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ABSTRACT: Within tropical areas experiencing regular rainfall and seasonal wetness, pavement support under 
soaked conditions can be significantly reduced. It is primarily attributed to the weakened sandy Podzol subgrade 
soil due to moisture. To stabilize the sandy Podzol subgrade soil in South Kalimantan, Indonesia, this study 
examined the soaked performance of a ternary binder involving three components: (i) fly ash, (ii) rice husk ash, 
and (iii) lime. The untreated soil was classified as well-graded sand (SW) with less than 5% non-plastic fines. At 
the optimal moisture content determined using the Standard Proctor method, various specimens were 
compacted, cured for seven days, and soaked for four days prior to California bearing ratio (CBR) testing. The 
F15LR (15% FA + 5% RHA + 2.5% lime) specimen revealed the highest CBR improvement (4.30% to 7.50%, 74% 
increase). Fourier transform infrared spectroscopy analysis indicated chemical changes associated with 
stabilization-related reactions. A more densely bonded matrix was observed in the optimal mixture through 
scanning electron microscopy analysis. In sandy Podzol subgrade soil, soaked performance was influenced more 
by binder dosage efficiency and granular packing than by binder quantity alone. Overall, in enhancing pavement 
subgrade in wet conditions using locally available by-products, this study suggested that the proposed ternary 
system had high potential.  
 
Keywords: Sandy Podzol, Soaked California Bearing Ratio, Ternary Stabilization, Fly Ash, Rice Husk Ash. 

 
 
1. INTRODUCTION 
 

Various engineering properties, alongside 
construction suitability, have been observed for 
numerous Indonesian soil types [1]. Notably, Podzol 
soil is a soil type that is commonly found in some 
areas (Kalimantan, Sumatra, and Papua) [2]. This soil 
type occupies roughly 64% of the city area in 
Banjarbaru, South Kalimantan [3]. Globally, Podzol 
soils also occur in many other countries. In European 
forests, approximately 12% of the forested area is 
covered by Podzol soils [4]. Therefore, given both 
their local prominence and wider global occurrence, 
a thorough evaluation of sandy Podzol subgrade soil 
performance, especially under tropical 
environmental conditions, is necessary.  

The sandy texture and low clay content primarily 
influence the engineering properties of sandy Podzol 
subgrade soil  [2,5]. When dry, considerable strength 
can also be demonstrated by this coarse-grained 
sandy soil owing to intergranular friction. 
Nonetheless, when the condition becomes saturated, 
the bearing capacity may significantly diminish [6,7]. 
Consequently, the moisture-sensitive nature of 
sandy Podzol subgrade soil presents an important 
concern for subgrade conditions (areas with high 

rainfall in tropical regions), alongside requiring 
suitable stabilization techniques. Through the use of 
binding agents, the soil engineering characteristics 
can then be substantially improved [8–11]. Currently, 
this purpose has been achieved using conventional 
binders (cement and lime). Conversely, there is a 
growing interest in industrial and agricultural by-
products as more sustainable alternatives.  

Two promising materials that have been 
extensively evaluated are fly ash (FA) and rice husk 
ash (RHA) due to their reactive constituents. For both 
these materials, they are able to engage in 
pozzolanic reactions, along with enhancing soil 
performance [12,13]. Therefore, FA- and RHA-based 
stabilization can improve subgrade performance 
while facilitating the beneficial reuse of waste-
derived materials. In enhancing the engineering 
properties of soil regarding cases involving 
challenging soil conditions, earlier studies also 
revealed that it could be accomplished when 
employing binary ash-lime stabilization. Particularly, 
if RHA-lime mixtures were utilized across various 
treatment conditions, swelling could be decreased, 
alongside increasing index and strength-related 
features [12,13]. Likewise, in improving strength 
development, it was reported to be achieved 
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through FA-lime systems [14,15]. Binder dosage and 
lime-ash proportioning were noted to be 
performance-influencing factors. Accordingly, for 
the engineering advantages of ash-lime stabilization, 
it could be achieved through a suitable equilibrium 
between ash content and lime dosage. 

