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Abstract The use of shear wave velocity (Vj)
measurements as an in situ test for evaluation of
liquefaction potential has increased substantially due
to its advantages. Relatively large numbers of studies
have been performed to establish the correlation
between V; and liquefaction resistance (CRR) of clean
sands. Usually, natural sands contain silt and/or clay,
and previous studies have shown that both the amount
of fines and their nature influence the values of CRR as
well as V. Therefore, the CRR-V; correlations may
also be affected by fines content and type of sandy
soils. However, effect of fines content and especially
fines type of sandy soils on the correlation between V;
and CRR is inadequately addressed in the literature. In
this study, cyclic triaxial and bender element tests
were conducted on samples of sand containing various
amounts of different types of fines, and the effects of
fines on the values of CRR and V; are investigated. The
results show that Gy and CRR reduce even when small
amounts of fines are added to sand. Therefore, use of
plasticity index (PI) of the fines fraction is better than
the PI of the overall soil when trying to assess the
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effects of fines. Using obtained experimental data as
well as the established semiempirical CRR-V; rela-
tionship, the CRR-V correlation was developed for all
the tested soils, and the effect of fines type on the
correlation is also examined. Based on the results
obtained in this study, CRR-V; correlation is affected
by both the amount and the plasticity of the fines
present in the sand, and this correlation is soil specific.
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List of symbols
a, b Curve-fitting parameters for the data
presented by Andrus and Stokoe

C,, ag,  Intrinsic soil parameters in the small-strain

ng shear modulus evaluation from e and o/,

CRR Cyclic liquefaction resistance ratio

CRRy,  Cyclic liquefaction resistance ratio from
triaxial test

CSR Cyclic shear stress ratio

CSR Cyclic shear stress ratio from triaxial test

Cy Coefficient of uniformity

e Void ratio

Cmax Maximum void ratio

€min Minimum void ratio

FC Ratio of dry weight of fines to the total dry
weight of solids (fines content)

Gy Small-strain shear modulus
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Go1 Field small-strain shear modulus at a
vertical effective stress of 100 kPa

G, Specific gravity of solids

Ky Coefficient of lateral earth pressure at rest

K., n. Proposed CRR-Vj; field correlation
coefficients

L Tip-to-tip distance of bender elements

LL Liquid limit

M, Earthquake magnitude

N Number of cycles for reaching liquefaction

Pa Reference stress (=100 kPa)

PI Plasticity index

R? Correlation coefficient

t Travel time of the wave in bender element
tests

Vi Limiting upper value of V; for cyclic

liquefaction occurrence by Andrus and
Stokoe method

Vs Shear wave velocity

Vi Field overburden stress normalized shear
wave velocity

o Coefficient in Eq. (8) to correlate cyclic
liquefaction resistance ratio and void ratio

p A power in Eq. (8) to correlate cyclic
liquefaction resistance ratio and void ratio

Aoy Cyclic deviator stress

0 Total mass density of soil

ol Initial effective confining stress

o Mean effective stress

o, Vertical effective stress

1 Introduction

Field tests such as standard penetration test (SPT),
cone penetration test (CPT), or shear wave velocity
(Vs) measurements are frequently used to assess the
liquefaction potential under the framework of simpli-
fied procedure, initially developed by Seed and Idriss
(1971). In the simplified procedure, an empirical
correlation is introduced to correlate the cyclic
resistance ratio (CRR: which is the cyclic liquefaction
resistance normalized by initial overburden effective
stress) and the field test results (Ngpt from SPT, g,
from CPT, or V) and so a curve is provided to separate
the liquefiable and non-liquefiable soil. Most of the
available CRR correlations provide a base curve for
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clean sand, and a procedure is suggested to account for
fines content for sands containing fines.

V; offers geotechnical engineers a promising alter-
native and a supplementary tool toward the penetra-
tion-based methods (SPT or CPT) to evaluate the
liquefaction resistance of sandy soils (Andrus and
Stokoe 2000). This method is cost-effective and
provides more physically meaningful measurements.
In recent years, the use of V, measurements for
evaluation of liquefaction potential has increased
substantially due to its advantages, especially for
liquefaction potential microzonation. During the past
30 years, the correlation between V; and CRR has
been studied. Based on these studies, different CRR-V
correlation curves have been proposed by different
researchers (Tokimatsu and Uchida 1990; Andrus and
Stokoe 2000; Zhou and Chen 2007). Although different
curves are considered for different percentages of fines
content in few studies [e.g., the method proposed by
Andrus and Stokoe (2000)], most of the CRR-V;
correlation studies are focused on clean sands.

Usually, natural soils contain silt and/or clay.
Previous studies have shown that both shear wave
velocity and liquefaction resistance are affected by
fines content and fines nature. However, contradictory
remarks have been reported in the literature regarding
the effects of fines on V, and CRR. Therefore, it is
expected that the CRR-V; correlations would also
affect from these parameters. It should be reconfirmed
that the effect of fines content and especially fines type
of sandy soils on the correlation between Vg and CRR
is inadequately studied so far.

