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Abstract 
 
Dynamic Cone Penetrometer (DCP) test carried out in Jalan Raya Kubang Laban, Serang 
Regency, shows that the location has soil-bearing capacity of 3.413%. Low soil bearing 
capacity can accelerate road damage and reduce efficiency, especially with high traffic. This 
percentage is lower than minimum California Bearing Ratio (CBR) of 6% needed for 
subgrade soil, according to Revised Road Pavement Design Manual No. 02/M/B/2017. 
Consequently, the problem was addressed by using fly ash geopolymer that chemically 
bond with soil particles to increase soil strength and contribute to waste management. 
Therefore, this research aimed to assess stabilization capacity of fly ash geopolymer and 
examine the effect on mechanical and physical properties of subgrade soil. To achieve the 
aim, several activator ratios were investigated, namely 10 Mol of NaOH with solution ratio 
of 2.0 (Na2SiO3 to NaOH), while the quantity of fly ash varied from 0% to 20%. Mechanical 
property were assessed using unconfined compressive strength (UCS) test at 0, 7, 14, and 
28 days of curing. Meanwhile, physical and material characterization were examined using 
plastic limit, liquid limit, X-ray diffraction (XRD), and Scanning Electron Microscope-Energy 
Dispersive X-ray (SEM-EDX). The results showed that variation 3 (80% soil, 20% fly ash, S/L 
1/2.5) had highest strength of 36.427 kg/cm2 after 28 days with soil plasticity index (PI) of 
6.88%, which meets the requirements for subgrade because it exceeds the minimum limit 
of 21–28 kg/cm² according to SNI 03-6887-2002. This research utilizes fly ash as an 
environmentally friendly construction material, supporting waste management and 
sustainable development with wide application potential. 
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1.0  INTRODUCTION 
 
Soil is a combination of minerals, decomposed organic material, 
and generally loose sediments located on bedrock [1], [2], [3]. 
The presence of carbonates, organic matter, or oxides that settle 
between soil particles causes the bonds between soil grains to 
be relatively weak. Moreover, the spaces between these 
particles can contain water, air, or both. 

Roads are routes used for vehicle transportation that play 
an important role in the daily activities of people. Relating to this 
definition, soil functions as a foundation for vehicle traffic and 
road structures. Soil attributes as well as its strength play a 
significant role in road construction planning particularly those 

properties which have an influence on the load supporting 
capacity of the soil used for construction. Moreover, subgrade 
soil is prone to moisture content and volume changes that may 
damage road construction, such as occurrence of potholes due 
to the instability of subgrade failure [4], [5]. 

Jalan Raya Kubang Laban, Terate Village, Kramatwatu Sub-
district, Serang Regency, and Banten Province has a damaged 
road surface including potholes or erosion that seems to have 
extended to subgrade soil. In addition, there is an increased 
problem due to heavy vehicles, especially trucks that exert great 
pressure on both the road and the underlying soil. The field test 
conducted using Dynamic Cone Penetrometer (DCP) showed 
California Bearing Ratio (CBR) of 2.82% for subgrade soil. This 
value is below the standard set in Revised Pavement Design 
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Manual (2017) No. 02/M/B/2017, that subgrade CBR value 
should not be less than 6%. When CBR value is lower than the 
standard, then some measures need to be taken for stabilization 
of soil. In the context of this research, soil stabilization is 
achieved by adding chemical into the soil in order to improve 
mechanical and physical properties [3-7]. 

Geopolymer is a result of non-organic material’s 
polymerization process [11]. This technology uses industrial 
waste, namely fly ash for geopolymer technology creation. To 
ensure easy production of geopolymer, source materials have to 
contain a significant amount of silica and alumina. For this 
purpose, the elements are dissolved using basic solutions such 
as sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) to 
facilitate the chemical reaction. Fly ash waste can also be used 
in providing high amounts of silica and alumina. Generally, fly 
ash consists of small particles that are made up of alumina, silica, 
and iron [9-12]. Both amorphous and crystalline minerals are 
present in fly ash [13-14]. 

