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Hydro-mechanical behavior of compacted silt over a wide suction range
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Abstract. To achieve a wide suction range, the low suction was imposed on compacted silt specimens by the axis translation
technique and the high suction was imposed by the vapor equilibrium technique with saturated salt solutions. Firstly, the results
of soil water retention tests on compacted silt show that the soil water retention curves in terms of gravimetric water content
versus suction relation are independent of the dry density or void ratio in a high suction range. Therefore, triaxial tests on
compacted silt with constant water content at high suctions can be considered as that with constant suction. Secondly, the results
of triaxial shear tests on unsaturated compacted silt with the initial void ratio of about 0.75 show a strain-hardening behavior
with a slightly shear contraction and then strain-softening behavior with an obviously dilation. As the imposed suction increases,
the shear strength increases up to a peak value and then decreases when the suction is beyond a special value corresponding to
the peak shear strength. The residual strength increases to fair value and those at high suctions are almost independent of
imposed suctions. In addition, the contribution of suction to the strength of compacted silt would not diminish even in a high

suction range.
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1. Introduction

In arid and semi-arid regions, unsaturated soils over a
wide suction range or at high suctions are more commonly
found in nature. Many geotechnical engineering structures,
such as earth dams, subgrades, and covers etc., were closely
related to unsaturated soils with high suctions in those
regions. Therefore, unsaturated soils over a wide suction
range or at high suctions are encountered in various
geotechnical engineering projects.

In the past decades, many significant advances in
understanding unsaturated soil behavior have been seen
both in laboratory tests and constitutive models (e.g.,
Alonso et al. 1990, Uchaipichat et al. 2010, Estabragh and
Javadi 2012, Al-Mahbashi et al. 2015, Zhou et al. 2016,
Kim et al. 2019, Wang et al. 2020). The constitutive models
for unsaturated soils have been widely verified by test data
in a low suction range. The main reason is that a large
number of laboratory tests have been conducted to study the
hydro-mechanical behavior of unsaturated soils in a low
suction range by using the axis translation technique, in
which the maximum suction applied in conventional
mechanical test apparatus to soils is 1.5 MPa. In general,
the suction of 1.5 MPa is used as a boundary between the
low and high suction ranges. However, the mechanical tests
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on unsaturated soils are rarely conducted in the high suction
range (i.e., 1.5 to about 1000 MPa), where the pore-water is
tightly held in the soil particles and moisture movement
occurs mainly as the vapor flow.

The mechanical behavior of unsaturated soils is related
to its soil water retention behavior, which is highly
dependent on the soil types (e.g., the suction range is about
0-100 kPa for coarse sands and about 0-1000 MPa for clays;
when the suction is greater than the up limit, water content
is almost zero). Recently years, some researchers
investigated the hydro-mechanical behavior of unsaturated
soils over a wide suction range (i.e., the suction range
covers the boundary, transition and residual zones) or at
high suctions. Alsherif and Mccartney (2016) investigated
the effects of temperature on the shear strength of
unsaturated silty clay at high suctions and the suction was
controlled using the vapor flow technique. Patil ef al
(2017) obtained experimental evidence of shear strength
behavior of compacted silty clay at a critical state over a
wide suction range by using the vapor flow technique. Gao
et al. (2019) and Zhang et al. (2020a) performed a series of
triaxial tests on compacted silty clay and expansive soil
over a wide suction range respectively by using the axis-
translation technique and the vapor equilibrium technique
with a saturated salt solution. Yu et al. (2019) studied the
strength and microstructure of cemented soil at high
suctions and the soil suction was controlled by using the
vapor equilibrium technique with saturated salt solution.
The above experimental studies mentioned mainly focused
on fine-grained soils (e.g., silty clays, clays and expansive
soils). But the test results about the mechanical behavior of
sandy silts or silts over a wide suction range or at high
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suctions are still very limited in the literature.

In this study, the soil-water retention tests and suction-
controlled triaxial tests were conducted on compacted silt
over a wide suction range. To achieve a wide suction range,
the low suction was imposed on silt specimens by the axis
translation technique (ATT) and the high suction was
imposed by the vapor equilibrium technique (VET) with
different saturated salt solutions. Based on the results of
above tests, a systematical study to investigate the effects of
void ratio on the soil water retention curves and the hydro-
mechanical behavior of compacted silt was made over a
wide suction range.

