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Abstract In this paper effect of fine mineralogy on
mechanical behavior of unsaturated silty sand in
different fine contents and divers confining pressure
has been studied. All samples were molded with
constant equivalent granular void ratio well-known
parameter already proposed for characterizing silty
sand behavior in saturated state. This manner of study
allow to investigate also the validity of equivalent
granular void ratio concept in unsaturated state. For
this purpose, a series of triaxial tests were performed
on the sand specimens with different percentages of
silt in the undrained saturated (CU) and unsaturated
(CW) conditions. The results showed that the material
types and aggregate distribution of the fines have
enormous effects on the silty sand behavior. In
addition, the shear strength in the unsaturated speci-
mens changed as a function of the initial applied
matric suction. A fewer performance of equivalent
intergranular void ratio in the case of unsaturated state
in comparison of saturated states was observed.
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1 Introduction

Natural sands usually contain some fines contents.
These fines can be either clay or silt. Effect of silt on
mechanical behavior of sand has been discussed by a
great number of authors in literature (e.g. Kuerbis et al.
1988; Koester 1994; Lade and Yamamuro 1997;
Thevanayagam 1998; Polito 1999; Thevanayagam
et al. 2002; Xenaki and Athanasopoulos 2003;
Bouckovalas et al. 2003; Naeini and Baziar 2004;
Yang et al. 2006; Rahman and Lo 2008; Rahman et al.
2012; Nguyen et al. 2015). These studies show that the
fines has considerable effects on the sand behavior. So
that at a given constant void ratio and confining
pressure increase in non-plastic fine up to a certain fine
content (known as threshold fine content) undrained
shear strength of soil deceases. However, adding fines
content beyond threshold value, an increase in
undrained shear strength is observed.

Mitchell (1976) paid attention for the first time to
the effect of the inactive fine role in transferring the
forces applied on the sand structure. On this basis an
index known as skeleton void ratio was used for
characterizing sand containing low values of non-
plastic fine by several authors (e.g. Kuerbis et al. 1988;
Georgiannou et al. 1990; Pitman et al. 1994; The-
vanayagam 1998). The skeleton void ratio has the
following expression:
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In which e is the soil void ratio and f. is the fines
content. For a given constant skeleton void ratio, an
increase in f, leads to decrease in void ratio (e), so that
for high value of fines content, mixture may be
stronger than host sand. On the other word the effect of
fines cannot be ignored. On this basis Thevanayagam
(2000), introduced equivalent intergranular void ratio

for (f. < f.p) as:

e+ (1-D)fe
1= (1=b)f.

In whichf, is the fines content and b is the part of the
fines that actively participates in the intergranular
contacts. This parameter is dependent on the soil
grading and the amount of fines existing in the soil.
Rahman and Lo (2008) proposed the following
equation for calculating b:

b= |1- exp(_m%“h)")}(r%)r (3)

where f,. is the fines content, f,, is the threshold fines
content, r = x 1= dso/D, where subscripts denote
fractile passing (10% for the sand-size fractile and
50% for the fines fractile), k = (1-r **°) and m and n
are the experimental constants. Rahman and Lo (2008)
also proposed Eq. 4 for calculating the threshold fines
content.

(1)

(eg)eq (2)

1 1

= Al
Jen (lJre“*ﬁX—'_X

) (4)
In this relation, A is the dimensionless parameter o
and f3 are parameters related to the soil type.
Laboratory tests results at critical state in the e-
logp’ plane has been considered as a reference curve
for describing shear resistance of sand (Been and
Jefferies 1985; Konrad 1988; Ishihara 1993). In this
regard contractancy and dilatancy states can be
expressed by definition of certain state parameters
characterized by distance between initial state and
critical state curve at a given mean effective stress. In
the case of silty sand, based on diverse experimental
works (Bouckovalas et al. 2003; Naeini and Baziar
2004; Yang et al. 2006) the position of critical state
line in the e-logp’ coordinates changes depending on
percentage of added silt. However, using equivalent
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intergranular void ratio instead of void ratio the
critical state lines converges so that a unique critical
state curve can be deduced (Rahman and Lo 2007,
Mohammadi and Qadimi 2015). Besides of shear
resistance, dependence of small strain shear modulus
of silty sand to density through equivalent void ratio
was investigated by several authors (Goudarzy et al.
2016).

