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Abstract Expansive soils for residential projects are
often treated with liquid ionic soil stabilizer (LISS)
using deep pressurized injection method. Liquid ionic
soil stabilizers have a long history of application in
practice. However, there is limited knowledge and
experimental evidence of their stabilization mecha-
nism and effectiveness. This paper summarizes the
research that investigated the effects of liquid ionic
stabilizers on key engineering properties of a highly
expansive clay from Carrollton, Texas, through com-
prehensive physical and mechanical testing and
microscopic observation of untreated and treated soils.
Test results before and after treatment were analyzed
for two different treatment ratios: 1:300 and 1:150,
showing a 53% swell reduction for treated soil
compacted at the optimum moisture content (OMC)
for treated soil, and 25% swell reduction for treated
soil compacted at the OMC for the untreated soil.
There was no significant improvement in unconfined
compressive strength; noticeable improvement in
stiffness was observed. The microscopic analysis
showed a marked change in morphology and quanti-
tative element composition, thus suggesting the
occurrence of a reasonable degree of stabilization.
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1 Introduction

Pavement distress and foundation failure are common
in expansive soils and result in significant expendi-
tures for repair and maintenance. The United States
suffers billions of dollars of economic loss each year
due to expansive soil problems. Chemical stabilization
of these soils is usually achieved by using traditional
stabilizers such as lime, cement, and fly ash. The
underlying stabilization mechanisms are well known,
and the standards for practice are properly docu-
mented for these stabilizers. However, they are
expensive: the production of 1-ton ordinary Portland
cement requires up to 150 kWh of energy, which is
almost 40% of the total production cost (Khadka
2017). In addition, they are calcium-based; hence their
use in sulfate-rich soils leads to excessive swelling and
heaving (Hunter 1998). As the calcium present in the
stabilizer reacts with sulfate and alumina in the soil, it
forms a series of calcium—aluminum—sulfate hydrates;
and the formed minerals, namely ettringite and
thaumasite, cause a substantial increase in volume.
Non-traditional stabilizers are a potentially feasible
alternative to traditional calcium-based stabilizers.
They are classified into several categories: ionic,
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enzyme, lignosulfonates, salts, petroleum, resins,
polymers, and tree resins (Tingle 1989). Liquid ionic
stabilizers are non-calcium-based stabilizers, which
are hypothesized to work through cation exchange and
flocculation of the clay minerals that occur as a result
of a change in electrolyte concentration of the pore
fluid (Scholen 1992, 1995). They are intended to
mimic the transformation of clay minerals into a
stable phase that is expected to occur in nature over a
geological timescale. The cations attached to the
surface of the clay particles are replaced by liquid
ionic stabilizer with small hydration cations (Xiang
2010). The process reduces the surface charge density
on the clay surface and compresses the thickness of
double-layer water (Liu et al. 2009). The composition
of a particular liquid ionic stabilizer varies with the
manufacturer; because of proprietary issues, its exact
composition is seldom disclosed. They are diluted and
used in conjunction with secondary products like
surfactants, catalysts and UV inhibitors (Tingle 1989).
The use of secondary additives can facilitate the
primary stabilization mechanism by introducing a
secondary stabilization mechanism. For instance, the
surfactant can improve the wetting of soil particles by
altering the surface charge on these particles and hence
lowering the surface tension of the pore fluid.

