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A B S T R A C T   

Concrete deterioration due to alkali-silica reaction (ASR) is one of the main durability concerns. This study 
explores the feasibility of minimizing ASR-induced deterioration by enhancing aggregates’ hydrophobicity. 
Mortar samples with highly reactive aggregates were prepared. The aggregates were modified through coating 
with hexamethyldisilazane (HMDS) pretreated fumed silica for improved hydrophobicity. The ASR progression 
of the specimens prepared with nontreated (control-NHA), washed-coated (WHA), and non-washed coated ag-
gregates (HA) was assessed using compressive strength, linear expansion, and dynamic modulus of elasticity 
tests. In addition, an ASR detection reagent was used to study the extent of deterioration of the mortar specimens. 
Furthermore, the microstructure and chemical compositions of the ASR-affected mortar were studied using 
scanning electron microscopy (SEM) and energy-dispersed X-ray analysis (EDX). The research found that 
although using hydrophobic aggregates may reduce the compressive strength, increasing the hydrophobicity of 
aggregates can significantly reduce ASR-induced expansion, minimize cracking, and prevent warping.   

1. Introduction 

Alkali-silica reaction (ASR) is a significant durability issue with 
concrete structures that receive practitioners’ and researchers’ atten-
tion. ASR is the reaction between alkaline pore solution in concrete and 
some phases of reactive silica in aggregates [1,2]. These reactive silica 
phases are usually chemically unstable. The reaction forms an alkali- 
silica gel, which distends by imbibing moisture to create internal pres-
sure in concrete to induce expansion and cracks [3]. Consequently, it 
weakens the concrete, making it susceptible to other deterioration 
processes such as chloride penetration and steel corrosion [4,5]. Also, 
ASR can reduce concrete’s mechanical properties (strength, Young’s 
modulus, etc.) [6]. The severity of ASR on cementitious materials de-
pends on the nature and amount of reactive silica present, with highly 
reactive phases capable of causing severe expansion [1]. The ASR- 
induced deteriorations typically take a long time to be visualized, usu-
ally after 5–15 years of construction, although the reaction may go on 
continuously or intermittently [7]. 

Research shows that the amount of moisture available, concrete 
constituents (reactive aggregates and cementitious materials), and 
alkalinity are the three critical factors affecting the nature and extent of 
ASR-induced deterioration [2,7]. Thus, the ASR prevention approaches 
that have been proposed have mainly targeted the elimination or 
reduction of these conditions. These ASR prevention approaches include 
using low alkali cement, non-reactive aggregates, supplementary 
cementitious materials (SCMs) such as slag and fly ash, and lithium- 
based admixtures [8–12]. Although promising results have been ach-
ieved with these strategies, there are some limitations to their full 
adoption. For instance, using non-reactive aggregates will help avert or 
prevent the occurrence of ASR in concrete; however, this is practically 
difficult since actual chemically inert aggregates are scarce in some re-
gions [10,11]. Besides, some non-alkali reactive aggregates can still 
contribute to the alkalinity of concrete’s pore solution [10]. SCMs such 
as fly ash have been harnessed to mitigate the effect of ASR in concrete 
[7]. However, availability issues hinder the usage of some of these SCMs 
in some regions due to restrictive environmental regulations [7,10,11] 
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or cost concerns. Moreover, some SCMs, particularly those with high 
calcium content, can release alkalis in the concrete pore solution, 
aggravating the alkali-silica reaction [10,11]. Thus, there is a need for 
alternative and sustainable materials and innovative approaches to ASR 
prevention. 

