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The application of cement asphalt mortar (CAM) in modern high-speed railways has been gaining attention due to its combined
merits between asphalt and cement hydration product characteristics. To promote sustainable development, it is promising to
utilize by-products in the making of new CAM instead of using only cement. In this research, the cement content was partly
replaced by fly ash or ground-granulated blast furnace (GGBS) slag to achieve this objective. Then, laboratory experiments were
conducted to determine the effect of these admixtures on the fresh and hardened characteristics of CAM. The test results revealed
that the CAM mixture with slag received better fresh properties compared to the controlled mixture. However, the poor
pozzolanic property of these by-product materials may lead to the low strength development. Meanwhile, although the mixture
with fly ash suffered from slow strength establishment compared to the control mix at an early age, the strength of this condition
increases dramatically after 28 days. Based on the findings, the application of appropriate fly ash content in the CAM mixture will
not only provide ideal workable time and mixing stability but also ensure the required strength for the design target. This

combination also serves as a cost-effective and environmental solution.

1. Introduction

Progressive ballast deterioration and geometry degradation
have been seriously impacting the performance of railway
track systems associated with high traffic pressure. The
weakening structure will impose critical safety effects on the
track system and reduce the comfort of railway users. Re-
cently, some innovative solutions have been proposed to
solve this issue [1-4]. One of the rehabilitation strategies of
ballast degradation is to reduce track vibration by using
crumb rubber. However, tracks incorporated with this
technique have suffered from high vertical settlement and
low bearing capacity [4]. Another solution was introduced in
the study of Kennedy et al. [5], in which the authors utilize
geosynthetics in the ballast layer. It was noticed that
injecting polyurethane into the ballast will not only improve
the settlement resistance of the ballast structure but also
ensure the railway structural integrity. However, the sig-
nificantly high construction cost limits the wide application
of this method.

In Japan and Europe, a cost-effective concept has been
applied for decades to enhance the performance of the
track system and reduce the maintenance effort [6-10]. In
this method, cement asphalt mortar was utilized as an
interlayer between the track slab and the concrete roadbed
[7, 8]. Reports indicated that stress dissipation charac-
teristics from the asphalt membrane will reduce the
pressure for the whole structure, thereby sustaining the
long-time service life [7-10]. Meanwhile, the cement
hydration product will ensure the vertical settlement
resistance of the railway track. Another advantage of CAM
is simple application with self-leveling behavior. The fresh
material can be pumped without compaction machine
support [7-10].

Also, the main components of CAM can be easily
provided by the local construction company such as asphalt
emulsion (AE), cement (C), sand (S), and water (W).
However, this nonballast slab track method with CAM can
only be applied at the initial stage of construction [6-10].
This drawback may hinder its application in actual ballast
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degradation rehabilitation projects. Therefore, this research
objective is to generate a new strategy named “cement as-
phalt mortar-stabilized ballast” which not only can achieve
the merits of the above nonballast method but can also be
applied as a fouled ballast rehabilitation solution.

The present technique evaluates the possibility of sta-
bilizing ballast with cement asphalt mortar, as a prominent
solution to reduce the loss in track quality due to particle
degradation and ballast settlement. By pouring fresh CAM
above the ballast layer, the self-leveling CAM mixture will
flow throughout the whole ballast system. The CAM mixture
will coat the ballast particles and create strong bonding
between them [3]. This bonding will achieve the stiffness
from cement hydration products and viscoelasticity from the
asphalt membrane [3]. It is expected that the connection
between CAM and fouled ballast structure will behave as a
new stress dissipation system with high rutting resistance.
Moreover, due to the fast application with simple prepa-
ration, this technique will also save time for traffic closure.

Prior research about this technique has brought
promising results for wide application. The preliminary test
results show that optimum C/AE ratios can propose a good
mixture with both merits from asphalt and merits from
cement hydration products [6-11]. The incorporation of
sand and proper initial water will noticeably improve the
mixing stability of the fresh CAM mixture which not only
shortens the flow time but also contributes to the homo-
geneous distribution of CAM particles [11, 12]. Prior re-
search also found that the application of quick-hardening
admixture as a replacement of cement (14%) provides fast
strength gain at an early age without impact on the mixing
stability characteristic [11].

