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ABSTRACT

SHEAR AND VOLUMETRIC STRAIN INGRESPONSE OF ¢KNE SAN

Korkusuz Ahmet Can
Master of ScienceCivil Engineering
Supervisor : Prof. DiKemal Onder Cetin

January 2021144 pages

The response of sandy soils under monotonic loading depends on size, shape and
mineralogy of particles, fabric, stress and density statesixitires.Researchers
around the world have studied their local sands and calibrated their responses (e.g.,
Toyoura sandlapan, Ottawa safdanada, Sacramento sad®, Sydney sand
Australia, etc.). However, there are not many studies that have focusegiamaf

sands from Turkey. This research study aims to introduce a localGargand, to
literature as a "standard sand" from TurkEgr this purpose, shear and volumetric
straining responses of Cine sand samples were investidated series of
consdidated undrained monotonic triaxial and oedometer teSggecimes with

relative densities of 287-60-70 and 85 %, were prepared lgppedfunnel
deposition and wet tamping methods and consolidated &@dieiPa, 100 kPa, 200

kPa ve 400 kPaell pressuresfollowed by undrained shearing. Test results were
presented by fowway plots, which enable the individual variations of axial load,

cell pressure, pore water pressure, and axial deformation along with the progress of
the stress paths relative to failleevelopes. On the basis of test results, linear and
nonlinear elastiperfectly plastic constitutive modelling parameters, including but

not limited to stress and relathdensity dependent modulus and effective stress



based angles of shearing resistance,r e esti mated. ¢ine sands?©d

resistance values @ 4 -39.%°were observedTriaxial modulus values fall in the
range of 10and 60 MPa.

Similarly, samples with varying relative detiss, preparethppedunnel deposition
methodweretested iraconventional oedometer devigaderstresgsstarting from
~23 kPa increasing up to ~29 MHauring tess, unloading and reloading cycles
wereperformedBased on these test results, particle crusmdgced yidd stresses
of Cine sands along with thelx, Ca values were estimad@as 1.3-3.1MPa ~1 10
2.25 102, and ~110%1 103 respectively. It \as concluded that Cine sand
exhibited Type B volumetric compression response as definetldsri and
Vardhanabhut{2009)

Keywords: Cine sand, Triaxial test, Oedometer test, Undrained behavior, One

dimensional loadin@pehavior
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¢KNE KUMUNUN KAYMA VE HACKMSEL BKRKM DE
DAVRANI kI

Korkusuz Ahmet Can
Yuksek LisansKnk aat M¢hendi sl iJi
Tez Yoneticisi: Prof. Drkemal Onder Cetin

Ocak 2021144 sayfa

Kuml u zeminl erin statik y ¢kl eme altend

mi neral ojisi, dokusu, geril me ve seéekel él
kontrol edilmektedirAr akt ér maceéel ar kendi yer el beol
-al ékarak &abthndaet mkwmhar ol arak | iter

Toyoura kumu Japonya, Ottawa kumiKanada, Sacramento kur®BD, Sydney

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

gel i ktirmeye odaklléeunfraaznhadku saadyedr & aCimea aly @k rd
Kumunu | iteratg¢re standart biBuakagan ol ar
yonelik olarak Cinekumununk ay ma ve haci msel birim def
konsolidasyonltd r e n stgtilkdi@ eksenli ve odometideneyleri ile incelemi k t i r .

Baj el y 0] u n47-6k70 aer 8 olda, kArb huni depolama ve nemli
sékéektéerma y°nt e B0 kPa 100 kPh, 200 kRazedi00lkBaremeé K , V ¢

basén-1laré alténda konsoli de dcdislterdndmur
Sonu-1ar, deney s¢resince numunenin ekse
suyu basén- birikiminin izlenmesine i mka
il i kkilendireblerlkeunl | 4n&l°ad gk gs wardwdsmukt ur .

al éndojakusal v e deataptiknikeaninel fastiknbényeamodel
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parametrel er.i bel i r | en mefektif kaymadirgn@aa -aénseé& r el er d
geril me ve bajcéelk xekdl dlk Cmoeldmmoaekeynad Kt i r .
direnci a@¢ s e24&B9.5A ar aloé jd& i d a nbiexlciekseali modiil

dejeril e60i MPsae arGalvwgdrnda deji kmekt e

Benzer ol arak, farkl & baj el sekel ékl arda, k
numunel er odo me tkPddanhda;, k&l @anMPEa nkdeed a2r3 ar t an d ¢ K¢
yékl oer al t ende ntegys ts éadaislémidiat iy, kl eme ve bo
uy gul agimekumurgifd.anel er i n k éyesilmegarymelembna k | adeéej &
veC, Cai ndi s mne§@eraeéiil eMPa;41.18%ve €5 103 . 1

~1 10°ve ~1 103 mertebelerind® | d uj u b e Cinerkimaimumbiacinsel r .

birim def or mas Wesn and ¥ardhanabbw{ZDOOEtngar af é ndan

tanémlanan, Tip B dasoanéungrvauebmderbheéet ol
Anahtar Kelimeler¢t i ne kumu, | - eksenli deney, Odomet
davranék, Tek boyutlu sékéktéerma davraneéexke
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CHAPTER 1

INTRODUCTION

1.1 Research Statement

There exists a number of research studies regarding the mechanical behavior of clean
sands. These studies confirm that sand behavior is complex, and its mechanical
behavior depeds on the size and shape of particles, mineralogy, and packing of the
particles, stress and density states of the sand. Depending on these factors, the
response of sand can be significantly different.