Several experimental studies have been performed
on the silty sandy soils in unsaturated conditions (e.g.
Wang et al. 2010; Maleki and Bayat 2012; Schnell-
mann et al. 2013; Zhou et al. 2016; Patil et al. 2017).
These researches have shown that the factors such as
loading path, density and matric suction affect the
mechanical behavior of silty sand in unsaturated state.
However, there is not much of the information in the
literature regarding the effect of the silt material types
on the behavior of these soils in the unsaturated
conditions and particularly the performance of the
silty sand equivalent intergranular void ratio relations
in the unsaturated conditions.

In this research, the factors affecting the sandy soil
behavior with two types of natural and rock powder
silts with different percentages of the fines in the
saturated and unsaturated conditions were studied. In
order to examine the performance of (ez)., in
estimating the silty sand resistance, all the specimens
were molded with an identical (e,).,. Some saturated
(CU) and unsaturated (CW) triaxial tests were con-
ducted for this purpose.

2 Test Program
2.1 Testing Apparatus

The utilized unsaturated triaxial apparatus is capable
of using the axis translation technique. The total
volume variation and the pore water pressure are
independently measured during the test by the use of
the double cells system. The air entry value used for
the ceramic disks in this research is 500 kPa. Figure 1
shows detailed images of triaxial double cells and its
base plate.

2.2 Materials

The soil used in this research is silty sand. In order to
assess the effect of the fines material types on the soil
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Fig. 1 Details of triaxial cells (a) and cells base plate (b) (Maleki and Bayat 2012)

behavior, two silt types of natural and rock powder are
used which are named as siltl and silt2, respectively.
Particle size distribution of clean sand and two types of
silts are presented in the Fig. 2 which are obtained
based on ASTM D422. Some characteristics of sand-
silt mixtures, calculated from particle distribution
curves, are presented in the Table 1.

Atterberg limits tests, based on ASTM D-4318
were carried out. The obtained results showed that two
types of used silts are in non-plastic state. Specific
gravity of clean sand, siltl and silt2 by performing
related tests based on ASTM D-854 were, 2.65, 2.7
and 2.68 respectively. Images of natural silt (silt]) and
rock powder (silt2) are presented in Fig. 3.

In order to find the constituents of the silts and the
particles shapes, the XRD test (Fig. 4) and microscope
imaging (Fig. 5) were used, respectively. The XRD
test results revealed that the silt2 is made from Quartz

Finer (%)

Pure sand

|- ST A T rf===" Silt1
10 //' | T HHHEA T eeeeees Silt2
P - y

0.001 0.01 0.1 1 10
Diameter (mm)

Fig. 2 Grain size distribution curve

mineral; but silt]l contains clayey minerals including
Illite and Kaolinite in addition to the non-clayey
minerals of Quartz, Feldspar and Mica. The imaging
by microscope also showed that the siltl particles are
mostly rounded while the most part of silt2 particles
are angular (Fig. 5).

2.3 Sample Preparation

The equivalent intergranular void ratio in saturated
and unsaturated tests are considered to be 0.85 in the
present research. The global void ratio values of all the
specimens are obtained as presented in Table 2 by the
use of Eq. 2. The percentages of the threshold fines for
the siltl and silt2 are obtained 29.68 and 31.55,
respectively, by using Eq. 4.

2.4 Experimental Detail
2.4.1 Saturated State

Various researchers concluded during their examina-
tion that the specimen construction method affects the
results of the triaxial tests (Mulilis et al. 1977; Kuerbis
and Vaid 1988). The specimens are molded by the wet
tamping method in 6 layers in this research. After
molding the specimens, the carbon dioxide gas (CO,)
was inserted for at least 2 h to facilitate saturation
process of the specimens. After inserting the carbon
dioxide gas, the de-aired water was passed through the
specimen. After this step, the back pressure was
applied on the specimen. The parameter of the

