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Abstract

This study investigated a 100% waste-derived material system, using bottom ash
(BA) and recycled concrete aggregate (RCA) for sustainable pavement base applica-
tions. This innovative approach diverts both construction and power plant waste
from landfills while replacing conventional natural aggregates and cement-based
binders. Five RCA:BA replacement ratios (90:10 to 50:50) were evaluated with three
Na,SiO3:NaOH alkaline activator ratios (1:1, 1:1.5, and 1:2) through unconfined
compressive strength (UCS) testing, scanning electron microscopy, energy disper-
sive X-ray spectroscopy (SEM-EDX), and X-ray diffraction (XRD) analysis. The
RCA90BA10 composition with a G/N ratio of 1:2 achieved exceptional performance,
reaching 9.14 MPa UCS at 7 days while exceeding the Department of Highways,
Thailand, requirement of 2.413 MPa. All geopolymer-stabilized mixtures substan-
tially surpassed minimum specifications, validating the technology for high-traffic
pavement applications. Toughness evaluation confirmed superior energy absorption
capacity of 107.89 N-m for the optimal formulation. Microstructural characterization
revealed that higher G/N ratios promoted extensive sodium aluminosilicate hydrate
and calcium silicate hydrate gel formation, creating dense, well-integrated matri-
ces. XRD patterns confirmed successful geopolymerization through pronounced
amorphous gel development between 20° and 35° 20, correlating directly with me-
chanical performance improvements. The RCA90BA10 formulation demonstrated
optimal balance between reactive aluminosilicate content and structural aggregate
framework. This technology offers significant environmental benefits by divert-
ing construction and power plant waste from landfills while achieving mechanical
properties superior to conventional materials, providing a scalable solution for
sustainable infrastructure development.
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1. Introduction

The construction industry, particularly road construction, faces significant challenges
in sustainability due to its reliance on traditional materials such as natural aggregates and
Portland cement. These materials are associated with high CO, emissions and depletion of
natural resources. As global road infrastructure needs continue to expand, there is an urgent
requirement for sustainable solutions that meet performance criteria while minimizing
adverse environmental impacts [1-4].

Recycled concrete aggregate (RCA) and bottom ash (BA) have emerged as potential
eco-friendly alternatives to traditional construction materials [5]. This study uniquely
employed 100% waste-derived materials, including RCA and BA, as both aggregate and
aluminosilicate precursor, eliminating the need for virgin aggregates This approach directly
supports circular economy principles by diverting large quantities of construction demoli-
tion waste and coal combustion byproducts from landfills while reducing greenhouse gas
emissions, making it a compelling alternative to conventional pavement base materials.
RCA, obtained from demolished concrete structures, provides an approach to reduce land-
fill waste and conserve natural resources [6]. The incorporation of RCA in new pavement
structures contributes to waste reduction in landfills and conserves natural resources by
decreasing the demand for virgin aggregate materials. BA, a byproduct of coal combustion,
presents another opportunity for waste utilization in construction [7]. However, when used
independently, these materials often fail to meet the mechanical strength and durability
requirements necessary for road construction [8-10].

Geopolymer technology represents a promising approach to address the limitations
of RCA and BA [11]. Geopolymers are inorganic polymers formed when aluminosilicate
materials, such as fly ash or slag, chemically react with alkaline solutions [12]. This reaction
produces a dense, three-dimensional network structure that provides excellent mechanical
strength, durability, and resistance to chemical attack [13]. The environmental benefits of
geopolymer technology are substantial as it utilizes industrial byproducts and reduces CO,
emissions associated with cement production [14,15].

Several studies have demonstrated the effectiveness of geopolymer-stabilized recy-
cled materials in pavement applications. Research has shown that high-calcium fly ash
geopolymer can significantly improve the unconfined compressive strength (UCS) of RCA,
meeting requirements for both low and high-traffic roads [16,17]. Similarly, studies have
demonstrated that fly ash-rice husk ash-based geopolymer can enhance the UCS of RCA
as a pavement material [18]. To achieve desired performance improvements in compres-
sive strength, flexural strength, and elastic modulus, the alkaline activator content in
geopolymer-stabilized recycled materials must be optimized [9,19,20]. This optimization
is necessary due to the formation of additional calcium silicate hydrate (C-S-H) or cal-
cium aluminosilicate hydrate (C-A-S-H) and sodium aluminosilicate hydrate (N-A-S-H) or
geopolymer gel in the geopolymer matrix.

While extensive research has been conducted on fly ash-based geopolymers, the poten-
tial of bottom ash-based geopolymers in stabilizing RCA remains largely unexplored. Stud-
ies indicate that bottom ash-based geopolymers may exhibit lower mechanical strength and
durability due to the crystalline content, low amorphous aluminosilicate phase, and coarse
particle size, all of which limit dissolution and reduce geopolymerization potential [21,22].
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However, these limitations can potentially be addressed through careful optimization of
the geopolymerization process, particularly by adjusting the alkaline activator ratio [23].

The alkaline activator plays a crucial role in the geopolymerization process, affecting
both aluminosilicate precursor dissolution and subsequent geopolymer network formation.
By investigating the influence of different alkaline ratios, it may be possible to enhance
the reactivity of bottom ash and improve the overall performance of bottom ash-based
geopolymers. This approach could lead to the development of more effective stabilization
methods for RCA using bottom ash-based geopolymers, potentially achieving mechanical
properties comparable to or surpassing those of fly ash-based systems.

Most research focuses on cement and reinforcement to improve material efficiency for
various applications, and there is limited research addressing the importance of complete
waste material reuse, particularly waste materials from construction demolition and power
plants. Therefore, this research focuses on the effects of various ratios between waste
materials (RCA:BA) and different alkaline ratios on bottom ash-based geopolymers to
stabilize recycled concrete aggregate, which remains poorly understood.

This research aims to address this research gap by investigating the influence of
various RCA:BA ratios and alkaline activators with different Na,SiO3:NaOH (G/N) ra-
tios (1:1, 1:1.5, and 1:2 by weight) on the strength and durability of bottom ash-based
geopolymer-stabilized RCA. Its performance is compared with the requirements specified
by the Department of Highways. Strength development was assessed through comprehen-
sive microstructural and mineralogical analyses, employing scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD) techniques.

This study is based on the hypothesis that an optimal combination of RCA and BA,
activated with a suitably high sodium silicate-to-sodium hydroxide ratio, can significantly
enhance the mechanical performance and microstructural densification of RCA-BA geopoly-
mer mixtures, achieving strength and durability requirements for high-traffic pavement
base applications.

The findings of this research contribute to the development of advanced pavement
materials that balance sustainability with performance, addressing future infrastructure
needs while adhering to green construction principles. This innovative approach has the
potential to advance pavement engineering by offering environmentally friendly solutions
without compromising structural integrity.

2. Materials and Methods
2.1. Materials

Two industrial waste streams were selected as raw materials based on their com-
plementary chemical compositions, availability, and potential for geopolymer synthesis:
recycled concrete aggregate (RCA) as the primary aggregate component and lignite bottom
ash (BA) as the aluminosilicate precursor. The selection criteria prioritized materials with
established waste disposal challenges and demonstrated potential for beneficial reuse in
construction applications.

RCA was obtained from construction demolition projects in Ubon Ratchathani and
Sisaket Provinces, Thailand, representing typical concrete waste from regional infras-
tructure. The material underwent comprehensive characterization to establish baseline
properties and suitability for pavement applications.

Particle size distribution analysis (ASTM D422-63) confirmed compliance with the
Department of Highways (DOH), Thailand, specifications for pavement base materials
(Figure 1). The gradation comprised 48.6% gravel (retained on No. 4 sieve), 47.9% sand
(passing No. 4, retained on No. 200), and 3.5% fines (passing No. 200 sieve). Under the
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Unified Soil Classification System, the material was classified as well-graded gravel (GW)
with no measurable plasticity.
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Figure 1. Graduation of RCA and BA.

Key mechanical and physical parameters included specific gravity of 2.7, Los Ange-
les abrasion resistance of 38.1%, flakiness index of 15.6%, and maximum dry density of
18.70 kKN /m? at an optimum moisture content of 12%. Water absorption values were 6.42%
and 7.83% for coarse and fine fractions, respectively, indicating moderate porosity typical
of recycled aggregates.

XRD analysis identified predominant crystalline phases including quartz, calcite, and
residual cement minerals (Figure 2a). SEM examination revealed angular particles with
rough surface textures, residual cement paste adherence, and interconnected porosity
(Figure 3a).
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Figure 2. XRD patterns of (a) RCA and (b) BA.

Figure 3. SEM images of (a) RCA and (b) BA.
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Energy-dispersive X-ray spectroscopy (EDX) analysis was performed using a scan-
ning electron microscope equipped with an EDX detector. Multiple point analyses were
conducted on polished sample surfaces to ensure representative elemental composition
data. The chemical compositions are presented in Figure 4 and demonstrate complemen-
tary profiles essential for geopolymer synthesis. RCA exhibited a calcium-rich elemental
composition typical of concrete materials, with calcium (Ca) and oxygen (O) as the predom-
inant elements, indicating the presence of unhydrated cement particles and calcium-based
compounds such as Ca(OH), and CaCO3. Silicon (Si) and carbon (C) were also present in
significant proportions, reflecting the silicate phases and carbonate content characteristic of
concrete materials. Minor elements included aluminum (Al), iron (Fe), magnesium (Mg),
and trace amounts of sulfur (S).

WRCA100
EBA100

Element
2
aa

0 5 10 15 20 25 30 35 40 45 50 55 60
S Na K Mg Fe Al C Si Ca [¢]

®RCA100 039 000 0.00 045 097 222 971 9.07 23.04 54.15
®BAI100 000 1.53 240 132 325 7.69 10.99 16.03 950 47.30

Weight (%)

Figure 4. Chemical compositions RCA and BA obtained from EDX.

Lignite bottom ash was sourced from Mae Moh power plant (Electricity Generating
Authority of Thailand, Changwat Lampang, Thailand), representing the largest lignite-fired
facility in Southeast Asia. This material represents approximately 15%-20% of total coal
combustion products from the facility.

XRD analysis revealed a predominantly amorphous structure with minor crystalline
phases including quartz and feldspathic minerals (Figure 2b). EDX analysis confirmed high
silica (SiO) and alumina (Al,O3) contents essential for geopolymer formation, along with
elevated alkali contents (Na,O and K;0O) and minor iron oxide (Fe;O3) concentrations.

SEM imaging revealed irregular angular particles with a heterogeneous size distribution
and a porous surface structure (Figure 3b). The morphology differs significantly from spherical
fly ash particles, contributing to different reactivity characteristics in alkaline environments.

The EDX analysis (Figure 4) indicated that BA provided essential aluminosilicate
components for geopolymer formation, with significantly higher silicon (Si) and aluminum
(Al) contents compared to RCA. The BA composition showed an elevated oxygen (O)
content, substantial silicon (Si) and aluminum (Al) concentrations, and moderate levels
of calcium (Ca), iron (Fe), and trace elements including potassium (K), sodium (Na), and
magnesium (Mg). The higher alkali content (Na and K) in BA contributes to the alkaline
environment necessary for geopolymer activation.

