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ABSTRACT

LIQUEFACTION POTENTIAL OF SAND WITH FINES USING BENDER
ELEMENT TEST

DEMIR, Siileyman
M.Sc. in Civil Engineering
Supervisor: Prof. Dr. Ali Firat CABALAR
December 2017
67 pages

This study aims to evaluate the maximum dynamic shear modulus (Gp.) based
liquefaction potentials of sand with various fines using bender element test. The fines
(CL) was added to two different particle gradations (0.15-0.30 mm and 1.0-2.0 mm)
of clean sand having distinct shapes (rounded and angular) at mixture ratio of 5%,
10%, 15%, 20%, 30% and 40%. The results indicated that the G, values and
liquefaction resistance were decreased up to 20% fines content then increased. The
liquefaction resistance of the mixtures with coarse sand grains were found to be

greater than those with fine sand grains at a given fines content.

Keywords: Liquefaction, bender element, sand, fines.



OZET

BENDER ELEMAN TESTi KULLANILARAK KUM-INCE DANE
KARISIMLARININ SIVILASMA POTANSIYELLERI

DEMIR, Siileyman
Yiiksek Lisans Tezi, insaat Miihendisligi Béliimii
Tez Danmismani: Prof. Dr. Ali Firat CABALAR
Arahk 2017
67 Sayfa

Bu calisma kum-ince dane karisimlarinin en biiyiik kayma modiilii (Gyax) temelli
stvilagma potansiyellerini bender eleman deneyi ile degerlendirmeyi amaglamaktadir.
Ince dane olarak kullanilan zemin (<0.075mm) farkli sekil 6zelliklerine sahip olan
(yuvarlak ve koseli) iki farkli gradasyonlu (0.15-0.30 mm, 1.0-2.0 mm) temiz kuma
kuru agirlik itibariyle %5,%10 %15, %20, %30 ve %40 oranlarinda eklenmistir.
Sonuglar sivilasma direncinin %20 ince dane oranina kadar azalirken bu orandan
sonra arttigin1 gostermistir. Iri daneli kumlarin olusturdugu karisimlarin sivilasma

direnci ince daneli kumlarin olusturdugu karisimlardan fazla olmustur.

Anahtar kelimeler: Sivilasma, bender eleman, kum, ince dane.
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CHAPTER 1
INTRODUCTION
1.1 General

Liquefaction phenomenon is one of the most important problems of geotechnical
engineering. Liquefaction is a geotechnical problem that causes the soil to lose its
effective bearing capacity and act as a liquid during earthquake because excess pore
water pressure increase under repeated loads due to the water inside soil which are
incompressible practically. Table 1.1 shows some earthquakes suffer from
liquefaction. The problem of liquefaction aroused great interest after the 1964
Niigata earthquake. In the 1960's, many studies investigated clean sandy soil
liquefaction potential (Terzaghi and Peck, 1948; Magomi and Kubo, 1953; Seed and
Lee, 1966; Seed and Idriss, 1971; Castro, 1975). Then, it was noticed even some fine
soils could liquefiable. The liquefaction potential of the sand-clay mixtures began to
be investigated both in the earthquake field area (Seed, 1979; Tokimatsu and
Yoshimi, 1983) and in the laboratory (Kramer and Seed, 1988; Ishihara, 1993).
However, as a result of the studies, there seems to be inconsistency results about the
effect of fine grain on the clean sand liquefaction potential. Some liquefaction

criterions also were proposed for clayey sand soils.

1.2 Research Aim

In this study, the fines (CL) was added to two different particle gradations (0.15-0.30
mm, 1.0-2.0 mm) of clean sand having distinct shapes (rounded and angular) with
mixture ratio of 5%, 10%, 15%, 20%, 30% and 40%. Bender element tests were
performed on the mixtures with the different frequency (10 kHz, 12 kHz, 15 kHz, 17
kHz, 20 kHz) and the small strain shear strength values G, were used to evaluate

the liquefaction potential.



Table 1.1 Some earthquakes suffer from liquefaction

References Earthquakes Country | Magnitude ?g;x CSR

Ishihara and Koga (1981) | Niigata, 1964 Japan 7.50 0.16 |0.170

Ohsaki (1970) Tokachi-oki, 1968 |Japan 8.30 0.23 10.250

Moss et al. (2006) Tansgan, 1976 China |7.60 0.04 |0.360

Moss et al. (2006) Ifgggnal valley: | ysa  |6.53 0.51 |0.440

Moss et al (2006) Victoria, 1980 Mexico |6.30 0.19 [0.160

Moss al (2006) Borah Peak, 1983 |USA 6.88 0.5 10.460

Yasuda and  Tohno | Nihonkai-Chubu,

(1988) 1983 Japan 7.70 0.28 |0.310
New

Zhaou et al. (1997) Edgecumbe, 1987 Zeland 6.60 0.44 10.510

Toprak —and — Holzer |y - pricta, 1989 |USA  |6.93 047 |0391

(2003)

Moss al (2006) tyogoken NamOU | fapan  |6.90 07 |0.548

Bray et al. (2004) Kocaeli, 1999 Turkey |7.50 0.4 10.440

Moss et al. (2006) Chi-Chi, 1999 Taiwan |7.60 0.6 [0.619

Green et al. (2014) Darfield, 2010 |Ne¥ 710 024 0212
Zeland

Green et al. (2014) Christchurch, 2011 New 6.20 0.46 |0.446
Zeland

Cox et al. (2013) Tohoku, 2011 Japan 9.00 0.25 |0.276

1.3 Outline of the Thesis

This thesis consists of 6 chapters. In Chapter 1, Introduction gives information about

the aims and the authenticity of the thesis. Chapter 2 provides information on the

studies in the literature on liquefaction. In Chapter 3, the materials used in the

experimental study and the methods used are introduced. The test results in Chapter

4 are given together with the interpretation of these test results and their comparison

with the results in the literature. Chapter 5 summarizes the results of the thesis study.

Chapter 6 also contains suggestions for possible future work.




CHAPTER 2
LITERATURE REVIEW
2.1 Liquefaction Potential of Soils

The liquefaction phenomenon was first used by Hazen (1920) The liquefaction
phenomenon was first used by, the researcher describe the Calaveras dam in

California behavior as “liquefied”.

Terzaghi and Peck (1948) used the expression "spontaneous liquefaction" for the

phenomenon of sudden loss of strength in loose sandy soils.

Mogami and Kubo (1953) stated that dry sand acted like liquid after a point when

vibration was applied and used the term "liquefaction” for this phenomenon.

Seed and Lee (1966) conducted several triaxial experiments on saturated sand
samples and observed that as the number of cycles increased, the pore water pressure
increased. When the pore water pressure is equal to or greater than the applied
confining pressure, the sand is designated as "initial liquefaction". Besides, they
found that the most important criterion causes of liquefaction are the void ratio,
confining pressure and cyclic stress. It was showed that by increasing the void ratio,

decreased confining pressure causes more the liquefaction potential.

Seed and Idriss (1971) gave the formula to be mentioned in the equation 2.1 for

cyclic stress ratio (CSR) to assess liquefaction potential.

CSR =0.65(%mey( vy, @.1)
g Y v0

where apn,= peak horizontal acceleration at ground surface generated by the

earthquake, g= acceleration of gravity, o, and o'y, total and effective vertical

overburden stresses, respectively, and rq= stress reduction coefficient dependent on

depth.



Seed and Peadock (1971) stated that as the over consolidation ratio (OCR) increases

and the Ko value decreases the liquefaction resistance increases.

Ishihara and Li (1972) performed an isotropically consolidation, anisotropically
consolidation, and an anisotropic consolidation test with inhibited lateral movement
and indicated that the pore water pressure increase was due to the repeated loading
and the change of lateral earth pressure at rest (Ky) values. As K, (0.5, 0.75 and 0.1)
values increases, pore water pressure value increased while shear stress value
decreases. In addition, anisotropic consolidation samples are more resistant to
liquefaction than isotropic consolidation. At a given relative density and confining
pressure, values of pore water pressure were most increased in the lateral confined

anisotropic test, isotropic test and anisotropic test, respectively.

Castro (1975) conducted a cyclic triaxial test on undisturbed sand samples of
different density and stated that there may be liquefaction or cyclic mobility for any
sand sample. While the loose sand was completely lost and subjected to liquefaction,
there was a reduction in shear strength without failure of the sand samples at medium
and dense density. In this behavior the researcher called as "cyclic mobility". The
loose sand sample exhibits contractive behavior during the test, whereas medium or
dense sand exhibits volumetric expansion. In this expansion, the pore water pressure

was slightly scattered and the soil failed to exhibit temporary softening behavior.

Alba et al. (1976) carried out various SPT to enlarge the SPT-CSR graphs and
compared them with CSR values by applying various earthquake effects to these

soils.

Castro and Poulos (1977) studied the differences between features in liquefaction and
cyclic mobility and indicated that a triaxial experiment of a sample of sand starting at
point C in Figure 2.1, the researchers noted that the pore water pressure increased
and the effective stress decreased to soil come to the point where the phenomenon
liquefaction is started was called A. Sample started from the experiment under the
steady state line, arrived at point B from point D to the point where the behavior is
defined as cyclic mobility expressed as softening behavior. They stated that the
steady-state line depends on soil types and to evaluate liquefaction potential steady

state line and relative density need to be evaluated together.

