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ARTICLE INFO ABSTRACT
Keywords: Warm Mix Asphalt (WMA) is recognised as a sustainable pavement construction technology due
Bottom ash to its economic and environmental benefits. However, there are still some major concerns related
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Evotherm 3G
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Warm mix asphalt

to its performance properties, like moisture susceptibility. Certain researchers have reported
desired performances using waste and by-products as constituent material in the WMA mixture.
Therefore, this study was proposed to assess the Bottom Ash (BA) impact on WMA mixtures
moisture susceptibility and environmental properties because its potential has widely been re-
ported in HMA. It was limited to 20 % of fine aggregate substitution with BA and granite stone
dust as a filler. Evotherm 3G was used as a WMA additive, and the Hot Mix Asphalt (HMA)
mixtures were treated with 2 % hydrated lime by replacing stone dust. The Marshall mix design
was followed to fabricate asphalt mixtures, where HMA and WMA specimens were mixed at 165
°C and 140 °C, respectively. The indirect tensile strength, tensile strength ratio, toxicity char-
acteristic leaching procedure (TCLP) and pollutant emission of mixtures were investigated
through laboratory tests. The mixtures containing BA improved the indirect tensile strength of
mixtures, while Evotherm 3G potentially improved the tensile strength ratio of WMA mixtures
containing BA. The results showed that BA as a constituent of asphalt mixture coupled with
Evotherm 3G produced a compatible blend for WMA. The findings of the TCLP test showed that
the compound of heavy elements found in BA does not leach out if introduced in the asphalt
mixtures. Heavy elements concentrations were either undetectable or below the minimal level.
However, the presence of BA in the asphalt mixture slightly increased the level of Carbon dioxide
(COy). However, the carbon monoxide (CO) of the WMA mixture containing BA was reduced to
approximately 75 %.

1. Introduction

Global warming and environmental concerns are among the most severe issues facing human beings. Hot Mix Asphalt (HMA)
production is a contributing factor that implies significant fuel and energy consumption, resulting in pollutant emissions [1]. On the
other hand, for the construction of flexible pavements, large quantities of raw mineral are used. Therefore, scientists are looking for
innovative techniques to limit construction costs and reduce pollutant emissions in relation to the compatibility of asphalt pavements
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to sustainable construction [2]. As a result, Warm Mix Asphalt (WMA) technology was developed to meet the economic and envi-
ronmental needs of sustainability.

In the late 1990s, initial WMA technologies were developed. In Germany and Norway, different additives were tested, and as a
result, Foamed WMA technology was developed [3]. In 1956, Prof. Ladis Csanyi at Lowa State University investigated the production
of foamed WMA technology [4,5]. Currently, several WMA technologies exist to produce asphalt mixtures, and others are in the
developing stage [6]. Three accepted techniques are used to produce WMA mixtures: foaming techniques, organic additives, and
chemical additives [5].

In general, the enormous benefits of WMA techniques have been reported over HMA, but the particular advantages and their level
based on the technique used. The lower production temperature ensures the lower ageing of the WMA binder, which increases the
pavement service life. Reduced fuel or energy costs have been reported due to their lower fuel or energy consumption [7]. From the
comparison, it has been estimated that WMA technologies reduce fuel prices by up to 40 %. This fuel saving is directly linked to the
WMA lower production temperature. However, the type of fuel, WMA technique, and the fuel price may contribute to the savings [5].
A drop in production temperature of 27 °C results in a 35-50 % reduction in fuel consumption. WMA decreases emissions of CO2, SO2,
volatile organic compounds, CO, NOx and ash by 30-40 %, 35 %, 50 %, 10-30 %, 60-70 % and 20-25 %, respectively, compared to
HMA [8-10]. The reduction in emissions provides a better working environment for the plant and paving crew [7].

Other than the benefits of using WMA, there are some significant concerns related to the long term performance, in-service
moisture susceptibility and rutting potential of some specific techniques [6,11]. Generally, it is hypothesised that the reduced pro-
duction and compaction temperature of WMA technologies increase the susceptibility of moisture-induced damaging of asphalt
concretes [12,13]. Anand [14] also reported lower TSR results for WMA mixtures using Evotherm J1, Rediset, and Sasobit at reduced
production temperatures. Studies show that Evotherm 3G significantly improves the moisture susceptibility of WMA compared to the
foaming technique and other additives [15,16].