Sand behavior under high stress levels is also a ooneih advances in the
construction of highiise buildings, high earthll 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 crushing, thalphysical 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 different regs 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 TurkeyThe aim of ths research studig to investigate the shear and
volumetric straining response @ine sand, and introduce this sand to the literature
as a "standard sand" from Turkey. It is not a widely studied sand in the literature
Therefore,a laboratory testing progm was designedo assessphysical and
mechanical properties of this sand.the testing program, 20 monotonic strain

controlled consolidated undrained triaxial teStsnedimensional compression tests



and soil index tests (minimum and maximum voidoratetermination, grain size

distribution and specific gravity determination) were performed

1.2 Research Objectives

The research objectives are:

1 To investigate the effects of stress states on thedtmensional (triaxial)
stressstrain behavior and strengtt relatively loose and denggine sand
specimens

1 To investigate the effects of density states on thediw@nsional (triaxial)
stressstrain behavior and strength @fne sand specimens consolidated to
different confining pressures

1 To investigate theffects of density states on edenensional compression
behavior ofCine sand

1 To define stiffness (&) correlations forCine sand on the basis of elasto

plastic constitutive models

1.3  Scope of the Thesis

After introduction, a brief summary of thiest system andwvailable literature

focusing on the sand behavior in terms of shearing and volumetric responses, and

aspects that affect these behaviors is presented in Chapter 2.

Test systems are detailed in Chater

Test results and their interpretation are presented in Chapter 4

In Chapter 5, the conceptualized constitutive modelin§iok sand is presented.
Linear and nonlinear elastperfectly plastic constitutive modeling parameters are
developed on the basof triaxial test results

In Chapter 6, summary of the research is presented.



CHAPTER 2

LITERATURE REVIEW

During the geotechnical design processes, estimating how the granular soils behave
under loading has been a problem for many years. Researchers have been working
for a long time taunderstandhe behavior of granular soils und#fferentloading
conditiors. However, since many factors affect the behavior of granular soils under
loading, researchers have difficultategorizingthese behaviors. For a typical
granular soil type, the main factors affecting soil behavior are listed below:

Void ratio

Stress st& before and during the loading
Stress history

Drainage situation

Degree of saturation

Fine content

Permeability

Mode of loading (monotonic or dynamic loading)
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Physical properties of soils (size, shape, angularity, mineralogy)

Since these factors diffett, is difficult to predictaccuratelythe behavior of the
granular soils under loading. Therefore, to understand eachdaefibect on the
behavior, researchers perform experiments by changing a factor within a specific
range and keeping all other factaonstantThe effect of wid ratio and stress states
onstress and straining response of Cine santhe aim of this researcstudy.
Therefore, after the literature test system review, the literature theory review will be
based on the effects of voidimand stress state on granular Sdikshavior



2.1  Triaxial Testing System

2.1.1 Short History

The triaxial testing system is used for more than a century to understand the soils
and rockémechanical properties. The test system was first developed irR1B410

by HungariarAmerican engineer Theodore von Karman to understand rock
samples @nechanical properties. The systematic view is showkigare2.1. With

this experimental system, axiahd confining pressures were changed separately,
and the strength of rock samples was investigated. Inegtesystem, confining
pressure was generated by compressing the water in chéamb€his compression

was transmitted by pistoni:Do chamberiibo. Rock samples were held between
chambeifico and chambeiibo. The longitudinal force was applied with ajistord s
help, which directly transmits force to the rock sample. In the system, 600 MPa
confining pressure could be generated. Farod deformations were measured with

the help of a manometer and micrometer gauges (Deék et al), 2012
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Theodore von KarméfDeaket al., 2012



2.1.2 Automated Triaxial Test System

Over the years, the triaxial test systdas begun tobe useal to understand soil
sampl esd behavi oaffectt As sbhel Eacbehsavt bat wer e
more detail, the test system wamproved Also, to minimize human errors,

automated systems were constituted.

With a triaxial test system, intact or reconstituted samples prepared in the laboratory
areconsolidatedo a specific stress state and then loaded until a certain strain level.
With this test system, soil behaviors such as sst#ai behavior, volume change,

pore pressure change are investigated. There are several advantages and

disadvantages of the teststem (Lade, 2016), as explained below.
The advantages are:

Drainage system control
Volume change measurement
Pore pressure measurement

Deformation measurement
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Specimens can be brought to the desired stress state before the test.
The disadvantages are:

1 Stress concentrations caused by friction at the upper and apsof the
specimercan cause nonuniform strains and stresses.
1 While axisymmetric stress conditions can be created with the triaxial testing

system, 3D unsymmetrical stress conditions occutha field

Triaxial tests can be carried out in two different ways, monotonic (compression,
extension, or shear) and cyclic. Since consolidated undrained (CU) monotonic
compression tests will be carried out within this research scope, the literatuve revie

will be based on the monotonic compressimaer undrained situatioconcept in

the following parts



2.1.3 Consolidated Undrained(CU) Triaxial Testing System Under

Monotonic Compression

In general, CU tests start by applying a certairamundp r e s sslito ¢he ( U
specimen anaonsolidatethe specimen to a specific stress state. Then additional
axial stress is applied. This additional stress is called deviatoric stress. During the
loading, total axiabtress is the sum of aéfound pressure arttbviatoric stress, as
shown inFigure2.2. By observing the chargj@ deviatoric stress and pore pressure

with increasingaxial strain, soil8behavior is investigated
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Figure2.2. Stress stateduring monotonic triaxial compression tests

Consolidated undrained (CU) triaxial tests consist of 4 main stages, specimen

preparation, saturation, consolidation, and shear stage, as explained following parts

2.1.3.1 Specimen Preparation

The soils in the field hava heterogeneous structure. Specimens prepared for the
triaxial test system should adequately reflect the situation in the field. Therefore, the
geometric properties of the specimens are essential for the reliability of the results.
Since the soils are ga heterogeneous, the larger the size of the samples prepared,
the closer the real situation is. However, in terms of the test sysbapacity and

the test @racticality, the sampte @eometric properties must be within certain

limits.



