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Abstract Loose saturated cohesionless soils are

most susceptible to liquefaction, however there are

strong historical evidence suggesting that soils con-

taining fines such as silty sands are also prone to

liquefaction during earthquakes. The liquefaction of

silty sands has been observed in a number of recent

case studies. This paper presents the effects of fine

silts on liquefaction potential of sandy soil. Tests

have been conducted on the vibration table at

different accelerations and pore water pressure is

measured. During the lab investigation, locally

(Roorkee, India) available Solani Sand and Dhanauri

Silt have been used. The soil samples have been

prepared by varying silt content and the initial

relative density. The results of the study performed

are used to clarify the effects of non-plastic fines

content on the Solani sand. As the silt content

increases, the number of cycles required to produce

maximum pore water pressure increases. For a

particular level of excitation, rate of pore water

pressure generation is maximum at critical silt

content. It is observed that critical silt content to

generate maximum pore water pressure is different

for different accelerations. Further, effect of silt

content is very much dependent on relative density.

Keywords Liquefaction potential � Solani sand �
Non-plastic silt � Relative density

1 Introduction

It has been understood from literature that the

presence of silt and clay particles will in some

manner affect the resistance of sand to liquefaction.

However, a review of studies published in the

literature indicates that no clear conclusions can be

drawn as to in what manner altering the fines content

affects the liquefaction resistance of a sand under

cyclic loading. This is particularly true for soils

containing non-plastic fines. Studies have reported

that increasing the silt content in sand may increase

or decrease the liquefaction resistance of the sand, or

increase the liquefaction resistance until some critical

silt content is reached. Additionally, several studies

have shown that the liquefaction resistance of silty

sand is more closely related to its initial relative

density than to its silt content. The presence of plastic

or clayey fines is generally considered to decrease the

liquefaction susceptibility of a soil. Numerous field

studies have shown that soils with more than 10 or 15

percent fines do not liquefy during earthquakes.

During the 1970’s, Engineers in the Peoples Republic

of China (PRC) developed a set of criteria in their

building codes, commonly referred to as the Chinese

criteria, which deem certain soils as ‘‘nonliquefiable’’
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due to their plastic nature (Jennings 1980; Finn

1982).

Both clean sands and sands containing fines have

been shown to liquefy in the field (Prakash 1981;

Kramer 1996). Based upon case histories of actual soil

behavior during earthquakes, there is evidence that soil

with greater fines contents are less likely to liquefy in a

seismic event. Okashi (1970) observed that during the

1964 Niigata earthquake in Japan, sands were more

likely to liquefy if they had fines content of less than 10

percent. Tokimatsu and Yoshimi (1983) found in a

study of 17 worldwide earthquakes that 50 percent of

the liquefied soil had fines contents of less than 5

percent. They also found that sands with fine contents

greater than 10 percent had a greater liquefaction

resistance than clean sands at the same SPT blow count.

While some research reports have shown that an

increase in fines content results in an increase in

liquefaction resistance, other has shown the opposite

effect. Chang et al. (1982) noted that case studies

reveal that most liquefaction resulting from earth-

quakes has occurred in silty sands and sandy silts. Field

based methods for determining liquefaction suscepti-

bility, such as methods based on SPT blow counts or

CPT measurements, must account for the presence of

fines in the soil (Tatsuoka et al. 1980). Seed et al.

(1985) modified the cyclic stress ratio (CSR) versus

normalized SPT blow count curves originally proposed

by Seed and Idriss (1971) to account for the increase in

liquefaction resistance provided by increased fines

content. The revised chart provides a series of curves

for 5 percent, 15 percent, and 35 percent fines. These

curves indicate that a larger CSR is required to liquefy a

soil with higher fines content for a given blow count.

Several investigators have found that the cyclic

resistance of a sandy soil increases with increasing silt

contents. For specimens prepared to a constant gross

void ratio, Chang et al. (1982) found that after a small

initial drop, cyclic resistance increased dramatically

with increasing silt content. Dezfulian (1984) reported

a trend of increasing cyclic resistance with increasing

silt content. On the other hand numerous authors have

reported a decrease in cyclic resistance with increasing

silt content. Shen et al. (1977), Tronsco and Verdugo

(1985), and Vaid (1994) have all reported this trend for

specimens prepared either to a constant gross void ratio

or a constant dry density.