Although FA, RHA, and lime are among the 
materials commonly used, previous studies have 
focused on single additives or binary combinations 
[8,16–18], while evidence on the combined use of all 
three materials remains limited, especially for clean 
coarse-grained subgrade soils. In such soils, 
improvement is not governed solely by the reduction 
of plasticity, but may also be influenced by factors 
such as particle contact, packing preservation, and 
bonding at grain contacts. Moreover, although RHA 
has been investigated in several stabilization studies, 
previous research has generally focused on 
processed or more controlled RHA materials 
[12,13,18]. Evidence on the use of untreated locally 
sourced RHA as a stabilizing material is inadequate 
(even though it holds significant importance for 
construction in rural and resource-limited settings).  

Regarding these gaps, this study examines the 
soaked performance of a ternary binder consisting of 
FA, locally sourced RHA, and lime to stabilize a sandy 
Podzol subgrade soil from South Kalimantan, 
Indonesia. Emphasis is placed on FA dosage, wet-
condition bearing performance, and granular 
packing characteristics. Fourier transform infrared 
spectroscopy (FTIR) and scanning electron 
microscopy (SEM) were used to provide supportive 
evidence for interpreting the stabilization response 
of the applied ternary binder. 

This paper is organized as follows. Section 2 
presents the research significance. Section 3 explains 
the materials, mix design, specimen preparation, and 
testing procedures. Section 4 contains the 
geotechnical characteristics, soaked CBR 
performance, FTIR and SEM analyses, engineering 
interpretation of the research data, practical 
implications, and limitations of the study. Finally, 
Section 5 summarizes the main findings of this study.  

 
2. RESEARCH SIGNIFICANCE 

 
Regarding the significance, a moisture-

vulnerable sandy Podzol subgrade soil under soaked 
conditions was attained via the ternary FA-RHA-lime 
stabilization system. Particularly, the method 
entailed the field-relevant application of untreated 
local RHA. The studied soil was a clean coarse-
grained subgrade soil. It was examined with 
emphasis on the relationships between performance, 
contact stability, and granular packing. 

This study offers valuable insights for 

determining an efficient binder dosage that 
enhances wet-condition subgrade support for 
tropical pavement applications. The use of FA and 
untreated local RHA also provides practical value by 
encouraging the efficient use of locally available by-
products and potentially reducing reliance on 
cement-assisted treatment. Therefore, through this 
study, practical insight into improving subgrade 
conditions for pavement applications can be 
effectively delivered. However, further evaluation of 
durability and field performance is still needed 
before the proposed stabilization approach can be 
recommended for wider field applications.  
 
3. MATERIALS AND METHODS 

 
3.1. Materials 

 
The sandy Podzol subgrade soil investigated in 

this study, hereafter referred to as the studied soil, 
was collected from South Kalimantan, Indonesia. For 
the soil stabilizers, this study employed by-products 
and lime from South Kalimantan. FA, RHA, and lime 
were used, with the Asam-Asam coal-fired power 
plant (PLTU Asam-Asam) providing the FA. Table 1 
tabulates the chemical composition of FA, RHA, and 
lime. In Table 2, a summary of the moisture contents 
for all materials is listed.  

 
Table 1. Chemical composition of stabilization 
materials 
 
Material SiO2 Al2O3 Fe2O3 CaO K2O MnO 

FA 27.02% 7% 50.84% 10.50% 0.55% 0.68% 
RHA 56.03% 13.93% 27.03% 0.20% 0.50% N/A 
Lime 0.20% 8.20% 0.30% 89.83% N/A N/A 

 
Table 2. Moisture content of stabilization materials 
 

No Sample Moisture Content (%) 
1 Fly Ash 1.63 
2 Rice Husk Ash (as-used) 66.67 
3 Lime 9.65 

 
Table 1 shows that the highest chemical 

component in the local fly ash is Fe₂O₃ (50.84%), 
along with moderate amounts of SiO2. This may be 
due to the composition of the coal used, especially 
when coal sources containing pyrite or high sulfur 
are involved. Therefore, the stabilization response in 
this study should be interpreted in terms of the 
specific chemistry of local fly ash rich in Fe₂O₃. The 
untreated local RHA contains relatively high amounts 
of SiO2, Al2O3 and, Fe2O3 (56.03%, 13.93%, and 
27.03%, respectively). In addition, CaO is the major 
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component in lime, with a content of 89.83%. These 
results indicate that the RHA was silica-rich, while 
the lime served as the main calcium-rich alkaline 
material in the FA-RHA-lime stabilization system.  

