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Abstract This paper presents the results of a series of cyclic
triaxial tests carried out on sands with different index prop-
erties. Samples from three grain-size distributions of Izmir
(Turkey) sand were tested under consolidated-undrained con-
ditions. The tests were performed under two different effec-
tive confining pressure values (100 and 200 kPa). The rela-
tive densities of the specimens were 30 and 50 %. The results
showed that the relative density plays a dominant role in the
liquefaction behavior of the sand, whereas the confining pres-
sure increase has greater effects on the stress–strain proper-
ties of the sand. It was observed that the relationship between
the grain-size diameters and cyclic stress ratios of the sands
would be more realistic. It was found that the pore water
pressure generation curve falls outside the narrow band pro-
posed by previous studies and a greater coefficient is required
for the cycle ratio depending on the soil properties and test
conditions. The shear moduli of the sands increased inde-
pendently of the mean diameter with the relative density
under a confining pressure of 100 kPa. Under a confining
pressure of 200 kPa, the shear moduli increased with the uni-
formity coefficient of the sand. Increments in the relative
density resulted in a slight increment of the shear moduli for
the sands. The goal of the current study was to provide an
understanding of the liquefaction and stress–strain behavior
of Izmir sand, which represents the material of similar sites
with loose alluvial sediments located in earthquake-prone
areas found around the world.
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1 Introduction

The seismic-resistant design of soil structures requires a clear
understanding of the soil behavior under earthquake load-
ing. Therefore, it is necessary to consider the ground-shaking
characteristics and local site amplifications in estimations of
ground response and definitions of structural design loads.
Civil engineering projects in Izmir City in Turkey and its
vicinity have significantly increased over the last decade
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because the population of the city is rapidly increasing. Izmir
city is located on deep alluvial sediments capable of amplify-
ing ground motions during an earthquake. Soil layers com-
posed of sand occur frequently and are accompanied by a
high groundwater table in the area. For this reason, investi-
gation of the behavior of the Izmir sand has recently received
attention.

Izmir is surrounded by 13 active faults [1], and the 1977
(Ms = 5.3), 1992 (Mw = 6.0), 2003 (Md = 5.6), and
2005 (Mw = 5.9) earthquakes are distinctive examples of
the many seismic activities that have occurred in the recent
past and caused damage in and around Izmir. A rupture along
the Izmir fault, which is located along the southern region of
the city, will cause large ground deformations and strong
ground shaking in Izmir. Additionally, the 1977 earthquake
occurred on the Izmir fault. According to the earthquake mas-
ter plan for Izmir [2], the expected peak ground acceleration
for rock sites is between 0.3 and 0.35 g for a 10 % prob-
ability of exceedance over 50 years. The plan emphasizes
that an earthquake scenario on the Izmir fault with a mag-
nitude of Ms = 6.5 is expected. The combination of local
soil properties and moderate-high seismic activity makes it
vitally important to characterize the dynamic strength and
liquefaction behavior of soils under cyclic loading. Areas
with active seismicity and similar geological conditions are
present worldwide in such locations as Christchurch (New
Zealand), Ohio (USA), and Taipei (Taiwan) [3–5]. Therefore,
the findings of this study not only constitute an example at
the international level but also contribute to an understanding
of the dynamic behavior sands under similar conditions.

Early studies of liquefaction were mostly devoted to clean
sands [6]. The present state of the art of liquefaction of sands
has progressed to a stage at which reasonable estimates of the
liquefaction potential can be produced based on laboratory
testing or on in-situ test data [7–10].