While the mechanism of ASR formation is still poorly understood, 
researchers agree that moisture is one of the critical factors needed for 
deleterious ASR to occur [2,13–15]. Water enters the porous ASR gel, 
leading to swelling, expansion, and crack formation [10]. The moisture 
content of concrete necessary for ASR development is related to internal 
relative humidity (IRH), with the generally accepted critical IRH for 
deleterious ASR formation being over 80% [13,16]. Lindgård et al. [13] 
wrote that IRH might be influenced by the water-to-cement ratio (w/c) 
of concrete, porosity, and moisture state of the aggregates during mix-
ing. Moisture’s role in ASR is critical at the swelling and expansion stage 
and may transport different reactive species [4,13,17]. Since moisture is 
required for expansive ASR development, methods that seek to deprive 
concrete of water can mitigate the level of expansion [4,17]. Bérubé 
et al.[18] demonstrated this assertion by sealing concrete cylinders with 
silane, oligosiloxane, and polysiloxane and assessed their effectiveness 
against ASR-induced expansion and map cracking. At the end of their 
study, they reported that applying the sealants to the surface of the 
concrete cylinders reduced expansion and map cracking on their sur-
faces. The effectiveness of these sealants in reducing ASR expansion is 
attributed to the reduction of moisture uptake, which causes ASR gel 
expansion. Al-Rashed and Al-Jabari [19] also applied a dua- 
crystallization waterproofing penetrating material to the surface of 
freshly cast concrete and reported a promising reduction in ASR dam-
ages. However, a significant disadvantage of surface treatment is that 
they wear off over time [20], making moisture ingress possible for 
subsequent ASR expansion. In addition, if there is an internal source of 
moisture in the concrete, ASR can still fester even with the exterior 
surface treated [21]. 

Due to the possible loss of hydrophobicity for surface-treated con-
crete, other researchers have integrated hydrophobic materials such as 
silane emulsions, waterborne stearic acid emulsions, waste rubber 
powders, and dual-crystalline, as admixtures in bulk concrete mixtures 
[20,22–24]. Hydrophobic materials impede capillary suction and 
weaken the molecular attraction between the liquid and substrate by 
increasing the contact angle to over 90◦[25]. When water-repellent 
lining forms on the pore walls, the high contact angle or hydrophobic-
ity makes it difficult for moisture penetration [26]. The results from 
other studies have shown significant improvement in the transport 
properties of cement materials with the incorporation of hydrophobic 
admixtures. For instance, Qu et al. [24] recorded a substantial reduction 
of 57% and 65% in capillary water absorption and chloride penetration, 
respectively, when they incorporated hydrophobic materials into the 
mortar mixture. This result suggests that incorporating hydrophobic 
materials may be effective in ASR prevention. 

Since ASR gel forms and expands on the surface or inside of aggre-
gates, applying hydrophobic material directly to aggregate to inhibit 
moisture penetration can be more effective in ASR prevention. Hence, 
this study explores the feasibility of preventing the ASR of cement 
mortar by altering the moisture path on the surface of the aggregate with 
hydrophobic silica. First, a water absorption test was conducted to assess 
the effectiveness of the hydrophobic aggregates in reducing moisture 
uptake and changing the moisture paths within the mortar samples. 
Mortar prisms and cubes were also prepared to assess their performance 
under ASR conditions, using the accelerated mortar bar expansion, dy-
namic modulus of elasticity, and compressive strength tests. In addition, 
optical microscopy, scanning electron microscopy (SEM), and energy- 
dispersive X-ray spectroscopy (EDX) were also used to characterize the 
microstructure and elemental composition of the ASR products. The 
study found that the pretreated hydrophobic aggregates significantly 
reduced ASR-induced expansion and cracking. 

2. Materials and experiments 

2.1. Raw materials 

The Type I/II Portland cement with a medium grain size of 11.4 μm 
and Blaine’s surface area of 400.8 m2/kg was used. According to ASTM 
C150, a 0.47 percent equivalent sodium oxide was calculated (Na2O +
0.658K2O) based on the chemical compositions listed in Table 1[27–29]. 
In addition, hexamethyldisilazane (HMDS) treated hydrophobic fumed 
silica (CAB-O-SIL® TS-530 by Cabot Corporation) with a medium size of 
25 μm and specific gravity of 2.2–2.3 was used in this study to coat the 
aggregates. The fourier transform infrared spectroscopy (FTIR) spec-
trum with a 400–4000 cm− 1 wavenumber range of the hydrophobic 
silica powder is shown in Fig. 1. The bands at about 800 and 1100 cm− 1 

are caused by the siloxane (Si-O-Si) symmetric and asymmetric 
stretching vibrations, respectively [30–32]. Also, the symmetric band 
that occurs at 1382 cm− 1 indicates the presence of CH3 [33]. The peak at 
2972 cm− 1 corresponds to the C-H bond’s stretching vibration, repre-
senting the CH2 and CH3 groups [32–34]. These organic alkyl groups 
have a fatty character and can be found in silanes and siloxanes hy-
drophobic materials [25]. 

