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The effect of molarity of alkali activator, manufactured sand (M-sand), and quarry dust (QD) on the compressive strength of palm
oil fuel ash (POFA) and fly ash (FA) based geopolymer mortar was investigated and reported.The variable investigated includes the
quantities of replacement levels of M-sand, QD, and conventional mining sand (N-sand) in two concentrated alkaline solutions;
the contents of alkaline solution, water, POFA/FA ratio, and curing condition remained constant. The results show that an average
of 76% of the 28-day compressive strength was found at the age of 3 days. The rate of strength development from 3 to 7 days
was found between 12 and 16% and it was found much less beyond this period. The addition of 100% M-sand and QD shows
insignificant strength reduction compared to mixtures with 100% N-sand. The particle angularity and texture of fine aggregates
played a significant role in the strength development due to the filling and packing ability. The rough texture and surface of QD
enables stronger bond between the paste and the fine aggregate. The concentration of alkaline solution increased the reaction rate
and thus enhanced the development of early age strength. The use of M-sand and QD in the development of geopolymer concrete
is recommended as the strength variation between these waste materials and conventional sand is not high.

1. Introduction

The depletion of natural resources leads to ecological imbal-
ance globally and its effect has been felt in civil engineering
more than any other field of engineering. In order to ensure
sustainable development, researchers all around the world
have focused their research on replacing and recycling waste
materials to replace conventional materials [1–4]. Millions of
tons of industrial wastes are generated every year and these
wastes cause environmental issue due to shortage of storage
facility; this subsequently leads to land and water pollution in
the vicinity of factories.

The quarry industries produce millions of tons of wastes
in the form of quarry dust (QD); it is produced as waste after
crushing granite for the use of coarse aggregates. About 25%
QD is produced from the coarse aggregate production by
stone crusher [5]. These wastes are dumped in the factory
yards and hence reuse of QD might help in reducing the

overuse of mining and quarrying. The sophisticated tech-
nology known as vertical shaft impact (VSI) crusher system
allows QD to be centrifuged to remove flaky and sharp
edges.The end product is commonly known asmanufactured
sand (M-Sand) and it is popular in some of the developing
countries [6]; the use of M-sand and QD is in the right
direction to achieve sustainable material.

The main characteristics of the fine aggregate that affect
the compressive strength of fresh and hardened concrete are
shape, grade, and maximum size. The factors such as shape
and texture of the fine aggregate affect the workability of
fresh concrete and also influence the strength and durability
characteristics of hardened concrete. The spherical particles
have less surface area than the particles with flat surface and
elongated shape. The cubical and spherical shape contributes
to good workability with less water [7]. Flaky and elongated
particles have negative effect on workability, producing very
harsh mixtures. For given water content, these poorly shaped
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particles lead to less workable mixtures than cubical or
spherical particles. Conversely, for given workability, flaky
and elongated particles increase the demand for water thus
affecting strength of hardened concrete. The void content is
also affected by angularity.

In fact, the angular particles tend to increase the demand
for water as these particles increase the void content com-
pared to rounded particles [8]. The rough aggregate increase
the water demand for given workability [9]. Since N-sand
is often rounded and smooth compared to M-sand, N-sand
usually requires less water thanM-sand for given workability
[8]. However, workable concrete can be made with angular
and rough particles if they are cubical and well graded.

Besides the depletion of natural resources, another envi-
ronmental problem is the greenhouse effect. One of the
main reasons for the greenhouse effect is the emission of
carbon dioxide (CO

2
) from the ordinary Portland cement

(OPC) based concrete production. Marceau et al. [10] stated
that about 60% of CO

2
emission was due to the OPC

production. The development of cement less concrete is a
big challenge to the researchers nowadays. Davidovits [11] is
the pioneer in introducing geopolymer concrete which emits
no CO

2
. Thokchom et al. [12] investigated the performance

of geopolymer mortar and found excellent performance in
terms of durability with less weight loss. Silica and alumina
are the main compounds to activate the geopolymerization
process. The raw materials consisting of silica and alumina
are known as pozzolanicmaterial. Rukzon and Chindaprasirt
[2] studied the resistance of sulphate attack of cement for
different proportion of replacement by palm oil fuel ash
(POFA), fly ash (FA), and rice husk ash (RHA) and reported
that POFA, FA, and RHA have a potentiality to be pozzolanic
material. POFA and FA are two readily available industrial
by-products; those could be the right choice as pozzolanic
materials in the development of geopolymer concrete [13, 14].
Žvironaitė et al. [15] studied the effect of different pozzolans
on the hardening process of binder.