The addition of fly ash-based geopolymer to soil increased 
unconfined compression test (qu) value [18]. However, this value 
is not consistent with soil that does not have geopolymer, at a 
proportion of 20% of the total sample. Research on soil without 
geopolymer showed smaller increase in qu compared to those 
with geopolymer. Ground Granulated Blast Furnace (GGBS) can 
improve soil strength by taking precautions in order to avoid clay 
swelling. Based on the research, using 20% fly ash-based 
geopolymer produced qu value of 15.09 kg/cm2, only at 7 days. 
This result showed that qu value was affected by the addition of 
geopolymer, leading to subgrade stabilization. This study uses 
type C fly ash which does not require curing with temperature 
variations due to its fast setting properties [11].  

Previous research found that qu value increased with 
longer days of curing. This is the reason that the best 
comprehensive strength could be achieved by using 10 Mol 
NaOH solution at ratio of 2.0 (NaOH to Na2SiO3) [11]. In addition, 
the highest qu value was achieved by using 20% fly ash at the 
ratio of soil mixture with fly ash to activator solution (S/L) in 
variations of 1/1, 1.5/1, 2/1, 2.5/1, and 3/1, with the optimum 
being 1.5/1. UCS strength in fly ash-based geopolymer stabilized 
soils improved by increasing molarity of actuator from 8 M to 10 
Mol [11].  

Several activator concentration were examined in this 
research, ranging from 10 Mol NaOH with liquid-to-solid ratio 
(LSR) of 2.0 (Na2SiO3 to NaOH). Also, fly ash content of 0% and 
20% was used together with variations of S/L ratio (fly ash to 
alkaline activator) of 1/2 and ½ which were tested at 0, 7, 14, 
and 28 days.  

This study presents an approach that varies the ratio of 
Na2SiO3 and NaOH and the ratio of fly ash to activator, which has 
yet to be widely explored in previous studies. This approach is 
expected to improve the strength of the subgrade and provide a 
more environmentally and economically friendly solution, along 
with the increasing amount of fly ash waste generated by the 
industry. 

 
 
2.0  METHODOLOGY 
 
Materials such as soil, fly ash type “C”, and alkali activators NaOH 
and Na2SiO3 were prepared in this research [16-17]. Soil and fly 

ash were dried, mixed homogeneously, and spread evenly. The 
specific materials used in this context could be seen in Figure 1. 

 

 
 

Figure 1 (a) Soil, (b) fly ash, (c) NaOH, (d) Natrium silicate 

The soil and fly ash mixture were mixed until it was blended, 
then geopolymer mixture was prepared by adding alkaline 
activators (NaOH and Na2 SiO3). Alkali activator is prepared by 
mixing NaOH and Na₂SiO₃ solutions according to a certain ratio, 
where NaOH solution is made by dissolving NaOH pellets in 
water and left for 24 hours for stabilization. Na₂SiO₃ solution is 
then added gradually while stirring until homogeneous. The 
mixture of soil and fly ash that has been stirred evenly is mixed 
with alkali activator slowly until the desired consistency is 
achieved. In the next phase, the mixture was placed in a 
cylindrical mold with 38 mm diameter and 76 mm height. The 
combination was compressed firmly to experience qu using the 
standard Proctor method and the sample was removed from the 
mold using an extruder and wrapped in plastic to keep it wet. To 
obtain optimum strength, curing was carried out by incubating 
the samples at room temperature for 3, 7, 14, and 28 days. 
Furthermore, qu was conducted using SNI 3638:2012 standard 
[21], to determine the optimum stress measured at 15% axial 
strain if the sample does not show a clear failure point. In this 
study, the stress value taken is the maximum value at the failure 
point identified from the stress-strain curve. The unconfined 
compressive strength testing apparatus is shown in Figure 2. 
 

