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1 Introduction 

Expansive clay soil is a problem in road pavement subgrades. Expansive soil has the potential to 
indicate that the soil is prone to swelling and shrinking. The up-and-down movement of the subgrade 
and changes in vertical soil volume due to expansive clay start at the edge of the pavement and continue 
to the middle because the water content is greatly affected by rainwater during the rainy and dry seasons 
[1]. Road pavements on expansive soil subgrades will incur large maintenance and rehabilitation costs 
[2]. The movement of subgrade development can cause cracks in the pavement, thus disrupting traffic 
comfort [3]. Thus, treatment of the base soil against the effects of swelling and shrinkage is imperative. 

Improvement of expansive clay soil can be done by using different methods, such as chemical 
soil stabilization, including mixing the soil with lime, cement, fly ash, or additional materials [4]. Ismanti 
& Yasufuku [5] stated that using cement to stabilize clay soil is expensive and suggested to replace 
cement with pozzolanic materials such as fly ash waste or other waste to reduce costs. Fly ash and 
bottom ash is a waste from burning coal from steam power plants (PLTU). Burning coal produces 
approximately 80%-90% fly ash and 10%-20% bottom ash [6].  

With research development, fly ash geopolymer for solidification is an effective alternative to 
cement. Fly ash with added alkali activators of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) 
can serve as a binder. Murmu et al. [7] studied expansive clay type CH (high plasticity) stabilized using 
geopolymer, which is a mixture of fly ash and alkaline solutions of sodium hydroxide and sodium silicate 
without using cement. The geopolymer paste content is 5%-20%. Based on the results of the 
consistency limit and unconfined compressive strength (UCS) tests with a low alkaline solution ratio and 
an optimum geopolymer paste content of 20%, the PI (plasticity index) value can be decreased by 
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24.6%. In addition, Syed et al. [8] reported the use of geopolymer as a stabilization material for 
expansive clay soil with a paste content of 5%-10% and an alkaline solution of sodium hydroxide and 
sodium silicate used in a low ratio without using cement and lime. Based on the UCS and CBR test 
results, the optimum of geopolymer paste is 10%, which increases the UCS value to 0.66 MPa and the 
CBR value to 11.7%. Previous studied by Le et al. [9] used bottom ash from coal combustion residue at 
a steam power station and showed that bottom ash can serve as a filler to stabilize the soil. They 
observed that if the content is more than 20%, the ash will reduce the strength.  

Maheepala et al. [10] elucidated the stages of the reactions that occur between geopolymer and 
expansive clay. Starting from clay sheets with a negative charge (anions), when mixed with water 
molecules, the clay layer spreads into a double layer. An exchange reaction occurs with the cations so 
that the pores of the clay sheet undergo leaching. The clay particles clump together. If expansive soil is 
stabilized with a geopolymer, solidified soil particles will form and harden, preventing the soil from 
expanding. On the other side, Arioz et al. [11] and Wijaya et al. [12] demonstrated that heavy metals 
were bound within geopolymer reactions, thereby preventing their leaching into the environment. 
Replacing cement with fly ash or bottom ash can reduce costs because the ash can be obtained from 
factory waste. In addition, it can reduce carbon dioxide (CO2) emissions from cement production, 
mitigate global warming, environmentally friendly and sustainable. 

The aim and benefit of this research was to determine the index properties to obtain the physical 
properties of expansive clay as a road pavement subgrade. We continued studying the mechanical 
properties of soil stabilized with fly ash-bottom ash (FABA) geopolymer to determine the bearing 
capacity of the soil used based on road subgrade requirements. 
 
2 Materials  
 
2.1 Research location of the soil sample 
 

The soil sample came from the Kedung Sari area, Pengasih District, Kulon Progo Regency, 
Yogyakarta Special Region, Indonesia, the location of which is in Fig. 1 and was analyzed by the Soil 
Mechanics Laboratory, Department of Civil and Environmental Engineering, Faculty of Engineering, 
Gadjah Mada University. The soil used as a sample was first investigated as the location of expansive 
soil. Soil samples were taken 0.5 - 1.0 m deep from the ground surface under disturbed conditions. 
 

 
Fig. 1: Location of the sample base soil taken.  

Basemap sources: 
1) Satelite map: https://earth.google.com/ 
2) Inset map: https://maps.google.com/ 
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2.2 Stabilization Materials 

The base soil (BS) used as a sample was clay under disturbed soil conditions. Soil 
characterization was conducted. Table 1 indicates that the soil is expansive clay soil. The characteristics 
of the soil are as follows: specific gravity of 2.23 and from the consistency limit, the liquid limit of 70.07%, 
the plastic limit of 24.39% and the plasticity index of 45.67%. From soil grain analysis and hydrometer, 
the soil contains finer # 200 as much as 80.34% and a type of cohesive clay with high plasticity based 
on the AASHTO (American Association of State Highway and Transportation Officials) and USCS 
(Unified Soil Classification System) soil classification. Other results obtained CBR soaked of 1.55%, 
CBR swell of 4.16% and UCS soaked of 2.94 kPa. Based on these characteristics, this soil type is 
considered to be poor for use as a material subgrade. 

