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ABSTRACT

In the recent last decade studies indicated that the void ratio only might not be good to characterize the sand
with fines state variable and fine grains in fact were contributed to the intergrain contact. Contribution of fine content
defined in the intergranular (es) and interfine (ef) void ratio studied by Thevanayagam (1998). Moreover,
Thevanayagam (2000) introduced equivalent intergranular void ratio (es)eq and equivalent interfine void ratio (ef)eq,
as contact index which include the contribution of fine contents as an active intergrain contact (b). In this article, the
void ratio given in the 6 sand-silt mixture from past researches recalculated to intergranular void ratio and equivalent
intergranular void ratio for FC < FCth using estimated b value obtained from the line equation from chart given by
Thevanayagam (2010). The new chart replotted and compared to the one given in those articles. The results shows that
for most sand-silt mixture using es and (es)eq rather than e as the indices to characterize the contribution of fine grains
in a soil mix for FC< FCth indicated good results that shows in plotted data points of soil mixtures that located close to
a single line compare to the one using void ratio (e) only. The line equation proposed by Thevanayagam (2010) can be
used to estimate the b value to obtain the equivalent intergranular void ratio.
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ABSTRAK

Studi yang dilakukan pada dekade terakhir mengindikasikan bahwa angka pori saja tidak dapat digunakan untuk
mencirikan state variable dari campuran pasir dan butiran halus karena pada kenyataannya butiran halus berkontribusi
terhadap kontak antar butir. Kontribusi butiran halus ini dapat didefinisikan dalam angka pori intergranular (es) and
interfine (ef) (Thevanayagam, 1998). Angka pori intergranular ekuivalen (es)eq dan angka pori interfine ekuivalen
(ef)eq diperkenalkan oleh Thevanayagam (2000) sebagai indeks kontak yang menyertakan kontribusi butiran halus
sebagai kontak antar butir aktif (b). Pada studi ini, dengan angka pori campuran pasir-butiran halus dari 6 penelitian
sebelumnya, angka pori intergranular dan angka pori intergranular ekuivalen untuk FC < FCth dihitung dengan
memakai nilai b estimasi yang diperoleh dari persamaan garis kurva yang diberikan oleh Thevanayagam (2010). Hasil
yang diperoleh kemudian diplot kembali dan dibandingkan dengan data asli dari masing-masing penelitian tersebut.
Hasil studi menunjukkan bahwa pada kebanyakan campuran pasir-lanau yang menggunakan es dan (es)eq daripada e
sebagai indeks untuk mencirikan kontribusi butiran halus pada campuran pasir-lanau tersebut untuk FC < FCth
memperlihatkan bahwa titik-titik data hasil analisis tersebut cenderung berdekatan membentuk satu garis kurva jika
dibandingkan dengan data-data yang hanya menggunakan nilai angka pori saja. Berdasarkan studi ini, persamaan garis
yang diberikan oleh Thevanayagam (2010) dapat digunakan untuk menentukan nilai b untuk menghitung angka pori
intergranular ekuivalen.

Kata Kunci : campuran pasir-lanau, intergranular, angka pori

INTRODUCTION vulnerable to liquefy, however most research were
carried on clean sands.

Void ratio has been used as an index for
mechanical response correlations that worked well
for coarse-grained materials for static or slow-
loading condition and fine-grained clayey soils in
rapid loading conditions. However it faced problems
in its application to classify silty sands and sandy
silts under seismic conditions (Thevanayagam et al.
2002).

a. Background

Liquefaction is one phenomenon that can
occur during earthquakes that may cause damages to
structures. Liquefaction mainly occurs in saturated
soils that have a relatively loose structure,
uncemented, low permeability and subjected to an
intense ground motion with sufficient long duration.
Typically soil mix of sand and silt in nature are



Recently, researches on the relation between
mechanical behavior, liquefaction resistance and
void ratio of clean sands, sand-silt mixtures with
different fine content and silt has been carried on
(Polito and Martin, 2001; Thevanayagam et al.
2002; Carraro et al. 2003; Murthy et al. 2007,
Papadopoulos and Tika, 2008; Chiu and Fu, 2008;
Belkhatir et al. 2010). Some researches use the
global void ratio (e) as the soil mixture indices while
some others use intergranular void ratio and
equivalent intergranular void ratio proposed by
Thevanayagam (2000). Intergranular void ratio
proposed to use is to consider the contribution of
fines to the coarse grain skeleton, while void ratio
only is neglecting the fine contribution.

