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Abstract Keywords:

This study was to investigate the influence of adding optimum Expansive soil;
percentages of gypsum (G) - lime (L) mixtures (i.e. 6% lime and 4% Gypsum-lime mixture;
gypsum) with three percentages of fly ash geopolymer (FAG) (i.e. 6%, Geopolymer;

9%, and 12%) on some engineering properties of expansive soil. The Engineering properties;
tests results indicated that adding the percentages for the gypsum-lime Swelling potential.

mixture (6% lime + 4% gypsum) affected the soil's properties by
decreasing the plasticity index, swelling potential, and swelling pressure
by 48.2%, 85%, and 87.9%, respectively. Adding (6% L + 4% G + 12%
FAG) decreased the plasticity index, swelling potential, and swelling
pressure of prepared expansive soil by about 66.1%, 96.4%, and 96.9%,
respectively. The California bearing ratio increased up to 33.3% and
95.1% with the addition of (6% L + 4% G) and (6% L + 4% G + 12%
FAG), respectively. Also, adding the same percentages of gypsum-lime
mixture and gypsum-lime mixture with geopolymer caused increasing in
Unconfined compressive strength value by 109.5% and 322.6%,
respectively. The results show the significant effect of gypsum-lime
mixture with geopolymer on compaction parameters of the prepared soil,
so there was a decrease from 22% to 18% for the optimum moisture
content and an increase from 1.473 g/cm? to 1.516 g/cm?® for the
maximum dry density.

1 Introduction

Swelling soils are problematic in nature because of the abundance of clay minerals called
montmorillonite. It has a strong ability to change volume in response to moisture content changes, which
is referred to as swelling potential. This expansion has a major impact on sidewalks, pipelines, basement
floors, building foundations, and other structures. Numerous foundations have needed to be repaired
and renovated as a result of the swelling's indirect effects, which have caused enormous damage.
Expansive soils have been improved by the application of several procedures, including dewatering, soil
stabilization, and earth reinforcement. One way to improve expansive soils is by soil stabilization, which
involves changing the characteristics of the soil to satisfy particular engineering specifications [1].

Ameta et al. [2] looked at the cost analysis, swelling characteristics, and plasticity of bentonite
with various proportions of gypsum-lime mixes. It is discovered that a combination consisting of 2% lime
and 4% gypsum is more cost-effective in lowering the plasticity index, liquid limit, and swelling pressure.

Tilak et al. [3] carried out a study on bentonite modified with gypsum and lime. Based on the
results, Bentonite with 8% lime increased maximum dry density and optimum moisture content by adding
(0.5, 1, 2, 4, 8 %) gypsum. In addition, the UCS of bentonite with 8% lime cured for (3, 7, 14, and 28
days) increased with adding gypsum percentages up to 4% and decreased with adding 8% gypsum.
The modulus of subgrade reaction, California bearing ratio, and coefficient of consolidation for bentonite
increased with the addition of (8% lime + 4% gypsum).

Kilic et al. [4] were able to investigate the influence of the addition of (3%, 6%, 9%, 12%, and
15%) gypsum, lime, and gypsum-lime mixtures (50% gypsum + 50% lime) at curing periods of (7, 28,
90 days) on the unconfined compressive strength and swelling properties of high plasticity clay. As a
result of the experimental study, the swelling pressure and swelling percent decreased with the increase
in additives percent, while the strength increased. For gypsum, the lowest improvement ratio was
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obtained. The optimal mixture was obtained at 6% lime, which corresponds to a 191.87% increase in
unconfined compressive strength, a 98.98% decrease in swell pressure, and a 99.55% decrease in
swell percent for 90 days.

Mohammed Shafiqu [5] looked into the effects of adding lime (L) and cement kiln dust (CKD) with
polyacrylamide (PAM) polymer on the characteristics of clayey expansive soils. When PAM polymer
was added to the lime and CKD mixture instead of only lime and CKD, the study discovered that the
expansive clay soil's characteristics were much improved. After testing various combinations, it was
found that 3% lime, 8% CKD, and 5% PAM produced the best results. These combinations reduced free
swell by 94.5%, increased Unconfined Compression Strength (UCS) by 262% after 7 days, increased
UCS by 400% after 28 days, and improved the California Bearing Ratio (CBR) from 5.45% to 27%.

