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Volumetric Behavior and Soil Water Characteristic Curve of
Untreated and Lime-Stabilized Reactive Clay

Asmaa Al-Taie1; Mahdi Disfani, Ph.D.2; Robert Evans, Ph.D., CPEng3; Arul Arulrajah, Ph.D., CPEng4;
and Suksun Horpibulsuk5

Abstract: This paper investigates the influence of lime stabilization of an expansive clay based on volumetric behavior and the soil–
water characteristic curve (SWCC). The selected soil was a residual clay located in Victoria, Australia. Specimens treated with an opti-
mum lime content (OLC) that was found to reduce swell potential were selected to investigate the SWCCs. Static compaction tests were
conducted to establish the virgin compression surface. Hyprop (Meter Group, Pullman, Washington), filter paper, and the chilled mirror
hygrometer were used to measure the SWCC at and below the surface at different net stress levels. To interpret the volumetric behavior of
untreated and treated soil using the SWCC, swelling and collapse values were measured at various initial moisture contents and stress lev-
els. The test results found that although the treated specimens were stabilized with lime at OLC, significant collapse and swelling potential
were obtained when the lime-treated specimens were prepared at high suction value and wetted under low net stresses. DOI: 10.1061/
(ASCE)GM.1943-5622.0001336.© 2018 American Society of Civil Engineers.
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Introduction

Expansive clays are common in many countries such as Australia,
China, India, and the United States (Puppala et al. 2006). These clays
have the ability to swell, shrink, and collapse due to wetting or drying
(Haeri et al. 2016). Many studies have been conducted to obtain em-
pirical correlations to predict swelling usingAtterberg limits, liquidity
index, and other properties that can be obtained by simple laboratory
tests (Van DerMerwe 1964; Bryson et al. 2011; Richards et al. 1984).
However, these studies did not interpret the behavior of swelling and
collapse mainly because different soils with similar Atterberg limit
values can exhibit very different volume change behavior patterns.
Fredlund (2000) suggested that the swelling and collapse behavior of
soils in an unsaturated condition can be better explained by consider-
ing the soil–water characteristic curve (SWCC).

The SWCC is a suction versus moisture content relationship at
constant stress and temperature (Fredlund 2006; Fredlund and Vu

2003; Iyer et al. 2012; Jones et al. 2009; Krishnapillai and
Ravichandran 2012). On the SWCC, the air entry value of the soil
represents the suction value where air begins to enter the largest
pores of the soil (Pasha et al. 2016). However, the residual water
content is the water content where a large suction change is required
to remove the additional water from the soil (Fredlund and Xing
(1994). Thus, the SWCC is divided into three zones: (1) boundary
effect zone, (2) transition zone, and (3) residual zone, as illustrated
in Fig. 1 (ColmenaresMontanez 2002; Fredlund 2006). Commonly,
the air entry value, which is obtained at the end of the boundary
effect zone and at the beginning of the transition zone, occurs close
to the line of optimums (LOO) (Kodikara 2012).

Kodikara (2012) pointed out that most studies on the SWCC
were conducted on stresses lower than the compaction stress
(unloaded soil). Consequently, all outcomes achieved from labora-
tory tests have been restricted to being below the yield surface
(Chinkulkijniwat et al. 2015; Colmenares Montanez 2002; Dineen
et al. 1999; Romero Morales 1999). Kodikara (2012) described the
volumetric behavior of a compacted unsaturated soil using a new
framework based on net stress (s ), void ratio (e), and moisture ratio
(ew) (ew = moisture content� specific gravity) as the main variables
and suction as a dependent variable. The static compaction tech-
nique to generate virgin compression surface was also adopted by
Kodikara (2012).