The EDX analysis results correlate well with the XRD findings (Figure 2), where the high
calcium content in RCA corresponds to the calcite and residual cement peaks observed, while
the elevated silicon and aluminum contents in BA align with the predominant amorphous
content and minor crystalline aluminosilicate phases detected in the diffraction patterns.
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This elemental analysis confirms that the combination of calcium-rich RCA and
aluminosilicate-rich BA provides an optimal chemical foundation for developing hybrid
geopolymer systems with enhanced mechanical properties and sustainability characteristics.

2.2. Alkaline Activator

The preparation of the alkaline activator was a critical step in the geopolymer mix
design, requiring careful control of the chemical composition to ensure effective geopoly-
merization and minimize handling hazards.

In this study, the activator was formulated by blending sodium silicate (Na;SiO3)
solution with 10 M sodium hydroxide (NaOH) solution. These components were chosen
for their effectiveness in dissolving aluminosilicate materials and promoting geopolymer-
ization [24]. A binary activator combining Na,SiO3 and NaOH was selected to provide
(i) silicate species for gel network formation, (ii) a high-pH environment for aluminosilicate
dissolution, and (iii) an optimal workability window for field application.

Commercial-grade Na,SiO; (type CR53) was used with the following compositional
specifications: 14.5-16.5 wt% NayO, 31.5-34.0 wt% SiO,, H,O balance, silica modulus (Ms)
of 2.0-2.2., density at 20 °C: 1.52 & 0.02 g/cm?, and viscosity of 400-600 cP. The NaOH
solution was prepared by dissolving analytical-grade NaOH pellets (>99% purity) in dis-
tilled water to achieve a concentration of 10 M (400 g/L). Both solutions were equilibrated
for 24 h at ambient temperature (25 & 2 °C) to ensure complete dissolution and thermal
stabilization prior to mixing.

Three systematically varied compositions were prepared with Na;SiO3:NaOH mass
ratios (G/N) of 1:1, 1:1.5, and 1:2, corresponding to effective silica moduli of 1.2, 1.0, and
0.8, respectively.

2.3. Mix Design and Sample Preparation

A two-factor experimental design was implemented to systematically evaluate Fac-
tor A—aggregate blend ratio (5 levels: RCA:BA = 90:10, 80:20, 70:30, 60:40, and 50:50),
and Factor B—alkaline activator ratio (3 levels: G/N = 1:1, 1:1.5, and 1:2). Additional
control specimens (RCA100 and BA100 with water only) provided baseline references.
The complete factorial design comprised 17 unique compositions with minimum n =3
replicates per condition (Table 1).

Table 1. The mix design of the BA-based geopolymer-stabilized RCA in this study.

Sample ID Mix Ingredients
90RCA10BA G/N 1:1.0 90%RCA + 10%BA + (1) Na,SiO3 + (1) NaOH
90RCA10BA G/N 1:1.5 90%RCA +10%BA + (1) NaySiO3 + (1.5) NaOH
90RCA10BA G/N 1:2.0 90%RCA + 10%BA + (1) Na,SiO3 + (2) NaOH
80RCA20BA G/N 1:1.0 80%RCA +20%BA + (1) Na,SiO3 + (1) NaOH
80RCA20BA G/N 1:1.5 80%RCA +20%BA + (1) NaySiOs + (1.5) NaOH
80RCA20BA G/N 1:2.0 80%RCA + 20%BA + (1) NaSiO3 + (2) NaOH
70RCA30BA G/N 1:1.0 70%RCA + 30%BA + (1) NaySiO3 + (1) NaOH
70RCA30BA G/N 1:1.5 70%RCA +30%BA + (1) Na,SiO; + (1.5) NaOH
70RCA30BA G/N 1:2.0 70%RCA + 30%BA + (1) Na2SiO3 + (2) NaOH
60RCA40BA G/N 1:1.0 60%RCA + 40%BA + (1) Na2SiO3 + (1) NaOH
60RCA40BA G/N 1:1.5 60%RCA +40%BA + (1) NaySiO3 + (1.5) NaOH
60RCA40BA G/N 1:2.0 60%RCA + 40%BA + (1) NaySiO3 + (2) NaOH
50RCA50BA G/N 1:1.0 50%RCA + 50%BA + (1) Na,SiO3 + (1) NaOH
50RCA50BA G/N 1:1.5 50%RCA +50%BA + (1) NaySiO3 + (1.5) NaOH

50RCA50BA G/N 1:2.0 50%RCA + 50%BA + (1) Na,SiO3 + (2) NaOH
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The selected RCA:BA ratios were determined based on practical pavement base design
considerations; the lower BA content (10%-20%) reflects typical field applications where
high aggregate interlock is required for structural stability. In addition, higher BA contents
(30%-50%) were included to explore the feasibility of maximizing waste utilization. The
50% replacement level represents the practical upper bound reported in prior research
for maintaining acceptable workability and mechanical performance in pavement base
materials [8].

The mix design for this study was systematically developed to evaluate the impact
of various NaSiO3:NaOH (G/N) ratios of 1:1, 1:1.5, and 1:2, by weight of the aggre-
gate modification, on the properties of BA-based geopolymer-stabilized RCA (Table 1).
The design involved creating a series of mixtures with varying contents of alkaline acti-
vator ratios and replacement between RCA:BA (90:10, 80:20, 70:30, 60:40, and 50:50) to
establish a comprehensive understanding of their individual and combined effects on the
geopolymer’s performance.

RCA and BA were first dry-mixed for 2 min to achieve uniform distribution. The
alkaline activator solution was then gradually added while continuously mixing for 3 min
until a homogeneous paste was achieved. The mixtures were immediately transferred to
standard Proctor molds (101.6 mm diameter x 116.4 mm height) and compacted under a
modified standard Proctor test following ASTM D1557 in five equal layers to determine the
maximum dry density (MDD) and optimum liquid content (OLC) for each composition.
Specimens were prepared at their respective MDD and OLC conditions for mechanical
testing. A 2% tolerance from the target MDD and OLC was applied as a quality control
criterion in line with ASTM D1557 recommendations and standard geotechnical practice.
Specimens exceeding this deviation were rejected to ensure consistent density and mois-
ture conditions, thereby minimizing experimental variability and ensuring that observed
mechanical property differences were solely due to mix composition and activation ratios.

3. Laboratory Experimental Program

The experimental program was systematically designed to comprehensively evaluate
the mechanical and microstructural properties of BA-based geopolymer-stabilized RCA.
The testing protocol encompassed mechanical performance assessment and detailed mi-
crostructural characterization to establish structure-property relationships and validate the
effectiveness of the geopolymer stabilization approach.

3.1. Unconfined Compressive Strength (LUCS)

UCS tests were conducted at 7 and 28 days of curing following ASTM D2166
specifications to evaluate strength development over time. Cylindrical specimens
(101.6 mm diameter x 116.4 mm height) were tested using a universal testing machine
at a controlled loading rate of 1.0 mm /min to capture both peak strength and post-peak
behavior. Load and deformation data were continuously recorded throughout the test until
specimen failure, defined as either peak load achievement or 15% axial strain. The UCS val-
ues were calculated by dividing the maximum applied load by the original cross-sectional
area of the specimen. Testing was performed on a minimum of three specimens per mixture
and curing age to ensure statistical reliability, with the results reported as mean values with
standard deviation.

3.2. Scanning Electron Microscopy (SEM) Analysis

SEM analysis was employed to visualize the microstructure of the geopolymer samples
at a high magnification. This analysis provides insights into the microstructure of the BA
geopolymer within the matrix, the bonding at the RCA-BA interface, and the morphology
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of the geopolymer binder. The SEM examination was conducted on fractured samples
post-UCS testing to identify the failure mechanisms and to correlate the mechanical test
results with the microstructural characteristics.

3.3. X-Ray Diffraction (XRD) Analysis

XRD analysis was utilized to identify the crystalline phases present within the geopoly-
mer matrix and to observe the changes in mineralogy due to the addition of the BA geopoly-
mer and variation in the alkaline activator mixture. The XRD patterns were collected using
a diffractometer, with samples being scanned in a 2Theta range, typically between 5 and
80°. The resultant diffractograms were analyzed to determine the presence of specific
crystalline compounds and to infer the effectiveness of the geopolymerization process.

4. Results and Discussion
4.1. UCS Development
4.1.1. Strength Performance and Standard Compliance

The UCS results demonstrated significant enhancement achieved through BA-based
geopolymer stabilization of RCA for pavement base applications (Figure 5). At7 days of curing,
the stabilized mixtures exhibited UCS values ranging from 2.98 to 9.14 MPa, representing
substantial improvements over unstabilized controls (UCS of 100% RCA = 0.63 MPa). Strength
development continued significantly through 28 days, with UCS values reaching 4.11 to
12.45 MPa, indicating active geopolymerization processes and continued matrix densification.

®mUCS (MPa) 7 day
wUCS (MPa) 28 day
Soaked 7-Day UCS > 2.413 MPa

10.95
10.11 Based material for high traffic (DH-S 206/2532)
9.5
9.02
8.81
5 8.65
7.83
73 7 743
- 6.7 555 6.7
6.04
55 - 5.67
4.83
4.2 4.1
2.0 32
-5 B8 _RE RN RN RE MN _I v iy BN
G/N G/N G/N G/N G/N G/N G/N G/N G/N G/N G/N G/N
(1:1.0) (1:1.5) (1:2.0) (1:1.0) (1:1.5) (1:2.0) (1:1.0) (1:1.5) (1:2.0) (1:1.0) (1:1.5) (1:2.0)
RCAS80BA20 RCA70BA30 RCAG60BA40 RCAS0BAS0

Figure 5. UCS of BA-based geopolymer-stabilized RCA samples at 7 and 28 days of ambient curing.

Critically, all BA-based geopolymer-stabilized RCA mixtures, irrespective of the G/N
ratio (1:1, 1:1.5, and 1:2), significantly exceeded the minimum UCS requirement of 2.413 MPa
specified by DOH, Thailand, for high-traffic pavement applications. This compatibility
reveals that the developed materials can directly be integrated into existing pavement
layer designs without major structural modifications. In addition, this performance demon-
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strates the potential for these waste-derived materials to replace conventional granular
subbase materials in demanding pavement applications. Elevated curing temperatures
(40-60 °C) might enhance geopolymerization and early strength, but pavement base layers
are typically cured under ambient conditions. This study followed field-compatible curing,
and the resulting strength confirms its practical suitability without added energy input.

4.1.2. Influence of RCA:BA Ratio on Strength Development

The aggregate blend ratio emerged as a critical parameter governing mechanical
performance, with RCA90BA10 consistently delivering superior strength characteristics
across all alkaline activator conditions. At 28 days, this optimal composition achieved peak
UCS values of 10.65, 11.24, and 12.45 MPa for G/N ratios of 1:1, 1:1.5, and 1:2, respectively.
The superior performance of RCA90BA10 compared to RCA80BA20 indicated a critical
balance between the reactive BA content and aggregate skeleton integrity. At 10% BA,
sufficient aluminosilicate is available for gel formation without disrupting the RCA’s strong
interlocking framework. However, BA contents exceeding 15%-20% begin to compromise
the structural skeleton due to the lower intrinsic strength and higher porosity of BA, which
reduces the load transfer efficiency despite increased geopolymer gel formation. This
threshold aligns with previous studies on bottom ash geopolymer pavements [21,22].