2.2. Aggregate coating 

Highly reactive aggregates (sand) from a western state (Idaho Falls) 
with a fineness modulus of 2.60 were used in this study. This highly 
expansive fine aggregate source has an C1260 expansion of 0.94% at 16- 
day and 1.34% at 30-day. When preparing hydrophobic aggregates, two 
methods were used. One group of aggregates was coated directly with 
the hydrophobic silica (denoted as HA), while the other group was 
washed and dried before coating (denoted as WHA) to enhance the 
bonding of the hydrophobic fumed silica on the aggregate surfaces. 
Fig. 2 captures the flow chart for preparing hydrophobic aggregates. 
Firstly, hydrophobic silica was mixed with acetone at a mass ratio 3:97 
and then sonicated in a Fisher Scientific ultrasonic bath for 15 min. The 
sonication ensured a uniform dispersion of the hydrophobic silica in the 
acetone to obtain a hydrophobic gel. Then, the prepared highly reactive 
aggregates (raw or washed) were gradually poured into the gel and 
stirred with a rod for the hydrophobic silica gel to cover the sand par-
ticles. The sonication bath was then covered and left for 24 h. Subse-
quently, the excess gel was poured out, and the aggregates were left to 
air-dry to obtain the hydrophobic aggregates. Fig. 3 displayed the 
different behavior of uncoated (control, denoted as NHA) in Fig. 3a and 
washed and coated aggregates (WHA) in water (Fig. 3b). It should be 
noted that the color and behavior of both HA and WHA in water are the 
same. Therefore, a figure of HA is not shown repeatedly herein. As a 
demonstration, the effect of coating on the hydrophobicity of the 
aggregate surface is also shown in Fig. 4, where water droplets portray 
different contact angles for coated and uncoated surfaces. 

2.3. Mixture proportions 

A constant water/cement (w/c) ratio of 0.5 was used for all the 

Table 1 
Chemical composition of Type I/II Portland cement.  

Chemical Composition Wt.% 

SiO2  19.7 
Al2O  4.84 
Fe2O  3.05 
CaO  62.62 
MgO  4.00 
SO3  3.23 
Na2O  0.15 
K2O  0.49 
Loss of ignition  1.21  
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samples. The mortar specimens were categorized into three groups, 
0.5NHA, 0.5HA, and 0.5WHA, where 0.5NHA is the control mortar with 
raw aggregates (non-hydrophobic), 0.5HA is the mortar prepared with 
hydrophobic aggregates (direct coating, non– washed), and 0.5WHA is 
the mortar prepared with washed and coated hydrophobic aggregates. 
The mixture compositions and their respective proportions have been 
presented in Table 2. 

2.4. Sample preparation 

All the samples were prepared following the ASTM C 305 [35] using 
an ASTM-compliant Hobart laboratory mixer. Firstly, the cement and 
water were mixed for 1 min at a low speed. Afterward, all the measured 
amount of sand was added and mixed for an extra 1 min. Subsequently, 
the mixture was mixed for an extra 1 min at medium speed. Finally, the 
mixing machine was stopped for 1.5 min and then remixed for an 
additional 1 min to finish. The fresh mortar was then poured into steel 
molds of 50 × 50 × 50 mm3 cubes and 25 × 25 × 285 mm3 prisms for the 
compressive strength, expansion, and dynamic modulus of elasticity 
tests. All specimens were cured at 22 ◦C and relative humidity of 95% for 
24 h before demolding for their assessments. 

Fig. 1. FTIR spectrum for CAB-O-SIL® TS 530 hydrophobic silica.  

Fig. 2. Flow chart for preparing the hydrophobic aggregates.  

Fig. 3. Behavior of (a) NHA and (b) WHA underwater.  
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2.5. Compressive strength test 

The compressive strength test followed ASTM C109 [36] with a 
267kN universal testing machine. For all the mortars listed in Table 2, 
the compressive strengths at 28 days cured under the mentioned con-
ditions (22 ◦C and 95% relative humidity) were tested. Also, the 
compressive strength of the samples was tested on 3, 7, 14, and 28 
exposure days of ASR-simulated conditions (80 ◦C, submerged under 1 N 
NaOH solution). Averages of 3 replicas at each test were recorded and 
denoted as the tested strength. 