The undrained response of coarse-grained soils to cyclic
loading, which may be induced by an earthquake, has
received increased attention after several liquefaction-
induced failures were observed to occur with the associated
detrimental effects. The vital role of excess pore water pres-
sure in reducing effective stress, inducing excessive strains,
and consequently causing liquefaction cannot be ignored.
From the 1960s up to the present, several researchers have
examined the fundamental aspects of cyclic liquefaction or
strain-softening behavior for granular and sandy soils [11–
14]. The maximum dynamic shear modulus and damping
ratio are descriptive soil parameters for many geotechnical
earthquake engineering applications that involve many types
of loading and many potential mechanisms of failure, not
only at low strains but also at intermediate and high strains.
For problems dominated by wave propagation effects, only
low levels of strains are induced in the soil, and for prob-
lems involving the stability of masses of soil, large strains

are induced in the soil [15]. In recent years, selected studies
were performed to investigate the behavior of soils at small
strain levels, and estimations of the dynamic shear modu-
lus and damping ratio for different types of soils were also
examined [16–18].

This paper presents a systematic experimental investi-
gation with three different grain-size distributions of Izmir
sand using a cyclic triaxial device. The main objective
was to explore (1) the liquefaction and stress–strain behav-
ior of sands with relative densities of 30 and 50 % under
consolidated-undrained conditions with the effective confin-
ing stress values of 100 and 200 kPa; (2) the pore water pres-
sure development, its relationship with effective stress, and
its comparison with the conventional models; and (3) the
effects of gradation parameters (mean grain size and unifor-
mity coefficient) on the cyclic resistance and the dynamic
properties of the sands at small strain levels.

2 Materials and Experimental Program

Local sand is obtained from the city center of Izmir in Turkey.
The sand is classified as poorly graded sand (SP) according to
the Unified Soil Classification System. Coarse-grained sand
and fine-grained sand are obtained by sieving the original soil
mass. The sand portions consisting of grain sizes between no.
4 and no. 30 sieves and no. 60 and no. 200 sieves are sep-
arated in this manner. The index properties of the sands are
presented in Table 1. In this study, the coarse sand, original
sand, and fine sand are denoted as CS, OS, and FS, respec-
tively.

An experimental program was prepared to investigate the
influence of the grain-size distribution curves of sand on

Table 1 Index properties of the sand with three different gradations

Coarse
sand (CS)

Original
sand (OS)

Fine
sand (FS)

USCSa symbol SP SP SP

d10 (mm) 0.52 0.15 0.11

d30 (mm) 0.74 0.28 0.17

d50 (mm) 1.25 0.53 0.23

d60 (mm) 1.50 0.70 0.26

Coefficient of
uniformity, Cu

2.88 4.67 2.36

Coefficient of
curvature, Cc

0.70 0.75 1.01

Maximum void ratio,
eb

max

0.92 0.84 1.09

Minimum void ratio,
ec

min

0.67 0.56 0.79

Specific gravity, Gd
s 2.66 2.67 2.69

a USCS = Unified Soil Classification System, b ASTM D4253, c ASTM
D4254, d ASTM D854
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Table 2 Cyclic testing program of the study

Poorly graded (SP) sand

Confining pressure (kPa) 100 100 200 200

Relative density (%) 30 50 30 50

Coarse sand (SP sand between no. 4 and no. 30 sieves)

Confining pressure (kPa) 100 100 200 200

Relative density (%) 30 50 30 50

Fine sand (SP sand between no. 60 and no. 200 sieves)