Progressive increases in the BA content from 20% to 50% resulted in systematic strength
reductions, with RCA50BA50 exhibiting the lowest UCS values (4.83-6.04 MPa at 28 days).
This declining trend reflects the trade-off between geopolymer binding capacity and struc-
tural integrity, where excessive BA replacement reduces the proportion of high-strength
aggregate particles while potentially creating a weaker, more porous matrix due to the
lower intrinsic strength and higher porosity of bottom ash compared to concrete aggregate.

4.1.3. Alkaline Activator Optimization and Geopolymerization Mechanisms

The G/N ratio demonstrated profound influence on strength development, with sys-
tematic strength increases observed as the ratio progressed from 1:1 to 1:2. The RCA90BA10
mixture showed remarkable strength enhancement from 10.65 MPa (G/N 1:1) to 12.45 MPa
(G/N 1:2) at 28 days, representing a 17% strength increase. Similarly, other mixtures exhibited
consistent strength improvements with increasing G/N ratios, with average strength gains of
15%-20% when progressing from G/N 1:1 to G/N 1:2 across all RCA:BA combinations.

This progressive strength enhancement can be attributed to the increased silicate
availability in the activating solution, which promotes more extensive geopolymer network
formation [25,26]. The higher sodium silicate content at G/N 1:2 provides additional silicate
species that participate in polycondensation reactions, leading to a more densely cross-
linked three-dimensional aluminosilicate network [27,28]. Research by Duxson et al. [29]
demonstrated that a higher silica modulus in alkaline activators enhances the degree of
polymerization in geopolymer systems, which aligns with the observed strength improve-
ments in this study.

The intermediate G/N 1:1.5 ratio consistently produced moderate strength values
between the G/N 1:1 and 1:2 extremes, demonstrating a systematic relationship between
activator composition and mechanical performance. This graduated response indicates
optimal control over geopolymer network development through activator formulation. The
studies by Palomo et al. [30] and Provis and van Deventer [31] showed that the SiO, /Na,O
ratio in alkaline activators directly influences gel formation kinetics and final strength
development, supporting the trends observed in this research.

The enhanced performance at higher G/N ratios also reflects the improved dissolu-
tion of aluminosilicate species from the bottom ash, as confirmed by Fernandez-Jiménez
and Palomo [32], who reported that an increased silicate concentration accelerates the
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dissolution—precipitation mechanism essential for geopolymer formation. Additionally, a
higher silicate content promotes the formation of more stable and cross-linked gel structures,
as demonstrated by Lahoti et al. [33] in their investigation of fly ash-based geopolymers.

This systematic strength enhancement with an increasing G/N ratio provides clear
guidance for mixture optimization and demonstrates the potential for tailoring mechan-
ical properties through alkaline activator design. The consistent improvement across all
RCA:BA combinations confirmed the universal applicability of this optimization approach
for BA-based geopolymer systems.

4.1.4. Toughness Properties of BA-Based Geopolymer-Stabilized RCA

Toughness indicates a material’s ability to absorb energy and resist breaking under
stress. The modulus of toughness quantifies this capacity, guiding material selection for
durable and impact-resistant applications [34]. Materials with a high modulus of toughness
can absorb more energy before breaking, enhancing their durability and reliability. This
makes the modulus of toughness a key factor in selecting materials across various industries
and applications [35].

The influence of the G/N ratio on toughness exhibited distinct patterns that varied
with the RCA:BA composition and curing age (Figure 6). For the optimal RCA90BA10
mixture, a G/N ratio of 1:2 achieved the highest toughness values at both curing ages
(105.67 N'm at 7 days and 107.89 N-m at 28 days), followed by a G/N ratio of 1:1.5
(97.21 N-m at 7 days and 105.55 N-m at 28 days), while a G/N ratio of 1:1 showed the lowest
performance (88.39 N-m at 7 days and 98.67 N-m at 28 days). This systematic increase
in toughness with higher G/N ratios demonstrates that enhanced silicate availability
promotes superior energy absorption characteristics [36,37].

10s.55 107.89 —8—7day —&—28 day

98.67

10441 101.22

95.84

GN GN GN GN GN GN GN GN GN GN GN GN GN GN GN
(1:1.0) (1:1.5) (1:2.0) (1:1.0) (1:1.5) (1:2.0) (1:1.0) (1:1.5) (1:2.0) (1:1.0) (1:1.5) (1:2.0) (1:1.0) (1:1.5) (1:2.0)

RCA90BAI10 RCA80BA20 RCAT70BA30 RCAG60BA40 RCAS0BASO
Figure 6. Toughness of BA-based geopolymer-stabilized RCA samples.

A particularly significant observation emerges for mixtures with a higher BA content
(RCA70BA30, RCA60BA40, and RCA50BA50), where the effect of the G/N ratio becomes
more pronounced with an extended curing time. For RCA70BA30, the mixture with a
G/N ratio of 1:2 showed remarkable toughness development from 75.43 N-m at 7 days to
101.22 N-m at 28 days (34% increase), while toughness development with a G/N ratio of 1:1
only improved from 61.93 N-m to 80.57 N-m (30% increase). Similarly, RCA60BA40 with a
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G/N ratio of 1:2 demonstrated substantial improvement from 62.65 N-m to 95.84 N-m (53%
increase) compared to more modest gains at lower G/N ratios.

This trend is most pronounced in the RCA50BA50 mixture, where a G/N ratio of
1:2 showed significant toughness enhancement from 43.56 N-m at 7 days to 64.57 N-m
at 28 days (48% increase), while G/N ratios of 1:1 and 1:1.5 exhibited much smaller im-
provements (20% and 39% increases, respectively). This pattern indicates that a higher
silicate content becomes increasingly critical for long-term toughness development as the
BA content increases.

The enhanced long-term toughness development at higher G /N ratios in mixtures
with a high BA content can be attributed to continued geopolymerization processes that
benefit from the additional silicate availability. The higher silicate content provides more
opportunity for ongoing polycondensation reactions, leading to progressive matrix densifi-
cation and improved energy absorption capacity over time [38,39]. This effect is particularly
important in BA-rich mixtures where the initially weaker matrix requires an extended reac-
tion time to achieve optimal performance characteristics.

This time-dependent G/N effect demonstrates that the benefits of a higher silicate
content extend beyond immediate strength gains to include progressive toughness enhance-
ment, making the G/N ratio of 1:2 the optimal choice for both immediate and long-term
performance in BA-based geopolymer-stabilized RCA systems, especially for mixtures with
a higher BA content.

It is noteworthy that toughness and strength trends deviate slightly at higher BA con-
tents (>40%). While UCS decreases due to the lower intrinsic strength and higher porosity
of BA, the same porous and heterogeneous matrix promotes energy dissipation by enabling
microcrack deflection and progressive crack bridging within the geopolymer gel. This
mechanism increases the material’s energy absorption capacity despite its reduced peak
load-bearing capacity, a phenomenon similarly observed in other waste-based geopolymer
systems [36,39].

4.2. Microstructural Analysis

Scanning electron microscopy analysis provides comprehensive insights into the mi-
crostructural development mechanisms governing the performance of BA-based geopolymer-
stabilized RCA systems. The systematic examination of specimens with varying RCA:BA
ratios and alkaline activator compositions reveals fundamental structure—property relation-
ships that establish the scientific basis for mechanical performance optimization.

4.2.1. Microstructural Development in Systems with a Low Bottom Ash Content

The microstructural characteristics of RCA90BA10 specimens demonstrated a clear
correlation between alkaline activator composition and geopolymer network development.
Figure 7a presents the formulation with a G/N ratio of 1:1, which exhibited incomplete
geopolymerization characterized by heterogeneous matrix formation and extensive un-
reacted bottom ash particles. The microstructure revealed limited gel formation with
discontinuous binding phases, resulting in a porous structure with weak interfacial bond-
ing between aggregate and binder components. This incomplete activation aligned with the
established geopolymerization principles described by Provis and van Deventer [26], where
an insufficient alkaline concentration restricted aluminosilicate dissolution and subsequent
network formation.

The formulation with a G/N ratio of 1:1.5 shown in Figure 7b demonstrated significant
microstructural advancement with enhanced geopolymer gel formation and improved ma-
trix cohesion. The increased alkaline activator content promotes more complete dissolution
of aluminosilicate precursors, resulting in abundant formation of calcium silicate hydrate
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(C-S-H) and sodium aluminosilicate hydrate (N-A-S-H) gel phases. The microstructure
exhibits reduced porosity and more continuous binding networks, indicating improved
activation efficiency consistent with the findings reported by Duxson et al. [28] regarding
optimal activator composition effects on matrix development.

(b)

Figure 7. SEM images of RCA90BA10: (a) G/N ratio of 1:1, (b) G/N ratio of 1:1.5, and (c) G/N ratio
of 1:2 at 28 days of curing.

Figure 7c presents the formulation with a G/N ratio of 1:2, which achieved the most ad-
vanced microstructural development characterized by extensive geopolymer gel formation
and optimal matrix densification. The higher sodium silicate content promoted complete
dissolution of bottom ash particles and facilitated the formation of well-integrated three-
dimensional geopolymer networks. The microstructure demonstrated superior particle
encapsulation and binding, creating a dense composite material with enhanced load trans-
fer characteristics. This microstructural optimization validated the mechanical performance
results and supported the geopolymerization mechanisms described by Ferndndez-Jiménez
and Palomo [40].

4.2.2. Microstructural Development in Systems with a High Bottom Ash Content

The examination of RCA60BA40 specimens revealed the challenges and optimization
requirements associated with increased bottom ash utilization. Figure 8a demonstrates that
the formulation with a G/N ratio of 1:1 produced inadequate microstructural development
when applied to systems with a higher bottom ash content. The SEM analysis revealed
extensive microcracking, incomplete geopolymerization, and poor matrix cohesion, indicating
that the activator concentration was insufficient for the elevated aluminosilicate content. This
observation aligns with the research by Chindaprasirt et al. [21], who established that bottom
ash-based systems require enhanced activation to overcome inherent reactivity limitations.

(b)

Figure 8. SEM images of RCA60BA40: (a) G/N ratio of 1:1, (b) G/N ratio of 1:1.5, and (c) G/N ratio
of 1:2 at 28 days of curing.
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The formulation with a G/N ratio of 1:1.5 shown in Figure 8b exhibited marked mi-
crostructural improvement with enhanced gel formation and reduced porosity compared to
the lower activator ratio. The increased alkaline content promoted better dissolution of the
higher bottom ash content, resulting in more extensive geopolymer network development.
However, the microstructure still exhibited some limitations in terms of complete matrix
integration, suggesting that further optimization remains beneficial for systems with a high
bottom ash content.

Figure 8c presents the formulation with a G/N ratio of 1:2 applied to RCA60BA40,
which demonstrated successful activation of the system with a high bottom ash content.
The microstructure exhibited well-developed geopolymer networks with effective particle
binding and matrix densification. The higher sodium silicate content provided sufficient
alkaline activation to promote complete geopolymerization despite the increased alumi-
nosilicate demand, resulting in microstructural characteristics comparable to systems with
a lower bottom ash content. This finding validated the optimization approach described by
Xu et al. [41], who demonstrated that enhanced silicate availability becomes essential for
systems with a high aluminosilicate content.

