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Abstract—The aim of this study is to assess the influence of
plastic fines content on sand-clay mixtures on maximum shear
modulus and liquefaction resistance using a series of resonant column
tests. A high plasticity clay called bentonite was added to 161
Firoozkooh sand at the percentages of 10, 15, 20, 25, 30 and 35 by
dry weight. The resonant column tests were performed on the
remolded specimens at constant confining pressure of 100 KPa and
then the values of G, and liquefaction resistance were investigated.
The maximum shear modulus and cyclic resistance ratio (CRR) are
examined in terms of fines content. Based on the results, the
maximum shear modulus and liquefaction resistance tend to decrease
within the increment of fine contents.

Keywords—=G, .., liquefaction, plastic fines, resonant column,
sand-clay mixtures, bentonite.

I. INTRODUCTION

NVESTIGATION of liquefaction resistance is an important

step in understanding the dynamic behavior of soils. There
are several methods to assess the liquefaction resistance. The
method proposed by Seed and Idriss [1], called Simplified
Procedure, is the most widely used method for evaluating soil
liquefaction potential. Many researchers have suggested new
methods based on other techniques, including standard
penetration test (SPT), cone penetration test (CPT), Becker
penetration test, and shear wave velocity (V) for the
liquefaction phenomenon [2]-[5]. Recently, the use of V; for
the evaluation of liquefaction resistance becomes common
because, according to the researchers, both Vi and CRR are
affected by same parameters, including void ratio, confining
pressure, soil fabric and etc. [6]-[9].

Liquefaction was first observed in sandy soils through sand
boils and tilting of the buildings (1964 Niigata earthquake),
further observations and research demonstrated that silts and
silty and clayey sands may also show low liquefaction
resistance. After Kocaeli and Chi-Chi Taiwan earthquakes, the
liquefaction phenomenon was observed in silty and clayey
sands. Therefore, the influence of plastic and non-plastic fines
on sand behavior has become an important issue for
geotechnical researchers. Many researchers have reported
significant decrease in cyclic resistance in samples with up to
a threshold silt content of 15-40% based on a constant void
ratio, relative density, and intergranular void ratio [10]-[16].
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Only a few researchers have investigated the effect of
plastic fine content sand behavior. The effect of clay content
on the liquefaction resistance of sandy soils has also been
clearly established in field studies. Seed et al. [17] concluded
that if a soil has a clay content greater than 20% it will not
liquefy. A study of worldwide earthquakes by Tokimatsu and
Yoshimi [18] came to the same conclusion. Ishihara and
Koseki [19] found that while there was no clear correlation
between either clay content or fines content and liquefaction
resistance, increasing plasticity index consistently increased
liquefaction resistance. As reported by Marcuson et al. [20],
soils with greater than 15% material finer than 0.005 mm,
liquid limits greater than 35%, and water contents less than
90% of the liquid limit should be safe from liquefaction.
Koester [21] indicated that soil plasticity is not a controlling
factor in liquefaction resistance in soils with plastic fines. He
found that while at a given void ratio, fine type and plasticity
play a minor role in liquefaction resistance; they exert far less
influence than the percentage of fines in the soil. Polito [22]
investigated the effects of plastic fines content by testing a
series of specimens prepared to a constant soil specific relative
density with various fines content and composition. He found
that the cyclic resistance of sands with plastic fines appears to
be relatively independent of fines content, clay content, water
content, and liquidity index and the cyclic resistance of sands
with plastic fines increases with increases in liquid limit,
plasticity index and activity. Ghahremani and Ghalandarzadeh
[23] found that for clay content increasing from 10% to 30%
the liquefaction resistance of mixtures with constant void ratio
decreased, whereas this trend was reversed for value of clay
content greater than 30%. Gratchev et al. [24] reported that
clayey sands with PI < 4 rapidly liquefied in undrained cyclic
ring shear tests, while an increase in PI toward 15 increased
the liquefaction resistance of specimens, and finally the
specimens became non-liquefiable when PI > 15. Park and
Kim [25] mixed clean sand with 10% plastic fines having
different plasticity indexes and they studied the effect of
plastic fines on liquefaction resistance in terms of cyclic stress
ratio. They concluded that the liquefaction resistance tended to
decrease as the plasticity index of 10% fines in the specimens
increased. Eseller-Bayat et al. [26] used sand specimens with
10% clay contents. Their result showed clean sand specimens
demonstrated highest liquefaction strength compared with that
of sands with fines up to 10% fine contents. Cabalar et al. [27]
added low plasticity clay to clean sand. They found that, in
most of cases up to 20% fines CRR values decreased and then
increased with an increase in fines content.

In the present study, a series of resonant column tests were
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carried out on 161 Firoozkooh sand mixtures with different
percentages of bentonite (0, 10, 15, 20, 25, 30, and 35%) at a
constant void ratio and confining pressure. The main purpose
of this study is to determine the effect of plastic fines content
on CRR of saturated clayey sand under cyclic loading.

II. MATERIAL PROPERTIES

In this study, 161 Firoozkooh sand and bentonite were used
make samples. This sand has a golden-yellow color and it is
subangular according to [28] and predominant minerals are
silica. The sand is classified as poorly graded sand (SP)
according to the unified soil classification system. Fig. 1
shows the microscopic image of 161 Firoozkooh sand. The
fines used in this study were a bentonite that is a high plastic
clay (CH) according to the unified soil classification system.
The particle size distribution curves of tested sand and
bentonite material are obtained from the sieve and the
hydrometric test on this soil is shown in Fig. 2.

