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ABSTRACT

INFLUENCE OF PARTICLE SHAPE ON DILATANCY
AND LIQUEFACTION SUSCEPTIBILITY

Dilatancy is a volumetric parameter directly dependant on void ratio (e), and as
a result relative density (Ip), as well as confinement pressure p’,. Besides, liquefaction
is a behavior of saturated cohesionless soils under undrained condition, depending on
the increase of pore water pressure inside the voids during cyclic loading. The effect
of dilatancy on liquefaction phenomena has been studied by other researchers and in
general, they concluded that phases of dilation can result in significant regain in shear
stiffness and strength, as a result of instances of pore-pressure reduction. The aim of
this study is to investigate the influence of particle shape on peak dilation angle and
liquefaction susceptibility. Additionally, the correlation between peak dilatancy angle
and liquefaction susceptibility is examined. For this purpose, first of all, microscopic
pictures of 50 individual particles of 3 sand types were processed using an image pro-
cessing software (ImageJ) to quantify their average circularity and roundness. Then
conducting CD triaxial tests on each of 3 sand types, dilatancy constants c,;, and m,, of
Cinicioglu and Abadkon [30] relationship were obtained. Finally over 200 cyclic simple
shear tests were conducted on sand specimens observe peak dilatancy angle-number
of cycles to liquefy relationships for the sand types. Defining normalized number of
cycles to liquefy, the relationship between peak dilatancy angle and normalized number
of cycles to liquefy was investigated. Other cyclic shearing variables were also taken
into account. The effects of initial cyclic shear stress, consolidation pressure, stress
ratio amplitude and cyclic period on dynamic behavior were investigated. The most
important point about this study is probing the effect of different agents on dilation

angle and liquefaction susceptibility from a more numerical point of view.



OZET

PARCACIK GEOMETRISININ GENLESME VE
SIVILASABILIRLik USTUNDEKI ETKISI

Hacimsel genlegsme, bogluk orani e ‘na direk bagh olan ve 6zgiil agirhik (Ip) ile
efektif gerilmenin (p’;) sonucu olarak meydana gelen bir hacimsel parametredir. Ayrica
sivilagma, doymus kohezyonsuz zeminlerin tekrarh yiikleme altinda bogluklardaki su
basincinin artigina bagh olarak drenajsiz durumundaki davramgidir. Bu caligmanin
amaci, parcacik geometrisi etkisinin maksimum genlesme acis1 ve sivilagabilirlige etk-
isinin arasgtirilmasidir.Bununla beraber, maksimum genlesme agisi ile sivilagabilirlik aras-
indaki iligki de aragtirilmigtir. Bu ¢aligmanin kapsaminda oncelikle 3 farkli kum tipine
ait olan 50 farkli parcacigin mikroskobik sekilleri, bir goriintii iglem programi (Im-
ageJ) yardimi ile ortalama daireselliklerinin belirlenmesi yolu ile degerlendirilmistir.
Daha sonra her 3 kum tipine CD (konsolidasyonlu-drenajli) ii¢ eksenli basing testi
yapilarak, Cinicioglu ve Abadkon bagintisinin hacimsel genlesme katsayilari o, ve my,
elde edilmistir. Sonug¢ olarak kum numeneleri iizerinde, maksimum genlegim agisi-
sivilagmaya neden olan tekrarlama sayisi iligkisini gozlemlemek amaci ile 4 farkh ger-
ilme oram genliginde ve tekrarli periyot kombinasyonlarinda ve farkli konsolidasyon
basinglarinda (50 kPa, 100 kPa ve 150 kPa) 200’den fazla tekrarh direkt basit kesme
deneyi uygulanmigtir. Aragtirmanin ilerki agsamasinda, diger tekrarli kayma parame-
treleri de dikkate alimmigtir. Baglangic tekrarhi kayma gerilmesinin, konsolidasyon
basincinin, gerilme orani genliginin ve tekrarlama periyodunun; maksimum genlesme
acgisi-sivilagsmaya neden olan tekrarlama sayisi veya maksimum genlesim agisi-normalize
edilmig sivilagmaya neden olan tekrarlama sayisi degerlerine etkileri aragtirilmigtir. Bu
galigma ile vurgulanmak istenen en onemli nokta, farkli etkenlerin genlesim acisi ve

sivilagabilirlik iizerindeki etkilerinin daha sayisal bir bakig acisi ile arasgtirilmasidir.
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1. INTRODUCTION

The importance of geotechnical investigation before, during and after construc-
tion has been known for decades now but the influences of microscopic properties of
grains on their mechanical properties had not received enough attention due to lack
of proper equipment, until almost recently. However, now that accurate image cap-
turing devices and image processing software are more widespread, the relationship
between different shape factors and soil properties can be inquired more effectively. In
this study, two of the most influential grain shape factors, Circularity and Roundness,
are investigated. Circularity and roundness values of individual grains are calculated
through digital image processing of grain images captured by light microscopes.

This study attempts to investigate the influence of particle shape characteristics on
the dilatant properties, and accordingly the liquefaction potential of cohesionless soils.
Dilation is a term, initially used by Reynolds [1] back in 1885, expressing the tendency
of dense granular material to expand under shear stress. Dilative property is influential
on soil properties such as strength and stress-strain relationships. On the other hand,
dilation potential of granular soils is dependent on a variety of properties such as rel-
ative density, mean effective stress, gradation, soil fabric and shape factors. These are
the same factors that define the liquefaction risk for cohesionless soils. Therefore, there
is an intrinsic link between dilation angle and liquefaction potential. Liquefaction on
the other hand, is a phenomenon mostly seen in saturated loose sands, which intend
to compress either during shearing or under the action of cyclic loading. Accordingly,
this study investigates the influence of grain shape on the dilative properties and lig-
uefaction potential. Therefore, the main goal is to investigate if there is a relationship
connecting the shape factor to dilatancy and liquefaction susceptibility.

In this thesis a light microscope and a digital microscope camera (Mshot) were used
to capture the particle images and an image processing software (ImageJ) was used
to process the images and find circularity and roundness for each grain. Furthermore,
Consolidated-Drained (CD) Triaxial tests were performed on 3 different sand types in
order to define the necessary soil constants that will allow the computation of dilation

angle based on relative density and mean effective stress. Also, Constant Volume Cyclic



Simple Shear tests were conducted to find liquefaction susceptibility of each sand type.
Cyclic simple shear device is capable of simulating cyclic loading under un-drained con-
dition. Therefore there will be a hypothetical excess pore water pressure generation as
if the test was truly un-drained. The number of cycles at which the excess pore water
pressure reaches initial vertical stress, so the effective vertical stress drop to zero, will
identify the liquefaction susceptibility.

In general, at relatively low confinement levels, dense granular soils exhibit a dilative
response when subjected to shear loading conditions [2]. A sand mass will undergo
this coupled shear-dilation process due to packing changes that occur during cyclic
loading [3]. Such phases of dilation can result in significant regain in shear stiffness

and strength, as a result of instances of pore-pressure reduction.



2. LITERATURE REVIEW

2.1. Particle Shape Quantification

Investigating particle shape was of interest in geology field prior to geotechnical
engineering field. Particle shape is considered to be the result of two main factors.
First is the difference in transportation agents bringing the rock from its original place
to deposit [4] and the second factor is the particle genesis itself (rock structure, min-
eralogy, hardness, etc.) [5].

There are three different scales used to describe particle morphology, shape or form,
angularity or roundness, surface texture or roughness. Form or shape factor deals with
the gross form of a particle (axis lengths, perimeter, surface area, volume, etc.) where
angularity or roundness reflects the number and sharpness of corners [6]. According
to Wadell [7] form and roundness are mutually independent factors. Moreover, surface
texture or roughness provides details about the number, size and sharpness of the as-
perities along the particle surface and on the corners [6].
On the early stage of morphology measurements, standard two dimensional charts de-
veloped by Rittenhouse [8], Powers [9], Krumbein [10] and Krumbein and Sloss [11],were
in use to compare each particle to the standardized shapes in the chart.

With progression in digital image capturing and processing, variety of mathematical
definitions were suggested by different authors for circularity (2D form of sphericity)

and roundness over years, which finally resulted in definitions suggested as:

Roundness
4A
7TLMajor
Circularity
C = % (2.2)
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Figure 2.1. Powers [9] Qualitative Sphericity-Roundness Chart.

o
AN \ N x Q.9
K 3K Y MK WY .
N S N \ .
ke L L. .\’\ N -~ r T~
k= “\ \7 X wi et
|L 7 h ~ \\ U4 N / \.‘llrrﬂ ol \
/ \
= c A / \ " N
E = \ \ N / \
. . |- AN N| N N "
\ N 05 N N
SR JE K JK
-2 05 \ N N N
& S b N N
S I - \ he
‘—“ ~ NS M S N
3 \ \
3 | e N e
N N\
L N N N
N N
) 0.5 0.9
TR
roundness=
"
max-—ir

Figure 2.3. Krumbein and Sloss [11] Particle Roundness- Sphericity Chart



Where P is the perimeter of the particle, A is the cross-sectional area, and Lpsqjor
is the length of the major axis.
Morphology which was defined as a “generalized method of representing and analyzing
the structure of fine particles and their sets” [12], emerged as an analytical method to
describe the form and shape of fine particles. Morphology includes the Fourier series
representations as a first order approximation [12]. Fourier analysis of grain profiles
correlates observed size and shape with mathematical relationships.
The (R, 0) periodic function is most commonly used in representation by Fourier se-
ries and this technique. A profile is described by measuring the radii, R, at uniformly
distributed values of 6, (0° — 360°), measuring the angle between radii measurements.
The grain profile is then unrolled to obtain a waveform. Then the characterization of
shape derived from measured parameters is represented by a Fourier series and Fourier
descriptors are used to describe the boundary of a grain. The R () method introduced
by Ehrlich and Weinberg [13] represents the boundary of certain classes of particle in
which R () is the radius of the particle boundary at the angle 6 [12].

R (0) =ao+ Z (an cosnf + by, sin nf) (2.3)
n=1
Where
1 27
ag = — R (0)do (2.4)
2m Jo
1 27
a, = —/ R (0) cosnbdo n=123,... (2.5)
T
1 027r
b, = —/ R (0) sinnbdo n=123,... (2.6)
T Jo

Where a (n) and b (n) are the Fourier coefficients and n is the harmonic number.



(1 ..
U

Figure 2.4. The R (0) Method.

The drawback of this methodology is the inability of correctly analyzing highly irregular
[53] or re-entrant particles [55].

The fractal dimension, Dp, is a parameter that measures roughness and irregu-
larity of a given profile. Kaye [16] defines the fractal dimension technique as the ability
of a rugged boundary to occupy its void space. In two dimensional fractal analyses,
Dp ranges from 1.0 to 2.0. For a perfectly straight line, DF is equal to 1.0, whereas DF
approaches 2.0 for a jagged line. There are many methods to measure the fractal di-
mension like divider method and are-perimeter method from which the results confirm

the importance of differentiating between textural and structural aspects of roughness.

2.2. Shear Strength and Dilation

Coulomb defined shear strength at failure as:

7 = (0',) tan ¢’ (2.7)

Where 7 is the shear stress, o', is the effective normal stress, and ¢ is the effective

friction angle. However the linear failure envelope represents the soil at critical state



conditions. The critical state concept was proposed by Roscoe, Schofield and Wroth
[17], and Schofield and Wroth [18], and is defined as the end or ultimate state of a
deformation process, in which soil continues to shear under constant stress without
volume change. Besides, critical state friction angle, which is constant for a given sand
and depends only on the mineralogy of the sand grains, is defined as the friction angle

of the soil shearing at a constant volume.
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Figure 2.5. Typical Shearing Responses of Granular Soils [19].

A dense soil may contract slightly before granular interlock prevents further con-
traction, then the soil must dilate in order to continue shearing. Dilatancy is defined
as the gradient of volumetric strain and shear strain change. Dilatancy angle (¢)) can

be calculated as:

— (€1 4+ €2 + €3)
€1 — €3

siny = (2.8)



Where ¢; is the strain rate in vertical direction, é; and €3 are strain rates in horizontal
directions.
Once the concept of dilatancy was known the Coulomb’s frictional law was modified

to:

Tr = (0/n>f tan (¢/cs + wp) (29)

Where 1, is the peak dilation angle.

In case of densely packed granular assemblies, since dilatant behavior should be
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Figure 2.6. Dilatancy Effects on Coulomb’s Failure Envelope [20].

overcome during shearing, peak strength is observed. Once this peak strength caused
by dilation has been overcome through continued shearing, the resistance provided
by the soil to the applied shear stress reduces (Strain Softening).Strain softening will
continue until no further changes in volume of the soil occur during continued shearing.
This condition is defined as the critical state.

Using the Mohr-Coulomb failure criterion, peak effective friction angle for cohesionless

soil under axisymmetric triaxial or plane strain conditions can be determined as:

1(0'1 —0'3)

(/1 & o) (2.10)

!/ . . —
¢'p = sin



Subscript p refers to peak conditions, ¢’y and ¢’3 are the major and minor principal
effective stresses respectively.

For the plane strain compression condition, ¢, is given by Bishop [60] as:

1

20’ 2
(L) (2.11)

o'y +0'3 »

If the shearing is continued to very large shear strains, the shear strength drops below

/o -1
¢, = cos

the critical state shear strength. This strength is called the residual shear strength and
the friction angle corresponding to this strength is the residual friction angle of the

soil [22].

