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Abstract

This article investigates the characteristics of the marginal lateritic soil stabilized with cement and wood bottom ash (WBA) as subbase
materials. A comprehensive methodology involved modified Proctor compaction and unconfined compression tests, supplemented by
microstructural analyses, as well as pilot-scale field construction and leachate monitoring. Results revealed that compressive strength
increased with WBA content up to 60%, and was further enhanced by higher cement dosages. Compressive strength was inversely
correlated with porosity and voids-to-cement ratio. Field monitoring showed that Cr was the only metal consistently detected in
leachate, decreasing over time but remaining above permissible limits, indicating insufficient immobilization due to weaker
incorporation into cementitious phases. This study highlights the synergistic effects of WBA and cement in improving soil subbase
performance while supporting sustainable reuse of industrial by-products.
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1. Introduction

The increasing demand for sustainable infrastructure has prompted researchers and engineers to seek alternative materials and
methods that minimize environmental degradation while maintaining structural performance. In tropical regions like Thailand, road
construction frequently relies on lateritic soil due to its wide availability and cost-effectiveness. However, the geotechnical performance
of natural lateritic soil is often inadequate for subbase applications without improvement, particularly in terms of strength and durability
[1]. Traditional soil-cement stabilization practices have been widely employed to enhance the engineering characteristics of subgrade
and subbase layers. Nevertheless, the excessive use of cement contributes significantly to greenhouse gas emissions, raising
environmental concerns and prompting the need for more sustainable alternatives [2, 3]. One such alternative is the incorporation of
industrial by-products such as municipal solid waste (MSW) incineration ash or biomass bottom ash into cement-treated soils [4, 5].
Thailand generates substantial amounts of bottom ash annually from biomass power plants and MSW incinerators, most of which are
underutilized or landfilled, posing long-term ecological risks due to leaching of heavy metals and other hazardous components [2, 6].
Currently, Thailand has made significant progress in expanding biomass power plants as part of its sustainable energy strategy, with
over 200 facilities currently operating and a total installed capacity exceeding 2,100 MW [7]. These plants primarily use agricultural
and industrial residues such as rice husk, bagasse, and rubberwood waste. Among these by-products, wood bottom ash (WBA),
produced by the combustion of rubberwood in biomass power plants, has emerged as a significant waste stream. Although WBA is
readily available, it remains underutilized and is frequently disposed of in landfills, raising environmental concerns about leachate
generation and the potential release of heavy metals [8, 9]. Therefore, valorizing WBA as a component in road construction not only
offers a promising solution for sustainable waste management but also aligns with circular economy principles by substituting virgin
materials and reducing environmental burdens [4, 10, 11].

Despite the growing interest in incorporating biomass bottom ash into pavement materials, several challenges persist. One of the
primary limitations is its variable chemical composition and potential environmental impacts, particularly related to leachate toxicity
and long-term durability [12-14]. Moreover, while cement stabilization is effective in enhancing strength and reducing permeability,
its ability to immobilize heavy metals from ash-based composites remains under investigation [15, 16]. For instance, Nawaz et al. [17]
demonstrated that mechanical and chemical activation can significantly influence the effectiveness of solidification-stabilization when
applied to metal-rich tailings. Similarly, Kogbara [18] emphasized the need to assess the dual role of binders in improving mechanical
properties and controlling contaminant mobility. However, such dual-performance evaluations are limited in the literature, creating an
urgent need for comprehensive experimental validation. The WBA can be used as supplementary cementitious material due to its
pozzolanic activity [4]. Recent studies have shown promising results in integrating WBA into cement-treated lateritic soil mixtures.
Most findings showed that the inclusion of ash at an optimal level in cement-based materials is valuable for sustainable development
and waste management. For instance, lyaruk et al. [1] reported that the inclusion of WBA with cement substantially improved
compressive strength, demonstrating feasibility for road applications. Similarly, Gupta et al. [19] and Yan et al. [20] investigated the
structural and microstructural mechanisms underlying the role of bottom ash as a pozzolanic or filler material in stabilized mixtures,
attributing performance gains to its fine particles and reactive silica content. From an environmental perspective, researchers such as
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Bansal et al. [21] and Rochanavibhata et al. [6] have explored the immobilization potential of ash-cement-laterite blends and their
effects on leachability and toxicity. Nevertheless, these studies often focus narrowly on individual performance aspects without
concurrently addressing strength and leachate behavior under the same experimental framework.

