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Abstract The present paper investigates the effect of lig-
uid polymer on the geotechnical properties of fine-grained
soil. Commercially available liquid polymer (acrylic
polymer) was used to stabilize natural Carbondale soil
(Soil A) and commercially available soil (Soil B). The
polymer was mixed at various percentages (i.e., 2, 3, 4, and
5 %) of the dry weight of both soils. Tap water was added
corresponding to its OMC (optimum moisture content) for
a particular soil-polymer mixture and compacted to achieve
its maximum dry unit weight. The compacted samples were
allowed to cure for 7, 14, and 28 days under confined and
open air environment. Unconfined compressive strength
(UCS) test was performed to evaluate the strength of
polymer stabilized soil. The results show that with the
addition of polymer; UCS value for Soil B samples pre-
pared at OMC increases from 30 to 75 % in open air
environment and the UCS value increases from 12 to 14 %
in confined air environment. Soil A samples prepared at
OMC (.e., 23.50 %) show cracks while curing in open air
environment and there is no significant change (i.e.,
1.2-13.8 %) of strength in confined air environment. For
the Soil A samples prepared with reduced moisture con-
tents (less than OMC i.e., 12.50 %) and cured in open air
environment shows increase in UCS strength from 7 to
10 %. Also, California bearing ratio (CBR) test was per-
formed for both soils and there was marginal increase (i.e.,
14 %) in CBR value for Soil A but a significant increase
(i.e., 340 %) in CBR value for Soil B.
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Introduction

Geotechnical engineers around the world have been using
various method of soil improvement technique to solve the
problem of non-availability of suitable material for con-
struction. It is economical to improve the properties of
existing soil rather than replacing the soil. Soil stabilization
refers to the process to treat a soil to maintain, alter or
improve the performance of the soil as a construction
material and very important to reduce the cost of earthwork
wherever good soil is not available nearby [1]. There are
basically three ways to improve the soil: mechanical sta-
bilization, chemical stabilization and physical stabilization
[2]. Many traditional stabilizers like cement, lime, fly ash,
bitumen etc., and many non-traditional stabilizers like
polymer, enzymes, lignosulphates etc. have been used for
soil improvement.

The use of non-traditional stabilizers, especially poly-
mer, as an alternative to traditional stabilizers is increasing
these days. The main advantage associated with non-tra-
ditional stabilizers is low cost, ease of application and less
curing period. However, for non-traditional stabilizers due
to their different chemical composition, very little is known
about their interaction with the soil.

Generally, polymers are formed of long molecular
chains (monomers) which are held together by covalent
bonds [3]. Polymers may be natural or synthetic and are
classified functionally as cationic, anionic and nonionic
polymers. Polymers provide physical bonding between the
soil particles rather than forming a new mineral by means
of chemical reaction [4]. Onyejekwe and Ghataora [5]
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mentioned that, to get the full benefit from polymer sta-
bilization one must identify the type of soil for which the
polymer can be used. Sometimes the polymer might not
work for a specific type of soil. It is also necessary to
determine the application rate for particular type of soil.
Also, polymer treated soil must loose moisture in order to
gain strength, so the additives must be applied in dry
weather conditions. It is necessary to adopt the suit-
able construction technique that considers the stabilization
mechanism of the polymer. There are various types of
polymers (e.g., acrylic copolymer and polymers, liquid
polymers of methylacrylates and acrylates, copolymers of
sodium acrylates and acrylamides, poly-acrylamide and
copolymer of acrylamide (PAM), and hydro-colloid poly-
mer) currently used for the purpose of soil stabilization [6].

Several researchers [3, 5, 7-15] have used various types
of polymer to stabilize different types of soil. The problem
associated with polymer stabilizer is that they are sold with
a commercial name and most of the times the manufacturer
does not disclose the chemical composition of the polymer.
This makes it difficult to characterize the performance of
the polymer.

The main objective of this paper is to determine the
effect of a liquid polymer, i.e., Acrylic polymer, on the
geotechnical properties of two different types of fine-
grained soil. The liquid polymer is added at 2, 3, 4, and
5 % by dry weight of the soil. Various physical and engi-
neering property tests were performed on both the original
soil and soil sample mixed with various percentages of
liquid polymer to see the effect of polymer on fine-grained
soil.

