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Abstract: RHA is one the most available agricultural wastes in rice producing countries. Roughly of 20% of the
total amount of paddy is husk which giving an annual total production of 120 Mtons which causes disposal
problem due to low commercial interest and uses. The presence of metal impurities (Na;O and K,0O) in non-treated
RHA that incorporating in concrete can trigger alkali reaction in harden concrete. In order to overcome the issue,
hydrochloric acid as the leaching agent for acid leaching treatment on RHA effectively removed metallic
impurities from the RHA. In this study, ARHA was prepared by acid leaching treatment in order that the end
product conformed to the engineering standards in terms of chemical and morphological properties. There are total
of 3 proposed acid leaching parameters on RHA (1 M, 0.1 M and 0.01 M HCI leaching treatment with the duration
of 2 days) prior to combustion at 800°C for 2 hours. The chemical properties and morphology study of the ARHA
would be firstly characterized base on the x-ray fluorescent (XRF), x-ray diffraction (XRD), particle size analyzer,
loss on ignition (LOI) and BET analyzer. 0.1 M of HCI leaching treatment RHA (ARHA?2) prior to combustion at
800°C for 2 hours effectively removed impurities and produced > 90 % of pure amorphous silica with high surface
area and pore volume. Hence, the effects of incorporating ARHA?2 as partial replacement (2.5 %, 5 %, 7.5 %, and
10 %) of cement were investigated. The compressive strength, ultrasonic pulse velocity (UPV), porosity, gas
permeability and the water absorption of ARHA mortar were determined to identify the characteristics of AHRA
mortar. The results show that the replacement 10 % of ARHA into the mortar gave a positive result, it improved
29% of compressive strength compared to the control mix. In term of durability properties, there was approximate
2.2 % reduction in the total porosity as the replacement level of ARHA2 increased from 0 % to 10 % of total
binder in the mortar.
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1. Introduction

Here Approximately 600 Mtons (million tons) of paddy is produced every year worldwide. 20 % of the total
amount of paddy is husk that yields an annual total production of 120 Mtons (million tons) [1]. Rice husk (RH) is the
shell that protects rice during the growing season. It is an agricultural waste product that contains a high amount of
silica. In general, RH contains 75 % to 90 % of organic matters, for example, 40 % of cellulose, 30 % of lignin and
mineral parts [2], it also contains metallic impurities such as aluminum oxide (Al,O3), iron (IIT) oxide (Fe»03), calcium
oxide (CaO), magnesium oxide (MgO) and, more importantly, deleterious alkalis like potassium oxide (K»O) fraction
within the RH [3]. The presence of KO content that remains in RH can cause melting on the surface of RH and acts as
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a crystallization catalyst for silica during combustion [4]. Besides that, some researchers claim that Na,O has the same
behavior as K,O that can act as the catalyst for silica crystallization. Preliminary acid leaching treatment on the RH
helps to obtain relatively pure silica content with a high specific surface area from the RH after the burning process [5].

Many researchers have found that different treatment conditions such as the different concentration of acid,
different types of acid used and different durations of leaching process in RH produces rice husk ash (RHA) with very
high purity of silica content (SiO) [6, 7, 8]. Acid leaching treatment on RH can enhance the pozzolanic properties and
reduce the sensitivity of burning conditions of RH. The preliminary hydrochloric acid (HCI1) leaching treatment on the
RH effectively removes impurities from the RH [2, 3]. Many researchers had been done on the incorporation of rice
husk ash (RHA) in the concrete. Ferraro et al. [9] had observed that RHA with the presence of high amorphous silica in
a large specific surface area which can be considered as an efficient pozzolanic material and can be used as a
supplementary cementing material (SCM). Most of the studies were performed to determine the effectiveness of partial
replacement of RHA as pozzolan in the concrete mix and the enhanced performance of RHA concrete. Ganesan et.al
[10], Abalaka and Ahmadu [11], Chao-Lung, Anh-Tuan and Chun-Tsun [12] had made the same agreement that 20 %
of RHA replacement of cement by mass resulted in enhancing the early-age compressive strength. Khan et.al [13]
concluded that concrete incorporating with 25 % RHA as the replacement of cement had the same compressive strength
as ordinary concrete. In terms of durability properties, addition of RHA into cement reduces the formation of Ca(OH),
which can protect the concrete in an aggressive environment [14]. This paper presents discussions on the acid leached
rice husk ash (ARHA) and the comparison of ARHA mortar with different replacement ratio from 2.5 %, 5 %, 7.5 %,
and 10 % in terms of fresh mortar state, compressive strength, porosity and the gas permeability.