In this study, in order to clarify the effects of small
amount of fines, considering their type, on CRR-Vj
correlations, laboratory measurements of shear wave
velocity using bender elements (BE) and cyclic
triaxial tests have been conducted on clean silica sand
and sand containing up to 15 % of different types of
fines ranging from non-plastic to highly plastic. The
effects of fines type and content on liquefaction
resistance and shear wave velocity of sand are also
studied. Moreover, using the recently established
semiempirical CRR-V correlation by the present
authors (Ahmadi and Akbari Paydar 2014), the CRR-V
correlations are developed for all the tested soils, and the
effect of fines on the correlation is investigated as well.
The obtained correlation curves are compared with
available curves for liquefaction evaluation, which are
based on shear wave velocity.
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2 Review of Past Works
2.1 Effects of Fines on Shear Wave Velocity

Under the assumption of soil as an elastic medium at
very small strains, the shear wave velocity and small-
strain shear modulus (Gg) are convertible into each
other, using the following equation:

Go = pV? (1)

where p is total mass density of the soil.

The small-strain shear modulus of clean sands has
been extensively studied by many researchers includ-
ing Hardin and Richart (1963), Chung et al. (1984),
Zhou and Chen (2005), Youn et al. (2008) and
Wichtmann and Triantafyllidis (2009). Besides, a
large number of studies have been undertaken on
small-strain shear modulus of pure clays (Hardin and
Black 1968; Jamiolkowski et al. 1995; Shihuya et al.
1997; Jovicic and Coop 1998; Santagata et al. 2005;
Santagata et al. 2007; Cho and Finno 2010). However,
small-strain behavior of sand—fines mixtures has been
less studied. The lack of this type of study is more
evident for clayey sands compared to silty sands.

Previous studies showed that G, decreases rapidly
with increase in non-plastic fines (Iwasaki and Tatsuoka
1977; Randolph et al. 1994; Salgado et al. 2000; Huang
et al. 2004). However, not many studies have been
performed on the effects of plastic fines and their
plasticity on the small-strain shear modulus of sands.
There are also inconsistencies in the results of the
undertaken studies. Zen et al. (1978) reported that Gy
increases with increasing plasticity index (PI) for Toy-
oura sand mixed with marine clay. Later tests carried out
by Wang and Kuwano (1999) on mixtures of Toyoura
sand with natural marine clay at constant void ratio
approved the previous findings on the increase in G with
plastic fines. However, recently Carraro et al. (2009)
performed bender element tests on two sets of mixtures of
Ottawa sand mixed with 2, 5, 10, and 15 % of non-plastic
silt and 2, 5, and 10 % of kaolin clay and voted for the
reduction in Gy with increasing the fines content for both
plastic and non-plastic fines. They showed that the small-
strain response of sands containing either plastic or non-
plastic fines is affected by the plasticity of the fines added
to the host sand, and so Gy is affected by both the amount
of fines and their nature. They stated that the small-strain
stiffness of clayey sands is typically higher than that of

sands containing non-plastic silt at similar relative
densities and stress states. Nevertheless, only one type
of low-plastic clay (PI =26 %) was used in their
research; therefore, detailed examination of the effects
of the fines plasticity on the small-strain shear modulus
was not considered.

2.2 Effects of Fines on Liquefaction Resistance

The effects of non-plastic fines on the liquefaction
resistance of sand containing fines have been studied
extensively in geotechnical literature. More recent
studies have reported that by increasing the non-plastic
fines content, the liquefaction resistance first decreases
and then increases after some minimum strength is
reached (Koester 1994; Polito and Martin 2001). Cur-
rently, “limiting silt content” approach introduced by
Polito and Martin (2001) and “intergranular void ratio”
concept introduced by Thevanayagam and his co-
workers (Thevanayagam and Mohan 1998; The-
vanayagam et al. 2000) explain the changes in sand
liquefaction resistance due to changes in fines content.

Fewer studies were carried out on liquefaction
resistance of clayey sands compared to silty sands.
This is because clayey soils were assumed to be non-
liquefiable. However, liquefaction of clayey soils has
been observed in a number of case studies (Ishihara
et al. 1989; Youd et al. 1989; Ishihara et al. 1990;
Perlea et al. 1999). Various studies have been done to
define a criterion for liquefaction occurrence in clayey
soils. Among them, the research conducted by
Boulanger and Idriss (2006) has significantly influ-
enced the current state of understanding the behavior
of clayey soils. Considering that PI can be used as a
criterion for assessing liquefiability of clayey soils,
they determined a transition from sand-like behavior
(i.e., classical liquefaction) to clay-like behavior (i.e.,
pore pressure generation without classical liquefac-
tion) at a PI of about 7. The predominant findings of
the studies on the effects of plastic fines on liquefac-
tion resistance of clayey soils show that the liquefac-
tion resistance decreases with an increase in plasticity
for a low range of plasticity. However, at larger levels
of plasticity, the liquefaction resistance increases as PI
increases (Prakash and Sandoval 1992; Tiangiang and
Prakash 1999; Gratchev et al. 2006). Nonetheless,
Koester (1994) claimed that PI of the included fines is
less important than the fines content.

