
Vol.6, No.2                                EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION                                     June, 2007

Article ID: 1671-3664(2007)02-0135-12                                                                   DOI: 

Intergrain contact density indices for granular mixes — II: 
Liquefaction resistance 

S. Thevanayagam† 

Dept. of Civil, Struct., & Env. Eng., State Univ. of New York, Buffalo, NY 14260, USA

Abstract: Whether the presence of non-plastic silt in a granular mix soil impact  its liquefaction potential and how to 
evaluate liquefaction resistance of sand containing different amounts of silt contents are both controversial issues. This paper 
presents the results of an experimental evaluation to address these issues. Two parameters, namely, equivalent intergranular 
void ratio (ec)eq and equivalent interfine void ratio (ef)eq, proposed in a companion paper (Thevanayagam, 2007) as indices 
of active grain contacts in a granular mix, are used to characterize liquefaction resistance of sands and silty sands. Results 
indicate that, at the same global void ratio (e), liquefaction resistance of silty sand decreases with an increase in fines content 
(CF) up to a threshold value (CFth). This is due to a reduction in intergrain contact density between the coarse grains. Beyond 
CFth, with further addition of fines, the interfine contacts become significant while the inter-coarse grain contacts diminish 
and coarse grains become dispersed. At the same e, the liquefaction resistance increases and the soil becomes stronger with 
a further increase in silt content. Beyond a limiting fines content (CFL), the liquefaction resistance is controlled by interfine 
contacts only. When CF<CFth, at the same (ec)eq, the liquefaction resistance of silty sand is comparable to that of the host clean 
sand at a void ratio equal to (ec)eq. When CF>CFth, at the same (ef)eq, the cyclic strength of a sandy silt is comparable to the host 
silt at a void ratio equal to (ef)eq.
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1   Introduction

Sandy deposits that contain a significant amount 
of fine-grains (silty sands, clayey sands) and/or gravel 
liquefy during earthquakes and cause lateral spreads 
(Seed et al., 1983; Seed and Harder, 1990; JGS, 1996). 
Several laboratory and field studies have been conducted 
to evaluate the effects of increasing silt or gravel content 
on cyclic strength and liquefaction potential of silty 
and gravely sands (Chang, 1990; Ishihara, 1993; Seed, 
1987; Chameau and Sutterer, 1994; Georgiannou 
et al., 1990, 1991; Vaid, 1994; Koester, 1994; Pitman 
et al., 1994; Singh, 1994; Zlatovic and Ishihara, 1997; 
Thevanayagam et al., 1996; Yamamuro and Lade, 
1998; Andrews, 1998; Andrews and Martin, 2000). 
Laboratory studies show that, at the same (global) void 
ratio, the cyclic strength of silty sand decreases with an 
increase in fines content. An example is shown in Fig.1. 
It indicates the cyclic strength data for five sand-silt 
mixes (Chang, 1990) prepared by mixing a medium 

sand (M) with a silt (PI=4) at different silt contents (0%, 
5%, 12%, 20%, 45%, and 60% by weight) and tested at 
an nearly constant global void ratio (e=0.558), initially 
isotropic consolidated to 104 kPa. At the same cyclic 
stress ratio, initially, the number of cycles required to 
cause liquefaction (NL) decreases with an increase in 
silt content. Beyond a certain range of silt content, the 
trend reverses and the strength increases with a further 
increase in silt content. The transition fines content range 
is about 20% to 30% for non-plastic fines (Vaid, 1994; 
Kuerbis et al., 1988; Singh, 1994; Koester, 1994; Polito 
and Martin, 2001). It is less than 20% for clayey (plastic) 
fines (Georgiannou et al., 1991). The conclusions in the 
literature on whether the presence of fines is beneficial 
or not to cyclic resistance of soils are contentious. A 
suitable framework to analyze the influence of fine 
grains on cyclic strength of such soils is unknown. 
Similar concerns prevail regarding gravely soils (Evans 
and Zhou, 1995). Such uncertainties could be resolved if 
intergrain contact density is considered to be the primary 
factor that influences liquefaction resistance of soils.