4
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Figure 2.1 Cyclic mobility and liquefaction behavior (Castro and Poulos, 1977)

Seed (1979) conducted triaxial tests on sand samples observed liquefaction and
cyclic mobility behaviors in their studies. Experiments on different density of sand
samples have shown that the sand samples with a density less than 45% exhibit a
contractive behavior and at a rate of 45% and above the sandy exhibit cyclic
mobility. In addition, SPT were conducted on undisturbed specimens collected from
the liquefied areas of the Earthquake. Finally, the SPT-CSR relationship was pointed

out.

Ishihara and Koga (1981) conducted some SPT and dutch cone tests on soils and
gathered from two regions of liquefaction and non-liquefaction region of 1964
Niigata earthquake were performed cyclic triaxial test on undisturbed soils. In the
SPT, they pointed out that the soil was very loose at certain depths and the SPT
values were found to be too low. The triaxial test results were determined as

liquefaction zones are clean sands with medium density.

Ishihara et al. (1981) conducted a study on the measurement of pore water pressure
formation in the liquefied soils. In their study, the excess pore water pressure
distribution at a certain depth, which contains higher silty soil took more time to
distribution pore water pressure than those contain less silty soils.

Youd and Bennent (1983) determined the soil types at liquefied and non-liquefying

regions in a magnitude of 6.6 California earthquakes. The SPT and CPT on these soil
5



indicated that the SPT and CPT could be used to evaluate the liquefaction potential.
They found that the soil is loose and liquefied in the earthquake where the SPT-N

values are low.

Tokimatsu and Yoshimi (1983) examined the liquefaction and non-liquefying soils
of many earthquakes and found that the fines content (FC) increased the liquefaction
resistance of sand clay mixtures increased at a given SPT-N. If the fines are greater

than 20% the soil is hardly liquefied.

Seed et al. (1983) gathered magnitude 7.5 earthquake records in some earthquakes
evaluating SPT, CPT and Vs values of the soil and found that if the fines are larger
than 20% or if the water content of the clayey soil is <0.9LL considered as non-

liquefied.

Seed et al. (1985) determined the SPT-N in the soils with liquefied and non-liquefied
region in the earthquake areas. It seems obvious in their work that when the SPT-
Nj 60 are more than 25, soil is hardly liquefied. As the fines increased the CSR

increases at a given SPT-N 4.

Tatsuoka et al. (1986) studied the effects of sample preparation techniques on the
results performed triaxial and torsional shear tests with air pluviation, wet tamping,
wet vibration and water vibration methods. In the results, air pluvation was the most

susceptible to liquefaction whereas the wet strength method was the most resistant.

Skempton (1986) studied the relative density, overburden pressure, OCR, particle
size and aging effects on liquefaction potential found OCR, relative density, median
diameter (Dsp), overburden pressure (ry) increased, liquefaction resistance also

increased.

Kramer and Seed (1988) observed the effects of relative density confining pressure
and initial stress on liquefaction with the two different sands by performing static
liquefaction experiments. One of the sand is sieved by No.50 and the other is silty
sand and contains about 12% fine grains. Results showed that sand samples liquefied
at 32% and 37% relative density values whereas 44% and 47% relative density did
not. As the relative density increased, the formation of pore water pressure decreased

and the liquefaction resistance increased. The results also showed that the

6



liquefaction resistance increased with increased confining pressure. Pore water
pressure increased as initial stress increased.

Yoshimi et al. (1989) determined that the SPT-N are in good correlation with the
liquefaction resistance and that the liquefaction resistance is very close until to a

certain SPT-N but the resistance suddenly increased after a critical SPT-N.

Ishihara (1993) investigated many factors that influence liquefaction found the CSR
value is constant until 10% plasticity index value of soil, but increased after 10%. It
was seen that silty sand samples have more CSR value than clean sand at a given
CPT resistance values. In addition, volumetric deformation properties after
liquefaction were also investigated and in safety coefficient against liquefaction-
volumetric strain graph, the volumetric strain increased as the density increased at
the same factor of safety value. According to the borehole from the Niigata
earthquake, it was seen that liquefaction occurs in the soil of SPTN values less than

10.

Boulanger et al. (1997) showed that the SPT values has relation with CPT values and
shear wave velocity (Vs) values results according to experimental results from soils
taken Loma Prieta earthquake areas. In addition, the researchers stated that

liquefaction in the earthquake was especially happened in shallow depths.

Sancio et al. (2002) collected soil profile and CPT values from four liquefied regions
in Adapazari, Turkey earthquakes. Because there was liquefaction occurred even in
places with high fines content. They stated that fine grain minerology is more

important than fine grain ratio.

Olson and Stark (2002) drawn the ratio of undrained shear strength / effective stress,
known as the critical shear stress to initiate flow liquefaction in the literature depends

on the values of cone resistance (qc) and SPT-N; 0.

Bray et al. (2004) proposed a new liquefaction criterion. According to the authors,
soils with plasticity index (IP) <12 and water content (WC)> 0.8LL are susceptible to

potential liquefaction.

Bray and Sancio (2006) conducted triaxial experiments on samples from Adapazari

region of Turkey and indicated that non-plastic silts and clayey silts at shallow

7



depths and the soils with WC/LL > 0.85 are liquefied. They evaluated the

liquefaction potential of silty soils with a graph.

Boulanger and Idriss (2006) expressed that the behavior of fine grained soils is
sometimes acted like clean sand, sometimes only as clean clay or as a combination of
two, and graph that distinguish these behaviors was drawn (Figure 2.2). In the case of
a sand-clay mixture based on data collected from other studies, the PI> 7 indicates

that the mixture is act as clayey soil, whereas if PI <4, it behaves just like sandy soil

(Figure 2.2).

Boulonger and Idriss (2007) indicated that normally consolidated clays and silts were

susceptible to liquefaction and CRR increased as the over consolidation ratio (OCR)

increased.

Bol et al. (2010) expressed that in the case that LL.<35, clay content <10%, Dsp> 0.02
and liquidity index>0.9 in a soil, it is possible that the soil can be liquefied at

magnitude 7 or a major earthquake as a result from Adapazari liquefied soil.

50 2 "
I I I
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40 - @ [ntermediate
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Figure 2.2 Different behavior of fine grained soils (Boulanger and Idriss, 2006)



Monkul et al. (2014) observed that silt additions increased the liquefaction potential
as a result of tests on soils prepared at various FC. In addition, they found determined
that soil was liquefied when the volumetric compressibility (mV) values exceeded

0.23 as a result from compression test.

Monkul et al. (2015) tested cyclic simple shear in saturated and unsaturated
conditions of clean sand, silty sand and clayey soils. The results clearly indicated that
the saturation of the mixtures increased the liquefaction potential whereas the silty
sand mixtures had little effect of saturation. In addition, they found the intergranular

void ratio and fine grain ratio increased, the liquefaction potential also increased.

2.2 Factors Affecting Liquefaction

Tang et al. (2016) studied the main factors that influence liquefaction by examining
past studies. The most important factors affecting liquefaction are; The degree of
consolidation ratio, the thickness of sand layer, the depth of sand layer, and the
groundwater table, earthquake magnitude, epicentral distance, duration and drainage
condition and fines content. In this part of the thesis, various factors affecting

liquefaction was examined in the light of past studies.

2.2.1 Earthquake parameters
2.1.1.1 Magnitude

Seed and Idriss (1971) stated that the liquefaction occurred at the moment when the
ground motion exceeded 0.13g. In laboratory studies, it is clear that as the number of

cycles increases, the pore water pressure increased (Seed and Lee, 1966).

Seed et al. (1983) found the pore water pressure caused to liquefaction is small for

large earthquakes (Figure 2.3).

2.1.1.2 Epicentral distance

Kuribayashi and Tatsuoka (1975) and Papadopoulos and Lefkopoulos (1993) found

that the liquefaction is occurred around the the earthquake center.

Kuribayashi and Tatsuoka (1975) gave the formula LogR = 0.77M-0.36 between the
potential liquefaction zones where earthquake magnitude M, which is R km away

from the center of the earthquake.
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Figure 2.3 Effects of earthquake magnidute on liquefaction (Seed et al., 1983)

2.2.2 Soil parameters
2.2.2.1 Fines and plasticity of fines

Stark and Olson (1985) showed that sand clay mixtures have more resistance to

liquefaction than clean sand and clean gravel (Figure 2.4).

Amini and Qui (2000) found that as the silt content increased, the liquefaction
resistance increased (Figure 2.5) The approach of such behavior is observed by some

researchers (Seed et al., 1985, Seed et al., 1986; Takch et al., 2016).

Some researchers indicated that the FC reduced resistance to liquefaction. Chien et
al. (2002) mixed fines with sandy soil and found that CSR decreased with FC (Figure
2.6). Similar results were found by Lade and Yahamuro, (1997); Carraro et al.,

(2003).
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In recent years, some researchers found that the FC reduces resistance to liquefaction
to a transition fines content (FC), but increased after that. FC; found by Chang et al.
(1982) to be 10%, by Thevanayagam et al. (2000) 25%, by Polito and Martin (2000)
35%, by Xenaki and Athanasopoulos (2003) 44%, by Ueng et al. (2004) 20%, by
Popodopulo and Tika, (2008) % 35, by Chang and Hong (2008) from 17 to 26%, by
Dash and Sitharam (2011) 21%, by Karim and Alam (2014) 30%.
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Figure 2.5 Effects of fines content on liquefaction (Aminu and Qui, 2000)

11



—
—

&
o X
§ %
g
~d
§ & ~No
w ; L M~
o = N T
g < M
b s \\ Q\
k= § 0.9 T ]
3 o RN LT Fe=se
ta N ~o T
o O N ML
g o - ™~ N
& = 0.8 - FC=10%
wl = \.\\ \
3 2 M ™~
7 & ™~ ~
v 07 e
2 ] ‘-\\\ \.* FC=20%
= = q ‘
0 ] ‘
) TFC:M)%
06 '
1 10 100 1000

Number of cycles (N)

Figure 2.6 Effects of fines content on liquefaction (Chien et al., 2002)

Ishihara (1993) found that the liquefaction resistance increased with the plasticity

index values for a range of >10.