Critical State

Residual State

by

Figure 2.7. Peak, Critical and Residual State of the Soil During Shearing.

These three stages can only be observed in soils that contain sufficient amount of
plate-like particles [23]. For soils that are dominantly composed of rotund particles,

the residual strength is equal to critical state strength.

2.3. Relationship Between Friction and Dilatancy Angles

The simplest, but crudest way to explain and understand the relationship be-

tween critical state friction angle, dilation angle and peak friction angle is to use the
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Coulomb’s frictional law where:

Tr = (U,n)f tan (¢/cs + ¢p)

Then assuming that the above equation is valid, the friction angle at failure could be

calculated as:

¢/p = ¢/cs + wp (212)

However, as it will later be shown in this thesis, real relationship between ¢',, ¢' ., and
1, is different from that shown in the above equation. Taylor [24] attempted to explain
the influence of dilatancy angle on peak friction angle in terms of energy dissipation

rate. Assuming the input and dissipated work in a simple shear sample:

W =0'wé, + 79 = (tan¢’,,) 0'n¥ (2.13)
Then knowing tan ¢ = L/ and tan = —efv the equation can be written as:
o' g
tan ¢’ = tan ¢’ , + tan) (2.14)

Rowe [25] examined the properties of regular assemblies of spheres and assumed that
sliding takes place on a saw-toothed plane and stress, strain ratios are functions of «
and [ angles.

The functions are such that a can be eliminated to give the following equation:

0/1 _ tan (¢;4 + ﬂ) _é?)

0'/3 tanﬂ €1

(2.15)

Then assuming minimum energy hypothesis, which supposes that the energy ratio dur-

ing deformation varies with particle arrangement with its minimum value corresponding
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Figure 2.8. Assumed Sliding Mechanism for Rowe’s Stress Dilatancy
Relationship [25].

to particular deformation state, [ is determined as:

(2.16)
And the equation will be:

Where ¢, is the fundamental angle of friction for grain to grain contact.

De Josselin de Jong [26] showed that it is possible to derive Rowe’s [25] dilatancy

expression without assuming energy principles, only by using friction laws.

(561
+1
sina = Koes (2.18)
(561 1
K(SEg

Where « is the dilation angle, £ = 1 for plane strain and k = 2 for triaxial loading
conditions.

Bolton [27] analyzed the strength and dilatancy of 17 sand types under axisymmetric
and plane strain conditions at different densities for various confining pressures. He

derives empirical relationships for dilatancy as:
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Plane Strain Conditions:

gb,max - ¢/critical - 081/} = SIR (219)

Triaxial condition:
& e — F eniticar = 0.80 = 31 (2.20)
Where [y is the relative density index defined as:
Ir=1Ip(Q—Inp)—R (2.21)

Where Ip is the relative density, p’ is the mean effective stress at peak. Bolton deter-
mined that @) = 10 and R = 1 creat a good definition for all test results. Bolton [27]
also determined the following relationship applicable for both triaxial and plane strain

loading conditions:

—— =0.31 2.22
( dGl)max § ( )

de
Where (——”) is a measure of dilatancy rate in triaxial test.
61 max

Based on plasticity concepts, Vermeer and de Borst [28] defined the dilation angle by:

L1 €
= _ 2.23
1 = sin (—261+ép) ( )
Then in 1996 Schanz and Vermeer [29] developed the following relationship relating the
relative density index and dilatancy angle based on Rowe’s theory [25] and Bolton’s

theory [27]:

I
Y = sin™! (ﬁ) (2.24)
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Where I is the relative dilatancy index defined by Bolton [27].

They also supported the assumption that dilatancy angle resulted from plain-strain
and triaxial tests are almost the same. They suggested the following equation for
calculation of dilatancy angle in triaxial testing:

€y

€1

siny = — (2.25)

y R

€1
Cinicioglu and Abadkon [30] conducted conventional drained triaxial compression tests
consolidated under K, condition to investigate the uncoupled effects of preshear mean
effective stress (p/;) and volumetric state as defined by preshear relative density Ip

on peak dilation angle v,. They grouped the test results into several small /p ranges
/

showed that for constant Ip values, &—tan 1, relationship is linear.
a

/
tan, = ay, (%) + By (2.26)
Where 3, is a constant value depending on Ip, So the equation above can be written

as:

/

tan, = ay (ﬁ) +mylp (2.27)
Pa
Where oy, and my, are empirical constants which can be obtained by conducting a few

triaxial tests.
2.4. Influence of Particle Shape on Soil Strength and Dilatancy

In recent years, particle shape analysis has been improved significantly due to
the development in image capturing techniques and image processing methods. Shape
has a pronounced effect on the engineering properties of granular soils. Holubec and
D’Appolonia [31] analyzed results of tests on four granular materials with particles

in the medium to fine sand and suggest that strength, as measured by friction angle,
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increased with increasing angularity.

According to Rowe’s equation [25]:

71 — tan® (45 + %) (2.28)

dv
a1+ —
0'3( +V61>

av
Where e is volumetric strain, ¢; is axial strain and ¢y is defined as:

¢f = Ktan gy (2.29)

Where ¢, is the true angle of friction between the mineral surfaces of the particles.
The value of ¢, depends on the nature of the mineral, the properties of its surface,
roughness and on the size of the load per particle [32]. Besides & is a coefficient which
increases with degree of remoulding and associated energy loss. Ng [33] examined the
effects of particle shape and stress path using drained and undrained (constant vol-
ume) triaxial tests. The friction angles obtained from the specimens composed of two
different ellipsoidal types were higher than those of the mono-size specimens.

Alshibli and Alsaleh [34] conducted a detailed analysis of the surface roughness, round-
ness, and sphericity of three different sizes of silica sands using digital microscopy. They
found that as the surface roughness increases, the friction and dilatancy angles of the
sands also increase.

Cho et al. [35] determined that a decrease in sphericity and/or roundness leads to in-
crease in e€,,,, and e,,;,, decrease in small-strain stiffness and increase in sensitivity to
state of stress, increase in compressibility under zero-lateral strain loading, increase in
¢ .5, and increase in the critical state line intercept.

Guo and Su [36] researched the effect of particle angularity on the strength and dilation
of granular materials. They determined that particle angularity has a significant influ-
ence on the peak friction angle and dilatancy, however no correlation was developed.
Cox [19] used a weighted factor analysis combining six main grain shape parameters,

Circularity, Roundness, Compactness, ModRatio, Sphericity, and Aspect Ratio into
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the Weighted Single Sand Shape Factor, WSSSF. The correlation was given as below:

()
/ /
—=2 = —0.117In (% X WSSSF) + 0.457 (2.30)
ID Pa

Where Ip is relative density, ¢, is critical state friction angle, ¢, is peak dilation

angle, ¢/, is effective vertical stress and p, is atmospheric pressure.
2.5. Liquefaction and Liquefaction Potential

Soil liquefaction is one of the major causes of earthquakes related damages for

structures resting in or on saturated or partially saturated soils. The term “Liquefied”
was first used by Hazen [37] in soil mechanics field, referring to the 1918 failure of
the Calaveras Dam in California. Although the effects of liquefaction have been long
understood, it was more thoroughly brought to the attention of engineers after the
1964 Niigata earthquake and 1964 Alaska earthquake.
Liquefaction Potential Index (LPI) was originally developed in Japan to estimate the
potential of liquefaction to cause foundation damage at a site [38]. It was assumed that
the severity of liquefaction is proportional to thickness of the liquefied layer, proximity
of the liquefied layer to the surface and amount by which the factor of safety (F'S) is
less than 1.0, where (F'S) is defined as below:

F Cyclic Resistance Ratio

2.31
Cyclic Stress Ratio ( )

Cyclic Stress or Resistance Ratio = Tcy—,clw (2.32)
01

Where ¢/, is effective vertical stress.

20m
LPI = / Fuw (2)dz (2.33)
0
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Where z is depth in meter and w (z) = 10 — 0.5z, also:

FS<1—F = 1-FS

FS>1—F =0

Iwasaki [39] concluded that severe liquefaction is likely at sites with LPI greater than
15 and that severe liquefaction is unlikely at sites with LPI less than 5.

Studying liquefaction, two main values should be determined, the dynamic loading
caused by earthquake, which is quantified as cyclic stress ratio (C'SR), and soil lig-
uefaction resistance, quantified as cyclic resistance ratio at a specific magnitude of
carthquake (CRRM). These parameters were outlined by Seed and Peacock [40] and
later improved by Seed [41], and Seed et al.. [42] [43]. The C'SR is the ratio of the
shear stress generated by the earthquake to the vertical effective stress at the desired
depth. The CRRM = 7.5 is the ratio of the cyclic resistance to liquefaction to vertical
effective stress at an earthquake with magnitude 7.5. Liquefaction at a given depth is

expected to occur when CSR > CRRM = 7.5 at that depth [44].

2.6. Influence of Particle Shape on Liquefaction Susceptibility

Ishibashi et al. [45] have shown that the resistance to liquefaction increases with
increase in particle angularity. Their observations are, however, restricted to relatively
low levels of confining stresses.

Vaid et al. [46] investigated two medium sands with essentially identical gradations, one
angular and the other rounded. They concluded that the decrease in resistance with
confining pressure increases with increase in relative density and is larger for angular
sand than for rounded sand. At low confining pressures, angular sand is considerably
more resistant to liquefaction than rounded sand over the entire range of relative den-
sities.

Inherent factors affecting the flow behavior of sands include grain size, size distribution,
shape, angularity, and surface roughness. Extrinsic factors include void ratio, fabric,

initial effective stresses, and stress path [6].
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Ashour and Norris [48] suggested a formulation for assessing the drained and undrained
rebounded response of sand for use in assessment of its undrained behavior. The formu-
lation presented is a function of the void ratio, confining pressure, and basic properties
of sand, such as relative density, uniformity coefficient, and roundness, which are typi-
cally available to the designer or can be obtained from visual inspection. The developed
formulas allow one to predict the potential of sand to liquefy, the extend of liquefaction
(limited or complete liquefaction) or dilative behavior, the peak and residual strength
values, as well as the whole undrained stress-strain curve and effective stress path.

Considerable studies on liquefaction behaviour of granular materials have been done us-
ing discrete element method by Sitharam [49], Dinesh [50], Vinod [51], but in all these
studies the investigated particles were spherical. The significance of particle shape
effect on the engineering properties of soil was highlighted by Ashmawy et al. [52].
They used Discrete Element Modeling (DEM) method to simulate cyclic shear tests
as a result of which at the maximum void ratio, the susceptibility to liquefaction was
independent of particle shape. However, they stated that the influence of particle mor-
phology on liquefaction susceptibility was significant in the case of sands prepared at

the same void ratio.

2.7. Imaging Techniques for Defining Particle Shape

Light microscope, LM, has been used in studies examining grain shape (Vallejo,
[53]; Sukumaran and Ashmawy, [6]; Gori and Mari, [54] as well as the Scanning Electron
Microscope, SEM, (Bowman et al., [55]; Whalley and Orford, [56]; Thomas et al., [57].
Using a SEM, both grain shape and the surface of a particular grain can be observed due
to the significant magnification abilities of SEM. However, it is an expensive apparatus
to use and relatively difficult to perform tests with. On the other hand, LM is low in
cost and simple to work with. Besides, considering that the concentration of this study
is on the shape and not the surface characteristics of particles, LM seems sufficient to
make use of.
The camera which was used to capture the images was an Mshot brand, MD50 model

digital microscope camera.
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2.8. Image Processing Software

The image processing program used in this study was ImagelJ [58]. It is a Java
based open sourced image-processing tool adapted from an earlier Macintosh version of
the National Institute of Health (NIH) Image program. This program is available over
the public domain and is able to assess numerous image formats with numerous built-in
editing and analyzing tools. This program has many advantages such as high speed,
easy conversion of picture to binary format, attribution of a specific number to each
processed particle and easy modification of image’s brightness/contrast, threshold, and
color balance.

According to thorough investigation performed by Cox [19], one of the most accurate
ImageJ plugins is Shape Descriptors. This plugin [59] uses the following formulas to

calculate circularity and roundness:

4A
Roundness = —
71-LMajor
4 A
Clircularity = LQ

2.9. Triaxial Testing History

Bishop and Hankel [60] suggested the conventional triaxail apparatus as a simple
apparatus for which the preparation of cylindrical samples are relatively easy.
Triaxial apparatus has the outstanding advantage of controlling the drainage and mea-
suring pore pressure. Terzaghi [61] was the first to perform triaxial test on fine-grain
under controlled condition of drainage, and Rendulic [62] was the first to measure the
pore pressure in triaxial tests conducted on clay.

Over the years, there have been significant developments in triaxial apparatus due to
progress in microcomputers and control systems. In 1983, Hight [63] developed an
accurate control system which was capable of applying specified stress and strain steps

to the samples in various test equipment such as hydraulic triaxial apparatus [64].
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Atkinson [65] and Atkinson et al. [66] developed microcomputer controlled stress path
equipment. This equipment controls a standard hydraulic stress path cell for samples
with conventional instrumentation monitored by a simple transducer reading device.
Siddique et al. [67] developed a fully automated computer controlled testing system for
triaxial stress and strain path tests, which was capable of controlling both stress and
strains imposed on the specimen.

In this study, the GeoComp LoadTrac II and FlowTrac II system was used which for
triaxial testing fully automates the conduct of CU, CD and any possible stress path
triaxial test on soils. Once a soil sample is in place, and the test conditions are se-
lected, the system will run the entire triaxial test from start to finish. This system
is operated by software which automates the initialization, saturation, consolidation

(isotropic, anisotropic, or K,) and shear phases of the test.