As the void ratio and silt content change, the nature 
of the microstructure and the relative contribution to the 
internal interparticle contact force chain by different 
size particles also changes. The stress-strain behavior, 
liquefaction potential, and fragility of granular mixes 
are affected by a critical combination of intergranular 
and interfine contact interactions in silty soils. The 
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influence of intergrain contact density on liquefaction 
resistance must be understood and incorporated in order 
to characterize liquefaction behavior of silty soils. This 
paper examines the relative contributions of sand and silt 
grains to the liquefaction resistance of silty soils. Two 
equivalent intergranular (ec)eq and interfine (ef)eq void 
ratios which have been introduced in a companion paper 
(Thevanayagam, 2007) as primary indices of intergrain 
contact density for granular mixes at fine grain contents 
below and above a certain threshold value (CFth), 
respectively, are used to characterize the cyclic strength 
behavior of granular mixes at any silt content ranging 
from 0% to 100%.

2   Granular mix classification

It has been recognized that the microstructure 
of a granular mix, which can be constituted in many 
different ways with different types of intergrain contacts, 
significantly affects their mechanical responses. 
Based on microstructure considerations, a simplified 
classification system has been developed for granular 
mixes as shown in Table 1 (Thevanayagam, 2007). 
Consider a binary granular mix containing particles 
of size d and D in different proportions. Among many 
variations, there are three extreme limiting categories 
of microstructure where (a) primarily the coarse grains 
are in contact (cases i through iii) with each other, (b) 
primarily the fine grains are in contact with each other 
(case iv), or (c) a layered system. Within category (a) 
there are three subsets: the fines are confined within 
the void spaces between the coarse grains with little 

contribution to support the coarse grain skeleton (case 
i), they partially support the coarse grain skeleton (case 
ii) or they partially separate the coarse grains (case iii). 
In category (b), the coarse grains are fully dispersed in 
the fine grain matrix (case iv). 

Case i is possible only if (1) the size, d, of the fine 
grains is much smaller than the possible minimum pore 
opening size in the coarse grain skeleton, and (2) the 
intergranular voids are not completely filled with the 
fines. Case i is expected to be rare unless the fine grains 
content is very low.  Cases ii and iii are expected to be 
common. A minor difference between case ii and iii is 
that, in case iii the fine grains actively participate in 
the internal force chain by separating the coarse grains 
and supporting the coarse grain skeleton, whereas 
they do not in case ii. Case iv is relevant at high fine 
grains content. At the same void ratio, transition in the 
microstructure from cases i through iii to case iv can 

Table 1   Granular Mix Classification

Case CF ec ef Roles of coarse-grains and fine-grains
i CF<CFth ec<emax,HC ef>emax,HF Fine grains are inactive (or secondary) in the transfer of 

inter particle forces. They may largely play a role of “filler” 
of intergranular voids. The mechanical behavior is affected 
primarily by the coarse grain contacts.

ii Contact index = (ec)eq ec  near emax,HS Fine grains support the coarse-grain skeleton that is 
otherwise unstable. They act as load transfer vehicles 
between “some” of the coarse-grain particles in the soil-
matrix while the remainder of the fines plays a role of 
“filler” of voids.

iii ec>emax,HC Fine grains play an active role of “separator” between a 
significant number of coarse-grain contacts and therefore 
begin to dominate the strength characteristics.

iv-2 CFth<CF< CFL
Contact index = (ef)eq

ef<emax,HF The fines carry the contact and shear forces while the coarse 
grains may act as reinforcing elements embedded within the 
fine grain matrix.

iv-1 CF>CFL ec>>emax,HC ef<emax,HF The fines carry the contact and shear forces while the coarse 
grains are fully dispersed.