Mohammed Shafiqu and Abass [6] focused on using lime (L) and cement kiln dust (CKD) to
stabilize highly plastic soils in order to lessen swelling and improve geotechnical characteristics.
According to the study, adding (6% L + 16% CKD) reduced the soil's swelling potential to 2% from 19%,
and adding (9% L + 16% CKD) produced the greatest CBR value by about 35.95%.

Khadka et al. [7] studied the stabilizing of high sulfate expansive soil by adding lime and gypsum
to the geopolymer. With the use of an expansion test, creating cementation products has been capable
of withstanding volume changes and determining the optimal dose corresponding to the minimum
expansion amount.

Al-dJeznawi et al. [8] used laboratory tests to show that adding 10% CKD, (5%, 10%, and 15%)
silica fume, and (5%, 8%, and 10%) polyethylene polymer (PEHD) to expansive soil samples
significantly reduced swelling potential, increased the plastic limit, and reduced the plasticity index and
liquid limit. In particular, adding (10% CKD + 10% silica fume + 10% PEHD) resulted in a 2.1% swelling
potential decrease from 21.23%.

Al-dJeznawi et al. [9] demonstrated that adding polypropylene polymer significantly improved the
properties of expansive soils, with optimal results obtained at lower percentages of 0.4% and 0.8% of
the polymer, leading to increased plasticity index, liquid limit, maximum dry density, and unconfined
compressive strength, while reducing swelling potential. However, higher percentages of Polypropylene
polymer (1.2%, 2%, and 4%) resulted in a decrease in these properties.

It has been observed from the previous studies on improvement soils by using traditional
stabilizers and non-traditional stabilizers like geopolymers that there were a lot of studies with respect
to using lime to improve expansive soils but little studies were observed that used gypsum as stabilizer
and scarce studies in the field of enhancement of expansive soil using mixture of gypsum-lime with
geopolymer materials. This study aims to investigate how adding gypsum-lime mixture with geopolymer
affects the properties of swelling soil including, swelling and plasticity properties, unconfined
compressive strength with curing periods of (0, 7, and 14 days), California bearing ratio, and compaction
parameters.

2 Materials
2.1 Natural Soil

The soil used in the present study was obtained from Al-Zafaraniya, southeast of Baghdad, at a
depth of (2-2.5) m below the soil surface. This soil was lean clay (50% clay + 44% silt + 6% sand). The
chemical composition of natural soil is shown in Table 1.

Table 1: Natural soil's chemical composition.

Si[%] | Sb[%] | Al[%] | Ca[%] | Mg[%] | Ru[%] | Pt[%] | C[%] | O[%] | Na[%] | Fe[%] | K [%]

27.13 25.99 11.17 7.32 5.67 5.28 4.97 3.97 277 2.04 1.84 1.84

2.2 Bentonite

The bentonite used in this study was obtained from Wadi Hauran in Anbar governorate, western
Iraq. It was used to prepare the highly expansive soil. Table 2 shows the chemical composition of
bentonite.

Table 2: Bentonite's chemical composition.
Si [%] Sb [%] | Al [%] C [%] Ca [%] O [%] Fe [%] Pt[%] | Mg[%] | Ba[%] | Co [%]
40.07 17.21 12.05 8.86 5.19 4.35 3.76 3.58 2.29 1.39 1.25
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2.3 Prepared soil

(40%) of bentonite and (60%) of natural soil were mixed to prepare artificial expansive soil to
study the effect of adding gypsum-lime mixture with different percentages of geopolymer on the
characteristics of expansive soil. The swell% of prepared soil was (18.77 %) using an odometer test,
and the soil classification was (CH) according to ASTM D2487 [10]. The chemical composition of
prepared soil is shown in Table 3. A chemical analysis was conducted at the National Center for
Construction Laboratories and research on the prepared soil and the results are shown in Table 4. The
grain size distributions of natural soil, bentonite, and prepared soil are shown in Fig. 1.

Table 3: Prepared soil's chemical composition.
Sb [%] | Si[%] | Ca[%] | Al[%] C [%] Mg [%] | Fe [%] O [%] Pt [%] K [%] Co [%] | CI[%]
30.91 29.29 9.49 8.93 6.18 3.36 3.32 3.09 215 1.79 0.85 0.66

Table 4: Chemical tests results of prepared soil.