The stabilization material fly ash waste from Paiton steam power station is displayed in Fig. 2.a. 
The fly ash passes through sieve No. 200 (0.075 mm). Meanwhile, the bottom ash waste from Sriwidjaja 
Fertilizer of Palembang is displayed in Fig. 2.b. The bottom ash passes through sieve No. 100 (0.15 
mm). The grain size of bottom ash was classified as fine sand according to AASHTO. Table 2 
summarizes the chemical components of fly ash and bottom ash by ED-XRF (energy dispersive X-ray 
fluorescence). 
 

Table 1: Engineering properties of the base soil.  
Parameters Base soil 

Specific Gravity (Gs) 2.23 

Liquid Limit (LL) [%] 70.07 

Plastic Limit (PL) [%] 24.39 

Plasticity Index (PI) [%] 45.67 

Shrinkage Limit (SL) [%] 10.35 

Percentage Finer # 200 [%] 80.34 

Clay Fraction (<0,002 mm) [%] 20.95 

Activity (PI/C) 2.18 

Clasification (AASHTO/USCS) A-7-6/CH 

Max Dry Density (MDD) [g/cm3] 1.29 

Optimum Moisture Content (OMC) [%] 34.20 

CBR Soaked [%] 1.55 

CBR Swell [%] 4.16 

UCS Soaked [kPa] 2.94 

 

                     

Fig. 2: a) Fly ash and b) bottom ash. 
 

Table 2: Chemical composition of the fly ash and bottom ash. 
Components SiO2 Al2O3 Fe2O3 CaO SO3 K2O TiO2 SrO ZrO2 MnO BaO 

Fly ash 48.70 23.80 11.00 12.70 1.34 0.98 0.75 0.11 0.38 0.16 0.14 

Bottom ash 62.73 17.52 13.22 3.45 - 1.17 1.25 0.15 0.11 0.16 - 

 
Table 2 indicates that fly ash and bottom ash have a more dominant silica (SiO2) component, 

48.70% and 62.73%, respectively. The other components are Al2O3, Fe2O3, and CaO, which are 

a) b) 
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23.80%, 11.00%, and 12.70% for fly ash and 62.73%, 17.52%, and 13.22% for bottom ash, respectively. 
From the results, the total accumulation of SiO2 + Al2O3 + Fe2O3 = 83.50% > 50%, CaO = 12.70% > 
10% and SO3 = 1.34% < 5%. Based on ASTM C 618 [13], the fly ash used is classified as class C 
because the percentage of CaO more than 10% and the bottom ash used is classified as class F 
because the percentage of CaO less than 10%. In addition, the specific gravity of the fly ash was 2.78 
and the bottom ash was 2.87. 

The alkali activator solution used is made up of sodium hydroxide (NaOH) and sodium silicate 
(Na2SiO3), as shown in Fig. 3. Sodium hydroxide used is in the form of flakes with 98% purity. Sodium 
hydroxide flakes are dissolved using distilled water into a sodium hydroxide solution with the required 
concentration. The concentrations of sodium hydroxide used were 5M and 8M. Specific gravity results 
obtained for the 5M concentration was 1.19 and 8M concentration was 1.30. Sodium silicate is used in 
solution form with type Be 58. Specific gravity of the sodium silicate solution was 1.68 g/ml. The ratios 
of sodium silicate and sodium hydroxide of 0.5 and 1.0. The ratios of the weight of sodium silicate and 
sodium hydroxide to the weight of FABA used were 0.6 and 0.8, respectively. The concentrations and 
ratios of sodium hydroxide and sodium silicate were obtained from previous studies by Murmu et al. [7] 
and Adhikari et al. [14].  
 

 
Fig. 3: a) Sodium hydroxide (NaOH) and b) Sodium silicate (Na2SiO3). 

 
3 Methods 

The research method began with preparing materials, such as base soil, fly ash, bottom ash, and 
an alkaline activator solution. After the material preparation was complete, the planning of the 
geopolymer paste mixture and the calculation of its Job Mix Formula (JMF) were conducted. 
Subsequently, the mixing of geopolymer paste and soil, followed by the compaction and molding of 
stabilized soil samples, was performed for testing. The study focused on a laboratory scale, examining 
the physical and mechanical properties without considering cost comparisons. This limitation was 
primarily due to the complexity of conducting a comprehensive cost analysis of fieldwork methods. 

 
3.1 Job Mix Formula (JMF) of geopolymer paste 

The planning of geopolymer paste mixture composition does not yet have a governing standard, 
therefore the Job Mix Formula (JMF) for geopolymer paste used was from Satyarno et al. [15]. The 
calculation of the composition of the geopolymer paste is based on the absolute volume method 
assuming that the paste is solid. The total paste components are calculated per unit volume using Eq. 
(1). 

𝑉𝑉𝐹𝐹𝐹𝐹 + 𝑉𝑉𝐵𝐵𝐵𝐵 + 𝑉𝑉𝑆𝑆𝑆𝑆 + 𝑉𝑉𝑆𝑆ℎ = 1 [𝑚𝑚3],             (1) 

where: 

VFA - volume of fly ash [m3], 

VBA - volume of bottom ash [m3], 

VSs - volume of sodium silicate [m3], 

VSh - volume of sodium hydroxide [m3]. 