2.6. Dynamic modulus of elasticity test 

The performance of the mortar prisms under the ASR-simulated 
conditions was also evaluated using the dynamic modulus of elasticity 
test, following the fundamental longitudinal frequency measurement 
approach using the resonant impact method outlined in ASTM C215 
[37]. During the tests, the prisms of 25 × 25 × 285 mm3 (1 × 1 × 11.25 
in3.) were supported at their centers to allow free vibration in the lon-
gitudinal mode. One end of the specimens was attached with an accel-
erometer with a frequency range of 0.5–10 kHz was used for data 
acquisition. A rigid plastic stick was used to hit the other free end of the 
beams to generate vibrations (See Fig. 5). For every sample, the average 
of three fundamental longitudinal frequencies (n′) corresponding to the 
maximum amplitude (peak) was used to calculate the dynamic modulus 

of elasticity (Ed) (see Equation 1). Fig. 6 is a typical amplitude-frequency 
curve showing the peak amplitude and the corresponding fundamental 
frequency. Abnormally higher amplitude peaks usually occur at funda-
mental frequencies lower than 2000 Hz, which may be fraught with 
background noise. Thus, such amplitude peaks and their corresponding 
fundamental frequencies were ignored in calculating the Ed. The con-
ditioning of specimens for the ASR test described by ASTM C1260 [38] 
was adopted for the dynamic modulus test. After demolding, the speci-
mens were immersed in water at 80 ◦C (176◦F) for 24 h before the zero 
reading. Subsequently, they were submerged in 1 N NaOH solution at 
80 ◦C (176◦F). The samples were taken out of the solution for daily 
measurement until 14 days under the solution. 

Ed = DM(n′)2 (1) 

Fig. 4. Behavior of water droplets on coated and uncoated surfaces.  

Table 2 
Mixture proportions of mortars (by mass).  

Mix composition Water Cement (g) SAND (g) Sand type 

0.5NHA  0.50  1.00  2.25 NHA 
0.5HA  0.50  1.00  2.25 HA 
0.5WHA  0.50  1.00  2.25 WHA  

Fig. 5. Schematic diagram for setup for dynamic modulus of elasticity test.  

Fig. 6. Typical fundamental frequency vs. amplitude curve.  
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wheren′ = fundamental longitudinal frequency, Hz; M = mass of speci-
mens, kg; andD = 4 (L/bt), m− 1 for a prism (L is the length, b, and t are 
dimensions of the cross-section). 

2.7. Expansion test 

As prescribed by ASTM C1260 [38], the study used the accelerated 
mortar bar test method to measure the linear expansion of 25 × 25 ×
285 mm3 (1 × 1 × 11.25 in3) mortar prisms under ASR conditions in a 1 
N NaOH solution and stored in an oven at 80 ◦C (176 ◦F). The average 
length change of three mortar prisms was used as the representative 
value for each mixture composition. Daily measurement of the length 
change of each sample was performed for 14 days and left until the 28th 
day under the solution to record its length change. The length change of 
the samples (ΔL) was calculated as follows: 

ΔL =
Lx − Li

G
× 100% (2)  

where Lx = comparator reading of specimen at age x minus comparator 
reading of reference bar at age x, Li = initial comparator reading of 
specimen minus comparator reading of reference bar at the given time, 
andG = nominal length of the mortar bar (G = 10 in. or 250 mm). 

2.8. Water absorption test 

The water absorption test was performed on the 50 × 50 × 50 mm3 

mortar cube samples (28 days old) following the ASTM C1403 [39]. 
Before the test, the samples were dried in an oven at 80 ◦C for 24 h and 

then for 2 h until two successive weight measurements were not greater 
than 0.2% of the previous. Subsequently, the oven-dried samples were 
supported with rods in a sealed container with water, about 3.5 mm 
above the soffit of the samples. Fig. 7 shows a schematic diagram for the 
water absorption test. The weight of the samples was measured at in-
tervals of 0.25, 1.00, 4.00, and 24.00 h after water exposure. The water 
absorption, AT (g/100 cm2), at each time interval was calculated using 
Eq. 3. 

