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Abstract
In many parts of the USA, expansive soils pose a significant hazard to infrastructures. These kinds of soils owe their character-
istics to the presence of swelling clay minerals. As they get wet, they swell; conversely, as they dry, they shrink. Many
stabilization methods have been developed to mitigate the adverse effects of expansive soil. One of them is the use of the ionic
additive. In this research, a liquid ionic product is evaluated as a non-traditional stabilizer. Soil samples from a specific con-
struction site in Texas and soil samples from Oklahoma were utilized. The evaluation tests involve the suction measurements,
swelling, and plasticity index for treated and untreated soils. Cyclic swelling tests were also carried out on reconstituted
specimens. From laboratory tests and analysis, it was found that this additive is effective in reducing swelling of both Texas
and Oklahoma soils. It reduces swelling of Texas soils by 0.4–6% and Oklahoma soil by 2–7.4%. The results of swelling cycles
reveal a permanent effect of this stabilizer on mitigating the swelling behavior. After the 3rd swelling cycle, the swelling for
Oklahoma soils was 5.58% lower than the natural soil, and for Texas soils, it was reduced by 6.02–8.49% for different
concentrations of the additive. However, no definitive trend was observed for reducing the shrinkage potential.
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Introduction

“Stabilization” refers to process where the engineering prop-
erties of the soil have been changed significantly (Kalidas
2014). There are two primary types of soil stabilization used
today—mechanical stabilization and chemical stabilization.
Mixing chemical additives with soil which changes the chem-
ical properties of the soil, thereby upgrading its engineering
properties, is known as chemical stabilization (Kalidas 2014).
Traditionally, the addition of cement, lime, bituminous, or
other agents is referred to as a “chemical” or “additive” meth-
od of soil stabilization (Kalidas 2014). Lime is the oldest sta-
bilizer used in the world (Qingquan et al. 2004). Cement was
first used as a stabilizer in the twentieth century (Azzam

2014). Other traditional stabilizers include fly ash, gypsum,
slag, alum, kiln dust, and stone dust (Zahri and Zainorabidin
2019). But, unfortunately all of these products have been re-
ported to have detrimental effects on the environment related
to carbon dioxide (CO2) emission and poor performance dur-
ing seismic activities (Zahri and Zainorabidin 2019). These
issues have led the experts in using some new types of non-
traditional stabilizers which are suitable, economical, and
come in liquid or powder form (Arabani et al. 2012). These
chemical stabilizers can work in different ways—
encapsulation of clay minerals, exchange of interlayer cations,
breakdown of clay minerals with expulsion of water from the
double layer, and interlayer expulsion with subsequent mois-
ture entrapment (Petry and Das 2001). Additives that work by
exchanging interlayer cations (also known as ionic stabilizer)
stabilize soil by the addition of certain ionizable salts in an
aqueous concentration (Graf 1976). In the field, the aqueous
solution is distributed throughout the soil by physical diffu-
sion and mass flow (Graf 1976). These chemical stabilizers
are usually sold as concentrated liquids and diluted with water
at the construction site (Katz et al. 2001). Although these non-
traditional soil stabilizers have potential advantages over tra-
ditional additives, professionals are reluctant to specify the use
of these products due to several reasons like the lack of pub-
lished studies and field performance data.
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Ionic stabilization

The ionic chemical additive used in this research study was
supplied by the manufacturers, ESSL, LLC. According to the
manufacturers, it contains a mixture of sulfuric acid and naph-
thalene (Hariharan 2013). This stabilizer is mildly acidic but
does not increase the natural soil pH and, as a result, cannot
result in sulfate-induced heave (FPA 2007). It changes the
characteristics of the negatively charged ions in the clay par-
ticles that attract and bind water. It was also found through
previous research that this additive destabilizes the silicate
structure in clay soil by decreasing negative charge (FPA
2007). It reduces the adsorbed water attached to the clay par-
ticles by leaching out the aluminum atoms responsible for the
overall negative charge of clay (FPA 2007). Thus, treatment
of the soil with this additive in a diluted form results in an
electrochemical reaction that breaks the water bonding effect
(FPA 2007). This mechanism reduces the shrink-swell poten-
tial of the soil and results in an increase in strength due to soil
densification which significantly reduces the volume change
and subsequently the upheaval movement of all expansive
clay soils (FPA 2007).