@ Springer
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2.3 Effects of Fines on V.—CRR Correlation

The effect of fines content (FC) on CRR-V correla-
tion has been considered in some studies (Andrus and
Stokoe 2000; Huang et al. 2004; Liu and Mitchell
2006). However, to the best knowledge of the authors,
the effect of fines type on CRR-V; correlation has not
been studied so far.

Andrus and Stokoe (2000) have suggested a
method for the evaluation of liquefaction potential
based on field performance data and in situ Vj
measurements. This method is recommended by
NCEER and is widely used in geotechnical engi-
neering practice. It follows the framework of the
Seed—Idriss simplified procedure (Seed and Idriss
1971), correlating the overburden stress-corrected
shear wave velocity (Vi) to the magnitude-scaled
cyclic stress ratio (CSR) induced by earthquakes. In
this method, CRR is calculated from the following
equation:

V. \? 1 1
CRR = s1 hl——— 2
(i) voltvw)) e

where a and b are curve-fitting parameters taken to be
0.022 and 2.8, respectively, and V;; is the limiting
upper value of V; for cyclic liquefaction occurrence,
which depends on fines content:

Vi =215m/s for FC < 5%
Vi :215—0.5(FC—5)m/S for 5% < FC <35%
V2, = 200 m/s for FC > 35%

(3)

In Andrus and Stokoe method, the curves correspond-
ing to sand containing fines are located to the left of the
curve for clean sand. However, it is important to note
that, in the development of these correlations, the
nature and plasticity of the fines present in the soil
were not taken into consideration. In other words, in
Andrus and Stokoe method, a unique curve is
presented for FC < 5 % and other FCs, independent
of the fines type. It is also worth noting that Huang
et al. (2004) and also Liu and Mitchell (2006) recently
showed that the proposed method by Andrus and
Stokoe (2000), which is currently used to evaluate
liquefaction potential from shear wave velocity, may
be overly conservative when applied to sands con-
taining non-plastic fines.
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3 Tested Materials

In the present study, standard Firoozkooh No. 161
sand was used as the host sand. This sand is of crushed
silica type with angular grains, which is commercially
available from Firoozkooh mine in northeast of the
city of Tehran. This sand is commonly used as the
standard sand in geotechnical testing in Iran. The fines
portion of the soil consisted of three types: Firoozkooh
micronized powder from the same mine of the host
sand as the non-plastic fine (silt), kaolin clay as the
low-plastic fine, bentonite clay as the highly plastic
fine and a mixture of bentonite and kaolin clay as the
medium-plastic fine. The physical properties of these
materials are summarized in Table 1, and the corre-
sponding grain size distribution curves are presented
in Fig. 1.

Soil specimens of clean sand and also sand—fines
mixture with 5 and 15 % of fines content were
considered in this study (Table 2). The fines content
(FC) is defined as the ratio of the dry weight of the
fines to the total dry weight of the mixture. The
combination of sand with 15 % bentonite (FB-15) has
PI equal to 7 %, and other combinations are consid-
ered non-plastic. Therefore, all combinations have
sand-like behavior according to Boulanger and Idriss
(2006) criterion.

4 Testing Procedure and Results
4.1 Testing Devices

Shear wave velocity and liquefaction resistance of
samples were measured using bender elements and
cyclic triaxial tests, respectively. In order to measure
the shear wave velocity and liquefaction resistance on
a single sample, the bender elements were assembled
on the cyclic triaxial apparatus. These bender elements
were installed at the top and bottom pedestal of the
triaxial cell.

4.2 Specimen Preparation

In this research program, all tests were performed on
reconstituted specimens. Previous studies have shown
that specimen reconstitution technique does not affect
the CRR-V; correlation (Tokimatsu and Uchida 1990;
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Table 1 Physical Material Symbols based on USCS C, LL PI G,
properties of the tested
materials Firoozkooh sand SP 1.32 - - 2.65
Firoozkooh silt ML - 26 2 2.66
Kaolin clay CL - 43 18 2.69
Bentonite clay CH - 160 116 2.75
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Table 2 Various combinations of sand and fines, number of tests, and ranges of void ratios in tests

Material identification Fine content (%) No. of No. of Range of tested void ratios
code - - - cyclic tests BE tests -

Silt Kaolin Bentonite in Max
FO-0 0 0 0 25 228 0.67 0.89
FS-5 5 0 0 21 235 0.65 0.89
FS-15 15 0 0 17 191 0.53 0.77
FK-5 0 5 0 17 213 0.64 0.80
FK-15 0 15 0 13 168 0.50 0.70
FB-5 0 0 5 10 145 0.66 0.82
FB-15 0 0 15 7 40 0.61 0.77
FK50B50-15 0 7.5 7.5 10 100 0.57 0.72
FK30B70-15 0 4.5 10.5 11 119 0.57 0.73

Huang et al. 2004). The moist tamping method for
specimen reconstitution gives the widest range in void
ratio among others (Ishihara 1993), and this method
was utilized to prepare the specimens in the present
study.