@ Springer



738

Geotech Geol Eng (2021) 39:735-750

Table 1 Characteristics of

soils Fine content (%) Silt type Do Dsg Dso Dgo C, Cc
10 Siltl 0.075 0.197 0.311 0.448 5.97 1.15
15 Siltl 0.045 0.182 0.281 0411 9.13 1.79
20 Siltl 0.037 0.173 0.255 0.371 10.02 2.18
10 Silt2 0.075 0.197 0.311 0.448 5.97 1.15
15 Silt2 0.062 0.182 0.280 0.411 6.63 1.30
20 Silt2 0.053 0.173 0.254 0.377 7.11 1.50

(@

(b)

Fig. 3 Images of silts used a natural silt (siltl), b rock powder (silt2)

Skempton pore water pressure was used to control the
specimen saturation degree. Based on the ASTM D
4767 one can consider a soil to be saturated when the
Skempton coefficient is higher than 95%. The spec-
imens were consolidated under three confining pres-
sures of 100, 150 and 200 kPa at the end of the
saturation step. Then, they were sheared with a
constant loading rate. The loading rate was considered
to be 0.5 mm per minute according to the soil type.

2.4.2 Unsaturated State

Similar to the saturated specimens, the wet tamping
method is used in this case for molding the specimens.
Since the wetting or drying path affects the behavior of
the unsaturated soils (Han et al. 1995; Nishimura and
Fredlund 2002; Rahardjo et al. 2004; Guan et al. 2009;
Chiu et al. 2014); the moisture content for molding the
specimens is considered in a way that the specimens
stay in the drying path. The specimens were placed on
the previously saturated ceramic disks after being
molded. After applying the initial suction and the
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consolidation stress, the specimens were loaded with
the velocity of 0.04 mm/min. An image of deformed
specimen at the failure state is displayed in “Ap-
pendix”. The specimens were named in a way that
presents their test conditions. For example, Siltl, f10,
S100, c50 represents a test which uses siltl. The fines
content is also 10%, the suction is 100 kPa and the
confining pressure is 50 kPa. The initial values of
matric suction and net stress for different specimens
are presented in Table 3.

3 Results and Discussions

Results of the tests were drown in the g-¢, coordinates.
Deviator stress of ¢ is the difference between major
and minor principal stresses; o; and o3. &, represents
axial strain applied on the specimens. For comparing
the results, this paper focuses on the maximum and
ultimate (critical) deviator stresses denoted as g,,,, and
qerisicars Picked up from the curves of g-¢,. However,
some g-¢, curves are presented in the “Appendix”.



Geotech Geol Eng (2021) 39:735-750

739

2000
1900
1800+
1700+
1600
1500
1400
1300+
1200+
1100+
1000+
900
800
700
600
500 -

Lin(Cps)

9=10.02233
d=3.47831

9=3.33189

d=3.17842

-3.02730

d=2.45449

d=2.12097
d=1.81764

d=2.48836
4=2.27637

11000-

d=3.33189

10000
9000
8000 -
7000
6000
5000 -
4000-

Lin(Cps)

3000+

T
30

40

2-Theta - Scale

20004
1000

d=3.68104

L d=4.22504

3

L

(a)

d=2.44709
6=2.12007

¢=1.96805
k 4=1.81377

? 9=1.66783

0 = — : ‘

30

50

2-Theta - Scale

Fig. 4 XRD test result a siltl, b silt2

3.1 Saturated State

3.1.1 Effect of Different Factors on Deviator Stress
at Peak State

The diagram of the maximum deviator stress versus
the confining pressure is shown in Fig. 6. As it was
expected, the g,,.. increased by the increase of the
confining pressure. By increasing the confining pres-
sure from 100 kPa to 150 kPa, the maximum deviator
stresses were increased by 31 and 42% in specimens

(b)

having siltl and silt2, respectively. Changing the
confining pressure from 150 kPa to 200 kPa has led a
reduction in the g,,,, increase rate; so that the average
increase rate in both silt types is 21% in this case.