Property Results

SO;[%] 0.823

T.S.S [%] 3.190

Gypsum [%] 1.598

pH 8.03

Organic materials [%)] 0.664
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Fig. 1: The grain size distribution of natural soil, prepared soil, and bentonite.

2.4 Gypsum

The mineral gypsum is made up of hydrated calcium sulfate. The chemical formula is calcium
sulfate dihydrate (CaSOa4. 2(H20)). When it comes to fire resistance, low cost, resistance to biological
factors and chemicals causing deterioration, and resistance to air pollution, gypsum has superior
qualities than organic additions [11]. Gypsum utilized in this study was manufactured by Romil Company
Ltd. in the UK. The chemical composition of gypsum is shown in Table 5.

Table 5: Gypsum's chemical composition.
Sb[%] | S[%] | Ca[%] | C[%] | OI[%]
51.97 | 21.55 15.64 9.40 1.45
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2.5 Lime

Many projects have successfully used lime stabilization to reduce swelling and increase the
workability and plasticity of the soil. Typically, the top few inches of soil are treated with 3 to 8% by
weight of hydrated lime. flocculation agglomeration, Cation exchange, pozzolanic reaction, and lime
carbonation are some of the main reactions. All fine-grained soils could be somewhat modified to exhibit
reduced plasticity and increased workability with the application of lime treatment. The lime type, soil
type, percentage of lime, and curing conditions (temperature and duration) all have a significant impact
on the strength properties of soil treated with lime [1]. The lime utilized in the present study was hydrated
lime manufactured in Iran. The chemical composition of lime is shown in Table 6. The natural soil,
bentonite, gypsum, and lime used in this study are illustrated in Fig. 2.

Table 6: Lime's chemical composition.
Sb[%] | Ca[%] | Mg[%] | Pt[%] | C[%] | Sil[%]
70.60 | 22.02 3.04 1.95 1.67 0.72

2.6 Geopolymer

The geopolymers can often be synthesized from a wide range of materials with a high
aluminosilicate concentration. The precursors of geopolymer that have a high content of silica (Si) and
alumina (Al) minerals, like GGBFS and FA, are highly recommended for geopolymerization in
applications of soil stabilization. All materials of aluminosilicate have to be activated by a second raw
material that is referred to as the alkali activator solution. Diffusion, leaching, polymerization,
reorientation, and condensation are all steps in the integrated process of geopolymerization [12].

2.6.1 Fly ash

Burning coal produces fly ash, an industrial byproduct that is usually divided into class F and class
C. Class F fly ash (FFA) is a typical form of fly ash produced by burning bituminous coal that has a low
percentage of CaO. Additionally, class C fly ash (CFA) with a high percentage of CaO is produced by
lignite and sub-bituminous coal [13]. The composition of Class F fly ash is comparable to that of naturally
occurring volcanic ash [14]. Because Class C fly ash contains more CaO than Class F, it is comparatively
more pozzolanic. Because of its self-cementitious qualities, Class C fly ash doesn't need additional
materials for pozzolanic reactions. Class F fly ash needs additional materials like cement or lime to start
pozzolanic reactions. Fly ash, whose microscopic shape is fine spherical particles, is an extensively
utilized raw material for the preparation of geopolymers and is widely available worldwide [15]. Since
FA lowers construction costs and greenhouse gas emissions, replacing cement with FA is excellent for
the environment [16,17]. Fly ash utilized in this study was Class F and manufactured by Euro Build
Construction Chemicals and Coatings Company in UAE as illustrated in Fig. 3. The chemical
composition of fly ash is shown in Table 7.
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. 3: Fly ash utilized in the study.
Table 7: Fly ash's chemical composition.

Sb [%] | O [%] Ca[%] | Ba[%] | Mg [%]
11.49 4.62 3.26 2.08 1.73

Si [%]
34.67

Al [%]
23.37

C [%]
16.07

Pt [%]
1.27

Fe [%]
0.83

K [%]
0.60

2.6.2 Sodium Silicate

A chemical material with the formula Na2SiOs is Sodium Silicate. Originally, it was a liquid. It is
utilized in many various applications and is also referred to as liquid glass or water glass. The sodium
silicate used in this study was manufactured in UAE as shown in Fig. 4. The characteristics of the sodium
silicate employed in this investigation are shown in Table 8.