On the other hand, for the sake of preserving natural resources that are being utilised to obtain construction material and to
overcome the adverse effects of landfills to the subsurface water due to the dumping of industrial waste. Recycled Asphalt Pavement
(RAP) and industrial by-products, including steel slag and coal combustion by-products, are in practice as an alternative material for
road construction. The residual deposits left behind, mainly in the form of Fly Ash (FA) and Bottom Ash (BA), are the core products that
the construction industry can potentially use as raw material. Bottom ash produces in coal power plants during coal combustion when
fired at 1100-1400 °C. Bottom ash is composed of large granular particles heavier than fly ash and deposits into the furnace bottom
during coal combustion. Depending on the furnace, BA could be in a dry or wet form [17]. Its colour may range from brown to grey and
black. Consisting of lime and melted sand with a small percentage of oxides, including sulfur, iron, aluminium, magnesium and other
materials. BA is an angular-shaped material consisting of granular to sand-size particles [18].

Regarding the utilisation of BA, various research activities have been conducted and published since 1976 and onwards [19]. Its
lower specific gravity and high water absorption require additional binder content with increased BA content [19,20]. Despite this, a
high abrasion value of BA indicates a high potential for ravelling [21]. It is found to be less durable in terms of strength compared to the
conventional aggregates because its popcorn-like particles tend to crush under heavy loading and compaction [17]. Therefore, it has
been mostly recommended for subsequent pavement layers instead of wearing course. However, recent studies revealed that
substituting a reliable portion of fine aggregate with BA may present comparable results to conventional HMA for wearing course [18].
Substitution of fine aggregate with 10 and 20 % BA by weight of total aggregate for wearing course and binder course do not degrade
tensile strength, lower temperature cracking and rutting resistance of HMA mixtures [20,22,23]. Ksabati et al. [18] reported that HMA
mixtures containing 15 % BA substituted with limestone and granite aggregate demonstrated comparable results when treated with
hydrated lime. Jian Shiuh et al. [24] reported a linear decrease in TSR with an increase in bottom ash content.

It is apparent that during coal combustion, power plants predominantly release Carbon Dioxide (CO3), Sulphur Oxides (SOx),
Nitrogen Oxides (NOx) and inorganic pollutants, including fly ash and suspended particulate matters [25]. Many countries like
Malaysia, producing a considerable amount of coal combustion by-products, lag behind using bottom ash as a construction material
just because of its pollutant concerns. However, these concerns are more related to the disposal of BA in landfills [26]. Saha et al. [27]
classified the trace elements into three groups according to their percentage present in coal residues. The most volatile elements (As
and Se) found to be equally depleted in fly ash and bottom ash, placed in Class I. The semi-volatile elements (Zn, Cu, Ni, Cr, Cd and Pb)
increased in fly ash compared to bottom ash categorised as Class II. In comparison, the least volatile elements (Co and Mn) of Class III
increased at the same ratio in both fly ash and bottom ash. Through ageing in an open environment and washing of BA significantly
reduces the concentration of heavy elements [28]. However, the leaching and toxicity potential of identified volatile elements depend
on BA application, either used in unbound, hydraulically bound and bitumen bound pavement layers. Therefore, heavy metals con-
centration were reported mostly in unbound utilisation of BA in road construction [26].

WMA technology has been applied to different asphalt mixtures including, dense-graded asphalt, open-graded asphalt, stone matrix
asphalt, polymer-modified asphalt, crumb rubber modified asphalt and sulfur modified asphalt [29-31]. Studies have been conducted
to investigate the compatibility of alternative materials with WMA to enhance its environmental and performance properties. It has
widely been investigated to produce WMA mixtures using recycled asphalt pavement (RAP) [32-35]. Literature is also available
regarding the use of steel slag as an alternative aggregate for WMA production [1,2,12,36]. However, there is a lack of studies into the
use of bottom ash as WMA aggregate.