Lime was sourced from a local chemical supplier 
in Banjarmasin. Rice farmers in Banjarbaru provided 
the locally sourced RHA. This RHA was generated via 
conventional open-field burning and was utilized 
within this study in its original state [without post-
processing (calcination, sieving, and grinding)]. 
Morphologically, the material exhibited a black 
coloration, along with high residual moisture 
(66.67%) and unburnt carbon. Concerning 
construction practices in local and rural areas of 
South Kalimantan, this study deliberately chose this 
RHA to accurately reflect the material commonly 
accessible. For this reason, rather than representing 
the inherent reactivity of processed laboratory-
grade RHA, the findings should be understood as 
indicative of practical and field-oriented 
performance. Due to its high moisture content and 
unburnt carbon, the untreated RHA may behave 
differently from dry or processed ash materials, 
which may lead to variable reactivity and limit direct 
comparison with studies using controlled RHA. 

 
3.2. Methods 

 
3.2.1. Soil Characterization 

The physical properties of the untreated soil 
were assessed. Using ASTM D854 [19] and ASTM 
D6913/D6913M-17 [20], the specific gravity test and 
particle-size distribution test were conducted, 
respectively. Based on the Unified Soil Classification 
System (USCS), the test results were also utilized to 
categorize the soil. Likewise, the plasticity 
characteristics of the soil were analyzed using 
Atterberg limits testing following ASTM D4318 [21]. 
 
3.2.2. Sample Preparation and Curing 

Using the dry weight of the untreated soil as a 
reference point, each stabilization mixture was 
formulated. Initially, to achieve uniformity, along 
with eliminating any coarse organic matter, the soil 
underwent air-drying and was passed through a 2-
mm sieve. Based on the standard Proctor 
compaction method following Indonesian National 
Standard (SNI) 1742:2008 [22] (comparable to the 
standard compaction effort outlined in ASTM D698), 
the optimum moisture content (OMC) of the 
untreated soil was determined. To ensure 
consistency, alongside facilitating comparative 
screening, the moisture content of all other mixtures 

was adjusted to the OMC of the untreated soil before 
compaction. Even though the optimal compaction 
levels might vary for each specific mixture, this 
approach provided a common basis for comparison 
among the tested mixtures. Therefore, the results 
should be interpreted as a comparative screening of 
mixture performance under a consistent 
compaction-moisture condition, rather than as the 
maximum achievable performance of each mixture. 
This approach may not fully represent the individual 
optimum compaction condition of each stabilized 
mixture and may influence mixtures with higher 
binder contents. 

For each mixture, the dry soil was carefully 
combined with the necessary stabilizing agents (FA, 
lime, and RHA), along with cement (only for F25LRC). 
In ensuring a uniform blend, the mixtures were then 
mixed in a mortar for 5 mins. Subsequently, to 
ensure uniform moisture distribution, each mixture 
was adjusted by adding water to reach the selected 
moisture content, followed by mixing for 3 mins. 
Following the Standard Proctor compaction method, 
the prepared mixtures were then compacted into 
standard CBR molds in three layers. To mitigate the 
loss of moisture during the curing period, the 
specimens were placed in sealed containers for 7 
days after compaction (ambient laboratory 
conditions = 25 ± 2°C). The 7-day curing period was 
selected to evaluate the short-term stabilization 
response before soaked CBR testing. To mimic the 
given soaked field conditions seen in humid 
environments (extensive rainfall and varied levels of 
groundwater), these specimens were kept immersed 
in water for a period of four days in accordance with 
SNI 1744:2012 [23]. 

