by a water

level. Theseprocedures are shown Figure3.26 throughFigure3.28.

Figure3.26. Pieces of equipment used for specimen preparation; a bowl, badpooa, funnel,
oedometer mold and top cap
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Figure3.28. Tapping and checkp the flatness of the specimesurface
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After the specimen is prepared, the mold was placed on the oedometer apparatus,
and the load frame's height was adjusted to touch the top cap with applying zero load
on the specimen, aown inFigure3.29. Then LVDT was placed on the load frame

to measure the axial deformations. After the completion of these procedures, the
specimen was readyr loading. At the end of each experiment, the specimen was
saved in a bag to perform sieve analylsig-igure3.29 throughFigure3.33, LVDT
placementapparatus undemaximum load, and removakocess of the specimen

can be seen.

Figure3.30. Placement of the LVDT on the loading frame
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Figure3.31. Apparatus under maximutoad

Figure3.33. Removing specimen from the mold
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3.4.2.6 One dimensional loading

After the preparation stagidespecimen was loadestarting from ~14 kPa to ~33.5
MPa by following the load patternvgn in Table3.3. After the application ofach

load, approximately 30 minutewere waited Generally, at the 20loadng cycle
specimerhad tostay under the same lgatliring theentirenight due towork hour
limitations. Axial deformation readings were recorded at every second of the

loading. Strain and void ratio calculations were performed by using the following

formulae:

) v Egn.3-21

o% agn.o-
O 9 Eqgn.3-22

(0}
Q °© © Eqn.3-23
O gn.

YO Q Q Q Eqn.3-24
O 0 YO Eqn.3-25

Q .3-
O Eqgn.3-26

where,

wdyolume of solids

0 dmass of the specimen

‘Odpeci fic gravity of Kezéleéermak sand
" ddensity of water

"Odequivalent height of the solids

O0darea of the specimen
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Qdjnitial void raio of the specimen
‘O djnitial height of the specimen
Y'Odechange in specimen heigditthe end of primary consolidation

'Q ddeformation reading in each loading stage at the end of
primary compression

'Q gjnitial deformation reading in each loading stage
‘Q dapparatus deformation in each stage
"Odheight of the specimesatt the end of primary consolidation

‘(yoid ratio of the specimeat the end of primary consolidation

YO
- 6Z p T Eqn3—27

where,

- daxial strainat the end of primary consolitglan

6 0 20
5

Eqn.3-28
where,

, daxial stress

Odjoad acting on the specimen

0 dmassof the top cap

“@jacceerdion due to gravity, 9.81 nf/s

O0darea of the specimen

The end of primary compression displacemént () was calculated by drawing
axial deformation vs. logarithm of the time plot as suggestedidsagrand€1963)

However, the procedure was adopted to sand's behavior by taking the interception of
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two linear parts of deformation vs. kigne graph as the end of the primary
compression value. Atgin pressures, after crushing was occurred, this method could
not be applied due to the highly creeping response of the crushed sand. For these
pressures, displacement vs. square root of time grapiplotsd asecommended

by Taylor (1948) The end of primary consolidatiomie Q ) defined in Taylor's
method was taken as tlkead ofprimary compressiorK ). Primary compression

ended in 2 to 10 seconds after loadiflgis is illustrated inn Figure3.34.

Log Time Method 6=200 kPa Square Root Time Method =30 MPa
Time (min) Sqrt-time (min)
0.001  0.010  0.100 1000  10.000 100.000 0.0 0.5 1.0 15 2.0

-3.90 2.10
- £
£ g

< -380 2220
E 3
3
3 H
i =
g 5

= 3.70 % 230

240

Figure3.34. Example plots for determination of end of primary compression
Tangent compression and recompression indices and constraioedi were

calculated by using the following formulae:

0 £ 10 yQ Eqn.3-29
6 €6 o 0 qn.3-

(4

” &
Eqn.3-30

U —_—

¢

where,

0 dtangent compression index

0 dfangent recompression index
0 dtangent constrained modulus

YQjchange in void ratio
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Y, axjchange in axial stress
Y- dgchange in axial strain
Secondary compression index was calculateBdpy. 3-31.

yQ

Va9 £ 00 Eqn.3-31

where,

0 dsecondary compression index
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CHAPTER 4

TEST RESULTS AND THEIR INTERPRETATIONS

4.1 Introduction

In this chapter, results of Gtdiaxial and oedometer test are presentednd
comparedwith the available literatureFor this purpose, fowway plots were
prepared to illustrate the response of
examine the relative density and confining stress effects on the shearing response
and strength, comparative graphs were prepared. For the oedometer testss& vs. log
graphs were prepared. Constrained modulus, compression index, secondary
compression inel, and yield stress were calculated corresponding to different stress

levelsand relative densities

4.2 CU Monotonic Triaxial Test Results

In Table 4.1, initial relative density ‘© ), initial void ratio Q), consolidation
pressure (a9, void ratio after consolidation()), axial strain value at failure

- 5 ) and effetive stress anglef shearing resistan¢&geare summarized.
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Table4.1 Summary of the triaxial test results