From a sustainability perspective, several full-scale and laboratory investigations have validated the use of bottom ash in pavement
base layers. Toraldo and Saponaro [22] conducted a full-scale road test on a track. They found that stabilized bottom ash performed
satisfactorily under traffic loading, provided that proper mix design and compaction standards were maintained. Paine et al. [23] and
Bessa et al. [24] similarly affirmed the engineering viability of incinerator bottom ash and recycled unbound layers in field conditions.
However, the incorporation of lateritic soil into such systems remains underrepresented in field and lab investigations. The combined
physicochemical interactions between laterite, cement, and ash, particularly under varying compaction and curing conditions, require
rigorous assessment to inform region-specific design guidelines.

A notable research gap exists in the simultaneous evaluation of strength and environmental performance in cement-stabilized
bottom ash and laterite mixtures. Most studies to date have focused on one or two performance indices, without holistic integration.
Furthermore, Thailand-specific research on waste utilization in road bases tends to focus on ash replacement ratios or short-term
strength gains, neglecting longer-term leaching behavior and hydro-mechanical stability under field conditions [6, 25]. As Thailand
continues to expand its energy-from-waste infrastructure, the resulting increase in bottom ash volumes necessitates research that not
only affirms structural performance but also ensures environmental safety and regulatory compliance over extended service periods.
This research addresses a critical knowledge gap by systematically investigating the strength and environmental performance of
cement-stabilized mixtures composed of locally available lateritic soil and WBA, making them viable materials for pavement
construction.

The study employs an integrated experimental framework to evaluate the replacement of marginal lateritic soil with WBA, treated
with cement, for use as soil-cement or cement-treated subbase (CTS) road materials. Two significant characteristics of the CTS sample
were highlighted, namely, strength, permeability, and environmental impact. Firstly, the unconfined compression (UC) test is
performed to determine the compressive strength of the CTS sample, in accordance with the Department of Highways (DOH), Thailand,
specifications. Furthermore, the influence of WBA content, volumetric cement content, and porosity on the strength development of
CTS specimens is also discussed. Secondly, the concentration of heavy metal leachate from a pilot-scale road subbase is examined
through leaching analysis to evaluate its environmental impact. Additionally, a pilot-scale road subbase experiment was constructed to
validate laboratory findings under realistic conditions. This study is expected to provide critical insights into the interrelationships
among porosity, cement content, strength development, and environmental impact, thereby promoting the safe and effective reuse of
industrial by-products in infrastructure development.

2. Materials and methods
2.1 Materials characterization

The materials used in this study comprise lateritic soil (LS), wood bottom ash (WBA), and hydraulic cement, as illustrated in Figure
1. The physical properties of all materials were tested in the laboratory in accordance with ASTM standards. LS samples were collected
from a site located in the Hat Yai district, Songkhla Province, Thailand. LS exhibits a reddish-yellow color and is classified as clayey
gravel with sand (GC) based on the Unified Soil Classification System (USCS). Microscopic examination (Figure 1) of LS reveals a
small particle and a plate-like shape. LS had a specific gravity of 2.75, 68% wearing resistance, and a 4% soaked CBR value, which
did not meet the DOH, Thailand subbase specification. The X-ray fluorescence (XRF) analysis identified three major components:
59.79% SiO2, 20.59% Al203, and 8.07% Fe203. WBA is a by-product of burning Para rubber wood from the Panel Plus CO., Ltd.,
located in Songkhla province. According to the USCS method, WBA was classified as a non-plastic, poorly graded sand (SP). WBA
has a specific gravity of 2.40, and the particles were round with a rough texture (Figure 1). The main chemical compositions identified
from the XRF analysis were 61.73% SiOz, 11.4% CaO, 8.57% Al20s, and 5.32% Fe20s. The high content of the sum of oxides of SiO»,
Al203, and Fe203 (>70%) confirmed the pozzolanic characteristics of WBA, which could be applicable in the production of
cementitious materials [4]. This study utilized a general-use (GU) type of hydraulic cement (hereafter referred to as cement) with a
specific gravity of 3.13. The SEM image in Figure 1 shows an irregularly shaped object with sharp corners. Calcium oxide (CaO), at
approximately 65%, was the dominant cement mineral. Figure 2 presents the particle-size distributions of LS, WBA, and cement. As
shown in Figure 2, LS and WBA were obtained from a standard sieve test, while the cement was determined by laser diffraction.
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Figure 1 Images of materials used in an experiment
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Figure 2 Particle size distribution of LS, WBA, and cement
2.2 Experimental programs