Notes: emax,HC, emax,HF = maximum void ratio of the host sand (coarse grains) and host fines (fine grains) media, respectively. They are the 
limiting void ratios beyond which each soil (clean coarse grained soil, pure fine grained soil)  has no appreciable strength. See 
Eqs.(1)-(6) for expressions for ec, ef, CFth, CFL, (ec)eq and (ef)eq, respectively.
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occur naturally with an increase in fine grains content 
beyond some threshold value (CFth). At CF<CFth (cases i 
through iii), the coarse grain contacts play a primary role 
in the soil’s shear response. Fine grains offer a secondary 
contribution. When CF>CFth, the fine grain contacts begin 
to play a greater role. The coarse grains begin to disperse 
and offer a secondary reinforcement effect until they are 
sufficiently separated. This imposes a limiting fines 
content CFL, above which the fines control the shear 
behavior (case-iv-2). There exists a transition zone 
between CFth and CFL before the behavior of the soil mix 
is entirely governed by the fine grains (case iv-1).

2.1   Contact density indices

Based on a theoretical analysis of the microstructure 
of binary mix of particles of size d and D, two sets of 
first-order and second-order equivalent contact density 
indices (ec, ef) and ((ec)eq, (ef)eq), respectively, have 
been proposed as possible indices to characterize the 
mechanical behavior of soils, as shown in Table 1 
(Thevanayagam, 2007). The first-order intergranular 
and interfine void ratios, ec and ef are given by:
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The ec is also widely known as the sand skeleton 
void ratio in the literature (Mitchell, 1993; Vaid. 1994; 
Kuerbis et al., 1988; Finn et al., 1994; Polito and Martin, 
2001). As the fines content increases, the magnitude of ec 
increases, indicating a decrease in coarse grain contacts; 
and ef decreases, indicating an increase tendency of 
interfine grain contacts. Initially, up to a certain CFth, the 
magnitude of ef remains very high and the influence of 
fine grains remains secondary until the ef falls below a 
threshold value (denoted as emax,HF in this paper). Up to 
that point, the shear response of the mix is expected to 
gradually weaken with an increase in silt content. Once 
the threshold value of ef is reached, the fine grains are 
expected to play a primary role. Beyond CFth, the shear 
response is expected to strengthen with a further increase 
in fines content. CFth is given by (Thevanayagam, 2007):
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where emax,HF = the maximum void ratio of the pure 
silt. At CF>CFth, the coarse grains become spread apart 
and the interfine contact friction begins to significantly 
influence the soil behavior. Unless sufficiently spaced 
apart, the coarse grains can still (a) engage in friction 
with fine grains, (b) interfere with the microgeometry 

of the shear surface, and (c) contribute to redistribution 
of the normal stresses within the fine grain matrix. This 
occurs when CFth<CF<CFL. Only beyond CF=CFL the soil 
behavior is governed fully by the interfine friction. The 
limiting fines content CFL is approximately given by 
(Thevanayagam, 2007):

C e
s

s
s e

C

e e

F

f

L
f

th≥ − +







 = −

+








 ≥

≤

100 1 1
6

100 6
63

3

3

π π
π

( ) % % ;F

mmax,HF (4)

where s=1+a/Rd, Rd=D/d=size disparity ratio, and a=10. 
At CF<CFth, although one might entirely neglect the 

secondary effects of fines and use ec as a first-order 
index of active grain-contacts in a soil mix, due to the 
influences by the fine grains, the mechanical behavior of 
such a mix would be stronger than the host coarse grain 
soil at the same ec. Considering the secondary influence 
of the fine grains as well, the relevant equivalent 
intergranular contact index, (ec)eq, has been shown to be 
of the form (Thevanayagam, 2007):

( )c eqe e b c
b c

b=
+ −
− −

< <
( )
( )

;1
1 1

0 1f

f

            (5)

where cf=CF/100 and b denotes the portion of the fine 
grains that contributes to the active intergrain contacts; 
b=0 would mean that none of the fine grains actively 
participate in supporting the coarse-grain skeleton; 
b=1 would mean that all of the fine grains actively 
participate in supporting the coarse grain skeleton (cases 
ii and iii). The parameter b depends on grain gradation, 
packing and size disparity ratio Rd (=D/d), and can be 
determined from gradation characteristics of silty sand  
(Kanagalinagm and Thevanayagam, 2006).