TestName |y P | m m B+ 0BT
TRX_3550 34 |0.681 53.5 0.672 1.3 36.4
TRX_35100| 35 |0.678 97.6 0.657 2.0 36.3
TRX_ 35200 36 |0.674 97.6 0.640 2.0 35.4
TRX_35400| 34 |0.682| 3989 |0.612 4.1 38.7
TRX_4550 46 0.641 a7r.7 0.634 1.5 36.2
TRX_45100| 45 |0.643 88.8 0.624 2.0 36.4
TRX_45200| 47 |0.636f 203.1 |0.607 2.0 37.8
TRX_45400| 47 |0.636| 397.7 |0.590 2.6 40.2
TRX_60-50 59 |0.595 50.7 0.589 0.8 40.5
TRX_60100| 60 |0.591 99.3 0.577 11 40.4
TRX_60-200f 60 |0.592| 191.8 |0.567 1.5 39.2
TRX_60-400| 59 |0.594| 399.9 |0.558 2.1 39.8
TRX_7550 74 |0.544 52.6 0.538 0.9 42.3
TRX_75100| 72 | 0.550 96.9 0.539 1.0 41.6
TRX_75200| 73 0.545| 1845 |0.524 1.3 41.0
TRX_75400| 73 |0.547| 402.7 |0.519 1.8 40.6
TRX_80G-50 81 |0.519 53.8 0.514 1.2 43.7
TRX_80-100f 83 |0.512 94.0 0.499 0.9 43.5
TRX_80200| 83 |0.511| 199.8 |0.486 15 42.8
TRX_80-400| 82 |0.516| 400.7 |0.486 1.5 41.9
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Half of the deviatoric stresgshear stressys. axial strain(q vs.- ), half of the
deviataic stress(shear stress)s. mean effective stres¢q vs. p') shearstress vs
effective stresgt vs., & excess pore water presswe axial strain(Uexc Vs. - ),
effective stress ratio (stress obliquity) wsean effective streqg/p' vs. p')graphs

are presented in the form of feway plots. Failure point was estimateenefitting

from maximum obliquity criterion, and these points are shown in the graphs
mentioned abovd-ourway plots of each Cltiaxial test argresented ifrigure 41
throughFigure 420.
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Figure 49. Fourway plots of TRX_6660
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Figure 413. Fourway plots of TRX_7550
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Figure 415. Fourway plots of TRX_75200
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Figure 417. Fourway plots of TRX_8660
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Figure 418. Fourway plots of TRX 86100
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Figure 419. Fourway plots of TRX 8200
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Figure 420. Fourway plots of TRX 88400

4.3 Interpretation of CU Monotonic Triaxial Test Results

Comparative plots were prepared to examine the relative density and confining
effective stress effects on the shearing response and strength. The specimens
prepared at theame relative densities but consolidated to different confining stresses
were grouped together and compatedinderstand the confining stress effects on

the shearing response. For this purpose,-q @sd WxcVvS.- graphs were prepared,

as shown irFigure 421 - Figure 425.
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g vs.R plots reveal that increasing confining stress increases the shear strength of
the specimen, conformably with thikerature (e.g. Bishop, 1966; Bolton, 1986;
Andersen and Schjetn2013) In excess pore water vs. strain graphs, it can be seen
that the dilation rate (speculated from the rate of negative excess pore water pressure

generation in undrained test) is in a decreasing trend with increasing effective stress.

121



To understad the confining stress effects on the strength, Mohr circles, and failure
envelopes for the specimewhich wereprepared at the same relative density but
consolidated to different confining stress@sre drawnFigure 426through Figure

4.30presentliese comparative Mohr circles.
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Figure 426. Mohr circles and corresponding failure envelopes of the specimens prepared at 35%
relative density and consolidated to 50 kPa, 100 kPa, 200 kPa, and 400 kPa stresses
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Figure 427. Mohr circles and corresponding failure envelopes of the specimens prepared at 45%
relative density and consolidated to 50 kPa, 100 kPa, 200 kPa, and 400 kPa stresses
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Figure 428. Mohr circles and corresponding failure envelopes of the specimens prepared at 60%
relative density and consolidated to 50 kPa, 100 kPa, 200 kPa, and 400 kPa stresses
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Figure 429. Mohr circles and corresponding failure envelopes of the specimens prepared at 75%
relative density and consolidated to 50 kPa, 100 kPa, 200 kPa, and 400 kPa stresses
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Figure 430. Mohr circles and corresponding failure envelopes of the specimens prepared at 80%
relative density and consolidated to 50 kPa, 100 kPa, 200 kPa, and 400 kPa stresses
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In the literature(e.g. Bishop, 1966; Bolton, 1986; Andersen and Schjetne, 2013)
friction angle decreases with increasing effective stress due to crushing of angular
edges, and suppréss of dilation at higher confining stresse€onfirmably, test

results mostly show the same response.

The specimens, which were consolidated to the sdfaetive stress but prepared at
different relative densities, were compatedinderstand the relative density effects
on the shearing response. For this purpgses.R and Wy Vvs.- graphs were

plotted.Figure 431 to Figure 434 presented these comparative graphs.
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126



600

500

400

300

(s,-5,)/2 (kPa)

200

100 + //_/'—_——

q:

o
[é)]
=
o
H
ol
N
o

25

100

50 +

-50 1

-100 -

Uexc (kPa)

-150 -

-200 -

-250

o
ol
=
o
'—\
(¢}
N
o

25

TRX_80-100 | @ (%)
TRX_75-100
TRX_60-100
TRX_45-100
TRX_35-100

Figure 432. qvs.- and"Y vs.- graphs for different relative density specimens consolidated to
100 kR

127



700

\
600
< 500
o
<
N 400'
>
?, 300 ~~— -
K2
& 2001
100 -
0 :
0 5 10 15 20 25
€a (%)
200
150 -
100 -
<
g 50
(8]
s 0
D
-50_
-100 1
-150 :
0 5 10 15 20 25
%
—— TRX_80-200 %a (%)
—— TRX_75-200
—— TRX_60-200
—— TRX_45-200
—— TRX_35-200
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Figure 434.q vs.- and"Y vs.- graphs for different relative density specimens consolidated to
400 kPa

As plots reveal, increasing the rate of dilation results in an increase in the shear
strength. The rate of dilatiors proportional to the relative density at constant
consolidation pressure. When relative density increases, the rate of dilation
increases. Hence, strength also increases.
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