As a result oflte studies, some geometric properties that can be considered optimum

for the specimens were determined. These features can be listed as follows:

1 Generally, cylindrical specimen shapes with diameters ranging from 35 mm
to 150 mm are used in practice. Neletess, square and rectangular samples
can also be used (Lade, 2016).

1 It is recommended to prepare the sample diameter at least six times the
maximum particle size for uniformly graded spdsd eight times for well
graded samples to reduce the not slgtatized particles in the sample.
(Marachi et al., 1972; Wong et al., 1975).

It is recommended to have a H/D ratio between 2 and 2.5 to reduce nonuniform stress
and strain due to friction between sample and cape & base. Nonuniform stress and
strains may rault in shear bands, which may affect the sam@eak strength.
However, using lubricated endplates, nonuniformity in strain and stress decreases in
samples with a H/D ratio smaller than 2. In other words, in the tests performed with
lubricated endplategonsistent stresstrain behavior is observed in samples with
H/D ratio smaller than 2 (Lade & Wasif, 1988; Wang & Lade, 206igure 2.3

shows that for notubricated endplates sampiescases where the H/D ratio is two

or more, the maximum angle dfearing resistance does not change. In cases where
H/D is less than 2, the maximum angle of shearing resistance value increases with
decreasing H/D ratio. It is also seen frdfigure 2.3 that when appropriately
lubricated ends are used, there is no changtme maximum angle of shearing

resistance value even for a H/D ratiol.
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Figure2.3. Effects of H/D ratio and lubricated end plates on the behavior of

samples (Lade, 2016)

The use of consistent and repentative gecimen preparation methods are crucial

to get realistic results from triaxial tests. The void ratio in the specimen should be as
uniform as possible. Otherwise, unrealistic behaviors can be obtained. Specimens
are generally prepared two different ways for the triaxial test systems. The first
way is to use an intact specimen taken directly from the field and prepared for the
tests under suitable transportation and storage conditions. This method is generally
used for cohesive materials, whishnot the scope of this research. The other way

is preparing reconstituted specimens in the laboratory. Granular soils are generally
reconstituted in the laboratory since they do not have enough effective stress to hold
themselves. Within this researctope, Cine sand samples will be reconstituted in
the laboratory for test Therefore, laboratory reconstituted specimen preparation

techniques for sands will be examined in the following parts. Generally, sand



specimes preparation techniques are dividetb two main groups, pluviation (or

deposition) and tamping techniques

2.1.3.1.1 Pluviation or Depositional Techniques

Air Pluviation

The air pluviation technique is one of the sample preparation techrigeesto
represent the formation of layers of sand inderatory It is carried out by pouring

sand from a certain height at a specific rate into the mold. Depending on the height
and pouring rate, specimens with the desired void ratio can be obtained& Vaid
Negussey (1984) worked with Ottowa sand to investigate the effect of drop height
on the void ratio. InFigure 2.4 and 2.5, the results of Ottowa Sand and its

comparisons with eighton Buzzard Sand are shawn
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Figure2.4. The effect of drop height on the velocity of particles in air pluviation

specimen preparation methodajd & Negussey19849)
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Figure2.5. The effect of drop height on the void ratio in air pluviation specimen
preparation method/@id & Negussey1984)

As shown inFigure2.4, the particle @elocity increases up to a specific drop height.

At higher velocities, the particles have more compadanergy, resulting inenser
specimen. Therefore, specimen density increases up to a particular drop height. The
value at which velocity change with drop heighitbe minimal, is called terminal
velocity. Even if drop height increases, the void ratio change wilebesmallafter
reaching terminal velocity. The height of the drop effect on the void ratio is shown
in Figure2.5. Until a certain drop heighthevoid ratio is decreasing, and after that
point,thevoid ratio change is very small. To get a uniform void ratio in theisyesg

drop height should be kept constant during pouring. The rate of pouring effect is
opposite to the drop height effect. As the pouring rate decreases, denser specimens
are obtained. (Vaid & Negussey, 1984

Dry Funnel Deposition

The dry funnel deposian method may be considered as a modified version of the

air pluviation method. In this method, the sample is filled into the funnel. The funnel
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is lifted symmetrically upwards, starting from the bottom of the mold. Without drop
height, the specimen is degited in a low energy state. A slow and symmetrical
vibration is applied from the edges of the mold to reach high density, which is called
ATapped Funn &nFiguR2.fp(a)saischematic @presentation of the dry
funnel deposition method preearby Wood et al. (2008) is shown

Water Sedimentation

It is a method performed by pouring dry or saturated sand into the mold, which is
filled with water. Sand is deposited with the help of a volumetric flask. The
deposition is performed by lifting theaBk symmetrically and slowly. As sand pours
from flask to mold, the vacuum builds up due to the flaskid, and the water in

the mold moves towards the flask. At the end of the method, the sand remaining in
the flask is dried, and its weight is deterntinkn this way, the total amount of sand

in the specimen is found. The technique represents layer formation in the field as in
the air pluviation method. IRigure2.6 (b), a schematic representation of the water

sedimentation method prepared by Wood et24108) is shown

(a) (b)
Saturated
\ Funnel / /v Soil
2000 mL Mixture
Volumetric Flask

T

Zero Fall Height H,0)
Soil Split Mold \\ Soil
l —1a" Extension “\yr— |
2 E 1=
Split
Mold
Deposited / \ Deposited
Soil Ll Soil
1 I 4 »
| Base | | Base |
Dry Funnel Deposition Water Sedimentation

Figure2.6. Schematic representation of (a) dry funnel deposition and (b) water

sedimentation techniques (Wood et al., 2008)
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2.1.3.1.2 Tamping Techniques

Moist Tamping

It is a sample preparation thed that is carried out by placing the sand with a certain
water content into the split mold and tamping it to a predetermined height. In general,
the tamping in the lower layers is less than the tamping in the upper layers to have a
uniform density. Theeason is that the lower layers are also affected by tangping

the upper layers.