The main objective of this research study is to understand
and evaluate the interaction of an ionic chemical additive with
soil and water, mainly in terms of potential reductions in
swelling characteristics of expansive soils and also to find
out the optimum diluted concentration for the soils used. In
this research, soils from Texas and Oklahoma were treated
with ionic stabilizer. The ionic stabilization of both soils was
evaluated utilizing experimental results of suction measure-
ments, Atterberg limits, free swelling, and swelling cycles.

Materials and laboratory tests

Treated and untreated undisturbed Shelby tube soil samples
obtained from SH130 corridor in Texas (supplied by the man-
ufacturer) and undisturbed Shelby tube soil samples from
Osage county, Oklahoma (from our laboratory), were tested.
Soil depth for Oklahoma soils was unknown. The Texas soil
used here was reported to have high swelling and shrinking
potential with high plasticity index values by previous research

(Hariharan 2013). The Oklahoma soils showed high plasticity
index values, similar to the Texas soils. Soil samples from
Texas were collected from ground surface up to a depth of 12
feet. The whole depth was divided into 6 groups (0–2 ft, 2–4 ft,
4–6 ft, 6–8 ft, 8–10 ft, and 10–12 ft). After all the tests were
completed, the remaining untreated soil (Texas and Oklahoma)
was air dried and divided into two parts, one part was treated
with ionic additive and the other part was mixed with deionized
water (amount of additive and deionized water were adjusted to
obtain optimum moisture content by measuring the moisture
content of the dried soil so that it does not change the concen-
tration). Shelby tube samples fromOklahomawere used for the
same tests that were performed on the Texas soil. The samples
were reconstituted and mixed with different concentrations of
additive, i.e., 1:50, 1:100, 1:200, and 1:300.

For the Atterberg limits tests, ASTM D-4318, Standard
Test Methods for Liquid Limit, Plastic Limit, and Plasticity
Index of Soils was followed. For liquid limit, mechanical
Casagrande device was used, and four points were obtained.
Six undisturbed treated and six undisturbed untreated Texas
soil samples were tested for their Atterberg limits. Five
Oklahoma soil samples were tested, one untreated, and four
treated with 1:50, 1:100, 1:200, and 1:300 concentrations.

Suction measurements

Using filter paper method, suction was measured for all undis-
turbed Texas soil samples (six treated and six untreated),
reconstituted Texas soil samples (treated with 1:300 concentra-
tion and untreated), and Oklahoma (Osage) soil, untreated with
29% and 35% initial moisture contents and treated with concen-
trations 1:50, 1:100 (27% and 35% initial moisture contents),
1:200, and 1:300 (29% and 35% initial moisture contents).

Using the same method, osmotic suction measurements
were conducted on the 1:50, 1:100, 1:200, and 1:300 concen-
trations of the ionic stabilizer. Three samples were prepared
for each 1:50, 1:100, and 1:300 concentrations and two sam-
ples at 1:200 concentration.

Along with filter paper method, WP4 device and tensiom-
eter were used to measure suction at different water contents.
Combining the results, soil water characteristic curves
(Fredlund et al. 2012) were developed. Soil water

Fig. 1 3D model of custom sized
ring (left) and soil sample inside
3D printed ring (right)
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characteristic curves (SWCCs) were constructed using
Fredlund and Xing (1994) equation for all undisturbed
Texas soil samples (six untreated and six treated). For
Oklahoma soil, soil water characteristic curves (SWCCs) were
constructed for two untreated soils with 35% and 29% initial
moisture contents; treated soil with 1:100, 1:200, and 1:300
concentrations with 35% initial moisture content; and treated
with 1:50, 1:100, and 1:300 concentrations with 29%, 27%,
and 29% initial moisture contents, respectively.