Fig. 1 Microscopic image of tested Firoozkooh sand

III. TEST PROCEDURE AND APPARATUS

A.Sample Preparation

All specimens in this study were constructed by the moist
tamping method, which is performed by compacting moist soil
in layers to a selected percentage of the required dry unit
density of the specimen. The specimens were prepared in the
approximately same void ratio equal to 0.61. The water
content of the soil during specimen preparation was 15% by
weight. All the specimens were compacted in seven layers.

The specimens were 50 mm in diameter and 100 mm in
height, and they were prepared with seven values of fines
content (FC = 0%, 10%, 15%, 20%, 25%, 30% and 35%) in
each group. The properties of the mixtures used in this study
are shown in Table 1. The first letter refers to sandy soil and its
number indicates the plastic fines content percentage of
specimen. For example, S20 means a sample containing 80%
sand and 20% bentonite.
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Fig. 2 Particle size distribution curves of tested materials

B. Resonant Column Test

Resonant column tests were performed using the ASTM
D4015 [29] available in the geotechnical laboratory at IKIU
university. The test essentially involves a soil column in fixed-
free end conditions that is excited to vibrate in one of its
natural modes. Saturation was performed by purring the
specimens with carbon dioxide before adding de-aired water.
Back pressure was applied to ensure complete saturation of the
specimens. A minimum B-parameter of 0.96 was obtained for
all the specimens. After saturation, the specimens were
isotropically consolidated to a confining pressure of 100 KPa.

IV. RESULT AND DISCUSSION

Resonant column tests were conducted to investigate the
effect of different plastic fines content on behavior of shear
modulus and liquefaction resistance of sand. Maximum shear
modulus and CRR of specimens were calculated. Fig. 3 shows
the maximum shear modulus (G,,x) variations with different
percentages of plastic fines content in a constant confining
pressure of 100 kPa.

TABLE I
PHYSICAL PROPERTIES OF SOIL SAMPLES USED FOR RESONANT COLUMN TESTS

Name of Sample  FC (%) Vamax N/, ) LL(%) PL(%) PI e e
SO 0 16.52 - - - 0.621 0.604
S10 10 18.2 22 - 0.641 0.606
S15 15 18.7 28 26 0.644 0.605
S20 20 19.1 32 25 0.656 0.611
S25 25 18.6 37 24 13 0.669 0.590
S30 30 18.1 42 22 20 0.702 0.601
S35 35 17.8 47 21 26 0.731 0.614
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Fig. 3 Variation of Gy, with FC for different mixtures

According to Fig. 3, the shear modulus of the sand-clay
mixtures is decreased by increasing the percentage of plastic
fines contents to the clean sand. It is observed that the results
are influenced by fine content and plasticity. For sand-clay
mixtures, the initial shear modulus increases with the increase
in sand content. The results are in agreement with the general
trend of increasing maximum shear modulus for soils of low
plasticity at constant confining pressure. According to the
authors’ interpretation, when fine content is low, the shear
modulus of sand-clay mixtures is high and the behavior of it is
similar to clean sand reported by other researchers [30]-[32].

De Alba et al. [33] suggested that there exists a satisfying
correlation between elastic-wave velocity and liquefaction
resistance under the identical confining stress. This conclusion
implies that the field measurements of elastic-wave velocities
may be used to reconstitute laboratory specimens to find out
their liquefaction resistance [34]. Tokimastu [34] showed that
a reasonable correlation would exist between liquefaction
characteristics and elastic shear modulus for a given soil under
given confining stresses. Based on this conclusion, many
researchers have obtained the liquefaction resistance of soils
through shear wave velocity [7], [9], [35]-[37]. In this study
CRR is investigated according to the equation presented by
Yunmin et al. [5]:

CRR = [ Gmax

- F2(emin) U(,) (1)
where K is a constant value of 1.22x10-4 kPa®’, F(e) is
obtained for angular graines from the equation given by
Hardin and Richart [38], o, is confining pressure.

_ (2.97-e)?
- 1+e

Fe 2

Fig. 4 shows the CRR variations with different percentages
of plastic fines content in a constant confining pressure of 100
kPa. As can be seen from this figure, the CRR values of the
sand clay mixtures decrease for all percentages. A review of
the literature has enabled to the authors to identify similar
outcomes from numerous studies. Gharemani and
Ghalandarzadeh [23] found that adding clay from 10% to 30%
to the sand by dry weight increased liquefaction resistance of
the specimens. Other researchers report same result [25], [26],
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Fig. 4 Variation of CRR with FC for different mixtures

V.CONCLUSION

The focus of this research was to assess the influence of
plastic fines content on shear modulus and CRR of clean sand.
The resonant column tests were performed on the remolded
specimens at constant void ratio and confining pressure of 100
KPa. Bentonite was added to 161 Firoozkooh sand at the
percentages of 10, 15, 20, 25, 30 and 35 by dry weight. The
following results were obtained:

e As an overall view, by increasing the plastic fines content
to the sandy soil, its maximum shear modulus decreases.

e The testing results indicated that the specimens with more
plastic fines content had less liquefaction resistance.

o Both the optimum water content (w,,,) and maximum dry
unit weight (Vgmay) values were significantly affected by
the clay addition in mixtures. The Y44, Values increased
up to about 20 % clay content (FC) then decreased with
an increase in FC.
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