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ABSTRACT 

 

In order to investigate the effect of nonplastic fines on undrained cyclic resistance of sandy soils, a series 

of strain controlled cyclic torsional shear tests on hollow cylinder specimens were performed and the 

results were studied using energy approach. The effects of fines content on variation of cyclic resistance 

of sandy soils, shear strain amplitude, and the frequency of loading on dissipated energy up to 

liquefaction of sands with fines were investigated. The results showed that at constant relative density, the 

dissipated energy up to liquefaction firstly decreased with increase in fines up to 30% and then began to 

increase with further increase in fines up to 60%. This behavior became appropriately interpreted by 

intergranular and interfine relative densities concept. Furthermore, the level of shear strain practically had 

no effect on this trend but the amounts of dissipated energy, W, for specimens with 15% and 30% fines 

were higher for lower shear strain amplitude. However, the shear strain amplitude does not affect on W 

for clean sand and sand containing 60% fines. In addition, the results showed that the frequency of 

loading had no considerable effect on dissipated energy up to liquefaction for specimens with fines 

content lower and higher than the limiting fines content. 

 

Keywords: Cyclic resistance; Nonplastic fines; Liquefaction; Dissipated energy; Shear strain; Frequency. 

 

 

INTRODUCTION 

 

Liquefaction phenomenon is one of the main devastating features of many earthquakes (Chile, 1960; 

Nigata, 1964; San Fernando Valley, 1971; Loma Prieta, 1989). Loss of bearing capacity of foundations, 

ground settlements, and failure of earth fills are examples of destroying effects of liquefaction which 

observed in such earthquakes. Because of these unfavorable effects, the investigation of liquefaction 

phenomenon and mechanisms that governed it has been the goal of many researches which performed in 

geotechnical earthquake engineering in recent decades. 

 

This fact that presence of fines may greatly affect on excess pore water pressure generation and hence, 

undrained cyclic resistance of sandy soils was accepted by geotechnical earthquake engineering 

community but details of this fact have not been clear. 

 

It is well understood from previous researches (e.g. Silver and Seed, 1971; Youd, 1972; Dobry et al., 

1982) that the cyclic strain is the fundamental and primary factor controlling the densification in dry sand 

and excess pore water pressure build-up in saturated sand. However, in studies focused on effects of 
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nonplastic fines on undrained cyclic resistance of soils, the cyclic stress was to be emphasized rather than 

cyclic strain. It seems that attention on shear strain may be helping to get more understanding about the 

influence of nonplastic fines on cyclic behavior of sandy soils. 

 

Plastic deformations, occurred during densification of soil under cyclic loading at drained condition, are 

the cause of excess pore pressure build-up during undrained condition. These plastic deformations are the 

main reason of loss of energy in soil. Nemat-Nasser and Shokooh (1979) based on this fact, investigated 

the relation between excess pore water pressure generation and energy dissipation in soils under cyclic 

undrained loading. They found that there is a strong relationship between the accumulated dissipated 

energy and excess pore water pressure build-up and therefore, the use of energy dissipation could be a 

convenient method for evaluation of undrained cyclic resistance of soils. After this interesting finding, 

many other researchers investigated the different features of this idea (Berrill and Davis, 1985; Law et al., 

1990; Figueroa et al., 1994; Davis and Berrill, 2001). Although the energy approach is not still 

recommendable for general engineering practice (Youd and Idriss, 2001), but the research and 

development of this method can be useful for more understanding of liquefaction phenomenon. 

 

Overall void ratio, relative density, and intergranular and interfine void ratios are three index parameters 

which have been accepted as a basis for comparison of effects of fines on cyclic resistance of soil by 

many researchers. The results obtained at constant overall void ratio and intergranular and interfine void 

ratios through many studies are nearly similar except a few cases. At constant overall void ratio, the 

undrained cyclic resistance of sandy soils initially decreased with increase in FC to reach its minimum 

value at limiting fines content. However, with further increase in fines, beyond the limiting fines content, 

the variation converted and cyclic resistance began to rise. This general trend have been observed in 

various studies (e.g. Koester, 1994; Polito and Martin, 2001; Xenaki and Athanasopoulos, 2003; 