AT =
(WT − WO) × 10000

(L1 × L2)
(3)  

where WT and W0 are the samples’ weights at time T and initial weight 
(measured in grams), respectively. Moreover, L1 and L2 are the average 
length and width of the samples (in mm). 

2.9. Optical microscopy test 

The microstructures of the mortar bars after 28 days under ASR- 
simulated conditions were observed and studied using optical micro-
scopy (OM). In OM, thin slices with a cross-section of 25 × 25 mm2 were 
cut from the mortar bars. First, a sodium cobaltinitrite-based ASR 
detection reagent was applied to the cross-section, waiting for 2 min. 
After that, the slice surface was washed with distilled water and dried for 
microscopic study. This reagent leaves a bright yellow precipitate if 
there is an initial stage of ASR degradation. In a second round, a 
rhodamine B detection reagent (for advanced ASR degradation) was also 
applied to the cross-sections and then washed and dried for OM 
observations. 

Fig. 7. Schematic diagram for water absorption test setup [32].  

Fig. 8. 28-day compressive strength of samples.  
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2.10. Scanning electron microscopy test 

The microstructures of the mortar bars after 28 days under ASR- 
simulated conditions were also observed and studied using scanning 
electron microscopy (SEM). In SEM, VEGA3 provided by TESCAN 
equipped with EDX was used. After being exposed to the ASR-simulated 
conditions for 28 days, mortar samples with sizes of approximately 5 
mm × 5 mm × 3 mm were cut and submerged in the 2-Propanol solution 
for five days to stop hydration. These samples were then dried in an oven 
at 60◦ C for 24 h. Next, the samples were polished with p120, p240, 
p320, p600, and p1200 grits. Afterward, the polished specimens were 
washed using a sonicatic bath, and then dried. All specimens were 
sputter-coated with gold to suppress charging for better imaging quality. 
The secondary electron detector was selected during testing, with a 
voltage of 10 kV. 

3. Results and discussion 

3.1. Compressive strength 

Fig. 8 presents the 28-day compressive strength of the mixture 
compositions exposed to 22 ◦C and 95% RH. The control samples 
registered the highest compressive strength (66.0 MPa), which was 
followed by 0.5HA (41.6 MPa) and 0.5WHA (34.0 MPa). This decline 
indicates that coating the aggregates reduces the compressive strength 
of the mortar, which can be due to inadequate bonding between the 
paste matrix and the coated aggregates and some negative impacts on 
cement hydration. 

Fig. 9 shows the compressive strengths of samples under the ASR- 
simulated conditions for exposure days 3, 7, 14, and 28, respectively. 
Mortars with or without hydrophobic aggregates behaved differently 
with the continuous ASR deterioration. For instance, the compressive 
strength of 0.5NHA (control sample) decreased from 49.2 MPa on day 3 
to 46.3 MPa on day 7 and 41.2 MPa on day 28, representing a 16.26% 
reduction. However, for both 0.5HA and 0.5WHA, the compressive 
strength stays roughly constant throughout the testing period and may 

Fig. 9. Compressive strength of specimens exposed to ASR conditions.  

Fig. 10. Water absorption curves of the mortar samples.  
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even slightly increase at 28 days. For example, strengths started from 28 
MPa for 0.5HA and 0.5WHA at three days of ASR exposure and were 
maintained at this level for 14 days. Then, the strength slightly improved 
to 31.5 MPa for 0.5HA at 28 days (a 12.5% increase) and 29 MPa for 
0.5WHA (3.5% increase compared to day 3). This occurrence can be a 
good indication of the prevention effect of hydrophobic sand on ASR 
deterioration. If the strengths of 28-day ASR exposure (in Fig. 9) are 
compared to the 28-day compressive strength under conventional curing 
conditions (in Fig. 8), one can see that the strengths have been retained 
at 62%, 76%, and 85%, respectively for 0.5NHA, 0.5HA, and 0.5WHA. 
The higher retaining rate indicates ASR prevention using hydrophobic 
aggregates and could be attributed to less expansion and internal 
cracking in the mortar. 