Fig. 4: Sodium Silicate used in the study.

Table 8: Characteristics of the sodium silicate used in this study.

Property Value
Naz0 [%] 13.1-13.7
SiO2 [%] 32-33
Density-20 Baum 51+0.5
Specific gravity (Gs) 1.534-1.551
Viscosity (CPS) 20 [°C] 600-1200
Net Weight [kg] 30

2.6.3 Sodium hydroxide

An organic substance having the formula NaOH. Another name for it is caustic soda. Many types
of sodium hydroxide are available. This study employed the flake form. To attain the desired molar
concentration, the flakes must dissolve in water at a particular weight. The sodium hydroxide used was
manufactured by Loba Chemie Pvt. Ltd. in India, as shown in Fig. 5. The physical characteristics of

sodium hydroxide are shown in Table 9, and the specification of sodium hydroxide is shown in Table
10.
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Fig. 5: Sodiurﬁ- Hydroxide used in the study.

Table 9: Physical characteristics of sodium hydroxide used in this study.

Property Value
Color White flakes
Odor Odorless
Physical state at 20 [°C] Solid
Boiling point [°C] 1390 [°C]
Melting point/Freezing point [°C] 318 [°C]
Vapor pressure 20 [°C] <24 hPaat 20 [°C]
pH value 13-14
Density [g/cm®] 2.13
Vapor density >1
Solubility in water [Y%weight] 111 g/100 g of water

Table 10: Specification of sodium hydroxide used in this study.

Component Limits
Assay Min. 97 [%)]
Carbonate (as Na,COs3) Max. 2 [%]
Insoluble matter in water Max. 0.05 [%]
Sulphate (SOy) Max. 0.05 [%]
Chloride (Cl) Max. 0.05 [%]
Heavy metal (as Pb) Max. 0.005 [%]
Iron (Fe) Max. 0.005 [%]
Arsenic (As) Max. 0.0003 [%]

3 Preparation of Test Samples

Bentonite was mixed with natural soil to prepare artificial expansive soil. In an oven set at 105 °C,
the natural soil and bentonite were dried for a whole day. Next, the natural soil was pulverized by the
Los Angeles machine. By dry mass, 40% bentonite was mixed with 60% natural soil. These percentages
were chosen to get an appropriate swell percentage for the research.

The alkaline activator in this study has been prepared in two steps. First step, flakes of sodium
hydroxide (NaOH) were dissolved in distilled water to obtain a concentration of 10M to create a sodium
hydroxide solution. Water and sodium hydroxide react exothermically, necessitating a cooling-off
interval. second step, the resultant solution was completely blended with liquid sodium silicate (Na2SiO3)
for 7 to 10 minutes at an equal percentage of sodium silicate and sodium hydroxide according to
previous research [18]. The alkali solution was not mixed or stored using metal instruments since they
may react and cause metal corrosion, which could contaminate the solution. Hand gloves must be worn
when preparing the solution for safety requirements, as the chemical solution can harm the skin.
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Prepared soil samples treated with a gypsum-lime mixture with geopolymer were first prepared
by mixing fly ash in proportions (6%, 9%, and 12%) with the activated alkaline solution in proportions
(10%) of the dry weight of the mixture, based on the previous studies [18,19]. The activator solution was
mixed with Fly ash for 5-10 min until a homogeneous geopolymer slurry was obtained [7]. Then, the
activated fly ash was added to the mixture of the soil and the optimal percentages of the gypsum-lime
mixture (6% lime + 4% gypsum). Finally, the water needed to obtain the optimum moisture content from
compaction test was added to each sample. The optimum percentages of the gypsum-lime mixture were
chosen according to reference [2]. In this study, percentages of geopolymer indicate the amount of fly
ash present in geopolymer, such as 6% geopolymer, which means the mixture includes 6% fly ash and
10% alkali activator solution.