Papadopoulou and Tika, 2008) but a few studies with different trends also are found in literature (Amini 

and Qi, 2000; Hazirbaba and Rathje, 2009). At constant intergranular void ratio, also known as “sand 

skeleton void ratio”, the cyclic resistance of sand increased with increase in fines below the limiting fines 

content (Vaid, 1994; Xenaki and Athanasopoulos, 2003; Hazirbaba and Rathje, 2009). However, at 

constant interfine void ratio, with increase in fines content the cyclic resistance of sand decreased (Xenaki 

and Athanasopoulos, 2003; Dash and Sitharam, 2009). As can be seen, the variation of cyclic resistance 

of sand with some amount of fines at constant overall, intergranular, and interfine void ratios is similar in 

various studies but at constant relative density the situation is quite different. While a group of 

researchers reported that with increase in fines, at constant relative density, the cyclic resistance of sand 

decreased initially and further increase in fines increased cyclic resistance (Singh, 1994; Kokusho, 2007), 

another group of researchers reported that the cyclic resistance of sand firstly increased with increase in 

fines and then started to decrease with further increase in FC (Polito and Martin, 2001; Carraro et al., 

2003; Dash and Sitharam, 2009). Also there is some studies reported that with increase in fines content, 

the cyclic resistance decreased (e.g. Chein et al., 2002). Based on these briefly literature review, it could 

be observed that the effects of fines on cyclic resistance of sand at constant relative density have not been 

clear understood. 

 

In order to investigate the effects of fines content on undrained cyclic behavior of sandy soils, a series of 

strain controlled undrained cyclic hollow torsional shear tests performed on specimens with various fines 

content which have constant relative density. The dissipated energy was chosen as a basis for the 

resistance of soil against generation of excess pore water pressure. Effects of various variables including 

variation of fines content, shear strain amplitude, and frequency of loading on undrained cyclic resistance 

of sand containing fines were investigated. 
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EXPERIMENTAL STUDY 

 

Tested Materials 

As the host sand, the Firuzkooh 161 sand, a commercial sand, which is poorly graded with angular grains 

was used. With sieving the micro silica from standard No. 200 sieve, the needed silt which was mixed 

with host sand at desired percentages, were obtained. According to respective ASTM standards, the index 

properties of sand and sand – silt mixtures including grain size distribution, specific gravity, and 

maximum and minimum dry densities, and corresponding minimum and maximum overall void ratios, 

respectively, were determined. Although the ASTM D4253 and ASTM D4254 standards were usable for 

soils with fines content lower than 15%, for sand with higher fines also these standards were used to 

determine maximum and minimum dry densities. In this experimental study, tests were performed on 

specimens of clean sand and sand with 15%, 30%, and 60% silt. In Figure 1, the grain size distribution 

curves for clean sand and sand - silt mixtures are shown. In Table 1, the index properties and soil 

classification of tested materials are presented. 

 

 
Figure 1. Grain size distribution curves for clean sand and various sand – silt mixtures 

 

Table 1. Index properties and classifications of tested soils 
Symbol Soil type emax emin Gs Fines (%) 

F0 SP 0.87 0.58 2.64 0 
F15 SM 0.83 0.41 2.65 15 
F30 SM 0.85 0.32 2.65 30 
F60 ML 1.26 0.36 2.66 60 

 

Specimen Preparation 

In this study, all of the tests were performed using a hollow torsional shear testing device on cylindrical 

specimens with outer and inner diameter of 10cm and 5cm, respectively, and a height of 10cm. Because of 

more advantages of moist undercompaction technique (Ladd, 1978) in preparation of specimens of sand 

with some amount of fines, this method was used in present study. Specimens were placed within the 

mold in six layers so that each layer has slightly more density than the lower layer. After removing the 

outer mold, the height and outer diameter of specimen were measured in three point and average values 

was used to determine the overall void ratio and hence, relative density of specimen after placement. 

After completeness of saturation, by circulation of CO2 and deaired water through the specimen and 

applying 100 kPa back pressure, the specimen was isotropically consolidated under 120 kPa effective 

confining pressure. In order to determining the overall void ratio and corresponding relative density after 

consolidation, axial displacement and volume of water removing from the specimen were recorded during 
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consolidation, continually. All the specimens prepared so that their after consolidation relative densities 

became equal to 60%. Sinusoidal shear strain then was applied to the specimen under undrained 

conditions and axial displacement, shear strain, pore water pressure and shear stress were recorded. 