As it can be seen, there is no considerable change in
the maximum deviator stress when the fines content is
increased in the specimens having siltl; but the
maximum deviator stress is increased in specimens
having silt2. The increase rate of the g,,,, in this silt is
dependent on the fines content. This rate reduces by
increasing the fines content.
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Fig. 5 Microscopic image of the silts used a siltl, b silt2

Table 2 Global void ratio of saturated and unsaturated
samples

Fine content (%) Silt type Cotal

10 Silt1 0.694
15 Siltl 0.638
20 Siltl 0.595
10 Silt2 0.693
15 Silt2 0.638
20 Silt2 0.598

Another important point which can be found from
the diagrams of Fig. 6 is that the fine material types in
specimens with 10% silts does not have considerable

effect on the results. For instance, for the fines content
of 10% and the confining pressure of 100 kPa, the
maximum deviator stresses for the sand with silt]l and
silt2 are obtained 72 kPa and 71 kPa, respectively.
The difference between the results of the two fines
material types increases by increasing the silt percent-
age from 10 to 15.

3.1.2 Effect of Different Factors on Deviator Stress
at Critical State

The diagrams of the ultimate deviator stress versus the
confining pressure for different percentages of the silt
are shown in Fig. 7. Similar to the previous case, the
qcriical 18 increased by the increase of the confining
pressure. The average increase rates of the ultimate

Table 3 Initial matric Test
suction and net stress values
for the constant water

content tests
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Fine content (%) Uy — Uy a3 — u, (kPa)
(kPa)
(Siltl or Silt2), £10, S100, c50 10 100 50
(Siltl or Silt2), f10, S100, c100 10 100 100
(Siltl or Silt2), f10, S100, c150 10 100 150
(Silt1 or Silt2), £10, S150, c100 10 150 100
(Siltl or Silt2), £10, S200, c150 10 200 100
(Siltl or Silt2), f15, S100, ¢50 15 100 50
(Siltl or Silt2), f15, S100, c100 15 100 100
(Siltl or Silt2), f15, S100, c150 15 100 150
(Siltl or Silt2), f15, S150, c100 15 150 100
(Siltl or Silt2), 15, S200, c150 15 200 100
(Silt1 or Silt2), £20, S100, c50 20 100 50
(Siltl or Silt2), £20, S100, c100 20 100 100
(Siltl or Silt2), 20, S100, c150 20 100 150
(Siltl or Silt2), 20, S150, c100 20 150 100
(Siltl or Silt2), £20, S200, c150 20 200 100
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Fig. 6 The influence of confining pressure on maximum deviator stress a siltl, b silt2
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Fig. 7 The influence of confining pressure on ultimate deviator stress a siltl, b silt2

and the maximum deviator stresses are presented in Also for the fines content 10% and the identical
Table 4 for better comparison. As it can be seen, the confining pressures in this case, the ultimate deviator
increase of the confining pressure has more effects on stresses of the both silt types are almost equal with
the g iricar- each other. The main difference visible in the results of

Table 4 The effect of increasing the confining pressure on the maximum and ultimate deviator stress rate

Fine type Increasing the confining pressure (kPa) Increase rate of gpax (%) Increase rate of gritical (%)
Silt1 100-150 31 46

150-200 21 53
Silt2 100-150 42 90

150-200 21 57
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this section is that the ultimate deviator stress
increases in the specimens having silt1 by the increase
of the fines content; while the maximum deviator
stresses in these specimens had no significant change,
for the identical confining pressures, by the increase of
the fines content.

3.1.3 Effect of Different Factors on Pore Water
Pressure

The diagrams of the pore water pressure versus the
confining pressure show that the results of the two silt
types are almost identical for 10% of the fines (Fig. 8).
One can observe a slight decrease in the pore water
pressure by increasing the fines content in specimens
having fines of silt type 1; but the pore water pressure
experienced a significant decrease by increasing the
fines content in the specimens containing silt2. It
should be noted that this increase is higher in
specimens experiencing the fines content increase
from 10 to 15% compared to those experiencing the
fines content increase from 15 to 20%.

As it has been mentioned, all specimens were
molded in the state of constant intergranular void ratio,
so, it was expected the same behaviors for a given
confining pressure. However, maximum and ultimate
deviator stresses and pore water pressure were differ-
ent, depending on the fine percentage and type.