2. Experimental techniques and testing program
2.1 Experimental techniques

The soil used in this study is non-expansive silt called
DL-clay, which has a liquid limit of 28.4% and a plastic
limit of 21.7%, and a specific gravity of 2.68. Fig. 1 shows
the grading curve of DL-clay. It can be seen that the soil is
composed of about 88% silt and 9% clay. Soil samples were
prepared by mixing dry powders of DL-clay with distilled
water to the target water content. The blended sample was
then sealed in airtight storage bags for 24 hours and was
allowed to equilibrate. All of the specimens were
compacted with the initial water content of about 20%.

For the soil-water retention tests, compacted specimens
were prepared with the initial void ratios of about 0.75 and
1.0. In order to shorten the suction equilibrium time,
specimen sizes were 20 mm in height and 50 mm in
diameter. The low suction was imposed on specimens by
using the ATT and the high suction was imposed by using
the VET, which was commonly employed to control high
suctions for unsaturated soil tests (Delage et al. 1998).
Different saturated salt solutions were used in the VET to
generate constant total suction conditions in sealed
desiccators, as shown in Fig. 2. The potential of saturated
salt solutions forces the water potential in the closed space
and that in the soil sample to reach the equilibrium. Table 1
lists the relative humidities of saturated salt solutions used
in this study and their corresponding suctions, which are
from Greenspan (1977). After the suction equilibrium, the
size and weight of specimens were measured by vernier
calipers and electronic balance before triaxial tests,
respectively. The testing procedure that was adopted for
testing the soil-water retention curves was described in
detail by Sun et al. (2016).
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Fig. 3 GDS unsaturated triaxial testing apparatus

Table 1 Saturated salt solution and corresponding suction

Saturated salt solution RH(%) Total suction (MPa)
MgCl, 33.1 149.5
NaCl 75.5 38.0
KCl1 85.1 21.8
KNO; 94.6 7.48
K,SO, 97.6 3.29

For the triaxial shear tests, the specimens were statically
compacted to a target void ratio in five layers with a
diameter of 38 mm and a height of 76 mm at a mould. The
prepared void ratio of compacted triaxial specimens is about
0.75. All the triaxial shear tests were performed using a
GDS triaxial apparatus for testing unsaturated soils, which
was manufactured by the GDS Company (Hampshire, UK),
as shown in Fig. 3. The specimen volume change is
measured by a double cell system with a bottle-shaped inner
cell, the principle of which was described in detail by Ng e?
al. (2002). The water volume change of specimens was
measured by a standard pressure controller. The average
initial suction of triaxial specimens was about 25 kPa,
which was obtained by measuring the negative pore-water
pressure value and setting the pore air pressure value to zero
in the triaxial apparatus. The shear rate (i.e., axial
displacement rate) was set to 0.00192 mm/min. The shear
rate was selected by no excess pore-water pressure occurred
in the specimens during testing.

2.2 Testing program

For the triaxial shear tests, firstly, the prepared triaxial
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Table 2 Gravimetric water content and void ratio of triaxial specimens at the initial state and before shearing

Initial state

: Before shearin
Test No. Suction Suction control method £
(MPa) wo (%) e we (%) e
L1 0.03 ATT 20.11 0.751 18.48 0.724
L2 0.10 ATT 20.04 0.752 12.80 0.745
L3 0.45 ATT 19.98 0.753 5.71 0.727
Hl 3.29 VET 20.03 0.746 2.14 0.726
H2 7.48 VET 20.12 0.745 1.63 0.717
H3 21.8 VET 20.08 0.746 1.41 0.690
H4 38.0 VET 20.21 0.748 1.15 0.688
q L1: abeh q H1: aBFIN
L2: acfi H2: aCGKO
H4: aEIMQ
0.025( 3.29 7.48 21.8 38.0 o
e A aeBEEE E s (MPa)

(a) At low suction

o3 (kPa)

(b) At high suction

Fig. 4 Stress paths for all specimens

specimens were put into different sealed desiccators above
saturated salt solutions, as shown in Fig. 2. The suction
equilibrium was achieved after two up three months under a
constant room temperature under zero total stress. The size
and weight of specimens were measured by vernier calipers
and electronic balance after the suction equilibrium (i.e.,
before triaxial tests), respectively. Finally, the specimen was
installed on the bottom pedestal of triaxial testing apparatus.
For the low suction range, after the target suction sheared
under a constant suction based on the ATT under drained
condition. For the high suction range, the specimen was
equilibrated, the specimen was consolidated and was
consolidated and sheared under constant water content.
Here the triaxial shear tests under constant water content
can be considered to be constant suction shear tests at high
suctions. The reason will be presented in the following
section (i.e., “Soil water retention behavior”). In order to
keep water content constant in triaxial tests, a sheet of thin
rubber membrane with about 0.3 mm in thickness was
inserted between the specimen bottom and the ceramic disk
surface, as shown in Fig. 3.