Gratchev (2006) were mixed bentonite, illinite and kaolinite as fine grain with sand.
In the results, high-plastic bentonite-sand mixture showed the highest resistance to
liquefaction in the same fine grain ratio. The importance of the plasticity value of the
fine added to the mixtures are noted and evaluated according to the plasticity value

as in Figure 2.8.
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Figure 2.7 Effects of fines content on liquefaction (Polito and Martin, 2001)
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Figure 2.8 Effects of plasticity of fine grains on liquefaction (Gratchev et al., 2006)

2.2.2.2 Particle size

Tsuchida (1970) evaluated the liquefaction potential according to grain size in Figure

2.9.

Tokimatsu and Yoshimi (1983) stated that soils with Dsy < 0.15 mm showed more

resistance to liquefaction than silty sand mixtures Dso>0.25 mm.

Stark and Olson (1995) showed that the liquefaction potential of clean sands for the

M=7.5 magnitude earthquake as Dsp value increases, the liquefaction resistance

decreased (Figure 2.10).
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Figure 2.9 Effects of particle size on liquefaction (Tsuchida, 1970)
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Figure 2.10 Effects of particle size on liquefaction (Stark and Olson, 1995)

2.2.2.3 Particle shape

Vaid et al. (1985) carried out cyclic triaxial experiments on different confining and
relative density sands of round ottowa sand and angular tailings found that rounded
ottowa sands have less void ratio than the angular tailing at the same confining
pressure. However, angular particles showed more liquefaction resistant than
rounded particles at low confining pressure values. At high confining pressures
rounded particles have more liquefaction resistance than angular particles. They

concluded that angular sands susceptible to liquefaction.

2.2.2.4 Relative density

Tatsuoko et al. (1986) observed that as the relative density increased, the CSR values
increased in four different sample preparation techniques (Figure 2.11). Same
conclusion were founded by De alba et al. (1976); Ishihara et al. (1979); Youd and
Bennent (1983); Ishihara et al. (1980); Ishihara et al. (1985); Umehera et al. (1985);
Vaid et al. (1985); Peadock and Seed (1986); Skempton 1986.

2.2.2.5 Drainage condition
Umehara et al. (1985) stated that under the conditions of undrained and partially
drained, the pore water pressure can be dissipated in the drained conditions as a

result of the experiments on the clean sands.
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Figure 2.11 Effects of relative density on liquefaction (Tatsuoka, 1986)

2.2.2.6 Degree of consolidation

Ishihara and Takatsu (1979) studied both factors of Ky and OCR on liquefaction
found CSR as OCR increases at a given Ky values (Figure 2.12). Similar results have
been obtained by Finn (1981); Ishihara et al., (1978); Salgado et al., (1997); Koseki
and Ohta, (2001).
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Figure 2.12 Effects of OCR on liquefaction (Ishihara and Takatsu, 1979)
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2.2.2.7 Sample distrubance

Yoshimi et al. (1989) found the high undisturbed soil in situ freezing method showed
more liquefaction resistance than tube sample samples (Figure 2.13) Similarly,
undisturbed soils have observed more liquefaction resistance or shear force than

disturbed soils found by researches such as Tokimatsu and Hosaka, (1986); Kiyota et
al.,2009.

2.2.2.8 Sample preparation methods

Tatsuoka et al. (1986) performed triaxial and torsional shear tests on sand samples
prepared with air pluviation, wet tamping, wet vibration and water vibration
methods. In the results, air pluviation was the most susceptible to liquefaction, while

wet vibration method was the most resistant (Figure 2.14).
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Figure 2.13 Effects of disturbance on liquefaction (Yoshimi et al., 1989)
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2.2.2.9 Confining pressure

Bray et al. (2002) expressed that with the high the confining pressure, susceptible to

liquefaction is increased.

Vaid et al. (1985) showed that as the initial confining pressure (r,) increased, the
liquefaction potential may increase or decrease, but in general the liquefaction
potential increased. Similar result was found by Amini and Qui (2000).

2.2.3 Site conditions

2.2.3.1 Groundwater

As the groundwater level increases, the soil becomes weaker and liquefaction

potential increases (Hannich et al., 2006).

2.3 Liquefaction Criterion of Sand-Clay Mixtures

For the sand clay-silt mixtures in the literature, charts drawn by various factors have
been drawn and the liquefaction potential has been assessed depending on some

factors.
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Tokimatsu and Yoshimu (1983) collected a lot of data stated that liquefaction
occurred in <5% FC situations. A triangular liquefaction potential was suggested for

liquefaction (Figure 2.15).

Bray et al. (2002) found that even the so-called non-liquefied soils on Chinese
criterion were liquefied in the Adapazari earthquake and that Adapazari had small

confining stress levels according to liquefaction conditions as shown Figure 2.16.

Andrews and Martin (2000) reported that the liquefaction potential for clayey soils in

their studies is as shown in Table 2.1.

Bol et al. (2010) advise liquefaction criterion for silty soils in Adapazari earthquake (

Figure 2.17).

Seed et al. (2003) proposed Figure 2.19 where PI <12 and LL <37 as the potential

liquefaction interval (Figure 2.18).
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Figure 2.15 Liquefaction criterion of sand-clay mixtures (Tokimatsu and Yoshimi,

1983)
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Figure 2.16 Liquefaction criterion of sand-clay mixtures (Bray et al., 2002)

Table 2.1 Liquefaction criterion of sand-clay mixtures (Andrews and Martin, 2000)

Liquid Limit <32 (1) Liquid Limit = 32
Clay Content < 10% (2) Susceptible Further Studies Required

(Considering plastic non-clay
sized grains - such as Mica)

Clay Content = 10% Further Studies Required Not Susceptible

(Considering non-plastic clay sized
grains — such as mine and quarry
tailings)
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Figure 2.18 Liquefaction criterion of sand-clay mixtures (Seed et al., 2003)
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CHAPTER 3
EXPERIMENTAL STUDY
3.1 Materials
3.1.1 Fines

The fines obtained from the Gaziantep University campus sieved from a No.200
(0.075 mm) and found to be low plasticity clay (CL) according to unified soil
classification system (USCS). Some geotechnical specification of fines is shown in
Table 3.1. The scanning electron microscope (SEM) picture of the fines is shown in
Figure 3.1. The maximum dry density (MDD) and the optimum moisture content

(OMC) values of fines were found to be 1.67 gr/cm3 and 19.30%, respectively.

Table 3.1 Geotechnical specification of fines used during experimental study

Swelling -
Pdmax Wepe | LL | PL PI . . Permeability
G, (ar /cm3) w @] @ | @) Activity per(?;zl)tage o)
2.61 1.67 [19.30| 39 |24.37(14.6( 0.25 1.5 1.04 *10°°

Gq: specific gravity; pamax: Maximum dry density; W,,: Optimum moisture content; LL: Liquid limit;

PL: Plastic limit; PI: Plastisity index
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Figure 3.2 Fines used during experimental study
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3.1.2 Sands

Two sands (Figure 3.3) were used in the present study, narli sand (NS) and crushed
stone sand (CSS). NS was collected from the Aksu River bank in Narli region in
Kahramanmaras, Turkey. The Aksu River starts in northwest of Kahramanmaras
City, which lies in southern Turkey (37°36'N; 36°55'E) and bounded by hills or
mountains on all sides. A commercially available CSS was obtained from southern-
central of Turkey, which is widely used in earthworks in Gaziantep City. The
specific gravity of NS and CSS found to be 2.65 and 2.68 respectively. As can be
seen from the SEM pictures in Figure 3.4 NS grains are rounded, while CSS are
angular. Two different gradations (0.15-0.30 mm and 1.0-2.0 mm) of the NS and
CSS mixed with fines. Sieve analysis and some geotechnical properties of sands are
given in Figure 3.5 and Table 3.2, respectively. Cabalar and Akbulut (2016) found
roundness (R) and sphericity (S) estimations based on the study by Muszynski and
Vitton (2012) 0.43, 0.67, and 0.16, 0.55 for the NS and CSS geomaterials,

respectively.
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c)

d)

Figure 3.3 Sands used during experimental study a.CSS (1.0-2.0 mm) b.NS (1.0-2.0
mm) ¢.CSS (0.15-0.30 mm) d.NS (0.15-0.30)
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Figure 3.4 SEM pictures of the (top) CSS and (bottom) NS used during the

experimental study
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Figure 3.5 Particle size distribution of clean sands used during experimental study

Table 3.2 Properties of sands used the experimental study

D3 | Dso | Deo | C. | USCS

(mm) | (mm) | (mm)
0.25 | 1.388 | 0.81 SP

Sands Gradation| Djg
(mm) (mm)

NS [0.15-030| 0.16 | 0.18 | 0.22

NS 1.0-2.0 1.10 1.30 1.40 1.50 | 1.153 | 1.02 SP
CSS 10.15-0.30 | 0.17 | 0.20 | 0.25 | 0.26 | 1.300 | 0.90 SP
CSS | 1.0-2.0 1.20 1.40 1.50 1.60 | 1.142 | 1.09 SP
NS: Narli sand; CSS: Crushed stone sand; SP: Poorly graded sand; USCS: Unified Soil

Classification System.
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3.2 Testing and Characterization
3.2.1 Specimen preparation

According to the specifications of each test, the materials were sieved, and the size of
particles was limited because each test has a specific range of particle size. All
materials were put in the oven before using them in the experiments because the
materials must be dry before using it in the experiments. The samples were prepared
by adding the fines (<0.075mm) to two different particle gradations (0.15-0.30 mm,
1.0-2.0 mm) of clean sand having distinct shapes (rounded and angular) with mixture

ratio of 5%, 10%, 15%, 20%, 30% and 40%

3.2.2 Modified compaction test

ASTM D1557 was used to find out the maximum dry unit weight and optimum water
content. The special molds with a diameter of 4.2 cm, and a height of 10.2 cm
(Figure 3.6) designed. The specimens were compressed in the mold in 5 layers by
sticking 31 blows for each layer with an effort equivalent to modified proctor
compaction one ASTM D1557 utilizing special designed hammer defined by Cabalar
et al. (2014). The experiment was repeated with different water content. The point of

peak gave the MDD and OMC.