Confining pressure (kPa) 100 100 200 200

Relative density (%) 30 50 30 50

the stress–strain parameters (Table 2), and twelve cyclic test
cases are shown in Table 2. The test cases are combinations
of grain-size distribution and relative density of the sand and
the confining pressure experienced by the soil sample. Five
cyclic triaxial tests are performed in each test case. In addi-
tion to the routine experimental program, certain randomly
selected test cases are rerun to check the validation of sam-
ple preparations of similar density and loading conditions
to verify the repeatability and the accuracy of the results.
The experiments are conducted on specimens with a diam-
eter of 50 mm and a height of 100 mm. The specimens are
prepared using the method of air pluviation with a controlled
flow rate and constant fall height for a calculated amount of
dried sand (JGS 0520-2000 [19]) and are subsequently tested
according to JGS 0541-2000 [20]. JGS (Japanese Geotech-
nical Society) standards are preferred as they are based on
the concept that the cyclic deformation properties of geo-
materials are allowed to be measured in triaxial test using
a single specimen over a wide strain range from 10−6 to
10−2. The specimens are flooded with carbon dioxide fol-
lowed by de-aired water, and back pressure is applied to sat-
urate the specimens. Skempton’s pore water pressure value
(B = u/� σ) is verified to vary between 0.96 and 1.00. The
specimens are isotropically consolidated to the desired effec-
tive stress, and stress-controlled undrained cyclic loading is
subsequently applied. In the liquefaction tests, the loading
sequence applies a certain number of cycles necessary to
reach a specified level of cyclic stress under a frequency of
0.1 Hz until the specimen develops a double-amplitude axial
strain (εDA) of 5 %.

During cyclic loading, continuous records are obtained
for the excess pore water pressure (�u), cyclic axial strain
(εc), and the cyclic deviator stress ratio applied to the spec-
imen. Following the recommendations of JGS 0541-2000
[20], two criteria are considered to define liquefaction. If the
amplitude of cyclic axial load is relatively large, the num-
ber of cycles needed to cause liquefaction is accepted as the
number of cycles needed to reach a maximum value of excess
pore water pressure equal to 95 % of the effective confining
stress; otherwise, it is recognized as the number of cycles

needed to reach a double amplitude of 5 % of the axial dis-
placement of the specimen. The experiments progress until
all specimens reach 10 % of the axial displacement. Typi-
cal test results obtained from a cyclic triaxial test conducted
on OS sand with a relative density of 30 % and subjected to
an effective confining pressure of 100 kPa are illustrated in
Fig. 1.

The cyclic deviator stress applied to the specimen with
a given number of cycles is presented in Fig. 1a. Two-way
cyclic loading, which involves a continuous sequence of com-
pression and extension, was regularly applied to simulate
dynamic conditions. Figure 1b shows the variation of the
corresponding cyclic axial strain with the number of cycles.
At the beginning of the test, the loading and strains move
on the same axis, but as the number of cycles increases, the
strains became more dominant on the compression side. The
variation of pore water pressure with the number of loading
cycles is shown in Fig. 1c. The progress of the pore water
pressure ratio with the number of cycles follows a steady
trend. After 60 cycles, the pore water pressure ratio exceeds
95 %, and this condition stimulates the cyclic axial strains
to vary considerably over a wider range. The plot of the
pore water pressure ratio with cyclic axial strain, the deviator
stress with cyclic axial strain, and the effective stress path are
shown in Fig. 1d–f, respectively. In Fig. 1d, when the pore
water pressure ratio reaches 80 %, the cyclic axial strain is
approximately 0.5 %. Further development of the pore water
pressure results in +5.5 and −3.5 % strain levels for a total
strain of 9 %. Figure 1e indicates the occurrence of small axial
strain (approximately 0.5 %) before initial liquefaction and a
nearly 5 % double-amplitude strain at 67 cycles of loading.
However, once the initial liquefaction is triggered, the speci-
men rapidly experiences large strains, within approximately
one loading cycle, and subsequently fails due to softening of
the soil, which is the characteristic of contractive behavior of
loose sand due to the pore water pressure build up. In Fig. 1f,
it should be noted that the stress path is directed to the com-
pression side relative to the trend of cyclic axial strain. At
the end of this test case, necking occurred in the specimen
because of the flexible boundary in the vertical direction, and
this condition accelerated the non-uniform stress and defor-
mation in the specimen at the end of liquefaction.