3.2. Water absorption 

Fig. 10 shows the curves for the water absorption rate of the mortar 
cubes, 0.5NHA, 0.5HA, and 0.5WHA, with each data point representing 
the average of three samples. The figure also shows the slope of the 
curves calculated at intervals of 0.25 to 1.0 h, 1.0 to 4.0 h, and 4.0 to 
24.0 h. The capillary water absorption can indicate the effect of 

hydrophobic aggregates on the moisture uptake of the mortar samples. 
Based on Fig. 10, the effect of incorporating hydrophobic aggregates in 
mortar may be explained in two ways. First, it can be observed that the 
samples with hydrophobic aggregates, both 0.5HA and 0.5WHA, had 
lower water absorption rates relative to the control (0.5NHA), especially 
for 0.5WHA, which has a much lower absorption rate at 24 h of water 
exposure. The lower water absorption rate can be attributed to the hy-
drophobic aggregates’ capillary water-repelling ability in the mortar 
[26,32]. Also, incorporating hydrophobic aggregates in the mortar 
samples lengthened the moisture paths by increasing its tortuosity, 
reducing and slowing the moisture uptake. This assertion is evidenced 
by the rate of moisture ingress, indicated by the slope of the curves. At 
0.25 to 1.0 h, the 0.5NHA absorbs moisture much quicker than 0.5HA 
and 0.5WHA. Although the absorption speed for all three mixtures stays 
on a similar level from 1.0 to 4.0 h, the 0.5WHA again shows the slowest 
water absorption compared to the other two from 4 to 24.0 h. 

3.3. Dynamic modulus of elasticity 

Fig. 11 shows the dynamic moduli of the various mortar prisms after 
their exposure to ASR conditions for 14 days, with each data point 

Fig. 11. Dynamic modulus of elasticity of specimens exposed to ASR conditions.  

Fig. 12. Relative dynamic modulus of specimens as a function of exposure duration.  
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representing the average dynamic moduli of two prisms. From the 
curves, the dynamic moduli of all the mixture compositions decreased 
after day one exposure to the ASR conditions. The reduction in moduli is 
more noticeable for the first four to five days of subjection to ASR 
conditions, after which they remained relatively constant until the end 
of the testing period. 

To further investigate the specimens’ ASR deterioration, the dynamic 
modulus reduction is calculated using Eq. 4, where Et represents dy-
namic modulus at the given age, and the Eo, corresponding dynamic 
modulus at zero reading of the given specimen (right before the expo-
sure to ASR condition). The reduction in the dynamic elastic modulus 
indicates the extent of deterioration, such as microcracks and visible 
cracks in the mortar prisms [40]. 

RE =

(

1 −
Et

Eo

)

× 100% (4) 

Fig. 12 shows the reduction in dynamic moduli of the mix compo-
sitions under ASR conditions. Like the compressive strength, the control 
samples (0.5NHA) recorded the highest decline in the modulus 
compared to their hydrophobic counterparts (0.5HA and 0.5WHA). This 
reduction demonstrates that the control sample may have more severe 
cracks than the other two counterparts, as the dynamic modulus mea-
surement is sensitive to crack initiation, propagation, and severity. The 
lower reduction rate of the 0.5HA and 0.5WHA can be attributed to 
reduced moisture uptake due to the hydrophobic layer on the aggre-
gates, reducing the amount of ASR gel to cause deterioration [32]. Low 
moisture uptake into the ASR gel reduces swelling and subsequent crack 
formation in the microstructure of the specimens [18], thereby reducing 
the loss rate of the dynamic modulus of 0.5HA and 0.5WHA. This 
observation suggests that the hydrophobic aggregates effectively miti-
gate the effect of ASR on mortar. 

3.4. ASR-induced expansion 

Fig. 13 shows the expansion of the mortar prisms under the ASR 
conditions, with each data point representing the average linear 
expansion measurement of three prisms for each mixture composition. 
Generally, all the samples recorded expansion after their exposure, 
increasing as they continued to stay in the ASR-simulated condition. For 
example, after 14 days of exposure, 0.5NHA, 0.5HA, and 0.5WHA 
recorded expansions were 0.99, 0.65, and 0.56% for 0.5NHA, 0.5HA, 
and 0.5WHA, respectively. Furthermore, the 28th-day expansion values 
are 1.35, 0.84, and 0.73% for 0.5NHA, 0.5HA, and 0.5WHA. On both the 