In recent decades, research has demonstrated that fly ash
can be applied in many structural applications, providing
good mechanical properties and durability of concrete
[13-16]. In the operation of thermal power plants, fly ash is
collected by an electrostatic precipitator from the com-
bustion of powdered coal. This by-product has been found to
possess pozzolanic, hydraulic characteristics with glassy,
spherical particles of finer size compared to cement [14].

The application of fly ash in cement mortar not only
enhances the workability at an early age but also contributes
to long-term strength gain of concrete [15]. Based on related
research [13-16], it is suggested that the content of fly ash
should be designed from 20 to 30% by weight of cement in
concrete or mortar to achieve optimum performance. In
massive structures (foundation, dams, etc.), reports suggest
that higher levels of fly ash should be used (up to 50%) to
help control the thermal cracking. In the hydration process
of cement, the internal temperature of concrete will be
reduced remarkably by using fly ash, thereby lowering the
temperature gap between inner and outer parts of concrete
[15].

With regard to the use of fly ash in asphalt pavement,
most recent studies have focused on the application of fly ash
as a mineral filler for asphalt pavement [13]. The authors
confirm that the incorporation of fly ash improves the
performance of the asphalt mixture because of its unique
spherical shape, beneficial particle size distribution, and
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chemical properties. Some studies show that these charac-
teristics of fly ash enhance the workability and flexibility and
improve the rutting and freeze-thaw resistance of asphalt
concrete [16]. In the research of Ramme et al., the authors
prove that the fatigue life and tensile strength of asphalt
concrete can be slightly increased by using an appropriate
amount of Class F fly ash [16]. Moreover, reports found that
replacement of natural fillers by fly ash will provide better
antistripping and moisture resistance properties for asphalt
pavement because of the strong connection between fly ash
hydration products and asphalt membrane [13, 16]. The
findings of these demonstrations established the foundation
for further study on the practical application of fly ash.

The application of GGBF slag in the production of the
concrete mixture has been gaining attention recently
through some important improvements in engineering
properties [17-19]. From iron production, slag is defined as a
nonmetallic by-product which is composed mainly of sili-
cates of calcium. Compared to cement, the particles size of
slag is much smaller (less than 45 microns) which provides
noticeable improvements in the ease of concrete pumping
and placement [18]. With appropriate mixing content, this
mineral admixture can provide much better workability and
enhance the durability of concrete by improving the in-
terface with the cement hydration product. Slag shares
relatively the same characteristic with fly ash that has both
pozzolanic and cementitious properties [18].

Based on related research [17-19], this mineral admix-
ture can significantly affect certain engineering character-
istics of both fresh and hardened concrete [19]. By
eliminating the amount of reactive element (such as cal-
cium) needed for expansive sulfate reaction, GGBF slag can
significantly protect concrete from sulfate attack. Also, re-
ports confirmed that GGBF slag can reduce the potential of
concrete to expand due to alkali-silica reaction [19]. Slag-
blended cement will provide ecological advantages by re-
source conservation to energy efliciency.

Recently, the investigation of CAM mechanical prop-
erties has gained attention from many research studies
[6-10]. However, there has been lack of investigations as to
the utilization of by-products in the production of CAM.
Therefore, in this research, slag and fly ash will be first
introduced as admixtures in the CAM mixture. The in-
corporation of the two by-products is expected to improve
the fresh properties of CAM and long-time strength gain.
The aim of the conducted research is to identify the influence
of different dosages of fly ash or slag on the mechanical
properties of CAM.

To acquire this objective, cement used in the CAM
mixture was replaced by fly ash/slag with contents varying
from 10% to 30% with an increment of 10%. Based on
preliminary research on obtaining efficient CAM mixtures,
this research has asphalt emulsion/cement (AE/C), quick-
hardening admixture/cement (QA/C), and water/cement
(W/C) ratios 0f 0.75, 0.14, and 0.5, respectively. The behavior
of the fresh CAM mixture was evaluated by conducting the
flow cone test, mixing stability test, bleeding test, and
workable time test. Then, the hardened stage of CAM was
assessed by employing the unconfined compressive strength
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(UCS) test on the samples 2 h after casting them into molds
and after 28 days. Finally, to identify the microstructure of
hardened CAM after 28 days, the FEI Quanta 200F scanning
electron microscopy (SEM) test was conducted on CAM
samples.