 
Figure 2 Unconfined Compression Strength (UCS) test 
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Liquid and plastic limit analyses were conducted on clay soil 
using SNI standard operating methods [19-20]. In this research, 
morphology was carried out with Scanning Electron Microscope 
(SEM) while phase analysis used X-ray diffractometer after 
applying a thin gold coating to the samples using a sputter 
coater. These processes were structured to determine the way 
in which geopolymer affected the mechanical and physical 
characteristics of soil, as well as the composition and 
morphology of the final geopolymer material. The range of 
additives used in this research could be seen in Table 1. 

 
Table 1 Sample variation 

 

Sample 
Variation 

Soil 
Fly 
Ash 
(S) 

S/L 

S 
(Fly 
Ash) 

L (Alkali 
Activator) 

(1) 100% 0% 1 0 

(2) 80% 20% 1 2 

(3) 80% 20% 1 2.5 

 
 

3.0  RESULT AND DISCUSSION 
 
3.1 Phisycal Properties Of Soil 
 
Table 2 showed the test results for the physical characteristics of 
the original soil used in this exploration. According to Table 2, 
the clay compaction test produced optimal moisture content 
and dry density values of 27.786% and 1.14 g/cm3. The original 
soil had PI of 20.18% and was categorized as organic clay soil 
with medium to high plasticity (OH) by Unified Soil Classification 
System (USCS) based on ASTM D2487-17.  A soil is categorized 
as organic clay or organic silt if its oven-dry liquid limit is less than 
75% of the liquid limit of the original test specimen, according to 
the procedure in ASTM D2217. Moreover, fly ash filled in the 
spaces between soil particles with tiny particles might increase 
the stability and compressive strength.  
 

Table 2 Physical properties of the original soil 
 

No Properties Value Unit 

1 
Analysis of grain size  
(pass sieve no.200) 

50.60 % 

2 Specific gravity 2.490 - 

3 Liquid limit 53.00 % 

4 Plastic limit 32.82 % 

5 Compaction   

 -Optimum water content 27.786 % 

 -Maximum dry density 1.140 g/cm3 

 
 

3.2 Phisycal Properties of Mixed Soil (Soil with Fly Ash-Based 
Geopolymer) 
 
Figure 3 showed the liquid and plastic limit values decreased as 
geopolymer variation increased, due to cation exchange, 
flocculation, and particle agglomeration processes in the clay 
soil. The incorporation of fly ash binder into the soil released 
calcium ions (Ca2+), which were exchanged with sodium ions 
(Na+) present in the clay particles. This ion exchange process was 

known as cation exchange which caused many physical changes 
in the soil.  This statement is supported by research conducted 
by Van Jaarsveld et al. (2003), which explains that the cation 
exchange process, including calcium and sodium exchange, can 
affect the physical properties of fly ash-based geopolymer 
materials, such as reducing the liquid limit and plastic limit 
values of the soil [24]. PI value showed the expansion and 
shrinkage properties of soil, and as the value increased, these 
properties increased. In this exploration, the original soil at Jalan 
Raya Kubang Laban, Terate Village, Kramatwatu Sub-district, 
Serang Regency, and Banten Province had PI of 20.18%, in 
variation (2) (80% soil, 20% fly ash, S/L ½) the value was 9.32%, 
and in variation (3) (80% soil, 20% fly ash, S/L 1/2.5), PI was 
6.88%. Additionally, the incorporation of fly ash-based 
geopolymer in the test led to a decrease in PI. As a result of this 
process, the original soil which initially had a medium shrinkage 
potential, showed a reduced PI, lowering it to a lower 
development potential. 

According to Highway Development Implementation 
Regulations of the Department of Public Works, PI standard for 
subgrades was < 15%. The soil samples containing fly ash and 
geopolymer were used as subgrade for roads, according to 
Atterberg limit results. This process showed that the strategy 
was successful in lowering PI of clay soil [25]. 