220 e
1 s
200 | wsilt] f15 183180 179
80  [msSiltl,f20
60

136137 135

L e
N B
S O

(=3
(=}

Pore water pressure (kPa)

40

100 o150 200
Confining pressure (kPa)

(a)

Fig. 8 The influence of confining pressure on pore water pressure a siltl, b silt2
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3.2 Unsaturated State

The results of the unsaturated triaxial tests (CW) are
presented in this section in the two categories of the
constant confining pressure (100 kPa) and the constant
suction (100 kPa).

3.2.1 Constant Confining Pressure (100 kPa)

The diagrams of the maximum deviator stress versus
the initial suction for constant confining pressure of
100 kPa are illustrated in Fig. 9a, b for the comparison
of the effect of the initial suction on the specimen
maximum strength. As it can be seen, the g, in the
specimens containing 10% silt linearly increases by
increasing the initial suction; but was seen a change in
the soil behavior by increasing the silt percentage from
10 to 15 and 20%. No significant variation can be
observed in g,,,, values in all the specimens by
increasing the initial suction from 150 to 200 kPa;
while increasing the initial suction from 100 to
150 kPa has led to an increase in the maximum
deviator stress. The magnitude of this increase
depends on the silt material types and percentage
which will be discussed.

e This increase is 8% in specimens containing 15%
of siltl. This value reduces to 3.5% by increasing
the silt percentage from 15 to 20%.

e This increase is 5% in specimens containing 15%
of silt2. There is no significant increase in this

m Silt2,f10 181
m Silt2,f15

138

9B g8 o

60
40
20
0
100 150 200
Confining pressure (kPa)
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Fig. 9 Maximum deviator stress versus initial suction a siltl, b silt2

value when the silt percentage is raised from 15 to
20%.

By examining the obtained results one can observe
that there is a fall after the maximum strength in some
specimens. Thus, the diagram of the ultimate deviator
stress versus the initial suction is illustrated in Fig. 10.
Similar to Fig. 9, increasing the initial suction has led
to a linear increase in the ¢, Of the specimens
containing 10% of silt. This behavior is observed in
both silt types. However, increasing the fines content
causes the specimens behavior to change. The ultimate
deviator stress variation in specimens having siltl is
similar to the maximum deviator stress; but the
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behavior is different in specimens having silt2.
qcriicar 10 these specimens for the percentages of 15
and 20 is reduced.

The experiments results also reveal that there is an
increase in the strength by increasing the silt percent-
age. This strength increase is caused by the specimen
density increase due to the fines content rise.

3.2.2 Constant Suction (100 kPa)

Since no strain softening was observed after the
maximum deviator stress of the specimens in this
category the variation of the g, is, therefore,
presented in this section. The diagram of the
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Fig. 10 Ultimate deviator stress versus confining pressure a siltl, b silt2
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maximum deviator stress versus the confining pressure
is illustrated in Fig. 11. The increase rates of the
maximum deviator stresses for different percentages
of the fines are presented in Table 5. The obtained
results show that this increase depends on the fines
material types, fines content and the confining pres-
sure. The increase rate of the g,,,, decreases in all the
specimens by increasing the confining pressure.
Moreover, in most cases, the increase rate of the
maximum deviator stress is higher in specimens
containing siltl. Increasing the fines content has also
reduced this rate in most cases. As the final point, one
can say that the effect of the confining pressure
increase on the shear strength increase is by far higher
than that of the suction increase. For instance, the soil
Gmax 1ncreases approximately by 46% when the
confining pressure in the specimens containing 10%
of silt (sitl) is increased from 100 to 150 kPa; but
increasing the suction from 100 to 150 kPa, increases
the g, by just 8%. This result is in agreement with
the results of the research of Pereira et al. (2006) and
Maleki and Bayat (2012).

Similar to the saturated state, also this case, even
though, (e.,.).q Was constant but, different behaviors
were observed for a given confining pressure.

3.3 Critical State Line (CSL)

The critical state line represents a state which the soil
has reached after the complete application of the shear.
The unlimited plastic strains happen in the critical
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state by the stress remaining constant. In this state, the
rate of the pore water pressure production in the
undrained tests and the volume variation production
rate in the drained tests become zero. The critical state
concepts are expressed in the three spaces of e:log p/,
v:lnp' and q:p’. The critical state line (CSL) in this
research is examined in the g:p’ plan in the two states
of saturated and unsaturated.