Due to the capillary effect between the soil particles, very loose sand samples can be

prepared with the moist tamping method. In some cases, specimens can be prepared
with alarger void ratio than the maximum void ratio found according to ASTM

max void ratio standard. Strain softening behavior can be easily observed in samples

prepared with this method (Konrad, 1990).

Vaid et al. (1999) show the comparison of density unifty of samples prepared

with moist tamping and water sedimentatiorFigure2.7. As shown frontigure

2.7, Fraser River Sand, which is prepared with moist tamping, and Ottowa Sand
(Vaid & Negussey,1988), which is prepared by the water sedimentation method,
show different density uniformity along with the height. The variation of the void
ratio along thesamples &eight prepared with water sedimentation is less than the
moist tamping method. In other words, samples prepared with the water
sedimentation method haaenore uniform density along with the height

To minimize the density difference between ldngers, Ladd (1978) also developed

the undercompaction method by modifying the moist tamping method. Sands are
mixed with water to reach certain water content. The amount ofigatet mixture

is defined to reach the desired density. Then, the numberyefsland layer
thicknesses are defined for uniform density along with the spe@nheight. With

this methoda more uniform density along the height is obtained
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2.1.3.2 Saturation Stage

Saturations applied to fill all the voids with water in the soil. With full sedtion,
pore water pressure (in undrained tests) and volume change (in drained tests) can be
measured correctly during the test. In general, three methods are used to saturate the

samples in the laboratory. These methods are:
Percolation with water

It is a system that percokgwater through the specimen by applying pressure. The
aim is to get the air bubbles out from voids and fill all voids with water. A vacuum
can be applied from the outlet of the water to help saturation. With this method, it is
not easy to fully saturate the soil. Even in high permeable clean sands, air bubbles
can be trapped between the particles and prevents full saturation with this system.
Also, since the system requires much time, it is not practical. For these reasons, this
sysem is not preferred alone to saturate the soils. Nevertheless, the system can be
used to help other methods (£&back pressure methods) (Lade, 2016).

CO, Method:

This method is performed bgercolatingCO, gas through the specimen for a
particular time. The aim is to fill the voids inside the soil with lighter gaseous CO
CQO, dissolves in water faster than air. After the qs@rcolation the deaired water

is passed through the specimen, and @43 in thevoids isreplaced with wateiThe
remaining CQin the voids dissolves in water. In this way, the soil is tried to be fully
saturated. In this method, the rate of Afnsmission ismportant In the case of
fast passing, effective stress will changerespressure will increase in the region
where the passing begins, and this situation may affect the behavio& |Aduidev
(2005) set up a system for the O@ethod that is shown schematicallyFigure2.8.

As can be seen from thegure water percoladn and vacuum systems can also be
applied to help this method. The €@ethod may not be effective if air bubbles are
trapped in water on partially saturated soils. For this reason, this method is more

effective on dry and permeable soils
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Application of Back Pressure:

With this method, positive pore pressure is created by applying pressure into the soll,
and the soll is tried tbe saturated. According to Bogleaw, the pressure and
volume product is constant for ideal gases. In other words, if the pressure is
increased, the volume of the gas will decrease. In this way, by increasing the
specimed pore pressure, the gas volunm reduced, and high saturation can be
achieved. According to Hendylaw, the amount of gas that can be dissolved in water
under constant temperature is proportional to pressure. With the back pressure
method, high saturation can be achieved by incredsmgpecimed pressure and

dissolving the gas in the voids with water.

With the back pressure method, the degree of saturation can be determined by
gradually determining the Skempton B value during the saturation. After waiting for

a specifictime underback pressure, while all drain valves are closed, cell pressure

is increased by a certain amount (& 50 kI

calculated. This value is called B.
5 = Eqn.2.1

If the B value is greater th&h93.0.95, it is considered that the sample has reached

full saturation

2.1.3.3 Consolidation Stage

Since the soil sé behavior depends on the
consolidatedo a specific stress state bed starting the shear stage in the triaxial test
system. Specimens should be c¢close to th
results with the triaxial test system. For this reason, the consolidation pressure to be
chosen should be compatible with #igeiation on the field. While high consolidation

pressures are applied to understatekp sos dehavior lower consolidation

pressure should be applied to understand
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Naturally, the soil$n the fieldare undeanisotropic stress state. Therefore, bringing
samples to an anisotropic stress state in the consolidation stage will enable us to
obtain more realistic behaviors. However, applying anisotropic consolidation in the
triaxial test system is challenging anat practical; therefore, isotropic consolidation

is generally employed. Isotropic consolidation meansfpdication ofsame stress

to the sample from all axes. In other words, the three principal stresses are equal, and

they are equal to cell pressurd va e = (@ 38 ()l

After the B value exceeds $5% at the saturation stage, the bpossure valve is
closed to keep the bagkessure constant, and the cell pressure is increased until the
desired consolidation pressure is reached. Then thepdoas&ure valve is opened.
Water comes out, and pore pressure in the specimen is fixed. After the water is fixed,
its amount is measured, and new dimensions of the specimegcarded Finally,

the sample is readyp the sheang stage (ASTM D4767 11).