This paper adopted Kodikara’s framework to study the influence
of lime stabilization of an expansive clay soil based on volumetric
behavior and the SWCC. The experimental program investigated
the SWCC at the virgin compression surface to interpret the collaps-
ible behavior, whereas the swelling behavior was investigated by
studying the SWCC below the surface. In this study, the optimum
lime content (OLC) (according to swelling potential) was selected
for specimens prepared at optimum moisture content (OMC) and
maximum dry density (MDD) to investigate the effect of the SWCC
on stabilized soil behavior. The question raised here is whether a
significant collapse and swelling potential can be obtained if a soil
is stabilized with lime at the OLC and prepared at a higher suction
(dry side of the OMC).
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Material andMethodology

A series of laboratory tests were performed to interpret the influ-
ence of lime stabilization of an expansive clay soil based on volu-
metric behavior and the SWCC. Firstly, standard Proctor compac-
tion and 1-D swell tests were conducted to obtain the OLC based
on swelling potential. Secondly, static compaction tests were con-
ducted to establish compaction curves at different net stresses,
and subsequently, the virgin compression surface was generated.
Thirdly, Hyprop (UMS 2013), filter paper, and a chilled mirror
hygrometer [WP4C (Meter Group, Pullman, Washington)] were
used to measure the SWCC at and below the virgin compression
surface at different net stress levels. Fourthly, collapse and swel-
ling potential were measured at various initial moisture contents
and stress levels.

Material

The soil selected for this study was a residual clay weathered from a
quaternary basalt deposit located in Victoria, Australia (McAndrew
andMarsden 1973). This soil was collected at a depth of 1–2m. The
specific gravity was measured and found to be 2.71 (ASTM 2010).
According to ASTM (2007), sand, silt, and clay contents were
found to be 4, 43, and 53%, respectively. The liquid limit, plastic
limit, plasticity index, and linear shrinkage were measured and

found to be 73.7, 23.2, 50.5, and 20.3%, respectively (AS 2008;
ASTM 2000a). Consequently, this soil was classified as clay with
high plasticity (CH) (ASTM 2011).

Experiment Procedure for Determination of the OLC

The standard Proctor compaction test was performed according to
ASTM (2000b) to measure OMC and MDD for the untreated clay
specimens. To prepare the untreated sample, the clay was first dried
at 105°C for 24 h and then mixed with different moisture contents
and left for 7 days in sealed polythene bags for equilibrium.
However, for the treated clay, the compaction procedure outlined
by Ciancio et al. (2014) was considered. Dry sample was mixed
with lime (at 2, 3, 4, 6, and 8% lime content). Water was then added
and mixed, and the mixture was left for 1 h; then the whole compac-
tion procedure was achieved within 45min. The same procedure
was followed for various moisture contents.

A series of 1-D swell tests were also performed on the untreated
and treated samples. The swell test specimens were compacted to
OMC andMDD. The treated samples were allowed to cure for 1, 7,
and 28 days. During curing, the relative humidity was kept at 95%
and the temperature at 206 2°C. Once the specimens were placed
in an oedometer device, all specimens were saturated under a pres-
sure of 25 kPa to simulate field stress conditions.

Fig. 2. Setup of static compaction and state path tests.

Fig. 1. General SWCC structure according to ColmenaresMontanez (2002).
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Experiment Procedure for Generation of the Virgin
Compression Surface

For untreated and treated specimens, the virgin compression surface
wasgeneratedbycompactioncurvesat variousnet stresses.Static com-
paction tests were conducted at different moisture ratios to develop
each compaction curve. The specimenswere compacted staticallywith
a varyingmoisture content from 0 to 50%, while the static compaction
varied from2kPato4,000kPa.Thestressof2 kParepresented the loos-
est state and resulted fromtheweightof the loadingcap.

A static compaction setup was designed, as presented in Fig. 2,
to establish the virgin compression surface. For the untreated clay,
the specimens were dried and then mixed with water at various
moisture contents. The mixtures were sealed and left in plastic bags
for soil–water homogeneity. Tominimize friction between the spec-
imen and the wall of the mold, silicon grease was used. The

specimen was then set into the mold. The base of the mold should
be blocked, and filter paper was placed between the top of the speci-
men and loading cap to catch any water leaving.