2. Materials and Test Methods

Type II Portland cement was used in this study. Class F fly
ash was provided by the Korean Western power plant, while
GGBEF slag was supplied by the Korean iron manufacturing
company. The overall chemical properties of cement, fly ash,
and slag are displayed in Table 1. The asphalt emulsion is of
an anionic type with properties shown in Table 2. Presented
in Table 3 is the mix design based on cement weight. The
mixing water (W) and asphalt emulsion (AE) contents were
selected from the trial mixing test which produced ideal
rheology performance at an early age. Based on the sug-
gestion from related studies [10-12], when the fly ash or slag
content is increased, less water should be used to ensure the
stable workability of all mixtures. This study also in-
corporates the use of a quick-hardening admixture (QA) ata
level of 14% by mass of cement based on a trial test to achieve
the fast strength development and mitigate the bleeding
phenomenon. In addition, the excessive air bubbles from
asphalt emulsion are reduced by using 0.1% defoaming agent
(D) (by weight of cement) [10-12]. The initial adding water
was mixed with 2% polycarboxylate superplasticizer (SP)
based on the author team’s experience.

2.1. Mixing Method. Based on the authors’ experience and
after preliminary research [10-12, 20], the wet mixing
method was employed in this research. In this method, solid
contents (C, QA, and S) were premixed with a water + SP
mixture to create the cementitious slurry. The mixing of the
slurry was done for approximately 2 minutes at a mixing rate
of 120 rpm. Then, the AE + D mixture was then added into
the cementitious slurry and mixed together for at least
3 minutes with a mixing rate of 60 rpm before casting them
into cylindrical test sample molds (&50 x 100 mm).

The AE + D mixture will improve the mixing stability of
asphalt droplets in the asphalt emulsion. The demulsification
process of the AE is mitigated, thereby developing a fresh
CAM mixture with homogeneous particle sizes and with
rare signs of agglomeration. With regard to the replacement
of cement by slag or fly ash, this solid content was added into
the initial premixed stage as cement.

2.2. Mixing Stability Test. Based on preliminary research
suggestion, the CAM mixture should obtain proper mixing
stability to achieve good flowability and homogeneous
particle distribution without agglomeration phenomenon.
Therefore, the mixing stability test is first conducted among
all tests in this study (Figure 1(a)). Based on KSM 2203 [21],
50 g of asphalt emulsion (50% solid) is poured into a can
with 50 g dry cement. Then, the mixture is thoroughly mixed
for around 2min at a stirring rate of 120 rpm. 150 ml of
deionized water is then added to the mix and slowly stirred

TaBLE 1: Percentage chemical composition of cement, fly ash, and
slag.

Chemical

composition (%) SIOZ A1203 Fezo3 SO3 CaO MgO Kzo

Cement 21.56 415 264 3.01 61.18 2.35 0.65
Fly ash 499 240 144 0.88 323 098 246
Slag 327 145 04 04 414 47 06

at a rate of 60 rpm in this second stage for additional 3 min.
Finally, the fresh mixture is poured through a 1.18 mm sieve
to collect the remaining residue which will be oven-dried
and weighted for calculating the mixing stability status:

P - m

= 100%,
r m1+m2* v (1)

where P, =percentage of the residue content, m=oven-
dried weight of the residue retained on a 1.18 mm sieve (g),
my =weight of asphalt (g), and m, = weight of cement (g).

In the optimum mixture, the CAM combination in-
cludes cement, asphalt emulsion, sand, water, super-
plasticizer, and defoaming agent. In preliminary research,
the sand and water content will improve the stability of
asphalt droplets in asphalt emulsion by lowering the ad-
sorption energy of cement particles. It is predicted that the
partial replacement of cement by fly ash or slag will also
improve the mixing stability of the mixture. Hence, the new
mixing stability was developed with the aim of focusing only
on the reaction between cement, slag, and fly ash with as-
phalt emulsion. The mix design for this new test is shown in
Table 4.