Materials and Methods
Soil Types

Two different types of soil were used for this study. Car-
bondale soil sample was collected near Carbondale
wastewater plant, Carbondale, IL, USA, referred as ‘Soil
A’. Commercially available soil was supplied by Edgar
minerals, FL, USA, referred as ‘Soil B’. The Soil A sample
was left to air dry and was grinded after drying. The
grinded sample passes through US sieve #40 was oven
dried for 24 h, and was placed in air tight container for
further testing.

Liquid Polymer
The liquid polymer used in this study. The chemical name

of the polymer is inorganic acrylic co-polymers. The
polymer is anionic due to carboxylation. The physical and
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chemical properties of the polymer supplied by the man-
ufacturer are given in Table 1.

Testing and Characterization
Physical Properties Test

Various laboratory tests were conducted to determine dif-
ferent physical properties and engineering properties of
original and polymer stabilized soils. The physical property
tests such as specific gravity, particle size analysis, Atter-
berg limits were performed. The engineering property tests
like standard Proctor, unconfined compression, California
bearing ratio were performed as per respective ASTM
standards.

Specific gravity test was performed by using Ultrapyc
1200e manufactured by Quantachrome Instruments as per
ASTM D5550-00 [16] standard. Oven dried Soil A and B
were used to measure the specific gravity. Hydrometer tests
were carried out to determine the particle size distribution
for both Soil A and B using ASTM D422-63 [17] standard.
The hydrometer type used for the test was ASTM 152-H.
Atterberg limits test was performed to determine the liquid
limit, plastic limit of the Soil A and B. The tests were
performed for both the original and polymer stabilized soil
with 2, 3, 4, and 5 % polymer by weight of dry soil. The
ASTM D-4318 [18] was followed to perform these tests.

Linear shrinkage test was performed by using a fabri-
cated mold with 139.7 mm in length, 25.4 mm in diameter
and 12.7 mm in depth. The mold was made in Civil
Engineering Laboratory at Southern Illinois University
Carbondale, Carbondale, IL, USA. The linear shrinkage
can be calculated by using the following equation.

Table 1 Properties of polymer

Property Characteristics/value

Physical state Milky liquid

Odor Slight
Boiling point >200 °F
Melting point 32 °F

Flash point >200 °F
Polymer design 100 % pure acrylic
Solubility in water Dilutable
pH 9.0-9.5
Total Solids, % by weight 59-61
Density 1.066 g/em®
Particle size 0.35 pm
Viscosity, Brookfield 100-1000 cP
Minimum film forming temperature 8 °C
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LS (%) = Lf % 100 % (1)

where, LS = Linear shrinkage in percent, L; = Linear
shrinkage length after oven dried, L = Length of the mold.

Engineering Properties Test

The standard Proctor test of the original soil samples and
soil sample mixed with various percentages of polymer
was performed as per ASTM D 698 [19] standard.

The unconfined compression strength (UCS) of the
original soil samples and stabilized soil samples was
determined as per ASTM 2166/D2166 M [20] standard.
The soil samples were prepared at OMC and its maximum
dry unit weight obtained from standard Proctor test.
However, samples for Soil A mixed with polymer and
cured in open air environment were prepared at moisture
content and dry unit weight of 12.5 % and 14.92 kN/m>.
Soil samples were cured in confined environment as well as
open air environment for a period of 7, 14, and 28 days.

To prepare the UCS test samples, oven dried soil sample
was mixed with the calculated amount of water. For the
soil samples with polymer, the calculated amount of
polymer was first mixed with the water and the solution
was mixed with the soil. The mixture was mixed thor-
oughly with hand until the color becomes uniform. The soil
sample was compacted in 5 layers in the mold using a hand
rammer with approximate weight of 12.0 N. The height to
diameter ratio of the prepared sample was maintained
approximately two. Since the samples were compacted
with hand, the mass of each layer and the height was
monitored in order to ensure uniform compaction effort.
Before placing the next layer, the top of the placed soil
layer was scratched to ensure proper bonding. The soil
sample was extruded using the sample extruder and the
samples were kept inside zip-lock bags for curing in con-
fined environment and were kept for curing in open air
environment as shown in Figs. 1 and 2, respectively. The
temperature and the relative humidity of the room were
approximately 25 £+ 3 °C and 29 + 2 %, respectively. For

Fig. 1 UCS samples for curing in confined environment

Fig. 2 UCS samples for curing in open air environment

each percentage of polymers, 2 to 3 samples were prepared
and the average UCS value was calculated.