To determine the stress–strain characteristics of the sand,
a series of tests are performed in this study. The same cases
as in the liquefaction tests are examined in the deformation
tests. In the undrained cyclic test, a total of eleven cyclic
loadings are imposed on the specimen using a single ampli-
tude cyclic axial strain of less than 0.001 % [21]. During the
experiments in this study, the cyclic loading is applied via an
axial load in a controlled manner for a sinusoidal load at a
constant frequency of 0.1 Hz for all test cases. After the end
of each cyclic loading, drainage is allowed, and the change
in height and volume of the specimen is recorded. The rate of
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Fig. 1 a Variation of cyclic stress ratio, b cyclic axial strain and c pore water pressure with loading cycles, d power water pressure ratio with cyclic
axial strain, e deviator stress with cyclic axial strain, and f stress path for a sand specimen (Dr = 30 %, σ′

0 = 100 kPa)

axial strain at the end of each consolidation stage is ensured
to be less than 0.01 %/min, and the drainage is closed. Twice
the amount of cyclic loading is applied in every step until
it is impossible to continue within the limitations of the test
device. The total number of data points for each quantity
required to form a single hysteresis loop is more than forty
in every deformation test. Typical test results obtained from
undrained cyclic triaxial tests performed by following JGS
0542-2000 [21] are presented in Fig. 2a–d for the same spec-
imen conditions as in Fig. 1.

In Fig. 2a, 75 loading stages are included in the deforma-
tion test. The pore water pressure is dissipated at the end of
each loading; therefore, a pore water pressure ratio of 1.0
could not be obtained. The negative values of the pore water
pressure ratio denote the condition of drainage allowance at
the end of the loading stages. Because the deviator stress level
is limited, the test progressed to a compression pressure of
250 kPa, as shown in Fig. 2b. The total axial strain of this
specimen reached 0.7 % (Fig. 2c). Although a deviator stress
of 250 kPa corresponds to an axial strain of 0.4 % on the com-
pression side, a deviator stress of 130 kPa corresponds to an
axial strain of 0.3 % in the extension side at the end of the
test (Fig. 2d).

3 Evaluation of Test Results and Discussion

The testing program for the specimens in the cyclic triax-
ial test device is described in Table 2. During this program,
the results of several test cases were obtained, and the liq-
uefaction and stress–strain behaviors of the specimens were

evaluated by means of relative density, double amplitude of
axial strain, pore water pressure development, and the effect
of grain size.

3.1 Effect of Relative Density and Confining Pressure
on the Cyclic Stress

Cyclic stresses are plotted versus the number of cycles for the
results of cyclic triaxial tests performed on saturated samples
of coarse, original, and fine sands (Fig. 3a–f).

The curves in Fig. 3 are achieved for relative density values
of 30 and 50 % under constant confining pressures of 100
and 200 kPa. Similar curves are achieved for the 5 and 10 %
double-amplitude axial strains that confirm the cyclic stress
versus number of cycles relationships for three types of sand.
The curves for three types of sand follows the order of Dr =
50 % − σ′

0 = 200 kPa, Dr = 30 % − σ′
0 = 200 kPa, Dr =

50 % − σ′
0 = 100 kPa, and Dr = 30 % − σ′

0 = 100 kPa
from the upper to lower range. The effect of relative density
change is more pronounced than that of the effective stress
change in Fig. 3a–d. This observation also could be related
to the grain-size distributions of CS and OS types of sand.
The gradation curves of these sands are quite similar, and the
coefficient of curvature is the closest parameter among the
other gradation parameters given in Table 1.