2. Experimental Programme

The laboratory investigations cover the characterization of the acid leached RHA, testing of fresh and hardened
mortar containing various percentage of acid leached RHA.

2.1 Preparation of ARHA

RH samples were collected from Langkap, located in the district of Hilir, Perak Malaysia. The RH samples went
through a preliminary washing process to eliminate dust and unwanted materials that were mixed in the RH samples
from the rice mill. After the preliminary washing process, the RH samples were dried in the oven for 24 hours. Every 1
kg of RH was leached in 4 liter of diluted HCI acid solution at different molarity for 2 days. The molarities for the acid
solution to produce ARHA1, ARHA2 and ARHA3 were 1.0M, 0.1M and 0.01M respectively. Subsequently, RH was
washed with tap water until it achieved a neutral pH value [2].

2.2 Characterization of ARHA

The chemical compositions of ARHA and RHA samples were monitored by X-ray fluorescence (XRF).X-ray
diffractometry (XRD), using Siemens D500, CuKa radiation at 40kV/20mA with a scanning angle of 20 within the
range of 3° to 70° to analyze the mineralogical phase of the ARHA and RHA samples. The result of the XRF test is
illustrated in Table 1. The un-burnt carbon content of ARHA and RHA samples was determined by Loss on Ignition
(LOI). Particle sizes of ARHA and RHA samples were monitored by a Malvern Mastersizer 2000. Specific gravities of
ARHA and RHA samples were measured by BET analyzer. From the investigations, ARHA2 was found to have the
highest silica content and hence it was selected as the SCM as the accordance of ASTM C618-08a to partially replace
the cement content of a mortar for the subsequent testing on fresh and hardened properties.

Table 2 - Mix proportions of mortar containing different percentage of ARHA2
Binder (kg/m®)

. g . -
Replacement Ratio (%0) C AR Sand (kg/m®) w/b Ratio Superplasticizer (%)
0.0 557. 0.0
2.5 543. 13.9
5.0 529. 27.9 1391.0 0 1.0-2.5
7.5 515. 41.8
10.0 501. 55.7

2.3 Mortar Mixture Design

In this research, several replacement ratios of ARHA2 mix designs were developed for the ARHA mortar. The
replacement ratio of ARHA2 in ARHA mortar is 2.5 %, 5 %, 7.5 % and 10 % by weight of cement. The ratio of binder
to fine aggregate is 1:2.5 while the water to binder (w/b) ratio is 0.5. The dosage of polycarboxylate ether based water
reducing agent was varied in order to obtain a workable mix. Table 2 presents the mix proportions of mortar at various
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cement replacement level using ARHA2. ARHA2 mortar mix design and replacement ratio is measured based on the
weight of cement.

2.4 Testing of Hardened ARHA Mortar

The rheological behavior of the ARHA2 mortar mixtures was determined by carrying out flow table test in the
accordance with BS EN 12350-5 [15]. Engineering and durability properties of ARHA2 mortar were determined from
compressive strength, ultrasonic pulse velocity, porosity and permeability. The compressive strength test and ultrasonic
pulse velocity test were conducted using S0mm cube and Universal Testing machine in accordance with BS EN 12390-

3 [16] and BS EN 12504-4 [17]. The test was performed on the ARHA2 and control mortar cubes at curing age of 3, 7,
14, 28, 56, 90 and 180 days respectively. Meanwhile, the permeability and porosity test were performed using
cylindrical specimen with 45 mm diameter and 40 mm height. The age of testing is the same as the aforementioned.
Porosity test and the permeability test were carried out in the accordance with RILEM [18] and BS 1902-3.9 [19]. The
results were determined based on average of 5 samples. Water permeability of a mortar can be measured by the value
of water absorption. The lower the water absorption value, the greater the deterioration resistance would be. Replacing
the cement content by ARHA2 could reduce the cavities or void in the microstructure of the mortar. The water
absorption percentage is shown by weighing method with reference to Eq. (1).

Water absorption = [(My - Ma)/Mg] x 100 % 1)
where: M, = Mass of wet specimen, g, Mg = Mass of oven dried specimen, g.