 

RESULTS AND DISCUSSION 

 

A typical test results obtained from undrained cyclic hollow torsional shear test on sand containing 30% 

fines is presented in Figure 2. In this test, a sinusoidal shear strain with amplitude of 1% and frequency of 

0.1 Hz was applied to the specimen. As can be seen, after approximately 12 cycles of loading the excess 

pore water pressure became equal to effective confining pressure and hence, liquefaction occurred. In this 

study, the liquefaction occurrence was defined as excess pore water pressure equal to effective confining 

pressure. Also, with excess pore water pressure build-up, the cyclic shear stress was progressively 

decreased until liquefaction occurred. 

 

 
Figure 2. Results of test on specimen of sand with 30% fines (fr = 0.1 Hz): (a) Shear strain 

against N, (b) Shear stress and excess pore water pressure against N 

 

Effect of Fines Content Variation on Cyclic Resistance of Sand 

The variation of cyclic resistance of sand – silt mixtures with fines content, at constant relative density, is 

shown in Figure 3. All specimens were subjected to a sinusoidal shear strain with amplitude of 1% and 

frequency of 0.1 Hz. This low frequency was used to ensure that pore water pressure equilibrate through 

the specimen. As can be seen, the dissipated energy up to liquefaction initially decreased with increase in 

fines from 0 to 30% and then increased with further increase of FC to 60%. 
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The results showed that the limiting fines content is about 30%. The limiting fines content is the fines 

content below which the structure of soil and its mechanical behavior strongly governed by coarse grains 

(sand grains) and fines have little effect on behavior of mixture. However, above the limiting fines 

content, the structure of soil changed and fine grains play an important role in mechanical behavior of soil 

and coarse grains have not substantial contribution on behavior of mixture. 

 

This trend can appropriately be described by conceptual framework proposed by Thevanayagam (2007a, 

b). He showed that the mechanical behavior of coarse – fine grains mixtures is dependent on intergrain 

contact density of the mixture. He evaluated his idea through steady state line, liquefaction resistance, and 

shear wave velocity of coarse – fine grains mixtures and showed that there is a strong correlation between 

intergrain contact densities and the mechanical behavior of mixtures. Specifically, Thevanayagam 

(2007b) demonstrated that the liquefaction resistance of sand – silt mixtures were strongly correlated to 

intergrain contact density indices. Using this conceptual framework, Thevanayagam (2007a) proposed 

two equivalent relative densities for fines content lower and upper than limiting fines content. In fact, the 

idea behind these two equivalent relative densities is that whereas intergrain contact density is the basic 

factor which controls the mechanical behavior of the mixtures, we can expected that a mixture with fines 

content lower than limiting fines content behave similar to its host coarse grain soil if the overall void 

ratio of host coarse grain soil is equal to the intergranular void ratio (or sand skeleton void ratio) of 

mixture (Thevanayagam, 2007a). Also for mixtures with fines content higher than limiting fines content, 

we can expected that the mixture behave similar to the host fine grain soil which its overall void ratio is 

equal to interfine void ratio of mixture (Thevanayagam, 2007a). In addition, Thevanayagam (2007a) 

proposed some parameters and definitions to consider the positive effects of fine and coarse grains in 

mixtures with fines content lower and higher than limiting fines content, respectively. However, in this 

study these positive effects are neglected and do not take into account. 

 

 
Figure 3. Variation of dissipated energy up to liquefaction against FC for shear strain 

amplitude of 1% 

 

These two equivalent relative densities, intergranular and interfine relative densities, without considering 

the positive effects of fine and coarse grains, are defined as (Thevanayagam, 2007a): 
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In above equations, Drc and Drf are the intergranular and interfine relative densities, respectively, emax, HC 

and emin, HC are the maximum and minimum overall void ratios of host coarse grain soil, respectively, emax, 

HF and emin, HF are the maximum and minimum overall void ratios of host fine grain soil, ec = (e+fc)/(1-fc) 

is the intergranular void ratio, ef  = e/fc is the interfine void ratio, e is the overall void ratio of mixture, 

and fc is the fines content in decimal. According to previous paragraph, the intergranular relative density, 

Drc, is applicable to mixtures with fines content lower than limiting fines content and the interfine relative 

density, Drf, is applicable to mixtures with fines content higher than limiting fines content. 