Koester (1994) found that for specimens prepared

to a constant gross void ratio, as silt content increased

the cyclic resistance of the soil decreased until some

limiting silt content was reached at which point the

cyclic resistance began increasing. Several studies

have shown that cyclic resistance is more closely

related to sand skeleton void ratio than it is to gross

void ratio, gross relative density, or fines content.

Finn et al. (1994) found that at the same gross void

ratio, the cyclic strength of a sand decreases with

increasing fines content. They also found that at the

same sand skeleton void ratio, cyclic strength remains

constant with increasing fine content, as long as the

fines can be accommodated in the void spaces created

by the sand skeleton. Not all soils, however, exhibit a

constant cyclic resistance with a constant sand

skeleton void ratio. Thus, based upon the conflicting

evidence presented in the literature, the fines content

of a sandy soil does not alone provide a definitive

measure of its liquefaction potential.

In recent studies, Guo and Prakash (1999) analyzed

the test data of El Hosri et al. (1984) and Sandoval

(1989). Polito and Martin (2001) conducted cyclic

triaxial testing on two different sands with different

silt contents. They had concluded that if the silt

content of the soil is below the limiting silt content,

there is sufficient room in the voids created by the

sand skeleton to contain the silt and the soil can be

described as consisting of silt contained in sand

matrix. The cyclic resistance of the soil can be

controlled by the relative density of the specimen.

Yamamuro and Kelly (2001), based on the drained

and undrained triaxial compression tests on silty sands

with different confining pressures, observed that sands

with high silt contents were more compressible than

sands with low silt contents. Carraro et al. (2003)

performed undrained triaxial tests on Ottawa sand

with non plastic silts over a wide range of relative

densities and concluded that for a given relative

density, the cyclic resistance of sand increases slightly

when small amount of non plastic silts are added.

The manner in which pore pressure generation

varies as the quantity and type of fine-grained material

in sand is an important aspect of the present inves-

tigation. In addition to affecting the liquefaction

behavior of the soil, the rate and magnitude of pore

pressure generation during seismic loading has a

profound effect on the strength of the soil and the

stability of structures constructed from, or founded on

it. Pore pressure generation during cyclic loading can

be examined in terms of the number of cycles of
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loading that the soil has undergone. A laboratory

parametric study has been conducted (Patel 2006).

Data from the liquefaction table tests were analyzed to

evaluate the effect of fines content on the pore

pressure generation characteristics of Solani sand.

Pore pressure generation was evaluated in terms of the

number of cycles of loading required to cause a given

rise in pore pressure. The effect of different acceler-

ation levels along with percentage silt content on the

liquefaction resistance of sand is also analyzed.

2 Test Set Up and Investigation

The tests were performed on a simple but an

indigenously fabricated vibration table (Gupta 1977)

in the Soil Dynamics Laboratory of the Dept. of

Earthquake Engineering, IIT Roorkee, India. The test

bin is a water tight tank 1.05 m long, 0.60 m wide and

0.40 m high, in which soil sample is prepared. The

tank is mounted on a horizontal shake table. The sides

of the tank consist of a rigid mild steel frame with

5 mm thick steel panels. Thus it is a tank with rigid

walls. The horizontal shake table consists of a rigid

platform on which the test tank is mounted. The

platform rests on four wheels supported on four knife

edges. This is driven in horizontal direction by a 3

H.P. A.C. motor through crank mechanism for

changing rotary motion into translatory motion. The

crank mechanism consists of a device for changing the

amplitude of motion through two eccentric shafts. By

changing the relative position of two shafts the

amplitude can be fixed as desired. The pore pressure

measurement is performed with the help of a glass

tube piezometer attached to the tank through a rubber

tube at a height of 50 mm from the base of the tank

and extended up to the center of the tank. At the mouth

of tube a porous stone was fixed. Whole test set up is

shown in Fig. 1. The table can produce steady state

vibrations. One-dimensional harmonic excitation can

be generated. The maximum amplitude of horizontal

acceleration which can be generated is up to 1 g.