In Eq. (1), it can be seen a 1 m3 of paste. Then, Eq. (1) is reduced to Eq. (2). For Eqs. (3), (4) and 
(5) are comparison ratios. 

(1) b) a) 
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𝑊𝑊𝐹𝐹𝐹𝐹
𝐺𝐺𝐺𝐺𝐹𝐹𝐹𝐹𝛾𝛾𝑤𝑤

+ 𝑊𝑊𝐵𝐵𝐵𝐵
𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝛾𝛾𝑤𝑤

+  𝑊𝑊𝑆𝑆𝑠𝑠
𝐺𝐺𝐺𝐺𝑆𝑆𝑠𝑠𝛾𝛾𝑤𝑤

+  𝑊𝑊𝑆𝑆ℎ
𝐺𝐺𝐺𝐺𝑆𝑆ℎ𝛾𝛾𝑤𝑤

= 1 [𝑚𝑚3],           (2) 

𝑅𝑅 =  𝑊𝑊𝑆𝑆𝑠𝑠
𝑊𝑊𝑆𝑆ℎ

,                                       (3) 

𝐴𝐴 =  𝑊𝑊𝑆𝑆𝑠𝑠 +𝑊𝑊𝑆𝑆ℎ  
𝑊𝑊𝐹𝐹𝐹𝐹+𝑊𝑊𝐵𝐵𝐵𝐵

,                (4) 

𝑃𝑃 =  𝑊𝑊𝐵𝐵𝐵𝐵
𝑊𝑊𝐹𝐹𝐹𝐹

,                (5) 

By correlating Eqs. (3), (4) and (5) to Eq. (2), we obtain Eq. (6).  

𝑊𝑊𝐹𝐹𝐹𝐹
𝐺𝐺𝐺𝐺𝐹𝐹𝐹𝐹𝛾𝛾𝑤𝑤

+ 𝑃𝑃𝑃𝑃𝐹𝐹𝐹𝐹
𝐺𝐺𝐺𝐺𝐵𝐵𝐵𝐵𝛾𝛾𝑤𝑤

+
 𝐴𝐴𝐴𝐴 (1+𝑃𝑃)

(1+𝑅𝑅) 𝑊𝑊𝐹𝐹𝐹𝐹

𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝛾𝛾𝑤𝑤
+  

𝐴𝐴(1+𝑃𝑃)
(1+𝑅𝑅) 𝑊𝑊𝐹𝐹𝐹𝐹

𝐺𝐺𝐺𝐺𝑠𝑠ℎ𝛾𝛾𝑤𝑤
= 1 [𝑚𝑚3].          (6) 

where: 

W - weight [kg], 

Gs - specific gravity, 

γw - unit weight of water [kg/m3], 

R - ratio of weights of sodium silicate and sodium hydroxide, 

A - ratio of weights of alkali activator and binder, 

P - ratio of weights of bottom ash and fly ash. 

3.2 Mixture design of the geopolymer paste 
The geopolymer paste is a mixture of FABA and alkaline activator solution. In this study, the 

variables used were as follows: 5M and 8M NaOH (Sh), ratios of sodium silicate and sodium hydroxide 
(R) of 0.5 and 1.0, and ratios of the weight of sodium silicate and sodium hydroxide to the weight of 
FABA (A) of 0.6 and 0.8. The use of variables is based on several earlier studies. After setting the 
variables, the trial mix initial setting times to determine the time the geopolymer paste starts to harden 
are listed in Table 3. The expected initial setting time is in accordance with the cement criteria. The 
optimum initial setting time of the geopolymer paste was used as a fixed variable for the mix variation 
binder (fly ash and bottom ash) of compressive strength. Table 4 shows a mixed variation of the optimum 
geopolymer paste for compressive strength test. 

 
Table 3: Trial mix initial setting times of the geopolymer paste. 

Trial mix ID Sh [M] R A FA [%] BA [%] 

M5R0.5A0.6F100B0 5 0.5 0.6 100 0 

M8R0.5A0.6F100B0 8 0.5 0.6 100 0 

M5R0.5A0.6F70B30 5 0.5 0.6 70 30 

M8R1.0A0.6F70B30 8 1.0 0.6 70 30 

M8R0.5A0.6F70B30 8 0.5 0.6 70 30 

M8R0.5A0.8F70B30 8 0.5 0.8 70 30 

 
Table 4: Mix variation binder of the geopolymer paste for compressive strength. 

Mix ID FA [%] BA [%] Description 

GP F100 100 0 
Sh, R, and A 
are optimum 
value from 

trial mix initial 
setting times 

GP F92B8 92 8 

GP F85B15 85 15 

GP F78B22 78 22 

GP F70B30 70 30 
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3.3 Fly ash-bottom ash geopolymer paste tests 
Before mixing with soil, the geopolymer paste was first tested for initial setting time based on 

ASTM C191-21 [16] and compressive strength based on ASTM C109-20 [17] to determine the optimum 
alkali activator variation. 
 