 

The trend observed in Figure 3 could be interpreted by means of above explanations about intergranular 

and interfine relative densities. According to Eqn. 1, for mixtures with FC lower than the limiting fines 

content, and at constant relative density, with increase in FC the intergranular void ratio increased and 

hence, the intergranular relative density decreased. Therefore, the mixture behaves similar to the 

specimen of host sand which has looser state than the specimen of clean sand and therefore, has lower 

cyclic resistance relative to clean sand. The higher the fines content, the lower the intergranular relative 

density and hence the lower the cyclic resistance. As can be seen in Figure 3, with increase in FC from 0, 

corresponding to clean sand, to 30% (limiting fines content) the dissipated energy up to liquefaction 

decreased. Similarly, with reference to Eqn. 2, for mixtures with fines content higher than limiting fines 

content and at constant relative density, increasing the FC caused the interfine void ratio to decrease and 

therefore, the interfine relative density increased. Hence, as can be observed in Figure 3, with increase in 

fines from 30% to 60% the interfine relative density increased and therefore, the dissipated energy up to 

liquefaction increased. 

 

It is interesting to note that the dissipated energy up to point that excess pore water pressure is equal to 

effective confining pressure for sand containing 60% silt is larger than of the same value of excess pore 

water pressure for clean sand. In Figure 4, the variation of excess pore water pressure ratio, ru, at the end 

of each cycle, against FC for 4, 6, and 8 cycles, N, are depicted. As can be seen, and expected, with 

increase in N the excess pore water pressure ratio also increased in all FC. In addition, for each N value, ru 

increased up to 30% FC and then decreased with further increase in FC to 60%. Also, the excess pore 

water pressure ratio at each N value is higher for specimen with 60% fines content than clean sand. In 

fact, the rate of excess pore water pressure build-up for sand containing 60% fines is slower than for clean 

sand. This behavior shows the strong correlation between energy dissipation and excess pore water 

pressure generation. 

 

Effect of Shear Strain Amplitude 

In order to investigate the effect of shear strain level on trend of cyclic resistance variation against fines 

content, specimens were subjected to a lower level of shear strain. The variation of dissipated energy up 

to liquefaction against FC, for specimens subjected to shear strain amplitude of 0.6% with frequency of 

0.1 Hz is plotted in Figure 5. As can be observed, adding the 15% and 30% fines lead to decrease in 

dissipated energy up to liquefaction relative to clean sand while further increasing in the amount of fines 

to 60% lead to increasing the W. Generally, this trend is similar to the trend observed in Figure 3, for 

shear strain amplitude of 1%. Also, the limiting fines content value, which was approximately 30% in 

Figure 3, is nearly the same. 

 

It is worthwhile to note that the values of W in Figure 5 are different from in Figure 3 for 15% and 30% 

fines while these values are approximately constant for clean sand and sand with 60% fines. In fact, with 

decrease in shear strain amplitude applied to the specimens with 15% and 30% nonplastic silt, the 

dissipated energy up to liquefaction increased. However, the change in shear strain level has no effect on 

cyclic resistance of clean sand and sand containing 60% fines, in terms of energy concept. 
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Figure 4. Excess pore water pressure ratio, ru, against FC for various number of cycles, N 

 

 
Figure 5. Variation of dissipated energy up to liquefaction against FC for shear strain 

amplitude of 0.6% 

 

Effect of Loading Frequency on Cyclic Resistance of Sand containing Fines 

The effect of loading frequency on undrained cyclic resistance of soils has been investigated by many 

researchers. Kusky (1996) performed several torsional shear tests on hollow cylinder specimens of Reid 

Bedford sand under strain controlled conditions and found that the frequency of loading, in the range of 

0.2 to 1.0 Hz, has no considerable effect on dissipated energy up to liquefaction. Polito (1999) conducted 

several stress controlled cyclic triaxial tests on Monterey 0/30 sand with frequency of 0.5 and 1.0 Hz. The 

results showed that the effect of frequency on CSR needed to cause liquefaction is negligible. However, 

Dash and Sitharam (2009) with performing stress controlled cyclic triaxial tests on sand containing 10% 

nonplastic fines concluded that with increase in frequency from 0.1 to 0.5 Hz, the number of cycles 

required to generate ru = 1.0, dramatically decreased. 