The study investigates the moisture damage and environmental impact of WMA mixtures containing BA compared to HMA mix-
tures using a chemical additive Evotherm 3G. This study was limited to 20 % BA substitution in place of fine aggregate to produce
WMA mixtures for the AC 28 binder course. As a result, a new asphalt mixture was developed named Bottom Ash Warm Mix Asphalt
(BAWMA). To be noted that bottom ash content and its use in the binder course were selected based on recommendations and concerns
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of previous researchers.
2. Materials and experimental procedures
2.1. Materials and physiochemical characterisation

For the production of asphalt mixtures, un-modified 60/70 penetration grade bitumen and Evotherm 3G was used as a WMA
additive and anti-stripping agent instead of hydrated lime. Evotherm 3G is an upgraded version of chemical packages released in 2008
and reported that it also acts as an anti-stripping agent [37]. Initially, it was developed in Europe as an Evotherm ET (Emulsion
Technology) by Mead Westvaco and Eurovia in 2003, then upgraded into Evotherm DAT (Dispersed Asphalt Technology) and Evo-
therm 3G (Third Generation), a water-free chemical additive [38-40].

Crushed granite aggregate as coarse, fine aggregate and mineral filler was used in this study, supplied by Hanson Heidelberg Cement
Group, Kulai, Johor Bahru. Bottom ash was collected from Tanjung Bin Power Plant Johor Bahru. BA was used by replacing 20 % of fine
aggregate to obtain a homogeneous blend without altering the aggregate gradation, starting from 3.35 mm to 0.075 mm sieve size. In
other words, 60 % of each fine aggregate fraction was replaced with BA and purely stone dust obtained from granite was used to avoid
any adverse effects of BA on mixtures properties. Only to fabricate HMA mixtures, 2 % of mineral filler was replaced with hydrated lime
to overcome the potential of granite aggregate in moisture damage as per recommendations of JKR 2008 specification. However, the
WMA mixtures were blended and tested without hydrated lime because Evotherm 3G has specifically been selected as an additive and
anti-stripping agent in this study. The proportional combined aggregate gradation for the binder course AC 28 is shown in Table 1.

The basic characteristics of BA are shown in Table 2. Bottom ash exhibited significantly higher abrasion loss and impact value than
JKR 2008 standard specification which suggests that the bottom ash particles can easily break under the action of abrasion and impact
load. This property discourages the use of BA as coarse aggregate or even as fine aggregate in wearing course because the higher losses
indicate the ravelling potential subjected to heavy loading [21]. Comparatively, the lower specific gravity and higher water absorption
confirm the higher abrasion losses and impact value of BA. These properties indicate the high carbon contents and the presence of
popcorn-like particles that tend to increase the binder content and may disintegrate easily under loading.

The chemical composition of aggregates may affect the moisture susceptibility of mixtures. In this study, the X-Ray Fluorescence
(XRF) test was used to analyse BA chemical composition to predict its suitability as a fine aggregate. In general, the main contents of
oxides found in granite and bottom ash are Silica (SiO2), Alumina (Al;03), Ferric Oxide (Fe;03) and Calcium Oxide (Ca0O), including a
small percentage of other oxides as shown in Table 3. According to the ASTM C 618 standard, BA is categorised as F type material if the
total proportion of SiO5, AloO3 and Fe;Os3 is greater than 70 % [41,42]. The oxides of aggregate, including calcium, aluminum, iron and
magnesium, improve the bonding properties, but sodium and potassium degrade the bonding between aggregate and binder due to
stripping [43]. Very low oxides of sodium and potassium detected in granite are 3.3 to 1.1 % and 1.3-1.5 % in BA, respectively.

The aggregates exhibit higher silica contents considered to be acidic and therefore known as hydrophilic aggregates. On the other
hand, hydrophobic aggregates are basic in nature, generally exhibit lower silica content. In general, hydrophobic aggregates are less
susceptible to stripping compared to hydrophilic aggregates [44]. However, the chemical composition of BA is almost similar to
granite. Both aggregates are predominantly rich in silicon oxide and probably susceptible to moisture damage. Therefore, hydrated
lime or other stripping agents are recommended when granite aggregate is used in asphalt concrete.