2.10. Cyclic Simple Shear Test History

The first direct simple shear test equipment was built in Swedish Geotechnical
Institute (SGI) in 1936. This device confined specimens using a rubber membrane and
tightly placed aluminum rings, and it was capable of uniformly deform a soil specimen
in pure shear.

Later in 1953, a device was designed that used a square box for sand specimens, at the
University of Cambridge. This experimental device was the first of many apparatuses
developed at University of Cambridge in future years.

None of these devices were capable of performing truly undrained tests since no back
pressure could be applied for full saturation. Franke [68] and Dyvik [69] developed
Direct Simple Shear device, testing samples enclosed in a pressurized cell to ensure a
full saturation of the sample and accurate pore pressure measurements. In the 1960’s
the Norwegian Geotechnical institute (NGI) created a device that was able to strain in
simple shear after vertical loading using a rubber membrane reinforced with a wound

wire encased by the rubber [70]. DeGroot et al. [71] developed an automated electrop-
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neumatic control system for conducting undrained direct simple shear tests on cohesive
soils and DeGroot et al. [72] applied further changes to the apparatus and described
the new multidirectional direct simple shear (MDSS) apparatus which was direct sim-
ple shear device that had the unique capability of applying two independent horizontal
shear stresses to a circular soil specimen.

With software and control systems progress, various companies have produced fully au-
tomated test devices with precise input and output data. GeoComp ShearTrac II-DSS
system is one of the best Direct Simple Shear test apparatuses presently available. It
is a universal shear system capable of performing the consolidation, static and cyclic
direct simple shear phases under full automatic control. This system is of the type

developed at NGI in the mid- 1960’s.

2.11. Simulating Undrained Condition with Constant Volume Condition

GeoComp Shear Trac II-DSS is capable of running the shearing phase either under
constant load or constant volume condition. Constant load test would mean maintain-
ing a constant vertical load on the top cap during the shearing which simulates the
drained condition. Constant volume test would mean maintaining a constant volume
condition simulating the undrained condition. This option is especially of importance
for cyclic loading.

Bjerrum and Landva [73] proposed this equivalence between the two tests and further-
more, stated that the change in vertical stress observed in a constant volume test is
similar to the change in pore pressure that would have occurred in a constant load
undrained test. Also Dyvik et al. [69] designed a chamber for the NGI Direct Simple
Shear device to validate the “constant volume” hypothesis. The chamber provided the
capability of performing truly undrained tests and measuring the pore pressure inside
the soil specimen. The authors compared truly undrained tests and constant volume
drained test results on normally consolidated clay and obtained very similar results in

both case.
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3. METHODOLOGY

3.1. Shape Factor Analysis

The image processing program used in this study is Image] [58]. It is a Java
based open sourced image-processing tool adapted from an earlier Macintosh version
of the National Institute of Health (NIH) Image program.

Pictures were taken using an Mshot brand, MD50 model digital light microscope cam-
era. Care was taken to prevent particles to overlap while capturing the images, so the
processing would be easier and more precise (Figure 3.1). Then the captured images
were processed using ImagelJ software. Then using ImageJ unclear particles were dis-
carded from the images and the rest were taken into account for shape factor analysis.
The shape descriptor plugin was used in this study to obtain circularity and roundness
values. Cox [19] used a simple circle to investigate differences in the shape parameters
from the two plugins of ImageJ as compared to the theoretical values associated with
a circle. Both manually sketched circle and “Circle Test” plugin [74], which automat-
ically draws a circle of radius 60 pixels in an image of size 324 pixels x 200 pixels, to
investigate the outcome values was used. The discrepancy between the plugins and
the theoretical value in Circularity is more than roundness. A difference of about 10%

lower is observed in the plugins values as compared to the theoretical.

Table 3.1. Comparison of Theoretical and Predicted Shape Parameter Values [19].

Grain Shape Parameter | Manual | Plugin | Theoratical
Circularity 0.908 0.910 1.000
Roundness 1.000 1.000 1.000

Each image was turned into binary as shown in Figure 3.2 since ImageJ is only capable

of processing this type of picture.

The program ascribes a label to each particle, and any other dark stain in the picture



Figure 3.2. Example Binary image of Akpinar Sand Particles.
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(Figure 3.3), and calculates the necessary parameters, like area, perimeter and circu-

larity for each slice(Figure 3.4).

J.

Figure 3.3. Example Image of Numbers Ascribed to Akpinar Sand Particles.

¢ Single particle values of 1-1 =N X
File Edit Font

Slice |F'artic|e Area Perimeter |Ang|e |Furm Factor |Round |Cnmp |;
1 1 1506.00  393.34 79.89 0.2 0.60 0.78

1 2 385.00 134.08 1424 027 061 0.78

1 3 11867.00 114808 089 0.1 029 054 [
1 4 3496.00 83940 176.98 006 018 0.39

1 ] 9534.00 506.18 8.77 047 046  0E8

1 B 6645.00 47532 9181 037 0.74 0.86

1 7 4.00 7.66 90.00 0856 068 0.83

1 8 24052.00 629.70 38.35 078 078 088

1 9 69.00 38.04 91.69 060 044 0.67

1 1 8.00 1049 16270 091 070 083

Figure 3.4. Example ImageJ Output Table.

Since the program calculates the value of each shape parameter for every particle, clear

or unclear, the clear particles were chosen manually. Then the circularity and round-

ness values for chosen particles from all the captured pictures were gathered in an excel

file.



Table 3.2. Number of Analyzed Particles.

Number of Particles | Mean C | Mean R | C STDEV | R STDEV
15 0.716 0.708 0.053 0.137
25 0.716 0.723 0.040 0.1162
50 0.716 0.728 0.042 0.110
75 0.710 0.724 0.051 0.124
100 0.716 0.719 0.049 0.119
125 0.717 0.717 0.048 0.115
150 0.720 0.717 0.048 0.116
175 0.722 0.717 0.048 0.112
200 0.721 0.718 0.049 0.109
225 0.724 0.726 0.049 0.112
250 0.723 0.726 0.052 0.115
275 0.722 0.724 0.051 0.116
300 0.723 0.724 0.052 0.119
325 0.720 0.720 0.063 0.122
350 0.722 0.723 0.062 0.121

24

Processing images of 350 individual particles showed that using the average circularity

and roundness values of 50 particles would correspond to the minimum Standard De-

viation for both parameters. So 50 was the number of particle processed for each sand

type.
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3.2. Triaxial Testing Program

Vaid et al., [46] studied the effect of relative density and confinement pressure
on liquefaction using CSS apparatus. According to their test results, both parameters,
relative density and confinement pressure, affects the liquefaction potential of a speci-
men. Also they realized that a considerable densification, particularly of angular sand,
inevitably occurs under the application of large confining pressure. Because of this
dependence of relative density on confining pressure, the influence of relative density
and confining pressure on resistance to liquefaction cannot be isolated easily. In this
study, dilation angle calculated using Cinicioglu and Abadkon [30] relationship, which
is a parameter depending on both relative density and confinement pressure, is used
as a liquefaction susceptibility indicator.

Triaxial tests were conducted on samples that have different combinations of relative
density and pre-shear mean effective stress. Results are used to calculate the constants,
oy, and my, Proposed by Cinicioglu and Abadkon [30]. This process was repeated for
each sand type. Equation that was used for calculating the dilatancy angles of samples

is given below [30]:
tan, = (%) +mylp

Each triaxial test was conducted under K; consolidated drained condition on normally
consolidated samples. All tests were performed according to ASTM (D7181) standard

in an automated triaxial testing apparatus.

The «, and my values for Akpinar sand, were already calculated by Altunbas [75]

with the exact same method.



Table 3.3. Sile Sand Triaxial Testing.

Test No | o'y (kPa) | p/;(kPa) | Ip | Ko
1 100 63.1 0.61 | 0.446
2 100 69.7 0.54 | 0.545
3 100 66.1 0.5 | 0.492
4 200 107.4 0.5 | 0.305
) 250 153.1 0.96 | 0.419
6 150 90.5 0.58 | 0.405
7 250 118.1 0.73 | 0.270

Table 3.4. Kilyos Sand Triaxial Testing.

Test No | o'y (kPa) | p/;(kPa) | Ip | Ko
1 150 94.3 0.66 | 0.441
2 250 185 0.39 | 0.610
3 300 160.3 0.45 | 0.299
4 200 128.5 0.51 | 0.467
) 225 120.6 0.39 | 0.294
6 250 133.4 0.48 | 0.298
7 200 135.7 0.69 | 0.518

26
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3.3. Automated Triaxial Testing Apparatus

In this study, the GeoComp LoadTrac IT and FlowTrac II system was used which
consists of two automatic flow pumps and a computer controlled loading frame. This
apparatus fully automates the conduction of UU, CU, CD and any possible stress path
triaxial tests on soils. Once a soil sample is in place, and the test conditions are
selected, the system will run the entire triaxial test from start to finish. This system
is operated by software which automates the initialization, saturation, consolidation

(isotropic, anisotropic, or (K,) and shear phases of the test.

Pieessssnsans
IeessRRRten

.
-

Figure 3.5. Automatic Triaxial System.

Loading frame, also called load trac, both controls the load applied on the specimen and
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measures the displacement during the test. Automatic flow pumps, intelligent units
composed of a flow pump, a pressure sensor and a control board, regulate pressure
and volume cell and sample. Flow tracs house precision micro stepper motors that
move pistons in cylinders filled with water. Pressure transducers determine the signals
being sent to the stepper motor and the number of motor steps is used to calculate the
volume changes. Pressure increments can increase and decrease in any pattern by any
amount. The count readings from sensors are converted to engineering units using the
calibration factors.

Pressure
sensor

Normally Normally
opened 5 closed

solenoid valve

solenoid valve

Output Supply
connector connector

]
i
[

Area

—

|

|

|

| Piston <+——
|

| 1

AL

ALx Area=AV
AL = Micro step movement
Area = Area of piston

Figure 3.6. Schematic of a Flow Trac Unit [22].

3.3.1. Triaxial Testing Procedure

In this study triaxial tests were conducted in four stages:

(i) Initialization:
During initialization phase small magnitudes of horizontal stress, vertical stress
and pore pressure are applied to the specimen for about 20 minutes. This phase

controls the propriety of apparatus functions.

(ii) Saturation Phase:

In saturation phase cell and pore pressures are raised incrementally while effective
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stress on the specimen is kept constant in order to achieve the maximum satu-
ration ratio. According to ASTM (D-7181) pore pressure parameter (B ratio) is

obtained from the following equation:

_Au

B=—
AO’g

(3.1)
Where Aw is the change in the specimen pore pressure that occurs when cell
pressure changes and specimen drainage valves are closed and Aoz is the change

in cell pressure. A minimum value of 0.95 was achieved for all experiments.

Consolidation Phase:

The apparatus consolidates the specimen under K, condition. It automatically
prevents the lateral straining by adjusting cell pressure. At rest earth pressure
coefficient of sand samples could be monitored during the whole consolidation

phase and it is calculated as:
K,=— (3.2)
Where ¢}, is the effective horizontal stress and ¢’, is the effective vertical stress.

Shearing Phase:
In this stage samples were sheared under drained conditions by increasing the
vertical stress with the constant strain rate of (2.5 x 10?) % /min. According to

ASTM (D- 7181) shear strain rate has been obtained from the following equation.

i 4%
~ 10tgy

(3.3)

Where ¢ is the shear strain rate and tgy is the time corresponding to 90% of
primary consolidation. The maximum axial strain reached during shearing was

18% and the critical state of each sample was discernible.
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3.3.2. Sample Preparation

The samples were prepared with the air pluviation technique. In this method

a funnel, together with a tube when higher relative density is needed, is used. Sand

falls through the funnel inside the membrane from a constant height. The height is

decided according to the needed relative density. The higher the falling height gets, the

denser the specimens become. Also vibration was applied in order to achieve denser

specimens.

3.3.3. Test Corrections

There are 3 important corrections that should be applied to the triaxial test

results:

(i)

Piston Area Correction:

Buoyancy force pushes the piston upward while the piston is applying vertical
load to the sample. Effective area of the piston should be measured to account
for the buoyancy force effect. For this purpose, the cell is filled with water and

pressure is applied to piston. The buoyancy force can be calculated as:

F, = 0.1530, + 6.25 (3.4)

Where F, is the buoyancy force in Newtons and o, is the cell pressure in kPa.

Calculated buoyancy force should be subtracted from the total load value.

Rubber membrane correction:
Thickness of the membrane restraint can influence the radial stress applied on the
sample. According to ASTM (D-4767), the following equation is used to correct

the principal stress difference for the effect of rubber membrane:

4Emtm€1

A(O’l—Ug): D

(3.5)



Figure 3.7. Piston Area Correction Test (Abadkon, 2012).
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Figure 3.8. Variation of Uplift Force With Cell Pressure (Abadkon, 2012).
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where A (07 — 03) is the correction to be subtracted from the measured deviator
stress, D, is the diameter of the sample after consolidation, F,, is the young’s
modulus for the membrane material, ¢,, is the membrane thickness and ¢; is the
axial strain.

E,, can be calculated as follows:

(3.6)

=[]

Where F' is the force applied to stretch the membrane, L is unstretched length
of the membrane, AL is the length change of the membrane and A,, is the area

of the membrane.