The use of industrial by-product such as FA, silica
fume (SF), ground granulated blast furnace slag (GGBS),
metakaolin, bottom ash, and quarry fines, in the development
of sustainable materials has substantially reduced pollution
[16–20]. In southeast Asian countries such as Malaysia,
Thailand, and Indonesia, the abundance of waste materials
such as RHA, POFA, FA, GGBS, oil palm shell (OPS), and
palm oil clickers has given right platform for researchers
to explore the possibility of converting these wastes into
potential construction materials [21–26].

About 85% of world’s palm oil is being produced in
Indonesia and Malaysia [27]. Therefore, the development
of green concrete using these two industrial by-products,
namely, POFA and FA, could enhance the use of the local
waste material to develop sustainable concrete. The use of
POFA in concrete industry as a cementing material reduces
the environmental and health problems [4]. Altwair et al. [23]
stated that concrete containing POFA improved the flexure
deflection capacity and reduced the crack width. Altwair
et al. [28] also reported that POFA had a good influence
in achieving strain-hardening behavior and it enhanced
the fracture toughness. Safiuddin et al. [21] improved the

segregation resistance self-consolidated concrete incorporat-
ing POFA. Lim et al. [22] reported that foamed concrete
incorporating POFA enhanced compressive, flexure, splitting
tensile strength, and ductility. Hawa et al. [29] evaluated
the performance and microstructure characterization of
metakaolin based geopolymer concrete containing POFA.

Wallah and Rangan [30] and Hardjito et al. [31] intro-
duced fly ash (FA) in geopolymer concrete as a complete
replacement of cement. Further the benefit of using industrial
by-products such as fly ash, palm oil shells also known as
oil palm shells (OPS) in the development of lightweight
concrete has been detailed by Chandra and Berntsson [16].
The engineering properties of high-strength lightweight OPS
concrete with the replacement of cement by different pro-
portion of FA were investigated [17]. Johnson Alengaram
et al. [19] compared the thermal conductivity between OPS
foamed concrete and conventional concrete. Kupaei et al. [32]
proposed an appropriate mix design for geopolymer concrete
using the two waste materials OPS and FA.

Since the geopolymer concrete/mortar utilizes waste
materials such as POFA, FA, M-sand, QD, OPS, and other
industrial wastes, the researches on geopolymer lead to
sustainable material.The purpose of this paper therefore is to
investigate the effect of M-sand and QD in POFA-FA-based
geopolymer mortar in developing compressive strength.

2. Materials and Methods

2.1. Material Collection and Preparation. The POFA and FA
were collected locally from Jugra Palm Oil Mill and Lafarge
Malayan Cements, respectively. The M-sand and QD were
supplied by Batu Tiga Quarry Sdn Bhd, a subsidiary of YTL
Cements.

The raw POFA was sieved through 300 𝜇m size sieve and
then dried in an oven before being ground 30,000 cycles
in 16 hours in a grinding machine. Forty mild steel rods
of 10mm diameter and 400mm length were placed in the
Los Angeles grinding machine to grind the POFA. FA was
stored in air tight containers. The fine aggregate (N-sand, M-
sand, and QD) were dried, sieved through 5mm sieve, and
retained on 300 𝜇m sieve then were used in the preparation
of geopolymer mortar.