3. Results and Discussion
3.1 Mineralogical of ARHA

The XRF test detects the major chemical compositions of the ARHA and RHA, include SiO,, TiO,, CaO, Fe,0;
and Al,O;. Meanwhile, other minor compositions include Na,O, K,O, MgO, MnO and P,Os are also detected. The
variations in chemical compositions with other reported studies could be due to the sources of RH which vary based on
different geographical factors, climate factors, year of harvesting, sample preparation and equipment used [20].

Table 1 - Chemical compositions of ARHA and RHA samples

Chemical Composition RHA ARHAL ARHA2 ARHA3
Si 94.55 99.30 99.49 98.84
Ti 0.05 0. 0. 0.
Al 0.26 0. 0. 0.
Fe, 0.18 0. 0. 0.
Mn 0.08 b 0. 0.
Mg 0.36 0. 0. 0.
Ca 0.72 0. 0. 0.
Na, 0.07 0. b 0.
K> 2.39 0. 0. 0.
P, 0.85 0. 0. 0.
LOI 0.570 0.344 0.377 0.256
Particle Size, pm 24.97 24.19 25.82 25.06
Specific Gravity 2.39 2. 2. 2.

*ARHA1 — IM Leached Treatment, ARHA2 — 0.1M Leached Treatment, ARHA3 — 0.01M Leached Treatment,
bdl — Below Detection Limit

Referring to the Table 1, RHA samples regardless of being treated or untreated with acid, contained exceptional
high percentage of silicon dioxide (SiO»), ranging from 94.55 % to 99.49 %. However, metallic impurities contents
such as aluminum oxide (Al,O3), Iron (III) oxide (Fe,0s3), calcium oxide (CaO), magnesium oxide (MgO) and, most
importantly deleterious alkalis like potassium oxide (K,O) in the ARHA samples showed a significant drop in
percentage compared to the non-treated RHA. P,Os and Fe;O; content in ARHA samples showed a decreasing trend
when concentration of HCI was increased. KO in ARHA2 was successfully removed by more than half compared to
the untreated RHA. It was observed that 0.1 Mol of HCI leaching for 2 days (ARHA?2) is effective in producing RHA
with the highest SiO, content (99.49 %).
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XRD analysis was performed on ARHA and RHA samples to identify the mineral phase of silica oxide.
Amorphous silica can be confirmed when there were no sharp peaks exist in the X-Ray diffractogram [21]. In
amorphous materials, atoms are randomly arranged. Hence, no crystal diffraction signal is yielded and captured during
the scanning sequence of the X-ray diffractometry. The X-Ray light incident in a crystal plane of atoms is scattered in
random directions due to the random orientation of atoms and given a broad peak or background hump. Therefore, the
homogeneity of composite is not seen as it will give a high-intensity narrow peak. Therefore, the SiO; in the ARHA
was in amorphous phase as the broad peak of the graph located on the 20 angle of 22° to 25°. The temperature was
fixed at 800°C during the incineration process of RH. No crystalized form of silica was observed in the ARHA samples
(Fig. 1). It might be due to the function of acid leaching treatment that had removed the potassium oxide (K,O) from
the RH. The K;O in the RH caused the surface to melt and act as a crystallization agent for silica [22].However, in the
RHA sample, it was observed that two peaks occurred at the XRD spectrum between 10° to 14° which indicated the
crystallization transformation of silica in the RHA.

Intensity Lewvel
i
b5

A

=

2

2Theta
Fig. 1 - X-ray diffractometry patterns for RHA, ARHA1, ARHA2 and ARHA3

Loss on Ignition (LOI) is used to determine the unburnt carbon content in the ARHA and RHA during the
combustion process. When ARHA and RHA samples were incinerated, decomposition of organic matters and carbon
would occur. The carbon content transformed into carbon dioxide (CO;) when the temperature was continuously
increased and sufficient oxygen (O2) was supplied during the combustion process. During heating whereby RH were
slowly heated up to ideal temperature (600°C - 700°C) from ambient temperature, the carbon content from the rice husk
could be oxidized before it reached the dissociation of K,O that blocked ARHA and RHA samples’ surface contact
with O, [23]. ARHA samples contained 0.256 % to 0.377 % loss of ignition which indicated that ARHA had very low
content of carbon content compared to normal RHA (0.57 %). In particular, ARHA samples were pure white in color as
an indication of the absence of unburnt carbon as a result of removal of K,O from the ARHA samples. Hence, acid
leaching treatment on ARHA reduced crystallinity tendency during combustion [3].