2.3. Flowability Test. One of the interesting merits of CAM is
the self-leveling ability which allows this fresh material to be
applied in a narrow place in a short time. Hence, the flow
cone test is used to evaluate this characteristic in accordance
with Korean Standard KSF 2432 [22]. In this test, a steel cone
with a closed end nozzle, a steel plate (50 cm x50 cm), a
digital watch with counting function, and 400 ml of the fresh
mixture are prepared. After thorough mixing, the flow time
is determined by recording the required time for 400 ml
fresh CAM mixture to completely flow out from the steel
cone to the steel plate (Figure 2).

2.4. Bleeding and Workable Time. Bleeding is one of the
critical problems during the fresh stage of CAM mixtures
which imposes segregation, reduces the initial shear stress in
mortar, and retards the setting time of cement. The workable
time in this research is defined as the amount of time in
which the sample is able to retain an acceptable flowability
similarly during the initial stage. After this period, the
mixture hardens and could not be appropriately cast. In the
research of Ouyang et al. [23], the cement hydration is
significantly high in the initial 5 min. In this period, the effect
of cement on asphalt droplets is more prominent. However,
after this time, the asphalt emulsion may be less impacted by
the cement hydration process because of thermodynamic
stability. Hence, the bleeding phenomenon is tracked after
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TABLE 2: Properties of anionic asphalt emulsion.
Density 1-day storage stability Residue after distillation Residue on 1.18 mm Penetration depth at Solid content
(g/cm?) (%) (%) sieve (%) 25° (0.1 mm) (%)
1.02 0.3 50 0.01 70 50
TaBLE 3: Mix design (by weight of cement/by weight of cement + by-product).

By-product Cement (%) QA (%) AE (%) S (%) W (%) SP (%) D (%)
C 0 100 14 75 50 40 2 0.1
FA10 10 90 14 75 50 35 2 0.1
FA20 20 80 14 75 50 325 2 0.1
FA30 30 70 14 75 50 30 2 0.1
S10 10 90 14 75 50 35 2 0.1
S20 20 80 14 75 50 32.5 2 0.1
S30 30 70 14 75 50 30 2 0.1

h
FIGURE 1: Mixing stability test (a) and UCS test (b).
TaBLE 4: Mix design for a new mixing stability test.

Condition ~ Cementitious content (each 50g)  Asphalt emulsion (g)  Mixing  Residue sieving  Residue drying =~ Weighing
C Cement 50
S Slag 50 3 min 24h
FA Fly ash 50

the workable time instead of the initial time. The differences
between bleeding of the CAM mixture after the first 5 min
and after workable time will be studied in further research.
The bleeding water after the workable time is recorded by
calculating the mass of bleeding water to the mass of the
specimen:

M
bleeding (%) = —= x 100, (2)
MS
where M,,=mass of bleeding water and M;=mass of the
specimen.

2.5. Unconfined Compressive Strength Test. The UCS test was
employed in this research to quantify the strength devel-
opment of CAM, especially the cement hydration product
[24]. After thorough mixing, the fresh material was cast into

the precut paper mold (@50 x 100 mm). Although the CAM
mixture can obtain the strength of about 0.35 MPa after the
first two hours, all 28-day strength samples are cured in the
mold for 1day before subjecting them to the unmolding
process to ensure the shape stability of the sample. With
regard to the curing condition, the environment was con-
trolled at 95% relative humidity and 20°C until the testing
day. In the UCS test, the universal compression machine
with a loading rate of 1 mm/min is employed to generate
accurate test results. 3 replicates will be used to determine
the average result of 1 mix design (Figure 1(b)).

2.6. SEM Test. Under a high-vacuum condition, the Hitachi
FE-SEM S$-4700 was used to determine the microstructure of
the 28-day strength CAM. Mixes F30, $30, and C were three
mixtures employed and evaluated in this test. These mixtures
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FIGURE 2: Flow cone funnel test (a) and flowability test (b).

were expected to clearly display the main differences in SEM
morphologies of CAM mixtures with slag or fly ash.