3.4 Mixture design of the geopolymer paste and stabilized expansive clay soils 

The optimum initial setting time and compressive strength of the geopolymer paste were used as 
a fixed variable for the mixture design with the expansive clay to be stabilized. Table 5 shows the mixture 
design of the geopolymer paste for soil stabilization. The percentage of geopolymer paste is 12% of the 
dry weight of the soil, which is a substitute for the optimum cement content of 12% from previous studies 
[18-21]. Meanwhile, the variables used were as follows: percentages of fly ash (FA) of 70%, 78%, 85%, 
92%, and 100%, and percentages of bottom ash (BA) of 0%, 8%, 15%, 22%, and 30%. 

 
Table 5: Mixture design of the geopolymer paste for soil stabilization. 

Mix ID FA [%] BA [%] Description 

BS - - Base soil 

 F100 100 0 

Base soil 
(BS) + 12% 
geopolymer 

paste 

F92B8 92 8 

F85B15 85 15 

F78B22 78 22 

F70B30 70 30 

 
The technique of mixing the geopolymer paste with the soil to be stabilized was based on the 

research of Hosseini et al. [22] due to the absence of applicable standards and the variety of materials 
used. The clay soil and water were mixed using a mixer, stirred and the soil reached the optimum 
moisture content. The fly ash and bottom ash were mixed and stirred until evenly distributed. The 
alkaline activator solution was added to the fly ash-bottom ash mixture to form a geopolymer paste. The 
geopolymer paste was mixed with clay soil at optimum moisture content using a mixer. The mixing 
process is completed according to the initial setting time results to prevent the mixture from hardening. 

 
3.5 Physical and mechanical property tests for soil stabilization 

3.5.1 Physical properties 

The physical property tests performed were specific gravity (Gs) testing according to ASTM D854-
02 [23], cosistency limits (Atterberg limits) according to ASTM D4318-00 [24] and ASTM D427-98 [25], 
standard sieve analysis according to ASTM D421-58 [26] and hydrometer ASTM D422-63 [27]. 
  
3.5.2 Mechanical properties 

The mechanical property tests performed were Proctor standard according to ASTM D698-00a 
[28], California bearing ratio (CBR) testing according to ASTM D1883-99 [29], unconfined compressive 
strength (UCS) testing according to ASTM D2166-06 [30]. 
 
4 Results and discussion 

4.1 Geopolymer paste 
4.1.1 Initial setting time of the geopolymer paste 

The initial setting time test was conducted using a vicat with a 1 mm diameter needle and an 
ebonite ring containing geopolymer paste based on ASTM C191-21 [16]. The initial setting time is 
obtained when the needle drops to 25 mm on the ebonite ring in Fig. 4, by making a graph with the 
settlement time (minutes) and the amount of settlement (mm). The initial setting time test of the 
geopolymer paste was conducted in different variations in Table 3 and Fig. 5 plots the initial setting time 
results. The M8R05.A0.8F70B30 variation shows the longest setting time of 176 min, followed by 
M8R0.5A0.6F70B30 (95 min), M5R0.5A0.6F70B30 (67 min), M8R1.0A0.6F70B30 (47 min), 
M8R0.5A0.6F100 (45 min) and M5R0.5A0.6F100 (27 min). This shows that the use of bottom ash can 
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prolong the initial setting time while the use of fly ash only has the fastest setting time. Setting time refers 
to the time limited by the mixing work in the field; therefore, it is an important parameter in the selection 
[31]. Based on the results, selecting the optimum geopolymer paste for initial setting time should be near 
that of cement (90-120 min); thus, M8R0.5A0.6F70B30 was employed as the geopolymer variation. 

 

 

  
 
 
 
 
 
 
 

Fig. 4: Initial setting time test.  

 
Fig. 5: Initial setting time results of geopolymer paste.  

 
4.1.2 Compressive strength of the geopolymer paste 

The compressive strength test of the geopolymer paste for 1 day, 7 days, and 28 days was 
performed with different variations in Table 4 and Fig. 6 plots the compressive strength results. After 28 
days, the highest value in the mixture sample of GP F100 (without bottom ash) was 57.97 MPa, followed 
by GP F85B15 (51.52 MPa), GP F78B22 (47.56 MPa), GP F92B8 (45.90 MPa) and F70B30 (42.17 
MPa). These results show that with increasing curing age, the compressive strength value also 
increases. Based on the results, the GP F85B15 sample with 15% bottom ash is the optimum mix design 
(OMD) for compressive strength value compared with other percentages of bottom ash. Although the 
compressive strength without bottom ash is higher, using bottom ash can make the initial setting time 
of geopolymer paste longer so that the working time in the field is better. One of the disadvantages of 
applying geopolymer fly ash paste (without bottom ash) for fieldwork is that the initial setting time is fast 
(under 1 hour) [31]. 

Pouring the paste 
into the ebonite ring 

Dropping the needle 
on the ebonite ring   

Recording the amount of 
settlement and the time 
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Fig. 6: Compressive strength results of the geopolymer paste. 