Sample Area Correction:
There are two kinds of sample area correction depending on the sample shape
during the shearing phase:

e Uniform area correction

e Parabolic area correction

-—— -

Uniform area correction Parabolic area correction

— — — Original shape of the
sample

Shape of the sample
during test

Figure 3.9. Two Different Area Corrections According to Sample Shape.
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In this study, the specimens where all parabolically shaped during the shearing,
so the equation below was used to correct the area change in vertical stress

calculation:

(3.7)

Where A. is the corrected sample area, Ag is the initial area of the sample, €, is
the volumetric strain during shearing and ¢; is the axial strain.

Axial strain is calculated as follows:

(3.8)

Where Ah is the change in height of the specimen during loading h,. is the height

of sample after consolidation which can be obtained from the following equation:

hc = ho - Ahg (39)

Also hyg is the initial height of the sample and Ahy is the change of height in the

specimen at the end of the consolidation phase.

3.4. Cyclic Simple Shear Testing

3.4.1. CSS Testing Program

A series of cyclic simple shear tests were conducted on each sand type with
different Stress Amplitude Ratio (SRA)and Cyclic Period (CP) combinations in order
to investigate the liquefaction susceptibility of each sand type under each condition.
The purpose was to see the possible relationships between dilatanct properties, granular
shape factors and liquefaction resistances.

The specimens were consolidated under 50 kPa, 100 kPa or 150 kPa vertical stress and

then sheared with cyclic simple shear loading until failure due to liquefaction.
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3.4.2. Automated Cyclic Simple Shear Testing Apparatus

The device used for cyclic simple shear test in this study was Geocomp ShearTrac
IT which is capable of conducting direct shear, simple shear and cyclic simple shear tests

on short, cylindrically shaped specimens.

Figure 3.10. GeoComp Direct Simple Shear Apparatus.

The specimens are laterally confined by brass rings, as a result the changes in specimen
height is equal to volume change. Under the simple shear test condition, normal stress
(0,) acts on top and shear stress (7) acts on the bottom of the specimen while the top

of the specimen is horizontally fixed and also radial strains are zero.

Vertical Stressl Brass Rings

Shear Stress

Figure 3.11. Vertical and Simple Shear Loads.
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The CSS testing with this apparatus is fully automated and the apparatus is equipped
with sensors for measuring and adjusting stress. During the cyclic simple shear loading
phase, the apparatus maintains the specimen height constant by automatically adjust-
ing the vertical stress applied. As a result of the zero radial strain condition forced
by the brass rings, volume of sample remains unchanged throughout the CSS test.The
difference between initial vertical stress and the real-time vertical stress is assumed as a
hypothetical excess pore water pressure, which would be generated if the specimen was
truly undrained. So when this difference becomes zero, it means that the hypothetical
pore water pressure has become equal to vertical stress, the effective vertical stress has
become zero and the sample has liquefied.

Vertical

Load
Directio o

Vertical Displacement Transducer

Ipper Frame
Vertical Load Transducer
Horizontal

Load
Transducer

, Water Bath
Top Platen /
Drainage

/ Soil Specimen
_Covered with
membrane

Water

. o .
Horizontal 7 7, Horizontal
7 /] e :
Load : Displacement
Direction Stk Transducer

Rings

O rings

Bottom

Bl Base Plate

Porous Stone

Figure 3.12. GeoComp Direct Simple Shear Apparatus.

3.4.3. Cyclic Simple Shear Testing Procedure

In this study the CSS test were conducted in two phases:
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Consolidation Phase

All specimens were consolidated prior to shearing. Testing reconstituted dry sam-
ples, the ultimate consolidation stress was chosen as 50 kPa, 100 kPa and 150
Kpa for 15 minutes. Monitoring cyclic tests it was observed that this time is

enough to decrease the vertical displacement ratio to zero.

Cyclic Shearing

4 cyclic loading combinations were used for each sand type:

Table 3.5. CSS Tests SRA and CP Combinations.

Combination | SRA | CP
1 0.2 1
2 0.2 2
3 0.3 1
4 0.3 2

where CP is the cyclic period and SRA is the stress ratio amplitude, defined for

the testing apparatus as:

SRA— Applied Shear Stress

B 1
Applied vertical Stress (3.10)

The ideal sinusoidal waveform may not be achieved easily. According to Sil-
ver [76], the waveforms are acceptable provided that the difference between the
amplitudes and durations of successive half-cycles is less than 10%, the noise
(ringing) in the waveform is not significant, and there are not any prominent
spikes near the peaks of waveform. The unacceptable waveforms can cause ab-
normal changes in pore water pressure resulting in significant deviations from the

actual soil response to an ideal sinusoidal waveform.

The ShearTrac II apparatus uses a closed-loop load control system in order to

provide a load-history consistent with that of an ideal sinusoidal waveform. It



37

uses a parameter called “Update A” for automatic updating of the load incre-
ments in a closed-loop loading system during a cyclic loading test due to nonlinear
response of the material.Update A factor is dependent on several factors such as
the stiffness and the dimensions of soil specimen, frequency of loading (f), and
calibration factors of the apparatus, and can be obtained using a calculation tool
provided by the manufacturer. Other important parameter in the algorithm of
closed-loop control, P-Gain, I-Gain and D-Gain were kept at default values as it

was suggested in the apparatus instruction manual.

>

—T/2 A

Figure 3.13. An ideal waveform [76].

<+10% A

Figure 3.14. The limit for difference in amplitudes of successive half-cycles [76].



90%t<t<110% t

Figure 3.15. The limit for difference in duration of successive half-cycles [76].

Figure 3.16. Unacceptable waveform due to spikes at peaks [76].

Figure 3.17. Unacceptable ringing on waveform [76].
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3.4.4. Sample Preparation

Like the triaxial specimens, air pluviation method was used for cyclic simple
shear test specimens. Since diversity in sample relative densities was enough and
there was no exact target relative density, first the specimens were prepared and
then the relative density was obtained using sample volume, weight and specific
gravity of the sand. Mild vibration was also used in CSS tests to prepare denser

specimens.
3.4.5. Testing Materials

3 types of sands were tested in this study, Akpinar sand, Kilyos sand and Sile
sand, with characteristics as follows. Specific gravity values were determined according

to ASTM D854 — 10 standard test.

Table 3.6. Sand Properties.

Sand Type | Specific Gravity | Maximum Void Ratio | Minimum Void Ratio

Sile 2.61 0.78 0.52

Akpinar 2.63 0.87 0.58

kilyos 2.66 0.77 0.44
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Figure 3.18. Akpinar Grain Size Distribution.
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Figure 3.20. Sile Grain Size Distribution.
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4. EXPERIMENTS AND TEST RESULTS

In this chapter shape factors, triaxial test results and cyclic simple shear test

results will be investigated:

(i) Average Circularity and Roundness of the sand particles will be evaluated.
(ii) Consolidated Drained Triaxial test results will be used in order to find the ay,
and m,, values of Equation 2.27.
(iii) Cyclic Simple Shear tests results will be considered to investigate the liquefaction

susceptibility of each sand type.

4.1. Shape Factor Analysis Results

The parameters used in this study are circularity and roundness which are cal-
culated as Equations 2.1 and 2.2.
The more proximate the roundness values get to 1, the less angularity is expected,
meaning that the particles have more rounded corners. Besides as the circularity ap-
proaches 1, the shape of the particle becomes more circular.

As can be seen in Table 4.1 , both circularity and roundness are the highest in Kilyos

Table 4.1. Average Circularity and Roundness Values for All Sand Types.

sand and the lowest in Sile sand. The effect of this difference will be investigated in

upcoming chapters.

Sand Type | Circularity | Roundness
Sile 0.674 0.725
Akpinar 0.716 0.728
Kilyos 0.743 0.759




Table 4.2. Circularity and Roundness Values of Individual Sile Sand Particles.

Particle | Circularity | Roundness
1 0.73 0.77
2 0.65 0.66
3 0.56 0.55
4 0.7 0.88
5 0.71 0.68
6 0.69 0.78
7 0.66 0.62
8 0.79 0.77
9 0.64 0.87
10 0.73 0.91
11 0.62 0.6
12 0.56 0.51
13 0.67 0.67
14 0.7 0.76
15 0.73 0.63
16 0.76 0.75
17 0.75 0.8
18 0.62 0.51
19 0.69 0.63
20 0.38 0.73
21 0.63 0.57
22 0.62 0.63
23 0.66 0.51
24 0.6 0.63
25 0.67 0.64
26 0.74 0.77

42



43

Table 4.2. Circularity and Roundness Values of Individual Sile Sand Particles (cont).

Particle | Circularity | Roundness
27 0.63 0.68
28 0.6 0.62
29 0.6 0.56
30 0.71 0.64
31 0.66 0.63
32 0.64 0.83
33 0.63 0.91
34 0.74 0.83
35 0.68 0.83
36 0.69 0.6
37 0.65 0.81
38 0.76 0.78
39 0.72 0.79
40 0.74 0.86
41 0.73 0.88
42 0.7 0.87
43 0.62 0.56
44 0.72 0.85
45 0.67 0.98
46 0.72 0.75
47 0.73 0.94
48 0.67 0.83
49 0.63 0.58
50 0.81 0.8
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Table 4.3. Circularity and Roundness Values of Individual Akpinar Sand Particles.

Particle | Circularity | Roundness
1 0.75 0.77
2 0.62 0.47
3 0.63 0.59
4 0.73 0.71
5 0.74 0.8
6 0.7 0.55
7 0.64 0.59
8 0.73 0.79
9 0.72 0.92
10 0.77 0.68
11 0.74 0.77
12 0.75 0.87
13 0.77 0.73
14 0.77 0.73
15 0.72 0.69
16 0.73 0.97
17 0.68 0.71
18 0.71 0.68
19 0.76 0.81
20 0.71 0.69
21 0.76 0.84
22 0.72 0.58
23 0.71 0.66
24 0.71 0.73
25 0.67 0.8
26 0.71 0.79
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Table 4.3. Circularity and Roundness Values of Individual Akpinar Sand Particles

(cont).

Particle | Circularity | Roundness
27 0.72 0.63
28 0.65 0.7
29 0.7 0.66
30 0.77 0.95
31 0.71 0.64
32 0.67 0.72
33 0.8 0.93
34 0.71 0.59
35 0.67 0.59
36 0.74 0.72
37 0.77 0.83
38 0.78 0.91
39 0.73 0.65
40 0.71 0.85
41 0.73 0.59
42 0.62 0.68
43 0.73 0.67
44 0.72 0.67
45 0.7 0.75
46 0.72 0.68
47 0.74 0.77
48 0.78 0.83
49 0.68 0.68
50 0.65 0.83




Table 4.4. Circularity and Roundness Values of Individual Kilyos Sand Particles.

Particle | Circularity | Roundness
1 0.78 0.68
2 0.79 0.76
3 0.81 0.76
4 0.79 0.76
5 0.76 0.67
6 0.67 0.62
7 0.82 0.91
8 0.76 0.91
9 0.68 0.76
10 0.62 0.41
11 0.68 0.58
12 0.65 0.65
13 0.83 0.76
14 0.73 0.71
15 0.73 0.71
16 0.78 0.91
17 0.72 0.56
18 0.75 0.74
19 0.75 0.76
20 0.73 0.8
21 0.82 0.72
22 0.75 0.69
23 0.67 0.64
24 0.73 0.73
25 0.76 0.94
26 0.77 0.93
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Table 4.4. Circularity and Roundness Values of Individual Kilyos Sand Particles (cont).

Particle | Circularity | Roundness
27 0.75 0.87
28 0.73 0.93
29 0.79 0.79
30 0.76 0.68
31 0.75 0.83
32 0.77 0.76
33 0.8 0.93
34 0.78 0.78
35 0.72 0.67
36 0.75 0.75
37 0.77 0.88
38 0.65 0.52
39 0.78 0.79
40 0.7 0.55
41 0.65 0.68
42 0.78 0.85
43 0.78 0.87
44 0.81 0.94
45 0.76 0.73
46 0.77 0.84
47 0.59 0.91
48 0.74 0.91
49 0.75 0.79
50 0.74 0.71
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4.2. Triaxial Testing

As explained previously, Cinicioglu and Abadkon [30] formula is used for cal-
culating the dilation angle of samples with different pre-shear relative densities and
confinement pressures. The soil specific constants, a,, and m, should be determined
first in order to use this formula. For that purpose, CD triaxial test results are needed.

/
Theoretically, two points are enough to derive the tan, - Pi finear relationship, since
a
the influences of density and pressure on «,; are uncoupled. However in this study,
more tests were conducted to increase accuracy, thus the average values determined

were used.

tan I/Jp = Oy (%) + meD

Peak dilation angle value (¢,) for each triaxial test was calculated from the triaxial

test data using Schanz and Vermeer [29] equation:

This equation allows the calculation of the dilation angle at any instance during
the shearing phase. Peak dilation angle is the peak value of the moving average trend
line on the dilation angle- axial strain graph (Figure 4.1).

Care must be taken while deciding on the peak dilation angle value since pinpointing
the accurate peak point on the average trend line can be difficult.

The ay, and my, constant values for Akpinar sand were previously determined by Al-
tunbas [75] with the exact same method and apparatus.

The final resultant values for Akpinar sand were:

ay = —0.0662
my = 0.64
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Figure 4.1. Example Dilation Angle-Axial Strain Diagram.

