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ABSTRACT

The objective of this research is to investigate the unconfined compressive strength
(USC) of roadway subgrade materials made from recycled asphalt pavement (RAP)
modified with geopolymer from fly ash and bottom ash. The RAP used was surface
pavement waste obtained from the deteriorated Burapha Withi expressway in Bangkok,
Thailand from section 6+000 to 9+000 kilometers. The fly ash and bottom ash were
sourced from Mae Moh power plant. The subgrade specimens in the study were prepared
from various proportions of RAP, fly ash, bottom ash, and alkaline solution as follows:
The proportions of fly ash and bottom ash were set to 20% by weight of the RAP. The
ratios of fly ash to bottom ash were varied at 100:0, 75:25, and 50:50 by weight. The
alkali solutions consisting of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3)
with mixing ratios of 100:0, 75:25, and 50:50 by volume were used to accelerate the
geopolymerization reactions of the test specimens. The results reveal that the USC of
the subgrade specimens made from RAP with fly ash to bottom ash ratios of 100:0 and
75:25, and NaOH to NaxSiOs ratios of 100:0 and 75:25 exceed 40.0 ksc after a 7-day of
curing period, complying with the DH-S 214/2566 Cement Treated Base standards set
by the Department of Highway, Thailand and can potentially be used as the subgrade
materials for roadway construction.

1. INTRODUCTION

Currently, there is ongoing construction of various roads in response to the
increasing volume of traffic and transportation needs as the country develops. Over time,
roads suffer damage due to the weight of vehicles and the degradation of materials used
in their construction. This includes issues such as rutting, potholes, and cracking, which
compromise road safety and necessitate costly repairs if not properly maintained.
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To address this problem, road surfaces made of asphalt concrete or asphaltic
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concrete are being refurbished through a process that involves milling off the existing
surface to the base material before applying new pavement. Typically, discarded material
from deteriorated asphalt concrete surfaces is disposed of, contributing to accumulating
waste management challenges for both public and private sectors.

The Department of Highways (DOH) of Thailand currently manages the utilization
of recycled pavement material for new applications through pavement recycling projects.
Recycled Asphalt Pavement (RAP) is reintroduced as aggregate material for construction
projects due to its cost-effectiveness compared to natural materials. However, the
engineering properties of RAP need enhancement to meet the requirements of various
agencies. Consequently, there has been a study on utilizing low-quality materials to
improve their physical and engineering properties to meet Department of Highways
standards for alternative materials in construction projects (Charit-ngam, et al., 2022;
Chantra, et al., 2023; Konitawong, et al., 2020; Jitchaiaphum, et al., 2022; Bunthai, et al.,
2024), as referenced in the DH-S 213 /2543, (2000) standard for Pavement Recycling.
This process involves reusing RAP by blending additional materials to enhance the
performance and quality of the RAP.

The commonly used material for enhancing the quality of RAP is cement, which in
the production process contributes to the phenomenon of global warming due to the high
temperatures required, reaching up to 1400 degrees Celsius leading to the emission of
carbon dioxide into the atmosphere. Approximately 5% of the total energy consumption
in the industrial sector is attributed to the production of Portland cement (World Energy
Counc, 1995). Additionally, the process emits a significant amount of carbon dioxide
(CO2), accounting for roughly 5% of global CO2 emissions (Worrell, et al., 2001).

Fly ash and bottom ash constitute a solid residue consisting of particles expelled
from coal-fired power plant boilers alongside flue gases. Typically, itis collected from flue
gases using electrostatic precipitators or similar particle filtration systems prior to the
gases exiting through chimneys (Ahmaruzzaman, 2010; Gorai, et al., 2006). The
composition of fly and bottom ash varies significantly depending on the origin of the
burned coal. In general, the components of fly ash typically include SiO», Al.O3, CaO and
Fe203, which exists in the form of amorphous and crystalline oxides or various minerals.
It can be used for making geopolymer which acts as a cement-like product. The
geopolymer technology provides an alternative good solution to the utilization of fly and
bottom ash with little negative impact on environment (Zhuang, et al., 2016). The
presence of alumina and silica within fly and bottom ash enables activation with alkali to
produce geopolymer. Additionally, toxic trace metal elements can be encapsulated and
immobilized within the geopolymer matrix (Li, ef al., 2013). Notably, the manufacturing
process of fly ash-based geopolymers emits less CO> compared to Ordinary Portland
Cement (OPC) production (Davidovits, 1994; McLellan et al., 2011).