4.2 Physical properties of the geopolymer stabilized expansive clay soils 
4.2.1 Specific gravity 

The specific gravity trends are plotted in Fig. 7. The specific gravity of the F85B15 sample had 
the highest, at 2.43, an increase of 8.97% from the base soil (BS) sample of 2.23. This is followed by 
F92B8, F100, F78B22 and F70B30 with 2.42, 2.37, 2.34 and 2.23, respectively. The addition of bottom 
ash at the start will increase the specific gravity, but after the addition of more than 15% bottom ash, the 
specific gravity decreases, as observed for F70B30 with 2.23, which is the same as that of the base soil, 
which is in agreement with Le et al. [9]. These results confirm that the optimum addition of bottom ash 
can increase the specific gravity, but excessive addition reduces the specific gravity similar to base soil. 

 
Fig. 7: Specific gravity results for geopolymer stabilized and expansive clay soil. 

 
4.2.2 Atterberg limit (consistency limit) 

The results of the Atterberg limit test are shown in Fig. 8. It can be observed that the liquid limit 
(LL) value in the soil decreases with the use of 15% bottom ash (for F85B15 57.83%). The highest LL 
value was obtained by F70B30 with 71.83%. The addition of bottom ash from F92B8 to F70B30 causes 
the plastic limit (PL) to exhibit an increasing trend. The highest decrease was obtained in the sample 
with the lowest substitution, i.e. F92B8 with 35.21%. The smallest plasticity index (PI) value was 
obtained by the F85B15 sample, where the substitution is 15% bottom ash. The PI value in the sample 
with the highest substitution bottom ash on the geopolymer is still better than the PI value in the base 
soil. This study agrees with the findings of Mishra et al. [32].  
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Fig. 8: Atterberg limit results for geopolymer stabilized and expansive clay soil. 

 
4.2.3 Grain size analysis  

Analysis was conducted on each sample and the results are shown in Fig. 9. The effect of 
substitution is plotted in Fig. 10. The test results showed a change in composition of the soil fraction. 
The base soil (BS) sample was initially dominated by a finer # 200 (clay/silt) fraction of 80.34% and after 
mixing with geopolymer paste, the clay/silt fraction was reduced by 23.63% for F100 and 16.53% for 
F85B15. The reduction in the clay/silt fraction in the geopolymer samples was followed by an increase 
in sand fraction, which was initially observed in the BS sample. Our findings where the use of 
geopolymer results in a decrease in the clay/silt fraction are in accordance with Chen et al. [33]. 

 

 
Fig. 9: Grain size analysis of geopolymer stabilized and expansive clay soil. 

 

Gravel Sand Clay or silt  
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Fig. 10: Percentage finer results of geopolymer stabilized and expansive clay soil. 

 
4.3 Mechanical properties of the geopolymer stabilized expansive clay soils 

4.3.1 Soil compaction  
The results of soil compaction are shown in Figs. 11-13. The effect of substitution on optimum 

moisture content (OMC) values showed that a decreasing percentage of bottom ash and an increasing 
percentage of fly ash led to a regular decrease in OMC values. However, the OMC value at the highest 
bottom ash percentage variation remained below that of the base soil (BS) sample. This reveals that a 
decrease in OMC in the soil occurs when geopolymer paste is added, but if the content of fly ash is 
reduced and replaced by more bottom ash, there is a decrease in the water absorption rate, increasing 
the OMC. An increase in OMC is always followed by a decrease in maximum dry density (MDD). A 
similar result was obtained by Murmu et al. [7], who studied geopolymers in expansive clay soil.  

 
Fig. 11: Curve results from the Proctor standard for geopolymer stabilized and expansive clay soil. 
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Fig. 12: Max dry density results for geopolymer stabilized and expansive clay soil. 

 

 
Fig. 13: Optimum moisture content results for geopolymer stabilized and expansive clay soil. 

 
4.3.2 Unconfined compressive strength (UCS) 

In the unconfined compressive strength (UCS) test, the samples were formed using a mold and 
were dependent on the Proctor tests (soil compaction) previously performed. The treatment applied to 
the test was varied for 1 day, 7 days, 14 days, and 28 days under soaked conditions for 4 hours in Fig. 
14. In Fig. 15, it can be observed that the UCS value increases with the geopolymer stabilized expansive 
clay soil. The highest value in the mixture design sample of F100 (without bottom ash). Initially, in the 
base soil sample, the UCS value of 2.94 kPa increased by 400% to 14.24 kPa after 1 day of curing. At 
28 days of curing, the UCS value increased by 733% to 24.52 kPa. These results show that with 
increasing curing age, the UCS value also increases. For F85B15, the UCS value at 28 days of curing 
increased by 633% to 20.59 kPa. The order of UCS values from largest to smallest are F100, F85B15, 
F92B8, F78B22, and F70B30. The F85B15 sample shows that adding 15% bottom ash is the optimum 
mix design (OMD) for the UCS value compared with other percentages of bottom ash. These results 
were consistent with the research by Dissanayake et al. [34] and Parhi et al. [35] which explained the 
effect of fly ash and bottom ash content on expansive soil. 
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Fig. 14: UCS soaked test. 

 

 
Fig. 15: UCS results for geopolymer stabilized and expansive clay soil. 