4.2.1. Sile Sand Triaxial Test Results

CD triaxal tests were conducted on 7 Sile sand samples with differing combina-

tions of pre-shear confinement pressure (p}) and relative density (Ip) (Table 4.5). The

Table 4.5. Sile Sand Triaxial Testing.

Test No | o'y (kPa) | p/;(kPa) | Ip | Ko
1 100 63.1 0.61 | 0.446
2 100 69.7 0.54 | 0.545
3 100 66.1 0.5 | 0.492
4 200 107.4 0.5 | 0.305
) 250 153.1 0.96 | 0.419
6 150 90.5 0.58 | 0.405
7 250 118.1 0.73 | 0.270

final resultant values for Sile sand were:

ay, = —0.3191
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The validity of the calculated average oy, and m, values were tested knowing
that the tangent of dilation angles calculated directly from triaxial test results should

be equal to the tangent of dilation angle calculated from Cinicioglu and Abadkon [30]

formula.
Sile Sand
s ‘
T
8 [ +
L
3
- L
o *
&
0 | | 1
0
Mesured tan

Figure 4.2. Sile sand tan, calculated with Schanz and Vermeer [29] relationship -
tan v, calculated with Cinicioglu and Abadkon [30] relationship.

As shown in Figure 4.2, the points slide slightly from the x = y line. The divergence
may be because of minor errors in testing procedure, especially errors in measuring

the relative densities since dry sand samples are so sensitive to any motion or even a

seldom impact.

It is known that there is a linear relationship between peak friction angle and peak

dilation angle values of each sand type.

Peak friction angle is calculated using triaxial test outcome according to Coulomb’s
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model:

sin ¢, = & (4.1)

where (0'1),, and (0'3),, are stress values at the peak strength point of the specimen.
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Figure 4.3. Linear relationship between peak friction angle and peak dilation angle of

Sile sand.

The zero intercept of this line (Figure 4.3) corresponds to critical state friction angle
where the dilation angle is zero. Critical state friction angle is 33.7 degrees for Sile
sand.

Loose sand samples may have zero dilation angle which means their peak friction angle

is equal to their critical state friction angle.

4.2.2. Kilyos Sand Triaxial Test Results

CD triaxal tests were conducted on 7 Kilyos sand samples with differing combi-

nations of pre-shear confinement pressure (p;) and relative density (Ip) (Table 4.6).



Table 4.6. Kilyos Sand Triaxial Testing.

Test No | o'y (kPa) | p/;(kPa) | Ip | Ko
1 150 94.3 0.66 | 0.441
2 250 185 0.39 | 0.610
3 300 160.3 0.45 | 0.299
4 200 128.5 0.51 | 0.467
) 225 120.6 0.39 | 0.294
6 250 133.4 0.48 | 0.298
7 200 135.7 0.69 | 0.518

The final resultant values for Sile sand were:

ay = —0.00172
my, = 0.5896

52

As shown in Figure 4.4, the points slide slightly from the x=y line. The results are

acceptable since the divergence is not so severe.

Deriving the linear relationship between peak friction angle and peak dilation angle

values ofor Kilyos sand, it can be seen that the critical state friction angle for this sand

type is 31.2 degrees (Figure 4.5).
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Figure 4.4. Kilyos sand tan ), calculated with Schanz and Vermeer [29] relationship -

tan ¢, calculated with Cinicioglu and Abadkon [30] relationship.
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Figure 4.5. Linear relationship between peak friction angle and peak dilation angle of

Kilyos sand.
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4.3. Cyclic Simple Shear Test

Cyclic simple shear tests were conducted on sand samples with differing relative
densities under each of the 4 Stress Ratio Amplitude (SRA) and Cyclic Period (CP)

combinations below.

Table 4.7. SRA and CP Combinations.

Combination | SRA | CP (sec)
1 0.3 1
2 0.3 2
3 0.2 1
4 0.2 2

Each of Akpinar and Sile sand samples were consolidated under 50 kPa and 100
kpa vertical stresses. Kilyos sand samples were also tested with 150 kpa consolidation
pressure, other than 50 kPa and 100 kPa, in order to investigate the effect of consoli-
dation pressure more clearly.

Samples were assumed liquefied when the generated hypothetical excess pore water
pressure became equal to initial vertical stress. The number of loading cycles at which
the samples liquefy (NCL) were obtained using graphs provided by the software. As
shown in Figure 4.6, the CSS test software provides shear strain, shear stress and excess
pressure graphs depending on the number of loading cycles.

The dilation angles of the CSS samples were calculated using the empirical equation
proposed by Cinicioglu and Abadkon [30] (Equation 2.27). Dilatancy constants o, and
m,, used in the dilatancy equation were calculated using triaxial tests.

Relative density (Ip) of each CSS sample was calculated as follows:

Iy = _Cmer 7€ (4.2)

Emaz + Emin

where e,,;, and €,,,, are maximum and minimum void ratios of the sand, determined

according to ASTM D-4253and ASTM D-4254 standards, and e is void ratio of sample



SHEAR STRAIN, %

SHEAR STRESS, kPa

EXCESS PRESSURE, kPa

30

N
<

Q

o

20

150

100

50

25

] Iy [} Jlllrl“. I ;

i aadih “h

——v LA T v M AT G Ly WY ""'"”I%""H' Li L KL "I. + . C

] | ;
T T T TT T T T T T T T TT T T TT T T T T T T T T T T TT T T[T 1T T T

Q 10 20 30 40 50 60 70 80 90 100 1o 120

1 L | B

F I T |

T

LRI B R

] L i
T 17T T TT TTTT T T 1T TTrTT TTTT TTUTT T TT T TT T TTT TTTT T 1T N

0 10 20 30 40 50 60 70 80 80 100 110 120
111t f 11t f 111 N 141 11 1111 1t 11 N i ] 1t 11 b | | |

Ll

\

T T
T T T T

T

T T T 1

rrryrvrrrryrrrryprrrryprrroryrrrryrrrryrrrryrrrryrrorryroTrTd

10 20 30 40 50 60 70 80 80 100 110 120
CYCLE
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which is determined using the equation below:

G sV
Vs

e =

1 (4.3)

where 7, is the unit weight of water, G is the sand specific gravity and -, is the dry

unit weight of sample calculated as:

W
V

Vs =

where Wy is the dry weight and V' is the volume of the specimen.

In order to calculate p} , Ky value is needed since cyclic simple shear samples are
consolidated under K, conditions. For that purpose, the relationship between Ky and
relative density values were derived from previous retaining wall model tests conducted

on Akpinar [75] sand and triaxial test results conducted on Sile and Kilyos sands.

Relative Density-Ko
655 1 y = -0.3058x + 0.3624
0.3 1 ¢ R?=0.9556
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Figure 4.7. Relative Density- K, Relationship for Akpinar Sand.
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Figure 4.8. Relative Density- K, Relationship for Kilyos Sand.
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Figure 4.9. Relative Density- K, Relationship for Sile Sand.

Table 4.8. Equations Used to Calculate K for CSS samples.

Sand Type Ip-Ky Relationship

Akpinar Ky = —0.30581p + 0.3624

Kilyos Ky = —0.82131p + 0.9552
Sile Ky = —0.41191p + 0.6307
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4.3.1. Akpinar Sand CSS Test Results

Dry sand samples were prepared using air pluviation method. The radial strain is
zero in CSS samples since they are confined with teflon rings. Additionally the weight
of the samples were kept constant, so the relative density depends only on sample
height. Variations in relative density would change K|, value, and accordingly affects
the confinement pressure. As a result of the changes in relative density and confinement

pressure, dilation angle value would change from sample to sample. It is known that

Table 4.9. Akpinar CSS Test Results for 50 Kpa Consolidation Pressure.

Sample No | Ip | ¢, | SRA | CP(sec) | NCL
1 045154 | 0.2 1 176
2 022 72 | 0.2 1 49
3 033 | 11.1 | 0.2 1 126
4 0.43 | 145 | 0.2 1 180
) 0.25 | 84 0.2 1 69
6 0.32 |1 10.5 | 0.2 1 95
7 0.38 | 12.8 | 0.2 1 141
8 029 9.6 | 0.2 2 62
9 0.18 | 5.7 | 0.2 2 32
10 0.37 | 125 | 0.2 2 69
11 0.46 | 15.8 | 0.2 2 100
12 0.49 | 16.6 | 0.2 2 103
13 043 | 145 | 0.2 2 96
14 0.17 | 5.1 0.2 2 23
15 024 | 7.7 0.2 2 34
16 0.16 | 5.0 | 0.3 1 11
17 0.38 1 129 | 0.3 1 20
18 0.31 ] 10.5 | 0.3 1 17
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Table 4.9. Akpinar CSS Test Results for 50 Kpa Consolidation Pressure (cont).

Sample No | Ip | ¢, | SRA | CP(sec) | NCL
19 0.50 | 17.1 | 0.3 1 35
20 0291 9.6 | 0.3 1 15
21 0.21] 6.9 0.3 1 11
22 023 73 | 0.3 2 7
23 0.30 | 10.1 | 0.3 2 8
24 043 1146 | 0.3 2 9
25 0.68 | 229 | 0.3 2 21
26 0.49 | 16.7 | 0.3 2 12
27 0.64 | 21.7 | 0.3 2 19
28 0.6220.8 | 0.3 2 18

liquefaction is dependent on both relative density and confinement pressure values of
the sample [46]. Cinicioglu and Abadkon [30] equation relates these two parameters to
dilation angle value. So dilation angle is a better indicator when studying liquefaction
susceptibility, since it takes both parameters into account.

As shown in the Figure 4.10, liquefaction susceptibility decreases following linear re-
lationship, as the dilation angle increases. This increase in liquefaction resistance is
expectedly the general behavior regardless of the loading condition (stress ratio ampli-

tude, cyclic shear stress, cyclic period, etc).
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For the two loading conditions with the same SRA and differing CPs, (Figure 4.10, a
and b, ¢ and d) the increase in liquefaction resistance with increase in dilation angle
is much higher (almost 2.3 times) for the smaller cyclic period (1 sec). It means that
under loading condition with lower cyclic periods, the liquefaction resistance is much
more dependent of the value of dilation angle. Also, for the two loading condition with
the same cyclic period and differing SRAs (Figure 4.10, a and ¢, b and d), the increase

in liquefaction resistance with increase in dilation angle is again higher (almost 2.2

times) for the smaller SRA (0.2).

SRA=0.2 SRA=0.3
CP=1 Sec CP=1 Sec
200 - 40
180 - 3 35 L g
160 -
140 - 30
120 - 25
o 100 - o 20 L 2
Z a0 Z2 y=109.16x - 1.8684
60 - y=908.34x - 64.581 . R? = 0.9105
10 - R?=0.9744 10
20 5
O T T 1 O T T T 1
0 0.1 0.2 0.3 0.1 0.2 0.3 0.4
tan yp tan yp
(a) (c)
SRA=0.2 SRA=0.3
CP=2 Sec CP=2 Sec
120 1 25
100 56 &
80 -
15
g 60 - d _ )
2 y=390.67x-11.175 S 1 * i 422.2—33);2161174
40 - R? = 0.9723 * e
L J
20 - 5
O T T T 1 0 L L 1
0 0.1 0.2 0.3 0.4 0.2 0.4 0.6
tan Yp(b) tan ¢p
(d)

Figure 4.10. Akpinar tan,- NCL (Consolidation pressure= 50 kpa).




61

For Akpinar sand samples consolidated under 100 kPa, for the two loading conditions
with the same SRA and differing CPs, (Figure 4.11, a and b, ¢ and d) the increase
in liquefaction resistance with increase in dilation angle is again higher for the smaller
CP (1 sec). Also, for the two loading conditions with the same CP and differing SRAs
(Figure 4.11, a and ¢, b and d), the increase in liquefaction resistance with increase
in dilation angle is higher for the smaller SRA (0.2). Even though comparing a and b
with ¢ and d, as well a and ¢ with b and d , does not result in a similar ratio in samples

with 100 kPa vertical stress.

SRA=0.2 SRA=0.3
CP=1 Sec CP=1 Sec
250 - 70 -
200 - 60 1 g
50 -
150 - 40 -
— —
O = 30 -
Z 100 - y = 629.65x - 3.6085 z ¢ =193.01x-5.7795
R?2=0.9658 20 -+ R2 =0.8604
50 - ®
10 -
0 . : : . 0 : . . )
0 0.1 0.2 03 0.4 0 0.1 0.2 0.3 0.4
tan Yp tan Yp
(a) (c)
SRA=0.2 SRA=0.3
CP=2 Sec CP=2 Sec
140 - 25
L
120 -
0 20 - b 4
100 -
80 - ® 15 1
— —
(&) 60 - (&}
z y =401.54x - 9.3235 Z 10 %
40 - R2 = 0.9069 y =87.536x-4.9574
* 5 - R?=0.9742
20 - @
O T T T 1 0 T T 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3
tan Yp tan Yp
(b) (d)

Figure 4.11. Akpinar tan,- NCL (Consolidation pressure= 100 kpa).



Table 4.10. Akpinar CSS Test Results for 100 Kpa Consolidation Pressure.