Swelling cycles

Free swell tests were conducted on all undisturbed Texas soils,
reconstituted Texas soil (treated with 1:300 concentration and
untreated), and Oklahoma (Osage) soil (untreated and treated
with 1:50, 1:100, 1:200, and 1:300 concentrations). Using
consolidation load frame, one-dimensional swelling was mea-
sured. ASTM D 4546, Standard Test Methods for One-
Dimensional Swell or Collapse of Cohesive Soils, method B
was followed. As free swelling was measured, no vertical
pressure was applied. For the first hour, a dial gauge reading
was taken at every 10 min, as the rate of swelling is very high
in this period. After that, reading was taken at every 2 to 3 h.
After the first 24 h, when the swelling slowed down, readings
were taken at every 12 h. The test was stopped when there was
no more increment in the dial gauge reading.

Swell cycles were conducted on reconstituted Texas soil
(treated with 1:300 concentration and untreated) and

Oklahoma (Osage) soil (reconstituted) treated with 1:50
(29% initial moisture content), 1:100 (22% initial moisture
content), 1:100 (27% initial moisture content), 1:300 (29%
initial moisture content) concentrations, and untreated soil
(29% initial moisture content). To run swelling cycle test, first
the soil samples already used for free swell test were air dried
to reach the initial moisture content after being stored for 3
days. The soil samples were kept unwrapped, exposed to air,
and placed on aluminum foil. But for most of the soils, after a
short period of time, the soil sample started to generate cracks
on the surface. To avoid this, the whole drying time was di-
vided into several parts to allow the soil sample not to lose
more than 2 gm of weight at a time. After it lost about 2 gm of
weight, the soil sample was rapped nicely with plastic wrap
and aluminum foil and stored in an ice chest for 24 h. This

Table 1 Atterberg limits
comparison of treated and
untreated Texas soil

Depth
(ft)

Liquid limit
(untreated
soil)

Liquid limit
(treated soil)
(1:300)

Plastic
limit
(untreated)

Plastic limit
(treated soil)
(1:300)

Plasticity
index
(untreated)

Plasticity index
(treated soil)
(1:300)

0–2 65 62 23 26 42 36

2–4 67 65 25 27 42 38

4–6 72 70 24 26 48 44

6–8 55 45 17 19 38 26

8–10 45 42 17 17 28 25

10–12 54 43 19 18 35 25

Table 2 Atterberg limits comparison of treated and untreated
Oklahoma soil

Liquid limit Plastic limit Plasticity index

Untreated soil 62 23 39

Treated soil (1:50) 61 26 35

Treated soil (1:100) 61 27 34

Treated soil (1:200) 66 28 38

Treated soil (1:300) 64 27 37
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procedure can reduce the gradient of moisture in the specimen
body and decrease the potential for cracking. After that the
same procedure was repeated until it reached the desired water
content. Then the soil sample was wrapped nicely with plastic
wrap and aluminum foil and stored for 3 days. In the mean-
time, the dimension of the dried, slightly shrunk soil sample
was taken. As this shrunk soil sample would not fit anymore
in the metal ring used in the consolidation device, a 3D model
of a ring was prepared so that the dried soil sample would fit in
it and the ring would fit in the swelling test arrangement.
Using a 3D printer, the 3D model was printed, and the 2nd
swelling cycle test was performed. After the end of the 2nd
cycle, the same procedure for air drying and 3D printed ring
was followed to start the 3rd swelling cycle. Figure 1 shows a
sample of a 3D printed ring.

Electrical conductivity measurements

Electrical conductivity of the liquids collected after swelling
cycle tests were measured using a microprocessor-based elec-
trical conductivity meter. Electrical conductivity is the mea-
sure of a material’s ability to allow the transport of an electric
charge (Smedley 2012). The phenomenon of electric conduc-
tivity arises from the movement of ions or electrons through
the conducting system. Measured conductivity is a good

indicator of the presence or absence of conductive ions in
solution (Masliyah and Bhattacharjee 2006).