3. Results and Discussion
3.1. Mixing Stability Test

3.1.1. Mixing Stability Test on Normal Mixtures. The mixing
stability test results of CAM mixtures are illustrated in
Figure 3. The test results revealed that the lower residue
content was recorded in mix FA and mix S. This can be
attributed to the strong reaction of cement to the demul-
sification process of asphalt emulsion. The application of fly
ash or slag will reduce the adsorption energy of cement to
asphalt droplets in asphalt emulsion to some extent. For
instance, when 30% of the cement content is replaced by fly
ash, the residue content of the control mix reduced re-
markably to nearly three times (from 3.15 to 1.15%). A
higher fly ash or slag content will protect the mixing stability
of asphalt droplets in asphalt emulsion, thereby prolonging
the demulsification process of the mixture. Evidently, the
CAM particles formed in the fresh mixture with fly ash and
slag obtain better homogeneous distribution.

It should be noted that fly ash may impose less energy
adsorption to the asphalt droplets compared to slag. Con-
sequently, the residual content of mixtures with fly ash is
noticeably lower. At the same cement content substitution of
30%, the residual content of mix FA30 and mix S30 is 1.15
and 1.75%, respectively. This may be due to the CaO content
in the fly ash mixture that is much lower than that in slag.
The high CaO content in slag is nearly the same in cement
that may accelerate the demulsification process of asphalt
droplets at an early stage of fresh CAM paste (Table 1).

35

w

S}

Residue content (%)

S C
Mixtures
4 10%
B 20%
£ 30%

FIGURE 3: Mixing stability test results of normal mixtures.

3.1.2. Mixing Stability Test on the New Mixture (Only Cement
(Slag/Fly Ash) with Asphalt Emulsion). As can be seen from
Figure 4, the residual content of mixes FA, S, and C is 3.1%,
5.3%, and 7.6%, respectively. Without support from water
and sand layer, the mixtures are significantly suffering from
the fast demulsification process of asphalt emulsion based on
preliminary research [10-12]. However, the gaps between
the residue contents of cement, slag, and fly ash can be
observed. This test confirmed the results from the above
normal mixing stability test. It can be concluded that cement
imposes the strongest reaction to the asphalt droplets in
asphalt emulsion followed by slag and then fly ash. Overall,
reducing the cement content to proper values will not only
ensure the stability of asphalt emulsion in the mixture but
also propose a sustainable cost-effective method.
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FIGURE 4: Mixing stability test results of new mixtures.

3.2. Flowability Test. Figure 5 presents the flowability of CAM
mixtures. With the same AE, S, and W conditions, the re-
placement by fly ash or slag shortened the flow times of all
conditions. The higher the cement replacement content, the
faster the flow time. Mixtures with fly ash obtain a very good
flow time value with mix FA30 having the fastest flow time of
around 11 s (two times faster than that of mix C). The test results
indicated that mixtures with slag and fly ash exhibited a rare
sign of agglomeration at the nozzle of the flow cone. This may be
due to the homogeneous CAM particles established when less
cement is used. It can also be due to the unique spherical shape,
beneficial size distribution, and chemical properties of fly ash or
slag. The test results reassure the findings from the mixing
stability test with a lower residue content recorded in mix FA
and mix S. Hence, it can be concluded that the mixing stability is
related to the demulsifying behavior during mixing, which may
also affect the mechanical properties of hardened CA mortar
[25]. Besides, the fast flow time value may impose a high
bleeding phenomenon which triggers a slow setting time for the
CAM mixture. Hence, the following bleeding test will determine
this concern.

3.3. Bleeding Test. Figure 6 describes the bleeding problem of
CAM mixtures with slag and fly ash. Based on preliminary
research about the use of slag or fly ash [14, 17], it is expected
that using by-products as a replacement for cement can
mitigate the bleeding phenomenon issue. The test results
show that slag and fly ash mixtures exhibit outstanding
results with low signs of bleeding phenomenon. When ce-
ment contents are reduced in the fly ash or slag mixture, the
bleeding value reduced sharply. For example, the bleeding
values of mix C, mix S30, and mix FA30 are 1.75%, 0.86%,
and 0.66%, respectively. It can be explained by the fast
demulsification process of asphalt emulsion in the mixture
with only cement. In this stage, asphalt droplets are co-
alesced, creating a continuous asphalt membrane which will
cover the cement particle. The trapped water in asphalt
emulsion will be extracted out, and it will cause a high
bleeding value. Therefore, it is suggested to apply a proper
amount of these mineral admixtures in the CAM mixture to
reduce bleeding.

3.4. Workable Time Test. With regard to the workable time
of CAM, Figure 7 shows the overall results of this property.
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FIGURE 6: Bleeding test results.