2.1.3.4 Shearing Stage

The sheang stage is the last stage of the triaxial test system. In this stage, soil
responsegdeviatoric stress & excess pore pressure change with axial srain)
assessedThe stage can be carried out in two different waysain and sess
controlled. In stressontrolled tests, the sample is loaded with a specific stress
increment. In thisapproach peak stress values are uncertain aad only be
indirectly predicted. Therefore, they are less preferred than staaitrolled tests.

On the other hand, in stragontrolled tests, the sample is loaded with a specific
strain rate, and peak stresses cardérminedprecisely. The strain rate to be
applied varies depending on the type of test and soil. In granular soils, relatively high

strain rates can be applied due toithegher permeability.

During the sheamg stage, deviation from the specimen axis should be as low as
possible. Otherwise, nemiform stressstrainsmay lead to misunderstanding of

behavior. There are several wayptevent deviating from their axis along the shear
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stage. During the specimen preparation, the specimen should have a uniform void
ratio along with the height. Piston and top cap should be compatible with each other,
and the top cap diameter must be edoahe specimen diameter. An appropriate
H/D ratio (22.5) should also be selected to prevent end restraint effects. If a lower

H/D ratio would be prepared, lubricated ends should be employed.

The sheang stage starts after the specimens are bought tethieed stress state at

the consolidation stage. Since the test is undrained, all valves (except the cell
pressure valve) are closed during loading to prevent watarout of the sample.

Then the strain rate hosen The loading continues until thean level at which

behavior is desired to lsssessedrhen the sheang stage iompleted

2.1.4 Undrained Behavior of Clean Sands Under Monotonic Loading

Under stresses, granular soils tend to chaigé volumebecause of particle
rearrangement. Volume ahge tendency with stress is called dilatancy.
Rearrangement of particles depends on two mechanisms, crushing of particles and
particles @notion (sliding and rolling). Sliding and rolling of particles determine
dilatancy tendency at stress levels wherdigarcrushing is not essential. With
sliding motion, particles try to fill voids in the soil and decrease thésalume.

This behavior is also called contractive behavior. With contractive behavior, soils
tend toreach to alenser structure. Since gales thovement is in the direction of

the applied stresses, sliding behavior starts from the first stages of loading. On the
other hand, particles try to move over nearby particles with a rolling motion and
increase the sal yolume. This behavior is s called dilative behavior. With
dilative behavior, soils tend to get a looser structure. Unlike the sliding behavior,
rolling behavior startonly after a certain amount of deformation. (Lam&e
Whitman, 1969; Ishihara, 1996).

Dilatancy is primarily dependent on the initial void ratio and stress state. Generally,

loose sands or sands under relatively high confining stresses exhibit contractive
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behavior while dense sands or sands under relatively low confining stresses exhibit
dilative behavior. Therefore, it can lm®ncludedthat dilatancyis governed by
combination of void ratio and confining strestmtes Castro (1969) studied with
Banding sand and carried out isotropically consolidated undrained triaxial tests. The
resultsof the tests are shown Figure2.9. From these results, the effects of void
ratio and stress state on dilatapapd hence on the undrained behavior samds

clearly observed
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It can be concluded fromheseresults that in lower void ratiofidense conditions),

the particles try to roll over each other with loading, and thus volume expansion
tendency occurs. However, since there is no volume change in undrained systems,
this volume change tendency turitdo negative excess pore pressure in the
undrained systems tachieveforce equilibrium in the sand structure. With negative
excess pore pressure, effective stress will increase during loading. In this situation,
strength will increase with axial strain. Thissponses called strain hardening, as
shown inFigure2.9, test no 6. On the other handfiimose conditions, particles try

to fill voids with loading, and volume contraction tendency occurs. In the same way,
since there is no volume change in undrained systems, particles transmit the load on
to water, resulting in positive excess pore water pressuitgéupin the soil. With
positive excess pore water pressure, effective stress decreases during loading. In this
case strength will decrease with axial strain. Trasponsés called strairsoftening,

as shown irFigure2.9, test no 4.

Figure2.9 also shows how undrainegsponsechanges with confining stress. For

the same relative density samples, in higher consolidation pressure, more contractive
behavior is observed. The reason is that asdhéning stress increases, the stiffness

of the soil increases too. In this case, it will be diffi¢attthe particlego roll over

each other due to the high confining pressure. This results in more contractive

behavior in higher consolidation presssir

As a result of the particle rearrangement concept in undrained systems, if particles
tend to slide and fill voids, contractive behavior is observed, resultiag overall

strain softeningesponseOn the other hand, if particles tend to mler each other,
dilative behavior is observed, resulting in strain harderésgonseDuring loading,
sliding and rolling tendencies occur independent of each other. If the rolling
tendency is dominant, dilative behavior is observed, while if slidindeteey is
dominant, contractive behavior is observed. This dominance may change during
loading and hence undrained behavior changes during loading. In this context,
Yoshimine & Ishihara (1998) explain general undrained behavior under large
deformations, ashown inFigure2.10
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As shownin Figure 2.10, four generéed responsesare observed apart of

undrainedbehavior of clean sandsibjected tanonotonic loading.
Casel:

During loading, dilative behavior is always dominant, and therefore strain hardening
takes place until reaching ultimate steathte. The ultimate steady state is defined
as the state of canuous deformation of soils under constant shear and mean
stresses, independent of the initial fabric, and confining stress (Vefdigiohara,
1996). Soils usually reach this state at relatively higher strain levelsZ5%Gstrain
levels). The strengtbf soil at the ultimate steadstate is called residual strength.
For each void ratio, the stress state in the ultimate steady state is unique. If the void
ratio, e, and effective mean stressyvplues at the ultimate steadtate argointly
consideredn the é pj plane, the steadstate line is obtained as showrkigure2.11,
which shows the steadyate line of Toyoura sar{tshihara, 198). The steadgtate

line is a unique line for the soils, and it is independent of the initial stdt¢éhan
initial fabric (Ishihara, 1993
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Figure2.11. Steady state line of Toyoura sand (Ishihara, 1996)
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Case2:

Depending on the void ratio and confining stresses, after a peak in shear stress, sands
show stain softening (contractiyebehavior until a certain strain level, and at that
point, minimum mean effective stress is obtained. After that point, contractive
behavior turnsinto dilative behavior. This point is called phase transformation
(Ishihara et aJ 1975). In the q vs.jgraphs, phase transformation is obsernvesh

elbow shape, as shown kgure 2.12, which shows the phase transformation of
Toyoura sand(Ishihara, 198). After phase transformation, sands show strain

hardening behaviaintil reaching the ultimate steagyate
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Figure2.12. Phase transformation of Toyoura sand (Ishihara, 1996)

Cases:

Similar tocase2, after a peak in shear stress, sands show swwéieningresponse

untl a certain strain level, and minimum mean effective streseashed Unlike
case2, deformation occurs under constant shear stress until a certain strain level.
Thisstateis called quassteadystate. After that certain strain level, if confining sre

is not high enough to prevent dilative behavior, dilative behgiats upagain, and
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strain hardening behavior continues until reaching the ultimate sttat®y The
Quasisteadystate, unlike the ultimate steadiate, changes slightly depending on
the initial confining stress. The higher the initial confining stress for the same void
ratio, the higher the minimum strength (at quasgady state). However, this
difference is nosignificant and therefore, a unique quaseadystate line can be
drawn in the j plane by taking average mean effective stress for sand samples, as
shown inFigure 2.13, which shows a quasteadystate line of Toyoura sand
(Ishihara, 198). On the other hand, unlike the steatiyte line, the quasteadystate

line is severely affected by the initial fabric and structure. For this reason, the
experiments should qgerformedwith the same fabric and structufequasisteady

state lines to be determinefVerdugo and Ishihara, 1996
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Figure2.13. Quasi steady state line of Toyoura sand (Ishihara, 1996)

Cased:

In thiscase after reaching minimum strength, sands go directly to the ultimate steady

state. The reason is that after reaching minimum strength, dilative behavior never
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shows up because of the very loose structure or relatively high confining pressure

states This i called critical steady state.

Ishihara (1996) points out a characteristic line called the initial dividing line (IDL)
for sandsasshown inFigure2.14 for Toyoura sand. This lirdefines the boundary
for initial conditions (a combination of initial voidatio and mean effective stress
before shearingwheresands show strain hardening or streaftening behavior.
IDL shows @s reference tanitial conditions) if samples show strain hardening

(circleg or strain softeningdots)behavior, as shown iRigure2.14.
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Figure2.14. Initial Dividing Line for Toyoura Sand (Ishihara, 1996)

In theFigure2.15, characteristic linessptropic consolidation lines fdhe loosest
andthedensest states (ICLyhich ae drawn with e vs. jatapairsunder isotropic
consolidationsuch asnitial dividing line (IDL), quasisteadystate line (QSSL), and
steadystate line (SSL) for Toyoura sand are shown. With these characteristic lines,
Toyoura san& behavior iswell constrainedbased ortheir void ratio and mean
effective stressstates With this, boundaries of behavior are known, and thus,
information about the direction of behavior is obtained according to soil conditions.
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A point to note here ithat if the initial conditions are below the IDL, the QSSL does
not have any significance since the sample goes into the steddydirectly with

increasing strain
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Figure2.15. Characteristic Lines fordyoura Sand (Ishihara, 1996)

2.2  One Dimensional Compression Behavior of Sands

Although stress levels in most of the geotechnical engineering works avergot

high, in some areas of geotechnical engineering such as high earth dams, mine shatfts,
deepdriven ple foundation systems, and tunnels, sands may be subjected to very
high pressures (Yamamuro et al., 1996). In these cardsystanding theione

dimensional compression behavior may be crucial for design purposes.

Under one dimensional loading, sandswglparticle rearrangement in thre@ys:
particle sliding, rolling, and crushing. Particle crushing is considasgde most
critical factor in sand behavior under high stresses. Nakata et al. (2004 }tsate

yield stress is a stress leva whichrapd change occur in the void ratio with
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effective vertical stress increments (in logarithmic scale). Yielding stress is mainly
affected by the crushing behdaimensianal o f par
behaviorat high-stress levelsare mainly govaned bythe crushing behavior of

particles.