2.2. Chemical Composition and Particle Size Distribution of
POFA and FA. Figure 1 shows the powder forms of POFA
and FA. The POFA and FA particles sieved through 45𝜇m
have been used for bothXRF and the particle size distribution
tests. The chemical compounds of POFA and FA were deter-
mined using PANalytical X-ray fluorescence (XRF) machine
through Omnian analysis. The particle size distribution was
done by particle size analyzer through polydisperse analysis.
The test results on X-ray fluorescence (XRF) for chemical
composition and particle size distribution of POFA and FA
are shown in Figure 2 and Table 1.

The percentages of SiO
2
, Al
2
O
3
, and Fe

2
O
3
are 76.14

and 87.15 in POFA and FA, respectively. According to ASTM
C618, the POFA and FA are categorized as class F, since these
samples contain at least 70% of SiO

2
, Al
2
O
3
, and Fe

2
O
3
.
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(a) (b)

Figure 1: (a) Palm oil fuel ash (POFA) and (b) Fly ash (FA).
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Figure 2: Particle size distribution of POFA and FA.

The ratio of POFA to FA used in this investigation was 1 : 1;
therefore, SiO

2
: Al
2
O
3
in POFA and FA was 3.95 : 1.

2.3. Particle Size Distribution of N-Sand, M-Sand, and QD.
The particle size distribution for N-sand, M-sand, and QD
was carried out in accordance with BS 882-1992 [33]. The
particle size distribution for N-sand, M-sand, and QD is
shown in Figure 3 andTable 2. According to BS 882-1992 [33],
fine aggregates are divided into three grades based on the
percentage of passing through standard sieves. It is found
that all three types of fine aggregates fall into the category
of Grade C sand. The particle size distribution curves for M-
sand and QD are overlapped as they have similar particles.
Figure 3 shows thatN-sand,M-sand, andQD arewell graded.
Therefore, the composite mix proportions are well graded.

2.4. Specific Gravity and Absorption of N-Sand, M-Sand,
and QD. Specific gravity and absorption of N-sand, M-
sand, and QD were measured (Table 3) according to ASTM
C29/29M [34] and ASTM C128-07a [35].

2.5.MixDesign. Themain objective of this researchworkwas
to investigate the effect ofM-sand andQDon the compressive
strength of geopolymer mortar. The binder: fine aggregate,
POFA : FA, water/binder, and alkaline activator/binder ratios
were kept constant at 1 : 1.5, 1 : 1, 0.2, and 0.4, respectively.
Twelve mixtures were produced for the variables of different
proportion of N-sand, M-sand, and QD (Table 4).

2.6. Preparation of Alkaline Activator. The alkaline activa-
tor using sodium hydroxide (NaOH) and sodium silicate
(Na
2
SiO
3
) was prepared 24 hours before the casting. Two

molarities of sodium hydroxide (NaOH) solution of 12M and
14 M were prepared for each mix proportion. The modulus
of sodium silicate (i.e., ratio of SiO

2
/Na
2
O) was 2.5 and the

specific gravity of liquid Na
2
SiO
3
was 1.50 g/mL at 20∘C. The

sodium silicate liquid was mixed with NaOH solution by
weight proportion of 1 : 2.5 (NaOH solution : liquidNa

2
SiO
3
).

2.7. Preparation of Mortar. The quantities of POFA, FA, alka-
line activator, and water used in the mixes were, respectively,
343, 343, 274, and 137 kg/m3. The binder content (POFA : FA)
was kept constant at 50 : 50 with the variable of different
proportions of fine aggregate contents. The measurements of
N-sand, M-sand, and QD used in the mixtures are given in
Table 4.

The binder was mixed with the fine aggregates at slow
speed (140 ± 5 r/min) in the mixture. The alkaline activator
was then added with binder and fine aggregates. The addi-
tional water was gradually added to the mixture for good
workability.

2.8. Specimen Preparation and Curing. The mortar was cast
in the 50mm cube mould and vibrated. The mortar moulds
were kept in an oven at 65∘C for 24 hours. After removal of
the moulds, the specimens were kept in a room temperature
and relative humidity of 28∘C and 79%, respectively.