> Base plate

Mold <--
Rammer <--
> Collar
--->  Spoon
"> Spatula

Figure 3.6 The plastic split mold and the compaction hammer for the modified

compaction test
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3.2.3 Bender element

Soil stiffness is generally measured using triaxial test. Because of the fact that some
problem Gy.x measurement in small strain (Jardine et al., 1984) to obtain more
accurate results local strain testing device are use on the specimen. Dynamics and
wave propagation was obtain small shear strain values more accurately. Resonant
column test (Drenevich et al., 1978) and bender element test (Viggiani and Atkinson,
1995) were used to measure Gpa.x. Bender element technique was proposed by
Shirley and Hampton (1978) and used in tests such as triaxial test, odometer test(
Salgado et al.,2000; Ghayoomi and McCartney, 2011). In this study, bender element
was performed to the mixtures. A bender element test detailed set up is gave in
Figure 3.7. Since the sample placed between the two ends of the bender element
cannot hold itself because of cohesionless, a new mold design was design to hold soil
during experimental study. The detailed design of mold (a) Picture of mold b)
detailed three dimensional frontal view of mold ¢) two dimensional frontal view of
mold d) plan view of mold e) detailed 1-1 section of mold) shown in Figure 3.8. It
was formed from a plastic and a metal surrounding the plastic. Since the diameter of
the signal element of the bender element is 7 cm, the diameter of plastic part
covering the soil was design as 7 cm diameter. Because of the low electrical
conductivity of plastic, plastic was used in the area of diameter of bender element.
The inside diameter of the metal mold surrounding the plastic is designed to be equal
to the outer diameter of the plastic. The reason why the metal mold is used is to
prevent from deform the plastic outwardly when the vertical stress is applied from
top of soil. The soil was put into the mold using california bearing ratio (CBR)
machine. During the compression with CBR, a collar is placed on the top of the mod
and the soil was put into 3 layers. When the bender element test was carried out, the
triaxial load ram was used to apply only a vertical load which was 2.3 kn at each
experiment. Considering that a lateral load was applied to the soil due to the vertical
load on the soil, it can be assumed that vertical stress and confining stress were
applied like the studies in the literature. The G« values were calculated through the

equation commonly used in the literature according to Equation 3.1.

_ 2 (L2
Gmax =p Vs p(At) (3.1)
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where p is the density of soil, L is defined as the distance between tips of bender
elements. At is the time domain method and frequency domain method for treveal
time in the literature (Viggiani and Atkinson, 1995). In this study, peak to peak
(Figure 3.9) which the intervals between characteristic peak points of the input and
output waves is considered to the travel time of the shear wave (Viggiani and

Atkinson, 1995; Arulnathan et al., 1998).
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Figure 3.7 Detailed drawing of bender element
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSIONS
4.1 Compaction Test
4.1.1 Effect of fines content

In the present study compaction test was first conducted to mixtures because of the fact that
the Bender element experiments were carried out at MDD and OMC values. Compaction
values of mixtures showed from Figure 4.1 to Figure 4.4. As the FC increased, OMC
decreased and MDD increased. The author attributed this behavior to the fact that the fines fill
the voids into the loose and poorly graded clean sand. Similar results were observed in studies
conducted by Kenney et al. (1992); Komine (2004). In these studies, the presence of fines
increased the MDD of the sand fines mixtures up to a certain ratio and then reduced the OMC,
increased OMC. This rate was found to be 20% by Kenny et al. (1992) and 30% by Komine
(2004). Such a rate was not seen in this study. Because, researchers used high plasticity
bentonite as fines and the clean sand had well gradated. In this study, a low plastic fines ware
used and the clean sand was considered to have a high void ratio due to its poorly graded. For
this reason, the addition of 40% FC was not completely filling the voids of the clean sand.

Compaction results of mixtures can be seen in Table 4.1.
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Figure 4.2 Variation of OMC with MDD for the clay with 1.0-2.0 mm NS
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4.1.2 Effect of sand gradation and shape

In order to observe the shape and gradation effects of the clean sand on compaction
values, from Figure 4.5 to Figure 4.10 presents the compaction results of various
fines content. At the special FC and gradation, mixtures prepared with NS have
greater MDD and less OMC than those with CSS. The reason for NS have more
MDD than CSS could be explain that the rounded particles have smaller void ratio
and more interparticle contact area than the angular particles (Lee et al., 2017). Yun
and Santamira (2008) and Lee et al. (2017) expressed that with the roundness of the
grains, denser packing and interparticle contact area would increase. In addition, as
Cho et al. (2006); Cavaretta et al. (2010); Shin and Santamira (2012) and Cabalar
and Hasan (2013) pointed out, roundness particles less compressible than angular
particles could be the reason why roundness particles has higher MDD. At a constant
FC and shape characteristic, mixtures with coarse graded sands have higher MDD
density and less OMC than those with fine graded. The author attributed this
behavior to coarse particles are less compressible than fine as Cabalar and Hasan
(2013) concluded. A similar result was also observed in Shakoor and Cook (1990)’s
study that the bigger particles has more MDD and less OMC value. Figures 4.11 and
Figure 4.12 also showed the MDD and OMC of mixtures at different fines content.
In these figures, the mixtures prepared with NS 1.0-2.0 mm sands have the highest
MDD value and smallest OMC, whereas the mixtures prepared with CSS 0.15-0.30
mm sand have the smallest MDD and the greatest OMC. The effects of gradation and
shape of particles on compaction values are consistent in the literature. For instance,
Shakoor and Cook (1990) proved that rounded stone particles have more MDD and
less OMC than angular articles.

4.2 Minimum Void Ratio (eyin)

The FC effect on the minimum void ratio of the mixtures was studied by many
researchers. Polito and Martin (2000); Xenaki and Athanasopoulos (2003), Takch
et al. (2016) expressed that the presence of fines decreased ey, of mixtures until a
certain ratio (%10-%30) which beyond this ratio increased. Cubrinovksi and Ishihara
(2002) explained this behavior fines were filled the sand voids up to a certain extent
and that after the transition zone, the fines takes general behavior and the void ratio
increases with fine grain. The e, values obtained by Equation 4.1 are given in

Figure 4.13.
37



e =P 4.1)

min
pdmax

Where, p,is density of soil, p,, . 1s maximum dry density obtained from compaction

results. It was found that the fines have consistently reduced the en, values.
However, there is a continuous decrease in the ey, value of up to 40%, which is due
to the fact that the used sand samples are poorly graded, so that the void ratio is high.
A similar behavior was observed in the Cabalar and Hasan (2013) odometer test,
where the void ratio of the mixtures was reduced to 30%. The conclusion of fine
grains filling the voids of clean sand is consistent with the literature. This conclusion
can also be observed in compaction results, where MDD continued to increase
continuously with the addition of fine grains (Figure 6). It was observed that the
rounded particles have a lower void ratio than angular particles. Vaid et al. (1985)
performed a cyclic triaxial experiment on different confining and relative density
sands of round ottova sand and angular tailings. They observed that the ottowa sand
having rounded shape properties has a lower void ratio than a tailing having angular
shape properties at a certain confining pressure. Bui et al. (2007) was stated that
sphere or rounded particulars had fewer voids than angular particulars. Cho et al.
2006 also stated that the e, value will increase with the reduction of the roundness
of the particles. It was observed that coarse sand particles in the same fines content
having the same shape characteristics have a smaller void ratio than fine sand

particles. A similar result was obtained by Clayton et al. (2004).
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4.3 Bender Element

4.3.1 Effects of fines content

Gmax value is an important criterion in the area of site response analysis and soil
dynamics, where there were studies showing that G, can be found by the Bender
element, resonant colum test and torsional shear test (Youn et al., 2008). Among the
factors affecting the Gp.x value confining stress, void ratio are come forward
(Clayton, 2011). In addition to these effects, there are studies about the effect of FC
on the Guax value. Salgado et al. (2000), Yang and Liu (2016); Goudarzy et al.
(2016) expressed that Gyax decreased with FC whereas Chien et al. (2002) found it
increased to certain FC then decreased. In this study, the bender element test was
performed at MDD and OMC as described in the previous chapter. There are
examples in the literature of bender element experiments in both dry and saturated
conditions (Cai et al., 2015). In addition Wiebe et al. (1998) and Cho and
Santamarina (2001) indicated that there could be difference between unsaturated
Gnax and saturated Gp,. Bender element experiment was performed at different
frequency (10 kHz, 12 kHz, 15 kHz, 17 kHz, 20 kHz) values. In Figures from 4.14 to