Similarly, at CFth<CF<CFL, although one may use ef 
as a first-order approximation for grain contact density 
in the soil mix, the reinforcement effect by the coarse 
grains must also be introduced to obtain an equivalent 
interfine void ratio (ef)eq as the index of active contacts. 
For a two size particle system with large size disparity, 
an approximate expression for (ef)eq can be derived 
(Thevanayagam, 20007):
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where 0<m<1 and m = a coefficient that depends on 
grain characteristics and fine grain packing. Well 
beyond CFL, the behavior is entirely governed by the 
fine grains. The interfine void ratio ef may be considered 
as an index of active contacts. The parameter m can be 
determined from gradation characteristics of silty sand  
(Kanagalinagm and Thevanayagam, 2006).
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3 Liquefaction resistance and intergrain 
      contact density

This section presents an experimental evaluation 
of the aforementioned conceptual framework to 
characterize the liquefaction resistance of granular 
mixes.

3.1   Experimental program

The experiments in this study involved two sands 
(OS-F55 and FJ#80) and one non-plastic silt (crushed 
silica fines Sil-co-Sil #40). Ottawa Silica Sand (OS-F55, 
US Silica Company, Illinois) was mixed with different 
amounts of silt at (a) 0%, (b) 15%, (c) 25%, and (d) 60% 
fines by dry weight.  The FJ#80 (The Morie Corporation, 
Millville) was mixed with 25% of silt. Tests were also 
conducted on the host sands and 100% silt as well. 
Table 2 and Fig.2 present the gradation data. Specimens 
(typically 74 mm diameter and 150-160 mm height) 
were prepared by placing soils in four layers or eight 

layers in a triaxial mold using dry air deposition method 
or moist tamping method. The mold was filled with the 
soil in layers and each layer was compacted by gentle 
tamping until reaching a specified target void ratio. Then 
the specimens were percolated with carbon dioxide for 
about 5 minutes. After that, de-aired water was allowed 
to flow from the bottom of the specimen towards the top. 
This step was omitted for the specimens prepared by the 
moist tamping method. Then the specimens were set up 
on a triaxial test apparatus and back-pressure saturated 
until the B-value (=Δu/Δσc) was typically greater than 
0.95. Following this, the specimens were isotropically 
consolidated to a constant effective consolidation stress 
(σ’c=100 kPa). Stress controlled undrained triaxial 
cyclic tests were done at a frequency of 0.2 Hz or 
1 Hz. The cyclic stress ratio [RCS=±Δσ1/(2σ’c)] was 
maintained at nearly 0.2. The pore pressure, axial load, 
and axial deformation were recorded using a built-in 
data acquisition system. The final void ratio of each 
specimen was calculated based on the weight of the dry 
solid grains in the specimen, the net volume of water 

introduced into the specimen during saturation, and the 
measured volume change data during consolidation. 
Experimental details are presented in Thevanayagam 
et al. (2003) and Kanagalingam (2006).

3.2   Liquefaction resistance versus intergrain contact  
        density

3.2.1 Global void ratio
Figures 3(a)-(b) show the data for void ratio versus 

the number of cycles (NL) to cause liquefaction at a double 
amplitude axial strain of ±5% at RCS=0.2 for the two 
different soil mixes. Fig.3(a) shows the data for OS-F55 
sand-silt mix and Fig.3(b) shows the data for FJ#80 sand-
silt mixes at silt contents ranging from 0 to 100%. For Fig. 2   Grain size distribution of soils
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Table 2   Index Properties

Properties
OS-F55 sand-silt FJ#80 sand-silt

OS-00    
clean sand

OS-15       
silty sand

OS-25       
silty sand

OS-60      
sandy silt

OS-100      
silt

FJ-00       
clean sand FJ-25 silty sand

CF (%) 0 15 25 60 100 0 25

emax (a)  0.800 0.75 0.86 1.35 2.10 0.935 -
emin (b)  0.608 0.428 0.309 0.413 0.627 - -

D10 (mm)  0.16 0.018 0.0085 0.0027 0.0015 0.109 0.007
D30 (mm)  0.22 0.19 0.15 0.01 0.006 0.143 0.095
D50 (mm)  0.25 0.235 0.23 0.029 0.01 0.179 0.135
D60 (mm)  0.27 0.245 0.24 0.07 0.015 0.198 0.167

Cu  1.7 13.6 28.2 25.9 10.0 1.8 23.9
Cg  1.1 8.2 11.0 0.5 1.6 0.9 7.7

         Notes: (a) = ASTM D4254 (even though this method is recommended only up to 15% fines content), (b) = at optimum moisture 
                     content using ASTM D1557.
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each soil mix, there is no unique relationship between 
NL and global void ratio e for specimens prepared at 
different silt contents.