The objective of this research is to develop reclaimed materials, comprising RAP
and coal ash, for utilization as roadway subgrade materials. The study aims to investigate
the Unconfined Compression Strength (USC) properties of subgrade materials made
from RAP modified with coal ash geopolymers at various ratios, in accordance with the
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DH-S 214/2566, (2023) standard for cement treated base of the Department of Highways
in Thailand. Which mandate that the USC of cement-stabilized crushed stone base layers
must not be less than 40 ksc after a 7-day curing period. The findings of this study will
serve as a guideline for the development of road construction materials from reclaimed
materials for future applications.

2. MATERIALS AND MIXING RATIOS

2.1 Recycled Asphalt Pavement (RAP)

In this study, RAP was obtained from the milling of deteriorated pavement surfaces
of the Burapha Withi Expressway, kilometer 6+000 to 9+000, in Bangkok, Thailand as
illustrated in Fig. 1. The basic properties of RAP used in this study have been tested, and
the test results are presented in Table 1.

ig. 1 Reycle Aphalt vet (RAP)sac from pavement milling

Table 1. Properties of RAP in this study

Testing Results
Specific Gravity 2.3
Water Absorption of Aggregate 4 %
Abrasion Test by Los Angeles Machine 29.7 %
Dry Density 2.02 g/cm?
Optimum Moisture Content 8 %

The gradations of the RAP used in this study was tested according to the Ministry
of Highway of Thailand Standards DH-S 205/2517 (1974), sieve analysis of fine and
coarse aggregates. Which specifying that the amount of aggregate passing through the
0.075-millimeter sieve mesh (No. 200) must not exceed two-thirds (2/3) of the total mass
passing through the 0.425-millimeter sieve mesh (No. 40), the particle size distribution of
the RAP used in this research complies with the standard, as depicted in Fig. 2.
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Fig. 2 Particle size distribution of the RAP Used in this study

2.2 Coal Ash

The coal ash used comprises fly ash, class C, and bottom ash, as depicted in Fig.
3. These were obtained from the Mae Moh power plant in Lampang province, Thailand.
They are by-products of coal combustion for electricity generation. The chemical
composition of fly ash and coal ash are presented in Table 2.

a) flyash b) bottom ash
Fig. 3. Fly ash and bottom ash used in this study (from Mae Moh power plant, Thailand)

Table 2. Chemical Composition of Coal Ash
Chemical composition (%)

Fly ash Bottom ash

SiO2 29.66 28.16
Al2O3 14.42 13.92
Fe203 15.03 15.83
CaO 29.25 28.71
MgO 3.33 3.61
SO3 3.29 5.86
K20 1.78 1.31

Na2O 2.57 1.98
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2.3 Alkaline Solution

The solution used as a polymerization reaction accelerator in this study consists of
two components: sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions with
a concentration of 10 molar, as illustrated in Fig. 4.

Fig. 4 Alkaline Solution

2.4 Mixing Ratio

The mixing ratio of roadway subgrade specimens in this study are based on the
proportions of five initial components: Recycled Asphalt Pavement (RAP), Fly Ash (FA),
Bottom Ash (BA), Sodium Hydroxide (NaOH) solution, and Sodium Silicate (Na2SiO3)
solution.

In this study, the quantity of fly ash combined with bottom ash is set at 20% by
weight of the RAP quantity. The mixing ratio between fly ash and bottom ash are 100:0,
75:25, and 50:50 by weight. Additionally, an alkaline solution comprising NaOH and
Na2SiO3 at a concentration of 10 molar is used. The mixing ratio between both solutions
are 100:0, 75:25, and 50:50 by volume. Details of mixing ratio of specimens are
presented in Table 3.