Generally, bottom ash is a natural aggregate suitable for civil engineering works, particularly in road applications [22]. However,
using road materials containing WBA without assessing the environmental impact of the mixture could raise concerns. Thus, the
concept of this study is to treat such pavement materials with cement throughout both laboratory and field scales. The experimental
program could be separated into three main stages, including (i) laboratory experiment, (ii) pilot-scale experiment, and (iii) leachate
analysis. The laboratory testing consists of the modified Proctor test and UC test, which are performed according to ASTM D1557 [26]
and ASTM D2166/D2166M [27], respectively (Figure 3). Pilot-scale testing (Figure 4) involves constructing a simulated road soil-
cement subbase made from the selected mixture based on the UC test result. The primary objective of this stage is to assess both the
development of strength and the concentration of heavy metals throughout the field subbase layer. Microstructural testing using field-
emission scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD) was
performed to investigate microstructural changes in the CTS specimens resulting from the stabilization process. Finally, the
environmental impact of using WBA as a subbase material was investigated through a leachate analysis. In this stage, leachate samples
were collected from the pilot-scale tests. The details of the experimental programs are described as follows.

UC test

Curing sample

Figure 3 Laboratory experiments

CTS material mixing Density test

Figure 4 Pilot-scale experiments
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2.2.1 Compaction test

The CTS specimen is a mixture of LS, WBA, and cement. The specific proportions of LS treated with varying WBA and cement
content are displayed in Table 1. For each mixture, LS was replaced with varying percentages of WBA and cement. In this study, LS
contents ranged from 0—60% (in 10% increments) of the total mix. While the WBA-cement contents also varied from 40-100%, with
3, 5, and 7% of the total mix. For example, the CTS specimen of S60:B47:C3 denotes a mix with 60% LS, 47% WBA, and 3% cement.
The letters S, B, and C depicted in Table 1 refer to the lateritic soil, wood bottom ash, and cement, respectively. The selected proportions
were based on maximizing the use of WBA and relevant literature [e.g., 6, 18, 23]. Specifically, a range of WBA and cement contents
was investigated to identify the optimal combination that satisfies engineering requirements while maintaining environmental benefits.
A modified Proctor test was conducted to determine the optimum moisture content (OMC) and maximum dry unit weight (ydamax) for
all CTS mixtures. The summary of OMC and ydmax values is shown in Table 1. As shown in Table 1, the ydmax values of CTS specimens
decrease with an increase in WBA content. A reduced trend of yamax is due to the increase in WBA content in the specimens. On the
other hand, an increasing trend was observed in the relationship between OMC and WBA content.

2.2.2 Unconfined compression test

Cylindrical split molds of 50 mm in diameter and 100 mm in height were used to prepare CTS specimens. The oven-dried LS and
WBA were blended first and then mixed with cement and water at OMC until a completely homogeneous mixture was achieved. The
prepared mixture was subsequently compacted in a mold at the desired compaction energy. The specimens were carefully extracted
from the mold, wrapped in a plastic bag to minimize moisture content variation, and cured in the curing room at 25 + 2°C for 7 and 28
days. Before the compression test, the specimens were immersed in water for 2 hours, as specified in the DOH specification [28]. The
UC test was performed on the 50 kKN compression machine under a vertical strain rate of 1 mm/min. Continue loading until the load
values decrease with increasing strain or until 15% strain is reached. The maximum load is used to calculate the unconfined compressive
strength (UCS). The UC tests were conducted in triplicate, and an average value was reported.