The specimens were 70 mm in diameter and
140 mm in height. For the mixtures, sand and fine

materials were first dried in the oven prior to mixing
together, and then, 5 % of water was added to the
mixture. Samples with different initial void ratios were
prepared for each combination of sand and fines. In
order to achieve uniformity in density throughout the
sample height, the samples were compacted to the
desired density in seven layers in a split mold using the

@ Springer
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under-compaction method proposed by Ladd (1978).
The under-compaction method consists of placing
each layer at a density slightly greater than the density
of the layer below it. This accounts for increase in
density that occurs in the lower layers when the new
layer is compacted.

In the saturation stage, to facilitate the saturation
process, carbon dioxide (CO,) was first passed through
the specimens. Subsequently, desired water was
allowed to flow in the specimens. Specimens were
then saturated by applying proper back pressure in
successive steps. According to ASTM D 5311, sam-
ples were considered to be fully saturated if the
Skempton pore pressure parameter (B value) was at
least equal to or >0.95.

4.3 Bender Element Tests

Saturated samples were consistently consolidated
uniformly in steps of 10-30 kPa ranging from 30 to
200 kPa. At each step of consolidation phase, depend-
ing on the type of materials, sufficient time from
several minutes to several hours was given to complete
each of the consolidation steps. The consolidation
process was continued until the effective confining
stress reached a value of 200 kPa. Immediately after
the end of each consolidation step, the shear wave
velocity was measured using bender elements.

The bender elements consist of piezoceramic
material that can convert a mechanical bending to
voltage and vice versa. In bender element tests, the
element that is used as the transmitter bender is located
at one end of the sample and causes shear waves due to
vibrations resulting from voltage change. These waves
bring about a maximum shear strain of <10~ and
vibrate the receiver bender at the other side of the
sample. The shear wave velocity is obtained by
measuring the travel time between the two elements
(). Knowing the sample length (L), the shear wave
velocity is determined using the following equation:

Vi=L/t (4)

In all the conducted bender element tests, a single
sinusoidal pulse, having a frequency of 5 kHz and
amplitude of +10 V, was used as the transmitted
signal. The value of L parameter in Eq. (4) is assumed
to be the tip-to-tip distance of the transmitting and
receiving bender elements (Lee and Santamarina
2005). In order to obtain the travel time from the
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source to the receiver (¢ parameter in Eq. 4), the
method of first arrival time was used. First arrival time
refers to the time interval between the start of the
source signal and the start of the major cycle of the
received signal by ignoring the initial portion of the
weak signal. This weak signal indicates the presence
of the near-field effect and should be eliminated (Lee
and Santamarina 2005; Kumar and Madhusudhan
2010). A sample result of a bender element test on a
sample of sand containing 5 % of kaolin with a void
ratio (e) of 0.66 at an effective confinement stress of
70 kPais represented in Fig. 2 in which the first arrival
time is shown.

The void ratio and also the height of the samples
change in each consolidation step as the confinement
stress increases. To calculate the changes in the void
ratio, the amount of water expelled from the specimen
during consolidation steps was measured using a
sensitive volume change apparatus. Also, the water
content of the samples was measured carefully at the
end of the experiment. As the sample is already
saturated prior to the consolidation phase, the void
ratios at the earlier steps of consolidation can be back-
calculated from these measured values. The change in
height of the sample was also measured during the
saturation and consolidation phases using two dis-
placement transducers and was accordingly used in
calculating the shear wave velocity using Eq. (4). An
example of the results obtained for a single sample of
sand containing 5 % of silt is presented in Fig. 3. In
this figure, the measured shear wave velocity is shown
against the effective stress, which is changed during
consolidation stage. Changes of the specimen height
and void ratio during successive steps of consolidation
are presented in the adjoining table as well.

Following the above procedure, more than 1400
bender elements tests were carried out on 131 different
samples of clean silty and clayey sand, and the
corresponding shear wave velocities were obtained
under different void ratios and confinement effective
stresses. Number of tests and the ranges of void ratio
for tests are presented in Table 2, separately for each
tested soil.