2.1 Properties of Sand and Silt

Sand from the local SOLANI river bed was used for

all the tests. Silts were collected from the DHANAU-

RI river bed near KAUKHEDA village. Standard dry

sieve analysis was performed on sand. Hydrometer

analysis was performed for the gradation of silt. The

specific gravity, maximum void ratio, minimum void

ratio tests were conducted for sand, silt and sand silt

mixture. Tables 1 and 2 provide the various properties

of sand and silt used respectively.

Fig. 1 Test setup of liquefaction table

Table 1 Properties of sand

S. No. Property Notation Value

1 Soil type SP Poorly graded sand

2 Specific gravity G 2.67

3 Maximum dry density cmax 16.16 kN/m3

4 Grain size D50 0.26 mm

D60 0.29 mm

D30 0.23 mm

5 Effective size D10 0.11 mm

6 Maximum void ratio emax 0.854

7 Minimum void ratio emin 0.577

8 Grain shape Angular

Table 2 Properties of silt

S. No. Property Notation Value

1 Silt type ML Low plasticity silt

2 Specific gravity G 2.55

3 Liquid limit LL 25.5%

4 Plastic limit PL 21.3%

5 Plasticity index PI 4.2

6 Maximum dry density cmax 15.71 kN/m3

7 Grain size D50 0.016 mm

D60 0.023 mm

D30 0.005 mm

8 Effective size D10 0.001 mm
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2.2 Preparation of Soil Sample

A known quantity of water i.e. 100 kg, sufficient to

submerge the piezometer was taken in the tank. Air

bubbles from the piezometer tube were removed. The

porous stone for the piezometric tubes was kept in

boiled water for about half an hour to remove any air

present in that. A thin layer of grease was then coated

on them and placed in position. Then the known

quantity of sand and silt as calculated for various

percentage of silt were measured. The sand and silt

was mixed properly. For this dry mixing was done.

Then the mixture was poured into the tank with the

help of a funnel maintaining a constant height from

the top of the water surface. By this method all the

soils were poured into the tank. After all the soil

mixture being poured, it was left for few hours for

settlement of finer particles. Duration for this depends

on the fines contents. For pure sand about 2 h was

enough however sand with fines required more time

i.e. about 8–10 h for the settlement. As the finer

particles settled, the water overlying the soil sample

was removed by siphoning and weighted accurately.

After all the water has been removed, the top of soil

sample, which was completely submerged, was

leveled. The height of the sample thus prepared was

about 260 mm. Total effective depth of the tank is

380 mm, thus the top surface of the prepared sample

is about 120 mm below the top of the tank. With the

help of dry weight of sand or sand silt mixture and

amount of water left, the dry density of deposit and

relative density were computed.

2.3 Procedure

After preparing the desired soil sample and before

starting the experiment, the frequency is fixed at

desired level i.e. 5 cps. Simultaneously level of

excitation should also be fixed. The value of static

pore water pressure is read from the manometer graph

and marked. The piezometer was fixed at 5 cm from

the base of the tank and extended up to the center of

the tank. The flywheel is set to zero. Then the

machine is switched on and hence vibration is

imparted to the tank. The rise of pore water pressures

are recorded after every 5 s interval till the peak is

reached. The time required to achieve the peak is

noted with the help of a stop watch having accuracy

0.01 s. At the time when peak value of pore water

pressure is obtained, first the hand break is applied

and then the motor is switched off. After the test is

over the sample is left for few hours for the fine

particles to settle down. Then the excess water

overlying the sample is removed by siphoning and

weighted accurately. Then with the dry weight of

sand or sand silt mixture and amount of water left, the

dry density and void ratio of the deposit is computed.

2.4 Tests Performed

Tests were performed on the saturated sand and sand-

silt samples at different relative densities to study the

effect of fines on the liquefaction potential of sand. All

the tests were performed at a constant frequency of 5

cps. The tests were conducted on six combinations of

sand and silt mixtures i.e. (a) sand without silt; (b) sand

with 5% silt; (c) sand with 10% silt; (d) sand with 15%

silt; (e) sand with 20% silt and (f) sand with 25% silt.