Based on the methodology from a previous study 
[10], a binder framework consisting of 2.5% lime and 
5% RHA was deemed effective. However, because 
the soil type examined in the previous study was 
different from that used in the present study, three 
FA contents (15%, 20%, and 25% by dry weight of the 
soil) were retained to evaluate the effect of FA 
dosage on the sandy Podzol subgrade soil. 
Considering this methodological basis, the selected 
FA dosages were used as a preliminary screening 
range. Lime and RHA were maintained at constant 
levels to provide a consistent lime–RHA binder 
framework, allowing the effect of FA dosage to be 
assessed more clearly.  

Within coarse-grained sandy soils, the response 
could be influenced significantly by the interplay 
between cementation at particle contacts, along 
with the maintenance of packing efficiency. Hence, 
the potential confusion caused by simultaneous 
variations in all ternary components could be 
eliminated when keeping lime and RHA constant, as 
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the correlation between FA content and mechanical 
performance could be assessed more distinctly. 

In this study, one hybrid mixture (F25LRC) was 
introduced by adding 4.7% cement to the 
formulation. The dosage was chosen based on 
practical mixing considerations in the experimental 
design and is within the estimated range of cement 
requirements used for Cement Treated Base (CTB), 
namely 3–5%, as specified in the Indonesian highway 
specifications [24]. The F25LRC sample served as a 
practical comparative benchmark representing a 
cement-assisted stabilization approach, rather than 
as a rigid compositional standard. This mixture was 
included to compare the performance of the 
cement-free FA–RHA–lime ternary system with a 
widely recognized cement-assisted alternative under 
the same soil and experimental conditions. Table 3 
summarizes the complete mix composition.  

 
Table 3. Stabilization mix design 
 

No Sample FA (%) Lime (%) RHA  (%) Cement (%) 
1 US 0 0 0 0 
2 F15LR 15 2.5 5 0 
3 F20LR 20 2.5 5 0 
4 F25LR 25 2.5 5 0 
5 F25LRC 25 2.5 5 4.7 

 
In Fig. 1, the compacted CBR specimens prepared 

for testing are also depicted. Looking closely at these 
specimens, a consistent surface texture was 
observed, along with being free of visible cracks. 
Therefore, the compaction efforts were uniform, 
alongside the integrity of the specimens being 
effectively maintained across all mix designs.  

 
 

Fig. 1. Compacted specimens prepared for testing 
 
3.2.3. Mechanical and Microstructural Testing 

The primary mechanical performance of the 
stabilized soil was tested using the soaked CBR test 
in accordance with SNI 1744:2012 (comparable to 
laboratory-compacted CBR testing principles in 
ASTM D1883) [23]. For each mixture, three 
specimens were prepared at different compaction 
levels to establish the CBR–dry density relationship. 

For comparative consistency, the reported CBR value 
was then obtained from this relationship at the fixed 
target dry density corresponding to the untreated 
soil MDD of 1.76 g/cm³. Therefore, the reported CBR 
value should not be interpreted as a replicate-based 
mean value. Importantly, to offer supportive 
evidence of chemical interactions associated with 
stabilization, FTIR analysis was performed. In 
addition, using SEM imaging, the morphology of 
selected specimens was qualitatively observed. 
 
4. RESULTS AND DISCUSSION 

 
4.1. Geotechnical Characteristics of the Untreated 

Soil  
 

The studied soil appeared to be predominantly 
sandy, along with comprising approximately 95.0% 
sand, 2.7% gravel, and 2.3% fines (particles that 
passed the No. 200 sieve). According to USCS, this 
soil was classified as well-graded sand (SW). From 
the perspective of engineering, it could also be 
defined as a clean coarse-grained subgrade soil with 
little quantity of fines. When analyzing the particle-
size distribution curve (see Fig. 2), the coefficient of 
uniformity (Cu) = 7.43 and coefficient of curvature 
(Cc) = 1.69 also had its well-graded nature further 
validated. The fines were found to be non-plastic 
through the Atterberg limits test. 