Table 1 Mixtures designed for laboratory experiments

CTS Mix proportions (%) Compaction results Curing time
specimens LS content (S) WBA content (B) Cement content (C) OMC (%) ydmax (KN/m?®) (days)
$100B0CO 100 0 0 14.40 18.80 -
S60B37C3 60 37 3 13.39 17.88 7,28
S50B47C3 50 47 13.36 17.50
S40B57C3 40 57 13.63 17.19
S30B67C3 30 67 13.71 17.13
S20B77C3 20 77 13.98 16.73
S10B87C3 10 87 15.20 15.93
S0B97C3 0 97 16.04 15.23
S60B35C5 60 35 5 13.22 17.42 7,28
S50B45C5 50 45 14.28 16.94
S40B55C5 40 55 14.44 16.60
S30B65C5 30 65 14.36 16.68
S20B75C5 20 75 14.76 16.41
S10B85C5 10 85 15.35 15.53
S0B95C5 0 95 15.18 15.48
S60B33C7 60 33 7 13.13 17.98 7,28
S50B43C7 50 43 13.22 17.59
S40B53C7 40 53 13.28 17.55
S30B63C7 30 63 14.79 16.83
S20B73C7 20 73 15.43 16.77
S10B83C7 10 83 16.22 16.09
S0B93C7 0 93 17.11 15.26

2.2.3 Pilot-scale experimental

The experimental road structure was constructed in the outdoor building area of the Rajamangala University of Technology
Srivijaya (Figure 4). The road structure consists of 4 layers, from bottom to top: subgrade, stabilized subbase, sand cushion, and
concrete pavement. After grading and compacting the subgrade layer, a concrete block was built as a side wall of the experimental
road. To prevent leachate leakage, HDPE geomembrane was used as a waterproof liner beneath the subbase layer. PVC screen pipe
(2" in diameter) was placed on a geomembrane layer for the collection of leachates. After completion of the waterproof system, the
CTS layer was applied. It is essential to note that the mixture S30B65C5 was selected as the CTS layer based on the UC testing results
that met the DOH criteria [28], as described in the materials and methods section. Thus, a mixture of 30% LS, 65% WBA, and 5%
cement was prepared and mixed using a mixing truck (Figure 4) with an additional water content of 14.36%. The mixing process takes
approximately 15 minutes to ensure that all CTS materials are thoroughly homogenized. After that, stabilized materials were poured
in place in preparation for the road site, then compacted with a vibratory compaction tamper. To achieve a degree of field compaction
at 95% of yamax, the sand cone replacement field density test (Figure 4) was conducted. To investigate the leachate quality, the CTS
layer was covered with tap water. The leachates generated by the incoming water passing through the CTS layer were collected in a
pipeline system placed at the bottom [29, 30]. A sample of the leachate generated each time was collected immediately at the pipe
system’s exit using a 10-liter polyethylene container. Subsequently, a sample was taken for chemical analysis. Note that the leachate
samples were collected at 7, 14, 30, 60, and 120 days. After 4 months of leachate monitoring, a 0.15-meter-thick concrete pavement
was laid.
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2.2.4 Microstructure tests

To monitor the development of strength and the microstructural changes induced by the stabilization process, core samples were
drilled from the field CTS layer at 28 and 120 days of curing. Subsequently, SEM and EDX were performed. Finally, an XRD test was
conducted to observe the cement hydration products (e.g., calcium silicate hydrate, CSH) for the same CTS sample.

2.2.5 Leaching analysis

The effluent leachate samples collected in the containers illustrated earlier were transferred into sampling bottles for leachate
analysis [31]. According to the leachate results from a study by lyaruk et al. [1], pure WBA samples do not detect cadmium (Cd) and
lead (Pb). Therefore, this study analyzed heavy metals, including As, Cr, Cu, Ni, and Zn, using an Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES).

3. Results and discussions
3.1 Unconfined compressive strength

The mean values of UCS for the CTS specimens at the curing times of 7 and 28 days are displayed in Figure 5. The minimum
criterion of 689 kPa for soil-cement subbase materials, designated by the DOH [28], was benchmarked in this study. The influence of
WBA content (Cra) and cement content (Cc) on strength development is described through variations in UCS values. As shown in
Figure 5, the UCS of all specimens increased with increasing curing time. At 7 days of the curing period, almost all specimens meet
the minimum criteria, except for the specimen labeled SOB97C3. The variation of UCS in Figure 5 depends on the increase of both Cha
and Cc. For example, the UCS of the mixture with a Cc of 5% increases from 987 to 1,574 kPa when the Cra increment changes from
35% to 65%. After that, increasing Cra beyond 65% led to a decrease in UCS value, with the lowest value of 883 kPa occurring at Coa
= 95% (i.e., SOBI95CS5). The UCS variation with a C. of 7% is comparable in strength to mixtures with a C¢ of 5%. This phenomenon
suggests that replacing LS with WBA and cement significantly enhances the mixtures' strength. The discussion of other factors
influencing the strength development of the CTS specimens is described in the following sections.
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Figure 5 Variation of UCS of the CTS mixtures at the curing times of 7 and 28 days
3.1.1 Effect of porosity on UCS