Liquid ionic stabilizers are produced from acid
concentrates diluted in water and readily applicable in
the field. About 10,000 square feet of the site area can
be treated to depth 10-15 feet in one single day. The
transportation cost for the stabilizer is also relatively
low (Katz 2001). Previous studies have demonstrated
the ability of liquid ionic stabilizers to reduce the
plasticity index (PI) of expansive soils and increase
their strength (He 2018; Kushwaha et al. 2019; Lu and
Xia 2015). Lu and Xia (2015) found that the strength
of an expansive soil from Anyang, China, after
treatment increased with curing days, with the max-
imum increase occurring in 28 days. He (2018) tested
an expansive soil from Dallas, Texas, demonstrated
the positive effects of the stabilizers on reducing PI,
swell and increasing the unconfined compressive
strength which was all improved with an increased
rate of application and number of curing days.
However, despite some promising results observed
in the past, engineers continue to be reluctant to
generalize the use of liquid ionic stabilizers, primarily
because of the relative dearth of literature explaining
their working mechanism. There are also differences
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in the test methods followed in the laboratory and the
field. Consequently, the existing experimental evi-
dence is not sufficiently reassuring as an indicator of
actual field performance (Petry 1997). Rauch
et al. (2003) stated that the differences in moisture
content and dry unit weight among the treated and
untreated soil specimens affect the interpretation of
the test results. “This effect appeared to be more
significant than the effects of chemical treatments
(Rauch et al. 2003).” This inconclusive findings from
the previous studies have been the chief motivation for
the present work.

In this work, an expansive soil from Carrollton,
Texas, was selected for the experimental program. The
laboratory experiments included Atterberg limits,
sieve analysis, standard compaction, swell test, and
unconfined compressive strength test. For the swell
test, the soil specimens were compacted at different
moisture content and density determined from soil
compaction tests on both treated and untreated soils.
Microanalysis of the soil was conducted to assess soil
fabric and chemical element changes in the treated soil
via a scanning electron microscope (SEM) and energy
dispersive spectrometer (EDS) based analyses.

2 Materials

Expansive soil was collected from a depth of about 4
feet below the ground surface in Carrollton, Texas.
The soil was classified as fat clay (CH) as per USCS.
The grain size distribution of the soil is shown in
Fig. 1, and the basic properties are listed in Table 1.
More than 80% of the soil is finer than No. 200 sieve,
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Fig. 1 The grain size distribution of control soil
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Table 1 Basic properties of control soil

Liquid limit (%) 62.8
Plasticity index (%) 41.4
Specific gravity (-) 2.71
Optimum moisture content (%) 23.0
Maximum dry density (pcf) 96.5

with clay fraction accounting for 10%. The soil
passing through No. 40 sieve was used for the
experiments unless otherwise mentioned.

A concentrated liquid ionic stabilizer (LISS),
locally available as a commercial product and com-
prised of sulfuric, phosphoric, and citric acids were
selected. The following describes the application
procedure of the LISS in the field. The acid concen-
trate is diluted with water and surfactant (an additive)
at a selected job site before it is applied to the soil. The
supplier recommends a dilution ratio of 1:300 (here-
after termed as the treatment ratio), which means that
3.79 dm® (1 gallon) of the concentrated chemical
should be mixed with 1135.62 dm> (300 gallons) of
water and 42.5 g of surfactant. For field application,
the solutions of liquid ionic stabilizer, water, and
surfactant are mixed in a large container and are
pumped through a pipe to the hollow perforated
drilling rods previously driven into the soil, as shown
in Fig. 2. The foundation soil is treated with water
only before the chemical injection, termed as pre-
conditioning. During the chemical injection, five rods
supply the diluted chemical solution through high-
pressure injection at varying depths, usually extending
up to 3.048 m (10 feet) depth. The injection process
will be repeated until the required swell reduction is
achieved.

For this lab study, two treatment ratios were
initially selected. One followed the manufacture
dilution ratio of 1:300 described above, and another
doubled the concentration of the solution (1:150).
Table 2 provides the doses of each component of the
liquid ionic stabilizer used in the lab treatments. The
sample preparation protocol was not intended to fully
replicate the field procedure, as shown in Fig. 2;
instead, a simplified approach of treatment, i.e.,
mixing the soil with the diluted stabilizer, was
adopted. Before preparing samples for laboratory
tests, oven-dried soil was mixed with the stabilizer
solution at a ratio determined by the target water

Pipe Connected to Pressurized
Liquid Chemicals

Liquid lonic Soil Stablizer Solution

Expangive soil
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Fig. 2 Field injection of liquid ionic soil stabilizer: a sampling
site, b illustration of injection mechanism

content to prepare wet soil samples needed for
different lab tests. The wet mixed samples were
allowed to equilibrate thoroughly under controlled
humidity.