To investigate the effects of suction level on hydro-
mechanical behavior of unsaturated soil, a series of triaxial
shear tests with constant suctions on compacted DL-clay
was conducted using the GDS triaxial testing apparatus.
The initial void ratio of compacted DL-clay specimens for
triaxial shear tests is about 0.75. A summary of the
gravimetric water content and void ratio of triaxial
specimens at the initial state and before shearing in detail
are shown in Table 2. Here, the initial state means a
specimen state just after the specimen preparation or before
triaxial tests.

Fig. 4 shows the stress paths for all triaxial tests. g is the
deviator stress, s is the suction, o3, is net confining stress. In
Fig. 4(a), the specimens L1, L2 and L3 were isotropically
compressed at net stress of 20 kPa with suctions of 30, 100
and 450 kPa being applied respectively (i.e., the stress paths
ab, ac and ad). Then isotropic net stress of 100 kPa was
applied on the specimens corresponding to the stress paths
of be, cf and dj. Finally, the specimens L1, L2 and L3 were
triaxially sheared under constant net confining stress of 100
kPa and constant suctions (s=30, 100 and 450 kPa) by the
ATT. The corresponding stress paths above are eh, fi and jg.
In Fig. 4(b), the specimens H1, H2, H3 and H4 were first
dried to different suctions of 3.29, 7.48, 21.8 and 38.0 MPa
using the VET under zero net stress, respectively (the stress
paths aB, aC, aD, and aF in Fig. 4(b)). After the suction
equilibrium, the size and weight of triaxial specimens were
measured by vernier calipers and electronic balance, and
then the specimens were installed on the triaxial apparatus.
Next, the specimens H1, H2, H3 and H4 were isotropically
compressed successively at isotropic net stresses of 20 and
then 100 kPa (i.e., the stress paths BFJ, CGK, DHL and
EIM) under constant water contents. Finally, the specimens
were triaxially sheared under constant net confining stress
of 100 kPa and different constant suctions (s=3.29, 7.48,
21.8 and 38.0 MPa). The corresponding stress paths above
are JN, KO, PL and MQ.

3. Results and discussion
3.1 Soil water retention behavior

Fig. 5 shows the gravimetric water content or degree of
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Fig. 5 Main drying SWRCs over a wide suction range

saturation versus suction relationships in the drying tests on
compacted DL-clay with the initial void ratios of about 1.0
and 0.75 over a wide suction range using two suction
control methods (i.e., ATT and VET). The specimens were
firstly saturated at zero suction, and the water contents of
specimens increased to about 27 and 30% due to saturation.
In Fig. 5(a), the SWRCs in terms of gravimetric water
content are independent of the initial void ratio when the
suction is larger than about 100 kPa. While the SWRCs in
terms of the degree of saturation, as shown in Fig. 5(b), the
influence of initial void ratio or dry density on the SWRCs
is highlighted. Birle et al. (2008) and Salager ef al. (2013)
made a similar observation for compacted soils. The
residual suction is about 200 kPa determined by the
graphical method (see Fig. 5), which is independent of the
initial void ratio or density. For the same type of soil, the
residual suction depends mainly upon the specific surface
area of soil particles (Lloret et al. 2015). For the high
suction range, the pore-water is tightly held in the soil
particles and moisture movement occurs mainly as the
vapour flow, where the water retention capacity is mainly
controlled by the specific surface and mineral of the soil
particles, not by soil fabric (Wang et al. 2020).

In Fig. 5(b), the soil-water retention curve (SWRC) of
compacted DL-clay in terms of the degree of saturation
versus suction relation shifts slightly up with decreasing the
initial void ratio. Based on Fredlund and Xing’s equation,
Gao et al. (2018) proposed an initial dry density-dependent
equation, which can be expressed as

1
S8&) =CO) o Ttmms (o) sraryy

where, n, m and y are the fitting parameters, e is an initial
void ratio, C(s) is a correction function, which is equal to 1-
[In(1+s/ye)/In(1+10%yre)] (Where i is a fitting parameter).
In most cases, Eq. (1) gives a satisfactory approximation
when y,. takes a value ranging from 1.5 to 3 MPa (Fredlund
and Xing 1994). For simplicity, here, . is assumed to be
1.5 MPa. In fact, yi. is not an actual residual suction value
in Eq. (1) and it is just a fitting parameter.