The fraction of fine grains that contribute to
the active intergrain contacts or b value is
introduced in the equivalent intergranular void ratio
equation for higher fine contents. The b value can be
set in range of 0-1. The prediction of b value is
somewhat still in controversy. Thevanayagam
(2010) has proposed a chart that can be used to
estimate b value. It depends on the uniformity
coefficient of host sand (Cus), uniformity coefficient
of silt (Cuf) and diameter ratio of sand and silt (Rd
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= D50/d50). In this study, the void ratio given in the
6 sand-silt mixture from past research will be
recalculated using estimated b value obtained from
the chart given by Thevanayagam (2010) and
compared to the one given in the previous
researches
b. Intergranular Void Ratio of Sand-Silt
Mixture
— Intergranular soil mix classification
Traditionally, void ratio has used as state
variable to assess liquefaction behavior of soil under
critical state of soil mechanics framework.
However, recent studies indicated that the void ratio
only might not be good to characterize the sand with
fines state variable. The studies showed that fine
grains in fact were contributed to the intergrain
contact. Contribution of fine content defined in the
intergranular and interfine void ratio studied by
Thevanayagam (1998). Moreover, Thevanayagam
(2000) introduced equivalent intergranular void ratio
as contact index which include the contribution of
fine contents as an active intergrain contact (b).
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Figure 1. Intergranular soil mix classification (after Thevanayagam et al., 2002)
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Figure 1 represents the microstructure and
soil mix behavior classified by Thevanayagam
(2002) which explain how the addition of fine
content with different proportion will behave in the
soil skeleton and how they contribute to the
skeleton. According to Thevanayagam (2002),
basically, three categories are dividing these soil
mixtures.

1) Coarse grain soil mix where primarily the
coarse grain contact play a role in the soil shear
response and the fines have secondary
contribution (FC<FCy, fine content less than
threshold fine content). This category divided
more to three secondary grain contact cases
which represent the contribution of fine contents
in the structure. Case (i) is the soil structure
where the fines are confined within the void
between the coarse grains with less contribution
to support the coarse grain skeleton. It possible
in condition where the size of fine grain or d is
much smaller the minimum possible pore
opening size in the coarse skeleton (D/d > 6.5)
and if the intergranular void are not fully filled
with fines. Case (ii) is the structure where the
fines partially supporting the coarse grain
skeleton. Fines are partially separate the coarse
grain skeleton in case (iii).

2) In the second category where FC>FCy, the fine
grain are dominant to play important role in the
fine grain contact and provide secondary
reinforcement effect. The coarse grains are fully
dispersed in the fine grain matrix (case iv).

3) In this category the coarse grain and fine are
layered and either coarse grain layers have no
fines confined in them or fines layers have no
coarse grain confined in them.

Soil skeleton will gradually change from case i to
case iv with the increasing of fine content in the soil
skeleton.