The effect of porosity on the UCS is a crucial parameter to consider when evaluating the feasibility of the cement-treated subbase.
Theoretically, porosity (n) is expressed as the ratio of void volume to the total volume of the specimen (V). According to the study by
Consoli et al. [32, 33], the UCS of the soil-cement mixture can be expressed as a function of the specimen porosity and volumetric
cement content ratio (n/Cy), also called the void/cement ratio (VCR) [34], shown in Eq. (1).

Vv

Vi

where Vv = volume of void (water + air), and V. = volume of cement of the CTS specimen.

The porosity and volumetric cement content (Cv) can be calculated via Egs. (2) and (3), respectively. Cv is expressed as a percentage
of the total cement volume.
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In this study, the CTS specimens are composed of five volumetric and weight phases: lateritic soil, bottom ash, cement, water, and
air. As present in Eq. (2), porosity (n) is obtained based on the dry unit weight (ya) of mixture and contents of soil (Cs), bottom ash
(Cra), and cement (Cc), and solid unit weights of soil (yss7), bottom ash (yse1), and cement (ysic1). Eq. (4) is adopted to describe the
effect of VCR on the UCS value [33] of the CTS specimen in this study.

Ucs = 4 [(CLV)“] 7 “

where A, o, and S are fitting parameters.

As shown in Figure 6a, the porosity showed slight variation until the WBA replacement ratio (Cna) decreased to approximately
55%, after which it rose sharply. The regression model reflects this nonlinear, increasing trend because the internal pore structure is
susceptible to increased WBA inclusion. This characteristic is primarily explained by the morphological features of WBA, which
typically retain irregular, angular geometries and a porous surface topography, thereby inefficiently packing and restricting the
thickness of the voids filled by hydration products during the curing process. This irregularity in shape leaves permanent micro-voids
in the matrix, even after it has hardened [4]. The finer fraction of the mixture decreases as Cra increases, thereby reducing the matrix's
densification capacity and leading to a more porous structure [35]. Moreover, inactivated WBA plays a minimal role in hydration
reactions, resulting in fewer durable cementitious compounds and reduced overall binder efficiency [36]. The evidence for this
reduction is shown in Figure 6b, where Cy continuously decreases with increasing Cra across cement contents of 3%, 5%, and 7%.
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Figure 6 Effects of Cua On: () porosity, n, and (b) volumetric cement content, Cy

Figure 7 illustrates the mechanical consequences of changing porosity in terms of UCS versus porosity (n) at 7- and 28-day cure
times, as shown in Figures. 7a and 7b, respectively. An interesting observation is that, among mixtures with higher cement content (5%
and 7%), the correlation between UCS and porosity shows an initial increase in strength followed by a decrease in porosity, indicating
a parabolic relationship. This result suggests that moderate porosity can increase strength when combined with an optimal binder
content, due to improved particle arrangement and the formation of hydration products. These results align with the conclusion of
Baldovino et al. [37], which demonstrates the existence of an optimal VCR for achieving maximum strength in soil-cement systems.
The 3% cement mix, conversely, exhibited a more linear and monotonic trend in strength as porosity increased, indicating that, due to
low binder systems, the mechanical properties of the CTS specimen are primarily defined by the connectivity of the voids and the
absence of continuous cement phases. This conclusion aligns with the results of Consoli et al. [32], which demonstrated that as porosity
increases, compressive strength continues to decline in mixtures with insufficient binder content. Quantitatively, porosity was reduced
by approximately 5% at 7% cement content, resulting in additional increases of 16% and 19% in strength at 7 and 28 days, respectively.
Such improvements can be attributed to better particle packing and a more compact microstructure, leading to greater efficiency in
load transfer, particularly when there is sufficient cement to promote the formation of hydration products [38].
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Figure 7 Relationship of UCS and porosity (n) of the CTS: (a) for 7 days and (b) for 28 days
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3.1.2 Effect of WBA and cement content on UCS