Figure 4.17, there are Gp,x values of different mixtures are shown. As the FC
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increased, the G values decreased and this behavior reversed after 20% FC. A
similar result was found by Campbell (2006). Such behavior is consistent with many
researchers who expressed that addition small amount of fines diminish the contact
points between the coarse grains, and advocating that some of the geotechnical
properties such as liquefaction resistance, undrained shear strength would decrease in
this part (Thevenagam et al., 2000; Xenaki and Athanadpoulos, 2003). These
researchers used the concept of intergranular void ratio (e,) or interfine void ratio (er)
instead of classical void ratio (e). According to this approach, the soil is considered
to be coarse grains, fines grains and voids. When the fines were low, the fines float in
the voids of the coarse grains, so the mechanical behavior is mainly governed by the
coarse grain particle contact points. In this part, the e, which reflecting to active
particle contact points between coarse grains was used. The strength of the soil is
reduced with addition of fines in this part. Fines fill void between coarse grains, fine
grains govern the main behavior of soil when fines content exceeds the threshold
fines content (FC,). In this section, the concept of er is used which neglects dispersed
coarse particles therefore soil strength increase with the addition of fines. These
results are partially contradicted by researchers who say that the value of G,y is
reduced by the FC. Carraco et al. (2009); Salgado et al. (2000); Yang and Liu (2016)
were concluded that the G« values continuously decreased 15%, 20% and 30%, FC
respectively. In this study G, values decreased to 20%, but then increased. The
reason for this could be that most studies use non-plastic (Carraco et al., 2009;

Salgado et al., 2000) whereas fines used in this study is a low plastic clay.
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4.3.2 Effects of frequency

It can be said that as the frequency increased, the G,.x value increased in many part,
but the consistency frequency effect cannot be observed. Similar results were found
by Cai et al. (2015). The researchers found that although Gp.x values were increased
with the frequency values at some unconfined stresses in the bender element test, a
consistent relationship was not observed. Besides, Presti et al. (1997) stated that

frequency effect of G.x value of dry sand samples were not observed.

4.3.3 Effect of sand gradation and shape

There are some studies in the literature about the effect of the coefficient of
uniformity (Wichtmann and Triantafyllidis, 2009), Dso (Hardin and Kalinski, 2005)
on G, values. From Figure 4.18 to Figure 4.22 shown the effect of different shape
and gradation of sand in the mixtures, presents the variation of Gy,.x with the FC of
four different mixtures types for various frequencies. The results indicated that
mixtures with coarse graded of clean sands have greater Gy values than those with
fine graded sands at a given fines content. Bui (2009) explained this behavior that as
increased friction strength and G.x due to the fact that particle gradation decrease
contact point therefore increase contact area and contact force (Figure 4.23). A
similar result was observed by Kumar and Madhusubhan (2016). In their study, fine
grain, medium grain and coarse grain sands were used that as for in this study, it
could be considered that 0.15-0.30 sand as fine grain 1.0-2.0 sand as coarse grain.
The results of the researchers indicated that at various confining pressures the course
grain particles have greater Gn,x than the fine grains. This difference is especially
obvious in high confining pressure. Wichtmann et al. (2015) concluded that at a
given FC sands in the gradation of 0.04mm <d< 0.063mm has greater Gnax values
than d <0.04mm. Hardin and Kalinski (2005), Menq and Stokoe (2003) also stated
that the coarse gradation have high G, values. Regarding the effect of the shape of
the grains on the Guax, the mixtures prepared with rounded grain sand have higher
Gnmax values than the angular ones. In the literature, it is clear that in many studies
round particles have less voids than angular particles (Vaid et al., 1985; Bui et al.,
2007). There are many studies in which the Gy,,x values are inversely proportional to
the void ratio parameter (Bui et al., 2007; Presti et al., 1997). Therefore it is
reasonable that mixtures with rounded particles obtained higher Gyax values. Besides,

the Guax values are small for CSS sand because the CSS has rough surface.
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Santamarina and Cascante (1998) performed a resonant column test to examine of
the effects of different surface roughness concluded that as the roughness of the
surfaces increased, the G« value decreased. Bui (2009) Lee et al. (2017) found that
rounded particles have higher Gy.x values than angular particles. Bui (2009) was
attributed decreasing particle sphericity cause decrease Gpax to because as the
particles angularity lead to irregularity increase, therefore number of contact point
increase lead to decrease number of contact area (Figure 4.24). Cho et al. (2006)
indicated that as roundness, sphericity and regularity decreased, the shear wave
velocity decreased. There are several methods in the literature to evaluate
liquefaction resistance (Boulanger et al., 1997).
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4.4 Liquefaction Resistance
4.4.1 Effects of fines content

There are several methods in the literature to evaluate liquefaction potential
(Boulanger et al., 1997). Numerous researchers evaluated liquefaction resistance
using SPT values (Tokimatsu and Yoshimi, 1983; Seed et al., 1985), CPT (Robertson
and Campella, 1985; Stark and Olson, 1985; Boulanger et al., 1997) and using Vs
(Andrus and Stoke, 2000). In this study, a dynamic bender element test was carried
out to evaluating liquefaction potential, and CRR values calculated as Yunmin et al.
(2005) and Zhou et al. (2005) as described in equation 4.2.
Kn’G, °

CSR,X = Tm)mr’ (42)

where, Kn is a coefficient that the researchers were proposed a value of 1,22%10™

Kpa 0.5

as results of end result of comparison of bender element and triaxial
experiments in the literature. Zhou et al. (2005) expressed Fe = (2,97—6)2/(1+e) for
angular grains and Fe=(2,17-e)*/(1+e) for rounded grains. 1’ 1s confining stress and

taken as equation 4.3.
1+2K,

L . 43
m 3 (4.3)

where, 1, is the vertical stress which all the experiments were carried out at 600 kPa
ry. Ko was assuming 0.5 according to Tokimatsu and Uchida (1990). They suggested
any value between 0.5 and 1.0 might be assumed for practical purposes. The CSR
value at which the liquefaction initiated for each mixture formed according to these
calculations are shown from Figure 4.25 to Figure 4.29. The CSR values decreased
up to 20% with the fine content but increased after this ratio. In the literature, there
are many studies as well as many comments as the effect of fines content on
liquefaction. In recent years, many researchers concluded similar results. They found
that the liquefaction resistance decreased to FC, but increased after this ratio (Chang
et al., 1982; Polito and Martin, 2000; Thevenagam et al., 2000; Das and Sitraham,
2001; Xenaki and Athanadpoulos, 2003; Ueng et al., 2004; Popodopulo and Tika,
2008; Karim and Alam, 2014). Thevenagam (2000) expressed as a reason for such

behavior is that in the mixture the fine grains floats in voids in clean sand up to a
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certain ratio and fines cut the contact points between the sand grains and reduces the
resistance to liquefaction. After this ratio, the liquefaction resistance is increased
because the fine grains take the main behavior of soil matrix. In this study, FC; was
found to be 20%. FC, found by Chang et al. (1982) to be 10%, by Thevanayagam et
al. (2000) 25%, by Polito and Martin (2000) 35%, by Xenaki and Athanasopoulos
(2003) 44%, by Ueng et al. (2004) 20%, by Popodopulo and Tika (2008) % 35, by
Chang and Hong (2008) from 17 to 26%, by Dash and Sitharam (2011) 21%, by
Karim and Alam (2014) 30% and by Karakan and Altun (2016) 40%. As a reason for
the relatively small FC; value of this study; the fines used in this study is of low
plasticity. In the most of the reference study, non-plastic fine grains were used. As
Grecevez (2006) pointed out, as the plasticity value of fines increased, the
liquefaction resistance increased. For this reason, the FC; found to be %20 in this
study which is around 25-40% in most reference studies. However, FC; in this study
1s consistent with Ueng et al (2004), Chang and Hong (2008) and Dash and Sitharam
(2011) found the threshold ratios of 20%, 17% and 21%, respectively.

4.4.2 Effect of sand gradation and shape

Mixtures prepared with coarse sand gradation showed greater liquefaction resistance
than those with fine gradation (from Figure 4.25 to Figure 4.29). This approach was
also observed in study of Belkadit et al. 2011. Moreover Figueroa et al. (1999) found
energy values to initiate liquefaction concluded that, courser sands grains require
more energy to initiate liquefaction than fine sands. Polito (1999) found that as the
value of Dsg increased, liquefaction resistance will increase in clean sands particles.
In addition, rounded particles showed greater liquefaction resistance than angular
particles. Similar with found by Vaid et al. (1985) showed at low confining pressure
values, angular particles showed more resistance to liquefaction, while at higher
pressures, rounded particulars showed more resistance concluded that angular

particles are susceptible to liquefaction.
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CHAPTER 5

CONCLUSIONS

In this study, Bender element test was carried out for MDD and OMC of sand with

various fines mixtures and liquefaction resistance was evaluated with G, value.