For unsaturated specimens, the net normal stress is defined as the
excess of total normal stress over the pore air pressure. The stress
rate was controlled to guarantee that the air pressure was equal to
atmospheric pressure. At the dry side of the LOO, air is free to drain
easily, even under high rates of stress (fast loading). Thus, it can be
assumed that excess air pressure will not build up during compres-
sion, and hence, the applied stress is equal to the net stress. A set of
compression paths were plotted in e-ew space under different stress
rates to develop the loading wetting state boundary surface
(LWSBS) contours at the dry side of the LOO. When the moisture
content of specimens passed the LOO, slow stress rates were applied
to establish the drained states, avoiding excess air pressure to build
up. Therefore, it is assumed that the excess air pressure will not build
up, and consequently, the applied stress will be equal to the net
stress. Several drained constant net stress contours between the LOO
and saturation line [normally consolidated line (NCL)] were devel-
oped to establish the LWSBS contours. To develop a drained con-
stant net stress contour, specimens at different moisture contents
were compressed. Once the moisture content reached the LOO, a
much slower stress rate was applied. According to these developed
constant net stress contours, the specimens at the dry side of the
LOO were compacted at a high stress rate (i.e., 20 kPa/min for
stresses ≤ 1,000 kPa and 100 kPa/min for stresses> 1,000 kPa).
Once the moisture content arrived at the LOO, the stress rate was
decreased to 0.5 kPa/min for stresses ≤ 1,000 kPa and 1.5 kPa/min
for stresses> 1,000 kPa. During the test, the cell was covered with
plastic wrap, and the load framewas placed in a plastic bag to reduce
water content loss due to evaporation. At the end of the test, the final
void ratio was calculated measuring required inputs such as mass,
volume. and water content and using soil phase relationship. The
previous steps were repeated for other specimens at various moisture
contents and net stress levels to generate the surface.

The procedure to generate the surface for the lime-treated speci-
mens was slightly different. To prepare a compacted treated speci-
men statically, water was added to the dry soil–hydrated lime mix-
ture. At moisture contents higher than the LOO, the stress rate was

Table 1. OMC and MDD values of untreated and lime-treated samples

Lime (%) OMC (%) MDD (kN/m3)

0 25 14.9
2 26 14.78
3 26.5 14.68
4 26.9 14.61
6 27.8 14.54
8 28.5 14.41

Table 2. Swelling values of untreated and lime-treated samples

Lime (%)

Swelling after curing (%)

0 1 7 28

0 6.3 — — —

2 — 3.3 2.7 2.5
3 — 2.4 1.87 1.68
4 — 0.4 0 0
6 — 0 0 0
8 — 0 0 0
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Fig. 3. Virgin compression surface for the expansive soil.
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increased to 4 kPa/min for static stresses ≤ 1,000 and 8 kPa/min for
static stresses> 1,000 kPa. The reason for raising the stress rate was
due to the cation exchange and the flocculation process beginning
as soon as the water was added.

Experiment Procedure for Generation of Suction
Distribution at the Virgin Compression Surface

To identify the suction distribution of the untreated and lime
treated clays at the surface in e-ew space, it was important firstly
to measure the SWCC at the surface under different net stresses.
Specimens were prepared at various moisture ratios and then
compacted statically at different net stress levels. The values of
suction were then measured by using the Hyprop or filter paper
or chilled mirror hygrometer (WP4C) device based on the re-
spective moisture contents. The Hyprop, which contains tensi-
ometers, measures the matric suction of a soil within a range of
0–1,500 kPa (Murray and Sivakumar 2010). However, the WP4C

relies on the chilled mirror dewpoint technique, which measures
the total suction (i.e., matric suction and osmotic suction) of the
soil within a range of 1,500–60,000 kPa (ASTM 2016; Murray
and Sivakumar 2010). As the filter paper technique can measure
total and matric suctions, the osmotic suction was obtained at any
moisture content (ASTM 1994). For example, to produce the
SWCC for the untreated clay at a planned compaction stress, the
given steps were followed:
1. Specimens at different moisture contents were prepared and

compacted statically to the planned compaction stress. The
void ratios were then calculated.

2. At high moisture contents (i.e., range of matric suction from 0 to
1,500 kPa). The Hyprop was used to measure the matric suction.

3. The WP4C was used to measure the total suction at low mois-
ture contents.

4. The filter paper was used to measure the total and matric suc-
tion at different moisture contents, and subsequently, the os-
motic suction for expansive clay was obtained.
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Fig. 4. Virgin compression surface for the treated expansive soil with 4% lime.
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Fig. 5. SWCC at the virgin compression surface (untreated clay).
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Fig. 6. SWCC at the virgin compression surface (lime-treated clay).
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5. Steps 1 to 4 were repeated for specimens compacted statically
at different net stress levels.
The same procedure was followed for the lime-treated speci-

mens except the specimens were cured for 7 days after compaction,
and then the suction values were measured.