The influence of WBA and cement content (Cc) on the UCS of the CTS mixtures was evaluated for curing periods of 7 and 28
days. Figure 8 presents three-dimensional plots showing the relationships among UCS, C., and Cra. As illustrated in Figure 8a, at 7
days of curing, UCS steadily increases with increasing Cc across all WBA contents, signifying the critical role of cement hydration in
early strength development. For example, at 60% WBA (Cra = 60%), increasing Cc from 3% to 7% increased UCS from approximately
850 to 2,250 kPa. This phenomenon is more severe at 28 days, as shown in Figure 8b, where the UCS of the same mixture exceeded
3,300 kPa, highlighting the importance of pozzolanic reactions that can persist longer with increased curing time. The increase in
strength with increasing cement content is consistent with earlier observations on blended ash-cement systems [39, 40]. Calcium
hydroxide provided by the cement in its process of hydration then reacts with the amorphous silica and alumina in the WBA to form
strength-conferring compounds of calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH). These responses compact the
soil matrix, providing adequate mechanical integrity. Other similar processes were described by Jongpradist et al. [41] in their research
on rice husk ash, which highlights that WBA, as well as other pozzolanic additives, serves as an effective secondary binder.

Regarding WBA content, the findings suggest a nonlinear relationship with UCS. As WBA increases from 30% to approximately
60%, UCS increases significantly, particularly at higher cement dosages. This improvement is attributed to the filler effect and
improved particle packing, facilitated by the angular ash particles, which provide greater frictional resistance in the mix. Such
enhancement is not only an example of the evolution of cementitious materials but also enables further strength gain due to the presence
of WBA after initial hydration, which is in line with the delayed pozzolanic effect observed by Liu et al. [42]. The same development
is observable in the plots of Figures. 8a and 8b, where at the duplicate WBA content, the influence of an increment in the Cc variable
is stronger at younger ages. For example, when WBA is at 40%, UCS increases by approximately 110% as Cc increases, ranging from
3% to 7% at 7 days but reaching 75% at 28 days. The finding suggests that cement plays a more significant role in early strength,
whereas the pozzolanic and physical effects of WBA become more relevant at later ages.

3.1.3 Effect of VCR on UCS

To more effectively compare the effects of mix density, cement volume, and ash-soil composition, the compressive strength of the
CTS mixtures was normalized by the voids-to-cement ratio (VCR). Figure 9 depicts the correlation between UCS and the VCR (n/Cv)
of the mixtures cured for 7 and 28 days, incorporating the effects of varying density, WBA content, and cement content in a single
predictive model. There is a strong inverse relationship: as UCS decreases, VCR increases. The effects of distinct ya, Cra, and Cc are
included in the calculation of the VCR index [43]. A power equation with an empirical value gof 1.10 is the best fit for the UCS value
curing at 7 days (Eq. 5) and 28 days (Eq. 6). The fitting parameter A varies depending on soil type and curing time [44]. In this study,
parameter A presented values of 41,570 and 63,529 for UCS at 7 and 28 days, respectively. The VCR values range from about 12 to
47 for UCS. Consider a parameter « typically less than 1.00 for cement-treated fine soil and close to 1.00 for cement-sandy soil mixes)
[37, 45]. From the result shown in Figure 9, a value of a = 1.00 means that all factors (i.e., n, Cva, and Cc) have the same influence
magnitude on the UCS of the CTS mixture. Good correlations (R? = 0.87 and 0.83 in Egs. (5) and (6), respectively) could be used to
determine the value of UCS at a particular value of VCR and time of the CTS mixture in field application [34, 43, 46].
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Figure 8 Relationship among UCS, C¢, and Cra of the CTS mixtures: (a) 7 days, (b) 28 days

Figure 9 also illustrates two practical stabilization strategies using the VCR framework: reducing the VCR through densification
(lower n) with a constant cement content, or maintaining a lower dry unit weight while increasing the cement dosage (higher Cv). Both
approaches can yield high strength, but their feasibility depends on field constructability and cost constraints. According to Baldovino
et al. [37], high compaction is more economical than dosage in substantial pavement projects, which supports the efficient practice of
using VCR as an influential design measure in sustainable road construction.