3.3.1 Saturated State

The critical state line in the ¢:p’ space is as Eq. 5
(Schofield and Wroth 1968).

q=Mp (5)

The critical state line equations for different
percentages of the fines content are shown in Fig. 12
based on the calculated different values of the ultimate
deviator stress and the mean effective stress. The mean
effective stress is calculated by Eq. 6.

2
’:%—uw (6)

The results show that using the same intergranular
void ratio in molding the specimens has caused the
critical state lines in the g:p’ plan become nearly
identical for different percentages of the fines. The silt
particles materials have also no effect on this slope.
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Fig. 11 Maximum deviator stress versus confining pressure a siltl, b silt2
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Table 5 Maximum stress increase rate

Fine type Increasing the fine content (%) Confining pressure (kPa) Maximum stress increase rate (%)
Silt1 From 10 to 15 50 15.6
100 6.9
150 6.2
From 15 to 20 50 12.0
100 8.2
150 2.4
Silt2 From 10 to 15 50 15.3
100 7.4
150 4.8
From 15 to 20 50 10.9
100 7.6
150 2.7
80 Silt1,f10 180
» Siltl, _ { ® Silt2,f10 A
40 | ¢S s N, 1601 & site2.f15
i | A Silt1,f20 ‘ . 140 H ASilt2,£20 \
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Fig. 12 Critical state values for saturated test in ¢ — p’ coordinate a silt1, b silt2

3.3.2 Unsaturated State

Several studies have been performed in recent years
for expressing the critical state in the unsaturated soils.
These studies have led to a framework for the critical
state concepts in the unsaturated soils (Alonso et al.
1990; Toll 1990; Wheeler and Sivakumar 1995; Loret
and Khalili 2002; Wang et al. 2002; Toll and Ong
2003; Khalili et al. 2004).

In this research, the critical state line is plotted
using the Bishop’s effective stress principle and the
formulations proposed by Aitchison (1985) and

Khalili and Khabbaz (1998) for calculating the
effective stress parameter for the suction of 100 kPa.
Bishop (1959):

0 = (06— ug) + y(ug — uy) (7)
Aitchison (1985):
1 if §,=1
y = o .
X ((Ma_uw)> (ua — Mw)b if §, <1 (8)

Khalili and Khabbaz (1998):
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Table 6 Air entry suction Test Air entry value (kPa) Test Air entry value (kPa)
Silt1, f10 10 Silt2, f10 12
Silt1, f15 13 Silt2, f15 16
Silt1, 20 15 Silt2, £20 20
800 800 - -
Silt1,£10,S100,A1 q=1.80p Silt2,f10,S100,Ai q=1.80p
700 H o silt1,£15,S100,Ai || Silt1.£20.5100 | 700 T1esilt2,£15,5100,Ai] Silt],£20,5100 | 4
600 H A Silt1,f20,S100,Ai \ .::,r(:" ’ 600 |4 sil2,£20,5100,Ai \’ &
500 | 500 | ra
? .s‘@% /CE\ "'.,"’fr‘ \
2400 | 5!_.-,’“ @/ 400
o | ,:l,,!’ q=l76 pv o I ‘s_“.(.,;.. q:177 p.
300 #a [ sinLassioo 300 &R | silefis,s100
200 200 | ~ ,
q=1.72p .q71.73p
0 . L 1 0 1 1 1
0 100 . 200 300 400 0 100 200 300 400
p (kPa) p (kPa)
(a) (b)

Fig. 13 Critical state lines for unsaturated tests in ¢ — p’ coordinate (Aitchison (1985) effective stress parameter) a siltl, b silt2

700 800 .
Silt1,f10,S100,Kh 4 00 Silt2,f10,S100,Kh
600 H# Silt1,f15,8100,Kh 700 T o Silt2,£15,5S100,kh
500 A Silt1,f20,S100,Kh .:__,_-:-"' 600 H A Silt2,£20,S100,Kh
q=1.62p i 500 T (