Results

Plasticity indices

Tables 1 and 2 show the results of liquid limit, plastic limit,
and plasticity indices of Texas and Oklahoma soils, respec-
tively. For Texas soils, only the manufacturer supplied soils
(1:300 concentration of additive and untreated) were used to
observe the difference between treated and untreated soils.
From these tables, it can be observed that the ionic stabilizer
reduces the plasticity of Texas soils. For Texas soils, the range
of plasticity index (PI) was found to be 28–48% for untreated
soil. For treated soils, the range drops down to 25–44%. For
Oklahoma soils, similar result was not found with the 1:300
concentration of additive. So, different concentrations were
tested. The plasticity index (PI) was 39% for the untreated
soil. For treated samples with 1:50, 1:100, 1:200, and 1:300
concentrations, the plasticity index (PI) values were found to
be 35, 34, 38, and 36%, respectively. The latter means that for
Oklahoma soil, the ionic stabilizer is not very effective in
reducing plasticity. For treated Texas soils, liquid limit was
found to be slightly decreasing. However, no definite pattern

Fig. 3 Filter paper calibration
curve (Bulut and Wray 2005)

Table 3 Osmotic suction of ionic
stabilizer in different
concentrations measured by filter
paper method

Concentration Sample 1 (pF) Sample 2 (pF) Sample 3 (pF) Average (pF)

1:50 2.82 2.84 2.75 2.80

1:100 2.69 2.69 2.6 2.66

1:200 2.57 2.75 – 2.66

1:300 2.75 2.77 2.6 2.71
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was observed in plastic limit test results. For treated
Oklahoma soils, plastic limit slightly increases, but no definite
pattern was observed in liquid limit test results.

Measurements of total suction

Figure 2 a and b show the results of filter paper tests for total
suction of Texas and Oklahoma soils. For Texas soils, suction
of untreated soil ranges from 3.65 to 2.98. For treated soils, it
drops down to 3.33–2.09. Although there is a reduction in
suction for treated soils, the difference between treated and
untreated soil for all the depths is very low. For Oklahoma
soils, total suction has been reduced for soil treated with 1:100
concentration with 27% initial moisture content (optimum
moisture content is 26.5%). The other Oklahoma soil samples
have very high initial moisture content, and total suction is
higher than untreated soil with the same water content. This
could occur because, in high water content, the actual
concentration of the additive is much lower than the used

concentration. Figure 3 shows the calibration curve
developed by Bulut et al. (2001) that was used to determine
total suction. From the results of both Oklahoma and Texas
soils, it can be observed that, no definite pattern of suction
reduction was found using the ionic additive.

Measurements of osmotic suction

The results shown in Table 3 indicate that the increase of ionic
stabilizer concentration does not affect the osmotic suction.
The difference between the highest and the lowest suction
values is 0.14 pF, which is a very low value. These results
support the results of total suction of treated and untreated
soils presented in Fig. 2. It was also observed that filter paper
method was not very effective in measuring suction when the
suction value was low. For sample 3 with 1:200 additive con-
centration, it was not possible to obtain a reasonable suction
value after multiple attempts.

Table 4 nf value obtained from
SWCC of Texas and Oklahoma
(Osage) soil using Fredlund and
Xing (1994) equation