UCS = 41,570 [C—]” (5)
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3.1.4 Optimization of CTS mix

As mentioned earlier, maximizing the WBA content is the primary goal of this research. To define a suitable mixture for field
construction, the UCS is set to the minimum strength requirement of 689 kPa at 7 days of curing, as prescribed by the DOH [28]. As
shown in Figure 5, the minimum UCS was achieved with C. of 3%, 5%, and 7% in almost all CTS mixtures (except SOB97C3).
Regarding leachate from heavy metals, using a mixture with a Cc of 3% may be inadequate. The mixtures with Cc of 5% and 7% are
selected. However, a cement content of 7% is excessive for a soil-cement subbase and not environmentally friendly. Thus, based on
performance and sustainability, the mixture S30B65C5 (Cs = 30%, Cna = 65%, and C. = 5%) with the highest UCS for Cc = 5% was
chosen for pilot-scale testing.

3.2 Mineralogical and microstructure

To observe the strength development of field CTS, the drilled core sample was tested using the UC test and subjected to
microstructural analysis. Figure 10 illustrates the UCS of the mixture S30B65C5 from lab and field samples at 7, 28, and 120 days of
curing time. As curing time increases, the UCS increases significantly in both laboratory and field samples. As observed, the strength
of lab samples is consistently slightly higher than that of field samples for similar curing periods. The graph exhibits a logarithmic
trend (R? = 0.96), indicating a strong correlation. This finding suggests that the UCS increases rapidly initially (e.g., between 0 and 28
days) and then slows down over time. The hydration reaction and frictional resistance primarily influence the material's strength
development during its early curing stages, whereas, for longer curing times, the pozzolanic reaction also plays a role [47-49].
Mineralogical and microstructure analysis is described as follows to confirm the enhancement of LS properties by cement and WBA.
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Figure 10 Strength development of the S30B65C5 mixture
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3.2.1 XRD analysis

The hydration reaction and the pozzolanic reaction phenomenon could illustrate the strength development of the CTS specimens
obtained in this study. The CTS specimens stabilized with a combination of cement and WBA produced a large portion of CSH
products, resulting from cement hydration in the short term and a pozzolanic reaction in the long term, due to the presence of SiO2 in
the WBA [50]. Figure 11 displays the XRD results for the mixture S30B65C5 at 28 days (short-term) and 120 days (long-term) of
curing time. Additionally, XRD analysis of the mixture without cement (S30B65CO0) at 28 days of curing, as reported in lyaruk et al.
[1], is also compared. Notably, a high intensity of CSH was found in the cement-treated sample compared to the uncemented sample.

Q

Q = Quartz

K = Kaolinite

1 =Illite

M = Microcline
D = Dolomite

(b) S30B65C5 (28 days)

‘J_AMLU_ N (a) S30B70C0 (28 days)

0 10 20 30 40 50 60 70 80 90 100
26 (degrees)

Figure 11 XRD patterns of the CTS samples after 28 and 120 days
3.2.2 FESEM and EDX analysis

Figures 12a and 12b show FESEM images of the field CTS sample at 28 and 120 days of curing, respectively, at a magnification
of 5000. As observed, a large amount of CSH gels can be visualized at several points of the image. However, hydration and pozzolanic
reaction products were more prominent after 120 days than after 28 days of curing. Moreover, some voids were detected between soil
particles. The EDX analysis results of the field CTS samples at 28 days and 120 days of curing, conducted on the same sample used
for the FESEM analysis, are depicted in Figures. 13a and 13b, respectively. The presence of silica (Si), calcium (Ca), and aluminum
(Al) weight proportions, especially Ca, is crucial for analyzing the strength development of the specimen [6, 51]. At 28 days of curing,
the weight proportions of Si, Ca, and Al are 16.1%, 9.0%, and 6.8%, respectively. After 120 days, the weight proportions of Si, Ca,
and Al are 12.6%, 13.2%, and 6.9%, respectively. Previous research has demonstrated that the Ca/(Si+Al) ratio is linked to the bond
strength of the soil-cement mixture and significantly affects the hydration process [52]. The Ca/(Si+Al) ratio of the sample at 28 days
was 0.39% and then increased to 0.68% after 120 days of curing. The increase in the Ca/(Si+Al) ratio resulted in an increase in the
strength of the CTS sample due to the associated increase in CSH gel formation and bond strength [50].
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Figure 12 FESEM images: (a) 28 days and (b) 120 days
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3.3 Heavy metals