— Intergranular void ratio and equivalent
intergranular void ratio

It is likely to express the contribution of sand and
fines together in terms of intergranular void ratio as
given in several studies (Polito and Martin, 2001;
Carraro et al. 2003; Papadopoulos and Tika,
2008;and Belkhatir et al. 2010). The intergranular
void ratio expressed as
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e+fe
es - 1-fc (1)
where e; is the intergranular void ratio, e is global
void ratio and f; is fine contents. This expression
assuming that the secondary effect of fines is
neglected. Thevanayagam (2000) introduced the
equivalent contact index which considering the
participation of fines in the soil structure. At FC <
FCth grain contact index defined as

e+(1-b)f,

RS for0<b<1 2)

(es)eq =

where f, = FC/100, e is global void ratio and b is the
portion of fines that contribute to the active
intergrain contact. Value of b ranged from 0 to 1 and
it depends on grain size disparity ratio Ry
(Dso/dso)and grain characteristic such as coefficient
of uniformity of coarse grain (C,s) and coefficient of
uniformity of fine grain (Cy). If none of the fine
grain participate in supporting the coarse grain
skeleton value of b = 0 and b = 1 if all of the fine
grains actively supported the coarse grain skeleton
and the intergranular void ratio will reduced to
global void ratio e as shown in equation 3.

es=e forb=1 3)

Thevanayagam (2010) provided a chart as shown in
figure 2 to estimate the b value which depends on Ry
(ratio of the dso of the host sand and silt in the soil
mix), C, (uniformity coefficient of coarse grain
soil) and C,; (uniformity coefficient of fine grain
soil) of the sand-silt mixture. The equivalent
intergranular void ratio of sand-silt soil mixture then
can be calculated using equation 2 whenever the
value of b has been estimated from chart according
to the soil properties given for the mixtures. The
value of b can be estimated using equation 4) for
monotonic behavior of soil and 5) for cyclic
behavior.

b=0.144 x In (X) + 0.2 4)

b=0.232xIn (X)+0.19 ®)]
Cuszcuf

where = —=
(in(RD)’
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Figure 2. Approximate relationship between b and
Ry, Cys and Cy for non-plastic fine contents (after
Thevanayagam, 2010)

METHOD OF ANALYSIS

Data of analysis of different sand-silt
mixtures from 6 past published papers had been
analyzed in this research. Most of the data taken
from the papers are analysis on the effect of sand-
silt mixtures on the soil instability in terms of its
void ratio, thus the plots are mostly between the
void ratio or intergranular void ratio (e or es) and
the mean effective stress or soil cyclic resistance of
the mixture (p’ or CRR) with different fine contents.
Some other papers plotted the results between void
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ratio or intergranular void ratio and soil mixture
peak shear strength (Sus ).

The data were analized to obtain and plot the
new equivalent intergranular void ratio by using
value of b estimated from chart provided by
Thevanayagam (2010). The b value will obtained
using line equation for monotonic and cyclic
behavior of soil in equation 4 and 5. The new
estimation plotted in new charts of relation between
the mean effective stress or soil cyclic resistance
and the equivalent intergranular void ratio or (es)eq
which is considering the secondary influence of the
fine grain without neglecting the effects of fines as
defined for intergranular void ratio (ec).

This reseach is limited to study only the
intergranular void ratio for sand-silt mixture for
inter coarse grain dominant or FC<FCth.

RESULTS AND DISCUSSION

The b value estimated using the chart
provided by Thevanayagam (2010) based on the soil
mixtures index properties briefly summarized in
Table 1. Using the estimated b value, the equivalent
intergranular void ratio then calculated for the
published datasets and plotted in a chart to observed
if it can be better contact density indices to
characterize the mechanical response of the sand-silt
mixture than the global void ratio and to observed
the effectivity of chart provided to estimate b value