All these combinations were tested for three

different acceleration i.e. 0.3 g, 0.4 g and 0.6 g

keeping the frequency constant at 5 Hz. The chosen

level of acceleration covers the range of all moderate

and strong earthquakes.

3 Experimental Results

As the predominant frequency in an earthquake

generally varies from 2 to 5 cps, the present inves-

tigations had been carried out at a frequency of 5 cps.

Key results are discussed in following sections.

3.1 Pore Water Generation

In the test setup, main output was excess pore water

pressure and the other parameters are correlated with

excess pore water pressure. In the following sections,

the effect of silt content and relative density on the

pore pressure is discussed.

3.1.1 Effect of Silt Content

Figure 2a represents the pore water pressure gener-

ation with number of cycles for different silt contents

for 0.3 g acceleration. As the number of cycles

increases, the pore water pressure increases for all the

silt contents, which is as expected. Also, it has been

observed that the generation of pore water pressure is
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more for 5% silt content compared to the soil sample

without silt. Further it can be observed that the pore

water pressure generation, decreases as silt content

increases beyond 5%. Thus for 0.3 g acceleration,

critical silt content is 5%. The trend of the present

results is similar to that presented by Prakash and

Sandoval (1992).

Figure 2b and c shows results for 0.4 g accelera-

tion and 0.6 g acceleration respectively. It can be

observed that trends are similar to that shown in

Fig. 2a; however the critical silt content for 0.4 and

0.6 g are 10 and 0%, respectively. Thus critical silt

content (for which maximum pore water pressure is

observed) is not unique and very much dependent on

the level of excitation.

3.1.2 Effect of Relative Density

Figure 3a–f present the effect of relative density on

pore pressure generation for different silt contents.

Three excitations 0.3, 0.4 and 0.6 g were considered

for each result. For 0% silt content, from Fig. 3a it can

be observed that the pore pressure increases as

acceleration increases. This is because of almost the

same relative density for all three levels of excitations.

Figure 3b and c show the results for 5 and 10% silt

contents respectively. It can be observed that the pore

pressure generation is highest for 0.3 g acceleration

for both the cases. This may be attributed to the fact

that the relative density is lowest for 0.3 g accelera-

tion. It can be noticed that the effect of relative density

is dominating over the level of acceleration.

For 15% silt content, Fig. 3d shows that the pore

water pressure is maximum at 0.6 g as the relative

density is also minimum for this excitation. Figure 3e

shows that for 20% silt content, the pore water

pressure is maximum at 0.4 g acceleration and

minimum at 0.6 g acceleration. This is because

relative density is lowest at 0.4 g and highest at

0.6 g acceleration. Thus again it can be observed that

the relative density is dominating. Figure 3f shows

result for 25% silt content. The pore water pressure is

maximum at 0.3 g acceleration corresponding to the

lowest relative density and pore water pressure is

minimum corresponding to the highest relative den-

sity at 0.4 g acceleration. Therefore, in general, it was

observed that at low value of relative density, pore

water pressure is high which was as expected.

3.2 Rate of Generation of Pore Water Pressure

The rate of pore pressure generation is also one of the

important parameters in liquefaction analysis (Seed

et al. 1975). In following sections, the effect of silt

content at constant value of acceleration is observed

on this parameter. It is observed that the maximum
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Fig. 2 Variation in pore pressure with number of cycles for

different silt contents (a) at 0.3 g acceleration; (b) at 0.4 g

acceleration; (c) at 0.6 g acceleration
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and minimum rate of pore pressure generation is

different for different level of acceleration.

In Fig. 4a, for 0.3 g acceleration, it is observed

that maximum rate of pore water pressure generation

decreases as the silt content increases. Maximum rate

of generation is obtained at 5% silt content (which is

also critical silt content) and minimum rate of

generation at 15% silt content. Rate of pore pressure

generation for other silt content lies in between 5 and

15%.