Secondly, the relationship between suction and void ratio was
obtained at different net stresses. Consequently, the suction distri-
bution of both clays were plotted.

Experiment Procedure for Generation of Suction
Distribution below the Virgin Compression Surface

To obtain the SWCC below the surface, specimens were prepared
under different moisture ratios, compressed statically to a certain net
stress, and then unloaded to an operational stress. The specimens
were then wetted with different amounts of water at that operational
stress. The suction of each specimen (after wetting) was measured.
Consequently, the SWCCs were obtained for each net stress level.
For the treated specimens, the same procedure was followed except

the specimens were cured for 7 days. The volume changes after wet-
ting were recorded, and void ratio was measured when the change in
the volume change became negligible. Consequently, the relation-
ship between void ratio and matric suction was obtained. Finally, the
suction distribution below surface was plotted.

It is important to note that after wetting the specimens to a cer-
tain amount of water at a certain operational stress and when the
volume change became negligible, the specimens were removed
from the setup, and the suction values were measured using the
Hyprop or WP4C. This means that the suction values will be meas-
ured under zero operational stress. Therefore, it is important to mea-
sure the slope of the unloading–reloading curve (k ) for the
untreated and lime-treated clays at different moisture contents.

Experiment Procedure for Measurement of the Slope of
the Unloading–Reloading Curve

A series of tests were performed to investigate the behavior of
unloading–reloading of an unsaturated expansive clay soil (untreated
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and treated with lime) at moisture contents varying from 0 to 22%.
Specimens were compacted to different stress levels and then
unloaded to 25, 100, 300, 500, 1,000, 2,000, and 4,000kPa.

Test Results

OLC

The OMC and MDD of untreated and treated (2, 3, 4, 6, and 8%)
specimens are presented in Table 1. The swell results given in
Table 2 reveal that a significant reduction in swell behavior
occurred for the specimens treated with 2% lime and eliminated
with the addition of 4% lime (Al-Taie et al. 2018). Hence, from the
swell test results, the OLC for this clay was found to be 4%. This
percentage was used in this study.

Virgin Compression Surface

Figs. 3 and 4 present the virgin compression surface for the
untreated and 4% lime treated expansive clay, suggesting that the
moisture ratio decreased as the void ratio increased. For very dry
soils, the moisture ratio increased with an increasing void ratio.
This behavior appears to be related to the weakening of the effect of
suction in forming strong contact between particles. This can conse-
quently lead to larger macro void space.

Slope of the Unloading–Reloading Curve

For the untreated clay, the average values of k over this range of
moisture contents ranged between 0.006 and 0.045. As the values of
k were very small, it could be considered as zero. For the treated
clay specimens, the values of k ranged between 0.016 and 0.028,

0

0.5

1

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

V
o
id

 r
at

io
 (

e)

Moisture ratio (ew)

s = 1 kPa s = 100 kPa
s = 200 kPa s = 500 kPa
s = 1000 kPa s = 2000 kPa
s = 4000 kPa s = 10000 kpa
s = 40000 kPa s = 100000 kPa

� = 2 kPa

25

50

100

300

4000

NCL, 

Sr=1

Matric suction

Fig. 8. Suction distribution at the virgin compression surface (untreated clay).

0

0.5

1

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

V
o

id
 r

at
io

 (
e)

Moisture ratio (ew)

s= 1 kPa s =100 kPa

s =200 kPa s =500 kPa

s = 1000 kPa s = 2000 kPa

s = 4000 kPa s = 10000 kPa

s = 40000 kPa s = 100000 kPa

� = 2 kPa

100

25

50

300

4000

NCL,

Sr=1

Matric suction

Fig. 9. Suction distribution at the virgin compression surface (lime-treated clay).
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which can also be considered to be practically equal to zero. Hence,
it can be assumed that the void ratio value after loading to a planned
compaction stress is equivalent to the void ratio after unloading to a
planned operational stress.

Interpretation of Volumetric Behavior of Unsaturated
Clay Using the SWCC

Suction Distribution at the Virgin Compression Surface
Figs. 5 and 6 present the SWCC at the surface for the untreated and
lime-treated clay samples. The osmotic suction for the untreated
clay was measured and found to vary from 80 to 100 kPa. As the
increase in cation concentration in the water leads to an increase in
osmotic suction (Zhao et al. 2014), the osmotic suction for the lime
treated clay varied from 340 to 380 kPa.