Table 1. Index properties of sand-soil mixtures using in the analysis

Sand Silt b Fine
tent References Notes
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#106
5il-Con Data
Ottawa Sil Carraroet.al  estimated
o 038 04 02 143 078 048 . 0020 0027 00025 108 - - wpo 04 0 015 by
silica chart
silt
ius;ﬁos bgsyme Papadoponlo Da?a
sand 030 0z 023 13 oy 00F quaz 002 003 000413 75 1663 0658 mp 028 0 0-25  candTika  Conmated
(ML) 2 silt, {200%) from
Gneece’ Crreece chart
Diata
#106
i
Ottarwra 039 04 008 143 078 04z ol 002 0027 0ms 108 - - np 034 1 pops  Mwthyetal o
sand ground (2007} .
o rovided
silica 13
silt inthe
article
Tvlonte Vatesi Palito and Es?}fnated
¥ 043 0458 0316 145 081 062 ; 003 003 0009 410 172 072 np 024 0 0-25  Marin
sand Te silt (20013 from
chart
Diata
taken
: from
Cht 04 045 0155 290 ossa U0 SMF gpg opss oomss 4 14w 07 5 075 00 p-zp DRl oL
sand 5 st et al(2010) .
provided
inthe
article
Low . Da?a
i g o046 022 2 084 050 phetst 001 003 0003 43 - -1 0B 03 p-m e e
weilt chat

19



INFRASTRUKTUR Vol. 2 No. 1 Juni 2012: 16 - 25

CRRvse CRR vs e,
08 0.8
FCO% X
0.7 0.7 ! @ FC0%
* BWFC5% P
0.6 . i WFCS%
0.6
: o AFC10% ¢ A
o A PN . o > & AFC10%
0.5 X a a XFC 15% 05 Py
% a X FC 15%
0.4 X 0.4
0.3 0.3
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
(CRR), 5 (CRR), 5
(a) (b)
CRR Vs (&)eq
b=0.41
0.8
0.7
on *FCO%
0.6 A
- ’ XA! WFC5%
] .
5': 0.5 X > * AFC10%
X FC 15%
0.4
0.3
0.0 0.2 0.4 0.6 0.8
(CRR), 5
(c)

Figure 3. Cyclic resistance ratio (CRR);5 of Ottawa sand with #106 Sil-Co-Sil ground silica silt and (a)
global void ratio; (b) intergranular void ratio with b = 0 from after Carraro et al. (2003) and; (c) equivalent
intergranular void ratio with b = 0.41 using equation (2)
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Figure 4. Critical state lines of Assyros sand with silt (F) and (a) global void ratio; (b) intergranular void
ratio source data from Papadopoulos and Tika (2008) and; (c) equivalent intergranular void ratio with b =

0.28 using equation (2)

Carraro et al. (2003) studied the liquefaction
resistance of clean and non-plastic silty sands based
on Cone Penetration Resistance with fine contents
range from 0 to 15% of Ottawa sand and ground
silica silt. The cyclic stress ratio (CRR)7.5 here are
the required CRR required to produce 5% double-
amplitude axial strain at 20 uniform cycles as the
criterion to define liquefaction of clean and silty
sands. The results showed that the cyclic resistance
of sand decreases when the silt content is increase
for the given global void ratio while it will virtually
independent of silt content and slightly higher than
the liquefaction resistance of clean sand if
intergranular void ratio (es) used as the basis of
comparison (figs. 3 a-b). Fig. 3c presents the data
from fig. 3a replotted using equivalent intergranular

void ratio (es)eq using b = 0.41 estimated from the
chart provided by Thevanayagam (2010) for cyclic
loading. The result indicated a single trend curve as
expected.

Figure 4a and 4b shows the data points of
mean effective stress in critical state conditions
obtained from triaxial monotonic tests plots in terms
of global void ratio and intergranular void ratio of
Assyros sand and silt mixtures with fine contents
ranged from 0 to 25% studied by Papadopoulos and
Tika (2008). Figure 4c shows the mean effective
stress in terms of equivalent intergranular void ratio
with b = 0.28. It shows the data points moved to one
single curve trend with the changed of the e to

(es)eq.