 
4.3.3 California bearing ratio soaked (CBR soaked) 

Before testing, samples were made in soaked conditions for 4 days in Fig. 16. In Table 6, it can 
be observed that the CBR soaked value increased in the optimum mix design (OMD) sample of 
expansive clay stabilization with geopolymer. Initially, in the base soil (BS) sample, the CBR value of 
1.55% increased by 753% to 13.22% in the OMD sample (F85B15). The CBR value also increased by 
827% to 14.37% in the sample without bottom ash (F100). These results revealed that using bottom ash 
can slightly reduce the CBR value. However, all results showed that the obtained CBR is greater than 
the 6% required for material subgrades based on the Road Pavement Design Manual by the Ministry of 
Public Works and Housing [36]. 

Table 6: CBR values of geopolymer stabilized and expansive clay soil. 
Mix ID FA [%] BA [%] CBR [%] CBR requirements [%] 

[36] Increasement [%] 

Base soil 0 0 1.55 
> 6% 

- 

 F100 100 0 14.37 827 

 F85B15 85 15 13.22 753 

 

            

Soaking the samples for  
4 hours Conducting UCS test 

Load 

70 mm 

35 mm 
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Fig. 16: CBR soaked and CBR swell test.  
 

4.3.4 California bearing ratio swell (CBR swell) 
In the CBR soaked test, samples were attached to a dial gauge for CBR swell readings and 

performed at 0, 1, 2, 4, 8, 12, 24, 36, 48, 72, and 96 hours in Fig. 16. The swelling results of the CBR 
soaked test are shown in Table 7, showing that the CBR swell value decreased in the optimum mix 
design (OMD) sample of expansive clay stabilization with geopolymer. The CBR swell of base soil (BS) 
of 4.16% decreased by 73.56% to 0.99% in the OMD sample (F85B15). The CBR swell also decreased 
from 76.20% to 0.99% in the sample without bottom ash (F100). All results revealed that the obtained 
CBR swell is less than the 2% required for material subgrades based on the Road Pavement Design 
Manual by the Ministry of Public Works and Housing [36]. 

Table 7: CBR-swell values of geopolymer stabilized and expansive clay soil. 

Mix ID FA [%] BA [%] CBR swell [%] 
CBR swell 

requirements [%]  
[36] 

Decreasement [%] 

Base soil 0 0 4.16 
< 2% 

- 

 F100 100 0 0.99 76.20 

F85B15 85 15 1.10 73.56 

 
5 Conclusion 

This study examined the physical and mechanical properties of expansive clay stabilized by FABA 
geopolymer paste. The results of physical and mechanical property tests showed that the soil and 
geopolymer mixture performed satisfactorily to stabilize the subgrade. Thus, the FABA geopolymer can 
be utilized as a stabilization material for expansive clay with the optimum mix design (OMD). Based on 
the results and discussion the following conclusions were made: 

1) Selection of optimum geopolymer paste based on initial setting time testing obtained variation 
M8R0.5A0.6F70B30. M8R0.5A0.6F70B30 is a variation with sodium hydroxide concentration of 8M, 
sodium silicate and sodium hydroxide weight ratio (R) of 0.5, alkali activator and binder weight ratio (A) 
of 0.6. 

2) Based on the results of the paste compressive strength test, GP F85B15 (geopolymer 85% fly 
ash and 15% bottom ash) became the optimum mix design (OMD) with a compressive strength value 
of 51.52 MPa. GP F100 (100% fly ash geopolymer) was used as a comparison with a compressive 
strength value of 57.97 MPa.  

3) The results of physical property tests conducted on the geopolymer stabilized expansive clay 
soil, using fly ash and bottom ash geopolymer paste can improve qualities such as specific gravity, 
Atterberg limit, and grain size. The specific gravity test results increased from base soil (BS) of 2.23 to 
2.43 in F85B15. Atterberg limit test results showed a decrease in LL value from BS of 70.07% to 57.83% 
and PI value also decreased from BS of 45.67% to 22.45% in F85B15. In the grain size, the largest 
decrease in the percentage of the fine fraction was in F100 at 56.71% from BS at 80.34% followed by 
F85B15 at 63.81%. Based on all the test results, the optimum mix design (OMD) percentage was 
obtained for variation F85B15, with a mixture of soil and geopolymer paste using 85% fly ash and 15% 

Soaking the sample for  
4 days 

Conducting CBR test 
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bottom ash. However, adding more bottom ash instead of fly ash will reduce the quality to the same 
level as the soil before stabilization such as F70B30. 

4) The mechanical property test results show that the subgrade stabilized with geopolymer can 
increase its strength to exceed the requirements used for road subgrades such as soil compaction, 
UCS, CBR soaked, and CBR swell. Soil compaction test results showed the highest MDD in F85B15 
increased from BS of 1.29 to 1.35 and OMC decreased from BS of 34.20% to 24%. The UCS test results 
showed the highest value at 28 days of F100 of 24.52 kPa followed by F85B15 of 20.59 kPa. The results 
of the soaked CBR test showed that BS of 1.55% increased to 13.22% in F85B15 and 14.37% in F100. 
These results indicate that using bottom ash can reduce the CBR value. The results show that the CBR 
obtained is greater than the required 6%. The results of the CBR swell test, BS of 4.16% decreased to 
1.10% in F85B15 and 1.00% in F100. The results show that the CBR swell obtained is less than the 
required 2%. 