By measuring void ratio values after compaction, the rela-
tionship between void ratio and matric suction is presented in
Fig. 7. The range of this relation started from a moisture ratio
corresponding to the maximum void ratio. It was necessary to
identify the moisture ratio range where the void ratio started
from maximum to minimum value for a certain net stress level.
Figs. 3 and 4 found that the maximum void ratio value approxi-
mately occurred at the degree of saturation (Sr) of 37 and 33%
for the untreated and treated clay. Hence, for a certain net stress,
the relationship between suction and void ratio was studied for
the Sr range starting from 37 and 33% to the LOO, as presented
in Fig. 7.

By identifying the moisture ratio, void ratio, net stress, and suc-
tion for each specimen, the suction distribution at the surface was
plotted, as given in Figs. 8 and 9.
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As the slopes of the transition zone, presented in Fig. 5,
approached together after a suction value of 40,00 kPa for the
untreated soil, it can be noticed in Fig. 8 that the void ratio–
moisture ratio relationship followed the quadratic polynomial
function [Eq. (1)] for suctions higher than 4,000 kPa. However,
it followed the cubic polynomial function [Eq. (2)] for suction
below 4,000 kPa.

e ¼ aew
2 þ bew þ c (1)

e ¼ aew
3 þ bew

2 þ cew þ d (2)

However, for lime-treated soil (Fig. 9), the relationship between
void ratio and moisture ratio for each suction contour was found to
be more complex as the slopes of transition zone approached to-
gether after reaching a high suction (approximately after suction of
10,000 kPa in Fig. 6). Fig. 9 reveals that this relation followed cubic
polynomial function [Eq. (2)] for suction contours higher than

10,000 kPa, while it followed quartic polynomial [Eq. (3)] function
for suction contours below 10,000kPa.

e ¼ aew
4 þ bew

3 þ cew
2 þ dew þ f (3)

where a, b, c, d, and f = fitting parameters.

Collapse Measurement
To interpret the influence of suction on the collapse behavior, five
sets of 1-D tests were conducted based on compaction stress values
of 100, 300, 500, 1000, and 4,000 kPa. Fig. 10 presents the collapse
potential for specimens compacted to different compaction and
matric suction values (initial moisture content) and then wetted to
the saturation.

To investigate the relationship between suction and volumetric
behavior, two identical specimens were prepared at a certain mois-
ture content and compacted statically to a certain compaction stress.
For example, two identical untreated specimens were prepared at a
moisture content of 21% (ew = 0.57) and then compacted to the
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compaction stress of 100 kPa. The first specimen was used to mea-
sure suction, and it was found to be 5,300 kPa (Point 1 in Fig. 10).
The other specimen was saturated under the same compaction
stress. After saturation, the specimen volume reduced (i.e., col-
lapsed), and volume changes were recorded until they became neg-
ligible. The collapse value was then calculated, and it was found to
be 17% (Point 1).

The other two untreated specimens were prepared at a moisture
content of 26% (ew = 0.704) and then compacted to 100 kPa. The
first specimen was used to measure suction, and it was found to
be 2,000 kPa (Point 2). The other specimen was saturated under the
same compaction stress, and the collapse value was found to be
12.1% (Point 2). The same procedure was followed for the speci-
mens prepared at different moisture contents and then compacted
statically to 100kPa. Similarly for the specimens prepared at differ-
ent moisture contents and then compacted statically to the compac-
tion of 300; 500; 1,000; and 4,000 kPa.

For treated specimens, the same process was followed for the
untreated specimens except that the specimens were cured for
7 days, and suction and collapse values were then obtained (Point
3). The same approach was repeated to generate other curves.