BET measurements of ARHA2 and RHA samples (Table 3). The BET analysis on the specific surface area and the
total pore volume of ARHA2 sample were found to be 128.886m?/g and 0.258m?/g, respectively.

Table 3 - Comparison of BET Surface Area Analysis on Optimum Result of ARHA2 and RHA

Sampl  BET Surface Area, Specific Gravity, Pore Volume,
RHA 9.3 2. 0.2
ARHA 128.8 2. 0.0

The surface area and pore volume for RHA sample were 9.3916m?/g and 0.049m?/g respectively. With the acid
leaching treatment, the surface area of the ARHA2 was significantly increased by 1372% to 128.886 m?/g while the
pore volume was drastically reduced by 81% to 0.049 m*/g. This indicates that the acid leaching treatment refined the
pore structure of the RHA. This also further supports the statement that removal of K,O by hydrochloric acid leaching
reduces surface melting and preserves the pore structure of the RHA. However, acid leaching treatment on RH with
acid concentration did not show any significant changes in the specific gravity between ARHA and RHA samples
(Table 3). The specific gravity was ranged from 2.19 to 2.39.
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3.2 Fresh ARHA Mortar Properties

Workability for concrete is a broad and subjective term describing how easily freshly mixed concrete can be
mixed, transported, placed, consolidated and finished with minimal loss of homogeneity [19]. The workability values in
terms of flow table results for varying ARHA2 percentage of mortars mix at ambient temperature are presented in
Table 4.

Table 4 - Flow table results of all specimens

Replacement Ratio Flow Diameter
0 20
19
5 18
7 18
10 17

The results of flow table test determine the workability of fresh mortar. It shows that incorporation of ARHA2 in
mortars lead to a decrease in flow diameter although the dosage of the high range water reducing agent has been
increased from 1.0% to 2.5%. The reduction in workability was due to the absorption of mixing water by the ARHA2
particles as their surface area was increased. As a result, the water demand for the mortar was increased by the
increasing cement replacement ratio. Kamau et al. [29] reported that the coarseness and high specific surface area of the
RHA could increase the water demand for mortar mixing.

3.3 Compressive Strength

The compressive strength result illustrates in Fig. 2 and Table 5 shows the percentage different of 28 days strength
with respect to the control specimen. With 10% of cement replacement level using ARHA2, the 28 days strength
increases from 32.92 N/mm? to 42.38 N/mm?, approximate 29%. There is a total of 28.73% of incensement in 10%
ARHAZ? replacement mortar’s compressive strength compared to the control set during the 28 days of curing age.

Table 5 - Compressive strength of all specimens

Replacement Ratio Compressive Strength  Percentage Difference

(%) at 28 Days (N/mm?) against Control (%)
0 32.92 -

2.5 38.47 16.86

5.0 39.43 19.78

7.5 39.91 21.23

10.0 42.38 28.73

The enhancement of compressive strength due to the pozzolanic reaction which was initiated by the ARHA2 to
produce additional secondary calcium silicate hydrate (C-S-H) gel [20]. ARHAZ2 also served as inner fillers and refined
the micro pores of the mortar matrix [21]. This is in good agreement with Chopra et al. who reported that incorporating
of RHA into concrete could reduce porosity and increase the contact surface between RHA and cement which
ultimately contributed to the increase in compressive strength [25]. Inclusion of RHA in the concrete could enhance the
early strength of concrete during the setting of cement which leads to a denser density and less porous structure of the
concrete morphology structure [26]. The highly reactive siliceous properties of ARHA2 particles are the major
contributing factors to this phenomenon. Huang and Ye reported that RHA could enhance the compressive strength of
the cement paste due to the high pore volume of RHA which can act as the water reservoir to absorb water during the
mixing of ARHA2 mortar. The absorbed water then was released in the cement paste that delays the internal
desiccation of ARHA2 mortar and ARHA2 which could act as the internal curing agent [28]. The absorbed water by
the RHA, as discussed above, will release back to the cement matrix and promote the hydration of cement at later ages.
Hence, this effect will reduce the potential of cement paste cracking and increase the compressive strength of cement
paste.