3 Stabilizer Effects on Atterberg’s Limit
3.1 Test Procedures (LL, PL, PI)

The ASTM D4318 standard was followed in perform-
ing Atterberg limit tests on control and treated soils.
As per the guidelines, about 150 g of soil passing
through number 40 sieve was used for this purpose.
The dry soil was mixed with a certain amount of
diluted liquid stabilizer to obtain a moisture content
slightly below the liquid limit. The mixed soil was
kept in a humidity-controlled room overnight in order
for the stabilizer to react with the clay particles. After
moisture was equilibrated, the liquid limit test was
done by further mixing soil with the same diluted

@ Springer



4984

Geotech Geol Eng (2020) 38:4981-4993

Table 2 Liquid ionic stabilizer doses for soil treatment

Treatment ratio Chemical volume (ml)

Surfactant weight (g)

Water volume (dm*/gallons)

1:300 12.6 0.144
1:150 25.0 0.288

3.79/1
3.791

stabilizer. For the plastic limit, a small amount of soil
prepared at the consistency of the liquid limit was
allowed to dry, and the test was performed according
to the standards.

3.2 Results

The liquid limit and the plastic limit of the soil relate to
its consistency. Table 3 shows the result of LL and PL
tests on control and treated soils. As shown in the
table, the plastic limit of the soil is relatively constant
before and after the treatment, whereas there is a slight
change in the liquid limit with the treatment. The
change, however, is not consistent as there is a slight
increase in liquid limit with 1:300 treatment ratio and a
decrease with 1:150 treatment ratio. The change is not
significant and may not be attributed solely to the
effect of stabilizer, considering the test uncertainty.

4 Stabilizer Effects on Compaction Properties
4.1 Test Procedures (OMC, MDD)

The standard Proctor compaction test was performed
to assess the relationship between the moisture content
and dry density of the soil before and after the
treatment according to ASTM D698. In previous
studies on ionic liquid stabilizers, the standard proctor
test was performed only on the untreated soil, and both
the treated and untreated soil specimens were com-
pacted at the same target optimum moisture content
and maximum dry density determined from the
untreated soil (Rauch et al. 2003). As the LISS was

reported to affect soil compaction characteristics, a
separate optimum water content for compaction of the
untreated and treated soil samples was determined (He
2018). In this study, Proctor test was performed on
both untreated and treated soils. The treatment of the
soil was achieved by mixing the soil with diluted
stabilizer solution at different moisture content and
then keeping the treated soil in the moisture room to
allow time for reaction. The standard Proctor test was
then carried out on the following day by compacting
the samples in three layers in a standard mold, as per
the standard.

4.2 Results

Figure 3 shows the moisture—density curve for control
and treated soil. For the treated soil, the mixture at
different water content was kept overnight before
compaction to ensure the reaction between soil and
stabilizer has taken place. It is evident from Fig. 3 that
optimum moisture content (OMC) increased and
maximum dry density (MDD) decreased after treat-
ment. A liquid ionic stabilizer needs water for an
initial reaction to occur, so the increase in the OMC
may have occurred because of the additional require-
ment of the water needed to complete the reaction. The
graphs show that MDD was slightly higher for the
1:150 treatment ratio than for the 1:300 treatment
ratio.

Table 3 Atterberg limits

Treatment ratio Liquid limit (%)

of control and treated soils

Plastic limit (%)

Plasticity index (%)

Control 62.9
1:300 65.5
1:150 59.9

21.5
21.9
20.9

414
43.6
39.0
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Fig. 3 Standard Proctor compaction curve of control and treated soils

5 Stabilizer Effects on Swell Properties
5.1 Test Procedures (1-D Swell)

The one-dimensional swell test was used to determine
the swell potential of control and treated soil. It is easier
to perform than the three-dimensional volume change,
and it quickly identifies the expansive nature of the soil.
Samples with a diameter of 6.35 cm (2.5 in.) and a
height of 2.54 cm (1 in.) were prepared in a single layer
by static compaction via a load frame. All control and
treated samples were prepared at its respective opti-
mum moisture content (OMC) and 95% of maximum
dry density (MDD), as per Fig. 3. Treated samples were
also prepared at OMC and 95% of MDD of the control
sample. 95% of MDD was chosen to represent a typical
compaction requirement in the field. The samples were
placed into an oedometer ring under a small token load
of 1 psi. The sample was inundated with the distilled
water, and the vertical swelling of the sample was
recorded via a dial gauge. Dial readings were taken until
they became virtually constant, after 3 days.