5) For further study, it is recommended to investigate the long-term performance of geopolymer 
stabilized expansive clay soil and to explore important aspects including but not limited to: the use of 
other Job Mix Formula (JMF) for geopolymer paste, the technique of mixing the geopolymer paste with 
the expansive clay soil and the proper construction methods to maintain the mix performing as expected. 
 
Acknowledgement 

The authors acknowledge the support/funding from Gadjah Mada University for 2023 Final 
Assignment Recognition (RTA) Program with Assignment Letter Number: 5075/UN1P.II/Dit-
Lit/PT.01.01/2023. 
 
References 
 

[1] NELSON, J. D. - MILLER, D. J.: Expansive soils: problems and practice in foundation and 
pavement engineering. John Wiley & Sons, 1997. 

[2] AL-RAWAS, A. A. - Goosen, F. A.: Expansive soils: recent advances in characterization and 
treatment. Taylor and Francis Group, 2006. 

[3] STEINBERG, M.: Expansive soils and the geomembrane remedy, In Advances in Unsaturated 
Geotechnics, 2000, pp. 456-466. 

[4] HICKS, R. G.: Alaska soil stabilization design guide. Department of Transportation and Public 
Facilities Research and Technology Transfer, 2002, pp. 99709-5399. 

[5] ISMANTI, S. - YASUFUKU, N.: Effect of bamboo leaf ash addition in cemented bamboo chips-
sand soil mixture. Lowland Technology International, Vol. 19, Iss. 1, 2017, pp. 13–26. 

[6] ASTM INTERNATIONAL: Standard Specification for coal fly ash and raw or calcined natural 
pozzolan for use in concrete. ASTM C 618-05, West Conshohocken, PA 2005.  

[7] MURMU, A. L. - JAIN, A. - PATEL, A.: Mechanical properties of alkali activated fly ash geopolymer 
stabilized expansive clay. KSCE Journal of Civil Engineering, Vol. 23, Iss. 9, 2019, pp. 3875–
3888, Doi: 10.1007/s12205-019-2251-z. 

[8] SYED, M. - GUHARAY, A. - KAR, A.: Stabilization of expansive clayey soil with alkali activated 
binders. Geotechnic Geology Engineering, Vol. 38, Iss. 6, 2020, pp. 6657–6677, Doi: 
10.1007/s10706-020-01461-9. 

[9] LE, T. M. - DANG, L. C. - KHABBAZ, H.: Combined effects of bottom ash and lime on behaviour 
of expansive soil. In Recent Advancements on Expansive Soils: Proceedings of the 2nd 
GeoMEast International Congress and Exhibition on Sustainable Civil Infrastructures, Egypt, The 
Official International Congress of the Soil-Structure Interaction Group in Egypt (SSIGE), 2019, 
pp. 28-44, Doi: 10.1007/978-3-030-01914-3_3. 

[10] MAHEEPALA, M. M. A. L. N. - NASVI, M. C. M. - ROBERT, D. J. - GUNASEKARA, C. - 
KURUKULASURIYA, L. C.: A comprehensive review on geotechnical properties of alkali activated 
binder treated expansive soil. Journal of Cleaner Production, Vol. 363, 2022, Doi: 
10.1016/j.jclepro.2022.132488. 

[11] ARIOZ, E. - ARIOZ, O. - METE, K. O.: Leaching of F-type Fly Ash Based Geopolymers. Procedia 
Engineering, Vol. 42, 2012, pp. 1114-1120, Doi: 10.1016/j.proeng.2012.07.503.   

[12] WIJAYA, M. F. - OLIVIA, M. - WIBISONO, G. - SAPUTRA, E. - WANG, S.: Characteristics of 
Geopolymer Hybrid Concrete in Peat Water. IOP Conference Series: Materials Science and 
Engineering, Vol. 615, Iss. 1, 2019, Doi: 10.1088/1757-899X/615/1/012120. 

[13] ASTM INTERNATIONAL: Standard specification for fly ash and raw or calcined natural pozzolan 
for use as a mineral admixture in Portland cement concrete. ASTM C 618-78, West 
Conshohocken, PA 1978.  



Civil and Environmental Engineering Vol. 20, Issue 2, 890-904 
 

 
 

[14] ADHIKARI, B. - KHATTAK, M.J. - ADHIKARI, S.: Mechanical and durability characteristics of 
flyash-based soil-geopolymer mixtures for pavement base and subbase layers. International 
Journal Pavement Engineering, Vol. 22, Iss. 9, 2021, pp. 1193–1212, Doi: 10.1080/ 
10298436.2019.1668562. 

[15] SATYARNO, I. - SOLEHUDIN, A. P. - MEYARTO, C. - HADIYATMOKO, D., MUHAMMAD, P. - 
AFNAN, R.: Practical method for mix design of cement-based grout. Procedia Engineering, Vol. 
95, 2014, pp. 356-365, Doi: 10.1016/j.proeng.2014.12.194. 

[16] ASTM INTERNATIONAL: Standard Test Methods for Time of Setting of Hydraulic Cement by 
Vicat Needle. ASTM C191-21, West Conshohocken, PA 2021. 