The SEM analysis indicated that the porous BA surface promotes extensive geopolymer
gel coating and interfacial bonding, forming a continuous and relatively ductile gel network.
This morphology enables microcrack bridging and deflection, forcing cracks to follow
tortuous paths and dissipating more energy before failure. Although these BA-rich systems
exhibit lower peak compressive strength due to reduced aggregate skeleton rigidity, the
interconnected gel network facilitates gradual stress transfer post-peak, thereby improving
energy absorption and post-failure ductility.

The microstructural evidence demonstrated that optimal geopolymer formation re-
quires balanced dissolution of aluminosilicate precursors and adequate silicate availability
for network formation. The formulation with a G/N ratio of 1:2 consistently produced
superior microstructural characteristics across both bottom ash content levels, indicating
that this activator composition provided optimal conditions for geopolymerization in
waste-derived systems. The research by Singh and Subramaniam [42] supported these
findings, demonstrating similar optimization requirements for alkali-activated systems
with varying precursor compositions.

4.3. EDX Analysis

EDX analysis provides a quantitative assessment of elemental distributions within
the geopolymer matrices and establishes critical relationships between chemical compo-
sition and mechanical performance. The systematic evaluation of the RCA90BA10 and
RCA60BA40 systems across varying alkaline activator ratios revealed fundamental in-
sights into geopolymerization chemistry and optimization principles for waste-derived
construction materials.

The EDX analysis of RCA90BA10 specimens demonstrates systematic chemical com-
position changes that correlate directly with the observed mechanical performance im-
provements. Figure 9 reveals that oxygen constitutes the predominant element across all
formulations, comprising approximately 45%—48% by weight, which reflects the extensive
oxide formation essential for geopolymer network development. This high oxygen content
indicates the successful formation of silicate and aluminate networks that constitute the
structural backbone of the geopolymer matrix, consistent with the fundamental geopolymer
chemistry principles established by Davidovits [12,29].
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Figure 9. Chemical compositions of RCA90BA10 formulations at various G/N ratios.

The silicon content exhibited progressive increase with advancing G/N ratios, rising
from approximately 12% in the formulation with a G/N ratio of 1:1 to 15% in that with a
G/N ratio of 1:2. This enhancement is attributed to the increased availability of dissolved
silicate species in higher G/N ratios, which promoted gel formation and improved strength
development. The research by Ferndndez-Jiménez and Palomo [40] demonstrated that
elevated silicate availability promotes more extensive polycondensation reactions, which
explains the superior mechanical performance observed in formulations with a G/N ratio
of 1:2. The concurrent increase in sodium content from 4% to 6% reflects the enhanced
alkaline environment necessary for optimal aluminosilicate dissolution and subsequent
geopolymer gel formation.

The calcium content demonstrated interesting variation across the G/N series, decreas-
ing from approximately 11% in the formulation with a G/N ratio of 1:1 to 9% in that with a
G/N ratio of 1:2. This trend indicates that calcium-based phases, primarily calcium silicate
hydrate formations, become relatively less prominent as sodium aluminosilicate hydrate
gel formation increased with enhanced silicate availability. The study by Yip et al. [25]
confirmed that balanced activator compositions promote synergistic formation of both
calcium-based and sodium-based gel phases, optimizing the hybrid binding characteristics
observed in the superior performing formulations.

The EDX examination of RCA60BA40 specimens revealed distinct chemical compo-
sition patterns that reflect the challenges and optimization requirements associated with
increased bottom ash utilization. Figure 10 demonstrates that the oxygen content remains
consistently high across all formulations, indicating successful oxide network formation
despite the elevated aluminosilicate content. However, the overall distribution of other
elements exhibited different patterns compared to the RCA90BA10 system, highlighting
the compositional adjustments required for optimal performance in formulations with a
high bottom ash content.
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Figure 10. Chemical compositions of RCA60BA40 formulations at various G/N ratios.

The silicon content in RCA60BA40 systems indicated less pronounced variation across
G/N ratios compared to RCA90BA10, ranging from approximately 13% to 16%. This more
moderate increase implies that the higher aluminosilicate content from increased bottom
ash provides additional reactive sites that consume the available silicate species more
effectively. The research by Singh and Subramaniam [32] established that systems with an
elevated aluminosilicate content required enhanced silicate availability to achieve optimal
Si/ Al ratios for geopolymer formation, which explained the mechanical performance
improvements observed with higher G/N ratios in these formulations.

The sodium content progression in RCA60BA40 systems exhibited similar trends to
RCA90BA10 but with slightly higher absolute values, reflecting the increased alkaline
demand for activating the higher bottom ash content. The aluminum content showed
moderate increases across the G/N series, consistent with the enhanced dissolution of
aluminosilicate species from the bottom ash under more aggressive alkaline conditions.
The study by Lahoti et al. [33] demonstrated that optimal geopolymer formation required
balanced dissolution of both silicate and aluminate species, which was achieved through
careful activator optimization.

The Si/Al ratio analysis presented in Figure 11 provides critical insights into the geopoly-
merization optimization principles governing these waste-derived systems. The RCA90BA10
formulations demonstrated that the progressive Si/Al ratio increased from approximately 2.9
with a G/N ratio of 1:1 to 9.3 with a G/N ratio of 1:2, indicating enhanced silicate availability
relative to the aluminate content. The research by Lahoti et al. [33] established that Si/ Al
ratios in the range of 1.5 to 4.0 promote optimal geopolymer network formation, suggesting
that the formulations with G/N ratios of 1:1 and 1:1.5 achieve more balanced stoichiometry
for geopolymerization compared to the system with a G/N ratio of 1:2.

However, the mechanical performance results indicate that the formulation with the
G/N ratio of 1:2 achieved superior strength characteristics despite the elevated Si/Al ratio.
This apparent contradiction can be explained by the formation of hybrid gel systems that
incorporate both sodium aluminosilicate hydrate and calcium silicate hydrate phases, as
described by Cristelo et al. [36]. The excess silicate availability in formulations with a G/N
ratio of 1:2 promoted enhanced formation of calcium silicate hydrate phases that com-
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plement the primary geopolymer network, resulting in superior mechanical performance
through synergistic binding mechanisms.
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Figure 11. Si/Al ratios of RCA90BA10 and RCA60BA40 with various G/N ratios.

The RCA60BA40 systems exhibited lower Si/ Al ratios across all G/N formulations,
ranging from approximately 4.2 to 7.4, which reflected the higher aluminosilicate content
from increased bottom ash utilization. These ratios remain within ranges that promote
effective geopolymer formation while requiring higher activator concentrations to achieve
optimal performance. The study by Liu et al. [42] confirmed that Si/Al ratios between 2.0
and 8.0 can produce effective geopolymer systems when properly activated, validating the
mechanical performance improvements observed in optimized RCA60BA40 formulations.

4.4. XRD Analysis

The XRD analysis revealed systematic mineralogical transformations that directly
correlate with the superior mechanical performance of RCA90BA10 formulations compared
to RCA60BA40 systems. The diffraction patterns demonstrated clear evidence of geopoly-
merization progression and established the crystalline-amorphous phase relationships
governing these waste-derived systems.

The XRD patterns in Figure 12 identified four primary crystalline phases across all
formulations: quartz (SiO;), calcite (CaCO3), gehlenite (CapAl;SiO7), and diopside (CaO-
MgO-SiO,). Quartz exhibited the most prominent peaks at 21°, 27°, and 50° 20, remaining
stable throughout geopolymerization and serving as an inert aggregate framework. Calcite
phases, originating from carbonated cement in the RCA, displayed characteristic peaks
at 23°, 29°, and 36° 20 and contributed to hybrid binding mechanisms through both
physical and chemical interactions. The calcium-bearing phases (gehlenite and diopside)
show evidence of partial dissolution, particularly in formulations with a higher G/N ratio,
indicating their participation in secondary geopolymerization reactions [36,43].

The most significant mineralogical indicator of successful geopolymerization appeared
as a broad diffraction hump between 20° and 35° 26, representing amorphous sodium
aluminosilicate hydrate gel formation. The RCA90BA10 series demonstrated optimal
amorphous content development with progressive enhancement from a G/N ratio of 1:1
to 1:2, directly correlating with the superior UCS values achieved by these formulations.
The RCA90BA10 composition with a G/N ratio of 1:2 exhibited the most pronounced and
well-defined amorphous hump, corresponding to its exceptional compressive strength of
12.45 MPa at 28 days [44,45].
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Figure 12. XRD patterns of RCA90BA10 and RCA60BA40 with various G/N ratios.

The comparison between the RCA90BA10 and RCA60BA40 systems revealed funda-
mental differences in mineralogical development that explain the superior performance of
formulations with a lower bottom ash content. While RCA60BA40 compositions show evi-
dence of amorphous gel formation, the patterns indicated less efficient geopolymerization
compared to RCA90BA10 systems. The higher bottom ash content in RCA60BA40 formu-
lations created challenges in achieving complete activation, resulting in more persistent
crystalline phases and less extensive amorphous network development.

The RCA90BA10 formulations demonstrated a more refined amorphous content with
sharper, more defined humps between 20° and 35° 26, indicating superior gel quality and
network connectivity. This enhanced amorphous content directly correlated with the higher
UCS values achieved by RCA90BA10 formulations across all G/N ratios. The research by
Bobirica et al. [46] confirmed that an optimal bottom ash content enables more effective
geopolymerization, supporting the observed performance superiority of the 10% bottom
ash replacement level.

The correlation between amorphous content quality and mechanical strength estab-
lished clear optimization principles for waste-derived geopolymer systems. The findings
demonstrate that a controlled bottom ash content combined with appropriate alkaline
activation enables superior mineralogical development and exceptional performance char-
acteristics suitable for demanding pavement applications.

Compared to fly ash (FA)-based geopolymers, BA-based systems exhibit distinct
differences in material characteristics and performance. FA consists of fine, spherical
particles with high amorphous SiO, and Al;O3 contents, which enhance reactivity and
promote extensive gel formation, resulting in higher UCS. It was seen that its UCS exceeded
15 MPa at 7 days under similar curing conditions [8]. Consequently, an increasing FA
content generally leads to higher UCS due to the progressive development of C-S-H and
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N-A-S-H gels. In contrast, BA comprises coarser, angular, and more porous particles with
higher crystalline quartz and calcite contents, which limit its reactivity. Increasing the BA
content beyond 20% reduces UCS as the weaker BA particles and their higher crystalline
fraction compromise the aggregate skeleton’s load-bearing capacity despite additional gel
formation. However, the BA-based geopolymer-stabilized RCA demonstrated adequate
structural performance, meeting pavement base strength requirements even at 50% BA
replacement, while offering enhanced toughness and significant sustainability benefits
through the utilization of 100% waste-derived materials.