The FS sand has a different grain-size distribution than that
of CS and OS, and its grain-size distribution lies in a narrower
range. Hence, the effect of relative density is not as prevalent
as that shown in Fig. 3e, f. This type of sand is more sensi-
tive to the change of effective stresses because the curves of
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Fig. 2 a Variation of pore water pressure ratio, b deviator stress, and c axial strain with loading cycles; d relationship of deviator stress with axial
strain for a sand specimen (Dr = 30 %, σ′

0 = 100 kPa)

Fig. 3 Liquefaction resistance of CS, OS, and FS sands for a double amplitude of axial strain of 5 % (a, c, e) and 10 % (b, d, f), respectively
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Fig. 4 Variation of
double-amplitude axial strain
with number of loading cycles
for OS sand: a Dr = 30 % and
σ′

0 = 100 kPa, b Dr = 30 % and
σ′

0 = 200 kPa, c Dr = 50 % and
σ′

0 = 100 kPa, and d Dr = 50 %
and σ′

0 = 200 kPa

the same confining pressures nearly overlap with each other.
These data indicate that larger cyclic stresses are generated
at 200 kPa than at 100 kPa, particularly at a lower number
of cycles. The cyclic stresses are effectively dependent on
confining pressure, with higher cyclic stresses obtained at
higher effective confining pressures. This condition is valid
for specimens with relative densities of both 30 and 50 %.

3.2 Effect of Double Amplitude (DA) of Axial Strain

The changes in the double-amplitude axial strain with the
number of cycles under each testing condition are shown in
Fig. 4a–d with the corresponding cyclic stress ratios (CSR).
Liquefaction occurred instantly in OS specimens with lower
relative densities because the double amplitude of axial strain
follows a perpendicular path (Fig. 4a, b). For medium density
specimens of OS sand, the deformation increases gradually
with the number of cycles over which the double amplitude
of strain develops in time (Fig. 4c, d). Similar observations
are valid for CS and FS sands, and therefore, they are not
discussed in further detail.

3.3 Effect of Grading Characteristics on Liquefaction
Resistance

The gradation parameters are evaluated in terms of d10, d30,
d50 (mean diameter), d60, coefficient of uniformity (Cu), and
coefficient of curvature (Cc) accompanied by the cyclic stress

ratios (CSR) for 15 cycles of uniform loading. A relationship
between Cu or Cc and the CSR was not observed for different
test conditions. The cyclic resistance decreased consistently
with the grain size (Fig. 5). This observation is in agreement
with the findings of Miura et al. [22]. Polito [23] reported that
the cyclic resistance increases as the mean diameter increases
for clean sands. It is observed that the relationship is more
prominent between the grain-size diameters and CSR.

3.4 Effect of Pore Water Pressure Development

The pore water pressure builds up gradually during the lique-
faction tests and reaches the initially applied confining stress;
this buildup of pore water pressure generation depends on the
magnitude of cyclic stress ratio (CSR) as well as the density
of the soil. In addition, the effect of the number of loading
cycles on the magnitude of pore water pressure is essentially
a function of the shear strain [24].

A number of studies exist that aim at assessment of the
pore water pressure response of fully saturated clean sands.
Marcuson et al. [25] used the pore water pressure ratio to
estimate the reduction of soil stiffness during earthquake
loading. Oda et al. [26] linked the increment in pore water
pressure at the end of the first cycle to the number of cycles
required to cause a double-amplitude axial strain of 5 % in
cyclic triaxial tests, regardless of relative density and cyclic
shear ratio. Dobry [27] proposed upper and lower bound-
aries in the pore water pressure ratio versus shear strain
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Fig. 5 Variation of the cyclic
stress ratio with the grain sizes
of sands used in this study

domain based on the results of strain-controlled cyclic tests
on poorly graded sands, and these boundaries are presented
in Fig. 6. A major disagreement exists in the pore water pres-
sure ratio versus the axial shear strain responses of stress and
strain-controlled test data because of the significantly differ-
ent strain paths followed during these cyclic tests. In sim-
pler terms, the boundary curves of Dobry [27] correspond
to a specific case in which ten cycles of shear strains were
applied, and the corollary pore water pressure ratio values
were estimated at the end. However, during stress-controlled
cyclic testing, the estimated pore water pressure ratio values
correspond to the first occurrence of the recorded maximum
strain levels and are less dependent on the stress histories.
To compare the boundary curves of Dobry [27] with those of
this study, pore water pressure values corresponding to the
double amplitude of axial strain levels of 5 % are obtained
and used to graph the data of Fig. 6a–c.