In general, the addition of by-product generates a longer
workable time for the CAM mixture.

When the FA or slag content is increased, the workable
time of the CAM mixture is increased. As can be seen from
Figure 7, the workable time of mix S30 is 75 min which is
about two times higher than that of the control mix
(30 min). This may be due to the slow hydration rate of
slag and fly ash compared to cement. Besides, the test
results also indicated that adding slag provides better
workable time for CAM mixtures compared to fly ash. For
instance, mix FA10 maintained the optimum workable
condition for around 40 min, and meanwhile, mix S10
maintained it for 10 more minutes in this stage. The
workable time shares a strong correlation with the early
strength development of the CAM mixture. Slag mixtures
had the longest workable time, and therefore, the CAM
mixture with this by-product may suffer low early strength
gain. This phenomenon will be justified in the succeeding
2-hour UCS test.

3.5. 2-Hour UCS Test. Figure 8 shows the 2-hour UCS test
results of CAM mixtures with fly ash and slag. Due to the
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FiGURE 7: Workable time test results.

much longer workable time of the CAM mixture of fly ash or
slag, those conditions obtained noticeably lower UCS
compared to the controlled mixture. It can be concluded that
the replacement of cement by fly ash and slag will prolong
the overall setting time and retard the early strength gain of
the CAM mixture. When 10% of the cement content was
replaced by fly ash and slag, there was a critical drop in the
strength of the CAM mixture with a UCS value of 0.28 and
0.26 MPa, respectively. This result agrees with the findings
from other research about the impact of fly ash and slag on
the UCS of cement mortar at an early age. Hence, the re-
quired time for actual application when using fly ash or slag
in the CAM mixture should be taken into consideration.

As can be seen from Figures 7 and 8, the mixture with
slag has a longer workable time compared to the mixture
with fly ash. This result explains why the slag mixture has
lower UCS compared to the mixture with fly ash after 2h.
However, the differences in UCS between the two by-
products can be neglected. For example, at a cement re-
placement level of 30%, mix FA30 has a UCS value of 0.19
compared to 0.17 of mix S30.

3.6. 28-Day UCS Test. The 28-day UCS test results of CAM
mixtures with slag and fly ash are portrayed in Figure 9.
Although both fly ash and slag mixtures share the same trend
in strength at an early age, there is a reverse trend in strength
development after 28 days.

At an early age, the mixture with fly ash has lower
strength compared to the control mix, and it is interesting
that the replacement of cement by this mineral admixture
promotes a promising long-term strength achievement. A
higher fly ash content leads to a higher strength gain after
28 days. It can be considered that the UCS of control mix and
mix F30 is relatively the same (around 3.7 MPa). Because of
the unique spherical shape, beneficial size distribution, and
chemical properties of fly ash, the fly ash hydration product
proposed a good connection with the asphalt membrane.
The homogeneous distribution of asphalt droplets in the
CAM mixture with fly ash also contributed to a uniformly
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FIGURE 8: 2-hour unconfined compressive strength test results of
CAM mixtures.
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FIGURE 9: 28-day unconfined compressive strength test results of
CAM mixtures.

structured formation. Moreover, based on related research
about fly ash [14-17], the hydration process of this mineral
admixture increases strength gradually through time with
low hydration heat release. This mechanism of fly ash may
help the CAM mixture build up a better strength-bearing
structure with less chance of internal cracking and
shrinkage. Hence, the application of fly ash in the CAM
mixture not only utilizes the by-product material but also
improves the overall mechanical properties of CAM in both
fresh and hardened stages.

With regard to mixtures with slag, the slag mixture
obtains ideal mixing stability with good flow time and
workable time and the UCS results at both ages show poor
values which indicated that the replacement of cement by
slag does not contribute to the mechanical property of CAM.
This may be because the pozzolanic reaction of CA mortar
with slag is not effective. For example, there is a sudden drop
in the UCS for the control mixture from 3.66 MPa to
2.7 MPa when only 10% of the cement content is replaced by
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slag. Therefore, although the application of slag in cement
shows some promising results for the concrete mixture, this
combination may otherwise impose critical effects on the
production of CAM.