For the Soil A samples mixed with polymer, to be cured
in open air environment were prepared at dry unit weight of
14.92 kN/m> and moisture content of 12.5 %, because the
samples prepared at OMC (optimum moisture content) and
MDU (maximum dry unit weight) for Soil A showed crack
while curing in open air environment. Open air cured
samples were prepared for different moisture content (i.e.,
10.0, 12.5, 15.0, and 23.5 %) and the sample prepared at
12.5 % moisture content did not show any visible cracks.
So the samples were prepared at this moisture content and
tested after 7 days. Humboldt Master loader HM-3000 was
used to perform the UCS test. The sample was loaded at a
rate of strain 1.27 mm/min.

California bearing ratio (CBR) of the original soil
sample and the polymer stabilized soil sample was per-
formed as per ASTM D 1883 [21] standard. Certain
polymer dosages were selected to perform CBR test based
on the result of UCS test. CBR test was conducted for 2, 3,
and 4 % polymer content for Soil A. Since there was no
significant improvement in CBR values after 7 days, it was
decided not to perform the CBR test for Soil A for 14, and
28 days curing period. For Soil B sample, CBR test was
performed for 4 % polymer content with curing period of
7, 14, and 28 days.

Results and Discussions
Physical Properties Test

Specific gravity test of the original Soil A and B was
performed using gas pycnometer. The specific gravity of
the Soil A and B was 2.57 and 2.61, respectively.
Hydrometer analysis was performed to determine the
particle size distribution for both the Soil A and B. The
result of hydrometer analysis for Soil A is presented in the
Fig. 3. From the Fig. 4, it can be seen that the clay fraction
(particle size <0.002 mm) for Soil A is 42 % and the
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remaining 58 %  silt  fraction  (particle  size
0.075-0.002 mm). The result of hydrometer analysis for
Soil B is shown in Fig. 3. From the Fig. 5, it can be seen
that the clay fraction (particle size <0.002 mm) for Soil B
is 73 % and the remaining 27 % silt fraction (particle size
0.075-0.002 mm). According to Unified Soil Classification
System (USCS), Soil A is classified as clay with high
plasticity (i.e., CH) and Soil B is classified as silt with high
plasticity (i.e., MH).

Liquid limit and plastic limit test was performed for
original Soil A and B. The liquid limit for Soil A and B was
found to be 61 and 65, respectively. The plastic limit for
Soil A and B was found to be 21 and 35, respectively.

100

BN
N

\\-

60
——Soil A
—=—Soil B
40

—s

Percentage finer by weight

20

0.100 0.010 0.001

Grain size (mm)

Fig. 3 Hydrometer analysis for Soil A and B

Fig. 5 Shrinked Soil B sample
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Liquid limit and plastic limit test was performed for Soil A
with different percentage of polymer and the results are
presented in Table 2. From Table 2, it can be observed that
there was no significant change in the liquid limit and
plastic limit value of Soil A with the addition of polymer.
Onyejekwe and Ghataora [5] also found no significant
change in liquid limit, plastic limit and linear shrinkage
with the addition of polymer. Liquid limit and Plastic limit
test was performed for Soil B mixed with different per-
centage of polymer and the results are also presented in
Table 2. From the Table 2, it can be noticed that there was
no significant effect in the liquid limit and plastic limit with
the addition of polymer.