5.2 Results

Figure 4 shows the results of the one-dimensional
swell test for the samples prepared at their respective
OMC and 95% of MDD. It is evident that the swell
potential of the control soil is rather high, as expected,

10

Control (23%, 14.5 kN/m?, 1day)
1:300 (27%, 13.6 kN/m?3, 7 days)
1:300 (27%, 13.6 kN/m?, 28 days)
1:150 (27%, 13.8 kN/m?, 7 days)
1:150 (27%, 13.8 kN/m?, 28 days)
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Fig. 4 Effect of liquid ionic stabilizer on swell potential of test
soil

reaching a value of 9.25%. However, after treatment,
the swell potential (swell strain) was reduced to almost
4%. It can also be observed that neither the number of
curing days nor the percentage of treatment ratios had
a significant effect on the swell potential of the
samples. The reduction in swell strain was about 53%
of the original swell; however, the residual swell of
4% after treatment was still relatively high.

Another observation is that there were variations in
the initial condition of the sample. The control sample
had lower OMC and higher MDD, whereas the treated
sample had higher OMC and lower MDD as shown in
Fig. 3. The initial soil moisture content and degree of
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compaction affect the swell of expansive soil. Two
more compacted soil specimens, one treated at 1:150
ratio and one untreated, were prepared by swapping
the moisture content and dry unit of treated and
untreated sample. The treatment ratio used for this
purpose was 1:150, which has a higher concentration
of chemicals compared to 1:300 treatment ratio. The
purpose of the two new specimens was to eliminate the
effect of moisture content and dry unit weight or
degree of compaction on the effect of swell. The
results are shown in Fig. 5.

As observed in Fig. 6, the control soil, when
compacted at higher OMC (27%) and lower dry unit
weight (13.8 kN/m?), yielded lower swell potential.
The one-dimensional swell potential was only 5.35%
as opposed to the initial value of 9.25%. However, the
swell potential observed for treated soil with 1:150
treatment ratio at lower OMC (23%) and higher dry
unit weight (14.5 KN/m®) was much higher, rising to
9.38% which is virtually the same value observed for
control soil in the first case. When the swell potential
of untreated soil at higher moisture content and lower
dry unit weight (i.e., OMC and MDD of treated soil) is
compared with that of treated soil compacted at the
same moisture and dry unit weight, there is a net
reduction of the swell potential of only 1.35%, a
reduction of 25% of the original swell (5.35%).
Therefore, it can be concluded that if the treated and
control specimens are compacted at the same moisture
and density, the swell reduction will be much less
evident than when they are compacted at their OMC
and MDD, respectively. Therefore, it is preferred to
compact the treated soil according to the compaction
curve of the treated soil, not the compaction curve of
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Fig. 5 1-D swell test on the basis of OMC and MDD
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Fig. 6 Typical failed sample from UCS test

the virgin soil, as previously tested by Rauch et al.
(2003). The treated soils were compacted at the same
moisture and density as the control soil in the study by
Rauch et al. (2003), and it is concluded that the treated
soils had an insignificant swell reduction, which
agrees with the findings of this study.