As mentioned in Sect. 2.1, Gy can be determined
from shear wave velocity. Gy for a granular soil is a
function of its void ratio and effective confining stress
and can be obtained from the empirical equations like
the one developed by Jamiolkowski et al. (1991), as
follows:
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- ..
Gy = C,P) Mg 0 ol (5) was made by Carraro et al. (2009) for sands containing

where P, is the reference atmospheric pressure equal
to 100 kPa, O';n is the mean effective stress in the same
units as the reference stress and can be calculated
using Eq. (6). The parameters a,, n,, and C, are
intrinsic parameters of G, associated with each type of
soil.

1 4+ 2K,
O =500, (©)

In Eq. (6), g/, is the vertical effective stress and Ky is
the ratio of effective horizontal stress to effective
vertical stress.

Salgado et al. (2000) found that Eq. (5) works well
for both clean and silty sand. The same observation

low-plastic fines.

The intrinsic parameters of Eq. (5) (a,, ng, and Cy)
for tested soils were obtained by fitting the results of
the bender element tests measured at different con-
solidation stresses and void ratios. These parameters
are listed in Table 3. The table shows that the values of
correlation coefficient, R?, for all soil types are very
close to 1.0. The calculated Gy values using Eq. (5)
against the measured G, values are shown in Fig. 4.
This figure and also the values of correlation coeffi-
cient, R2, represented in Table 3 illustrate the high
accuracy of the correlation equation (Eq.5) in
estimating Gy from void ratio and effective stress for
tested soils including clean sand, silty sand, and clayey
sand with up to 15 % fines content.

@ Springer
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Figure 5a, b shows the small-strain shear modulus
versus void ratio (e) for an isotropic effective stress of
100 kPa for tested soils with FC <5 % and
FC = 15 %, respectively. The corresponding intrinsic
parameters for each soil type to be used in Eq. (5) have
been taken from Table 3. Obviously, similar curves
can be drawn at other isotropic effective stresses.
According to this figure, as is expected, G, reduces
with increasing void ratio for all soils.

4.4 Cyclic Triaxial Tests

Load-controlled cyclic triaxial tests were performed
according to ASTM D 5311 standard testing procedure
(load-controlled cyclic triaxial strength of soil). For this
purpose, at the end of consolidation phase, when the
effective confining stress reached a value of 200 kPa, a
sinusoidal loading of 1 Hz frequency was applied to the
sample having a specified cyclic shear stress ratio
(CSRy). CSR is defined as:
Ao d

CSRtx -
204

(7)

where Aay is the cyclic deviator stress, and U/co is the
initial effective confining stress (=200 kPa in this
study).

For each test, the number of cycles required to reach
5 % double amplitude strain was recorded. Cyclic
resistance ratio in triaxial tests (CRRy) is defined as
the applied CSR required reaching 5 % double
amplitude strain in 15 cycles of loading. According
to the recommendation of Seed et al. (1983), 15 cycles

of loading were considered to represent an earthquake
magnitude of M,, = 7.5. This criterion is consistent
with that used in previous laboratory and field
performance data comparisons (Tokimatsu and
Uchida 1990; Rauch et al. 2000; Baxter et al. 2008).

At least three cyclic triaxial tests with different
CSRy values were performed to obtain CRR, for a
soil sample having a specified void ratio. All param-
eters except CSR, were kept constant in these tests.
Generally, 131 cyclic triaxial tests were conducted in
this study on nine different combinations of sand and
fines with different void ratios (Table 2). Tests results
are shown in Fig. 6 in the form of CSR, versus the
number of cycles for reaching liquefaction (N).

As mentioned before in Sect. 4.3, the void ratio of the
samples after consolidation was determined by accu-
rately measuring the moisture content at the end of the
experiment when the cyclic loading has been applied.

The liquefaction resistance (CRRy) of tested soils
versus void ratio (e) with FC < 5 % and FC = 15 %
is plotted in Fig. 7a, b, respectively. As expected, the
liquefaction resistance decreases with increase in the
void ratio. Figure 7a shows that for FC = 5 %, CRR
decreases as the plasticity of the fines increases.
Whereas from Fig. 7b for FC = 15 %, CRR first
decreases with an increase in plasticity index of the
fines and then increases with further increase in PI.
More detail explanation on this issue is given in
Sect. 6. The authors have previously shown (Ahmadi
and Akbari Paydar 2014) that a power curve with the
following expression can be fitted to these points for
each of the soil types (Fig. 7).