Sample No | Ip | ¢, | SRA | CP(sec) | NCL
1 0.18 | 4.7 0.2 1 46
2 029 | 87 | 0.2 1 106
3 0.53 173 | 0.2 1 189
4 0.27] 7.9 0.2 1 70
5 029 | 87 | 0.2 1 95
6 0.36 | 11.4 | 0.2 1 129
7 025 74 | 0.2 2 34
8 0.35 109 | 0.2 2 61
9 0.52 169 | 0.2 2 126
10 0.15| 3.5 0.2 2 31
11 0.42 | 13.5 | 0.2 2 81
12 0.27 | 7.8 0.2 2 40
13 0.33110.1 | 0.3 1 31
14 0.19 | 4.9 0.3 1 15
15 0.40 | 12.6 | 0.3 1 28
16 054 | 175 | 0.3 1 60
17 0.44 1139 | 0.3 1 35
18 0.51 | 16.6 | 0.3 1 o7
19 032 ] 9.9 0.3 2 9
20 0.19 | 5.1 0.3 2 4
21 0.36 | 11.4 | 0.3 2 12
22 049 | 159 | 0.3 2 21
23 0.42 | 135 | 0.3 2 16
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4.3.2. Sile Sand CSS Test Results
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CSS tests were conducted on dry Sile sand samples with the same SRA (0.2 and
0.3) and CP (1 and 2 sec) combinations, under both 50 kPa and 100 kPa vertical

pressure. The test results are as follows:

Table 4.11. Sile CSS Test Results for 50 Kpa Consolidation Pressure.

Sample No | Ip Y, | SRA | CP(sec) | NCL
1 030 | 7.5 0.2 1 56
2 0.52 | 16.9 0.2 1 268
3 0.50 | 16.05 | 0.2 1 219
4 0.46 | 14.1 0.2 1 177
) 0.35] 9.8 0.2 1 121
6 054 | 17.8 | 0.2 1 288
7 0.31 | 8.0 0.2 2 25
8 034 94 0.2 2 32
9 029 | 71 0.2 2 17
10 0.42 | 12.7 | 0.2 2 84
11 0.35 | 9.8 0.2 2 46
12 049 | 15.7 | 0.2 2 120
13 0.36 | 10.3 | 0.2 2 93
14 0.21 | 3.8 0.3 1 10
15 030 | 7.6 0.3 1 11
16 033 | 89 0.3 1 15
17 0471 15.0 | 0.3 1 27
18 0.44 | 134 0.3 1 25
19 0.45 | 14.0 0.3 1 20
20 0.71 ] 24.1 0.3 1 37




Table 4.11. Sile CSS Test Results for 50 Kpa Consolidation Pressure (cont).
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Sample No | Ip | ¢, | SRA | CP(sec) | NCL
21 039 11.7] 0.3 2 9
22 029 74 0.3 2 7
23 0.52]16.8| 0.3 2 13
24 0371105 0.3 2 9
25 0.69 | 23.1] 0.3 2 18
26 0471149 0.3 2 11
SRA=0.2 SRA=0.3
CP=1 Sec CP=1 Sec
350 - 40
300 - . 35
250 - 30 -
200 25 - *
o 15 o 20 ®  y=76.378x + 3.6959
=z T vy =1150x - 93.661 £ 15 R? = 0.9342
100 - R® = 0.9695 10 -
50 -~ 5 4
0 ' . ' . 0 . ; .
0 0.1 0.2 0.3 0.4 0 0.2 0.4 0.6
tan yp tan Yp
(a) (c)
SRA=0.2 SRA=0.3
CP=2 Sec CP=2 Sec
140 - 20 -
120 - 18 1
16 -
100 - 14 -
80 12 1
2 . g 10 y=37.331x+1.7256
= y = 679.02x - 71.597 = B9 R? = 0.9865
40 R?=0.9871 6
4 -
20 - 2%
0 . r . 0 r r )
0 0.1 0.2 0.3 0 0.2 0.4 0.6
tan Yp(b) tan Jip
(d)

Figure 4.12. Sile tan,- NCL (Consolidation pressure= 50 kpa).



Table 4.12. Sile CSS Test Results for 100 Kpa Consolidation Pressure.

Sample No | Ip | ¢, | SRA | CP(sec) | NCL
1 0.36 | 3.5 0.2 1 117
2 0.46 | 7.9 0.2 1 191
3 0.31 ] 1.1 0.2 1 90
4 0.34 | 2.5 0.2 1 105
5 0.3 | 0.5 0.2 1 94
6 0.39 | 4.7 0.2 1 182
7 031 1.2 0.2 2 44
8 0.47 | 8.2 0.2 2 81
9 0.34 | 2.5 0.2 2 62
10 0.32 | 1.5 0.2 2 46
11 0.54 | 114 | 0.2 2 117
12 0.39 | 4.9 0.2 2 75
13 034 ] 2.3 0.3 1 17
14 0.51 | 10.0 | 0.3 1 42
15 034 ] 2.5 0.3 1 20
16 044 | 7.1 0.3 1 29
17 030 06 | 0.3 1 22
18 0.58 | 13.3 | 0.3 1 33
19 0.31] 0.9 0.3 2 11
20 0.38 | 4.2 0.3 2 13
21 0.52 | 10.8 | 0.3 2 24
22 0.35| 2.9 0.3 2 11
23 039 47 | 0.3 2 15
24 0.54 | 11.5 | 0.3 2 31
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For Sile samples consolidated under either 50 kPa (Figure 4.12) or 100 kPa(Figure

4.13), for the two loading conditions with the same SRA and differing CPs, the increase

in liquefaction resistance with increase in dilation angle is higher for the smaller CP

(1 sec). Also, for the two loading condition with the same CP and differing SRA,

the increase in liquefaction resistance with increase

smaller SRA (0.2).

in dilation angle is higher for the

SRA=0.2 SRA=0.3
CP=1 Sec CP=1 Sec
250 - 60 -
4
200 - 30 1
40 -
150 -
=] — 30 - _
2 10 A ¢ y=87472x+78.143 S L 1?5"_23"9"2;:'324
R?=0.8471 20 |® =0
50 - —
0 ; ; ) 0 . ; .
0 0.05 0.1 0.15 0 0.1 0.2 0.3
tan ¢p tan Yp
(a) (c)
SRA=0.2 SRA=0.3
CP=2 Sec CP=2 Sec
140 - 35 -
120 - 30 - ¢
100 25 74
80 - * 20 -
-l -]
S 60 y = 361.65x + 39.235 S 15 y =102.12x+7.009
R? = 0.9405 . R2=0.921
40 10 +
20 5 -
0 ; ; . 0 . . .
0 0.1 0.2 0.3 0 0.1 0.2 0.3
tan Yp(b) tan Yp
(d)

Figure 4.13. Sile tan,- NCL (Consolidation pressure= 100 kpa).

4.3.3. Kilyos Sand CSS Test Results

CSS tests were conducted on dry Kilyos sand samples too, with the same SRA
(0.2 and 0.3) and CP (1 and 2 sec) combinations, under both 50 kPa and 100 kPa ver-
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tical pressure. In order to observe the effect of applied consolidation pressure, Kilyos

sand was also tested under 150 kPa vertical stress, with the same SRA (0.2 and 0.3)

and CP (1 and 2 sec) combinations.

Table 4.13. Kilyos CSS Test Results for 50 Kpa Consolidation Pressure.

Sample No | Ip | ¢, | SRA | CP(sec) | NCL
1 030 9.9 | 0.2 1 69
2 0.36 | 12.1 | 0.2 1 367
3 0.40 | 12.2 | 0.2 1 285
4 049 16.1 | 0.2 1 991
) 0.45 | 14.7 | 0.2 1 709
6 0.41 | 13.5 | 0.2 1 5985
7 0.33 1109 | 0.2 2 126
8 0.41 | 13.5 | 0.2 2 253
9 0.45 | 14.7 | 0.2 2 345
10 0.36 | 11.8 | 0.2 2 140
11 037|124 | 0.2 2 169
12 0.26 | 8.6 0.2 2 74
13 0.35 | 11.8 | 0.3 1 27
14 0.35 ]| 11.8 | 0.3 1 27
15 0.32 1 10.6 | 0.3 1 17
16 0.30 | 10.2 | 0.3 1 17
17 043142 | 0.3 1 71
18 043 142 | 0.3 1 71
19 0.50 | 16.4 | 0.3 1 72
20 033 | 11.1 | 0.3 2 13




Table 4.13. Kilyos CSS Test Results for 50 Kpa Consolidation Pressure (cont).
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Sample No | Ip | ¢, | SRA | CP(sec) | NCL
21 0.39 | 13.1 ] 0.3 2 29
22 043 |14.1 | 0.3 2 42
23 0.36 | 11.9 | 0.3 2 20
24 0.50 | 16.5 ] 0.3 2 110
25 0.46 | 15.3 | 0.3 2 76
26 037124 0.3 2 30
SRA=0.2 SRA=0.3
CP=1 Sec CP=1 Sec
1200 - 90 -
80
1000 - 20 ?
y = 8168.3x - 1404.4 y =539.02x - 80.26
800 + R2=0.9774 gg 1 R? = 0.9054
Czl’ 600 - g 20
400 - 30 -
20 -
200 - 10
0 . . . . 0 . . . .
0 0.1 0.2 03 0.4 0 0.1 0.2 0.3 0.4
tan yp tan yp
(a) (c)
SRA=0.2 SRA=0.3
CP=2 Sec CP=2 Sec
400 - 120 -
350 - . 100 ¢
300 - y=947.19x - 181.84
250 y =2398.8x - 326.48 80 R” =0.9269
R? = 0.8863
3 200 - g 60 -
Z 150 - Z 0 .
100 -
50 - 9 20 1
0 T T 1 0 T T T 1
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0.4
tan Yp(b) tan Yp
(d)

Figure 4.14. Kilyos tani,- NCL (Consolidation pressure= 50 kpa).



Table 4.14. Kilyos CSS Test Results for 100 Kpa Consolidation Pressure.

Sample No | Ip | ¢, | SRA | CP(sec) | NCL
1 0.22 | 7.2 0.2 1 285
2 0.18 | 6.1 0.2 1 180
3 0.21 | 6.9 0.2 1 267
4 0.15 | 5.1 0.2 1 105
5} 0.23 | 7.6 0.2 1 310
6 0.29 | 9.6 0.2 1 417
7 0.18 | 6.0 0.2 2 103
8 0.22 | 7.2 0.2 2 151
9 035|116 | 0.2 2 318
10 0.28 | 9.3 0.2 2 268
11 0.45 | 14.8 | 0.2 2 510
12 0.51 | 16.8 | 0.2 2 525
13 0.30 | 9.9 0.3 1 54
14 0.36 | 12.1 | 0.3 1 68
15 0.13 | 4.3 0.3 1 15
16 0.20 | 6.8 0.3 1 34
17 0.32 | 10.7 | 0.3 1 55
18 0.23 | 7.6 0.3 1 38
19 0.20 | 6.5 0.3 2 44
20 0.23| 7.8 0.3 2 51
21 0.28 | 9.3 0.3 2 66
22 045|148 | 0.3 2 175
23 0.36 | 12.1 | 0.3 2 116
24 0.36 | 12.1 | 0.3 2 116
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Figure 4.15. Kilyos tan,- NC'L (Consolidation pressure= 100 kpa).



Table 4.15. Kilyos CSS Test Results for 150 Kpa Consolidation Pressure.

Sample No | Ip | ¢, | SRA | CP(sec) | NCL
1 0.30 | 9.9 0.2 1 253
2 0.24 | 8.1 0.2 1 321
3 041 ] 135 | 0.2 1 572
4 0.22 | 7.3 0.2 1 192
) 0.35 | 11.7 | 0.2 1 488
6 0.50 | 16.4 | 0.2 1 867
7 0.22] 7.1 0.2 2 164
8 0.30 | 10.1 | 0.2 2 242
9 0.28 | 9.2 0.2 2 243
10 0.39 | 128 | 0.2 2 322
12 0.53 | 172 0.2 2 700
13 0.49 | 16.0 | 0.2 2 581
14 0.42 |1 13.9 | 0.2 2 417
15 0.19 | 6.5 0.3 1 36
16 0.39 | 128 | 0.3 1 130
17 0.34 | 11.1 | 0.3 1 101
18 0.42 | 13.7 | 0.3 1 141
19 0.26 | 85 | 0.3 1 78
20 0.32 |1 10.7 | 0.3 1 85
21 0.30 | 9.9 0.3 2 37
22 0.33 | 10.9 | 0.3 2 65
23 041|135 ] 0.3 2 105
24 0.26 | 8.7 0.3 2 32
25 0.46 | 15.1 | 0.3 2 133
26 0.36 | 12.0 | 0.3 2 o7
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Figure 4.16. Kilyos tan,- NCL (Consolidation pressure= 150 kpa).
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Kilyos sand shows the same behavior as Akpinar and Sile sand in almost all cases.
For the two loading conditions with the same SRA and differing CPs, the increase in
liquefaction resistance with increase in dilation angle is higher for the smaller CP. Also,
for the two loading condition with the same CP and differing SRAs, the increase in
liquefaction resistance with increase in dilation angle is higher for the smaller SRA.
Unless for samples loaded under 150 kPa vertical pressure, where the line slope for sam-
ples with same SRA and differing CPs slightly increases with increase in CP. However,
still the number of cycles to liquefy for samples with equal dilation angle is greater for
loading combination with lower cyclic period.

All in all according to test results, the dilation angle-liquefaction susceptibility rela-
tionship is clearly dependent on factors like stress ratio amplitude, cyclic period, and
basic characteristics of sands like their shape factor parameters. The experimental

results will be thoroughly studied in the next chapter.
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5. DISCUSSION

In the previous chapter, the data obtained from all test tests were given. Tthe

following lists the summary of the results that can be viewed in the previous chapter:

(i) Average circularity and roundness values for each of three sand type.