2.2. Specimen preparation

Four different asphalt mixtures were blended in this study, and granite aggregate was blended using 20 % BA as fine aggregate and
2 % hydrated lime. The type of mixtures comprising of Hot Mix Asphalt (HMA), Warm Mix Asphalt (WMA), Bottom Ash Hot Mix
Asphalt (BAHMA) and Bottom Ash Warm Mix Asphalt (BAWMA) are shown in Table 4. Before the production of WMA mixtures, virgin
bitumen was heated to a temperature of 130 °C, then by weight of the bitumen, 0.4 % Evotherm 3G was added to the blend and mixed
approximately for 10 min to achieve a homogeneous binder. The HMA mixtures were produced and compacted at 165 and 155 °C,

Table 1
Aggregate gradation for AC-28.

Percent Aggregate Retained by Weight

Sieve Size (mm) Conventional Mix Mix with 20 % Bottom Ash

Granite Granite Bottom Ash
28 0 0 0
20 19 19 0
14 14 14 0
10 11 11 0
5 17.5 17.5 0
3.35 6.5 2.6 3.9
1.18 11 4.4 6.6
0.425 7 2.8 4.2
0.150 7 2.8 4.2
0.075 2 0.8 1.2
Pan 3 3 0
Hydrated Lime 2 2
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Table 2
Characterisation of Bottom Ash.
Test Standard Bottom Ash Specification
Los Angeles Abrasion Value ASTM C131 49.17 <25%
Aggregate Impact Value BS 812: Part 112 38.83 <25%
Specific Gravity
Coarse Aggregate AASHTO T85 2.062 -
Fine Aggregate AASHTO T84 2.139 -
Water Absorption
Coarse Aggregate AASHTO T85 1.182 <2%
Fine Aggregate AASHTO T84 1.668 <2%
Table 3

Chemical Composition.

Oxide Composition %

Aggregate

SiO2 Aly03 Fe;03 CaO Nay0 K20 MgO SO3 TiO,
Granite 59.8 11.4 8.5 7.1 3.5 3.3 1.1 0.2 0.6
Bottom ash 56.9 17.1 10.9 6.5 2.0 1.3 1.5 0.7 1.5

while WMA at the temperature of 140 °C and 130 °C, respectively.

As per the Malaysian Public Works Department (2008) recommendations, Marshall Mix Design was followed to fabricate all the
asphalt mixtures to determine optimum bitumen content (OBC) for HMA and BAHMA specimens. The test was carried out in
compliance with ASTM D2726/D2726M-14. Based on the average of three replicates, the OBC for HMA and BAHMA was obtained 4.2
and 4.8 %, respectively. Because the chemical additives do not considerably alter the OBC of asphalt mixtures [45], therefore OBCs of
4.2 and 4.8 % were also used in this study to fabricate WMA and BAWMA respectively.

2.3. Moisture susceptibility test

The specimens were produced for the moisture susceptibility test following ASTM D4867/D4867M-09 and tested as per ASTM
D6931-12 standard procedures. Six cylindrical Marshall specimens were prepared for each type of mixture and compacted according to
the specification within the range of 6-7 % air voids. The specimens were further grouped in two subsets of three specimens in each,
having the same average air void content. The first group was tested in a dry condition at 25 + 1 °C. The second group was partially
saturated in distilled water by applying a vacuum pressure of 70 kPa for five minutes to achieve a level of saturation within the range of
55-80 %. The specimens were transferred into a water bath to maintain their temperature at 60 °C for 24 h and then loaded at 25 + 1
°C.

2.4. Evaluation of environmental effects

2.4.1. Toxicity characteristic leaching procedure (TCLP) test

The United States Environmental Protection Agency (EPA SW 846-1311) has developed a test setup to estimate heavy metals
concentration found in hazardous wastes. Therefore, the toxicity characteristic leaching procedure (TCLP) was followed to examine
the concentration of heavy metals in the leachates of WMA containing bottom ash. A loose specimen of BAWMA was incorporated and
allowed to cool down to room temperature. Three specimens of approximately 100 g were sieved using 9.5 mm sieve size and
transferred into polyethene bottles. An extraction liquid (Nitric acid) having a pH equal to 2.88 + 0.05 was added into the bottle with
the ratio of 20:1 liquid to the solid-state by weight. The bottles were allowed for agitation at 30 rpm for 18 h using rotary agitator
equipment. The material was then filtered through a 0.45 pm membrane filter to extract the leachate. Finally, the test was performed
using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) to identify the heavy elements.