Table 3. Mixing ratio of specimens

Specimen name Coal ash (%) Alkaline solution (%)

Fly ash Bottom ash NaOH Na2SiO3
RAP-A(100:0)-S(100:0) 100 0 100 0
RAP-A(75:25)-S(100:0) 75 25 100 0
RAP-A(50:50)-S(100:0) 50 50 100 0
RAP-A(100:0)-S(75:25) 100 0 75 25
RAP-A(75:25)-S(75:25) 75 25 75 25
RAP-A(50:50)-S(75:25) 50 50 75 25
RAP-A(100:0)-S(50:50) 100 0 50 50
RAP-A(75:25)-S(50:50) 75 25 50 50
RAP-A(50:50)-S(50:50) 50 50 50 50

Note: RAP-A(100:0)-S(75:25) represents using RAP as the coarse material with a fly ash
to bottom ash ratio of 100:0 and an alkaline solution ratio of NaOH:Na>SiO3 of 75:25.
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3. SPECIMENS PREPARATION
The procedure for preparing pavement subgrade specimens are as follows:

- Determine the optimum moisture content and maximum dry density of each
composition by conducting modified compaction tests according to the Department of
Highways standard DH-S 108/2517, using a compaction machine with a diameter of
101.6 millimeters (4 inches) and a height of 116.8 millimeters (4.584 inches). Perform
compaction tests according to ASTM D 1557 to ascertain the maximum dry density and
optimum moisture content of each composition as depicted in Fig.5.

Fig.5 Compaction test

- Prepare sample specimens by mixing RAP, fly ash (FA), and bottom ash (BA) in
predetermined proportions as described in Table 3. Subsequently, mix with a 10-molar
alkaline solution according to the optimum moisture content for each component.
Compact and cure the specimens in a laboratory environment for a duration of 7 days as
depicted in Fig 6.

Fig.6 Roadway subgrade specimens
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- After the curing period, immerse the samples in water for 2 hours. Conduct
unconfined compressive strength tests.

4 RESULTS AND DISCUSSION

4.1 Optimum water content and the maximum dry density

The relationship between the maximum dry density and the optimum moisture
content of roadway subgrade specimens, mixed at various ratios, are illustrated in Table
4.

The results indicate that when using a NaOH:Na>SiO3 solution ratio of 100:0, the
optimum moisture content values for samples with fly ash to bottom ash ratios of 100:0,
75:25, and 50:50 are 5.63%, 7.35%, and 7.64%, respectively. Upon compaction, the
corresponding maximum dry density values are 2.305, 2.132, and 2.085 kg/cm?,
respectively. When using a NaOH:NazSiO3 solution ratio of 75:25, the optimum moisture
content values for the same fly ash to bottom ash ratios are 6.02%, 6.73%, and 8.65%,
respectively, with maximum dry density values of 2.271, 2.225, and 2.178 kg/cm?,
respectively. When using a NaOH:NazSiO3 solution ratio of 50:50, the optimum moisture
content values for the same ratios are 6.11%, 5.75%, and 9.61%, respectively, with
corresponding maximum dry density values of 2.219, 2.174, and 2.807 kg/cm?,
respectively.

When considering the ratio of fly ash to bottom ash, it is observed that an increase
in the quantity of bottom ash necessitates a corresponding increase in the optimal water
content during compaction to achieve maximum dry density. Additionally, it is found that
increasing the quantity of bottom ash results in a decrease in the maximum dry density
of the sample. This phenomenon may be attributed to the lower fines content of bottom
ash compared to fly ash, which leads to higher void ratios in the sample when adding
bottom ash to the specimen.

Table 4. Optimum water content and maximum dry density of each composition
Optimum Water Content (%), (Maximum Dry Density, g/cm?)
Fly ash : Bottom ash  NaOH : NazSiO3 NaOH : NazSiOs NaOH : NazSiOs

100:0 75:25 50:50
100:0 5.63%, (2.305) 6.02%, (2.271) 6.11%, (2.219)
75:25 7.35%, (2.132) 6.73%, (2.225) 5.75%, (2.174)
50:50 7.64%, (2.085) 8.65%, (2.178) 9.61%, (2.087)