Table 3 Intrinsic parameters of the tested soils for CRR, G, and CRR-Vj; correlation

Material identification code Intrinsic parameters for

Gy CRR CRR-V,

C, ng a, R? o (x1072) B R? K. (x107%) Ne
F0-0 389 0.48 —1.84 0.95 9.02 —3.75 0.97 7.48 2.04
FS-5 380 0.49 —1.05 0.97 10.44 —2.77 0.92 11.25 2.64
FS-15 249 0.51 —1.55 0.96 3.39 —3.80 0.94 10.10 245
FK-5 335 0.48 —1.41 0.97 4.87 —4.90 0.99 13.10 3.47
FK-15 115 0.36 —-3.10 0.97 3.12 —-3.01 0.89 1.68 0.97
FB-5 290 0.46 —2.18 0.97 5.44 —4.14 0.99 6.85 1.90
FB-15 197 0.43 —2.70 0.99 5.12 —4.16 1.00 6.30 1.54
FK50B50-15 117 0.41 —3.29 0.99 3.30 —3.75 0.98 3.22 1.14
FK30B70-15 85 0.38 —4.17 0.99 2.60 —4.65 0.98 3.29 1.11
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Fig. 4 Measured G values 135
versus calculated G values X
by Eq. (5)
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CRR,, = - ¢’ (8) reconstituted using the wet tamping method, which

where CRR, is the cyclic resistance ratio obtained in
cyclic triaxial tests, e is the void ratio, and o and [ are
coefficients relating the cyclic liquefaction resistance
ratio to void ratio and are constants for a given
material in a specified test conditions. These param-
eters can be obtained by fitting the obtained results of
cyclic triaxial tests. These coefficients are presented in
Table 3 for tested soils. The table shows that the
values of R? for all tested soil types are close to 1.0
indicating that Eq. (8) is a good correlation between
void ratio (e) and liquefaction resistance (CRR).

4.5 Scanning Electron Microscopy

To evaluate how fine and coarse particles are placed
next to each other in various mixtures of sand and
fines, scanning electron microscope (SEM) imaging
was used. For this purpose, the samples were first

were subsequently used for imaging after being dried
in the oven. The SEM images of different sand—fines
mixtures are illustrated in Fig. 8. It is evident from this
figure that for sand with plastic fines, even at low
percentages of fines, coarse particles are surrounded
by fines particles. This is in contrast with sand with
non-plastic fines in which this happens only if high
percentages of fines content are present in the mixture.

5 CRR-V; Correlation Establishment

Recently, the authors have developed a simplified
relationship to evaluate liquefaction potential by shear
wave velocity based on cyclic triaxial and bender
elements tests (Ahmadi and Akbari Paydar 2014). A
brief introduction of this relationship is presented here. As
pointed out by Ahmadi and Akbari Paydar (2014), in
order to develop a correlation between field liquefaction
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resistance (CRR) and shear wave velocity (V) from
experimental data (CRR-V; relationship), a soil-specific
relationship between CRR and void ratio (e) was
proposed (CRR-e relationship: Eq. 8). The small-strain
shear modulus (Gy) can be calculated from measured V;
(Go—V;relationship: Eq. 1). Also, Gy is related to the void
ratio through the existing empirical soil-specific relation-
ships (Gg—e relationship: Eq. 5). Also, it should be noted
that both the cyclic resistance and the V; values, measured
in the laboratory, must be corrected to represent the
field conditions. The void ratio between CRR-e and

Fig. 6 CSR,, versus the number of cycles for reachingp
liquefaction (N) for tested soils

Go—e relationships is eliminated, and using Gy-Vj
relationship, the CRR is correlated with V, and hence,
a new CRR-V; relationship is developed as follows:

CRR = (K.Py'Go)"™ = (K.PL'pV2)™ (9)

In this equation, Gy is the small-strain shear modulus
at a vertical effective stress equal to P, (100 kPa). All
parameters in Eq. (9), except K. and n., have been

Fig. 5 The Gy curves 110 ‘
versus void ratio at an
isotropic consolidation T 100 o' =100 kPa | |
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defined previously. These parameters that are the
intrinsic parameters for CRR-V; correlation can be
obtained using the following equations:

w (1N [142K\7 "
K. = (0.90()/_5. (F) . (%) (10)

8

B
_r 11
ne ag (11)
Using Eq. (9) and having the required values of
intrinsic parameters for G (a,, ny and C,) and intrinsic

parameters for CRR (o and f3), the intrinsic parameters

@ Springer

for CRR-V,; correlation (K. and n.) can be obtained
for any soil type. Assuming K to be 0.5 for normally
consolidated soils, K. and n. for all the tested soils
were obtained and are presented in Table 3.

Dobry et al. (1982) found that pore pressure does
not begin to increase until some level of cyclic strain,
deemed the threshold strain, is reached. Therefore,
similar to CPT- and SPT-based methods, a minimum
CSR should be considered as a threshold for the
beginning of pore pressure buildup. In this study, for
conservatism, CSR = 0.03 was considered as the
threshold value, and so Eq. (9) should be used for



Geotech Geol Eng (2016) 34:1857-1876

1869

5% Fines Conten

(@

(b)

(c) b

_15% Fines Content

e

Fig. 8 Scanning electron microscope (SEM) photographs of mixtures of sand with a silt, b kaolin clay, and ¢ bentonite clay

CSR > 0.03. Below this value, independent of Vj,, the
soil is considered non-liquefiable.