(ii) Cinicioglu and Abadkon [30] relationships needed to calculate test samples’ dila-
tion angles based on the pre-shear relative density and confinement pressure.

(iii) Critical state friction angles of all sand types.

(iv) Peak dilation angle of each cyclic simple shear test specimen calculated using
Cinicioglu and Abadkon [30] relationship.

(v) Results of CSS tests for 4-different combinations of Stress Ratio Amplitude and
Cyclic Period, conducted on specimens consolidated under 50 Kpa, 100 Kpa or
150 kPa vertical pressure.

(vi) Number of cycles needed for each specimen to liquefy.

In this chapter, test results of three sand types will be investigated and compared
to each other to observe their differences and to understand the potential underlying
causes of these differences. First the influence of particle shapes on friction angle will
be observed in order to see if the results coincide with previous studies. Then the effects
of shape factors on «, and my values of the relationship purposed by Cinicioglu and
Abadkon [30] will be discussed. Next, influence of dilatancy on liquefaction resistance
will be investigated. For this purpose, dilatancy angle-number of cycles to liquefy
(NCL) relationships for all three sand types will be shown. These relationships are
plotted for tests that have the same stress ratio amplitude (SRA) and cyclic period
(CP). Then, obtained relationships will be investigated to observe the possible influence
of particle shapes on the behavior. A normalizing method will be purposed in order
to eliminate the effect of vertical stress on liquefaction susceptibility criteria. Finally,
using the normalized number of cycles to liquefy (NNCL), dilatancy angle-(NNCL)
relationships will be plotted. These relationships are plotted for tests that have either
the same SRA, to see the CP influence, or have the same CP, to see the SRA influence.
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5.1. Influence of Particle Shape on Critical State Friction Angle

Cho et al. [35] investigated an immense database derived out of new experimental
data and data from previously published studies. They concluded that critical state
friction angle (¢.s) increases with the increasing angularity.

Sand types studied in this thesis show the same behavior(Table 5.1). However, the
difference in the friction angle values is are slight, which is expectable considering that

the differences in shape factors are relatively small.

Table 5.1. Circularity, Roundness and Critical State Friction Angle of Sand Types.

Sand Type | Circularity | Roundness | ¢,
Sile 0.674 0.725 33.7
Akpinar 0.716 0.728 31.2

Kilyos 0.743 0.759 31

Influence of Circularity
34 -
Q
& 335 .
<
§ 33 @ Sile
E W Akpinar
I 325 Kilyos
g
g 2
[%,]
T 315
£ [ |
S
30.5 ; .
0.65 0.7 0.75
Average Circularity

Figure 5.1. Influence of Circularity on Critical State Friction Angle.
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Influence of Roundness
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Figure 5.2. Influence of Roundness on Critical State Friction Angle.

5.2. Influence of Shape Factor on Dilatancy Angle

The influence of shape factors on dilatancy angle has received wide attention in
recent years. Alshibli and Alsaleh [34] found that as the surface roughness increases,
the friction and dilatancy angles of the sands also increase. Cho et al. [35] determined

that a decrease in sphericity and/or roundness leads to , increase in ¢, and increase

in the critical state line intercept. Guo and Su [36] determined that particle angu-
larity has a significant influence on the peak friction angle and dilatancy. However,
the empirical equation proposed by Cinicioglu and Abadkon [30] is a new method that
allows the calculation of dilatancy angle as a function of in-situ relative density Ip and

confinement pressure p’;,. Thus, using this equation with the results from three differ-

ent sand types, the effect of particle shape on dilation angle is investigated in this study.

As shown in Table 5.2, absolute ay, values decrease as the particle circularity and
roundness increase. Likewise, m,, values decrease as the particle circularity and round-

ness increase.



Table 5.2. Circularity, Roundness, o, and m, of Sand Types.

Sand Type | Circularity | Roundness Qv My
Sile 0.674 0.725 -0.319 | 0.72
Akpinar 0.716 0.728 -0.066 | 0.64
Kilyos 0.743 0.759 -0.0017 | 0.59
0.05 - 0.05 -
0 ; . ; o—— 0 - .
005056 068 07 0727074 076 0.050.72 076 077
0.1 - 0.1 -
3 -0.15 - 3 015 -
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03 1 0.3 9 y=-2.921x + 2.8037
0.2 1 02+ R?=0.7031
0.1 - 0.1 -
0 T T T T 1 O T T T T 1
066 068 07 072 074 076 072 073 074 075 076 0.77
Circularity Roundness

7

Figure 5.3. Influence of Particle Circularity and Roundness on ay, and m,, values.

Graphs in Figure 5.3 show that there is a linear relationship between circularity values

and the constant values, o, and m,. However the relationship between roundness

values and the constant values is not as well-defined. Further investigation on more

sand types is needed in order to derive a probable correlation between shape factors

(circularity and roundness) and dilation angle equation constant values (avy, and my).
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5.3. Influence of Vertical Pressure on Liquefaction Susceptibility

As mentioned before, Kilyos sand samples were tested with different combina-
tions of stress ratio amplitude and cyclic period. These samples were prepared by
consolidating under different vertical stresses (50 kPa, 100 kPa and 150 kPa), in order
to observe the effect of applied vertical stress on liquefaction resistance.

The most suitable way of examining the influence of one variable on behavior is to vary
that variable while keeping all the other influential variables constant between tests.
While the influence of vertical pressure on the ,-NCL relationship is examined, it
necessary to quantify the 1,- NCL relationship for different vertical stress magnitudes.
Other variables (shear stress and frequency of loading) are kept constant.

At our disposal, there are two sets which can be used to analyze the influence of verti-
cal stress on liquefaction resistance with the intended procedure. The first set of tests
are conducted under 100 kPa vertical stress with 0.3 stress ratio amplitude, and the
second set contains tests that conducted under 150 kPa vertical stress with 0.2 stress
ratio amplitude. As a result, both sets contain tests that were conducted with 30kPa
as the initial shear stress (ignoring the fact that, the initial magnitude of shear stress
varies throughout the test to keep the stress ratio constant). The initial expectation
here is to see that for the same shear stress magnitude, the results would yield the

same 1,-NCL relationships even though the applied vertical stresses are different

Initial Cyclic Shear Stress = 30 kPa, CP= 1 sec
1222 ] y=4374.1x-35629 o ¢ 100kPa
R2=0.7733 (] B 150kPa
800 -
700 -
600 -
O 500 4
Z 40
300 -
200 - y =1222.2x - 89.237
100 4 / R?=0.7846
0 . —9 . ‘ , ‘
0 005 01 015 02 025 03 035
tan Yp

Figure 5.4. Kilyos tan,-NCL Relationship, Initial Shear Stress=30 kPa, CP=1 sec.
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Initial Cyclic Shear Stress = 30 kPa, CP= 2 sec

800 4 ¢ 100kPa

700 4 y =2797.4x - 229.72 | B 150kPa
600 - R2=0.9297

500 o

NCL

400 -
300 + y=1517.1x - 158.71

200 - R?=0.8195

100 - *
° £
0 , , : , ‘ ‘ )
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
tan Yp

Figure 5.5. Kilyos tan,-NCL Relationship, Initial Shear Stress=30 kPa, CP=2 sec.

As can be seen in Figures 5.4 and 5.5, even for the same dilation angle, which encom-
passes the effect of relative density and confinement pressure, and initial cyclic shear
stress, the results show a considerable discrepancy in the number of cycles needed for
the sample to liquefy. That is because although dilation angle does include the effect of
confinement pressure, the excess pore water pressure that should be generated in each
specimen for effective vertical stress to become zero is different for each loading condi-
tion. In the samples vertically loaded up to 100 kPa, 100 kPa excess PWP should be
generate whereas in the ones loaded up to 150 kPa this excess PWP is 150 kPa. Thus,
for samples that have the same peak dilatancy angle, stress ratio amplitude control
liquefaction resistance. For two samples with the same v, the one with the greater
SRA requires less number of cycles to reach initial liquefaction.

To eliminate this diversity, the numbers of cycles for the specimen to liquefy were
normalized with respect to the vertical stress applied on them. The applied vertical
stress values were also normalized with respect to atmospheric pressure. Having both
confinement pressure value in dilation angle formula and the vertical stress normalized
with respect to the atmospheric pressure, the relationship is unit-independent.

Normalized number of cycles to liquefy (NNCL) is defined as:

Number of Cycles to Liquefy

Vertical Stress
Atmospheric Pressure

NNCL =

(5.1)
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L 4
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Figure 5.6. Kilyos tan,-NNCL Relationship, Initial Shear Stress=30 kPa, CP=1

sec.
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Figure 5.7. Kilyos tan,-NNCL Relationship, Initial Shear Stress=30 kPa, CP=2

secC.
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As shown in Figures 5.6 and 5.7, there is a single linear relationship between dilation
angle and normalized number of cycles to liquefy (NNCL) depending on cyclic shear
stress and cyclic period. This property can be used to compare the liquefaction poten-
tial of soil samples under different consolidation pressures, according to their dilation
angle. However further investigation is needed to see the effect of over consolidation
ratio on the relationship since in this study all the specimens were normally consoli-

dated.

5.4. Liquefaction Potential of Sands with Regard to Dilation angle

CSS tests were conducted on normally consolidated sand samples. All three sand
types were consolidated under 50 kPa and 100 kPa vertical pressure. Comparing the
dilation angle - liquefaction susceptibility relationship of different sands with the same

consolidation pressure will show the effect of shape factors on this relationship.

SRA=0.2
1200 - CP=1sec

1000 -

800 - & Akpinar
| Sile

600 - Kilyos

NCL

400 -

200 -

0 0.1 0.2 0.3 0.4
tan Yp

Figure 5.8. tan,-NNCL Relationships, Vertical Stress=50 kPa, SRA=0.2, CP=1

sec.
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SRA=0.2
400 1 CP=2sec
350 -

=l & Akpinar

250 - | Sile

200 - Kilyos

NCL

150 +
100 -
50 -

0 0.1 0.2 03 0.4
tan Yp

Figure 5.9. tan,-NNCL Relationships, Vertical Stress=50 kPa, SRA=0.2, CP=2

sec.

According to the provided graphs, for the same dilation angle values in Sile and
Akpinar sands, the liquefaction resistance is mainly similar, however in some loading
combinations the number of cycles to liquefy are slightly higher for Sile sand, which
is expected because of the more angular particles. On the other hand, Kilyos sand
has significantly higher liquefaction resistance in all loading combinations. Neverthe-
less for the samples under same loading conditions we would expect the particles with
higher circularity and roundness to have higher liquefaction potential. This peculiarity
might have been caused by surface roughness or the mineral characteristics of Kilyos
sand, which were not considered in this study. Moreover, Ko values of Kilyos sand
are much greater than the other two sands. Therefore, confinement for Kilyos sand is
signifanctly greater compared to Akpinar and Sile sands. Thus, stress ratio amplitude,
when calculated as 1/7 is relatively lower in case of Kilyos sand, which possibly lead

(2
to seemingly greater liquefaction resistance.
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Figure 5.10. tan,-NNCL Relationships, Vertical Stress=50 kPa, SRA=0.3, CP=1

sec.
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Figure 5.11. tan,-N NCL Relationships, Vertical Stress=50 kPa, SRA=0.3, CP=2

sec.
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Figure 5.12. tan,-NNCL Relationships, Vertical Stress=100 kPa, SRA=0.2, CP=1

sec.
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Figure 5.13. tan,-N/NCL Relationships, Vertical Stress=100 kPa, SRA=0.2, CP=2

sec.
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Figure 5.14. tan,-NNCL Relationships, Vertical Stress=100 kPa, SRA=0.2, CP=2

sec.
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Figure 5.15. tan1,-NNCL Relationships, Vertical Stress=100 kPa, SRA=0.3, CP=1

sec.
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5.5. Influence of Stress Ratio Amplitude on Liquefaction Susceptibility

CSS tests were conducted on each of 3 sand types either with 1 or 2 seconds of
CP. For each CP value, tan,-NNCL relationships are plotted for both SRA values.
Plots for different SRAs are shown on the same graphs. The results show that tan,-
N NC'L relationships are dependent on the applied SRA regardless of the initial cyclic

shear stress value.

5.5.1. Akpinas Sand SRA Effect

Akpinar sand samples loaded with SRA=0.2 were loaded horizontally with either
10 kPa or 20 kPa initial cyclic shear stress (Figures 5.16 and 5.17, blue points), where
the initial cyclic shear stress applied on the samples with SRA=0.3 was either 15 kPA
or 30 kPa (Figures 5.16 and 5.17, red points). As it is clear in the graphs, for a con-
stant cyclic period and same dilation angle, NNCL is significantly higher for tests with
SRA=0.2.

Cyclic Period=1
400 -
350 4 Y=1669.8x-131.05 'S
R? = 0.8413 ® SRA=0.2
300 -
250 - B SRA=0.3
|
"z) 200 -
Z 50 y =149.16x + 3.8336
® o6 R2=0.799
100 -
50 - V'S
0 : : . .
0 0.1 0.2 0.3 0.4
tan Yp

Figure 5.16. Akpinar Sand SRA Effect on tan,-NNCL Relationships, CP=1 sec.
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Figure 5.17. Akpinar Sand SRA Effect on tan,-NNCL Relationships, CP=2 sec.