The CS sand is located near the lower boundary of the
curve offered by Dobry [27], as shown in Fig. 6a. The OS
sand remains slightly below the lower boundary of the curve
(Fig. 6b), and the FS sand lies exactly between the upper
and lower boundaries of the proposed curves of Dobry [27]
(Fig. 6c). If the average shear strain levels are considered for
a constant pore water pressure, the order of shear strain levels
shows an increase from fine sand to coarse sand. For exam-
ple, if the pore water pressure is taken as 0.4, the average
shear strains of fine, original, and coarse sands are 0.1, 0.2,
and 0.4 %, respectively. This trend proceeds until the pore
water pressures reach 0.95, and high levels of shear strains
are achieved thereafter. For a constant level of shear strain,
the pore water pressures increase from coarse to fine sand.
For instance, if the shear strain is taken as 0.1 %, the pore
water pressure values of the sands are 0.45 for coarse sand,
0.51 for original sand, and 0.58 for fine sand. This sequence
is in agreement with the median grain size of the sand types
(d50 of 0.23, 0.53, and 1.25 mm) used in this study. The pore
water pressure change is associated with grain size, espe-

cially the mean diameter of sand [28,29]. The test results
reveal that for sands with different gradation, the one that
has a smaller mean grain size (d50) is more susceptible to
liquefaction.

Another comparison is carried out by obtaining the cycle
number ratios for which the pore water pressure ratio is 1.
Lee and Albaisa [30] recommended upper and lower bound-
aries for residual pore water pressure ratios for Monterey
and Sacramento sands, whereas El Hosri et al. [31] proposed
curves for silty clays. Seed et al. [32] developed an empirical
model for predicting the rate of pore water pressure using
data from tests performed on clean sands. The boundaries
presented by the aforementioned authors are shown in com-
parison with the results of this study in Fig. 7a–c. Variation
of the pore water pressure ratio versus the cycle number ratio
of OS sand constitutes the upper boundary curve that cov-
ers the model curves offered by El Hosri et al. [31], and the
lower boundary of OS sand overlaps with upper boundary
curves of Lee and Albaisa [30] and Seed et al. [32] (Fig. 7a).
The CS sand lies between the lower boundary of El Hosri et
al. [31] and the upper boundary curves of Lee and Albaisa
[30] and Seed et al. [32] (Fig. 7b). The FS sand shows the
largest variation, and the curves of this type of sand proceed
slightly over the curves of El Hosri et al. [31] and somewhat
lower than the upper boundary offered by Seed et al. [32]
(Fig. 7c). The built-up pore water pressure is much faster at
the beginning of loading until it reaches 40 %, and this value
corresponds to a cycle number ratio of 0.1 in all tests; sub-
sequently, the rate of increment of the pore water pressure
slows.

The model proposed by Seed et al. [32] can be stated in a
closed-form solution in Eq. (1)

ru = 1

2
+ 1

π
sin−1

[
2

(
N

NL

)1/∝
− 1

]
(1)
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Fig. 6 Comparison of the test results of a CS sand b OS sand, and c FS sand with boundary curves of Dobry [27]

where it is recommended that α should be stated as a func-
tion of the soil properties and test conditions (the average
is reported as 0.7), N is the number of equivalent uniform
loading cycles, and NL is the number of cycles required to
produce initial liquefaction (ru = 1.0).

Later studies benefitted from this approach to predicting
pore water pressure response and reported that the pore water
pressure generation curve falls outside the narrow band pro-
posed by Seed et al. [33] and that the α coefficient results in a
lower bound of the predicted generated pore water pressures
rather than an average [34].