2.4.2. Emission measurement test

It has already mentioned that BA contains volatile elements that may release when heated. This test’s main objective was to
evaluate the effect of BA on the release of pollutant emissions at production temperatures. Four types of mixtures (HMA, BAHMA,
WMA and BAWMA) with two replicates were investigated, and the test was limited to the conditions of 165 °C and 140 °C (mixing
temperature) and weighing 10,000 g (mixture weight). The emissions were recorded at an interval of 1 min for 5 min to observe the

Table 4
Type of Mixtures with Aggregate Composition.
Mix Type Aggregate Composition
HMA Granite (coarse, fine aggregate and mineral filler), 2 % mineral filler replaced with hydrated lime (Control)
WMA Granite (coarse, fine aggregate and mineral filler)
BAHMA Granite (coarse, fine aggregate and mineral filler), BA (fine aggregate), 2 % mineral filler replaced with hydrated lime
BAWMA Granite (coarse, fine aggregate and mineral filler), BA (fine aggregate)

4
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Fig. 1. Asphalt mixer with Testo 350 gas analyser.

emission rate with time, although the aggregates were completely coated within 3 min.

This test was performed using a locally manufactured laboratory asphalt mixer. The mixer was specially modified and designed to
confine the emissions release from asphalt mixture to attain a quantitative amount of pollutants and precise results. A portable Testo
350 gas analyser was used to measure the amount of emission from the mixtures while mixing, as demonstrated in Fig. 1. The in-
strument consists of a control unit and a meas-box can be connected to control the system by plugging through a data bus cable or
Bluetooth. The flue gas probe 335 mm (sensor) was used to deduct the emission release from mixtures. The probe connected to the
meas-box through thermocouples of 2.2 m long tubes, inserted into the mixer through a slot made from the mixer’s top to detect
pollutants.

3. Results and discussions
3.1. Moisture susceptibility

Type of aggregate, source of bitumen, properties of asphalt concrete, binder film thickness and the environmental conditions with
traffic loading may influence moisture susceptibility of pavements [46]. However, the main influencing factor found to be the WMA

lower production temperature [47]. Therefore, the BAHMA and BAWMA mixtures were evaluated for moisture susceptibility
compared to their corresponding asphalt mixtures.

Control BAHMA WMA BAWMA WMA BAWMA
HMA 2% HL WMA 2% HL ‘WMA no HL

1200
1000
80
60
40
20

ITS (kPa)
oS O O O

(=]

®Dry = Moisture

Fig. 2. Indirect Tensile Strength.
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3.1.1. Indirect tensile strength test results

As can be observed from the graph shown in Fig. 2, the moisture conditioned specimens demonstrated lower tensile strength values
than those unconditioned. This could be attributed to the loss of binder cohesion or the loss of adhesion between mineral aggregates
due to moisture present in the specimen. The unconditioned ITS of BAHMA with the addition of 2 % hydrated lime represented good
results. However, the moisture conditioned BAHMA showed a slightly lower ITS than conventional HMA. Byung Soo et al. [23] have
also reported similar results when evaluating the tensile strength of HMA mixtures containing 10, 20 and 30 % BA.

Two WMA mixture groups were prepared and tested; one group was prepared with 2 % hydrated lime and the other was without
hydrated lime. As can be observed from Fig. 2, the WMA mixture with 2 % hydrated lime demonstrated higher ITS values than the
WMA mixture without hydrated lime. Despite this, the BAWMA mixture with and without hydrated lime represented almost similar
results and improved the overall tensile strength compared to other mixtures. The results achieved eliminates the substitution of
hydrated lime for the production of WMA with Evotherm 3G. These observations are in agreement with previously published work by
[16], mentioning that there is no need for any other stripping agent if Evotherm 3G is used. In addition, the possible cause of higher ITS
value could be the combination of bottom ash providing maximum interlocking due to its highly rough and angular properties. On the
other hand, Evotherm 3G facilitated with a stripping agent resists moisture damage and provides a complete coating of aggregates even
at a lower temperature.