Untreated soil nf value Treated soil nf value

Texas undisturbed (0–2 ft) 0.501699 Texas undisturbed (0–2 ft) 2.004232

Texas undisturbed (2–4 ft) 0.860378 Texas undisturbed (2–4 ft) 0.770442

Texas undisturbed (4–6 ft) 2.248813 Texas undisturbed (4–6 ft) 1.001618

Texas undisturbed (6–8 ft) 0.348381 Texas undisturbed (6–8 ft) 0.7779

Texas undisturbed (8–10 ft) 0.519957 Texas undisturbed (8–10 ft) 12.55361

Texas undisturbed (10–12 ft) 0.5506 Texas undisturbed (10–12 ft) 20.0

Texas soil (reconstituted) 0.2404 Texas soil (1:300) (reconstituted) 0.366856

Oklahoma (Osage) soil 0.1717 Oklahoma (Osage) soil (1:50)* 6.035651

Oklahoma (Osage) soil (1:100)* 0.3421

Oklahoma (Osage) soil (1:300)* 0.3100

* The values in parenthesis indicate the additive concentration
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Soil water characteristic curve

Soil water characteristic curves (SWCC) were developed
using the results obtained from filter paper method,
tensiometer, and WP4 device. The empirical equation
proposed by Fredlund and Xing (1994) was used to develop
SWCCs. The equation is as follows:

θ ψ; af ; nf ;mf
� � ¼ C ψð Þ θs

ln eþ ψ=a f

� �n f
� �� �m f

ð1Þ

where af, nf andmf are curve fitting parameters. The parameter
“af” does not affect the overall shape of the curve but shifts the
curve toward the higher soil suction region as “af” increases
(Fredlund et al. 2005). The parameter “mf” affects the slope of

SWCC (Fredlund et al. 2005). Parameter “nf” is related to pore
size distribution, the more uniform the pore sizes in the soil,
the larger is the value of “nf” (Fredlund et al. 2005). Here, the
values of “nf” will be compared as they are more significant
than the others. The comparisons are shown in Table 4.

Figures 4 and 5 show two results for Texas and Oklahoma
soils. It can be observed that there is no significant change in
the soil water characteristic curves (SWCCs) for treated and
untreated Texas and Oklahoma soils. However, the treated
soils showed increased value of the “nf” parameter by
Fredlund and Xing (1994) equation, which indicates that, in
treated soils, the pore sizes are more uniform than in untreated
soils (Babu et al. 2005). If the largest pore size is relatively
small, the air entry value will be relatively large. From the test
results (Figs. 4 and 5), treated soils show higher air entry value
than untreated soils, which is an indication to the smaller pore
size in treated soils (Konyai et al. 2009).

The results of swelling and swelling cycles

From the results of the free swell tests shown in Table 5, for
Texas soils from depths 0–2 ft, 6–8 ft, and 10–12 ft and
reconstituted soil, the final swelling for treated soil is lower
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Fig. 5 Soil water characteristic
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Table 5 Free swell test result for Texas soils

Depth (ft) State w (%) Final swelling (%)

0–2 Treated 29.9 1.3

Untreated 28.0 2.9

2–4 Treated 30.7 3.1

Untreated 33.3 1.4

4–6 Treated 26.5 4

Untreated 28.1 4.4

6–8 Treated 17.8 3.9

Untreated 21.3 3.6

8–10 Treated 18.7 2.4

Untreated 15.5 5.2

10–12 Treated 20.0 1.3

Untreated 20.8 7.3

Reconstituted Treated 24.6 4.7

Untreated 26.2 9.1

Table 6 Free swell test result for Oklahoma soils

State Additive concentration w (%) Final swelling (%)

Treated 1:50 29 3.4

Treated 1:100 22 6.4

Treated 1:100 27 2.4

Treated 1:200 27 7.8

Treated 1:300 29 3.5

Untreated N/A 29 9.8
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than the untreated soil. For depths 2–4 ft and 4–6 ft although
the treated soils show higher swelling than untreated soils, the
difference is very low. From Table 6, all the treated Oklahoma
soils show decrease in swelling than the untreated soil. For
1:100 concentration, soil with initial moisture content of 27%
gave the best result. Since 1:300 is the manufacturer recom-
mended concentration, two specimens at 1:100 and 1:300
concentrations were tested separately. The average of the
two tests for each specimen gave equal percentage of swelling
for both 1:100 and 1:300 concentrations (3.30%). That means
the effect of 1:100 and 1:300 concentrations on swelling is
equal and was also better than 1:50 and 1:200. From all the
free swell test results, it can be seen that the additive is effec-
tive in reducing swelling for both Texas and Oklahoma soils.