4 Testing program

Compaction test [20], Atterberg limits test [21], free swell and swelling pressure test [22],
California bearing ratio test [23], and unconfined compressive test [24] are carried out to investigate the
effect of adding various percentages of fly ash-based geopolymer (6%, 9% and 12%) with the optimum
percentages of gypsum-lime mixture (6% lime + 4% gypsum) on the properties of prepared soil. About
40 samples were prepared and tested in this study.

The standard proctor compaction tests were conducted using ASTM D 698 method A [20], using
a standard proctor and mechanical hammer to compact samples into three layers, with 25 blows applied
to both treated and untreated expansive soil. Based on ASTM D4318 [21], liquid and plastic limits are
determined on prepared soil, natural soil, and treated soil. The liquid limit is conducted using the
Casagrande device. The plasticity index (PI) of soil is the difference between the liquid and plastic limits
of soil. The swelling test was conducted according to ASTM D4546-96 [22] by using odometer test
apparatus. The specimens were compacted at their optimum moisture content and maximum dry density
from compaction test inside the consolidation ring (75 mm diameter and 20 mm height), with the
specimen height set 4 mm lower than the ring's height. The specimen was allowed to swell freely under
1kPa pressure. A dial gauge with a division of 0.002 mm was used to record the rise in sample height.
In accordance with ASTM D1883-87 [23], the potential strength of laboratory compacted specimens is
determined using the California Bearing Ratio (CBR). With three layers and 56 blows per layer, this test
procedure gives the (CBR) at optimum moisture content and maximum dry density that correspond to
the values found in the 6" standard proctor mold. The procedure of the unconfined compressive strength
test was achieved according to ASTM D 2166 [24] by compacting specimens inside mold (38 mm
diameter and 76.3 mm height) using a manual hammer to achieve optimum moisture content and
maximum dry density from the compaction test. Double nylon bags were used to allow samples to cure.
After curing for 0, 7, and 14 days, the nylon bags were removed, and the specimens were tested using
a digital unconfined compression tester. The properties of natural and prepared soil are illustrated in
Table 11.

Table 11: Properties of natural soil and prepared soil.

Property Natural soil Pres[:)zzlr x| Standard method
Liquid limit [%] 37 85 ASTM D4318
Plastic limit [%] 19 29 ASTM D4318
Plasticity index [%] 18 56 ASTM D4318
Sand [%] 6 0 ASTM D422
Silt [%] 44 41 ASTM D422
Clay [%] 50 59 ASTM D422
Maximum dry density [g/cm®] 1.730 1.473 ASTM D698
Optimum moisture content [%)] 16 22 ASTM D698
Swelling [%] 1 18.77 ASTM D4546-96
Swelling pressure [kPa] NA 735.75 ASTM D4546-96
California bearing ratio [%] NA 12.13 ASTM D1883-87
Unconfin_ed compll'essive strength NA 211.946 ASTM D 2166
(without curing) [kPa]
Unconfined compressive strength (7 NA 281.267 ASTM D 2166
days curing) [kPa]
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Unconfined comprgssive strength (14 NA 351.309 ASTM D 2166
days curing) [kPa]
Classification according to the Unified
Classification System (UCS) CL CH ASTM D2487

5 Results and discussions
5.1 Plasticity index

The influence of adding various percentages of fly ash geopolymer (6%, 9%, and 12%) with a
gypsum-lime mixture (6% L + 4% G) on plasticity index (Pl) value for the prepared soil is studied as
shown in Table 12 and Fig. 6. From the findings of this figure, the values of plasticity index decreased
with increasing fly ash geopolymer content up to 12% FAG. The maximum reduction in plasticity index
is found by adding (6% L + 4% G + 12% FAG). Adding (6% L + 4% G) to prepared soil decreased the
plasticity index to 29%. While the addition of (6% L + 4% G + 12% FAG) to prepared soil results in a
decrease in plasticity index to 19%. This might result from a decrease in the amount of clay in the soil
and a change in grading due to the fly ash's coarser particle size and lower liquid limit when compared
to the soil mixture [25].