At low silt contents less that CFth, at the same e, NL 
decreases with an increase in silt content. This occurs up 
to threshold silt content of about 25%. At silt contents 
beyond 25%, the trend reverses and NL increases with 
further increase in silt content. If the data at the same 
NL is analyzed, the global void ratio required to resist 
liquefaction decreases with an increase in silt content 
up to about 25%. The e required to resist liquefaction 
increases with further increase in silt content beyond 
25%. The reason for the lack of a unique relationship 
between e and NL is that the microstructure, intergrain 
contact density and internal contact force chain network 
within the soil matrix changes with the addition of fines 
even if the void ratio is kept the same. The liquefaction 
resistance of the soil changes due to the changes in 
contact density with addition of fines at the same void 
ratio. This effect could be better captured if the same 
data is analyzed using either the first-order or second-
order contact density indices ec and ef or the second-
order indices (ec)eq and (ef)eq.

In order to evaluate the effect of intergranular contact 
density on liquefaction resistance, the same data shown 

in Figs.3(a) and (b) were split into two portions, one for 
CF<CFth and the other for CF>CFth.  The data were first 
plotted against the first-order contact density indices ec 
and ef, respectively, for OS-F55 (Figs.4(a) and (b)) and 
for FJ#80 (Fig. 5). Then the same data were also plotted 
against second-order contact density indices (ec)eq and 
(ef)eq, respectively, in Figs. 6 and 7.
3.2.2 First-order indices ec and ef

When the data for CF<CFth is compared at the same 
ec, silty sand still shows higher liquefaction resistance 
than the host sand (Figs.4(a) and 5). When the data 
for CF>CFth is compared at the same ef, sandy silt still 
shows higher liquefaction resistance than the pure silt 
(Fig.4(b)). The reason for this is that although the first-
order indices ec and ef are better able to represent the 
contact density than the global void ratio, they do not 
fully represent the intergranular contact density of a mix. 
When calculating the ec, it is inherently assumed that the 
silt particles do not contribute to the contacts between 
the coarser grains. However, a portion of the silt acts 
as a bridging component between the coarse grains and 
thus contributes to the strength of the soil. Secondly, the 
silt particles that lie within the voids between the coarse 
grains inhibit collapse of the coarse grain skeleton and 
hence affect the cyclic strength of the soil mix. Similarly, 

    Fig. 3   No. of cycles to liquefaction – NL vs. e 
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when calculating the ef, the effect of coarse grains is 
completely neglected. However, the dispersed coarse 
grains indeed provide a reinforcement effect between the 
fine grains and therefore affect the cyclic strength of the 
soil. A better correlation is expected in each case if the 
contributions by the fine and coarse grains are accounted 
for in the analysis.
3.2.3 Second-order indices (ec)eq and (ef)eq

Figures 6(a)-(b) show the data for soils containing 
silt content up to CFth plotted against (ec)eq for OS-F55 
and FJ#80, respectively. The data in each case fall 
in a narrow band close to the respective host sands. 

For each sand there is a strong correlation between 
liquefaction resistance and (ec)eq The magnitudes of b 
used to calculate the relevant (ec)eq were 0.35 and 0.65 
for OS#55 and FJ#80, respectively.  The magnitude of 
b depends on grain shape characteristics, packing, and 
gradation (Thevanayagam et al., 2003; Kanagalingam 
and Thevanayagam, 2006; Ni et al., 2004). 

Figure 7 shows the liquefaction resistance versus 
(ef)eq data for the sand-silt mixes at silt content beyond 
CFth (CF > CFth) for OS-F55 sand-silt mix. The magnitude 
of m used to calculate the (ef)eq for this soil mix was 0.65. 
The data for the pure silt and sandy silt containing 60% 

Fig. 6   NL vs. (ec)eq for CF<CFth
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fines merge together when the reinforcement effect by 
the coarse grains is taken into account.