6 Stabilizer Effects on Unconfined Compressive
Strength

6.1 Test Procedures (UCS)

Unconfined compressive strength (UCS) was per-
formed on control and treated specimens to study the
effect of stabilizer on the strength of the soil,
according to ASTM D2166. Specimens of 7.26 cm
(2.86 in.) diameter and 14.73 cm (5.8 in.) height were
prepared by static compaction. Specimens of three
types of soil, i.e., control soil, soil treated at 1:300
ratio, and soil treated at 1:150 ratio, were prepared for
UCS tests. All the specimens were compacted at their
respective OMC and 95% of their respective MDD, as
per Fig. 3. The compaction was achieved in three
layers to ensure that each layer was compressed
properly. Before adding the second layer, the upper
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surface of the already-compacted first layer was
scratched to ensure bonding between the successive
layers. The treated specimens were allowed to cure in
the humidity-controlled room for 7 days and 28 days
prior to UCS testing. In each case, the average strength
was assessed by testing at least two identically
prepared specimens. Figure 6 shows a typically failed
specimen.

6.2 Results

Figures 7 and 8 show the results of UCS tests
performed on control and treated specimens for
different curing days. Table 4 summarizes the UCS
values and the corresponding moisture content and
compaction density. Modulus at 50% of peak strain
(Esp) is also prested in Table 4 to quantify the effect of
treatment on modulus. The average UCS results are
presented in Fig. 9. In general, the results show that
there is a decrease in soil strength after treatment. The
maximum strength obtained with the control soil was
331 kPa (48 psi), which after treatment with 1:300
treatment ratio was reduced to less than 250 kPa
(36 psi), regardless of curing time. After 1-day curing,
the strength decreased by 40%, to almost 21 kPa
(31 psi). The strength increase of the treated speci-
mens occurs for specimens cured for 7 days. After
7 days curing, the increase of curing time has negli-
gible effect on the strength. The maximum gain of
strength is 36 kPa for 28 days of curing. Likewise,
UCS results with 1:150 treatment ratio shows a loss of
strength after treatment. Compared to 1:300 treatment
ratio, however, there was an increase in strength, but
the strength gain observed was still less than that of the
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Fig. 7 UCS of control and treated soil (1:300 treatment ratio)
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Fig. 8 UCS of control and treated soil (1:150 treatment ratio)

control soil. Again, the effect of curing was not
significant. The modulus Esy at 7 and 28 days after
treatment slightly increased; However, the modulus
Eso at 1 day after treatment slightly decreased as
compared to the untreated samples.

Since the specimens were prepared at different
OMCs and MDDs, the variation in strength could have
been a function of various factors. The specimens for
1:300 and 1:150 treatment ratios were compacted at
higher moisture content and lower dry density as
compared with that of the control soil (see Table 4).
The high moisture content and low dry density can
lead to a decrease in UCS. Therefore, it is not clear
whether the stabilizer caused the actual loss in
strength, or whether it was due to variations in
moisture content and density of the specimens
prepared before and after treatment. Additional treated
specimens were prepared by reducing the moisture
content and increasing the maximum dry density so
that all of the treated and control specimens had the
same moisture content and dry density as the control
soil specimen, i.e., moisture content and dry density
equal to 23% and 14.5 kKN/m® (95% of MDD of the
control soil) respectively. The results are shown in
Fig. 10, indicating an increase in UCS strength with
the new combination of moisture and density for the
treated specimen. The new strength is compared to
that of control soil; hence no apparent loss of strength
is experienced under these particular compaction
specifications. Both treated specimens exhibit higher
modulus Esq and smaller strain at peak strength. The
treated soils at the dosage of 1:150 have shown
improved modulus, and the improvement slightly
increases with the increase of curing time.
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Table 4 Unconfined compressive strength test results

Treatment ratio Sample 1 UCS  Sample 2 UCS  Average UCS  Average Es Moisture Dry density
(curing days) (kPa) (kPa) (kPa) (MPa) content (%) (kN/m3)
Control 351.6 309.6 330.9 44.2 23.0 14.5

1:300 (1 day) 215.1 208.2 211.7 35.1 27.0 13.6

1:300 (7 days) 245.5 251.0 248.2 47.0 27.0 13.6

1:300 (28 days) 255.1 244.8 249.6 479 27.0 13.6

1:150 (1 day) 272.3 263.4 267.5 372 27.0 13.8

1:150 (7 days) 273.7 304.7 289.6 46.9 27.0 13.8

1:150 (28 days) 292.3 283.4 287.9 447 27.0 13.8

7 Stabilizer Effects on Soil Fabric and Structure
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7.1 Test Procedures (SEM)