The developed CRR-Vj; curves using Eq. (9) are
plotted separately for sand with FC <5 % and
FC = 15 % in Figs. 9 and 10, respectively. The data
points obtained from experiments (modified for field
conditions) are also presented in these figures. These
figures show that there is a good correlation between
V, and liquefaction resistance for a specified soil. They
also show that this correlation is soil specific.

According to Fig. 9, there is no recognizable trend
in the data regarding plasticity for sand with
FC < 5 %. The curves for clean sand and sand with
bentonite are almost coinciding, and also the curves
of sand with silt and sand with kaolin almost comply
with each other. According to Fig. 10, there is no
recognizable trend for sand with FC = 15 % as well.
Based on this figure, for a constant shear wave
velocity, the sand with kaolin has the lowest liquefac-
tion resistance, but there is no trend for the other soils.
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Fig. 9 Correlation between CRR and V; for sand with
FC<5%

6 The Effect of Fines on G, and CRR

The Gy value of sand—fines mixture normalized to G
value of clean sand against the FC is presented
separately in Fig. 11a—c for different fines types and at
different void ratios. The CRR value of sand—fines
mixture normalized to CRR value of clean sand
against the FC is also presented in the same figures.
These figures show that for all fines types at constant
void ratio, increasing the fines content of sand, both
the small-strain shear modulus (and thus shear wave
velocity) and the liquefaction resistance decrease.
However, the reduction ratios of normalized G, and
normalized CRR are different. For example, Fig. 11a,
b shows that by adding 5-15 % of silt or kaolin to
sand, CRR decreases at a higher rate than does G with
respect to that of clean sand. For bentonite clay, as
Fig. 11c shows, the higher rate of decrease occurs at a
fines content of 0-5 %. However, for ranges of 0-5 %
of silt content or kaolin clay content, the rate of drop in
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Overburden Stress Normalized Shear
Wave Velocity, Vg4 (m/s)

Fig. 10 Correlation between CRR and Vy; for sand with
FC=15%

CRR is not as much as Gy. Thus, although the changes
of Gy and CRR with increasing fines have a decreasing
trend, but depending on the fines content and their
nature, the decrement of G, or CRR values may vary.

From Fig. 11, decreases in both Gy and CRR,
because of the increase in fines content, seem to be
more significant for mixtures of sand with low-plastic
fines (kaolin clay) than for mixtures of sand with
highly plastic clay (bentonite clay). These results are
in agreement with the findings of Carraro et al. (2009).

From Figs. 5 and 6, it can be concluded that both G
and CRR of tested sand-fine mixtures depend on the
fines type, i.e., fines plasticity, and this dependency
increases by increasing the fines content.

Two types of plastic index can be used as a measure
of plasticity for sand-fine mixtures: PI of the mixture
(determined for portions of soil passing the 425 um
sieve) and PI of the fines part (determined for portions
of soil passing the #200 sieve). If the PI of mixture is
intended, for tested mixtures, as mentioned in Sect. 3,
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Fig. 11 Normalized G, and
CRR versus fines content at
different void ratios for
mixtures of sand with a silt,
b kaolin clay, and
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only the combination of sand and 15 % bentonite (FB-
15) have PI = 7 % and other sand—fines mixtures
should be considered non-plastic. Therefore, to inves-
tigate the effect of fines type, it is more convenient to
use PI of fines part as a measure of plasticity for sand-
fine mixtures.

The G value of sand—fines mixture normalized to
Gy value of silty sand with the same FC, versus the PI
value of the fines part (and not PI of the composition)
is shown in Fig. 12a, b separately for 5 and 15 % fines
content, at an isotropic consolidation stress of 100 kPa
and different void ratios. As can be seen, regardless of
the fine percentage, at low void ratios (high density),
Gy increases with an increase in the plasticity of fines
particles, but at high void ratios (low density), G first
decreases with an increase in the plasticity of the fines
part and then increases with further increase in PI. In
other words, independent of fines content, for plastic-
ity index of fines greater than about 18, G, increases
with increasing plasticity of fines. The comparison of
Fig. 12a, b shows that the effect of fines plasticity
increases by increasing the fines content.

The CRR value of sand—fines mixture normalized
to CRR value of silty sand versus the PI value of the
fines part is illustrated in Fig. 13a, b, separately for 5
and 15 % fines content, at different void ratios. In
contrast to Gy, the effect of fines type on liquefaction
resistance of sand—fines mixture depends on the fines
content. Figure 13a shows that for sand with
FC =5 %, CRR decreases with an increase in the
plasticity of fines particles with a rate that depends on
the void ratio. However, according to Fig. 13b, for
sand with FC = 15 %, CRR first decreases with an
increase in plasticity index of the fines and then
increases with further increase in PI with almost the
same rate for different void ratios.