To find the estimates of the α coefficient for the sands of
this study, a third-degree polynomial function is fit between
the pore water pressure ratios (ru) and cycle ratios (N/NL).
By performing multiple regression analysis, the coefficients
of the polynomial equations are calculated for the condition
of 0 < ru < 1 and given in Table 3. After obtaining a model
equation for each type of sand, the α coefficient for each
sand type is obtained. The α coefficients for three types of
sand are given as 2.1 for CS and OS sands and 2.4 for FS
sand.

3.5 Effect of Grain-Size Distribution on Dynamic Shear
Modulus and Damping Ratio

The measured shear modulus and damping ratio curves for
CS, OS, and FS sands are given in Fig. 8a–d as a function

of relative density and for different confining pressures. For
tests with Dr = 30 % and σ′

0 = 100 kPa, the maximum shear
modulus, Gmax, is approximately 110 MPa. When the confin-
ing pressure increases to σ′

0 = 200 kPa, the shear modulus
is 170 MPa for CS and FS and 180 MPa for OS sand. For
specimens with Dr = 50 % and σ′

0 = 100 kPa, the CS, FS,
and OS sands have shear moduli of 120, 100, and 140 MPa,
respectively. When σ′

0 is 200 kPa, the CS, FS, and OS sands
are sorted as 190, 180, and 220 MPa.

Iwasaki and Tatsuoka [17] reported that for a constant
void ratio, the maximum shear modulus is strongly affected
by the grain-size distribution curve. In their study of poorly
graded sands (Cu < 1.8, 0.16 < d50 < 3.2 mm) without
fines content, the values of maximum shear modulus were
found to be independent of d50. Menq and Stokoe [35] per-
formed RC tests on specimens of natural river sand without
fines content. In contrast to the work of Iwasaki and Tat-
suoka [17], Menq and Stokoe [35] reported a slight increase
of the maximum shear modulus with increasing d50 for a con-
stant void ratio and confining pressure. Additionally, steeper
curves of Gmax were obtained for the coarse material. These
researchers found that for a constant relative density, the
maximum shear modulus increases with the coefficient of
uniformity. Edil and Luh [36] proposed a relationship for the
maximum shear modulus for a confining pressure of 211 kPa.
In this relationship, the maximum shear modulus increased
with decreasing void ratio for fine sands.
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Fig. 7 Pore water pressure generation curves of three sands compared with the models of Lee and Albaisa [30], El Hosri et al. [31], and Seed
et al. [32]

Table 3 Regression analysis of three sands and estimates of α coeffi-
cients

Sand type Data
points

X0 X1 X2 X3 R2 α

OS 1,511 0.22 1.85 −2.92 1.83 0.857 2.1

CS 1,678 0.21 1.81 −2.50 1.45 0.918 2.1

FS 2,127 0.31 1.97 −3.25 1.93 0.815 2.4

In this study, for a confining pressure of 100 kPa, the maxi-
mum shear modulus increases with relative density indepen-
dent of d50. For a confining pressure of 200 kPa, the max-
imum shear modulus increases with the coefficient of uni-
formity, and the highest maximum shear modulus value is
measured in OS sand in which the coefficient of uniformity
has a maximum value compared with the other types of sand.
Similar to the conclusion of Edil and Luh [36], the increment

of relative density results a slight increment of the maximum
shear modulus of the sands.

The observed damping ratio curves are rather independent
of the mean grain size and coefficient of uniformity (Fig. 8).
For loose sand specimens (Dr = 30 %), the highest damping
ratio is observed in FS sand, and for medium dense specimens
(Dr = 50 %), the lowest damping ratio is observed in FS
sand.