Linear shrinkage test was performed for original Soil A
and B. The value of linear shrinkage for Soil A and B was
found to be 13 and 15 %, respectively. Linear shrinkage
test was performed for Soil A mixed with different per-
centage of polymer and the results are presented in
Table 3. From the Table 3, it can be observed that there
was marginal change in the linear shrinkage value with the
increasing polymer percentage. Bowing effect was seen in
Soil A as shown in Fig. 4a and some samples cracked in
pieces as shown in Fig. 4b. Linear shrinkage test was
performed for Soil B mixed with different percentage of
polymer and the results are presented in Table 3. From the
Table 4, it can be noticed that there was no change in value
of linear shrinkage with increasing polymer percentage.
There was no bowing effect observed on Soil B and the
sample shrinked as an intact or whole unit as shown in
Fig. 5.

Engineering Properties Test

Standard Proctor test was performed for original Soil A and
B. The optimum moisture content for Soil A was deter-
mined to be 23.5 % and maximum dry unit weight was
found to be 15.0 kN/m>. The optimum moisture content for
Soil B was found to be 32.4 % and maximum dry unit
weight was found to be 13.12 kN/m®. Standard Proctor test
was performed for Soil A mixed with different percentage
of polymer and the plot of dry unit weight and moisture
content for Soil A is shown in Fig. 6. From Fig. 6 it can be
noticed that, there was decrease in maximum dry unit
weight with the increase in polymer percentage. This is
because of the addition of the materials with specific
gravities (water and polymer) that are in the range between
1.0 and 1.10. Standard Proctor test was performed for Soil
B mixed with different percentage of polymer and the
results are presented in Fig. 7. From Fig. 7, it can be seen
that for Soil B the maximum dry unit weight decreased
with the addition of polymer.

The change in maximum dry unit weight (MDU) and
optimum moisture content (OMC) is plotted as a function
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Table 2 Liquid limit and plastic limit test for Soil A and B

Polymer (%) Soil A

Soil B

Liquid limit Plastic limit

Plasticity index

Liquid limit Plastic limit Plasticity index

0 61 21 40 66 36 30
2 61 23 38 65 35 30
3 61 23 38 65 33 32
4 58 21 37 65 33 32
5 60 21 39 66 35 31
Table 3 Linear shrinkage value for Soil A and B 14
* 0% polymer
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Fig. 6 Standard proctor test result for Soil A

of polymer addition rate. The graph of this change for Soil

A and B is shown in Figs. 8 and 9, respectively.
Unconfined compression strength (UCS) test was per-

formed for Soil A and Soil B mixed with 0, 2, 3,4, and 5 %

Ploymer (%)

Fig. 8 Maximum dry unit weight vs polymer percentage

of polymer. The cylindrical soil samples (diameter = 72
0.5 mm and height = 145.0 mm) prepared at optimum
moisture content and its maximum dry unit weight were
cured in confined environment and open air environment.
The cylindrical samples were tested after a curing period of
7, 14, and 28 days. The UCS strength vs polymer per-
centage for Soil A cured in confined environment for 7, 14,
and 28 days is shown in Figs. 10, 11 and 12, respectively.
It was observed that the UCS strength varies from (—10 to
+13 %) with the addition of polymer for Soil A samples
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Fig. 9 Optimum moisture content vs polymer percentage
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Fig. 10 UCS test result for Soil A + polymer cured in confined
environment (7 days)
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Fig. 11 UCS test result for Soil A + polymer cured in confined
environment (14 days)

cured in confined environment. In confined environment,
the moisture could not evaporate as a result polymerization
could not occur and there was no significant gain in
strength. For the polymer stabilized soil to gain strength the
entrapped water should evaporate, since the water was not
allowed to escape in confined environment it hindered the
bonding process and there was no increase in UCS
strength. Similar result was obtained by Geiman et al. [22]
for the polymer treated soil in confined curing
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Fig. 12 UCS test result for Soil A + polymer cured in confined
environment (28 days)

Day 1

Day 2

Day 3

Fig. 13 Soil A samples cured in open air environment

environment. So the curing environment has major influ-
ence on the performance of the polymer stabilized soil.

Since there was no significant gain in strength in con-
fined environment, samples for Soil A were cured in open
air environment. The samples were prepared at optimum
moisture content and maximum dry unit weight and cured
in open-air environment at a temperature of 25 £ 3 °C and
relative humidity of 29 £ 2 %. However, due to cracking
as shown in Fig. 13, the UCS test could not be performed
for the Soil A samples prepared at OMC and MDU, and
cured in open air environment.