 
 
Fig. 2. Particle-size distribution curve of the 
untreated soil 
 

Because the studied soil is dominated by sand, 
with low fines content and non-plastic fines, its 
soaked bearing response is more appropriately 
interpreted as being governed mainly by frictional 
particle contact, granular packing, and interparticle 
load transfer rather than by plasticity-related 
behavior. Under submerged conditions, reduced 
contact stability and less effective load transfer 
within the granular matrix may weaken the soil 
structure and decrease bearing capacity. Thus, 
compared to modifying plasticity, enhancing soaked 
bearing performance is a more pertinent 
engineering objective [25]. Using the standard 
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Proctor method, Fig. 3 illustrates the compaction 
curve of the untreated soil (MDD of 1.76 g/cm³ and 
OMC of 14.82%). The specific gravity, moisture 
content, particle-size distribution, and OMC of the 
untreated soil are listed in Table 4. 

 
 
Fig. 3. Compaction curve of the untreated soil 
 
Table 4. Geotechnical properties of the untreated 
soil 
 

Engineering property Test results 

Specific gravity  2.65 
Moisture Content (%) 7.83 
Particle size analysis  

Gravel (%)  2.7 
Sand (%)  95 
Silt (%) 2.3 

MDD (g/cm3) 1.76 
OMC (%) 14.82 

 
4.2. Soaked CBR Performance and Optimum 

Binder Dosage 
 

For every mixture, the soaked CBR values are 
portrayed in Fig. 4. It was then noted that for all 
stabilized mixtures, they exhibited higher soaked 
CBR values (F15LR = 7.50%, F20LR = 7.00%, F25LR = 
6.40%, and F25LRC = 7.40%) compared to the 
untreated soil (4.30%). Regarding the corresponding 
soaked CBR increases, they were recorded to be 
approximately 74%, 63%, 49%, and 72%, 
respectively. As such, within moisture-sensitive 
conditions, the FA-RHA-lime binder system was 
deemed advantageous. Particularly, the highest 
soaked CBR was observed in F15LR, although the 
difference from F25LRC was relatively small and 
should be interpreted as a numerical trend rather 
than a statistically significant difference.  

From the results, it may be inferred that within 
the granular matrix, both bonding and load transfer 
under saturated conditions were improved. The 
observed increase in soaked CBR may be interpreted 
in terms of improved interparticle bonding and 
matrix densification, potentially associated with 
binder-related reaction products (e.g., C-S-H- and C-

A-H-type phases). Similar patterns have also been 
reported in previous studies on ash- and lime-
stabilized soils [26,27]. 

 
 
Fig. 4. Soaked CBR values of untreated and stabilized 
soil specimens after 7 days of curing and 4 days of 
soaking 

 
From these results, it could be noted that the 

improvement in soaked CBR was influenced not 
simply by binder quantity, but by the balance 
between binder-related chemical interactions and 
packing efficiency. F15LR appeared to provide the 
most favorable combination of these factors. 
Increasing the FA content to 20% and 25% did not 
yield additional benefit, and the lower performance 
observed in F25LR indicated that excessive ash 
content may have reduced matrix uniformity and 
compaction efficiency. Although the cement-
assisted mixture (F25LRC) generated a marked 
increase in soaked CBR compared to F25LR, its value 
still fell marginally short of that of F15LR. Overall, 
these findings suggest that strength development in 
the present soil was influenced more by dosage 
efficiency and microstructural balance than by total 
binder content alone [26–28]. 