Particle crushing or particle damage is quantified in theeels. Level | damage can

be considered as an abrasion of particle surface asperities. Level Il damage can be
considered as the crushing of particlgesiand corners. Finally, level Il damage

can be considered as the splitting of the particle (Roberts & de Souza, 1958; Hendron
1963; Marsal 1967; Hardin 1985; Rahim 1989; Coop 1990; Pestana and Whittle
1995; Nakata et al. 2001; Chuhan et al. 2002, 20D8)ing onedimensional
loading, two mechanisms occur, locking (compressionearrangemenin more
compact structure, leads to more stiff structure) and unlocking (particle damage,
leads to less stiff structure) (Vesic & Clough 1968; Lambe & Whitman)196@se
locking and unlocking mechanisms take place simultaneously. A combination of
these mechanisms determines the behavior of sand unddmoaesional loading.
When locking behavior dominates unlocking behavior, constrained modulus (M =
ol piridreases with increasing vertical stress (Chuhan et al. 2002, 2003). When
unlocking behavior dominates locking behavior, constrained modulus decreases with
increasing vertical stress. In an equilibrium situation (locking and unlocking
behavior takes plaa@xgually), constrained modulus remains constant with increasing

vertical stress.

During onedimensional loading, two types of compression ocguimary and

secondary compression. Vertical loading increments cause the primary compression,

while secondary compression continues under constant vertical stress (Mesri and
Vardhanabhuti, 200 ®)permdalslity,prinmary coosblidadgica n d s 6 |
is completed in a short time after vertical loading application. Secondary
compression, on the other hand, continues with time since all rearrangement
mechanisms (sliding, rolling, and crushing) are tale@endent (Terzaghi and Peck

1948; Roberts and d&ouza 1958; Lee and Farhoomand 1967; Mesri and Godlewski

1977; Lade et al. 1997).
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There are different opinions to define yield stress indimeensional loading. Yield

stress is determined as the veritgiaghal stress
exhibitsthema x i mu m ¢ u)vo/(ldageuty eeal. 19830 McDowell et al. 1996;

Nakata et al. 2001; McDowell 2002; Chuhan et al. 2003). Mesri and Vardhanabhuti

(2009) state that yield stress ithe vertical stress level dhe maximum tangent

constran e d mo dvmhati SN (el 6v e wdemam It is cogsidéred that the

abrupt onset of level Il particle damage starts at this stress level.

The crushing behavior of soils varies with different factors. Particle size, initial void
ratio, particle shagp(angularity), particle composition are the main factors that affect
the crushing behavior of sands under -diteensional loading. As a result af
comprehensive researchudy carried out by Nakata et al. (2001), the effects of

particle size, initial val ratio, particle shape, and compositewadefined as follows:
Effect of Particle Size

To define particle sizie £ffect on the crushing behavior, three different silica
samples with the same initial void ratio and different particle sizes, 1.550, arb5,
0.275 as [ values,had beemrepared. As can be seen fréfigure2.16 as the

particle size decreases, the yield stress increases
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Figure2.16. Effect of particle size on theompressibility behavioof Silica Sand

under one dimensional compression

Effect of Initial Void Ratio

Three different Toyoura Sand sampltesl beerprepared with different initial void

ratios to define the initial void rafosffect. As can be seam Figure2.17, as the

initial void ratio increases, the yield stress decreases, as stated before by Hagerty et
al. (1993), Pestana and Whittle (1995
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Figure2.17. Effect of initial void ratio on the compresgity behaviorof Toyoura

Sand under one dimensional compression

Effect of Particle Angularity

To define the effect of particle angularity, two different samg@agular glass (AG)

and glass ballotini (GB)had beemrepared with almost the same initial relative
density and particle sizes (0-85mm). The results are shownhkigure2.18. As can

be seen fronfrigure2.18, as the angularity increases, yield stress decreases mostly.

Yield stress for AG sample is almost 6 MPa while 20 MPa for GB sample
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Figure2.18. Effect of particle angularity on the compressibilityhaeior

Effect of Mineral Composition

To define the mineral composition effect, three different sand samples, Silica, Aio,
and Masadohad beerprepared at the same relative densitth identical particle
sizes, but angularity is different. Masado samplese more angular particles than

others. Composition of samples:
Silica 100 % quartz
Aoi 70 % quartz and 30 % feldspar

Masado 30 % quartz, 40 % feldspar, and 30 % mixture (quartz and feldspar)
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Figure2.19. Effect of mineral composition on the compressibility behavior

On the basis of thedest resultsgivenin Figure2.19,it can be concluded thé#te
yield stress increasesith increasingguartz mineral composition. However, since

samples do not have the same angularity dfwslusion can not be fully validated
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CHAPTER 3

EXPERIMENTAL WORKS

Within the scopef the laboratory testsieve analysis, specific gravity, miasum
and minimunmvoid ratiodeterminationsvere carried out teharacterizeCine sand.
Triaxial and oedometdests were performed to understand the stmehvolumetric

strainingresponsgof Cine Sangdrespectively.

3.1 Index Properties of Cine Sand

Based onthe result of three sieve analysis tesith reference toASTM
D6913/D6913Mi 17, particle size distribution curves are showkigure3.1, and
Dso, D30, D10, coefficient of uniformity (G) andcoefficient of curvature (€ values
are shown imable 3.1
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Figure3.1. Particle size distribution curves of Cine sand

Table3.1 Deo, D3o, D10, Cc, and G values of Cine sand

Deo (mm) | 0.50
D3o (mm) | 0.26
Dio(mm) | 0.15
Cc 0.89
Cu 3.30

On the basis dkstresults more than 50 % of particlese observed tpassthrough

4.75 mm sieve openings. The coefficient of uniformity value is 3.3, and the

coefficient of curvature value is 0.9. According to the Unified Soil Classification

System (USCS), Cine sand is definegasorly graded sand ($FGrain shapes of
Cine sand ishown in Figure 3.2.
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Figure3.2. Grain shapes of Cine sand

Specific Gravity:

Four different specific gravity tests waverformedto define the specific gravity of
the Cine sand. As a result of tests, the specific gravity of Cine Sanestuasited

as 2.66. Test results are shown in Appendix A
Maximumand MinimumVYoid Ratio:

Maximum void ratie wereestimategperASTM D4254i 167 Method A Minimum
void ratio tests were performed with a vibrating machine. Test results are shown in
Appendix B. As a result of these tests, maximum and minimum void ratios were

estimatecdhs 0.826 and 0.501, respectively
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3.2

3.2.1

Triaxial Testing System

System Caonponents

To understand the shear stiamn response of Cine Sand, 20 isotropically

consolidated undrained triaxial compression tests were performed. The VJ TECH

automated triaxial test systamed in this studys shown inFigure3.3.