SEM imaging is a high-resolution imaging technique
that can be used for morphological examination of
solid objects. It has a very high resolution of about
I nm and can be used in observing the fabric
arrangement of the soil sample. In this work, SEM
imaging of control and treated soil samples were
obtained to investigate whether the liquid ionic
treatment made any morphological changes. SEM
imaging requires special sample preparation, as the
technique involves direct reflection of electrons from
the surface of the soil (Sides and Barden 1970).
Wrongly prepared samples may lead to damages of the
soil structure and thus erroneous interpretation of false
voids, fractures, particle structures.

For the preparation of the specimen, a small, cube-
shaped sample was cut out of the compacted specimen
with a sharp blade. It was then air-dried, as the samples
with moisture are rejected by the SEM devices. After
drying, the surface of the sample was peeled off with
tape about 50 times to remove any broken debris from
the surface, which would result in a misleading
assessment of the changes in the fabric of the
specimen. The sample was then mounted on an
aluminum stub, with the help of double-sided carbon
tape, and coated with the silver in CRC-100 sputtering
system at a pressure below 0.001 millitorrs. The
sample was coated to avoid charging the sample,
which would cause the glazing of the resulting images.
Finally, the sample was observed under a field-
emission and scanning electron microscope. A Hitachi
S-4800 field-emission scanning electron microscope
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and an S-3000N scanning electron microscope were
used for imaging.

7.2 Results

The effect of a liquid ionic stabilizer, if any, would be
evidenced by a change in the morphology of the
treated soil, and hence the soil fabric. The SEM images
in Fig. 11 were taken at 30 kV voltage and 5000
magnification, whereas the FE-SEM images in Fig. 12
were taken at 15 kV voltage and 5000 magnification.
As can be observed in Fig. 11, there were some
noticeable changes in the soil’s morphology before
and after the treatment with 1:300 ratio. The flakes that
were observed before the treatment were not present in
the second picture, and there was a bead-like appear-
ance in the soil after treatment. Similarly, as observed

000000 WD15.5mm 30.0kV x5.0k  10um

(b)

Fig. 11 SEM imaging: a control sample, b sample treated with
1:300 treatment ratio

Flake-like/
particles

(b)

Fig. 12 FE-SEM imaging: a control sample, b sample treated
with 1:150 treatment ratio

in Fig. 12, treatment with 1:150 treatment ratio
showed changes in the morphology before and after
the treatment. The particles seem to be closer together
with the treatment, and the somewhat flaky edges that
could be seen in the images before treatment were not
visible after treatment. The flaky characteristics at the
edges are typical of smectite group of minerals and
often suggest expansive behavior of soil. Katz (2001)
performed SEM analyses of samples of sodium
montmorillonite clay treated and untreated by sul-
fonated oil electrolyte, an ionic stabilizer. The treat-
ment at a mass application ratio of 1:6000 caused
“some changes in the clay particles, especially on the
edges of the flakes.”
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8 Stabilizer Effects on Soil Mineral Composition
8.1 Test Procedures (CEC, SSA, TP, EDS)

The most important clay minerals that might be
present in the soil are montmorillonite (M), illite (1),
and kaolinite (K). Montmorillonite is an expansive
mineral under smectite group and has a very high
potential for swelling under wet conditions. Quantifi-
cation of these minerals helps in understanding the
expansive behavior of soil. Quantification of major
minerals in the control soil sample was done indirectly
through the measurement of cation exchange capacity
(CEC), specific surface area (SSA), and total potas-
sium (7TP) of the soil by using the following correla-
tions (Chittoori 2008):

%M = —2.87 + 0.08 * SSA + 0.26 x CEC
TP
Nl = {6} * 100

%K =100 — %I — %M

Chapman (1965) presented a method for measuring
CEC of the soil by saturating and washing it with
ammonium acetate. The procedure involves the
replacement of cations in the soil with ammonium
acetate and measuring the ammonium acetate con-
centration in potassium chloride solution by further
washing ammonium acetate in the soil with iso-
propanol and potassium chloride solution. CEC was
measured for 25 g of dry soil finer than sieve number
40.