[17] ASTM INTERNATIONAL: Standard Test Method for Compressive Strength of Hydraulic Cement 
Mortars (Using 2-in. or [50-mm] Cube Specimens). ASTM C109-20, West Conshohocken, PA 
2020. 

[18] ROLLINGS, M. P. - ROLLINGS, JR.: Geotechnical material in construction. New Jersey, McGraw 
Hill, 1996. 

[19] ACOSTA, H. A. - EDIL, T. B. - BENSON, C. H.: Soil stabilization and drying using fly ash. Geo 
Engineering Report, Wisconsin, 2003. 

[20] WIJAYA, W. - ISMANTI, S. - RIFA’I, A.: Soft clay improvement using bamboo leaf ash on CBR 
values. In Journal of Physics: Conference Series, Vol. 1625, Iss. 1, 2020, pp. 012007, Doi: 
10.1088/1742-6596/1625/1/012007. 

[21] SORSA, A.: Engineering properties of cement stabilized expansive clay soil. Civil and 
Environmental Engineering, Vol. 18, Iss. 1, 2022, pp. 332-339, Doi: 10.2478/cee-2022-0031. 

[22] HOSSEINI, S. - BRAKE, N. A. - NIKOOKAR, M. - GÜNAYDIN-ŞEN, Ö. - SNYDER, H. A.: 
Mechanochemically activated bottom ash-fly ash geopolymer. Cement and Concrete 
Composites, Vol. 18, 2021, Doi: 10.1016/j.cemconcomp.2021.103976. 

[23] ASTM INTERNATIONAL: Standard Test Methods for Specific Gravity of Soil Solids by Water 
Pycnometer. ASTM D854-02, West Conshohocken, PA 2002. 

[24] ASTM INTERNATIONAL: Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity 
Index of Soils. ASTM D4318-00, West Conshohocken, PA 2000. 

[25] ASTM INTERNATIONAL: Test Method for Shrinkage Factors of Soils by the Mercury Method. 
ASTM D427-98, West Conshohocken, PA 1998. 

[26] ASTM INTERNATIONAL: Standard Practice for Dry Preparation of Soil Samples for Particle-Size 
Analysis and Determination of Soil Constants. ASTM D421-58, West Conshohocken, PA 1998. 

[27] ASTM INTERNATIONAL: Standard Test Method for Particle-Size Analysis of Soils. ASTM D422-
63, West Conshohocken, PA 2007. 

[28] ASTM INTERNATIONAL: Standard Test Methods for Laboratory Compaction Characteristics of 
Soil Using Standard Effort (12,400 ft-lbf/ft3 (600 kN-m/m3)). ASTM D698-00a, West 
Conshohocken, PA 2000. 

[29] ASTM INTERNATIONAL: Standard Test Method for CBR (California Bearing Ratio) of 
Laboratory-Compacted Soils. ASTM D1883-99, West Conshohocken, PA 1999. 

[30] ASTM INTERNATIONAL: Standard Test Method for Unconfined Compressive Strength of 
Cohesive Soil. ASTM D2166-06, West Conshohocken, PA 1999. 

[31] CORNELIS, R. - PRIYOSULISTYO, H. - SATYARNO, I. - ROCHMADI.: The investigation on 
setting time and strength of high calcium fly ash based geopolymer. Applied Mechanics and 
Materials, Vol. 881, 2018, pp. 158–164, Doi: 10.4028/www.scientific.net/amm.881.158. 

[32] MISHRA, M. - SAHOO, P.K. - SINGH, S.P.: Plasticity and swelling characteristics of geopolymer 
treated expansive soil. In Proceedings of the Indian Geotechnical Conference, Singapore, Vol. 3, 
2019, pp. 195–209, Doi: 10.1007/978-981-33-6444-8_17. 

[33] CHEN, K. – WU, D. – ZHANG, Z. – PAN, C. – SHEN, X. – XIA, L. – ZANG, J.: Modeling and 
optimization of fly ash–slag-based geopolymer using response surface method and its application 
in soft soil stabilization. Construction and Building Materials, Vol. 315, 2022, pp. 125723, Doi: 
10.1016/j.conbuildmat.2021.125723. 

[34] DISSANAYAKE, T. B. C. H. - SENANAYAKE, S. M. C. U. - NASVI, M. C. M.: Comparison of the 
Stabilization Behavior of Fly Ash and Bottom Ash Treated Expansive Soil. Engineer: Journal of 
the Institution of Engineers, Vol. 50, Iss. 1, 2017.  

[35] PARHI, P. S. - GARANAYAK, L. - MAHAMAYA, M. - DAS, S. K.: Stabilization of an Expansive 
Soil Using Alkali Activated Fly Ash Based Geopolymer. Sustainable Civil Infrastructures, 2017, 
pp.36-50, Doi: 10.1007/978-3-319-61931-6_4. 

[36] MINISTRY OF PUBLIC WORKS AND HOUSING INDONESIA: Road pavement design manual 
(2nd edition). Directorate General of Highways, Ministry of Public Works and Housing 
No.02/M/BM/2017, Jakarta, 2017. 