3.4 Ultrasonic Pulse Velocity (UPV)

Fig. 3 illustrates the UPV of all specimens and the percentage difference in 28 days result with respect to the
control mix presented in Table 6. The 28 days UPV results increase from 3.95 km/s to 4.03 km/s when the ARHA
replacement ratio increased from 0 - 10%. Nonetheless, the total enhancement is only 2.03% which is not significant.
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The enhancement could be due to the filling effect of the ARHA2 particles. According to the rating in standard, all
specimens could be classified as “good” quality concrete [17]. The 10% replacement of ARHA2 into mortar showed
higher UPV value may be due to the higher rate of hydration that occurred in the mortar compared to control. The
properties of lower porosity in ARHA2 mortar also could affect the UPV value [29].
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Fig. 2. Compressive strength of mortar for varying percentage of AHRA2 and control mix

Table 6 - UPV results of all specimens
Replacement Ratio UPV in 28 Days Percentage Difference

(%) of Curing (km/s)  against Control (%)
0 3.95 -

2.5 4.00 1.27

5.0 4.02 1.77

7.5 4.02 1.77

10.0 4.03 2.03
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Fig. 3 - UPV result of mortar for varying percentage of AHRAZ2 and control mix

3.5 Porosity Test

Table 7 presents the porosity data of all specimens. The mixes that incorporated with ARHA2 shows less porous
compared to the control specimen. The trend of the ARHA2 mortar porosity results showed decline along the curing
age as expected. This due to the ARHA2 as SCM had increased the hydration process of the ARHA2 mortar [31]. The
porosity of the mixes at 180 days has reduced from 18.1 % to 15.9 %. There is a total of 2.2 % reduction of porosity as
the replacement of ARHA?2 content increased from 0 % to 10 %. An increase of ARHA?2 contents in mortar showed a
decrease in the porosities result of ARHA mortar. This can be explained that the addition ARHA2 acts as the inner
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fillers due ARHA2 having smaller pore volume (0.049m?/g) and also promotes formation of additional C-S-H gel
which eventually filed up the pores [17].
Table 7 - Porosity results of all specimens
Curing Age (Days)
7 14 28 56 90 180

Replacement Ratio (%)

0 20.7 203 200 193 189 184 18.1
2.5 19.6 194 19.1 187 185 182 17.8
5.0 189 18.7 184 18.1 17.8 175 17.1
7.5 181 179 175 172 16.8 164 16.1
10.0 179 175 171 168 16.6 162 159

3.6 Gas Permeability Test

The gas permeability result is presented in Table 8. The result shows that replacing 10% of the total binder using
ARHAZ2 has obtained the lowest intrinsic permeability, especially in the long term age of 180 days. The intrinsic
permeability value that was recorded by the mortar containing 10% ARHA2 at 180 days was 2.87 x 1077 m?,
approximate 10.6% lower than the control specimen. The highly reactive amorphous silica in the ARHA2 reacted with
the portlandite to form extra C-S-H gel and hence it increased the tortuosity of the capillary paths in the microstructure.

Table 8 - Gas permeability result of all specimens
Curing Age (Days)
7 14 28 56 90 180

Replacement Ratio (%)

0 7.61 413 376 3.69 354 342 321
2.5 7.15 6.78 6.54 637 6.21 6.04 5093
5.0 637 525 5.15 432 427 424 4.18
7.5 557 5.16 4.89 4.68 438 4.15 4.03
10.0 4.67 3.89 3.45 3.18 3.03 298 2.87

*Gas permeability, K (x 107 m?)

The additional of ARHA2 in mortar had increased the hydration process of the mortar and lead to a reduction of
calcium hydroxide in the paste. With the presence of ARHA?2 in the mortar could reduce the pore size and result less
permeable mortar [31]. This would enhance durability of the mortar and make it suitable for applications in the

aggressive environments.

3.7 Water Absorption Test

The result for water absorption test is shown in Fig. 4. The percentage of water absorption in 28 days reduces from
6.14 % to 5.15 % when the replacement level of ARHA2 increased to 10%. The water absorption result decreases as
the replacement ratio of ARHA?2 increases. Apparently, mortar with 10% replacement of ARHA2 showed the least
water absorption value along the curing age.