In Fig. 5(b), the fitting parameters (a, n, m and y) of Eq.
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Fig. 6 Water content versus dry density relation of
compacted bentonite-enriched sand with measured
suction (data from Dineen et al. 1999)

(1) for compacted DL-clay are 25, 2.2, 1.15 and 1.2,
respectively. It can be seen that the fitting results are in
good agreement with test data. In addition, the air entry
values of compacted DL-clay with the initial void ratios of
1.0 and 0.75 are determined to be about 10 and 18 kPa from
Fig. 5(b), respectively.

Fig. 6 shows water content versus dry density relation of
compacted bentonite-enriched sand with 10% bentonite and
90% sand, together with measured suctions (data from
Dineen et al. 1999). The suctions were obtained via the
filter paper and the suction probe methods. Suction contours
and two compaction curves are drawn. In Fig. 6, the
contours of suction become nonlinear at the high water
content (i.e., the high degree of saturation). The vertical
contours of suction are observed when the degree of
saturation is less than 80% (i.e., below the red dash line in
Fig. 6). This implies that the void ratio or dry density has no
significant effect on the suction of specimens as long as the
water content is kept constant over a high suction range.
Birle et al. (2008), Salager et al. (2013) and Romero et al.
(1999) made a similar observation for compacted clay, silty
sand, and Boom clay, respectively.

Based on the discussion above, the void ratio or dry
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Fig. 9 Variation in degree of saturation over a wide suction range

density does not have an effect on the soil-water retention
curves in a high suction range. The specimens with constant
water content can be considered as almost constant suction
over a high suction range. Therefore, the triaxial tests under
constant water content can be considered to be a constant

3.2 Hydro-mechanical behavior
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suction test at high suctions, even though the void ratio
changes during compressing or shearing.

Fig. 7 shows the deviator stress and volumetric strain
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versus axial strain relationships obtained from triaxial shear
tests on compacted silt with the initial void ratio of 0.75
under the net confining pressure of 100 kPa. The low
suctions of 0.03, 0.10 and 0.45 MPa were imposed on
specimens by the ATT, and the high suctions of 3.29, 7.48,
21.8 and 38.0 MPa were imposed by the VET with
saturated salt solutions. All the specimens in Fig. 7 show a
strain-hardening-softening behavior with an obviously shear
contraction and dilation with increasing the axial strain.
When the axial strain is smaller than roughly 2%, the
specimens showed a response of strain-hardening with a
slightly shear contraction; when the axial strain is larger
than roughly 2%, the specimens showed a response of
strain-softening with an obviously shear dilation. The axial
strain where the maximum volume contraction occurred is
about 1%, and it increases slightly with increasing the
suction. Besides, the peak shear strength first increases with
the imposed suction and then obviously decreases with
increasing the suction in a high suction range, as shown in
Fig. 7(a). The axial strains corresponding to the peaks
decrease with increasing the suction. The residual strengths
are almost independent of imposed suction in a high suction
range.

Fig. 8 shows the gravimetric water content versus axial
strain relationship obtained from triaxial shear tests on
compacted DL-clay over a wide suction range. For the low
suction range (see Fig. 8(a)), the gravimetric water content
of specimen with the imposed suction of 0.03 MPa
increases slightly with increasing the axial strain; while the
gravimetric water content of other two specimens with the
imposed suction of 0.10 and 0.45 MPa obviously decreases
with increasing the axial strain under constant suctions and
net confining pressure. For the high suction range (see Fig.
8(b)), the gravimetric water content of all specimens
remained unchanged during shearing. This is because the
specimens in the high suction range were triaxially sheared
with constant water content.

Fig. 9 shows the degree of saturation versus axial strain
relationship obtained from triaxial shear tests on compacted
DL-clay over a wide suction range. In the low suction range
(see Fig. 9(a)), the degree of saturation of specimens with
the imposed suction of 0.03 MPa almost keep a constant
with increasing the axial strain; while the degree of
saturation of specimens with the imposed suction of 0.10
and 0.45 MPa decreases with increasing the axial strain. In
the high suction range (see Fig. 9(b)), the degree of
saturation of all the specimens increased slightly with the
volume contraction during shearing at the axial strain of
roughly between 1 and 2%, and then decrease slightly to a
fairly constant value. This is because the shear contraction
occurred in the axial strain roughly between 1 and 2 %.