These observations indicate that the cyclic strength 
of sand-silt mixes can be better characterized using the 
equivalent intergranular void ratios (ec)eq and (ef)eq.

3.3  Energy to cause liquefaction versus intergrain 
        contact density

Recently, the energy required to cause liquefaction 
has been introduced as another means to evaluate 
liquefaction potential of granular soils (Nemat-Nasser 
and Shokooh, 1979; Davis and Berrill, 1982, 1998a, 
1998b; Berrill and Davis, 1985; Law et al., 1990; 
Figueroa et al., 1994; Liang et al., 1995; Trifunac, 1995; 
Kayen and Mitchell, 1997; Todorovska and Trifunac, 
1999; Desai, 2000). There are a few advantages in using 
the energy method as it reduces the errors introduced 
in the determination of the number of cycles to cause 
liquefaction in cases where a non-uniform cyclic stress 
history is involved.  

The same data shown in Figs.3(a) and (b) were 
analyzed in terms of the energy required to cause 
liquefaction, at a double amplitude strain level of 5%, as 
well. The energy dissipated per unit volume of the soil 
was calculated using 

E i i i i
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n
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−
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where τ = shear stress; γ = shear strain; n = number 
of points recorded up to the specific strain levels. 
The data were first plotted against global void ratio e 
(Figs.8(a) and (b) for all silt contents, secondly against ec 
(Figs.9(a) and (b) for CF<CFth and ef (Fig.9c) for CF>CFth, 
respectively, and finally against the second-order 
contact density indices (ec)eq (Figs.10(a)-(b) for CF<CFth 
and (ef)eq (Fig.10(c)), for CF>CFth, respectively. Similar 
observations as reported before with reference to Figs. 3 

through 7 are found in Figs.8 and 9. 
3.3.1 Global void ratio

At the same global void ratio, the energy required 
to cause liquefaction decreases with an increase in silt 
content up to CFth. At silt content beyond CFth, the trend 
reverses and the energy required to cause liquefaction 
increases with further increase in silt content (Fig.8). 
If the data are analyzed at the same energy required 
to cause liquefaction EL, the global void ratio required 
to resist liquefaction decreases with an increase in silt 
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content up to CFth and then the void ratio required to 
resist liquefaction increases with further increase in silt 
content beyond CFth. 
3.3.2 First-order Indices ec and ef

When the data for CF<CFth is analyzed using ec, silty 
sand requires more energy to reach liquefaction than for 
the host sand at the same ec (Figs.9(a) and (b). When the 
data for >CFth is analyzed using ef, sandy silt requires 
more energy to reach liquefaction than for the host silt 
at the same ef (Fig.9(c)). The relationship between EL 
and the first order-indices ec and ef are better than the 
relationship for EL with global void ratio, but still no 
unique relationship is observed.

3.3.3 Second-order indices (ec)eq and (ef)eq
The liquefaction resistance data is compared against 

(ec)eq for CF<CFth in Figs. 10 (a) and (b) and against (ef)eq 
for CF>CFth in Figs. 10 (c). The data for sand and silty 
sands fall in a narrow band in Fig.10 (a) for OS-F55 
sand-silt mixes. Similar observation is made for FJ#80 
in Fig.10 (b). Similarly, the data for sandy silt (CF>CFth) 
merge with that of pure silt in Fig.10 (c).

These observations indicate the utility of the second-
order contact density indices to study and characterize 
liquefaction resistance of granular mixes in a consistent 
manner.

3.4   Liquefaction resistance of other soil mixes

The above framework was further evaluated using 
other available data on liquefaction resistance for other 
granular mixes in the published literature. Two examples 
are shown next by reinterpreting the data reported by 
Polito and Martin (2001). The data reported in Polito and 
Martin (2001) involved two sands, Monterey No. 0/30 
sand (d50=0.43mm) and Yatesville sand (d50=0.18mm), 
each mixed with a non-plastic silt (Yatesville silt, 
d50=0.03 mm) at silt contents ranging from 0 to 100% 
by weight and subjected to undrained cyclic triaxial tests 
on isotropic consolidated specimens. Figs.11 (a) and (b) 

show the original raw data, e versus cyclic stress ratio 
(CSR) RCS required to cause liquefaction in 15 cycles 
for Monterey sand-silt and Yatesville sand-silt mixes, 
respectively. There is no unique relationship between 
RCS and global void ratio for either soil mix.
3.4.1 Second-order indices (ec)eq and (ef)eq