The method for determining SSA of soil was first
introduced by Dyal and Hendricks (1950), which was
then modified by Carter et al. (1965). Applying this
method, approximately 1.1 g of dry soil passing sieve
number 40 was saturated with about 3 ml of EGME
and the excess EGME over the surface of the soil was
removed in a vacuum desiccator. The desiccant used
for this purpose was EGME-CaCl,. The process took
more than 48 h to reach constant weight.

The total potassium in the soil was measured
through EDS. EDS directly gives the percentage of
varied elements present in the soil. The characteristic
x-ray released during the transition of electrons is
peculiar to each element. The energy level is associ-
ated with each element, and hence the elements can be
identified. The SEM setup discussed in Sect. 7 was
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also equipped with an energy dispersive spectrometer
(EDS). An EDS analysis was performed on the
samples of control and treated powder soil, passing
through No. 200 sieve. The sample was mounted on
aluminum stub with double-sided carbon tape before it
was placed into the equipment. EDS also provides
relevant information about the weathering of silica
through observation of the Al:Si ratio. In the natural
weathering process, silica is released from the clay and
hence the Al:Si ratio increases. On the other hand, if Al
is selectively extracted from the clay, the Al:Si ratio
decreases (Rauch et al. 2003). The suggested mech-
anism of cationic exchange means that selective
extraction of aluminum is followed by the decrease
in the Al:Si ratio. In this work, the Al:Si ratio was
determined by using the average weight percentage of
the scanned matrix determined by the EDS analysis.

8.2 Results

The average cation exchange capacity of control soil
was obtained to be 120.7 meq/100 g of soil. The
specific surface area and total potassium were mea-
sured to be 181 m?/g and 2.06% respectively. Accord-
ingly, montmorillonite, illite, and kaolinite comprised
43%, 34%, and 23% respectively of the soil minerals.
As observed, montmorillonite was highest in compo-
sition among the major minerals which support the
expansive behavior of soil. Flaky edges of soil sample
observed in the SEM imaging in Fig. 11 can be
attributed to the dominant presence of montmoril-
lonite in soil.

Figure 13 shows the graphic outputs obtained from
the EDS analysis of the control and the treated soil
which plot the x-ray counts versus energy. Energy
peaks correspond to the various elements in the
observed sample and the intensity (counts/s) indicates
the concentration of that element (Rauch et al. 2003).
Tables 5, 6, 7 and 8 show the percentage composition
of the major elements, including oxygen, silicon,
aluminum, magnesium, potassium, calcium, and iron
in the control and the treated soil. There was a slight
decrease in the Al:Si ratio from 0.46 to 0.42 and 0.43
after the treatment with the 1:300 and 1:150 treatment
ratio. However, the change is not statistically signif-
icant based on the sample variations observed in
Tables 5, 6,7 and 8. Similar findings were reported on
the EDS analyses of the ionic treated soils by
Rauch et al. (2003).
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Fig. 13 EDS spectrum: a control sample, b sample treated with
1:300 treatment ratio, ¢ sample treated with 1:150 treatment
ratio

9 Summary and Conclusions
An expansive soil from Carrollton Texas was selected

and tested with a liquid ionic soil stabilizer. The
laboratory test results can be summarized as follows:

Montmorillonite, illite, and kaolinite comprised
43%, 34%, and 23% of the soil minerals.
Atterberg’s limits of the Carrollton soil were
insensitive to the variation of treatment ratio.
Slight changes in liquid limit were observed;
however, the results were insignificant and
inconsistent.

The ionic soil stabilizer altered the soil compaction
curve by increasing the OMC from 23 to 27% and
decreasing the MDD from 15.2 to 14.3 kN/m®
(1:300 treatment ratio) and 14.5 kN/m? (1:150
treatment ratio).