 

In this study, the effect of loading frequency on undrained cyclic resistance of sand containing 30% and 

60% fines was investigated. Figure 6 shows the variation of dissipated energy up to liquefaction against 

frequency of loading for specimen of sand with 30% nonplastic fines. All the specimens were subjected to 

shear strain amplitude of 1% with loading frequencies of 0.005, 0.01, 0.05, and 0.1 Hz. As can be seen, 

the dissipated energy up to liquefaction approximately independent of loading frequency. In Figure 7, the 

variation of liquefaction resistance of soil in terms of dissipated energy against frequency of loading is 

presented. There is a little increase in W with increase in frequency of loading. However, similar to 

Figure 6, it could be said that practically no change occurred in W for loading frequencies of 0.01, 0.05, 

and 0.1 Hz. 
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The process of energy dissipation in a saturated granular media is a composition of energy dissipation 

through frictional and viscous mechanisms, which latter is proportional to loading frequency, as described 

by Green (2001). However, at large strains the frictional mechanism becomes the dominant mechanism 

(Whitman and Dobry, 1993). Considering that the liquefaction is a large strain phenomenon, it could be 

said that the energy dissipation by viscous mechanism has a little effect on dissipated energy up to 

liquefaction. Since Hardin (1965) showed that the energy dissipation by frictional mechanism is 

independent of loading frequency, and considering the fact that frictional mechanism is the dominant 

mechanism in liquefaction phenomenon, the finding of this study could be justified. 

 

 
Figure 7. Variation of dissipated energy up to liquefaction against frequency of loading for 

specimens of sand containing 30% fines 

 

 
Figure 8. Variation of dissipated energy up to liquefaction against frequency of loading for 

specimens of sand containing 60% fines 

 

Based on the results reported by Kusky (1996) on Reid Bedford sand and the results obtained in this study 

on Firuzkooh sand containing some amounts of fines, it could be said that for specimens of sand – silt 

mixtures which prepared using medium to fine host sands, such as Reid Bedford and Firuzkooh sands, at 

constant relative density and at sufficient large shear strains under strain controlled conditions, the 

frequency of loading has no considerable effect on dissipated energy up to liquefaction. This statement 

covers a broad range of possible fines content; from no fines correspond to clean sand, based on results 

reported by Kusky (1996), to fines content lower and higher than limiting fines content, corresponded to 

results obtained in present study for sand containing 30% and 60% fines. 
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CONCLUSION 

 

To investigate the effect of nonplastic fines on undrained cyclic resistance of sand – silt mixtures at 

constant relative density, a series of undrained cyclic torsional shear tests on hollow cylinder specimens 

were performed. The effect of fines content, shear strain amplitude, and loading frequency on the 

variation of cyclic resistance of sand – silt mixtures were studied using energy approach. 

 

It was observed that with increase in fines content, dissipated energy up to liquefaction initially decreased 

to gain its minimum value at approximately 30% fines. However, increase in FC from 30% to 60% caused 

to W increased. This trend showed that the limiting fines content is approximately 30%. Conceptual 

framework proposed by Thevanayagam (2007a, b) appropriately described this trend. According to this 

framework, for fines content lower than the limiting fines content, increase in FC lead to increase in 

intergranular void ratio and therefore, decrease in intergranular relative density. Hence, the cyclic 

resistance of sand – silt mixtures continually decreased as FC increased. However, for fines content 

higher than the limiting fines content, with increase in FC, interfine void ratio decreased and therefore, 

interfine relative density increased. Thus, the cyclic resistance of sand – silt mixtures continually 

increased as FC increased. 

 

The shear strain amplitude, which applied to the specimens, was not changed the trend of cyclic resistance 

variation against FC. Again, dissipated energy up to liquefaction firstly decreased with increase in FC to 

30% and then began to increase with further increase in FC to 60%. However, the amount of dissipated 

energy up to liquefaction, for specimens with 15% and 30% fines, was dependent on shear strain level 

applied to the specimen; increase in shear strain amplitude lead to decrease in W. For clean sand and sand 

containing 60% fines, this dependency practically was not observed. 

 

The dissipated energy up to liquefaction was not depend on frequency of loading, either for specimens 

with fines content lower and higher than limiting fines content. The cyclic resistance approximately was 

constant in various frequencies of loading. It could be said that, at large shear strains, the frequency of 

loading has no considerable effect on dissipated energy up to liquefaction for various sand – silt mixtures. 

There is a good agreement between this finding and the theory that frictional mechanism, which is 

independent of loading frequency, is the primary mechanism in energy dissipation at large strains. 
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