Gy and CRR changes with changes in PI can be
interpreted based on the lubrication and adhesion
properties of clays. At high void ratios, connections
between fine and coarse particles are not developed
effectively for low-plastic fines (kaolin clay). Because
the lubricating properties of clay particles outweigh
the adhesion properties, and the load does not transmit
effectively at very small strains (i.e., transmission of
shear wave), Gy is decreased. Increasing plasticity or
decreasing the void ratio, the adhesion properties of
clay overcome the lubrication properties, and thus
better contacts are developed between coarse and fines
particles and so shear waves are transferred effectively
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and therefore G is increased. This phenomenon also
occurs in large strains (i.e., liquefaction); in other
words, CRR is reduced with the increase in PI and then
is increased with a further increase in PI. However, for
low fines content (i.e., FC = 5 %) at large strains, the
lubricating properties of clay particles outweigh the
adhesion properties even for clays with high PI in the
range of tested plasticity, and thus, the liquefaction
resistance is reduced with increasing PI. It is worth
mentioning that in the explanations above, PI is the PI
value of the fines part.

A closer look at Figs. 12 and 13 shows that the
amount of fines have a greater influence than the fines
type on both G (and thus V) and CRR. According to
these figures, fines affect CRR more than G,.

7 The Effect of Fines on CRR-V; Correlation

From the contents of Sect. 6, it can be concluded that
changing the type and the amount of fines of a sandy
soil, the CRR and G (and thus V) values change with
different rates and trends. Therefore, it is expected to
have different correlations for sand with different fines
content. Also for a specific percentage of fines, it is not
expected to have a unique curve for CRR-V
correlation. Figures 9 and 10 confirm these observa-
tions. Based on these figures, for constant fines
content, CRR-Vj; curves vary depending on the fines
type. Therefore, it can be concluded that the CRR-V,
correlation depends on the fines nature in addition to
the fines content. According to Figs. 9 and 10, the
effect of fines type on the CRR-V; correlation
increases with the increase in the fines content.

The laboratory CRR-V; correlations developed in
this study are compared with the field-based correla-
tions of Andrus and Stokoe (2000) in Figs. 9 and 10.
From Fig. 9, for FC < 5 % for all types of fines, the
method of Andrus and Stokoe (2000) leads to conser-
vative results, whereas according to Fig. 10, for 15 %
of fines content, depending on the fines type, the
method of Andrus and Stokoe (2000) may overesti-
mate or underestimate the liquefaction resistance.
However, in most cases conservative results are
obtained using existing method.

In general, based on the results obtained in this
study, one can say that the correlation between CRR
and V; is soil specific, which is in agreement with
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results of recent studies (Zhou and Chen 2007; Baxter
et al. 2008; Zhou et al. 2010).

Since the proposed method by Andrus and Stokoe
(2000) generally leads to conservative results, this
method can be used as an initial estimation of
liquefaction resistance. If more accurate assessment
of the liquefaction resistance is desired, the develop-
ment of soil-specific CRR-V; correlations from lab-
oratory tests for specified silty or clayey sand will be
needed. The method proposed in this paper can be
used for development of such soil-specific correlations
from laboratory tests.

Plasticity Index, Pl (%)

8 Summary and Conclusion

In this paper, a comprehensive series of cyclic triaxial
and bender elements tests were performed on recon-
stituted specimens of clean sand and sand containing 5
and 15 % fines with different plasticity indexes to
investigate the effect of fines content and type on
liquefaction resistance (CRR), shear wave velocity
(Vy), and thus CRR-Vj; correlation. A semiempirical
equation was suggested to correlate the CRR and the
overburden stress-corrected shear wave velocity (V)
values from laboratory tests data.
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Both the amount and the type of fines in sand—fines
mixture have been recognized as two important factors
that strongly affect the liquefaction resistance and the
shear wave velocity of sands. The results of this study
suggest that, for all fines types at a given void ratio, G
and CRR decrease with different rates when small
amounts of fines are added to the host sand; the amount
of this reduction depends on the fines type in addition
to the fines content.

The results also indicate that use of the plasticity
index of fines part is better than the plasticity index of
composition, when evaluating the effects of fines type.
For constant fines content, increasing the PI value of
the fines part, CRR and V may increase or decrease.
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Plasticity Index, Pl (%)

The trend and the rate of these changes depend on the
amount of fines as well as the density of the soil.
Nevertheless, the amount of fines have a greater
influence than fines type on both G (and thus V) and
CRR.

According to the developed CRR-Vj; correlations
for tested materials, it is found that the correlation
depends on fines nature in addition to fines content.
Therefore, the correlation between CRR and V; must
be considered soil specific. The results suggest that the
currently used CRR-Vj; correlation curves may be
overly conservative for silty and clayey sands, and
these curves can only be used as an initial estimation
of liquefaction resistance.
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