About 53% swell reduction was observed for
control and treated soil specimens when com-
pacted at their respective OMC and MDD. How-
ever, the effect seems to be more pronounced
because of the difference in OMC and MDD of the
treated and control sample. When compared with
control soil compacted at the OMC and maximum
dry unit weight of the treated soil, the swell
reduction is only as much as 25%.

When the soil is treated during compaction, the
compaction curve of the treated soil should be used
to selected moisture and compaction density to
achieve maximum swell reduction.

The unconfined compressive strength slightly
decreased after the treatment when the treated
soils were compacted according to the compaction
curve of treated soil. The unconfined compressive
strength of treated soils is close to the untreated soil
when the treated soils were compacted according
to the compaction curve of the untreated soil.
However, the modulus Esy of the treated soil
increased after 7 days of curing for both com-
paction method.

Modifications of soil fabric and structure were
observed in the SEM images. The modifications
include the disappearance of the flaky structures
after treatment. Though not significant, evidence of
mineralogical changes of expansive clay minerals

Al (%) Mg (%) K (%) Ca (%) Fe (%)

Table 5 Major element . 0 (%) Si (%)
percentage for control soil
Trial 1 55.42 24.52
Trial 2 58.59 21.88
Trial 3 58.77 21.77

Average 57.59 2272

11.06 0.79 2.06 2.32 3.84

9.92 0.71 1.62 3.84 3.44
10.47 0.72 1.76 2.66 3.85
10.48 0.74 1.81 2.94 3.71
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Table 6 Major element

) O (%) Si (%) Al (%) Mg (%) K (%) Ca (%) Fe (%)
percentage for treated soil
(1:300 treatment ratio) Trial 1 55.05 23.63 9.38 0.73 1.84 4.28 4.86
Trial 2 52.17 22.24 9.75 0.75 2.14 4.69 7.85
Trial 3 4291 30.76 12.93 0.70 442 3.71 4.30
Average 50.04 25.54 10.69 0.73 2.8 4.23 5.67
Table 7 Major element 0%)  Si(%)  Al(%)  Mg(%) K@%  Ca(%)  Fe (%)
percentage for treated soil
(1:150 treatment ratio) Trial 1 58.46 22.30 10.15 0.77 1.62 2.33 3.49
Trial 2 54.10 22.15 11.60 0.57 2.13 3.66 4.98
Trial 3 54.58 29.43 10.02 0.66 1.51 1.11 2.44
Average 55.71 24.63 10.59 0.67 1.75 2.37 3.64
Table 8 Element composition of control and treated soils
Treatment ratio O (%) Si (%) Al (%) Mg (%) K (%) Ca (%) Fe (%)
Control 57.59 22.72 10.48 0.74 1.81 2.94 3.71
1:300 50.04 25.54 10.69 0.73 2.8 423 5.67
1:150 55.71 24.63 10.59 0.67 1.75 2.37 3.64

to a more stable phase was also found from the
EDS results.

Approximately 25% swell reduction was observed
when the treated and control soil specimens were
compacted at the same OMC and MDD of the control
soil. The reduction is much less as compared with the
treated soils compacted at its own OMC and MDD.
The possible reasons could be inertness of the
stabilizer to undergo any reaction because of the
insignificant dose of the stabilizer used. The mass
application ratio at the applied dilution is relatively
low. Field application wets the soil to near saturation
and swell tests are performed after about 2 weeks of
saturation. During the wetting of the soil, the soil is
allowed to swell and resulted in a relatively low
density. This means the application mass ratio for the
soil in the field is relatively high. The moisture
condition in the lab is near to optimum only, which
means the mass application ratio in the laboratory
could be low. This could be the reason for less impact
seen in the laboratory results as opposed to the
effective field performance of the stabilizer. Future
laboratory studies should focus on minimizing the
discrepancies in the procedures followed between
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laboratory and field so that more solid conclusions can
be drawn.
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