2.9. Flow Table Test. The flow table test in accordance with
ASTM C1437-13 [36] was done to investigate the consistency
of mortar.
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Table 1: Chemical composition and physical properties of POFA and FA.

(a)

Chemical compounds CaO SiO2 Al2O3 MgO Na2O SO3 P2O5 K2O TiO2 Cr2O3 MnO Fe2O3 Cl LoI
POFA 5.57 67.72 3.71 4.04 0.16 1.07 4.13 7.67 0.27 — 0.11 4.71 0.65 6.20
FA 5.31 54.72 27.2 1.10 0.43 1.01 1.12 1.00 1.82 0.04 0.10 5.15 0.01 6.80

(b)

Physical properties Colour S.G. S.S.A. 𝐷 [4, 3] 𝐷 [3, 2] 𝐷 (V, 0.1) 𝐷 (V, 0.5) 𝐷 (V, 0.9)
POFA Black 2.2 3.41 20.06 3.49 3.23 18.46 38.27
FA Grey 2.4 1.72 36.43 1.76 0.48 16.50 101.74
S.G.: Specific gravity
S.S.A.: Specific surface area, m2/g
𝐷 [4, 3] = Volume moment mean, 𝜇m
𝐷 [3, 2] = Surface area moment mean, (𝜇m)2
𝐷 (V, 0.1) = 10% of particle by volume below this size
𝐷 (V, 0.5) = 50% of particle by volume below this size
𝐷 (V, 0.9) = 90% of particle by volume below this size.
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Figure 3: Particle size distribution curve for N-sand, M-sand, and
QD.

Table 2: Particle size distribution of N-sand, M-sand, and QD.

Sieve size Percentage of passing
N-sand M-sand QD

5mm 99.99 100.00 99.98
2.36mm 81.63 70.91 73.66
1.18mm 60.60 52.09 52.52
600 𝜇m 33.18 30.34 29.41
300 𝜇m 12.16 13.12 11.01
Fineness modulus 2.88 2.66 2.67
𝐷
10
, mm 0.27 0.30 0.31
𝐷
30
, mm 0.50 0.55 1.41
𝐷
60
, mm 1.24 1.42 0.57
𝐶
𝑢
=𝐷
60
/𝐷
10

4.53 4.80 4.56
𝐶
𝑐
=𝐷
30

2/(𝐷
10
× 𝐷
60
) 0.74 0.73 0.74

𝐶𝑢: uniformity coefficient; 𝐶𝑐: coefficient of curvature.

Table 3: Specific gravity and absorption of N-sand, M-sand, and
QD.

N-sand M-sand QD
Specific gravity

SSD 2.79 2.63 2.61
Absorption (%) 0.81 0.91 0.92
OD: Oven Dry.
SSD: saturated surface dry.

Table 4: Mortar mix design.

Mortar
designation

Mix proportions by weight (kg/m3)
Fine aggregate

N-Sand M-Sand QD
M1 1029 (100∗)
M2 771 (75) 257 (25)
M3 257 (25) 771 (75)
M4 1029 (100)
M5 257 (75) 771 (25)
M6 771 (25) 257 (75)
M7 1029 (100)
M8 257 (25) 771 (75)
M9 771 (75) 257 (25)
M10 514 (50) 257 (25) 257 (25)
M11 257 (25) 514 (50) 257 (25)
M12 257 (25) 257 (25) 514 (50)
∗Proportion in percent in bracket ( ).

2.10. Compressive Strength Test. The specimens were pre-
pared for 3-, 7-, and 14-day compressive strength tests. The
average of three specimens was reported as the compressive
strength. The standard deviation was calculated to ascertain
any significant change in the test result. The compressive
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Table 5: Development of compressive strength for different mix designs.