From Fig. 4b, for 0.4 g acceleration, it is observed

that maximum rate of pore pressure generation is

obtained at 10% silt content (which is critical silt

content) and minimum rate of pore water pressure

occurs at 15% silt contents. Rate of generation of

pore pressure for the other silt contents exist in

between these two limits. In case of 0.6 g, maximum

rate of generation occurs both at 5 and 15% silt

contents and minimum at 10% silt content which has

been shown in Fig. 4c. However, the effect of silt

content on maximum values is not as significant as

observed for 0.3 and 0.4 g acceleration.

4 Discussion of Results

From this study distinct behavioral pattern has been

found for the cyclic resistance of soils composed of

sand and non-plastic silt. Out of these characteristics,

control is determined by whether there is sufficient

room in the voids created by the sand skeleton to

contain the silts present without disturbing the struc-

ture of the sand. This silt content has been called the

critical silt content and occurred around 5% for 0.3 g

acceleration, around 10% for 0.4 g acceleration and

around 0% for 0.6 g acceleration used in this study.

If the silt content of the soil is below the critical silt

content, there is sufficient room in the voids created

by the sand skeleton to contain the silt. The cyclic

resistance of the soil is then controlled by the relative
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density of the specimen, where the relative density is

calculated using the gross void ratio of the specimen

and the maximum and minimum void ratio for that

particular mixture of sand and silt. As relative density

increases, the soil’s cyclic resistance increases

because of generation of pore water pressure decrease.

If the silt content is greater than the critical silt

content, the specimen’s structure consists predomi-

nately of sand grains suspended within a silt matrix

with little sand grain to sand grain contact (Koester

1994). Above the critical silt content, the amount of

sand present in the soil and its relative density has

little effect on its cyclic resistance.

The seemingly contradictory reports concerning

the effects of non-plastic fines content on the

liquefaction resistance of sands that have appeared

in the literature (e.g. Shen et al. 1977; Koester 1994)

were reconciled in light of the behavioral patterns

found in this study. These behaviors were found to

depend primarily upon the critical silt content of the

soil and the relative density of the specimen. The

pore water pressure is controlled by the initial relative

density of the soil.

5 Conclusions

Numerous studies reported in the literature have

produced varying answers to the question about the

effect of increasing non-plastic silt content on the

liquefaction resistance of sand. In order to answer this

question and to reconcile the results of these studies,

18 tests on liquefaction table was performed using

pure sand and five combinations of sand and non-

plastic silt. Tests were performed at varying silt

contents and relative density. The results interpreted

in terms of the pore water pressure and the rate of

pore water pressure generation. The current study

was able to identify two key factors: initial relative

density and critical silt content, which govern the

liquefaction behavior of silty sands. Using these

factors, the majority of the seemingly contradictory

behaviors reported in the literature can be explained.

The major conclusions based on this study can be

drawn as follows.

1. The critical silt content is different for different

amplitude of excitations. The critical silt content

for 0.3, 0.4 and 0.6 g amplitude of excitation are

found to be 5, 10 and 0%, respectively. However,

it shall be noted that these values of critical silt

content are based on the limited tests conducted.

More tests required to be conducted to reach at

concrete conclusion.

2. The initial relative density is the major governing

parameter for the development of pore water

pressure. If the relative density of specimen is

more, the generation of pore water pressure is

less because there is more compaction of sample

resulting lesser void ratio within the sample to

generate the pore pressure and vice versa.

3. Also the level of excitation plays an important

role for the development of pore water pressure.
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Fig. 4 Rate of pore pressure generation with no. of cycles for

different silt contents (a) at 0.3 g acceleration; (b) at 0.4 g
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As the level of excitation increases, the pore

pressure generation and its rate of generation also

increases. Also both of these parameters decrease

as the level of excitation decreases.

4. Rate of pore water pressure generation is maxi-

mum at the starting of the excitation, then it

decreases and finally tend to zero. If the rate of

generation is more the same amplitude of vibra-

tion will need less number of cycles to generate

the maximum pore water pressure. In such cases,

even in short duration earthquake, liquefaction

may occur.

It is acknowledged that the above outcome is

based on the limited tests conducted on the vibration

table, more number of tests may require to clarify

various effects.
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