14th and 28th day, the expansion values of the control samples exceeded 
their hydrophobic counterparts, 0.5HA and 0.5WHA, confirming that 
using hydrophobic aggregates in mortar is beneficial for ASR preven-
tion. The reduced expansion of 0.5HA and 0.5WHA can be ascribed to 
the hydrophobic layer on the surface of the aggregates, impeding 
moisture migration into ASR gel, formed on the face, or within aggre-
gates to cause swelling. It is also noted that the expansion value at 14 
days largely exceeds the reference value of the ASTM C1260 standard for 
potentially reactive aggregates (0.2%) [38], indicating that hydrophobic 
aggregates do not completely prevent the ASR expansion. This phe-
nomenon can be attributed to the extremely high reactivity of aggre-
gates used in this study. Notably, the 0.5WHA (approximately 14% 
lower) expanded at a lower rate than 0.5HA, indicating that washing the 

Fig. 13. Linear expansion curves of specimens under ASR conditions.  

Fig. 14. Cracks developed on the surfaces of mortar bars under ASR conditions.  
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surface of the aggregates before the hydrophobic coating is beneficial. 
Washed aggregates may possess a cleaner surface to receive the hydro-
phobic coating, thereby ensuring a better bonding of the hydrophobic 
silica with the aggregate surface. The improved bonding enhances the 
effectiveness of the hydrophobic aggregates to reduce moisture uptake, 
fostering a reduced expansion. 

3.5. Cracking and deformation 

During the ASR expansion tests, it was noticed that with the progress 
of ASR, cracks began to form, develop and be noticeable on the surfaces 
of the samples. For example, cracks began developing on the surfaces of 
0.5NHA specimens after five days in the 1 N NaOH solution. In contrast, 
it took eight days before cracks appeared on the 0.5HA and 0.5WHA 
mortar bars. The delay in crack development on the samples with hy-
drophobic aggregates is another plausible example of the prevention of 
ASR deterioration with hydrophobic aggregates. This crack develop-
ment delay is because the aggregates’ hydrophobicity hinders the 
moisture migration into the ASR gel for swelling and subsequent 
cracking [3,24]. After 28 days of ASR-simulated exposure, more cracks 
were found on 0.5NHA than those on 0.5HA and 0.5WHA, evidenced in 
Fig. 14. During the expansion tests, it was also noticed that the control 
beam warped to some extent. The settlement of these expansive sands to 
the bottom of the beam may cause an uneven beam expansion across its 
depth. While warping has not been observed in those beams with treated 
sand. 

3.6. Optical microscopic observation 

Fig. 15 shows samples’ OM images after exposure to ASR conditions 
for 28 days. The figure’s first row captures the cross-section of the 
specimens after applying the sodium cobaltinitrite reagent. In Fig. 15(a), 
many bright yellowish stains can be observed on the surface of the cross- 
section, particularly at locations where the arrows point. These stains 
indicate the existence of gel containing potassium (K) ions [41]. 
Compared to Fig. 15(b) and Fig. 15(c), the yellowish stains are more 

observable in the control specimens than in their hydrophobic coun-
terparts (0.5HA and 0.5WHA), indicating the presence of more ASR gel 
to cause higher deleterious expansion. Among the three, 0.5WHA has 
the least yellow pigmentation, which qualitatively tells the least ASR 
deterioration of the specimen. 

Fig. 15(d), 15(e), and 15(f) show the mortar surfaces after applying 
rhodamine B. Yellow and pink stains were observed not only at the 
boundaries but also through the aggregates of the control specimen, as 
shown in Fig. 15(d), with circles. However, the yellowish and pink stains 
were mainly observed at the peripheries of the hydrophobic aggregates, 
with arrows pointing at them in Fig. 15(e) and Fig. 15(f). In theory, these 
stains indicate the advancement of alkali-silica reactivity in the samples 
[41]. In Fig. 15(d), there are cracks in the aggregates (see red arrows), 
possibly resulting from ASR expansion. However, no apparent cracks are 
observed in the mortars with hydrophobic aggregates. These observa-
tions suggest that the control sample performed worse than its hydro-
phobic counterparts. Mainly observing ASR at the boundaries of the 
specimens with hydrophobic aggregates may be attributed to hindered 
moisture transport [32], which could carry alkalis to the aggregates’ 
boundaries. It is important to note that these stains may not necessarily 
indicate the presence of harmful ASR gel, and further assessment 
methods should be used to characterize the gel [41]. Nonetheless, these 
findings further indicate the effectiveness of mitigating ASR in the 
mortar with hydrophobic aggregates. 