The fines (< 0.075mm) was added to two different particle gradations (0.15-0.30

mm, 1.0-2.0 mm) of clean sand having distinct shapes (rounded and angular) with

mixture ratio of 5%, 10%, 15%, 20%, 30% and 40%. The following conclusions can

be drawn in this study.

As the FC increased, the MDD values increased and the OMC value
decreased. It can be concluded that fine grains filled the voids into the sand.
Mixtures with coarse graded (1.0-2.0) clean sand have greater MDD values
than those with fine grain (0.15-0.30) and less OMC values than those with
fine particles at a given FC. Rounded NS has greater MDD and less OMC
than angular CSS at a special FC.

Gnmax values decreased with the fines content up to 20% which after increased.
Mixtures with coarse graded clean sand has greater Gy, values than those
with fine grain mixtures and less OMC values than those with fine particles at
a given FC. Rounded NS has and greater MDD and less OMC than angular
CSS at a special FC.

CSR value to initiate liquefaction is calculated for each mixture as given by
Yunmin et al. (2005) and Zhou et al. (2005). The FC, found to be %20. The
mixtures with coarse graded clean sand showed greater liquefaction
resistance than those with fine sands at a given FC. Mixtures prepared with
the rounded sand showed greater resistance to liquefaction than angular sandy

soils at a special FC.
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RECOMMENDATIONS

This study evaluate the effects of FC, gradation and shape effect of sand, frequency
on compaction and liquefaction with bender element. Future works can focus on
utilizing different experimental process such as dynamic triaxial, static triaxial,
resonant column. Different clay types can be used. Effects of plasticity, size and

shape of clay can be evaluated.

58



REFERENCES

Andrews, D. C., Martin, G. R. (2000, January). Criteria for liquefaction of silty soils.
In Proc., 12th World Conf. on Earthquake Engineering. Upper Hutt, New Zealand.

Andrus, R. D., Stokoe II, K. H. (2000). Liquefaction resistance of soils from shear-
wave  velocity. Journal  of  Geotechnical — and  Geoenvironmental
Engineering, 126(11), 1015-1025.

Arulnathan, R., Boulanger, R., Riemer, M. (1998). Analysis of bender element
tests. Geotechnical Testing Journal, 21(2), 120-131.

Abbireddy, C. O. R., Clayton, C. R. L., Huvenne, V. A. (2009). A method of
estimating the form of fine particulates. Geotechnique, 59(6), 503511

Amini, F., Qi, G. Z. (2000). Liquefaction testing of stratified silty sands. Journal of
Geotechnical and Geoenvironmental Engineering, 126(3), 208-217.

Belkhatir, M., Arab, A., Schanz, T., Missoum, H., Della, N. (2011). Laboratory study
on the liquefaction resistance of sand-silt mixtures: effect of grading
characteristics. Granular Matter, 13(5), 599-609.

Bui, M. T., Clayton, C. R. L., Priest, J. A. (2007). Effects of particle shape on Gp.x of
geomaterials. In4th International Conference on Earthquake Geotechnical
Engineering.

Bui, Man T. (2009) Influence of some particle characteristics on the small strain
response of granular materials. PhD Thesis. University of Southampton.

Bol, E., Onalp, A., Arel, E., Sert, S., Ozocak, A. (2010). Liquefaction of silts: the
Adapazari criteria. Bulletin of Earthquake Engineering, 8(4), 859-873.

Boulanger, R. W., Mejia, L. H., Idriss, I. M. (1997). Liquefaction at moss landing
during Loma Prieta earthquake. Journal of Geotechnical and Geoenvironmental
Engineering, 123(5), 453-467.

Boulanger, R. W., Idriss, I. M. (2006). Liquefaction susceptibility criteria for silts
and clays. Journal of Geotechnical and Geoenvironmental Engineering, 132(11),
1413-1426.

Boulanger, R. W., Idriss, I. M. (2007). Evaluation of cyclic softening in silts and
clays. Journal of Geotechnical and Geoenvironmental Engineering, 133(6), 641-652.

Bray, J. D., Sancio, R. B., Riemer, M. F., Durgunoglu, T. (2004, January).
Liquefaction susceptibility of fine-grained soils. In Proc., 11th Int. Conf. on Soil
Dynamics and Earthquake Engineering and 3rd Int. Conf. on Earthquake
Geotechnical Engineering (Vol. 1, pp. 655-662). Stallion Press, Singapore

Bray, J. D., Sancio, R. B. (2006). Assessment of the liquefaction susceptibility of
fine-grained soils. Journal ~ of  Geotechnical — and  Geoenvironmental
Engineering, 132(9), 1165-1177.

59



Cabalar, A.F., Hasan, R.A., (2013). Compressional behaviour of various size/shape
sand—clay mixtures with different pore fluids. Engineering Geology, 164, 36—49.

Cabalar, A.F., Dulundu, K., Tuncay, K., (2013). Strength of various sands in triaxial
and cyclic direct shear tests. Engineering Geology, 156, 92—102.

Cabalar A.F., Karabash Z., Mustafa W.S. (2014). Stabilizing a clay using
tyrebuffings and lime, Road Mater Pavement Design, 15(4),872-891.

Cabalar, A. F., Akbulut, N. (2016). Effects of the particle shape and size of sands on
the hydraulic conductivity. Acta Geotechnica Slovenica, 13(2), 82-93.

Cai, Y., Dong, Q., Wang, J., Gu, C., Xu, C. (2015). Measurement of small strain
shear modulus of clean and natural sands in saturated condition using bender element
test. Soil Dynamics and Earthquake Engineering, 76, 100-110.

Campbell, J. E. (2006). On the use of shear wave velocity to characterize changes in
fines content of a silty sand.. PhD Thesis. University of British Columbia.

Carraro, J. A. H., Prezzi, M., Salgado, R. (2009). Shear strength and stiffness of
sands containing plastic or nonplastic fines. Journal of Geotechnical and
Geoenvironmental Engineering, 135(9), 1167-1178.

Carraro, J. A. H., Bandini, P., Salgado, R. (2003). Liquefaction resistance of clean
and nonplastic silty sands based on cone penetration resistance. Journal of
Geotechnical and Geoenvironmental Engineering, 129(11), 965-976.

Castro, G. (1975). Liquefaction and cyclic mobility of saturated sands. Journal of the
Geotechnical Engineering Division, 101(6), 551-569.

Castro, G., Poulos, S. J. (1977). Factors affecting liquefaction and cyclic
mobility. Journal of Geotechnical and Geoenvironmental Engineering, 103(6), 501-
516.

Cavarretta, I., Coop, M. R., Sullivan, C. (2010). The influence of particle
characteristics on the behaviour of coarse grained soils. Géotechnique, 60(6), 413—
423.

Clayton, C. R. I (2011). Stiffness at small strain: research and
practice. Géotechnique, 61(1), 5-37.

Clayton, C. R. L., Theron, M. Vermeulen, N. J. (2004). The effect of particle shape
on the behaviour of gold tailings. Advances in Geotechnical engineering: The
Skempton Conference, London: Thomas Telford. Vol. 1, 393-404.

Chang, W. J., Hong, M. L. (2008). Effects of clay content on liquefaction
characteristics of gap-graded clayey sands. Soils and Foundations, 48(1), 101-114.

Chang, N. Y., Yeh, S. T., Kaufman, L. P. (1892), Liquefaction potential of clean and
silty sands, Proceedings of the 3rd International Earthquake Microzonation
Conference, Seattle, USA, Vol. 2, 1017-1032.

Chien, L. K., Oh, Y. N., Chang, C. H. (2002). Effects of fines content on liquefaction
strength and dynamic settlement of reclaimed soil. Canadian Geotechnical
Journal, 39(1), 254-265.

Cho, G. C., Dodds, J., Santamarina, J.C (2006). Particle shape effects on packing
density, stiffness, and strength: natural and crushed sands. Journal of Geotechnical
and Geoenvironmental Engineering. 132 (5), 591-602.

60



Cho, G. C., & Santamarina, J. C. (2001). Unsaturated particulate materials—particle-
level studies. Journal of Geotechnical and Geoenvironmental Engineering, 127(1),

84-96.

Cox, B. R., Boulanger, R. W., Tokimatsu, K., Wood, C., Abe, A., Ashford, S. A.,
Donahue, J., Ishihara, K., Kayen, R. E., Katsumata, K., Kishida, T., Kokusho, T.,
Mason, H. B., Moss, R. E. S., Stewart, J. P., Tohyama, K., Zekkos, D. (2013).
Liquefaction at strong motion stations in Urayasu City during the 2011 Tohoku-oki
earthquake, Earthquake Spectra, 29, 55-80.

Cubrinovski, M., Ishihara, K. (2002). Maximum and minimum void ratio
characteristics of sands. Soils and Foundations, 42(6), 65-78.

Dash, H. K., Sitharam, T. G. (2011). Undrained cyclic and monotonic strength of
sand-silt mixtures. Geotechnical and Geological Engineering, 29(4), 555-570.

De Alba, P., Seed, H. B., Chan, C. K. (1976). Sand liquefaction in large-scale simple
shear tests. Journal of Geotechnical and Geoenvironmental Engineering, 102(9),
909-927.

Drnevich, V.P., Hardin, B.O., Shippy, D.J. (1978). Modulus and damping of soils by
the resonant column method. Dynamic Geotechnical Testing, 654, 91-125.

El Takch, A., Sadrekarimi, A., El Naggar, H. (2016). Cyclic resistance and
liquefaction behavior of silt and sandy silt soils. Soil Dynamics and Earthquake
Engineering, 83, 98-109.