Utilizing 1 ton of RCA in place of natural aggregate can reduce landfill waste by
approximately 0.8 tons and save up to 20-25 kg of CO, compared to virgin aggregate
processing [47]. Moreover, using BA in place of cement or virgin binders can further reduce
CO; emissions by 150-200 kg of CO; per ton of cement avoided [48]. Therefore, the use
of 100% waste-derived RCA and BA in this study potentially contributed to a reduction
of over 200 kg of CO; emissions and diverted over 1.5 tons of industrial waste from the
landfills per ton of stabilized base material produced.

5. Conclusions

This research successfully demonstrated the viability of BA-based geopolymer stabi-
lized RCA as a high-performance, sustainable pavement subbase material utilizing 100%
waste-derived components.

The formulation of RCA90BA10 with a G/N ratio of 1:2 achieved exceptional per-
formance, reaching 9.14 MPa UCS at 7 days and exceeding the Department of Highways,
Thailand, requirement of 2.413 MPa. All studied mixtures surpassed minimum speci-
fications regardless of the alkaline activator ratio, demonstrating the robustness of the
geopolymer stabilization approach. Toughness evaluation confirmed superior energy ab-
sorption capacity of 107.89 N-m for the optimal composition, indicating excellent durability
for pavement applications.

Microstructural characterization revealed that higher G/N ratios promoted extensive
sodium aluminosilicate hydrate and calcium silicate hydrate gel formation, creating dense
matrices that directly correlated with mechanical performance. XRD analysis confirmed
successful geopolymerization through pronounced amorphous gel development between
20° and 35° 20. The research established that RCA90BA10 achieved optimal balance
between reactive aluminosilicate content and structural aggregate framework, while higher
bottom ash contents beyond 10% resulted in systematic strength reduction.

The environmental benefits are substantial, with this technology diverting construction
demolition waste and power plant byproducts from landfills while reducing greenhouse
gas emissions compared to conventional cement-stabilized materials. The superior perfor-
mance characteristics achieved through waste utilization provide compelling evidence for
policy makers and industry practitioners to adopt geopolymer technology for sustainable
infrastructure development.

This research advances sustainable construction materials technology by demonstrating
that waste-derived geopolymer systems can exceed conventional material performance while
addressing critical environmental challenges, providing a viable pathway for next-generation
pavement materials that balance structural requirements with environmental responsibility.

While this study demonstrates the mechanical suitability of BA-based geopolymer-
stabilized RCA for pavement base applications, further durability validation is essential for
real-world deployment. Future research should include freeze-thaw resistance, wet—dry cy-
cling, water absorption, sulfate attack, and acid resistance testing to simulate environmental
exposure conditions. In addition, future studies could apply ML models (e.g., ANN and RF)
to predict strength and durability based on BA properties, mix ratios, and curing conditions,




114

Coatings 2025, 15, 935

190f21

aiding in efficient design and quality control [49]. Given the inherent porosity of BA and
the alkaline nature of geopolymer matrices, these assessments will provide critical insights
into the long-term integrity, dimensional stability, and chemical durability of the developed
material in both temperate and tropical field conditions. Furthermore, the variability of
BA from different power plants, driven by differences in fuel and combustion conditions,
may influence its reactivity and strength development. To ensure consistent performance,
source-specific characterization and mix design adjustments are recommended. Developing
classification guidelines for BA could support broader and more reliable application in
geopolymer stabilization.

The performance of RCA-BA geopolymer mixes can be influenced by the variability
of RCA sources. Factors such as the original concrete strength, residual cement content,
and particle porosity affect both mechanical properties and alkali activation potential.
Stronger or less-weathered RCA may contribute to improved bonding and strength through
continued hydration or secondary reactions, potentially shifting the optimal RCA:BA or
G/N ratios. Therefore, mix designs should be tailored to specific RCA sources for consistent
field performance.
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Abbreviations

The following abbreviations are used in this manuscript:

BA Bottom ash
C-A-S-H  Calcium aluminosilicate hydrate
C-S-H Calcium silicate hydrate

DOH Department of Highways

EDX Energy-dispersive X-ray spectroscopy
G/N Sodium silicate to sodium hydroxide
MDD Maximum dry density

N-A-S-H Sodium aluminosilicate hydrate

OLC Optimum liquid content

RCA Recycled concrete aggregate

SEM Scanning electron microscopic

ucs Unconfined compressive strength

XRD X-ray diffraction
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ARTICLE INFO ABSTRACT

Keywords: The present research assessed the performance of natural rubber latex (NRL) modified bottom ash (BA)-based

Recycled concrete aggregate geopolymer stabilized recycled concrete aggregate (RCA) as a sustainable pavement base material. Effects of NRL

content (0.1, 0.2 %, and 0.3 % by weight of aggregate) and alkaline activator ratios (NaOH:Na,SiO3, G/N = 1:1,
1:1., and 1:2) in strength development and microstructure of the stabilized mixtures were evaluated. Unconfined

Bottom ash
Natural rubber latex

;::s::uyx&i:“ compressive strength (UCS) tests were carried out at 7 and 28 days of curing, and the results were correlated with

Unconfined compressive strength microstructural analyses using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX),

Pavement geotechnics and X-ray diffraction (XRD). The findings revealed that the mixture containing 0.1 % NRL and a G/N ratio of 1:1

Ground improvement exhibited the highest UCS values of 4.0 MPa and 5.17 MPa at 7 and 28 days respectively, surpassing the min-
imum strength requirement for pavement subbase materials. The microstructural analyses confirmed the
constitution of a dense and homogeneous geopolymer matrix, with NRL films acting as bridging structures that
enhanced the bonding between RCA particles and the matrix. Higher ratios of G/N led to a silica-rich gel that
hindered further geopolymerization and strength gain. Meanwhile, a higher ratio of NRL resulted in the for-
mation of thicker NRL films that interfered with the geopolymerization process, resulting in a subsequent
strength reduction. The study d the ial of NRL- lified BA-based geopoly stabilized RCA
as an environmentally friendly and high-performance alternative to conventional cement-stabilized pavement
base materials.

1. Introduction environmental impacts. Conventional pavements utilize virgin aggre-

gates and cement, which deplete natural resources and produce green-
The construction and maintenance of roadway pavements require house gas emissions. As a result, there is an urgent need for a sustainable
substantial amounts of raw materials and energy, resulting in significant pavement material option that minimizes ecological footprints.
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Recent estimates indicate that upgrading roadway infrastructure
worldwide requires billions of metric tons of concrete and asphalt
(Alamgir et al., 2017). The extraction, processing, and transport of raw
virgin materials contribute to resource depletion. Cement production
alone is responsible for 5-8 % of global carbon dioxide emissions (Ige
et al., 2024). Furthermore, the disposal of old pavement material bur-
dens landfills, exacerbating environmental concerns.

In this context, developing alternative eco-friendly pavement solu-
tions has become a priority. The utilization of industrial by-products and
recycled waste materials offers prospects for reducing the reliance on
virgin resources. Recycled concrete aggregate (RCA) is acquired through
the process of recycling concrete from demolished buildings, road
infrastructure, and other concrete structures. The reuse and recycling of
RCA in new pavement structures not only contributes to reducing waste
in landfills but also conserves natural resources by reducing the need for
virgin aggregate materials (Sae-Long et al., 2024). However, RCA has
some limitations in mechanical performance, necessitating the devel-
opment of effective geochemical stabilization methods.

The adoption of natural rubber latex (NRL) to modify cement-
stabilized RCA has been found to be an innovative approach to
enhance the performance and sustainability of pavement base materials
(Nhieu et al., 2023). NRL is a milky white liquid extracted from the bark
of the rubber tree (Hevea brasiliensis). It is a natural polymer consisting
of rubber particles suspended in an aqueous medium. The composition
of NRL includes water (50-70 %), rubber particles (30-40 %), and small
amounts of proteins, lipids, and other substances (Bottier, 2020).

NRL-modified cement stabilization addresses key limitations of
conventional cement-stabilized RCA, including brittle behavior and low
tensile strength. The incorporation of NRL improved engineering per-
formance by enhancing compressive and tensile strengths, strain ca-
pacity, and toughness.

Similar studies (Hoy et al., 2023) initiated the innovative utilization
of NRL to enhance mechanical properties and service life of
cement-stabilized recycled materials, particularly RCA and steel slag
blended with lateritic soil. It represents a significant advancement in
sustainable pavement engineering. This eco-friendly approach combines
the benefits of using recycled materials with the unique properties of
NRL to create high-performing, resilient, and durable pavement base
layers that can withstand the detrimental effects of wetting and drying
cycles. The optimization of NRL content in cement-stabilized recycled
materials from demolition wastes is crucial to achieving the desired
performance improvements. The optimal NRL-to-cement ratios maxi-
mize the beneficial effects of NRL while avoiding excessive amounts that
can hinder cement hydration and strength development.

Geopolymer technology represents a revolutionary approach in the
field of construction materials, offering a sustainable alternative to
traditional cement. Geopolymers are formed by the chemical reaction of
aluminosilicate materials, such as fly ash (FA) or slag, with alkaline
solutions. This reaction produces a dense, three-dimensional network
structure that provides excellent mechanical strength, durability, and
resistance to chemical attack. In addition, recent studies have also
demonstrated the viability of acid-based geopolymer systems, particu-
larly those activated by phosphoric acid or aluminum dihydrogen
phosphate, which offer favorable mechanical strength and environ-
mental performance (Pu et al., 2022). Das et al. (2024) reported the
potential of compacted geopolymer bricks made from various waste
materials for structural and infrastructure applications, including paving
units and load-bearing masonry components. The environmental bene-
fits of geopolymer technology are significant, as it utilizes industrial
by-products and reduces CO, emissions associated with cement pro-
duction. Several studies have reported on the success of
geopolymer-stabilized recycled materials in pavement applications.
Mohammadinia et al. (2016) demonstrated that FA and slag-based
geopolymers significantly improve the strength of recycled aggregates,
particularly RCA. Xie et al. (2024) showed that construction and de-
molition waste-derived geopolymers effectively enhance subgrade soil
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properties while reducing environmental impacts. Zhang et al. (2021)
confirmed through life cycle assessment that geopolymer road bases can
reduce global warming potential by up to 17.9 % compared to
cement-stabilized bases. These findings highlight the potential of geo-
polymer technology in advancing sustainable pavement infrastructure.

The widespread adoption of FA in Portland cement concrete has led
to extensive research on FA-based geopolymers, resulting in a compre-
hensive body of literature. Amran et al. (2021) reported that FA-based
geopolymer concrete offers high early strength and durability while
significantly reducing CO, emissions and landfill disposal. Klima et al.
(2022) reviewed the thermal performance of FA geopolymers, noting
that potassium-based activators improve fire resistance, making them
suitable for high-temperature applications. Li et al. (2022) explored the
conversion of FA into porous geopolymers for insulation, filtration, and
sound absorption, demonstrating its high-value reuse potential. Rath-
nayaka et al. (2024) examined machine learning approaches to predict
the compressive strength of FA-based geopolymer concrete, addressing
the lack of standard mix design procedures. Together, these studies
establish FA-based geopolymers as a promising and versatile material
for sustainable construction.

However, it was reported that bottom ash (BA)-based geopolymers
may exhibit poorer mechanical properties and durability than FA-based
geopolymers owing to the lower reactivity and coarser particle size of
BA (Chindaprasirt et al., 2009; ul Haq et al., 2014). These performance
concerns have hindered the adoption of bottom ash in geopolymer
production.