3.7. SEM analysis 

The SEM images of the samples after 28 days of exposure to ASR 
conditions are shown in Fig. 16. Generally, microcracks formed in all the 
specimens due to ASR gel expansion. However, the observation of the 
control (0.5NHA) mortars revealed a significant number and broader 
microcracks than those in the samples with hydrophobic aggregates. 
This can be seen by comparing Fig. 16(a), 16(c), and 16(e). These ob-
servations agree with the ASR-induced expansions discussed earlier, 
where the control samples attained much higher expansion than 0.5HA 
and 0.5WHA. 

Fig. 15. Typical images of ASR-affected sample after 28 days of exposure.  
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Fig. 16. SEM micrographs of (a) 0.5NHA, (c) 0.5HA, (e) 0.5WHA and corresponding EDX spectra (b) 0.5NHA, (d) 0.5HA, (f) 0.5WHA.  
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For each sample, EDX spectra were taken at least three different lo-
cations. Sample EDX spectra for 0.5NHA, 0.5HA, and 0.5WHA are 
shown in Fig. 16(b), Fig. 16(d), and Fig. 16(f), respectively. All the 
spectra show that the most prevalent element is Si, with minor Na, K, Al, 
and Ca peaks. These observations correlate to ASR products in studies 
such as [42,43], primarily found at the boundaries of the aggregates. 
Table 3 captures the EDX elemental composition of ASR-affected regions 
of the various mixture compositions. Although similar chemical com-
positions were observed in the specimens, there were differences in the 
Ca/Si and (Na + K)/Si ratios from Table 3. Higher content of Ca2+ ions 
in the pore solution of the matrix contributes to the development of 
expansive ASR gel [4,43–45], suggesting that 0.5NHA had higher 
expansion than its hydrophobic counterparts. 

Moreover, the (Na + K)/Si ratio of 0.5NHA is also higher than the 
samples with hydrophobic aggregates (0.5HA and 0.5WHA). An in-
crease in (Na + K)/Si ratio in the ASR gels increases the free swelling of 
gels, and water uptake also increases, which may lead to higher ASR- 
induced expansion [4,43,46]. Indeed, the lower alkaline content at 
aggregate and crack surfaces in 0.5HA and 0.5WHA may be attributed to 
a disruption in their transport in the presence of the hydrophobic layer, 
limiting the extent of silica dissolution and ASR formation. These EDX 
results are other quantitative verification of the effectiveness of ASR 
prevention with hydrophobic aggregates. 

4. Conclusions 

This study explored the feasibility of mitigating the ASR deteriora-
tion in cement mortar using hydrophobic aggregates. The following 
conclusions have been made based on the findings of the study:  

• Using hydrophobic aggregates might reduce the compressive 
strength of the mortar. However, the aggregate’s hydrophobicity 
helps retain the relative strength (compared to the reference) when 
the material is subject to severe ASR conditions.  

• Incorporating hydrophobic aggregates in the cement mortar 
improved the capillary water absorption properties of the mortar 
cubes compared to the control sample. In addition, the absorption 
rates were slower in the samples with hydrophobic aggregates, 
which can be attributed to the changes in the moisture paths within 
the system.  

• Although the dynamic moduli of all mortar samples declined sharply 
after four days of exposure to ASR conditions, the decrement in the 
dynamic moduli of the samples produced with hydrophobic aggre-
gates was moderate under ASR conditions, indicating good preven-
tion of ASR-induced deteriorations.  

• The mortar bar expansion test showed that hydrophobic aggregates 
could significantly reduce the expansion induced by ASR. It could 
also be concluded that using hydrophobic aggregates can delay crack 
initiation, reduce crack propagation, and reduce the warping/curling 
of the specimens. 

• Both optical and scanning electron microscopy showed that hydro-
phobic aggregates could effectively reduce ASR deterioration. EDX 
results also show that changing aggregate surface hydrophobicity 

alters the alkali pore solutions’ transport, thus mitigating the 
expansion effectively. 
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