5.5.2. Sile Sand SRA Effect

Sile sand samples loaded with SRA=0.2 were loaded horizontally with either 10
kPa or 20 kPa initial cyclic shear stress (Figures 5.18 and 5.19, blue points), where the
initial cyclic shear stress applied to the samples with SRA=0.3 was either 15 kPa or
30 kPa (Figures 5.18 and 5.19, red points). Like in the case of Akpinar sand, in Sile
sand samples for a constant CP and same dilation angle, NNCL is significantly higher

for tests with SRA=0.2.
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Figure 5.18. Sile Sand SRA Effect on tan,-NNCL Relationships, CP=1 sec.
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Figure 5.19. Sile Sand SRA Effect on tan,-NNCL Relationships, CP=2 sec.
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5.5.3. Kilyos Sand SRA Effect

Kilyos sand samples loaded with SRA=0.2 were loaded horizontally with either
10 kPa, 20 kPa or 30 kPa initial cyclic shear stress (Figures 5.20 and 5.21, blue points),
where the initial cyclic shear stress applied to the samples with SRA=0.3 was either
15, 30 or 45 kPa (Figures 5.20 and 5.21,red points).

In section 5.3 it was shown that samples with 30 kPa cyclic shear stress lie on the
same line with respect to the cyclic period of loading. Here, it can be seen that sand
samples for a constant cyclic period and same dilation angle, NNCL is significantly

higher for tests with SRA=0.2 for Kilyos sand too.

Cyclic Period=1
800 -
700 4 y=2736.1x-111.37 *
600 - R#=0.737 ":. s & SRA=0.2
g %] B SRA=03
2 400 -
Z
300 - & P y=627.68x-55.286
200 - PV R?=0.7852
100 - le/-
O T T T 1
0 0.1 0.2 03 0.4
tan Yp

Figure 5.20. Kilyos Sand SRA Effect on tan,-NNCL Relationships, CP=1 sec.

It seems like there is a general behavior in all sand types with respect to stress ra-
tio amplitude when the loading cyclic period is kept constant. In the next section, this

effect will be numerically studied.
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Figure 5.21. Kilyos Sand SRA Effect on tan,-NNCL Relationships, CP=2 sec.

5.5.4. Comparing SRA Effects

In this study, in order to investigate the effect of SRA and compare this effect on
different sand types, normalized number of cycles to liquefy ratio for a specific cyclic

period was defined as:

_ NNCLforSRA =0.2

(NNCL)cp = NNCLforSRA =0.3

(5.2)

where CP refers to cyclic period, meaning that cyclic period should be kept constant
(either 1 sec or 2 sec).

Investigating the tan g - (NNCL)p for each specific cyclic period (1 and 2 sec) shows
that the effect of SRA either decreases or increases with increasing dilation angle,
depending on the sand type and cyclic period. However, the tanv, - (NNCL)p

variation slope tends to become zero with increase in dilation angle.



Table 5.3. Comparing SRA Effects for CP=1 sec.
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Sand Type | Line equation for SRA=0.2 | Line equation for SRA=0.3
Sile NNCL = 1468.4 tan, + 38.45 | NNCL = 129.5 tan, +12.87
Akpinar | NNCL = 1669.8 tan, — 131.05 | NNCL = 149.2 tant, +3.83
Kilyos NNCL = 2736.1 tan, -111.37 | NNCL = 627.6 tan, —55.28
Table 5.4. Comparing SRA Effects for CP=2 sec.
Sand Type | Line equation for SRA=0.2 | Line equation for SRA=0.3
Sile NNCL = 608.0 tan 1, +16.81 NNCL = 60.5 tan, +7.47
Akpinar NNCL = 744.3 tan, —32.15 NNCL = 103.85 tan 1,~5.99
Kilyos NNCL = 1832.1 tan, -103.44 | NNCL = 1035.2 tan, —139.1
Cyclic Period=1
18 -
16 -
14 -
o @ Akpinar
8 124
g et LI T L L e
E 8 ﬁ‘. Kilyos
6 - ""
8
24 @
*
0 . ; . . ; .
0 02 04 06 0.8 1 1.2 1.4
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Figure 5.22. tant, - (NNCL).p Relationships, CP=1 sec.
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Figure 5.23. tantan, - (NNCL).p Relationships, CP=2 sec.

The final (NNCL)p for Akpinar and Sile sands are almost identical. However
for both cyclic period values in Kilyos and, final (NNCL),p values are significantly

lower than this ratio for the other two sand types.

Furthermore, the certain dilation angle values, at which the slopes of above diagrams
become almost zero, are so similar for all three sand types, almost 16 degrees for cyclic
period = 1 sec and 20 degrees for cyclic period = 2 sec. The changes in (NNCL).p

are negligible after these dilation angles.
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5.6. Influence of Cyclic Period on Liquefaction Susceptibility

In the literature, the field results and laboratory results on the dependence of
liquefaction on frequency appear to be in conflict. On the one hand existing laboratory
results show little frequency-dependence of liquefaction [77] [78], on the other hand
in situ studies of seismically instrumented liquefaction sites show an association of
liquefaction with low-frequency ground motions [79].

In this study, CSS tests were conducted on specimens of 3 sand types with either 0.2
or 0.3 of stress ratio amplitudes. For each SRA value, all dilation angles and NNCLs
for all sand type were plotted on the same graph. The results show that the points

separate according to cyclic period values.

5.6.1. Akpinar Sand CP Effect

Akpinar sand samples loaded with SRA=0.2 were loaded horizontally with either
10 kPa or 20 kPa (Figures 5.24 and 5.25, blue points)initial cyclic shear stress, where
the initial cyclic shear stress applied to the samples with SRA=0.3 was either 15 kPa
or 30 kPa (Figures 5.24 and 5.25, red points).

Stress Ratio Amplitude=0.2
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O R?=0.8159
100 -
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NNCL

Figure 5.24. Akpinar Sand CP Effect on tan,-NNCL Relationships, SRA=0.2.
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Figure 5.25. Akpinar Sand CP Effect on tan,-NNCL Relationships, SRA=0.3.

As shown in the graphs for a specific SRA and same dilation angle, NNCL is

higher for tests with smaller cyclic period.

5.6.2. Sile Sand CP Effect

Sile sand samples with SRA=0.2, also were loaded horizontally with either 10
kPa or 20 kPa (Figures 5.26 and 5.27, blue points)initial cyclic shear stress, where the
initial cyclic shear stress applied to the samples with SRA=0.3 was either 15 kPa or
30 kPa (Figures 5.26 and 5.27, red points).

As shown in the graphs (Figure 5.26 and 5.27), for a specific SRA and same di-

lation angle, NNCL is again higher for tests with cyclic period=1.
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Figure 5.26. Sile Sand CP Effect on tan,-NNCL Relationships, SRA=0.2.
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Figure 5.27. Sile Sand CP Effect on tan,-N NCL Relationships, SRA=0.3.
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5.6.3. Kilyos Sand CP Effect

Kilyos sand samples with SRA=0.2 were loaded horizontally with either 10 kPa,
20 kPa or 30 kPa (Figures 5.28 and 5.29, blue points) initial cyclic shear stress, where
the initial cyclic shear stress applied to the samples with SRA=0.3 was either 15 kPa,
30 kPa or 45 kPa (Figures 5.28 and 5.29, blue points).As shown in the graphs for a
specific SRA and same dilation angle, NNCL is again higher for tests with cyclic pe-
riod=1.However in comparison to Akpinar and Sile sands, the effect of cyclic period

seems lower.
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Figure 5.28. Kilyos Sand CP Effect on tan,-NNCL Relationships, SRA=0.2.

In the next section, it will be investigated whether there is a general behavior in
all sand types with respect to stress ratio amplitude when the loading cyclic period is

kept constant.
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Figure 5.29. Kilyos Sand CP Effect on tan,-N NCL Relationships, SRA=0.3.

5.6.4. Comparing CP Effects

To investigate the effect of CP and compare this effect on different sand types,
normalized number of cycles to liquefy ratio for a specific stress ratio amplitude was

defined as:

NNCLforCP =1
NNCLforCP =2

(NNCL)gpq = (5.3)
where SRA refers to stress ratio amplitude, meaning that stress ratio amplitude should

be kept constant (either 0.2 or 0.3).

Investigating the tan, - (NNCL)gp, for each specific SRA (0.2 and 0.3) shows that
the effect of CP either decreases or increases with increasing dilation angle, depending
on the sand type and SRA. However, the tan, - (NNCL)4,, variation slope tends

to become zero with increase in dilation angle.



Table 5.5. Comparing CP Effects for SRA=0.2 sec.
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Sand Type | Line equation for CP=1 sec | Line equation for CP=2 sec
Sile NNCL = 1468.4 tan ), + 38.45 NNCL = 608 tan, — 16.8

Akpinar NNCL = 1669.8 tan, — 131.0 | NNCL = 744.3 tant, — 32.14

Kilyos NNCL = 2736.1 tant, — 111.37 | NNCL = 1832.1 tan, — 103.44

Table 5.6. Comparing CP Effects for SRA=0.3 sec.

Sand Type | Line equation for CP=2 sec | Line equation for CP=2 sec
Sile NNCL = 129.5 tan, +12.87 NNCL = 60.5 tan, + 7.47
Akpinar NNCL = 149.2 tan 1, +13.8 NNCL = 103.8 tan, — 5.99
Kilyos NNCL = 1035.2 tan, — 139.1 | NNCL = 627.6 tan, — 55.28

For Akpinar and Sile sands the final (NNCL)gp, are so close in magnitude.For

both SRA values in Kilyos sand, final (NNCL)gp,s are lower than this ratio for the

other two sand types.

Another important point is that the certain dilation angle values, at which the slope of

above diagrams becomes almost zero, are so similar for all three sand types, almost 12

degrees for cyclic period = 1 sec and 20 degrees for cyclic period = 2 sec. The changes

in (NNCL)gp, is negligible after these dilation angles.
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Figure 5.30. tan,-(NNCL)4p, Relationships, SRA=0.2.
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Figure 5.31. tan,-(NNCL)4y, Relationships, SRA=0.3.
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6. CONCLUSIONS

The aim of this study is to investigate the influence of particle shape on peak
dilation angle and liquefaction susceptibility. Additionally, the correlation between
peak dilatancy angle and liquefaction susceptibility is examined. For this purpose an
experimental program was set up. According to the testing program, first of all, micro-
scopic pictures of 50 individual particles of 3 sand types were processed using an image
processing software (ImageJ) to quantify their average circularity and roundness. Then
conducting CD triaxial tests on each of 3 sand types, dilatancy constants o, and m,, of
Cinicioglu and Abadkon [30] relationship were obtained. Finally over 200 cyclic simple
shear tests were conducted on sand specimens with 4 different stress ratio amplitude
and cyclic period combinations and differing consolidation pressures (50 kPa, 100 kPa
and 150 kPa).

As the investigation progressed, other cyclic shearing variables were also taken into
account. The effects of initial cyclic shear stress, consolidation pressure, stress ratio
amplitude and cyclic period on dilation angle — number of cycles to liquefy or dilation
angle — normalized number of cycles to liquefy were investigated.

Having the average circularity and roundness values, «, and m, values of Cinicioglu
and Abadkon [30] relationship which allows the calculation of peak dilation angle de-
pending on sample relative density and confinement pressure, and cyclic behavior of
each sample, the factors mentioned above were studied.

With all the test results analyzed, following conclusions can be drawn:

(i) As the average circularity and roundness values increase, the critical state friction

angle values increase.

(ii) As the average circularity and roundness values increase, the value of o, increases

following a line equation.

(iii) As the average circularity and roundness values increase, the value of m, de-

creases increases following a line equation.



(iv)

(vii)

(viii)

(ix)
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It is observed that the relationship between peak dilatancy angle and normalized
number of cycles to liquefy is linear for sand samples loaded cyclically with the

same stress ratio and the frequency of loading.

1,- normalized number of cycles to liquefy relationships are functions of the stress

ratio and frequency of loading.

For samples loaded with same stress ratio amplitude, normalized number of cy-

cles to liquefy for a constant 1, is higher for smaller cyclic period.

For samples loaded with same cyclic period, normalized number of cycles to lig-

uefy for a constant v, is higher for smaller stress ratio amplitude.

When defined as the ratio of normalized number of cycles to liquefy for cyclic pe-
riod=1 to normalized number of cycles to liquefy for cyclic period=2 while stress
ratio amplitude is kept constant, normalized number of cycles to liquefy ratio
becomes constant after a certain peak dilation angle for all sand types. Meaning
that after a certain peak dilation angle, the effect of changing cyclic period is

constant with an increasing dilation angle.

When defined as the ratio of normalized number of cycles to liquefy for stress
ratio amplitude=0.2 to normalized number of cycles to liquefy for stress ratio
amplitude=0.3 while cyclic period is kept constant, normalized number of cycles
to liquefy ratio becomes constant after a certain peak dilation angle for all sand
types. Meaning that after a certain peak dilation angle, the effect of changing

stress ratio amplitude is constant with an increasing dilation angle.
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6.1. Recommendations for Future Work

(i) Studying more sand types with variety of circularity, roundness and surface rough-

ness to quantify their effect on «,, and m, constant values

(ii) Investigating the influence of over consolidation ratio on tan ¢,- NC'L relationship

with regard to shear stress and cyclic period.

(iii) Investigating the influence of particle surface roughness on tan¢,-NCL relation-

ship.

(iv) Quantifying the effect of cyclic period on tant,-(NNCL)gy, relationship by

conducting CSS tests with various values of CP.
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