3.1.2. Tensile strength ratio test results

From Fig. 3, it can be observed that all the WMA mixture groups provide comparable results. Accordingly, the BAHMA mixture
satisfied the minimum Tensile Strength Ratio (TSR) limit of 80 % as recommended by AASHTO M323 (2008) but demonstrated a bit
lower TSR than the conventional HMA. It can be attributed to the chemical composition of BA that categorises it as a hydrophilic
aggregate like granite aggregate or due to the porous and absorptive nature of BA that provides more room for water to penetrate the
mixture. Zeng and Ksaibati [48] also reported similar performance of asphalt mixture using 15 % BA in HMA for the production of
wearing course.

The results obtained from WMA mixtures with or without hydrated lime showed some variation in the findings. Hydrated lime is
considered an effective adhesion promoter; therefore, recommended explicitly by JKR 2008 specification to improve moisture
resistance when using granite aggregate to produce HMA. However, in the case of WMA mixtures produced using Evotherm 3G, the
addition of 2 % hydrated lime seems to be unnecessary because the WMA and BAWMA specimens prepared without hydrated lime
demonstrated the highest TSR values. The reduction in TSR values of WMA mixtures containing hydrated lime may be attributed to the

100
9

5
90
85
80 I ————— - - - ——
75
70

Control BAHMA WMA BAWMA WMA BAWMA
HMA 2% HL WMA 2% HL WMA no HL

TSR

Fig. 3. Tensile Strength Ratio.

Table 5
TCLP Test Results of WMA Mixture Containing 20 % Bottom Ash.
Parameters Replicates Avg. Result (mg/L) Standard Limit
1 2 3
Lead (Pb) 0.416321 0.392869 0.360702 0.389964 5.0
Arsenic (As) 0.240552 0.220648 0.218884 0.226694 5.0
Chromium (Cr) 0.187936 0.189165 0.187458 0.188186 5.0
Cadmium (Cd) ND 1.0
Mercury (Hg) ND 0.2
Copper (Cu) ND 25

ND.- Not detected.
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reduction in the production temperature or the incompatibility of hydrated lime with Evotherm 3G. TSR values conform that the
fabrication of BAWMA mixtures using Evotherm 3G can significantly increase the resistance against moisture-induced damages
without any additional agent. The amines facilitated into Evotherm 3G as anti-stripping agent and the compatibility of mixture
constituents among each other (i.e., Evotherm 3G, binder, granite and the bottom ash) significantly improved the moisture resistance
of specimens. Therefore, the addition of hydrated lime to the WMA mixtures specifically produced using Evotherm 3G could possibly
increase the cost.

3.2. Environmental investigation

3.2.1. Toxicity characteristic leaching procedure test results

The obtained concentration of leachates from the listed heavy elements shown in Table 5, was found to be significantly below the
minimum threshold imposed by the US EPA standard SW- 846. The results indicate that the concentration of leachates could be
minimised to a sufficient extent if BA particles are encapsulated and coated through the asphalt binder. The asphalt binder used is
known as a hydrophobic substance that provides a restricting barrier around the particles. Pollutants of such materials can be restricted
from leaching out into the water or environment [24]. Hassan’s [21] findings are somewhat similar to the results obtained. Therefore,
results achieved from this study suggest that BA generates from the Tanjung Bin power plant may be considered as a non-hazardous
by-product for asphalt application.

3.2.2. Pollutant emission results

This test involves specifically the evaluation of pollutant emissions discharged from the asphalt mixtures while mixing at pro-
duction temperatures. During the emission measurement of mixtures, mainly the concentration of Carbon Dioxide (CO2) and Carbon
Monoxide (CO) was detected. A minimal concentration of SO, was observed from the control and BAHMA. Similarly, NOy and NO,
were observed from the WMA and BAWMA with a minimal concentration. Due to the minimal concentration of SO, NO5 and NOy
emitted during the test. Therefore, CO, and CO were considered the leading indicators to assess the impact of mixing temperatures and
BA on the concentration of emission generated from the mixtures.