Suction Distribution below the Virgin Compression Surface
Fig. 11 presents three groups of specimens that were prepared based
on initial moisture ratio. The first group included at least six identi-
cal dry specimens (moisture content of zero; ew = 0) compacted stat-
ically to 1,000 kPa and then unloaded to the operational stress of
2 kPa. The treated specimens were cured for 7 days. Each specimen
was wetted with different amounts of water (Sr from 0 to 100%) at
the operational stress of 2 kPa. After wetting, the volume changes
were recorded, and suction values were measured when the volume
change became negligible. The SWCCs for the first group of
untreated and treated clay specimens are given in Fig. 11 (LU 0
1000 2). The same procedure was repeated to obtain the SWCC
for the second and third groups with the change that the speci-
mens were prepared at moisture contents of 10 (ew = 0.271) and
20% (ew = 0.542) for the second and third groups, respectively.
After unloading, the specimens were wetted from moisture con-
tent equivalent to 10% for Group 2 and 20% for Group 3 to full

saturation, as given in Fig. 11 (LU 10 1000 2 and LU 20 1000 2).
To cover a wide range of the SWCC below the surface, specimens
were compacted under different initial moisture ratios to the com-
paction stress of 1,000 kPa and then unloaded to different opera-
tional stresses such as 25 kPa and 100 kPa, as presented in Figs.
12 and 13.

For specimens prepared at 0% moisture ratio, compacted to
1,000 kPa, and subsequently wetted with different amounts of water
under the operational stresses of 2, 25, and 100 kPa, the specimen
volume changes were measured after water was added. The void
ratios were then calculated, and consequently, the relationship
between void ratio and suction at a certain operational stress was
obtained, as given in Fig. 14. By identifying the moisture ratio, void
ratio, and suction for each specimen, the suction contours in e-ew
and e-ew-log (s ) spaces at operational stresses of 2 kPa, 25 kPa, and
100 kPa are presented (Figs. 15, 16, and 17).

From Figs. 15, 16, and 17, it was obvious that for high-suction
contours, the e-ew relation followed the exponential function path
[Eq. (4)]. However, as soon as the suction contours approached to
the NCL, where Sr is equal to 100%, the e-ew relation followed the
quadratic polynomial function (Eq. (1).

e ¼ e0 þ ae
ew�ew0

bð Þ (4)

where e0 and ew0 = initial void ratio and moisture ratio, respec-
tively; and a and b = fitting parameters.

Swelling Measurements
The same procedure used to measure collapse was followed to pre-
pare specimens and investigate the effect of suction on swelling
behavior. The only exception was that the specimens were unloaded
to a stress level less than the compaction stress and then wetted to
reach the saturation.

Fig. 18 presents the results of three sets of 1-D tests based on
operational stresses of 2, 25, and 100kPa. The first set included
three groups based on moisture contents (0, 10, and 20%) (ew = 0,
0.271, and 0.542). The first group included preparing two identical
specimens for the untreated and another two for the treated soils at
zero moisture content (Points 1 and 4). The specimens were
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compressed statically to 1,000 kPa and then unloaded to 2 kPa. The
treated specimens were cured for 7 days. One specimen was used to
measure the suction, and the values were found to be 190,000 kPa
and 140,000 kPa for the untreated and lime treated specimens,
respectively (Points 1 and 4), while the other specimen was then

saturated. After saturation, the volume of specimen increased, and
the increase in volume change (i.e., swell) was recorded. Once this
change became negligible, the test was stopped, and the final swel-
ling value was obtained. The final swelling value was found to be
30.1% for the untreated specimen and 14.8% for the lime-treated
specimen (Points 1 and 4 in Fig. 18).
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The same procedure was followed for the second and third
groups with the change that the specimens were prepared at mois-
ture contents of 10%, ew = 0.271, (Points 2 and 5); and 20%, ew =
0.542, (Points 3 and 6), respectively. The same steps were repeated
for the second and the third sets of tests except that the operational
stress was changed to 25 kPa and 100kPa, respectively.

Discussion

From Figs. 5 and 6, it was evident that as the net stress increased, the
SWCC moved downward. Fig. 5 (for the untreated soil) revealed
that the range of boundary effect zone increased as compaction stress
increased with this zone extended from suction value of 300 kPa (for

Fig. 17. Suction contours below the surface: (a) untreated clay; and (b) lime-treated clay.
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compaction stress of 100 kPa) to suction value of 3,000 kPa (for
compaction stress of 4,000 kPa). This means that as the compaction
stress increases, the void ratio decreases, and consequently, higher
suction is required to cause air to enter the pores of soil. However,
Fig. 6 (for the treated soil) revealed that the average range of bound-
ary effect zone extended to the suction value of 80 kPa. This value, if
compared with the untreated soil, indicated that the suction required
to cause air to enter the pores of soil was dropped after treatment.
The reason for this is lime contributes to reduce collapse value. The
reduction in void ratio after stabilization will be less than that of the
untreated soil (void ratio after stabilization will be higher than of
untreated soil). Consequently, the suction force required to cause air
to enter the pores of the treated soil is less than of the untreated soil.
At a certain stress, the treated soil needed more moisture content to
reach full saturation compared to the untreated soil. The reason for
this behavior can be explained by the fact that the cation exchange
process for lime-treated clay demands water to progress.