3.7. Load-Displacement Analysis. Figure 10 shows the load-
displacement trends of CAM mixtures after 28 days. To
identify the effect of fly ash or slag on this property of CAM,

mix FA30, mix S30, and mix C are selected for comparison.
It is obvious that mix C and mix FA30 share the same trend
in load-displacement behavior. After reaching the peak
stress, they appear to be ductile with a gradual decrease in
strength until the failure point [12, 26]. However, it can be
seen that the performance of the CAM mixture with fly ash is
relatively better than that of the controlled mixture. In
general, it can be explained by the homogeneous distribution
of CAM particles in the mixture with fly ash. The finer
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particle size of fly ash may propose a denser structure with
thorough mixing condition between the cement hydration
product and the asphalt membrane. Based on the mixing
stability test results, the residue content of the cement
mixture is higher than that of the fly ash mixture (FA30), and
this may form bigger particle size with poor particle dis-
tribution. Also, the gradual increase in strength may con-
tribute to better structure development in the fly ash
mixture.

Regarding the CAM mixture with slag, mix S30 not only
showed poor peak stress but also suffered from a steep drop
in strength after this highest point. It may be attributed to
the high CaO content of slag which accelerates the
demulsification process of asphalt emulsion, thereby
forming inhomogeneous particles and developing a poor
structure.

3.8. SEM Analysis. The SEM analysis results of the CAM
mixture with slag and fly ash are presented in Figure 11. To
justify the conclusion from the load-displacement test, mix
F30, mix S30, and mix C were employed in this analysis. In
general, the findings from the SEM test reassured the UCS
test results.

Based on related research [14-17], microstructural in-
vestigation of the asphalt binders with fly ash demonstrated
crack-mitigating behavior of the spherical fly ash particles
incorporated into the bitumen matrix. In this research, the
FA mixture has the best homogeneous distribution of the
asphalt membrane along with the hydration product ma-
terial. From the SEM test, a dense structure between mixing
components is developed with a low air void content
(Figure 11(a)). This finding agrees with that of UCS and
load-displacement test analysis which shows that the fly ash
mixture obtained better ductile behavior after reaching peak
load compared to mix C.

In the SEM of the mixture with slag shown in
Figure 11(b), the hydration product has a poor connection
with the asphalt membrane which is the reason why mix S30
obtained the lowest strength with a minor ductile behavior.

Regarding control mix, the hydration product of cement
has acceptable bonding with the asphalt membrane. How-
ever, large air voids were observed in the mixture that may
prove why mix C achieved lower strength and ductile
performance compared to mix F30 (Figure 11(c)).

4. Conclusions

This study evaluates the potential of utilizing fly ash and slag
in the production of CAM as a stabilization method for
fouled ballast. By assessing the effect of these by-products on
the mechanical properties of CAM, optimum mix formu-
lation will be proposed to serve further research on the
sustainable development of CAM. The following conclusions
can be drawn from this manuscript:

(i) The replacement of cement by slag or fly ash im-
proves the overall fresh properties of CAM, espe-
cially the mixing stability. The higher the cement by
by-product replacement, the better the effectiveness.

This can be explained by the reduction of the strong
reaction of cement particles to asphalt droplets in
asphalt emulsion by using by-products.

(ii) The application of slag or fly ash to the CAM
mixture does not only prolong the demulsification
process of asphalt emulsion but also retard the
hardening process of CAM.

(iii) After 28 days, the poor pozzolanic reaction in the
slag mixture may result in the lowest strength gain
compared to the remaining mixtures. Meanwhile,
the 28-day UCS test shows promising results with
the fly ash mixture, especially mix F30. Although the
mixture with fly ash suffered from strength re-
duction compared to the control mix at an early age,
the strength of this condition increases dramatically
after 28 days.

(iv) The load-displacement behavior of the mixture with
fly ash shows a higher ductile characteristic com-
pared to the control mixture and slag mixture. This
is attributed to the homogeneous distribution and
proper bonding of the asphalt membrane along with
the hydration products in mixtures with fly ash.

(v) SEM analysis also points out that the fly ash mixture
is denser than the controlled mix. The air void
systems in the fly ash mixture are relatively lower
than those in the mixture with only cement. Based
on the above ideal engineering properties, the CAM
mixture with fly ash is suggested to be applied in
further research as a cost-effective strategy.
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