Although the percentage of reduction is relatively small compared to the gas permeability and porosity results, a
reduction trend was observed as the ARHA replacement level increased. This further strengthens the statement that the
highly reactive ARHA particles contribute to the refinement of microstructure of the mortar matrix. Especially in the
early ages, i.e. 3 days, the reduction in fluid transport properties is very significant, up to approximate 28.5%. The fine
ARHA? particles possibly serve as nucleation sites for the growing of C-S-H which enhance the cement hydration
process at the early age. Thus, a relatively denser microstructure would form.

3.8 Correlation between UPV vs. Compressive Strength

Using 65 data points for ARHA2 mortar with varying replacement ratio and 5 data for control mix were plotted to
explore the relationship between UPV and compressive strength. The linear regression was applied as in Fig. 5 to
establish the UPV vs. compressive strength relationship. From the data, the pulse velocity was ranged from 3.70 to 4.03
km/s for which compressive strength ranges from 21.41 to 53.48 N/mm?. The correlation between UPV and
compressive strength the coefficients of determination, R? is 0.8931 which indicated strong relationship between UPV
value and compressive strength. The correlation equation is shown in the following:
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PV =0.0126CS + 3.4723 )]

where: PV = Pulse Velocity, km/s, CS = Compressive strength, N/mm?.
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Fig. 4 - Water absorption result of mortar for varying percentage of AHRA2 and control mix
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Fig. 5 - Correlation of UPV (km/s) versus compressive strength (N/mm?)

4. Conclusion

The following conclusions can be drawn from the extensive laboratory investigations of this study:

Acid leaching can effectively remove the presence of metal impurities (Na,O and K,O) from the RHA. Hence the
lower content of Na,O and K,O can lower the alkali reaction in the hardened concrete.

RHA with high SiO; content could be obtained by acid leaching treatment on rice husk using hydrochloric acid
(0.01 M - 1.0 M) for 2 days and then incinerate in a controlled temperature, 800°C for 2 hours in the O, atmosphere.
The variation on the concentration of HCI is not sensitive in the yield of SiO, content in RHA. Using 0.1 M HCl
and 2 days leaching duration can achieve the highest amount of SiO; content (99.49 %) in the RHA.

The BET surface area of RHA treated with 0.1M HCI solution for 2 days has been increased by 13.7 times to
128.886 m?/g compared to the untreated RHA and the pore volume has been reduced by 81% to 0.049 m?/g.

Acid leaching treatment with various acid concentrations would not significantly alter the specific gravity of the
RHA, and generally keeping in the range of 2.19 - 2.39.

Mortar containing ARHA?2 in the binder is less workable due to the large surface area properties of ARHA2 which
increased the water demand of the fresh mortar.

RHA could affect both the strength and permeability by strengthening the aggregate-cement paste interface and by
blocking the large voids in the hydrated cement paste through pozzolanic reaction. The incorporation of ARHA2 as
the SCM in mortar can improve the compressive strength of the mortar. 10 % of ARHA2 replacement ratio in the
total binder content shows the optimal result which can improve the compressive strength by 29% compared to the
control mix. The compressive strength of the mortar containing ARHA is steadily increased beyond 28 days.
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Inclusion of RHA in the concrete can enhance the early strength of the mortar which leads to a denser and less
porous microstructure. This is due the fine ARHA?2 particles may increase the reactivity index during the early age
of cement hydration.

Inclusion of RHA in cement paste could enhance the compressive strength of the cement paste due to the high pore
volume of RHA which can act as the water reservoir to absorb water during the mixing. The absorbed water then is
released in the cement paste which can act as the internal curing effect. The absorbed water by the RHA, as
discussed above, will release back to the cement matrix and promote the hydration of cement at later ages. Hence,
this effect will reduce the potential of cement paste cracking and increase the compressive strength of the cement
paste.

Mortar that incorporate with 10 % of ARHA2 as SCM shows a positive result in reducing the cavities or void in
the mortar morphology structure itself. This is because of the ARHA2 has the finer particle size that can act as the
inner filler and also the highly reactive silica which promote pozzolanic reaction.

For the durability properties of ARHA2 mortar, positive results were showed in terms of the porosity, intrinsic gas
permeability and water absorption properties. There was approximate 2.2 % reduction in the total porosity as the
replacement level of ARHA2 increased from 0 % to 10 % of total binder in the mortar. The lowest gas
permeability and water absorption properties were achieved by 10 % of replacement ARHA2. As the curing age
was prolonged, a reduction trend was observed in the porosity, intrinsic gas permeability and water absorption.
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