 

 
Figure 3 Results of liquid limit and plastic limit test 

 
 

3.3 Mechanical Properties of Mixed Soil (Soil with fly ash-based 
geopolymer) 
 
The impact of adding fly ash-based geopolymer on raising qu 
value was shown in Figure 4. Increasing curing time contributed 
to a further increase in qu. Test data showed that geopolymer 
addition had significant impact on qu in soil, with highest value 
of 36.427 kg/cm2 observed in variation (3) at 28 days. This value 
signified that the original soil has been increased by 3122.76% 
(Variation (1) 0-day curing) from the initial qu of 1,096 kg/cm2. 
An incident occurred when fly ash and alkaline activator reacted 
under alkaline activation, resulting in CASH (calcium-aluminate-
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silicate-hydrate) gel. The reaction between fly ash and alkali 
activator produces calcium-aluminate-silicate-hydrate (CASH) 
gel, which increases the strength and stability of geopolymer 
materials. This process occurs through the polymerization of 
silicates and aluminates under alkaline conditions, resulting in a 
strong matrix structure. Davidovits (1991) explained that CASH 
gel is formed during geopolymerization and strengthens the 
material [26], while Van Jaarsveld et al. (1996) and Lloyd & 
Rangan (2010) also confirmed the important role of CASH gel in 
improving the performance of fly ash-based geopolymer 
concrete [27], [28]. The expansion of soils and binding of 
particles as geopolymer were maintained by SiO2, Al2O3, CaO, 
and Fe2O3 which were among the components of fly ash. Fine 
particles in fly ash filled the space between soil particles, leading 
to high qu values. qu value in variation (3) after 0 days of curing 
was lower compared to the original soil [11]. This process might 
be because the variation contained a high level of alkaline 
activator (liquid) and geopolymer mixture had not yet hardened 
at 0-day, leaving the soil in a soft state at the 0-day stage. 
 

 
Figure 4 The effect of qu value to mixture variation 

 
Figure 5 showed the cracking in UCS test samples, and as the 
curing time increased from 7 to 28 days, the strength and 
stability of the soil-based geopolymer material improved 
significantly. This result was evident from the reduction in size 
and number of cracks in the sample. After 7 days, large and 
widespread cracks occurred due to the incomplete hydration 
process, while at 14 days, the cracks began to decrease as the 
structure of the material stabilized. On day 28, the material 
showed a few small cracks, signifying that the material had 
reached its maximum strength, with a denser structure and 
more resistant to cracking. The value obtained in variation 3 
(80% soil, 20% fly ash, S/L 1/2.5) shows the highest strength of 
36.427 kg/cm² after 28 days, which meets the standard 
requirements for subgrade. This strength exceeds the minimum 
limit set by SNI 03-6887-2002, which is between 21–28 kg/cm². 
This study used type C fly ash at room temperature for the curing 
process, which is supported by Hardjito & Rangan (2005) who 
stated that even though it takes longer, the resulting 
geopolymer still achieves sufficient strength for civil engineering 

applications [29], as well as by Abdila et al. (2021) who showed 
that type C fly ash does not require curing with temperature 
variations due to its fast setting properties [11]. 
 

 
Figure 5 Cracking of UCS test sample 

 
 

This study shows that a higher S/L ratio of 1/2.5 results in higher 
UCS values than a lower ratio. This indicates that increasing the 
amount of Na2SiO3 in the mixture can accelerate the formation 
of CASH gels, contributing to increased soil strength. These 
results are consistent with previous studies but provide a new 
contribution by showing that this higher ratio results in a more 
significant increase in strength at day 28. Research by Davidovits 
(1991) showed that increasing the S/L ratio can accelerate the 
formation of CASH gel, which contributes to increasing the 
strength of geopolymer materials . This is also supported by 
research by Lloyd & Rangan (2010), who observed that the 
addition of Na2SiO3 in the geopolymer mixture increased the 
strength of geopolymer concrete, especially at the age of 28 days 
[28]. 
 