4.2 Unconfined Compressive Strength (USC)

The results of the USC test of the samples prepared using modified compaction
according to the optimum moisture content of each composition and cured for 7 days are
depicted in Fig. 7 and presented in Table 5.
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Fig. 7 The unconfined compressive strength of specimens after 7 days of curing

Table 5. The unconfined compressive strength of specimens at a 7-day of curing (ksc).
Unconfined compressive strength, USC (ksc)
Fly ash : Bottom ash  NaOH : NazSiO3 NaOH : NazSiOs NaOH : NazSiOs

100:0 75:25 50:50
100:0 57.54 52.95 48.09
75:25 55.87 41.25 35.59
50:50 31.55 26.88 27.70

From the USC test of nine different mixing ratios for roadway subgrade samples, it
was found that five mix ratios meet the standard criteria set by the Department of
Highways of Thailand. According to the department's standards, the USC of the samples
must not be less than 40 ksc. These mixing ratios are samples RAP-A(100:0)-S(100:0),
RAP-A(100:0)-S(75:25), RAP-A(100:0)-S(50:50), RAP-A(75:25)-S(100:0) and RAP-
A(75:25)-S(75:25) which exhibit the USC values of 57.54, 52.95, 48.09, 55.87, and 41.25
ksc, respectively.

When considering the effect of the ratio of fly ash to bottom ash, it was observed
that when using 100% fly ash without any bottom ash in the mixture, all samples,
regardless of the ratio of alkaline solutions (100:0, 75:25, and 50:50), could meet the
Department of Highways standards. However, when the percentage of bottom ash in the
mixture was increased from 0% to 25%, it was found that the USC of the samples
decreased across all alkaline solution ratios (100:0, 75:25, and 50:50). Samples with a
ratio of 50:50 were found to not meet the Department of Highways standards.
Furthermore, it was observed that increasing the percentage of bottom ash in the mixture
to 50% further reduced the USC of the samples, with no group (regardless of the alkaline
solution ratios used) could meet the Department of Highways standards.
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Upon examining the effect of the ratio between NaOH and NaxSiOg, it was found
that samples using 100% NaOH exhibited the highest USC. However, when the quantity
of NaOH was reduced from 100% to 75% and replaced with Na>SiOs, it resulted in a
decrease in the USC of the samples. Furthermore, as the percentage of NaOH was
further reduced to 50%, it was observed that the strength of the samples decreased even
further. Nevertheless, this study represents preliminary findings and does not delve into
molecular-level considerations and reaction mechanisms. Therefore, future research
should investigate the reactions and consolidation patterns that occur when various
solutes are utilized.

5. CONCLUSIONS

This article investigates the application guidelines for utilizing Recycled Asphalt
Pavement (RAP), which is the residual material left from milling asphalt concrete road
surfaces, by enhancing its quality with geopolymer derived from coal ash. The aim is to
utilize it as roadway subgrade material, which serves as a pavement construction
material. The study findings can be summarized as follows.

Recycled Asphalt Pavement (RAP) can be effectively utilized as a material for
roadway subgrade in terms of unconfined compressive strength (USC) after 7 days of
curing (not less than 40 ksc) when its quality is enhanced with geopolymer derived from
suitable coal ash proportions. According to the study, the mixtures that provide USC
higher than the standard include samples with the following mixing ratios: RAP-A(100:0)-
S(100:0), RAP-A(100:0)-S(75:25), RAP-A(100:0)-S(50:50), RAP-A(75:25)-S(100:0), and
RAP-A(75:25)-S(75:25). These samples exhibit UCS values of 57.54, 52.95, 48.09,
55.87, and 41.25 ksc, respectively.

Increasing the amount of bottom ash in the mixture necessitates a higher proportion
of water to achieve optimal moisture content. The maximum dry density of the sample
after compaction decreases, and its USC properties diminish compared to samples using
fly ash alone.

For the impact of the NaOH to Na>SiO3 ratio on USC, it was found that samples
with 100% NaOH had the highest USC. However, reducing NaOH to 75% and further
reduction to 50% resulted in even lower strength. Notably, this study is preliminary study
and lacks molecular-level analysis. The Future research should explore reaction
mechanisms and consolidation patterns with different solute combinations.
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