Table 2 summarizes the concentration of heavy metal leachate from the field CTS samples, determined using ICP-OES equipment.
The concentration of Cr in the solid matrix was 82.86 mg/kg, above the MNSE acceptable limit of 17.5 mg/kg. Chromium was the sole
metal detected in the leachate throughout all test periods, with a concentration of 1.377 ppm on day 7 and declining to 0.566 ppm by
day 120. Despite this reduction, all measured values remained significantly above the permissible limit of 0.05 ppm, indicating potential
environmental concerns regarding Cr leaching. This behavior suggests that although partial immobilization of Cr may occur over time,
the stabilization mechanism is insufficient to effectively control Cr mobility, likely because it is less readily incorporated into
cementitious phases than other heavy metals.

Table 2 Heavy metal concentration

From a solid sample [54] Field leachate sample (ppm)
WBA AIIO(\% zt;:fgl)lmlt 7days l4days 30days 60days 120 days Allowable limit (ppm) [53]
As 14.80 6 <0.30 <0.30 <0.30 <0.30 ND 0.01
Cr 82.86 175 1.377 0.70 1.055 0.797 0.566 0.05
Cu 16.60 2,920 <0.30 <0.30 <0.30 <0.30 <0.50 1.00
Ni 16.64 436.5 <0.30 ND ND ND ND 0.02
Zn 32.02 - ND ND ND ND ND 5.00

Note: ND = not detected

Although arsenic and copper were detected in the solid WBA at concentrations of 14.80 mg/kg and 16.60 mg/kg, respectively, they
exhibited minimal leaching potential. Throughout all monitoring periods, the leachate As content remained below 0.30 ppm and became
undetectable by day 120. The Cu leachate concentrations remained low, consistently below 0.30 ppm throughout the duration,
decreasing to 0.50 ppm by day 120, which is well within the 100 ppm threshold. Karnchanawong and Veerakajohnsak [55] reported
that As and Cu preferentially associate with aluminosilicate phases over time, thereby mitigating environmental concerns, despite their
initial mobility in soils treated with wood ash. The undetectable levels of Ni and Zn in the leachates corroborate the notion that these
elements are effectively immobilized, especially when co-stabilized by the elevated iron and aluminum oxide content of lateritic soil,
which is recognized for its metal adsorption properties [56].

4. Conclusions

The research was motivated by the current demand for an environmentally sustainable, mechanically feasible substitute for
conventional subbase materials, particularly in tropical countries. It is regarding this twofold issue that this study has sought to explore
the possibility of mixing WBA with lateritic soil and cement to develop a new cement-treated subbase (CTS) material that meets the
structural and environmental requirements for use as a subbase layer. From the laboratory and field experimental results presented in
this paper, the following conclusions can be drawn:

e The experimental results showed that the optimum combination of CTS mix was 30% lateritic soil, 65% WBA, and 5% cement,
as it met the strength criteria for road soil-cement subbase applications. The strength of CTS mixtures increases with cement
and WBA contents and curing time. It is influenced by frictional resistance and pozzolanic reactions, indicating that the
combination of WBA and cement significantly enhances the strength of the marginal lateritic soil.

e The VCR effectively combined the influence of density, cement, and ash content on UCS, showing a strong inverse relationship
with strength. Practical strategies to improve strength include reducing porosity through compaction or increasing cement
content, with densification identified as a more economical approach for field applications.

o Field subbase monitoring of heavy metal concentration revealed that Cr was the only metal consistently detected in leachate,
decreasing over time but remaining above permissible limits, indicating insufficient immobilization and potential
environmental risk. In contrast, As and Cu showed minimal leaching despite their presence in WBA, while Ni and Zn were
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effectively immobilized. The results suggest selective stabilization behavior, with Cr exhibiting greater mobility than other
metals due to weaker incorporation into cementitious phases.

e The theoretical and practical knowledge acquired in this study will support the synergistic nature of WBA and cement in
improving the mechanical and environmental capacity of soil-subbase systems. Not only can WBA improve strength profiles
at the correct dosage, but it also contributes to a circular economy by upcycling by-products from industrial processes.

In the future, research may focus on the long-term strength of CTS systems under dynamic loading conditions, including those

influenced by traffic, seasonal average moisture levels, or wet-dry processes. It would also be helpful to conduct life-cycle assessment
(LCA) research on WBA-stabilized subbases, as well as scalability studies of regional road-building projects.
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