Finn, W.D,L. 1981. Liquefaction potential: developments since 1976, In Proceedings
of the 1 st International Conference on Recent Advances in Geotechnical Earthquake
Engineering and Soil Dynamics, St. Louis, Mo. Vol. 2. Edited by S. Prakash.
University of Missouri-Rolla, 655-681.

Ghayoomi, M., & McCartney, J. S. (2011). Measurement of small-strain shear
moduli of partially saturated sand during infiltration in a geotechnical centrifuge.
Geotechnical Testing Journal. 34(5), 1-11.

Goudarzy, M., Rahman, M. M., Ko6nig, D., Schanz, T. (2016). Influence of non-
plastic fines content on maximum shear modulus of granular materials. Soils and
Foundations, 56(6), 973-983.

Gratchev, L. B., Sassa, K., Osipov, V. L., Sokolov, V. N. (2006). The liquefaction of
clayey soils under cyclic loading. Engineering Geology, 86(1), 70-84.

Green, R. A., Cubrinovski, M., Cox, B., Wood, C., Wotherspoon, L., Bradley, B.,
Maurer, B. (2014). Select liquefaction case histories from the 2010-2011 Canterbury
earthquake sequence. Earthquake Spectra, 30(1), 131-153.

Hannich, D., Hotzl, H., and Cudmani, R. (2006). The influence of groundwater on
damage caused by earthquakes — an overview [in German]. Grundwasser, 11(4),
286-294

Hardin, B. O., Kalinski, M. E. (2005). Estimating the shear modulus of gravelly
soils. Journal of Geotechnical and Geoenvironmental Engineering, 131(7), 867-875.

Hazen, A. (1920). Hydraulic-fill dams. Transactions of the American Society of Civil
Engineers, 83(1), 1713-1745.

61



Ishihara, K. (1993). Liquefaction and flow failure during
earthquakes. Géotechnique, 43(3), 351-451.

Ishihara, K., Takatsu, H. (1979). Effects of overconsolidation and K¢ conditions on
the liquefaction characteristics of sands. Soils and Foundations, 19(4), 59-68.

Ishihara, K., Yazamaki, A., Haga, K. (1985). Liquefaction of Ky-consolidated sand
under cyclic rotation of principal stress direction with lateral constraint. Soils and
Foundations, 25(4), 63-74.

Ishihara, K., Koga, Y. (1981). Case studies of liquefaction in the 1964 Niigata
earthquake. Soils and Foundations, 21(3), 35-52.

Ishihara, K., Li, S. L. (1972). Liquefaction of saturated sand in triaxial torsion shear
test. Soils and Foundations, 12(2), 19-39.

Ishihara, K., Shimizu, K., Yamada, Y. (1981). Pore water pressures measured in sand
deposits during an earthquake. Soils and Foundations, 21(4), 85-100.

Jardine, R.J., Symes, M.J., Burland, J.B. (1984). The measurement of soil stiffness in
the triaxial apparatus. Geotechnique, 34(3), 323-340.

Juang, C. H., Yuan, H., Lee, D. H., Lin, P. S. (2003). Simplified cone penetration
test-based method for evaluating liquefaction resistance of soils. Journal of
Geotechnical and Geoenvironmental Engineering, 129(1), 66-80.

Juang, C. H., Jiang, T., Andrus, R. D. (2002). Assessing probability-based methods
for liquefaction potential evaluation. Journal of Geotechnical and Geoenvironmental
Engineering, 128(7), 580-589.

Karakan E., Altun S. (2016) Liquefaction Behavior and Post-Liquefaction

Volumetric Strain Properties of Low Plasticity Silt Sand Mixtures. Teknik Dergi,
27(4), 7593-7617.

Karim, M. E., Alam, M. J. (2014). Effect of non-plastic silt content on the
liquefaction behavior of sand-—silt mixture. Soil Dynamics and Earthquake
Engineering, 65, 142-150.

Kenney, T. C., Veen, W. V., Swallow, M. A., Sungaila, M. A. (1992). Hydraulic
conductivity of compacted bentonite—sand mixtures. Canadian Geotechnical
Journal, 29(3), 364-374.

Komine, H. (2004). Simplified evaluation on hydraulic conductivities of sand—
bentonite mixture backfill. Applied Clay Science, 26(1), 13-19.

Kiyota, T., Koseki, J., Sato, T., Tsutsumi, Y. (2009). Effects of sample disturbance
on small strain characteristics and liquefaction properties of Holocene and
Pleistocene sandy soils. Soils and Foundations, 49(4), 509-523.

Kramer, S. L., Seed, H. B. (1988). Initiation of soil liquefaction under static loading
conditions. Journal of Geotechnical Engineering, 114(4), 412-430.

Kumar, J., Madhusudhan, B. N. (2010). Effect of relative density and confining
pressure on  Poisson ratio from bender and extender elements
tests. Géotechnique, 60(7), 561-567.

Kuribayashi, E., Tatsuoka, F. (1975). Brief review of liquefaction during earthquakes
in Japan. Soils and Foundations, 15(4), 81-92.

62



Koseki, J., Ohta, A. (2001). Effects of different consolidation conditions on
liquefaction resistance and small strain quasi-elastic deformation properties of sands
containing fines. Soils and Foundations, 41(6), 53-62.

Lade, P. V., Yamamuro, J. A. (1997). Effects of nonplastic fines on static
liquefaction of sands. Canadian Geotechnical Journal, 34(6), 918-928.

Lo Presti, D. C. F., Jamiolkowski, M., Pallara, O., Cavallaro, A., Pedroni, S. (1997).
Shear modulus and damping of soils. Géotechnique, 47(3), 603-617.

Lee, C., Suh, H. S., Yoon, B., Yun, T. S. (2017). Particle shape effect on thermal
conductivity and shear wave velocity in sands. Acta Geotechnica, 12(3), 615-625.

Leon, E., Gassman, S. L., Talwani, P. (2006). Accounting for soil aging when
assessing liquefaction potential. Journal of Geotechnical and Geoenvironmental
Engineering, 132(3), 363-377.

Mesri, G., Feng, T. W., Benak, J. M. (1990). Postdensification penetration resistance
of clean sands. Journal of Geotechnical Engineering, 116(7), 1095-1115.

Mogami, T., Kubo, K. (1953). The behaviour of soil during vibration. In Proceedings
of the 3rd International Conference on Soil Mechanics and Foundation Engineering,
Vol. 1, 152-153.

Mengq, F. Y. Stokoe, K. H. (2003). Linear dynamic properties of sandy and gravelly
soils from large-scale resonant tests. In Deformation characteristics of geomaterials
(eds Benedetto, H. D., Geoffroy H., Doanh, T., Sauze, C.), Lisse: Swets & Zeitlinger,
63-71.

Monkul, M. M., Yamamuro, J. A. (2011). Influence of silt size and content on
liquefaction behavior of sands. Canadian Geotechnical Journal, 48(6), 931-942

Monkul, M. M., Giiltekin, C., Giilver, M., Akin, O., Eseller-Bayat, E. (2015).
Estimation of liquefaction potential from dry and saturated sandy soils under drained
constant volume cyclic simple shear loading. Soil Dynamics and Earthquake
Engineering, 75, 27-36.

Monkul, M. M., Lade, P. V., Etminan, E., Senol, A. (2014). Compressibility as an
indicator of liquefaction potential. Geotechnical Engineering Journal of the SEAGS
& AGSSEA, 454), 73-77.

Moss, R. E., Seed, R. B., Kayen, R. E., Stewart, J. P., Der Kiureghian, A., Cetin, K.
0. (2006). CPT-based probabilistic and deterministic assessment of in situ seismic

soil liquefaction potential. Journal of Geotechnical and Geoenvironmental
Engineering, 132(8), 1032-1051.

Muszynski, M.R., and Vitton, S.J. (2012). Particle shape estimates of uniform sands:
visual and automated methods comparison. Journal of Materials in Civil
Engineering, 24(2), 194-206.

Olson, S. M., Stark, T. D. (2002). Liquefied strength ratio from liquefaction flow
failure case histories. Canadian Geotechnical Journal, 39(3), 629-647.

Ohsaki, Y. (1970). Effects of sand compaction on liquefaction during the Tokachioki
earthquake. Soils and Foundations, 10(2), 112-128.

63



Papadopoulou, A., Tika, T. (2008). The effect of fines on critical state and
liquefaction resistance characteristics of non-plastic silty sands. Soils and
Foundations, 48(5), 713-725.

Papadopoulos, G. A., Lefkopoulos, G. (1993). Magnitude-distance relations for
liquefaction in soil from earthquakes. Bulletin of the Seismological Society of
America, 83(3), 925-938.

Peacock, W. H., Seed, H. B. (1968). Sand liquefaction under cyclic loading simple
shear conditions. Journal of Soil Mechanics & Foundations Division, 94(3), 689-
708.

Polito, C. P., Martin II, J. R. (2001). Effects of nonplastic fines on the liquefaction
resistance  of  sands. Journal of Geotechnical —and  Geoenvironmental
Engineering, 127(5), 408-415.

Polito, C.P., 1999, The effects of non-plastic and plastic fines on the liquefaction of
sandy soils, PhD. Thesis, Virginia Polytechnic Institute and State University,
Virginia, USA.

Purwana YM, Nikraz HR, Jitsangiam P. (2012) Experimental study of suction-
monitored CBR test on sand-kaolin clay mixture. Int J Geomate, 3(2), 419-422.