Table 12: The influence of adding gypsum-lime mixture with geopolymer on the plasticity index.
Sample PI [%] PI rev.::/l:]:tions
Prepared Soil + 6% L + 4% G 29 48.2
Prepared Soil + 6% L + 4% G + 6% FAG 24 57.1
Prepared Soil + 6% L + 4% G + 9% FAG 22 60.7

Prepared Soil + 6% L + 4% G + 12% FAG 19 66.1

34

0 3 6 9 12
Geopolymer [%]

Fig. 6: The influence of adding gypsum-lime mixture with geopolymer on the plasticity index.

5.2 Compaction parameters

The values of optimum moisture content (OMC) and maximum dry density (MDD) were
determined for various treated soil samples. Table 13 summarizes the results for compaction
parameters. It is noted that the addition of gypsum-lime mixture with geopolymer affected the OMC and
MDD of all percentages of treated expansive soil, and the optimum moisture content decreased with the
addition of fly ash geopolymer, as shown in Fig. 7, While maximum dry density increased as shown in
Fig. 8. The chemical activators used in the geopolymer mixture, which function as lubricants to lessen
repulsion forces and promote sliding between the clay particles, and this may be attributed to the
increase in MDD [26]. The lubrication induced by the activator can lower the volume of free water needed
to reach the optimum compaction, which can lower the OMC. The silty properties of fly ash in the
geopolymer can decrease the overall surface area related to clay particles and, consequently, the water
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demand because of the partial replacement of clay through additives during treatment [27]. The
compaction curves are illustrated in Fig. 9.

Table 13: The influence of adding gypsum-lime mixture with geopolymer on the compaction

parameters.
Sample OMC [%] MDD [g/cm?]
Prepared Soil + 6% L + 4% G 26 1.386
Prepared Soil + 6% L + 4% G + 6% FAG 20 1.480
Prepared Soil + 6% L + 4% G + 9% FAG 19 1.492
Prepared Soil + 6% L + 4% G + 12% FAG 18 1.516
28
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Fig. 7: The influence of adding gypsum-lime mixture with geopolymer on the optimum moisture
content.
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Fig. 8: The influence of adding gypsum-lime mixture with geopolymer on the maximum dry density.
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Fig. 9: The influence of adding gypsum-lime mixture with geopolymer on the moisture content-dry
density relationship.
5.3 Free swell percentage and swell pressure

The influence of adding various percentages of fly ash geopolymer (6%, 9%, and 12%) with a
gypsum-lime mixture (6% L + 4% G) on the free swell and swell pressure value for the prepared soil is
investigated as shown in Table 14. Adding the various percentages of fly ash geopolymer with gypsum-
lime mixture causes decreasing in the swell percent and swell pressure value, as shown in Fig. 10 and
11, respectively. From the results, it has been indicated that the maximum reduction in free swell and
swell pressure is obtained with the percentages (6% L + 4% G + 12% FAG). The swell percent and swell
pressure reduced to 2.81% and 89.18 kPa, respectively, with a percentage of improvement of about
85% and 87.5% by the addition of (6% L + 4% G). While the addition of (6% L + 4% G + 12% FAG)
leads to a reduction in swell percent and swell pressure to 0.68% and 22.30 kPa, respectively, with a
percentage of improvement of about 96.4% and 96.9%, respectively. The decrease in swell percent and
swell pressure by adding geopolymer to the mixture due to the formation of cementation products could
resist the volume change [7]. The swell percent-time relationships are plotted in Fig. 12.

Table 14: The influence of adding gypsum-lime mixture with geopolymer on the free swell and swelling

pressure.
Free swell Swell pressure Swell pressure
0,
enple sl reductions [%] [kPa] reductions [%]
Prepared Soil + 6% L + 4% G 2.81 85 89.18 87.5
Prepared Soil + 6% L + 4% G + 6% FAG 2.10 88.8 78.03 89.1
Prepared Soil + 6% L + 4% G + 9% FAG 1.30 93.1 55.74 92.2
Prepared Soil + 6% L + 4% G + 12% FAG 0.68 96.4 22.30 96.9
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Fig. 10: The influence of adding gypsum-lime mixture with geopolymer on the free swell.
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Fig. 11: The influence of adding gypsum-lime mixture with geopolymer on the swelling pressure.
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Fig. 12: The influence of adding gypsum-lime mixture with geopolymer on the swell%-time
relationship.