Various additives have been explored to enhance the performance of
geopolymer concrete systems while maintaining or improving their
sustainability credentials. These additives can be categorized into
polymer-based, biopolymer-based, and mineral-based modifiers, each
offering distinct benefits for mechanical properties and environmental
performance. Polymer modifications effectively overcome brittleness,
with metakaolin-based geopolymers modified with epoxy resin showing
significant improvements in mechanical performance (Shehata et al.,
2022). Biopolymers offer more environmentally responsible alternatives
to petroleum-based polymers, making them suitable for green con-
struction (Soldo et al., 2020). Mineral additives also enhance geo-
polymer performance, with nano-silica improving durability and
mechanical properties due to its high surface area (Chiranjeevi et al.,
2023). Synthetic polymers like styrene-butadiene rubber have been
studied extensively, with latex modified geopolymer concrete demon-
strating superior behavior under both static and dynamic loads
(Muhammad and Ismail, 2012).

Within the context of sustainable material innovation, the integra-
tion of NRL-modified BA in geopolymer stabilization of RCA opens new
avenues for high-performance base materials. The inclusion of NRL in
the bottom ash geopolymer matrix introduces unique properties to the
pavement base material. NRL, known for its elasticity and water resis-
tance, imparts flexibility and resilience to the geopolymer-stabilized
RCA. This modification is particularly beneficial for pavement applica-
tions, where pavement materials are subjected to dynamic loads and
environmental stresses. The NRL not only helps absorb and distribute
these loads more effectively, reducing the risk of cracking, but also
provides a barrier against moisture infiltration, enhancing the durability
of the pavement base.

Despite the advances in geopolymer technology and polymer-
modified cementitious systems, significant research gaps remain.
While natural rubber latex has been successfully used to modify cement-
stabilized materials and FA-based geopolymers separately, the specific
combination of NRL-modified bottom ash-based geopolymer for RCA
stabilization has not been investigated. The current research attempts to
explore the strength development of NRL-modified BA based geo-
polymer stabilized RCA as a greener material in pavement applications.
Geopolymer is formed though the reaction of an aluminosilicate source,
such as bottom ash (precursor), with an alkaline activator solution
containing sodium hydroxide (NaOH) and sodium silicate (Na2SiO3).
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The alkaline activator solutions were prepared with various Na,SiOs:
NaOH (G/N) ratios of 1:1, 1:1.5, and 1:2, while the mixtures were
modified with NRL at contents of 0.1, 0.2, and 0.3 by weight of the
aggregate. The unconfined compressive strength (UCS) test was carried
out to determine the strength of the studied mixtures at 7 and 28 days of
curing. The strength development was examined through microstruc-
tural and mineralogical analyses using scanning electron microscopy
(SEM), energy dispersive x-ray spectroscopy (EDS) and x-ray diffraction
(XRD), respectively.

As the outcome of this study, linking NRL-modification with the
stabilization of RCA with bottom ash geopolymer technology represents
anewly frontier in pavement engineering. This collaboration could lead
to the development of advanced pavement materials that meet the dual
demands of sustainability and performance, catering to the infrastruc-
ture needs of the future while adhering to the principles of green
construction.

2. Materials and mix design

RCA and BA were used as aggregate and precursor in this research.
RCA was collected from construction projects in Ubonratchatani and
Sisaket Provinces, Thailand. The RCA had low moisture content (less
than 0.3 wt%). Particle size distribution of air-dried RCA was figured out
by sieve analysis per ASTM D422-63 (ASTM-D422-63, 2007). Fig. 1
shows that the grading curve of RCA met specifications for subbase
material designated by the Department of Highways (DOH), Thailand.
RCA had 48.6 % gravel, 47.9 % sand, and 3.5 % fines (passing No. 200
sieve) and no plasticity. In regard to the unified soil classification system
(USCS) (ASTM-D2487-17, 2017), RCA was as well-graded gravel (GW).
The specific gravity of RCA was 2.7. RCA had Los Angeles abrasion and
flakiness index values of 38.1 and 15.6, respectively. The maximum dry
unit weight was 18.70 kN/m? at an optimum moisture content of 12 %
based on a modified Proctor compaction test. Water absorption for
coarse and fine RCA was 6.42 % and 7.83 %, respectively.

BA was sourced from the Mae Moh mine, the largest lignite power
plant located in northern Thailand. BA particles were irregularly shaped
with agglomerations, pores, and angular, rough surfaces, as observed by
scanning electron microscopy (SEM) analysis (Fig. 2). Table 1 compiles
chemical composition of BA detected by X-ray fluorescent (XRF) anal-
ysis. The predominant component in the BA comprised the highest
percentage of silicon dioxide (59.50 %), which is a key ingredient that
contributes to the pozzolanic activity of the ash. Another main compo-
nent was aluminum oxide (25.7 %), which has a central role in the
geopolymerization process, reacting with silicon dioxide and alkaline
activator to form the geopolymer matrix. Constituting a low percentage
(2.92 %) of the ash, calcium oxide is known to influence the setting
period and strength development in geopolymer. Fig. 3 illustrates the X-
ray diffraction (XRD) pattern of BA. The pealk intensities, denoted by
their counts, showed the relative abundance of the minerals, with

----- Upper limit (DH-S201/2556)
----- Lower limit (DH-8201/2556)
~—&—RCA

Percent finer (%)

100.0 10.0 1.0 0.1 0.0
Particle size (mm)

Fig. 1. Gradation of RCA-BA compared to the boundary of subgrade material
Type D.
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gehlenite and diopside being the most prominent. The diversity of
crystalline phases indicates that BA can provide a key role when adopted
as a precursor in geopolymer manufacturing.

Natural rubber latex (NRL) used in this study was of a low ammonia
concentrated latex type, conforming to 1SO 2004-1988. The NRL was
used as a modifier to boost up the strength of BA-based geopolymer
stabilized RCA. NRL was treated with deproteinization agent to remove
allergenic proteins, improve latex stability, enhance compatibility with
other components, and ultimately contribute to better mechanical
properties in the final product. The NRL in this study was in a liquid
form, containing both solid and liquid constituents. The total solid
content of NRL accounted for 33.06 % of its weight, comprising pri-
marily of dry rubber (30.8 %), sludge (2.46 %), and a minimal coagulum
content (0.024 %). The NRL had a specific gravity of 0.96 and pH of 8.

The formulation of the alkaline activator was a critical step in the
geopolymer preparation process. It required careful consideration of the
chemical composition to ensure effective geopolymerization while
minimizing potential hazards.

In this study, an alkaline activator was formulated by blending so-
dium silicate (NaySiO3) solution with 5M sodium hydroxide (NaOH)
solution. The selected Na,SiO; was Type CR53, which contained about
14.5-16.5 wt% NasO (sodium oxide) and 31.5-34 wt% SiO» (silicon
dioxide). This composition provided an optimal balance of silica and
sodium necessary for the geopolymerization process. The selection of a
5M NaOH solution was particularly informed by considerations
regarding human safety and handling hazards. Previous study
(Chindaprasirt et al,, 2009) have indicated that higher concentrations of
NaOH could pose increased risks due to its highly caustic nature. Hence,
the 5M concentration was deemed effective in initiating the dissolution
of aluminosilicate materials while maintaining a safer profile for prac-
tical use.

The mix design was systematically developed to assess the impact of
NRL modification in the properties of BA-based geopolymer stabilized
RCA (Table 2). This experimental design methodology followed a sys-
tematic parametric approach to optimize the NRL-modified BA-based
geopolymer stabilized RCA. The mix design variables were carefully
selected to investigate two critical parameters: (1) alkaline activator
ratio (NaOH,Si0O3, G/N = 1:1, 1:1.5, and 1:2) and (2) NRL content (0.1
%, 0.2 %, and 0.3 % by weight of aggregate). This factorial experimental
design allowed for the evaluation of both individual and interactive
effects of these parameters on the mechanical and microstructural
properties of the stabilized mixtures. The G/N ratios were selected based
on preliminary studies indicating that the optimal range for BA-based
geopolymer typically falls between 1:1 and 1:2. Ratios below 1:1 may
provide insufficient silica for complete geopolymerization, while ratios
above 1:2 can lead to excess unreacted silica that could impair strength
development (Chindaprasirt et al., 2009; Suksiripattanapong et al.,
2019). The NRL content range (0.1-0.3 %) was determined through
preliminary testing to identify the threshold at which NRL begins to
adversely affect geopolymer formation. The contents above 0.3 %
showed significant reduction in mechanical strength.

The control mixture (70 % RCA + 30 % BA + water) served as a
baseline for comparative analysis, allowing for the quantification of
performance enhancement achieved through geopolymer and NRL
modification. This methodical approach enabled us to identify the
optimal combination of alkaline activator ratio and NRL content for
achieving the desired balance between mechanical strength, durability,
and economic viability for pavement subbase applications.

The RCA and BA were first dry-mixed to achieve a uniform distri-
bution. The alkaline activator solution was then gradually added and
stirred until a homogenous. Finally, NRL was incorporated at the pre-
determined percentage with thorough blending to ensure even distri-
bution. The resulting mixtures were cast into a cylindrical mold with
101.6 mm in diameter and 116.4 mm in height. Each mixture was
compacted under a modified Proctor compaction effort to determine its
maximum dry density (MDD) and optimum liquid content (OLC). The
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Fig. 2. SEM image of bottom ash.

Table 1
Chemical compositions of bottom ash.
Component (%) Value
silicon dioxide (SiC 59.50
Aluminum oxide ( 25.70
Iron oxide (Fe203) 6.07
Calcium oxide (CaO) 292
Magnesium oxide (MgO) 0.80
Potassium oxide (K£20) 1.56
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Fig. 3. XRD pattern of bottom ash.

sample was then prepared at MDD and OLC of each studied mixture for
unconfined compressive strength test. Samples were mantled with
plastic sheeting to forbid moisture evaporation. After one day the sam-
ples were demolded and further cured at a room temperature (25+2°)
until the testing ages at 7 and 28 days.

3. Laboratory experimental program

The experimental program was meticulously designed to evaluate
the strength and microstructure of NRL-modified BA-based geopolymer
stabilized RCA. The program consisted of two main testing categories:
mechanical tests and microstructural analysis.

3.1. Modified compaction test

Samples were compacted in accordance with ASTM D1557
(ASTM-D1557-12, 2012), ensuring optimal compaction and consistent
density across all samples. The compaction procedure was instrumental
in simulating field compaction conditions and providing samples that
represent MDD and OLC.

Table 2
The mix design of NRL-modified BA-based geopolymer stabilized RCA in this
study.