4 Conclusions

An extensive series of experiments was carried out via
cyclic triaxial tests on sands with different index properties
obtained from Izmir, an earthquake-prone area in Turkey.
The liquefaction and stress–strain behavior of the sands were
investigated in laboratory triaxial tests performed on recon-
stituted specimens. Three different grain-size distributions
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Fig. 8 Variation of dynamic shear modulus and hysteretic damping ratio with shear strain for three sands in the test cases of a Dr = 30 % and
σ′

0 = 100 kPa, b Dr = 30 % and σ′
0 = 200 kPa, c Dr = 50 % and σ′

0 = 100 kPa, and d Dr = 50 % and σ′
0 = 200 kPa

were considered. Loose (Dr = 30 %) and medium dense
(Dr = 50 %) specimens were consolidated under confin-
ing pressures of 100 and 200 kPa. A total of 48 successful
cyclic tests and 12 deformation tests were performed with
these combinations of relative density and effective confining
pressures.

The principle conclusions drawn by this paper are as fol-
lows:

• The curves for three types of sand follow the order of
Dr = 50 % − σ′

0 = 200 kPa, Dr = 30 % − σ′
0 = 200 kPa,

Dr = 50 % − σ′
0 = 100 kPa, and Dr = 30 % − σ′

0 =
100 kPa cases from the upper to lower range. The effect
of relative density change is more pronounced than the
effective stress change. If the number of cycles corre-
sponding to the initial liquefaction of CS and OS sands
is observed, the increment of the relative density is pro-
portional to the cyclic stresses experienced by the spec-
imens. However, the fine sand data indicate that larger
cyclic stresses are generated at 200 kPa than at 100 kPa,
particularly at lower numbers of cycles. It is observed that
the cyclic stresses are dependent on the effective con-
fining pressure, with higher cyclic stresses obtained at
higher effective confining pressures. It is concluded that
CS and OS sands are more sensitive to changes in rel-
ative density, whereas FS sand is affected by effective
stresses.

• By considering three types of sand under different rel-
ative densities and confining pressures, it is observed
that the predominant relationship exists with different
grain sizes of sand rather the uniformity coefficient and
coefficient of curvature. The cyclic resistance decreased
accordingly with grain size, which is in agreement with
the findings of Miura et al. [22] and Polito [23]. A fur-
ther evaluation of the cyclic resistance and grain sizes of
different types of natural sands may enable the devel-
opment of a numerical relationship in the future stud-
ies.

• The double-amplitude axial strain development is more
rapid in samples with lower relative density.

• If average shear strain levels are considered for a con-
stant pore water pressure, the order of shear strain levels
shows an increase from fine sand to coarse sand. For a
constant level of shear strain, the pore water pressures
increases from coarse to fine sand. The pore water pres-
sure development level in the second condition reveals
that for sands with different gradation, the one with a
smaller mean grain size (d50) is more susceptible to liq-
uefaction.

• The pore water pressure development with the cycle ratio
for three types of sand falls between the upper limit of El
Hosri et al. [31] and lower limit of Seed et al. [32]. The
pore water pressure ratio development curves are eval-
uated for all sand types and the α coefficient of Seed’s
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equation is suggested as 2.1 for coarse sand and 2.4 for fine
sand.

• The increment in effective stress results in an increment of
shear modulus for a given strain level for specimens with
the same relative density.

• In this study, for a confining pressure of 100 kPa, the max-
imum shear modulus increases with relative density inde-
pendent of d50. For a confining pressure of 200 kPa, the
maximum shear modulus increases with the coefficient
of uniformity, and the highest maximum shear modulus
value is measured in OS sand in which the coefficient of
uniformity takes on a maximum value compared with the
other types of sand. Similar to the conclusion of Edil and
Luh [36], the increment of relative density results in a
slight increment of the maximum shear modulus of the
sands.

• Damping ratios were not found to be related to the grada-
tion of the sand.

Both relative density and effective confining pressure are
important parameters required to evaluate the cyclic behav-
ior of sandy soils. However, in this study, it is observed
that relative density is more dominant on the liquefaction
behavior of the sand, whereas the confining pressure increase
has a greater effect on the stress–strain properties of the
sand.
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