1 1
p'vse p'vse,
1 1
0.9 0.9
X X
"EN FCO%
0.8 ®FC0% 0.8 - A
| " . X WFC5%
FC5%
Y 07 _.LQ_Q‘___ . @07 * I AN, " A AFC10%
_'} a AFC10% f
R sl 0.6 Py X Fc 15%
0.6 % A L X Fc 15% :
A
3 A 0.5
0.5 XA
0.4
0.4 10 100 1000 10000
10 100 , 1000 10000
P p'
(a) (b)

21



INFRASTRUKTUR Vol. 2 No. 1 Juni 2012: 16 - 25

p' versus (e),,

(b=0.34)

®FC0%

WFC5%
AFc10%

x4 X Fc 15%

10 100

1000 10000

Figure 5. Mean effective stress of Ottawa sand with #106 Sil-Co-Sil ground silica silt (a) global void ratio,
source data after Murthy et al (2007); (b) intergranular void ratio; and (¢) equivalent intergranular void ratio

with b = 0.34 using equation (2)

From the study in undrained monotonic
response of clean and silty sands with fine contents
of 0, 5, 10 and 15 % of Ottawa sand and ground
silica silt, Murthy et al (2007) present one
relationship between mean effective stresses in
critical state (p’) and void ratio (e) for different
specimen preparation method. Figure 5a shows the
data points for specimen prepared in moisture
tamping method only. Its relation in terms of
equivalent intergranular void ratio (es)eq with b =
0.34 given in Figure Sc that virtually indicated the
changing of the (es)eq which moved the points to
the single curve trend.

In the study of nonplastic fines of Yatesville silt on
the liquefaction resistance of Monterey sand Polito
and Martin (2001) presented the relation between
the cyclic resistance ratio of the soil mixture (CRR)
in terms of void ratio and intergranular void ratio in
range of silt 0 to 100%. This study only evaluated
fine content up to 25% considering the threshold
fine content of 30% for evaluation of intergranular
void ratio. The result of the evaluation using b =
0.24 and equation 2 for calculation of (es)eq showed
the good correlation between the CRR and the
(es)eq showed in the close trend in Figure 6
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Figure 6. Cyclic resistance of Monterey sand with Yatesville silt and (a) global void ratio; (b) sand skeleton
void ratio source data from Polito and Martin (2001) and; (c) equivalent intergranular void ratio with b =
0.24 using equation (2)
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Figure 7. Undrained shear strength of Chlef sand with Chlef silt and (a) global void ratio with data after
Belkhatir et al. (2010a); (b) intergranular void ratio (b = 0) and; (c) equivalent intergranular void ratio with b
= (.75 using equation (2)
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The similar results have been given in the
Figure 7 for the Chlef sand and silt mixtures studied
by Belkhatir et al. (2010). For data points taken
from this article the value of b is as high as 0.75 and
the results shown the close range of (es)eq ,
however it virtually do not show good single curve
trend compare to Figure 7b with intergranular void
ratio (es) (Figure 7c).

From the study on undrained instability of
mixed soils by equivalent intergranular state
parameter by Chiu and Fu (2008) using b = 0.3
shows good result. Replotted the data points using b
= 0.23 estimated from chart given by
Thevanayagam (2010) has given close result to the
previous study that can be seen from Figure 8b and
8c. Both results gave similar trend to single trend
curve.
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Figure 8. Mean effective stress of quartz sand with low plasticity silt (a) global void ratio; (b) equivalent
intergranular void ratio with b = 0.3, source data after Chiu and Fu (2008) and; (c) equivalent intergranular

void ratio with b = 0.23 using equation (2)

CONCLUSION

For most sand-silt mixture using the
intergranular and equivalent intergranular void ratio
rather than global void ratio as the indices to
characterize the contribution of fine grains in a soil
mix for FC< FCth shows good results. It can clearly
defined from the Figures that showed data points
plotted as relationship between equivalent
intergranular void ratio and corresponding means

24

effective stresses of soil resistance of the soil
mixture that located close to a single line.

Chart in Figure 2 used to estimated b value
has given approximately close relation to b value
given from other published articles even though
some of them given less correlation compare to the
one provided in those published articles. More study
on published articles providing another b values
rather than 0 or 1 should be done to have more data



and comparison to see the effectiveness of the chart
introduced by Thevanayagam (2010).
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