Sample ID Alkaline

Activator

Mixture ingredient NRL (%)
NaOH/ By weight of
NasSiOs (G/N)  aggregate
ratio

70RCA30BA
(Control)
G/NI1:INRLO.1

70RCA + 30BA -+ water - -

70RCA + 30BA + (1) 1 0.1
NaOH + (1) NasSiO3 +

NRL (0.1)

70RCA + 30BA + (1) 1 0.2
NaOH + (1) NaySiO +

NRL (0.2)

70RCA + 30BA + (1) 1 03
NaOH + (1) NasSiO3 +

NRL (0.3)

70RCA + 30BA + (1) 15 0.1
NaOH + (1.5) NasSiOs +

NRL (0.1)

70RCA + 30BA + (1) 1.5 0.2
NaOH + (1.5) NasSiO3 +

NRL (0.2)

70RCA + 30BA + (1) 15 0.3
NaOH + (1.5) NasSiOs +

NRL (0.3)

70RCA + 30BA + (1) 2 0.1
NaOH + (2) NasSiO3 +

NRL (0.1)

70RCA + 30BA + (1) 2 0.2
NaOH + (2) NasSiO; +

NRL (0.2)

70RCA + 30BA + (1) 2 03
NaOH + (2) NaSiO; +

NRL (0.3)

G/N1:1NRLO.2

G/N1:1NRLO.3

G/N1:1.5NRLO.1

G/N1:1.5NRLO.2

G/N1:1.5NRL0O.3

G/N1:2NRLO.1

G/N1:2NRLO.2

G/N1:2NRLO.3

3.2. Unconfined compressive strength

At the target curing time, the samples were subjected to an uncon-
fined compressive strength (UCS) test. Cylindrical specimens with di-
mensions of 101.6 mm diameter and 116.4 mm height were used for
testing. The UCS test was carried out in compliance with ASTM D2166
(ASTM-D2166-06, 2006) at a rate of 1 mm/min to track the strength
development of geopolymer over time. The peak load was measured,
and the compressive strength was calculated to assess the NRL's
contribution to the overall structural integrity of the geopolymer matrix.
Three replicate specimens were tested for each mixture at both 7 and 28
days of curing, and the average values along with standard deviations
were reported to account for test variability.
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3.3. Scanning electron microscopy (SEM) analysis

SEM analysis was employed to visualize the microstructure of the
geopolymer samples at a high magnification. This analysis provides
illumination in the dissemination of NRL within the matrix, the bonding
at the RCA-BA interface, and the morphology of the geopolymer binder.
The SEM examination was conducted on fractured samples post-UCS
testing to identify the failure mechanisms and to correlate the me-
chanical test results with the microstructural characteristics.

3.4. X-ray diffraction (XRD) analysis

XRD analysis was utilized to diagnose the crystalline phases present
within the geopolymer matrix and to observe the changes in mineralogy
due to the addition of NRL and variation in the alkaline activator
mixture. The XRD patterns were collected using a diffractometer, with
samples being scanned in a 2Theta range typically between 5° and 80°.
The resultant diffractograms were analyzed to determine the presence of
specific crystalline compounds and to infer the geopolymerization
process’s effectiveness.

4. Results and discussion

This section presents the experimental findings and their interpre-
tation, focusing on the mechanical performance and underlying micro-
structural mech The results d rate how NRL content and
alkaline activator ratios influence strength development, with detailed
microstructural and mineralogical analyses providing insights into the
optimization mechanisms.

4.1. Unconfined compressive strength development

The UCS results, shown in Fig. 4, demonstrated the influence of NRL
content and alkaline activator ratio on the strength development of BA-
based geopolymer stabilized RCA mixtures at 7 and 28 days of curing.

At 7 days, the UCS of the NRL-modified mixtures ranged from 1.30 to
4.05 MPa, while the control mix (RCA70BA30 blend) exhibited a UCS of
0.63 MPa. The highest UCS was achieved by the mixture with 0.1 % NRL
and a G/N ratio of 1:1, followed by the mixtures with 0.2 % and 0.3 %
NRL at the same G/N ratio. This trend suggests that a lower NRL content
and a balanced G/N ratio contribute to better early-age strength
development.

After 28 days of curing, the UCS values of the NRL-modified mixtures
increased significantly, ranging from 1.88 to 5.17 MPa, while the control
mix reached 1.04 MPa. The mixture with 0.1 % NRL and a G/N ratio of
1:1 continued to exhibit the highest UCS, indicating its optimal
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composition for strength development. The mixtures with higher G/N
ratios (1:1.5 and 1:2) showed relatively lower UCS values compared to
those with a G/N ratio of 1:1. This implies that an excessive amount of
Na,SiOs in the alkaline activator may hinder the strength gain. This may
be due to the optimal silica to alumina ratio, which is eritical in forming
a strong geopolymer network. However, as the silica content increased
in the activator solution (G/N ration of 1:1.5 and 1:20), the UCS values
tended to decrease. This decrease could be attributed to an excess of
silica leading to a less reactive system where the silica is not effectively
utilized, resulting in a weaker matrix (Bajpai et al., 2020).

The American Association of State Highway and Transportation Of-
ficials (AASTHO) provides guidance on the minimum strength re-
quirements for pavement layers in their mechanics-empirical pavement
design guide, which indicates that the minimum 28-day UCS require-
ment for a subbase material is 1.72 MPa (AASHTO, 2008). This strength
criterion ensures that the subbase layer possesses sufficient bearing ca-
pacity and stability to support the upper layers and distribute the traffic
loads effectively to underlying layers.

Fig. 4 is evident that all the NRL-modified BA-based geopolymer
stabilized RCA mixtures, irrespective of the G/N ratio (1:1, 1:1/5, and
1:2) or NRL content (0.1 %, 0.2, and 0.3 %), surpass the minimum
requirement of 1.72 MPa specified by AASHTO (2008) for subbase
materials. It was noteworthy that even the control mixture (RCA70BA30
blend without geopolymer or NRL modification) achieved a 28-day UCS
of 1.0 MPa, which is lower than the minimum requirement of 1.72 MPa
for subbase materials. This indicated the significant enhancement in
strength and performance brought about by the NRL-modified BA-based
geopolymer stabilization of the RCA. The improvement in compressive
strength at lower NRL content is likely due to the formation of thin
polymer films that enhance particle bonding, as also reported by Jit-
sangiam et al. (2022).

The synergistic effect of the alkaline activator ratio (G/N) and NRL
content on the strength development of BA-based geopolymer stabilized
RCA mixture was evident from UCS results. The combination of a lower
G/N ratio and an optimal NRL content led to a remarkable strength
improvement of the stabilized mixtures. The lower G/N ratio of 1:1
ensured a sufficient concentration of sodium hydroxide, which is
essential for the dissolution of precursors and the generation of a stable
geopolymer gel. Simultaneously, the presence of NRL at an optimum
content of 0.1 % or 0.2 % enhanced the interlink between RCA particles
and geopolymer matrix, resulting in a more compact and resilient
structure. This synergistic effect was particularly evident when
comparing the UCS values of the mixtures with other G/N ratios and
NRL contents. The mixture with 0.1 % NRL at a G/N = 1:1 achieved the
highest UCS of 4.05 MPa at 7 days and 5.17 MPa at 28 days, surpassing
the minimum requirement. In contrast, mixtures with higher G/N ratios

6
E 5.17 SNRLO.I @NRL0.2 @NRLO0.3 &Control
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Fig. 4. UCS of NRL-modified BA-based geopolymer stabilized RCA.
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or excessive NRL contents showed relatively lower UCS values, indi-
cating the importance of optimizing both parameters simultaneously.

In other words, to investigate the influence of alkaline activator ratio
on strength development, comparisons were made for mixtures con-
taining 0.1 % NRL at different G/N ratios. The G/Nratio of 1:1 achieved
the highest strength gain from 7 to 28 days (27.7 % increase, from 4.05
to 5.17 MPa), followed by G/N 1:1.5 (25.4 % increase, from 2.36 to 2.96
MPa) and G/N 1:2 (37.6 % increase, from 1.73 to 2.38 MPa). Although
the G/N 1:2 ratio showed the highest percentage gain between 7 and 28
days, its absolute strength value remained significantly lower than the
G/N 1:1 mixture.

When comparing across G/N ratios at 28 days for 0.1 % NRL content,
the strength decreased progressively: 5.17 MPa (G/N 1:1) > 2.96 MPa
(G/N 1:1.5) > 2.38 MPa (G/N 1:2), representing 42.7 % and 54.0 %
strength reductions for G/N 1:1.5 and 1:2 respectively, compared to G/N
1:1. This trend demonstrates that increasing the Na,SiO; content beyond
the optimal ratio adversely affects strength development, likely due to
excess silica hindering the geopolymerization process.

The synergy between the G/N ratio and NRL content enhances the
strength development and contributes to the overall performance of the
stabilized mixtures. The optimized combination of these two factors
results in a geopolymer matrix with improved bonding, flexibility, and
resistance to cracking, which are crucial for the long-term performance
of subbase materials.

These results highlighted the potential of NRL modification in
enhancing the strength of BA-based geopolymer stabilized RCA mix-
tures. The incorporation of NRL improves the bond strength between the
RCA and the geopolymer matrix, leading to better load transfer and high
compressive strength. The optimal NRL content and G/N ratio identified
in this study, particularly the mixture with 0.1 % NRL at a G/N ratio of
1:1, demonstrated the potential for developing high-performance and
sustainable subbase materials that can meet the strength requirement.

4.2. Microstructural analysis

SEM analysis provided valuable vision into the microstructural
characteristics of the NRL-modified BA-based geopolymer stabilized

NRL Bridge network
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Partially reactedeash

Cleaner Engincering and Technology 29 (2025) 101080

RCA mixtures. The SEM images illustrated the impact of the G/N ratio
and NRL content on the morphology, bonding, and formation of geo-
polymer products within the matrix.

4.2.1. Effect of G/N ratio on microstructural property

The effect of the G/N ratio on the microstructure is illustrated in
Fig. 5, which depicts the SEM images of the control mixture
(RCA70BA30) and NRL-modified BA-based geopolymer mixtures with
varying G/N ratios (1:1, 1:1.5, and 1:2) at a constant NRL content of 0.1
%. The control mixture (Fig. 5a) exhibited a relatively porous and het-
erogeneous microstructure, with visible voids and weak bonding be-
tween the RCA and BA particles. This microstructural characteristic
corresponds with its lower UCS values shown in Fig. 4.

In contrast, the NRL-modified BA-based geopolymer mixture with a
G/N ratio of 1:1 (Fig. 5b) showed a more compact and denser micro-
structure, with enhanced bonding between the RCA particles and the
matrix. This improvement in microstructural properties is attributed to
the balanced combination of the alkaline activator (G/N), which facili-
tates effective geopolymerization and the formation of stable geo-
polymer products, such as C-A-S-H and N-A-S-H gels (Yip et al., 2008,
Provis and Van Deventer, 2009, 2008). Santa et al. (2021) indicated that
the geopolymerization of the BA-based geopolymer involves the disso-
lution of the aluminosilicate BA in an alkaline activator solution, fol-
lowed by the polycond ion of the leached Al and Si species to form
geopolymer gels. The presence of these gels is critical for the strength
development and durability of the geopolymer matrix (Davidovits,
2005; Duxson et al., 2007a, 2007b). The NRL films could be observed as
thin, bridging structures that heighten the interface bonding between
the RCA particles and the geopolymer gel products.