3 H Silt],f15,S100 o s o q
S : \ _ - £ 400 H Silt2,f10,8100 | . q=1.64p
i~ q=1.65p = :
o 300 F ¥y Silt1,£20,S100 S 300 + \ e Silt1,f10,S100

200 \ 200 F q=1.62p

q=1.58p Silt2,f15,S100
100 F | silt1,f10,S100 100 f
0 1 1 1 1 0 1 L 1 1
0 100 200 300 400 500 0 100 200 300 400 500
p (kPa) p (kPa)
(a) (b)

Fig. 14 Critical state lines for unsaturated tests in ¢ — p’ coordinate (Khalili and Khabbaz (1998) effective stress parameter) a siltl,
b silt2

—0.55 . .
(ug — ty) ; where (0 — u,) is the net normal stress, (4, — u,,) is
_ lf(ua uw) > (ua - uw)b . . . . .
b (Ug —uy), the matric suction, (u, — u,,),, is the air entry suction, o
1 if (g — ) < (g — ), is a coefficient varying between 0.3 and 0.35 and S, is
9)
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Fig. 15 Stress—strain curves in unsaturated conditions with
confining pressure of 50 kPa and initial suction of 100 kPa
a Siltl, b Silt2

the moisture content. The values obtained for the air
entries in different specimens are presented in Table 6.

Figure 13 shows the critical state line plotted using
the Aitchison (1985) effective stress parameter. The
achieved equations reveal that the slopes of the critical
state lines are very different in the saturated and
unsaturated states. By increasing the fines content, the
slope is also increased. However, the slopes of the two
critical state lines with different silt material types are
similar when the fines content are identical; thus the
fines material types and shape have no effect on the
slope of the critical state line.

The critical state line is plotted in Fig. 14 using the
Khalili and Khabbaz (1998) effective stress equation.
Unlike the previous case, the obtained lines equations
are nearly similar to that of the saturated state. The
slope difference in the saturated and unsaturated states
becomes larger by increasing the fines content. In this
case, the slopes of the two critical state lines with
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5 400
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5
Z 300
g P
g I3
5200 | §
A £
I3 —— Silt1.£10.5100.c100
i
100 5 e Silt1.f15.5100.c100
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0 . . : .
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Axial strain (%)
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= e T T
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% 7 e
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3 /"
2300 [
g )
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5200 |
A :
—— Silt2.£10.5100.¢100
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- - = Silt2.£20.5100.c100
0 . . : ;
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S 015
Axial strain (%)

(b)

Fig. 16 Stress-strain curves in unsaturated conditions with
confining pressure of 50 kPa and initial suction of 100 kPa
a Siltl, b Silt2

different silt material types and same fine content are
identical. Ng et al. (2016) have previously reached this
result in which the particles shape has no effect on the
critical state line slope in the saturated state.

4 Summary and Conclusions

e Inlow value of fine (10%), maximum and ultimate
deviator stresses and corresponding pore water
pressure for two types of fine were the same.
However in the case of unsaturated state for the
samples including 10% fine, maximum deviator
stress was increased linearly as a function of initial
matric suction.

e The results revealed that using the identical
intergranular void ratio in molding the specimens
causes the critical state lines slopes in the saturated
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Fig. 17 Failed unsaturated test specimen

space become similar for different fines content for
the two silt types in the ¢:p’ plan; however, it was
observed that the variations of the maximum
deviator stress, ultimate deviator stress and the
pore water pressure are functions of the fines
material type and percentage.

e Using the same intergranular void ratio in molding
the specimens in the unsaturated state has led the
critical state lines slopes to approximately con-
verge to each other; of course, this convergence is
lower in comparison with the saturated state. The
reason behind it is the presence of the matric
suction.

Appendix: Deviatoric Stress Versus Axial Strain
of Some Tests

As mentioned in the main text, this study aimed to
investigate the factor affecting shear strength of
unsaturated silty sand at given equivalent intergranu-
lar void ratio. However, some deviatoric stress-axial
strain curves are presented in Figs. 15 and 16 which
reveal nonlinear behavoir of unsaturated silty sand at
the low levels of strain is also affected by different

@ Springer

factors particularly matric suction, fine type and
percentage.

Also an image of deformed specimen at the failure
state is displayed in Fig. 17.
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