A close evaluation of the test results shown in Tables 7 and
8 shows that the ionic additive makes some permanent chang-
es in the soil matrix. For both types of soils, after 3 wetting-
drying cycles, the % free swell for treated soils remains much
smaller than that of the untreated soils. The additive is work-
ing better onOklahoma soil when 1:300 concentration is used.
After the 3rd cycle, the % free swell was increased by only
0.26%. The % free swell for both types of soils increased by a
little amount after the 1st cycle. A possible reason for this
could be the fact that, the wetting-drying cycles of months
were simulated in the laboratory within a few days.

Electrical conductivity measurements

The swelling results show that it is possible that a little amount
of additive was leached out of the soil samples. To confirm
this hypothesis, electrical conductivity test was performed on
the solutions collected after free swelling cycle tests on the
Texas reconstituted soil (untreated and treated with 1:300 con-
centration) and Oklahoma (Osage) soil treated with 1:50,
1:100, and 1:300 concentrations and untreated soil. These
results are shown in Table 9, from which we can see that

treated soil has higher electrical conductivity than untreated
soil. For treated soils, after the second swelling cycle, electri-
cal conductivity is lower than the electrical conductivity found
after first cycle. The electrical conductivity after the third cy-
cle is lower than the value obtained after second cycle. This
probably indicates that the chemical additive is being leached
out of the soil to some extent by each wetting-drying cycle.
However, the untreated soil is also showing decrease in elec-
trical conductivity value. This could occur because of the fact
that there are natural elements and ions in untreated soil which
are also being leached out by wetting-drying cycles.

Conclusion

Based on the laboratory tests performed, it can be concluded
that the chemical reduces the plasticity of Texas soils (with
plasticity index value lower than 39%) from high to medium
level (Sowers 1979). Swelling cycle tests were designed to
simulate the effects of seasonal change. The test results show
that the ionic stabilizer is very effective in controlling swelling
of both Texas and Oklahoma soils. After the 3rd cycle of free
swell test, the free swell of treated soil remained much smaller
than that of untreated soil, which indicates that the additive is
effective in reducing swelling and this mitigation for swelling
behavior is permanent. This confirms the findings from the
previous research that the additive makes some permanent
changes to the soil structure that changes the behavior of the
soil making it less prone to swelling. For the purpose of this
study, which is to evaluate the performance of the additive in
reducing swelling potential of soil, swelling cycle tests shows
the effectiveness of the additive more clearly than the other
test. The chemical stabilizer reduces suction when the initial
moisture content is around the optimum moisture content val-
ue. Soil-water characteristic curves developed using Fredlund
and Xing (1994) equation show that treated soils have smaller

Table 7 Swelling cycle test
results of reconstituted Texas soil State Additive concentration w (%) 1st cycle 2nd cycle 3rd cycle

Treated 1:300 24.6 4.47 7.64 6.58

Untreated N/A 26.2 9.07 12.49 12.16

Table 8 Swelling cycle test
results of reconstituted Oklahoma
(Osage) soil

State Additive concentration w (%) 1st cycle 2nd cycle 3rd cycle

Treated 1:50 29 3.39 6.2 6.2

Treated 1:100 27 2.39 3.5 4.03

Treated 1:100 22 6.4 5.9 5.9

Treated 1:300 29 3.47 3.14 3.73

Untreated N/A 29 9.78 12.36 12.22
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andmore uniform pore sizes than untreated soils. Based on the
results of different concentrations, 1:300 seems to be econom-
ical and the optimum concentration for both soil types tested.
This research study was performed in 2016, and the swelling
cycle measurement test used in this research is fairly new and
can be analyzed and improved further.
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