As the G/N ratio increased to 1:1.5 (Figs. 5¢) and 1:2 (Fig. 5d), the
NRL films were still present, acting as bridging structures, but the overall
microstructure notably changed compared to the mixture with a G/N
ratio of 1:1. It was found that an overly high silica content could lead to
the development of a silica-rich gel layer on the surface of the BA and
RCA particles, hindering the further dissolution of aluminosilicate spe-
cies and resulting in an incomplete geopolymerization reaction. In other
words, the excess soluble silica provided by the sodium silicate
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Fig. 5. SEM-EDX analysis of NRL-modified BA-based geopolymer stabilized RCA samples: a) RCA70BA30 (Control), b) G/N1:1.0NRLO.1, ¢) G/N1:1.5NRLO.1, and d)

G/N1:2.0NRLO.1.
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(Na,SiO;) contributes to the formation of a more silica-rich gel, known
as poly(sialate-siloxo) or PSS gel (Bhagath Singh and Subramaniam,
2017; Kim et al., 2016; Sivasakthi et al., 2021). It can form a barrier
layer on the surface of the unreacted grains, therefore weaken the
overall strength and integrity of the geopolymer matrix.

The EDX analysis presented in Table 3 provided insights into the
elemental composition of the NRL-modified BA-based geopolymer sta-
bilized RCA mixtures. The major elements analyzed included carbon (C),
oxygen (0), iron (Fe), sodium (Na), calcium (Ca), aluminum (Al), and
silicon (Si). Several research reported that Si/Al ratio is a crucial
parameter influencing the geopolymerization process and the properties
of the geopolymer (Davidovits, 2005; Duxson et al., 2007a, 2007b).

The control mixture, consisting of 70 %RCA and 30 %BA without any
geopolymer or NRL, serves as a baseline for comparison. The EDX
analysis revealed that the control mixture had a high Si/Al ratio of 17.6,
indicating a predominance of silicon-rich compounds in the blend. The
presence of calcium (1.83 %) suggested the potential formation of
calcium-containing phases, such as calcium silicate hydrate in the
mixture.

The incorporation of the NRL and BA-based geopolymer in the RCA
mixture led to significant changes in the elemental composition of G/
N1:1NRLO.1 mixture compared to the control mixture. The Si/Al ratio
decreased from 17.6 in the control mixtures to 5.80 in the G/
N1:1NRLO.1 mixture. This decrease could result from the dissolution of
aluminum-rich compounds from the BA during the geopolymer process,
resulting in a less Si/Al in the geopolymer gel. Additionally, the G/
N1:1NRLO.1 mixture exhibited a higher calcium content (6.69 %)
benchmarked with the control mixture. The augmented calcium was
attributed to the development of C-A-S-H gel alongside N-A-S-H gel in
the geopolymer matrix.

As the G/N ratio augmented from 1:1 to 1:1.5, and 1:2, the Si/Al
ratio in the stabilized mixtures also increased from 5.80 to 7.10 and
8.40, respectively. This rise in the Si/Al ratio was attributed to the
higher amount of soluble silica provided by the increased Na,SiO3
content in the alkaline activator solution.

The optimized combination of NRL content and G/N ratio in the
NRL-modified mixtures, particularly the mixture with 0.1 % NRL and a
G/N ratio of 1:1, capitalized on the beneficial effects of a lower Si/Al
ratio and the presence of calcium. This synergistic effect contributed to
the enhanced mechanical properties and microstructural characteristics
of the NRL-modified BA-based geopolymer stabilized RCA mixtures.

4.2.2. Effect of NRL on microstructural property

Fig. 6 presents the SEM images of NRL-modified mixtures with
varying NRL contents (0.1 %, 0.2 %, and 0.3 %) at a constant G/N ratio
of 1:1. The mixture with 0.1 % NRL (Fig. 6a) exhibited a dense and
homogeneous microstructure, with a well-developed geopolymer gel
network. The NRL films formed thin, continuous bridging structures that
enhanced the interface bonding between the RCA particles and geo-
polymer matrix. The physical interaction is in reference to the me-
chanical interlocking of the NRL film with the rough and porous surface
of the matrix. The NRL film penetrated the surface irregularities and
pores of the RCA particles, creating a physical anchor that enhances the
linkage between the particles and the matrix. This implies that the
synergistic characteristic between the NRL films and geopolymer gels
can lead to the strength development of BA-based geopolymer stabilized
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RCA.

As the NRL content increased to 0.2 % (Figs. 6b) and 0.3 % (Fig. 6¢),
the microstructure remained relatively compact and homogeneous, but
the NRL films became thicker and more prominent. The thicker NRL
films might contribute to a slightly more ductile behavior of the geo-
polymer matrix. However, the excessive thickness of the NLR films at
higher content might lead to a decrease in dissolution of aluminosilicate-
rich BA during the geopolymer process and resulted in sluggish strength
development.

The findings indicated an intricate interplay between the G/N ratio,
NRL content, and the resulting UCS. The microstructural observations
from the SEM-EDX analysis corroborated the findings from the UCS
results, where the mixture with 0.1 % NRL and a G/N ratio of 1:1
exhibited the paramount strength development. The dense and homo-
geneous microstructure, the existence of well-developed (N,C)-A-S-H
gels, and the effective bridging mechanism provided by the thin NRL
films contribute to the superior mechanical performance of this mixture.

4.3. XRD analysis

XRD analysis provides valuable information on the mineralogical
composition and the formation of geopolymer reaction products in the
NRL-modified BA-based geopolymer stabilized RCA mixtures. To
examine the impact of NRL content and G/N ratios on the polymeriza-
tion process and the resulting geopolymer products, the XRD patterns of
NRL-modified samples with varying G/N ratios and NRL contents were
examined and compared with the control sample (RCA70BA30).

Fig. 7 presents the XRD patterns of the control sample, which com-
prises 70 % RCA and 30 % BA without any geopolymer or NRL modi-
fication. The XRD pattern exhibited sharp humps relative to the
crystalline phases available in the RCA and BA, such as quartz (SiO2),
calcite (CaCO3), and hematite (Fe,03). The absence of broad humps in
the XRD pattern indicated the lack of amorphous geopolymer gel for-
mation in the control sample.

Fig. 8 demonstrates the XRD patterns of the NRL-modified BA-based
geopolymer stabilized RCA samples with varying G/N ratios (1:1, 1:1.5,
and 1:2) at a constant NRL content of 0.1 %. The XRD patterns of the
NRL-modified samples exhibited a notable abatement in the intensity of
the crystalline peaks compared to the control sample. This reduction in
peak intensity suggested the dissolution of the crystalline phases and the
development of amorphous geopolymer gel products (El Alouani et al.,
2024; Sinha et al., 2014). In addition, the XRD patterns showed a
gradually increase in the background hump between 20° and 40° 26,
indicating the formation of amorphous geopolymer gel (Bobirica et al.,
2020). The broad hump was more pronounced in the sample with a G/N
ratio of 1:1, implying a higher degree of geopolymerization and the
formation of a more extensive amorphous geopolymer network.

Fig. 9 presents the XRD patterns of the NRL-modified BA-based
geopolymer stabilized RCA samples with varying NRL contents (0.1 %,
0.2 %, and 0.3 %) at a constant G/N ratio of 1:1. The XRD patterns of the
NRL-modified samples showed a significant abatement in the intensity
of the crystalline peaks compared with the control sample, indicating
the dissolution of the crystalline phases and the formation of amorphous
geopolymer gel (Kumar and Revathi, 2020). The sample with 0.1 % NRL
showed the lowest intensity of the crystalline peaks and most pro-
nounced broad hump, indicating the optimal NRL content for promoting

Table 3

EDX analysis of NRL-modified BA-based geopolymer stabilized RCA mixtures.
Sample IDs Major elements analyzed (all results in weight%) Si/Al ratio

C o Fe Na Ca Al Si

70RCA30BA (control) 9.57 51.82 1.07 4.87 1.83 1.75 30.74 17.6
G/N1:1.0NRLO.1 37.90 31.15 1.05 2.54 6.69 3.03 17.62 5.80
G/N1:1.5NRLO.1 39.28 32.67 1.33 2.63 6.75 2.38 16.79 7.10
G/N1:2.0NRLO.1 38.94 33.34 1.45 2.79 6.81 1.88 15.72 8.40
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Fig. 6. SEM images of NRL-modified BA-based geopolymer stabilized RCA
samples: a) G/N1:1.0NRLO.1, b) G/N1:1.0NRL0.2, and ¢) G/N1:1.0NRLO.3.
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Fig. 7. XRD patterns of RCA70BA30 (Control sample).
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Fig. 8. XRD patterns of NRL-modified BA-based geopolymer stabilized
RCA samples.

geopolymerization and the formation of amorphous geopolymer gel
products. Furthermore, as the NRL content increased from 0.1 % to 0.3
%, the XRD patterns revealed the existence of residual crystalline pha-
ses, such as quartz and calcite, which have not been completely dis-
solved during the geopolymerization process. This resulted in a slow
strength development.

The XRD analysis supported the findings from the microstructural
characterization by SEM analysis and the mechanical testing that G/N
ratio and NRL content played a significant role in the geopolymerization
process. It was found that the sample containing 0.1 % NRL and a G/N
ratio of 1:1 exhibiting the most pronounced geopolymerization and
amorphous geopolymer gel formation. This finding highlighted the
effectiveness of the NRL-modified BA-based geopolymer in stabilizing
RCA and producing a sustainable and high-performance pavement base
material.
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5. Conclusions

This study evaluated the performance of NRL modified BA-based
geopolymer stabilized RCA as a sustainable subbase material. The in-
fluence of NRL content (0.1 %, 0.2 %, and 0.3 % by weight of aggregate)
and alkaline activator ratios (G/N = 1:1, 1:1.5, and 1:2), on the strength
development and microstructure characteristics was systematically
investigated. The key conclusions are as follows:

1. The incorporation of NRL and the optimization of the alkaline acti-
vator ratio significantly influenced the UCS and microstructure of the
geopolymer stabilized RCA. All the NRL-modified BA-based geo-
polymer stabilized RCA mixtures, irrespective of the G/N ratio (1:1,
1:1/5, and 1:2) or NRL content (0.1 %, 0.2, and 0.3 %), surpassed the
minimum requirement of 1.72 MPa for subbase materials.

The optimum formulation, containing 0.1 % NRL and a G/N ratio of
1:1, achieved the highest UCS values of 4.05 MPa at 7 days and 5.17
MPa at 28 days, exceeding the AASTHO-recommended minimum
strength (1.72 MPa) for subbase applications by 200 %.
Microstructure analyses (SEM, EDX, and XRD) confirmed that the
NRL formed thin, elastic films that enhanced bonding at the RCA-
geopolymer interface and contributed to the formation of a dense
and homogeneous matrix.

Higher G/N ratios (1:1.5 and 1:2) led to the formation of a silica-rich
gel, which limited precursor dissolution and suppressed strength
gain. Similarly, excessive NRL content produced thicker films that
interfered with the geopolymerization process.

The proposed stabilization approach utilizes locally available in-
dustrial by-products and renewable bio-based modifiers, offering a
low-carbon high-performance alternative to conventional cement-
stabilized subbase materials.

N

«

b

o

To further validate the applicability of this technique, future studies
will focus on long-term durability, field performance under traffic
loading, and the integration of logic-tree or Al-based optimization for
broader engineering deployment.
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