Figure3.3. VJ TECH automated triaxial test system

System components are:

T
T
T
T

Load frame
Cell and back pressure controllers
Data logge(MPX3000 withv 5V range and 16 bits resolution

Load cell
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Displacement transducet. VDT
PWP transducer

Triaxial cell and specimen
Water tank

Valves

Softwarei Clisp Studio

Apparatus used are shownRigure3.4.

Figure3.4. Apparatus used in triaxial tests

T
T

Split Mold i Used forspecimen preparation in predefined dimensions.

Cap and Base The cap and base used to provide drainage should be
compatible with the sample geometry. Since the top cape transmits vertical
force to the sample, it should have enough stiffness.

Porous Disc$ To provide drainage.
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1 Rubber Membrané Membranes are mainly used to separate the sample and
fluid in the triaxial cell. They are usually made from latex rubber. Generally,
their thickness is between 0.3 mm and 0.64 mm. Membrane thickness should
not exced 1% of the specimen diameter. (ASTND4767- 11). Diameters
of the membranes generally range from 35 mm to 150 mm. The membrane
diameter to be used must be compatible with the sample diameter. Also,
membrane length should be long enough to usegs inthe top cape and
base pedestal. Since the membranes transmit the pressure inside the cell to
the sample, they should carry a minimum axial load, so their elasticity is
significant. They should not resist axial deformation. In granular samples,
membrane péoration can be observed at high pressures. Two thinner
membranes can be used by applying silicon grease to prevent this situation
rather than using a single thick membrane. Even if the inner membrane tears,
the outer membrane will not tear, and the Gsefluid will not enter the
sample.

1 O-ringsi ltis used to adhere the membrane to the top cape & base to prevent
specimens from the membrane. Also, they prevent air from entering into the

sample.

Other apparatus are; funnel, pressure regulator, speng @xpander, vaseline,

CO; tube, tampergables, vacuum motor, balance, caliper

3.2.2 Test Stages

Specimen Preparation

The diameters of the samples to be used in the triaxial tests vary betweeB&81.7
mm, while the sample heights vary between-&83 mm. H/D ratio for samples
changes between 2.1 and 2.2. Since Cine sand is uniformly graded and the maximum

particle sizes 2 mm, the sample diametdudfill the requirement that it should be
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selected asix timesgreateithan the maximum particle size (as proposed by Marachi
et al., 1972 and Wong et al., 1975

The experiments were startedd dense samples first. The fosets of samples,
samples with 8Q 70, 60, and 47 % relative density, were prepared withaihyged

funnel deposition method. However, the loosest set could not be prepared with the
tappedfunnel deposition method. Therefore, the loosest set was prepdted
undercompaction method.

Samplepreparation with theéappedfunnel deposition method (for 60 % RD) is
explained below:

To find exact diametandheight of sand sample under a certain pressure (generally

under 30 kPa vacuum), trial preparation is nde@eps of trial sample preparation:

1 Forthe 60 % RD sand sampikee samplé weight is defined for trial height

and diameter, 8and38 mm, respectively.

0 Gs=2.66
0 emin=0.501
0 emax= 0.826

o Required weight of sample =151.4 g
1 After defining thesamplé weight, preparation is completed with tiagped
funnel deposition method, as explained in the literature review a@trsn
height and 37.8 mm diameter are measured under a 30 kPa vd&xaon.
height and diameter are found under a 30 kPa wvacWith these exact
values, the required weight of sand is defined again
1 For the 60 % RD sand sample, weight of the sample is defined for exact
height and diameter, 81.9 & 37.8 mm, respectively.
o0 Gs=2.66
0 emin=0.501
0 emax=0.826
o Required weight of samgl= 149.6 g
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After defining exact values of weight, diameter, and height, sample preparation is

completed withappedfunnel deposition method as showrFigure3.5.

Figure3.5. Tappedunnel deposition method

After specimen preparation, a 30 kPa vacuum is applied to the sample, which has
reached the predetermined height, and then the mold is removed. Then dimensions
are measured once again for checking predetermined height and diasngtemwn

in Figure3.6.

Figure3.6. Measuring diameter and height
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Then the specimen is placed into the,catidthe cellis filled with water to create
cell pressurgas shown ifrigure3.7. Cell pressures adjusted to 30 kPd@he increase
in cell pressure and the decrease in the vacuum applied inssntipéeare kept at
the same rat® keep effective stress constant.

Figure3.7. Filling the cellwith water

For the loosest set (216 % relative densities), samples were prepared by the
undercompaction method proposed by Ladd (1978). An example preparation method

for 21.4 % relative density is described below

1 The required specimen diameter, heigim] the sand amount to be used are
determined for the relative density planned to be obtained (diameter = 38.1
mm, height = 81 mm, and weight of sand = 139.6 g for 21.4 % relative
density).

1 Thespecimens broughto a certain water conte(w = 25 % or 34 g water
in this preparation).
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