 
4.3. FTIR Evidence of Stabilization Reactions 

 
The FTIR analysis was conducted to determine 

the chemical alterations linked to the stabilization by 
the FA-RHA-lime binder system (see Fig. 5). 
Accordingly, the spectra of untreated and stabilized 
specimens produced a similarity in their primary soil-
related bands, suggesting that the overall mineral 
structure of the soil was preserved. Nonetheless, the 
variations in band intensity, alongside the 
emergence of new bands in the stabilized specimens, 
implied that chemical reactions took place during 
curing and soaking. These spectral changes also 
aligned with earlier studies utilizing FTIR on 
stabilized soils and cementitious binders [29,30]. 
Meanwhile, the lower O-H band near 3600 cm-1 was 
noted in the stabilized specimens, which may reflect 
moisture consumption throughout hydration and 
pozzolanic reactions. A band around 1600 cm-1 (H-O-
H bending vibration of water molecules) was also 
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detected in all specimens. Moreover, a carbonate-
related band was observed near 1400 cm-1 only in 
the stabilized specimens (higher intensity at larger 
FA content and in the cement-assisted mixture). 
These features may be associated with hydration 
and pozzolanic reactions, such as C-S-H- and C-A-H-
like phase formation, as reported in the literature 
[31–33]. 

 
 
Fig. 5. FTIR spectra of untreated and stabilized soil 
samples 

 
The stabilized specimens exhibited Si-O-T-related 

bands near 1000 cm-1 and within the 900–700 cm-1 
range, which may be associated with silicate-based 
stretching and bending vibrations in the FA-RHA-
lime-treated system. However, because these bands 
may also partly reflect the quartz-rich characteristics 
of the original sandy Podzol subgrade soil [30,34], 
the FTIR results are more appropriately interpreted 
as supportive evidence of stabilization-related 
chemical interactions rather than as definitive 
evidence of individual reaction products. 

Collectively, these findings suggest that chemical 
interactions under the ternary binder may have 
contributed to improved interparticle bonding 
within the granular matrix. This interpretation was 
consistent with the soaked CBR results, particularly 
for F15LR, which exhibited enhanced bearing 
performance under saturated conditions.  

 
4.4. SEM Evidence of Matrix Densification 

 
The SEM analysis was performed to investigate 

the changes associated with stabilization by the FA-
RHA-lime binder system. For the F15LR and F25LR 
specimens, Fig. 6 then reveals the SEM images. 
These micrographs were generally consistent with 
the FTIR trends observed, indicating that 
stabilization encouraged the formation of a denser 
and more bonded granular matrix. Evidence from 
the F15LR specimen also suggested a more 
continuous matrix, alongside less evident pore space 
compared to the F25LR specimen, which related well 
with its superior soaked CBR. Similar trends were 

also observed in other studies investigating the 
microstructural changes due to hydration- and 
pozzolanic-reaction [33,35].  

 
(a) 

 
(b) 

 
Fig. 6. SEM micrographs of stabilized soil specimens 
showing (a) F15LR and (b) F25LR, illustrating 
differences in matrix continuity and bonding 
morphology 
 

In the F25LR sample, a more heterogeneous, 
along with a slightly less defined matrix, was 
observed. Interestingly, the perceived bonding 
between the regions was weaker than expected, and 
some particles appeared to be only loosely 
embedded within their matrix. According to these 
findings, the saturated performance of the stabilized 
sandy Podzol subgrade soil was mainly affected by 
bonding at contact points and densification of a 
dense matrix (rather than solely by the use of 
binder).  

 
4.5. Engineering Interpretation and Practical 

Implications 
 

The combined soaked CBR, FTIR, and SEM results 
suggested that the stabilization response of this 
sandy Podzol subgrade soil was influenced by the 
balance between binder-related chemical 
interactions and granular packing efficiency. Rather 
than plasticity modification, the results are more 
consistent with contact-level bonding, matrix 
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continuity, and packing efficiency. However, this 
interpretation should consider the chemistry of the 
Fe₂O₃-rich fly ash used. Moreover, in this mixed FA-
RHA-lime system, FA and RHA may supply reactive 
constituents, while lime acts as the main calcium-rich 
activator. Nevertheless, without EDS or XRD, their 
individual contributions could not be directly 
separated from the SEM observations. 

Within the investigated mixtures, F15LR showed 
the most favorable overall response. Similar 
interpretations have also been reported in previous 
studies, where strength improvement was 
associated more with reaction-related bonding, 
matrix densification, and dosage efficiency than with 
binder addition alone [35].  