Reinterpreting these data using the framework 
presented in this paper, Figs. 12 (a) and (b) show the emin, 
emax, and transition zones for CFth and CFL for Monterey 
sand-silt and Yatesville sand-silt mixes, respectively. The 
RCS data are plotted against (ec)eq for CF<CFth and (ef)eq for 
CF>CFth in Figs.13 (a) and (b), respectively, for Monterey 
sand-silt mix and in Figs. 14 (a) and (b), respectively, for 
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Yatesville sand-silt mix. The RCS data for both sand-silt 
mixes at CF greater than the respective CFth are plotted 
against (ef)eq in Fig.15. The parameters b and m are 
(0.25, 0.45) and (0.6, 0.6), respectively, for Monterey 
and Yatesville soil mixes, respectively (Kanagalingam 
and Thevanayagam, 2006). 

The same observations found for the OS-F55 and 

FJ#80 sand silt mixes are also found for these two soil 
mixes as well. There exists a good correlation between 
RCS and (ec)eq for each soil mix at silt contents less than 
the threshold CFth values for each soil mix. Similarly, 
there is also a good correlation between and (ef)eq for 
sandy silts for both soil mixes. These observations 
provide further support for the proposed framework.
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4   Conclusions
A simple framework for analysis of the relative 

effects of intergrain contacts on liquefaction resistance 
of granular mixes is presented. A set of first-order and 
second-order intergrain contact density indices (ec, 
ef), and ((ec)eq, (ef)eq)), respectively, are introduced as 
possible indices for characterizing of the  liquefaction 
resistance of granular mixes. Based on this framework 
and analyses of a limited amount of experimental data, 
the following observations are made.

(a) When compared at the same global void ratio e, 
the liquefaction resistance of a granular mix decreases 
with an increase in fine grains content up to a certain 
threshold value CFth. Beyond that, the liquefaction 
potential increases as the silt content increases. CFth 
depends on the grain characteristics of the host sand and 
fines, size disparity ratio, and the global void ratio. 

(b) At low CF (<CFth), when compared at the same 
ec, an increase in fine grains content leads to a reduction 
in liquefaction resistance. Liquefaction resistance of a 
silty sand is similar to the host sand when compared at 
the same equivalent intergranular void ratio (ec)eq. The 
(ec)eq is a useful index to characterize the liquefaction 
resistance of granular mixes at low silt contents.
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Fig. 14   CSR versus contact index void ratios - Yatesville sand-silt mix 
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(c) At high CF (>CFth), when compared at the same 
ef, an increase in finer grains content leads to an increase 
in liquefaction resistance. When compared at the same 
(ef)eq, the cyclic strength of a sandy silt is similar to that 
of the host silt. The (ef)eq is a useful index to characterize 
liquefaction resistance of sandy silts.
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Notations
The following symbols are used in this paper:
b = contribution factor representing influence of fine 
grains, 0<b<1
RCS = cyclic stress ratio
e  = global void ratio
ec = intergranular void ratio
ef = interfine void ratio
(ec)eq = equivalent intergranular void ratio
(ef)eq = equivalent interfine void ratio
emax = maximum void ratio
emin = minimum void ratio 
emax,HC = maximum void ratio of host coarse grain soil
emin,HC= minimum void ratio of host coarse grain soil
emax,HF= maximum void ratio of host fine grain soil
emin,HF= minimum void ratio of host fine grain soil
EL= the required dissipated energy per unit volume of 
soil to reach liquefaction
CF= percentage fines content
cf= FC/100
CFth= threshold fines content
CFL= limiting fines content
NL= the number of cycles required to reach liquefaction
Rd= size disparity ratio (D/d)
σ v́o= initial effective confining stress
τ= shear stress
γ = shear strain
m = reinforcement factor
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