By focusing on the relationship between void ratio and suction
for both soils (Fig. 7), it was obvious that the void ratio increased as
suction increased. Furthermore, the change in void ratio decreased
as net stresses increased. The change in void ratio values for the
untreated soil was higher than the treated soil, and that is evidence
of improvement.

Fig. 10 gives the influence of suction on the volumetric behavior,
indicating that all specimens collapsed after wetting and the col-
lapse values increased as the specimen suction (directly after com-
paction) increased. Furthermore, the collapse values increased as
compaction stress decreased. Although the expansive clay was
treated with lime at OLC, the treated clay was considered to be cate-
gorized as high collapsible (ASTM 2003; Rafie et al. 2008) when it
was prepared at a suction higher than 2,000 kPa and wetted under a
compaction stress less than 300kPa.

Figs. 11, 12, and 13 represent the SWCCs below the surface. It
was evident that the first part of the SWCC of the untreated speci-
men started with a moisture ratio higher than of the treated speci-
men. The reason for this behavior was that the behavior of soil
below the surface described the swelling path after adding water.
This path either remained below the surface after reaching the satu-
ration or reached the surface, and that depended on the gradient of
this path (Al-Taie et al. 2016). The swelling path gradient of the
untreated soil was higher than of the treated soil. Therefore, it was

expected that the untreated specimen reached the saturation condi-
tion with a moisture content higher than that of the lime-treated
specimen, and consequently, the air entry value for untreated speci-
men was less than for the treated specimen.

Fig. 18 revealed that the specimens swelled after adding water,
and these values increased as the suction of the specimens (directly
after unloading) increased at a constant operational stress. Furthermore,
the swelling values decreased as the operational stress increased.
It is also important to mention that Fig. 18 found a significant swel-
ling occurred when the treated specimen prepared at suction ≥
10,000kPa (moisture content ≤ 10%), then compacted to 1,000 kPa,
and then wetted under operational stresses ≤ 25kPa. To check these
results, two identical specimens were prepared at a suction of
10,000kPa (10% moisture content) and then loaded to 1,000 kPa.
One specimen unloaded to 25kPa and then wetted to the saturation.
The swelling value was then obtained. The other specimen was
cured for 7 days, and then the same procedurewas followed to obtain
the swelling value. It was noticed that the difference in swelling val-
ues was small and can be neglected. This behavior can be attributed
to the mechanism of reaction between lime and clay. The first reac-
tion began after adding water to the clay–limemixture. The hydrated
lime dissociated to Caþ2 and 2(OH)−1 ions, and consequently, the
cation exchange, flocculation, and agglomeration started. That
means enoughwater should be provided to start the stabilization pro-
cess. As a result, adding a small amount of water to the clay would
not affect the stabilization process during curing. However, the OLC
was obtained at OMC, and thus, there was enough water to start the
stabilization process during curing.

Conclusions

A series of laboratory tests was performed to investigate the influ-
ence of lime stabilization of an expansive clay soil based on volu-
metric behavior and the SWCC. The soil specimens were treated
with lime at OLC (specimens were prepared at OMC andMDD and
subjected to pressure of 25 kPa), and then virgin compression sur-
face was established for both clays. The SWCCs were obtained at
and below the surface under different stress levels. The collapse and
swelling potential were tested under a wide range of moisture ratios
and stress levels. This study concluded that although the soil
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specimens were treated with lime at the OLC, the treated specimens
were considered to be categorized as highly collapsible when the
specimens were prepared at a suction higher than 2,000 kPa and
wetted under a compaction stress less than 300 kPa. Furthermore, a
significant swelling occurred when the treated specimen prepared at
suction ≥ 10,000kPa (moisture content ≤ 10%), compacted to
1,000 kPa, and then wetted under operational stresses≤ 25 kPa.
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