Overall, for clean coarse-grained subgrade soils 
to remain stable in wet conditions, it was pivotal to 
attain adequate cementation at the points where 
grains met, alongside preserving the integrity of the 
granular structure. Notably, dosage efficiency was 
more critical than merely increasing the binder 
content. For both reactivity and packing 
preservation, their balance could also impact the 
optimum soaked performance. Within tropical 
areas, these findings are relevant to enhancing 
moisture-sensitive sandy Podzol subgrade soils used 
in flexible pavements. The rise in soaked CBR to 
7.50% also suggested enhanced wet-condition 
subgrade support. Instead of indicating automatic 
fulfillment of all pavement design requirements, this 
value should be interpreted as a CBR-based indicator 
of improved wet-condition subgrade support and as 
one input for pavement design considerations [36]. 
Within the Indonesian road-design context, the 
findings were also pertinent to the existing 
pavement guidelines. For reference, the treated 
specimens exceeded the 6% CBR reference level 
used in Indonesian highway technical specifications 
for certain subgrade- or foundation-related 
conditions [24]. Although the increased soaked CBR 
may indicate potential benefits for pavement design 
practice, pavement thickness reduction and cost 
savings were not directly quantified in this study. 

In scenarios where performance was influenced 
by wet conditions, the optimal mixture determined 
in this study could act as a viable FA-RHA-lime 
stabilization option for moisture-vulnerable sandy 
Podzol subgrade soils. This practical implication was 
in line with earlier pavement works, indicating that 
enhancing the subgrade could improve pavement 
support, along with producing a more effective 
pavement design [37,38], although such design 
implications were not directly quantified in the 
present study. Therefore, the outcomes were 
pertinent to tropical pavement infrastructure, 
alongside developing-region construction contexts 

that relied on locally available by-products. In this 
respect, the proposed stabilization approach could 
lessen dependence on traditional binders, along with 
enhancing wet-condition subgrade support within 
tropical pavement applications.  

 
4.6. Study Limitations 

 
The data should be interpreted in the context of 

a short-term laboratory study that focused on 
soaked CBR performance. FTIR and SEM were 
employed to aid in understanding stabilization-
related changes. However, these results should be 
interpreted as supportive rather than definitive 
evidence of specific reaction products, because no 
XRD, EDS, or other phase-identification techniques 
were employed in the present study.  

In addition, the study did not aim to deliver 
additional mechanical characterization, such as UCS 
testing, an evaluation of long-term durability, or a 
quantitative environmental assessment, such as 
carbon-emission estimation, life-cycle assessment, 
or cost-benefit evaluation. Accordingly, within the 
examined ternary binder system, the findings 
indicated an enhancement in wet-condition bearing 
performance and dosage efficiency. For future 
studies, other parameters (curing period, field 
performance, and material-source variability under 
real-world service conditions) should be examined.  

 
5. CONCLUSIONS 

 
The soaked bearing performance of moisture-

vulnerable sandy Podzol subgrade soil was improved 
using a ternary binder. Notably, the F15LR specimen 
(15% FA + 5% RHA + 2.5% lime) produced the 
maximum CBR improvement within the tested range 
(4.30% to 7.50%, 74% increase). Further increases in 
FA dosage did not provide additional benefit. From 
this observation, it could be noted that the 
performance of this sandy Podzol subgrade soil was 
influenced more by dosage efficiency and 
preservation of granular packing than by binder 
quantity alone. As supported by the reduced 
intensity of the O-H band and the emergence of 
carbonate-related bands, the FTIR results provided 
supportive evidence of stabilization-related chemical 
interactions. In addition, the SEM images showed 
that F15LR exhibited a relatively denser and more 
continuous bonded matrix than F25LR. As such, the 
improved soaked performance may be associated 
with enhanced interparticle bonding and matrix 
densification at grain contacts.  

From a practical pavement engineering 
standpoint, the rise in soaked CBR signified 
enhanced wet-condition subgrade support. Within 
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the Indonesian road-design context, the attained 
value also exceeded the 6% level used for certain 
pavement applications. Consequently, the optimal 
mixture may serve as a viable stabilization option for 
moisture-vulnerable sandy Podzol subgrade soils in 
tropical regions. 
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