The sampling for CO, emission measurement was performed directly from the confined and closed mixer using an Infrared (IR)
sensor facilitated into the gas analyser probe. The average concentrations of COy emission were obtained from HMA and WMA
mixtures produced at 165 °C and 140 °C and graphically plotted in Fig. 4. The WMA and BAWMA mixtures demonstrated relatively
lower emissions compared to HMA mixtures. A reduction of 7 % and 8 % of CO, emissions from WMA and BAWMA was recorded
compared to the control and BAHMA. Even though different researchers have used different approaches to measure the emission of
asphalt mixtures, the percentage of reduction in CO2 emission is similar to the findings of Alejandra et al. [49] obtained at reduced
temperatures in their study. Despite this, a remarkable increase in CO, was noticed from the mixtures containing BA. It was observed
that BAHMA and BAWMA increased the CO, emission by 13 % and 4 % compared to conventional HMA. The results reveal that even at
a lower temperature (140 °C), the coal bottom ash releases carbon dioxide. However, the use of WMA seems to reduce the CO5
emission compared to HMA.
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0

Control (165°C) BAHMA (165°C) WNMA (140°C) BAWMA (140°C)
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Fig. 4. Accumulated Concentration of Emitted Carbon dioxide.
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Fig. 5. Cumulative Concentration of Emitted Carbon monoxide.

Simultaneously, the Carbon monoxide (CO) concentrations were recorded at the tested temperatures for HMA and WMA mixtures
up to 5 min, as demonstrated in Fig. 5. As can be observed in the figure, at the initial stage of mixing, BAHMA showed a significant
increase in the trend line, but after mixing four minutes, a decline in the trend lines can be observed compared to the conventional
mixture. A similar trend can also be observed from the trend line of BAWMA but with a small difference, as the WMA mixtures were
mixed relatively at a reduced temperature. The small difference in the emission of the mixture containing BA could be attributed to the
carbons emitted from the bottom ash. After 3 min of mixing, the concentration of CO emission from the control and BAHMA mixtures
was recorded at 63 ppm and 66 ppm, and for WMA and BAWMA, the readings were 16 ppm and 17 ppm. WMA and BAWMA
demonstrated a significant reduction of 75 % and 74 % CO emission than conventional HMA. The results can be correlated with the
findings of Chaohui Wang et al. [50], where they developed a laboratory testing setup to estimate the emission generated from the
mixtures at production temperatures.

4. Conclusions

The aim of this study was to look into the moisture sensitivity of asphalt mixtures incorporating 20 % bottom ash as fine aggregate
and Evotherm 3G as WMA additive. Furthermore, the effect of BA asphalt mixtures on the environment was also investigated. Based on
the findings, both granite and BA found to be rich in silicon oxide and considered hydrophilic aggregates. BAHMA demonstrated a
higher ITS in dry conditions, but it reduced slightly in the presence of moisture compared to the conventional HMA. Bottom ash was
observed to be more compatible with Evotherm 3G by demonstrating the highest ITS value compared to all other mixtures. The rough
surface and angularity of BA probably improved the interlocking between aggregates, hence increasing the resistance of pavement
against loading. BAHMA showed the least TSR with hydrated lime, while BAWMA without hydrated lime represented the highest value
among all other mixtures. TSR results reveal that Evotherm 3G eliminates the addition of hydrated lime for WMA mixtures. As a result,
good compatibility among the mixture constituents (Evotherm 3G, binder, granite and bottom ash) was achieved for the BAWMA
mixture. TCLP results show that BA can be treated as a potential aggregate for the production of asphalt mixture. The reduction of 25
°C significantly reduced pollutant emissions. However, BA found to be an influencing constituent to increase pollutant emissions. An
average increase of 13 % and 4 % was observed in carbon dioxide of BAHMA and BAWMA compared to the conventional HMA. Despite
this, a different trend was observed from the emission of carbon monoxide. Overall, WMA and BAWMA significantly reduced CO
emission by 75 % and 74 % respectively.

In order to confirm the findings of this study, more laboratory or field research may be carried out to measure the carbons emit from
BA asphalt mixtures. As a result, if the carbon content of asphalt mixtures containing BA is higher than that of conventional HMA, then
the BA content added to the asphalt should be limited or reduced for future studies.
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