Fig. 10 shows the deviator stresses at failure and
residual over a wide suction range for compacted DL-clay.
gr is the deviator stress at failure and g; is the deviator stress
at residual. In this paper, the failure point was determined as
follows: if the stress-strain curve has a peak, the peak was
chosen as the failure point; if the stress-strain curve has no
peak, the point at the axial strain of 15% was chosen as the
failure point according to the ASTM D4767-11.

In Fig. 10, the shear strength increases to a peak value as
the soil suction increases and then decreases when the

[=2]
o
o

—e— At failure
—=— At residual

20 30 40
Suction, s (MPa)

Failure/residual stress, g, and g, (kPa)
S
o
o

N

o

o
oF
=
o

Fig. 10 Failure and residual strength over a wide suction
range

Nonlinear
regime

Linear
regime

v

»
L

—
11 (e.g.,Silty clays/ Clays)
Il (e.g., Silts) —

I (e.g., Sands)

Shear strength

Strength at !
saturation ,

v

Suction

Fig. 11 Failure strength of unsaturated soils for different
types

suction was beyond a special value corresponding to the
peak shear strength. This is mainly because the contribution
of water meniscus on shear strength decreases with
increasing the suction in the high suction range. The
residual strengths increases to a fairly constant value and
those are almost independent of imposed suctions at high
suctions. In addition, the failure strength and residual
strength of unsaturated silt at high suctions are slightly
larger than that of the specimen at very low suctions. This
indicated that the contribution of suction to the strength of
compacted silt would not diminish after the residual
suction.

The failure strength of unsaturated soils is dependent on
several factors, such as soil type, particle distribution,
density, and stress state (Vanapalli 2010, Gao et al. 2020,
Zhang et al. 2020b). For sands, the failure strengths usually
increase with soil suction to a marked peak value and then
decrease sharply to a fairly constant value. Donald (1957)
reported the failure strength of five different types of sand
increased to a peak value as the soil suction was increased
and then decreased sharply. For silt or silty clay, as the soil
suction increases, the measured failure strength increases to
a fairly constant value or a maximum value and then
slightly decreases in the high suction range. Ng et al. (2017)
and Gao et al. (2019) reported the measured shear strength
for their compacted loess and silty clay kept increasing until
it reached to a fairly constant value over a wide suction
range. For some silty clays or clays, an increase in the soil
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suction always leads to an increase in the shear strength.
Zhang et al. (2020) and Patil ez al. (2017) reported the peak
strength at failure kept increasing and never decreased for
expansive soil and clay over a wide suction range.
Therefore, the failure strength of different soil types over a
wide suction range can be broadly classified into three
groups, as shown in Fig. 11(the figure was modified from
Vanapalli 2010). In Fig. 11, ¢' is the angle of effective
friction; ¢ is the angle of friction related to the matric
suction. In the linear regime, ¢ is the same as ¢. Once the
soil starts to be desaturated, there is a nonlinear increase in
the shear strength, and ¢ is less than ¢'.

4. Conclusions

This paper investigated the soil-water retention and
mechanical behavior of compacted silt over a wide suction
range. The following conclusions can be drawn from this
study:.

* Results of soil-water retention tests show that the
SWRCs in terms of the suction and water content
relationship is independent of the void ratio or dry density
over a high suction range. Based on the above results of
soil-water retention tests, triaxial shear tests under constant
water contents can be regarded as those under constant
suctions in a high suction range.

 Results of triaxial shear tests show a strain-hardening
behavior with a slightly shear contraction and then strain-
softening behavior with an obvious dilation for compacted
silt with the initial void ratio of 0.75. Over a wide suction
range, the shear strength increases up to a peak value with
increasing the suction, and then decreases when the suction
is beyond a special value corresponding to the peak
strength. The residual strength increases to a reasonably
constant value, and those at high suctions are almost
independent of imposed suctions.

e The failure strength and residual strength of
unsaturated compacted silt at high suction are slightly larger
than that of the specimen at very low suction. This indicated
that the contribution of suction to the strength of compacted
silt would not diminish.
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