Hence, the UCS samples were prepared at lower mois-
ture content and a fixed dry unit weight to reduce cracking
due to moisture loss. For Soil A, the samples were prepared
at a moisture content of 12.5 % and dry unit weight of
15.0 kN/m>. The UCS samples prepared at this moisture
content did not show any cracking and were tested. The
result for Soil A cured in open-air environment for 7 days
is shown in Fig. 14. It was observed that there was a
marginal increase in strength with the addition of polymer.
The maximum increase in strength observed is 10.7 for
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4 % polymer content. The polymer works by coating the
soil particle, and for layered structure the polymer could
not sufficiently coat the soil particles resulting in marginal
increase in UCS strength with the addition of polymer.

There was no increase in strength for Soil A in confined
environment. For Soil B, samples were prepared at 2 %
Polymer content and cured in confined environment for 14
and 28 days. The plot for UCS value vs curing period in
days is shown Fig. 15. It can be seen from Fig. 15 that, in
confined environment there is an increase of 12-14 % in
UCS strength with the addition of polymer with curing
periods. In the confined environment the entrapped mois-
ture could not evaporate from the sample, as a result there
was no significant strength gain. The difference in UCS
strength may be due to the differences in compaction effort
during sample preparation. Since the samples were com-
pacted manually, it was difficult to maintain the uniform
compaction effort each time while preparation of the
samples.

For Soil B mixed with polymer the samples were pre-
pared at optimum moisture content and its corresponding
maximum dry unit weight and left to cure in open air

1200
1000
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O
~ 800 . A X *
£
2 600 | —— average UCS
e + 0% Polymer
8 B 2% Polvmer
400 & 3% Polymer
4% Polymer
200 4 ¥ 5% Polymer
0 T T T T T
0 1 2 3 4 5 6

Polymer (%)

Fig. 14 UCS test result for Soil A + polymer cured in open air
environment (7 days)
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Fig. 15 UCS test result for Soil B + 2 % polymer cured in confined
environment

environment in the room at a temperature of an approxi-
mately 25 £ 3 °C and relative humidity of 29 & 2 %. For
Soil B, no cracks were observed while curing in open-air
environment.

The UCS value of open air cured original Soil B and
Soil A is 2225.30 and 811.33 kN/m?, respectively. The dry
unit weight of Soil B sample was 12.96 kN/m® before
curing in open air environment. After curing for 7 days, the
dimension of sample decreased (i.e., 5.2 % in length and
3.5 % in diameter) and the dry unit weight increased to
14.53 KN/m>. Also at the time of testing, the moisture
content of Soil B decreased to 1.5-2.0 % from 32.5 % (i.e.,
OMC) at the time of sample preparation. This lower
moisture content and increase in dry unit weight could be
the reason for higher UCS value observed in original Soil B
cured in open air environment.

The UCS test result for Soil B mixed with different
percentage of polymer and cured for 7, 14 and 28 days in
open air environment is shown in Figs. 16, 17 and 18,
respectively. From Figs. 16, 17 and 18, it can be noticed
that there is a significant increase in strength with the
addition of polymer for Soil B cured in open air environ-
ment. The maximum increase in strength is 75.5 % for
sample with 4 % polymer content cured for 28 days. The
strength gains for 14 days’ open air cured sample is close
to that of 28 days; so this polymer can be useful in situa-
tions where rapid gain in strength is needed. Azzam [14]
also found that UCS value increased rapidly for first 7 days
and was almost constant after that. Tingle and Santoni [23]
also obtained variable improvement in dry UCS strength of
polymer stabilized soil. Marto et al. [24] also found
improvement in UCS value of clayey soil with the addition
of polymer. Zandieh and Yasrobi [9] also found significant
improvement in compressive strength with the addition of
polymer on sandy soil. Al-Khanbashi and Abdalla [2] also
found increase in compressive strength of sandy soil with
the addition of polymer.

4000
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3000 — .

/ s ]
2500
—

2000

UCS (kN/m?)