Robertson, P. K., Wride, C. E. (1998). Evaluating cyclic liquefaction potential using
the cone penetration test. Canadian Geotechnical Journal, 35(3), 442-459.

Salgado, R., Bandini, P., Karim, A. (2000). Shear strength and stiffness of silty
sand. Journal of Geotechnical and Geoenvironmental Engineering, 126(5), 451-462.

Salgado, R., Boulanger, R. W., Mitchell, J. K. (1997). Lateral stress effects on CPT
liquefaction resistance correlations. Journal of Geotechnical and Geoenvironmental
Engineering, 123(8), 726-735.

Sancio, R. B., Bray, J. D., Stewart, J. P., Youd, T. L., Durgunoglu, H. T., Onalp, A.,
Seed, R. B., Christensen, C., Baturay, M. B., Karadayilar, T. (2002), Correlation
Between Ground Failure and Soil Conditions In Adapazari, Turkey. Soil Dynamics
and Earthquake Engineering, 22 (9), 1093-1102.

Santamarina, J. C., Cascante, G. (1998). “Effect of surface roughness on wave
propagation parameters.” Géotechnique, 481, 129-137.

Seed, H. B., Tokimatsu, K., Harder, L. F., Chung, R. M. (1985). Influence of SPT
procedures in soil liquefaction resistance evaluations. Journal of Geotechnical
Engineering, 111(12), 1425-1445.

Seed, H. B., Idriss, I. M., Arango, 1. (1983). Evaluation of liquefaction potential
using field performance data. Journal of Geotechnical Engineering, 109(3), 458-482.

Seed, H.B. 1976. Evaluation of soil liquefaction effects on level ground during
earthquakes. ASCE Annual Convention and Exposition, Liquefaction Problems in
Geotechnical Engineering. Philadelphia, 1-104.

Seed, B., Lee, K. L. (1966). Liquefaction of saturated sands during cyclic
loading. Journal of Soil Mechanics & Foundations Division, 92(6), 105-134.

Seed, H. B., Idriss, I. M. (1971). Simplified procedure for evaluating soil liquefaction
potential. Journal of Soil Mechanics & Foundations Division. 97(9), 1249-1273.

64



Seed, R. B., Cetin, K. O., Moss, R. E., Kammerer, A. M., Wu, J., Pestana, J. M.,
Riemer, M.F., Sancio, R.B., Bray, J.D., Kayen, R.E., Faris, A. (2003). Recent
advances in soil liquefaction engineering: a unified and consistent framework.
In Proceedings of the 26th Annual ASCE Los Angeles Geotechnical Spring Seminar:
Long Beach, California, USA.

Seed, H. B. (1979). Soil liquefaction and cyclic mobility evaluation for level ground
during earthquakes. Journal of the Geotechnical Engineering Division, 105(2), 201—
255.

Skempton, A. W. (1986). Standard penetration test procedures and the effects in
sands of overburden pressure, relative density, particle size, ageing and
overconsolidation. Géotechnique, 36(3), 425-447.

Suh, H. S., Kim, K. Y., Lee, J., Yun, T. S. (2017). Quantification of bulk form and
angularity of particle with correlation of shear strength and packing density in
sands. Engineering Geology, 220, 256-265.

Simoni, A., Houlsby, G. T. (2006). The direct shear strength and dilatancy of sand—
gravel mixtures. Geotechnical and Geological Engineering, 24(3), 523-549.

Shakoor, A., Cook, B. D. (1990). The effect of stone content, size, and shape on the
engineering properties of a compacted silty clay. Bulletin of Association of
Engineering Geologists, 27(2), 245-253.

Shin, H., Santamarina, J. C. (2012). Role of particle angularity on the mechanical
behavior of granular mixtures. Journal of Geotechnical and Geoenvironmental

Engineering, 139(2), 353-355.

Shirley, D. J., & Hampton, L. D. (1978). Shear-wave measurements in laboratory
sediments. The Journal of the Acoustical Society of America, 63(2), 607-613.

Stark, T. D., Olson, S. M. (1995). Liquefaction resistance using CPT and field case
histories. Journal of Geotechnical Engineering, 121(12), 856-869.

Toprak, S., Holzer, T. L. (2003). Liquefaction potential index: field
assessment. Journal of Geotechnical and Geoenvironmental Engineering, 129(4),
315-322.

Thevanayagam, S., Fiorillo, M., Liang, J. (2000). Effect of non-plastic fines on
undrained cyclic strength of silty sands. ASCE Geotechnical Special Publication,
107, 77-91.

Tokimatsu, K., Yoshimi, Y. (1983). Empirical correlation of soil liquefaction based
on SPT N-value and fines content. Soils and Foundations, 23(4), 56-74.

Tokimatsu K, Uchida A. (1990). Correlation between liquefaction resistance and
shear wave velocity. Soils Foundations,30(2),33—42.

Tsuchida, H. (1970). Prediction and countermeasure against the liquefaction in sand
deposits. Abstract of the seminar in the Port and Harbor Research Institute. 3.1-3.33.

Tokimatsu, K., Hosaka, Y. (1986). Effects of sample disturbance on dynamic
properties of sand. Soils and Foundations, 26(1), 53-64.

Ueng, T. S., Sun, C. W., Chen, C. W. (2004). Definition of fines and liquefaction
resistance of Maoluo river soil. Soil Dynamics and Earthquake Engineering, 24(9),

65



745-750.

Vaid, Y. P., Chern, J. C., Tumi, H. (1985). Confining pressure, grain angularity, and
liquefaction. Journal of Geotechnical Engineering, 111(10), 1229-1235.

Viggiani, G., Atkinson, J. H. 1995. “Interpretation of bender element tests.”
Géotechnique, 451, 149—154.

Wichtmann, T., Triantafyllidis, T. (2009). Influence of the grain-size distribution
curve of quartz sand on the small strain shear modulus G.x. Journal of Geotechnical
and Geoenvironmental Engineering, 135(10), 1404-1418.

Wichtmann, T., Hernandez, M. N., Triantafyllidis, T. (2015). On the influence of a
non-cohesive fines content on small strain stiffness, modulus degradation and
damping of quartz sand. Soil Dynamics and Earthquake Engineering, 69, 103-114.

Wiebe, B., Graham, J., Tang, G. X., & Dixon, D. (1998). Influence of pressure,
saturation, and temperature on the behaviour of unsaturated sand-
bentonite. Canadian Geotechnical Journal, 35(2), 194-205.

Xenaki, V. C., Athanasopoulos, G. A. (2003). Liquefaction resistance of sand—silt

mixtures: an experimental investigation of the effect of fines. Soil Dynamics and
Earthquake Engineering, 23(3), 1-12.

Yang, J., Liu, X. (2016). Shear wave velocity and stiffness of sand: The role of
nonplastic fines. Géotechnique, 66(6), 500-514.

Youd, T. L., Bennett, M. J. (1983). Liquefaction sites, imperial valley,
California. Journal of Geotechnical Engineering, 109(3), 440-457.

Youn, J. U., Choo, Y. W., Kim, D. S. (2008). Measurement of small-strain shear
modulus Gpax of dry and saturated sands by bender element, resonant column, and
torsional shear tests. Canadian Geotechnical Journal, 45(10), 1426-1438.

Terzaghi, Peck, R. B.(1948) Soil Mechanics in Engineering Practice. John Wiley &
Sons, New York.

Tatsouka, F., Ochi, K., Fuju, S., Okamoto, M. (1986). Cyclic undrained triaxial and
torsional shear strength of sands for different sample preparation methods. Soils and
Foundations, 26(3), 23-41.

Tang, X. W., Hu, J. L., Qiu, J. N. (2016). Identifying significant influence factors of
seismic soil liquefaction and analyzing their structural relationship. KSCE Journal of
Civil Engineering, 20(7), 2655-2663.

Umehara, Y., Zen, K., Hamada, K. (1985). Evaluation of soil liquefaction potentials
in partially drained conditions. Soils and Foundations, 25(2), 57-72.

Yasuda, S., Tohno, 1. (1988). Sites of reliquefaction caused by the 1983 Nihonkai-
Chubu earthquake. Soils and Foundations, 28(2), 61-72.

Yun, T. S., Santamarina, J. C. (2008). Fundamental study of thermal conduction in
dry soils. Granular matter, 10(3), 197-207.

Yunmin, C., Han, K., Ren-peng, C. (2005). Correlation of shear wave velocity with
liquefaction resistance based on laboratory tests. Soil Dynamics and Earthquake
Engineering, 25(6), 461-469.

Youd, T. L., Perkins, D. M. (1978). Mapping liquefaction-induced ground failure

66



potential. Journal of the Soil Mechanics and Foundations Division, 104(4), 433-446.

Yoshimi, Y., Tokimatsu, K., Hosaka, Y. (1989). Evaluation of liquefaction

resistance of clean sands based on high-quality undisturbed samples. Soils and
Foundations, 29(1), 93-104.

Zhao, J. X., Dowrick, D. J., McVerry, G. H. (1997). Attenuation of peak ground
accelerations in New Zealand earthquakes. Bulletin of the New Zealand National
Society for Earthquake Engineering, 30(2), 133-158.

Zhou, Y. G., Chen, Y.-M., Ke, H. (2005). Correlation of liquefaction resistance with
shear wave velocity based on laboratory study using bender element. Journal of
Zhejiang University Science B, 6A(8), 805—-812.

67