5.4 California bearing ratio

The influence of adding fly ash geopolymer and (4% G + 6% L) to the California bearing ratio
value for prepared soil is investigated as shown in Table 15 and Fig. 13. It can be seen that the California
bearing ratio value increased with increasing fly ash geopolymer addition, and the maximum value of
the California bearing ratio is obtained when adding (6% L + 4% G + 12% FAG). Adding (4% G + 6% L)
alone led to increases in the value of the California bearing ratio from 12.13% to 16.17%, with a
percentage improvement of about 33.3 %. While adding (6% L + 4% G + 12% FAG) increased the
California bearing ratio value to 23.66% from 12.13%, with a percentage improvement of about 95.1%.

Table 15: The influence of adding gypsum-lime mixture with geopolymer on the California bearing

ratio.
Sample CBR [%] EER "E%eas'"g

Prepared Soil + 6% L + 4% G 16.17 33.3

Prepared Soil + 6% L + 4% G + 6% FAG 18.42 51.9

Prepared Soil + 6% L + 4% G + 9% FAG 20.59 69.7

Prepared Soil + 6% L + 4% G + 12% FAG 23.66 95.1
26
24
22
X 20
5 18

o
16
14
12
0 3 6 9 12
Geopolymer [%]

Fig. 13: The influence of adding gypsum-lime mixture with geopolymer on the California bearing ratio.

5.5 Unconfined compressive strength

The influence of adding various percentages of fly ash geopolymer on the unconfined
compressive strength (UCS) for prepared soil without a curing period and with a curing period of 7 and
14 days are listed in Table 16 and are plotted in Fig. 14. It can be concluded that the UCS value improved
with the increasing addition of fly ash geopolymer and curing period. The higher increase in unconfined
compressive strength is obtained when (6% L + 4% G + 12% FAG) is added, and its value increases
from 211.946 kPa to 554.770 kPa without curing and to 872.871 kPa and 1484.602 kPa for 7 and 14
days of curing period respectively. Physical and chemical bonds formed over time by soil particles and
geopolymer are responsible for increasing strength over time. So, the reason for the increase in UCS in
the curing period is attributed to aluminum and silicon reacting in the presence of an alkaline solution
and generating a geopolymer binder [28]. Also, the results show increasing in the unconfined
compressive strength value up to 492.131 kPa, 736.318 kPa, and 828.590 kPa by adding (6% L + 4%
G) for the curing periods of (0,7 and 14 days) respectively.
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Table 16: The influence of adding gypsum-lime mixture with geopolymer on the unconfined
compressive strength.

Samole UCS, without UCS, 7 days UCS, 14 days
P curing [kPa] curing [kPa] curing [kPa]
Prepared Soil + 6% L + 4% G 492.131 736.318 828.590
Prepared Soil + 6% L + 4% G + 6% FAG 514.450 775.466 1081.699
Prepared Soil + 6% L + 4% G + 9% FAG 531.299 820.936 1231.015
Prepared Soil + 6% L + 4% G + 12% FAG 554.770 872.871 1484.602
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Fig. 14: The influence of adding gypsum-lime mixture with geopolymer on the unconfined compressive
strength.

6 Conclusion

1) Adding fly ash geopolymer to the soil with a gypsum-lime mixture results in a decreasing
plasticity index with increasing geopolymer content. Adding (6% L + 4% G + 12% FAG) reduced the
plasticity index for prepared soil to 19%.

2) The addition of fly ash geopolymer to soil mixtures caused increasing in maximum dry density
up to 1.516 g/cm?® and reduced the optimum moisture content up to 18%.

3) Adding (6% L + 4% G + 12% FAG) to the prepared soil reduced the free swell and swelling
pressure by about 96.4% and 96.9%, respectively.

4) The California bearing ratio increased with increasing Fly ash geopolymer content. The highest
increase in CBR value was 95.1% at (6% L + 4% G + 12% FAG).

5) Increasing the curing period and geopolymer content up to 12% increased the unconfined
compressive strength. Using (6% L + 4% G + 12% FAG) with a curing period of 14 days increased the
UCS to be estimated at 1484.602 kPa.

6) Overall, the use of a gypsum-lime mixture with geopolymer for soil stabilization offers a
sustainable and more effective solution for different construction and environmental projects such as
road and highway construction, building foundations, embankments and slopes, etc.
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