1500

—#— Average UCS
1000 @ 7 days Curing

500

0

1] 2 4 6
Polymer (%)

Fig. 16 UCS test result for Soil B 4 polymer cured in open air
environment (7 days)
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California bearing ratio test was performed for original
Soil A and Soil A mixed with 2, 3, and 4 % polymer
content cured for 7 days and the results are presented in
Table 4. CBR test was performed for original Soil B and
Soil B mixed with 4 % polymer cured for 7, 14, and
28 days. The samples for CBR test were prepared at opti-
mum moisture content and its maximum dry unit weight
for both soil samples. The CBR value for original Soil B
and Soil B mixed with 4 % polymer and cured for 7, 14,
and 28 days is shown in Table 5. The CBR value for
original Soil B is 8.67 %. There was significant increase in
CBR value with the addition of polymer for Soil B.
Mousavi et al. [15] found an increase in CBR value with
the addition of polymer for clayey soil. Kavak et al. [25]

4000
3500 /0’\_;//.\\‘
3000 *
E 2500
2z I
< 2000
wn
B 1500 —=— Average UCS
1000 ¢ 14 days Curing
500
0 T T T T T
0 1 2 3 4 5 6

Polymer (%)

Fig. 17 UCS test result for Soil B + polymer cured in open air
environment (14 days)
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/\g
3500 / *
3000
o 2500
£ e
é 2000
8 1500 —+ Average UCS
- ¢ 28 days Curing
1000
500
0 T T T T T
0 1 2 3 4 5 6

Polymer (%)

Fig. 18 UCS test result for Soil B 4 polymer cured in open air
environment (28 days)

Table 5 CBR value for Soil B

mixed with 4 % polymer cured Curing time (days)  CBR (%)
for 7, 14, and 28 days 0 8.67

7 18.73

14 20.70

28 38.27

@ Springer

also found an increase in CBR value of base material for
road construction with the addition of polymer.

Conclusions

The main purpose of this paper was to study the effect of
liquid polymer on the physical and geotechnical properties
of fine-grained soil. The following conclusions can be
drawn based on the experimental study performed.

e The liquid limit and plastic limit of Soil A sample were
found to be 61 and 21, respectively. The liquid limit
and plastic limit of Soil B were found to be 66 and 36,
respectively. There was no significant change in the
Atterberg limits of both the soil sample (i.e., Soil A and
B) with the addition of polymer.

e The linear shrinkage value for Soil A and B was found
to be 13 and 15 %, respectively. Marginal to no change
was observed in the value of linear shrinkage with the
addition of polymer for both the soil types.

e Standard Proctor test was performed on both soils and
was found that the MDU for Soil A and B were 14.92
and 12.96 kN/m?, respectively. The OMC for Soil A
and B were 23.5 and 32.5 %, respectively. With the
addition of polymer there was a decrease (i.e.,
1.8-5.2 %) in dry unit weight however, there was
change (i.e., 1.5-11.9 %) in optimum moisture content
for both the soil (i.e., Soil A and B) types.

e Unconfined compression test was performed for both
the original soil samples and soil samples mixed with
polymer. There was no significant increase in UCS
strength of the Soil A and B cured in confined
environment. Also, for Soil A sample cured in open
air environment there was very marginal increase (i.e.,
7-10 %) in strength with the addition of polymer.
There was significant increase (i.e., 30-75 %) in UCS
strength of the Soil B sample cured in open air
environment with the addition of polymer. It was
observed that the strength of the samples cured in open
air environment after 14 days does not increase much.
Due to the fluctuation in temperature and humidity of
the room used for sample curing, there was some
variation in the result of UCS strength for open air
cured samples. Similar results were observed by Tingle
and Santoni [23].

e CBR test was performed for original Soil A sample and
soil sample mixed with 2, 3, and 4 % polymer content
cured for 7 days. Marginal increase (i.e., 6.6—14.1 %)
in strength was observed for polymer treated Soil A.
CBR test was also performed for original and Soil B
mixed with 4 % polymer and cured for 7, 14, and
28 days. The results show that the CBR value for Soil B
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mixed with polymer was 340 % higher than that of the
original soil sample. Also, there was increase in CBR
value with the curing time.
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