3.4 Properties of Soil Mixed (Soil with fly ash-based 
geopolymer) 
 
3.4.1 X-ray Diffraction (XRD) Analysis 
 
Figure 6 showed an X-ray diffraction (XRD) graph of the soil 
sample mixed with fly ash-based geopolymer. The graph 
featured several sharp diffraction peaks, especially around 26-
30 degrees 2θ, showing the presence of a crystalline phase such 
as quartz. Additionally, the pattern also showed an amorphous 
phase of geopolymer matrix, characterized by a diffuse 
archetype between the sharp peaks. Besides quartz, other 
crystalline phases of fly ash such as mullite might be present, 
while the contribution of natural soil minerals was also visible 
but less dominant [30]. This statement is supported by research 
by Van Jaarsveld et al. (1996) which showed that XRD on fly ash-
based geopolymers indicated crystalline phases such as quartz 
and mullite, as well as amorphous phases of the formed 
geopolymer matrix [27]. Another study by Lloyd & Rangan (2010) 
also observed differences in crystalline and amorphous phases 
in geopolymers, which showed a transition from crystalline to 
amorphous structures during the alkali activation process[28]. 
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Figure 6 XRD test result 

 
3.4.2 SEM-EDX Analysis 
 
Figure 7 showed SEM test results of the soil sample mixed with 
fly ash-based geopolymer at 500x, 1000x, 2000x, and 5000x 
magnification. These images represented the details of 
microscopic structure of the mixture. In SEM images, spherical 
particles of a few micrometers in size were visible and were 
probably remnants of fly ash particles that did not fully react 
during geopolymer formation. These particles were embedded 
within a denser, irregular matrix, signifying that a significant 
portion of fly ash had interacted with the alkaline activator to 
form geopolymer structure. The image also showed a rough and 
irregular texture surrounding the particles, indicating the 
presence of an amorphous phase of geopolymer, and the 
aggregation of other small particles. This formation implied that 
the material had a heterogeneous composition, consisting of 
residual fly ash particles in geopolymer matrix. 
 

 
Figure 7 SEM-EDX result soil-based geopolymer with fly ash : (a) 
magnification 500x, (b) magnification 1000x, (c) magnification 2000x, (d) 
magnification 5000x 

 
Fly ash was added to soil-based geopolymer to improve the 
strength when compared to soil-based geopolymer from soil 
alone. Relating to this discussion, Figure 8 showed the results of 
an Energy Dispersive X-ray Spectroscopy (EDX) test on a soil 
sample mixed with fly ash-based geopolymer. This examination 
implied that oxygen (44.22%) and silicon (18.66%) had the 
highest peaks, showing the predominance of silicate and 
alumina from fly ash as well as reflecting the structure of 
geopolymer.  

The presence of these elements reflected the composition of fly 
ash and soil, as well as the success of geopolymerization process 
that incorporated the elements into geopolymer matrix. This 
process was related to previous research [11], [31]. 

 
Figure 8 EDX result (Spectrum 1) 

 
The research showed that incorporating fly ash into geopolymer 
material significantly increased soil strength. Using a mixture of 
80% soil and 20% fly ash, with an S/L ratio of 1.5, the exploration 
achieved a significant qu after 28 days of curing and a substantial 
reduction in PI. This reduction confirmed that soil mixed with fly 
ash could produce highly durable geopolymer materials with 
strong potential for practical applications in sustainable 
construction.This study is in line with the study of Van Jaarsveld 
et al. (2003) which showed that the addition of fly ash in 
geopolymers can increase the compressive strength and reduce 
the plasticity index of the soil, which indicates an increase in the 
quality of the material[24].  
 
 

4.0  CONCLUSIONS 
 

1.  The addition of fly ash-based geopolymer effectively 
reduced the PI value of the soil, with the PI value of the 
mixture reaching 9.32% and 6.88%, meeting the criteria for 
subbase material. 

2. Increasing the S/L ratio causes a decrease in the liquid limit 
and PI, and increases the plastic limit, which contributes to 
soil strengthening. 

3. Variation 3 (80% soil, 20% fly ash, S/L 1/2.5) achieved the 
highest strength qu value of 36.427 kg/cm² after 28 days, 
exceeding the minimum limit of 21–28 kg/cm² according to 
SNI 03-6887-2002 for subgrades. 

4. The novelty of this research lies in the effect of S/L ratio on 
increasing subgrade soil strength, demonstrating the 
potential of fly ash-based geopolymer as an environmentally 
friendly solution for sustainable construction. 
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