Designation Compressive strength (N/mm2)
Three days SD Seven days SD 14 days SD 28 days SD

M 1 20.75 0.63 23.34 0.34 26.83 0.23 27.80 0.40
M 2 20.04 0.28 22.03 0.97 24.02 0.35 25.10 0.50
M 3 18.14 0.22 19.91 0.20 24.67 0.13 25.70 0.20
M 4 19.14 1.07 21.01 0.20 24.19 0.51 25.20 0.60
M 5 17.59 1.10 19.56 0.54 22.33 0.86 23.40 0.80
M 6 14.75 1.18 17.76 0.63 19.36 0.25 20.50 0.70
M 7 21.56 0.14 23.02 0.39 25.03 0.23 26.10 0.25
M 8 21.45 1.00 22.90 1.21 24.90 0.97 26.00 1.06
M 9 20.81 0.31 22.50 0.31 25.00 1.12 26.10 0.58
M 10 17.22 0.26 20.08 0.26 22.94 0.77 24.00 0.43
M 11 21.28 0.64 23.10 0.70 24.92 0.75 26.00 0.60
M 12 14.46 0.69 16.88 0.72 20.72 0.71 21.80 0.70

strength test was carried on according to ASTM C 109/C
109M-12 [37].

3. Results and Discussion

3.1. Density. The fresh and hardened densities of mortar for
different mix proportions at the ages of 3, 7, 14 and 28 days
are shown in Figure 4. The fresh densities of the 12 mixes
are shown along the X-axis for zero compressive strengths.
The fresh and hardened densities vary in the range of 2060–
2154 kg/m3 and 1981–2069 kg/m3, respectively. The apparent
density increases with the ratio of Si : Al [11]. Since the
main variables for different mix proportions in geopolymer
mortar are N-sand, M-sand, QD, the specific gravity of
these materials influence the variation of densities. Thus the
influence of fresh densities of mixes M1 (100% N-sand),
M4 (100% M-sand), and M7 (100% QD) of 2146, 2060, and
2060 kg/m3, respectively, could be related to the respective
specific gravities of fine aggregates of 2.79 (N-sand), 2.63 (M-
sand), and 2.61 (QD).

The changes in density at different ages are influenced
by the geopolymerization and curing condition as these
undergo several dehydroxylation and crystallization phases
at a certain phase [11]. Three types of water release take place
during heating from geopolymer concrete, namely, physically
bonded water, chemically bonded water, and hydroxyl group
(OH−) [11]. The rate of reduction of water from the hardened
geopolymer causes the density reduction and it can be seen
that this reduction varies from 3.41 to 7.19%. The correlation
between the density and compressive strength at different
ages of geopolymermortar is shown in Figure 5.The gradient
of compressive strength/density varies between 0.12 and 0.34.

Figure 6 represents the relationship between the density
and compressive strength at 28-day age for all mortar spec-
imens. This relationship is comparable with the OPC based
mortar/concrete [16].The densities of themixesM1 (100%N-
sand), M4 (100% M-sand), and M7 (100% QD) at the age of
28-day were found as 2028, 1985, and 1982 kg/m3, respectively
(Figure 4). Their respective compressive strengths calculated
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Figure 4: Density versus age (days).

from the equation as given below (Figure 6) were found as
24.32MPa, 22.97MPa, and 22.86MPa, respectively, and these
values were close to the experimental results. Consider

𝑓
󸀠
𝑐 = 0.0315𝜌 − 39.558, (1)

where 𝑓󸀠𝑐 and 𝜌 represent compressive strength (MPa) and
density (kg/m3).

3.2. Workability. The workability results of the mortar found
out through flow table test for different mortar mix propor-
tions are shown in Figure 7. The ratios of water:binder and
the alkaline solution/binder for all the mix proportions were
kept constant. The results show that the flow varied between
43 and 89% and the variation of the consistency (flow, %)
might be attributed to the particle texture [8]. The addition
of M-sand with N-sand (M2 and M3) slightly reduced the
flow. The highest flow of 89% was found for the mix M1 that
contained 100% N-sand and this could be attributed to the
rounded surface of the N-sand particles [8]. The variation
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Figure 5: Relationship between density and compressive strength at different ages of mortar mixes.
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of flow is insignificant for the mixes with M-sand and QD
(M5 and M6). The flow of M4 shows less flow (55%) than
M7 (66%) and one possible explanation could be the better
packing ability of M-sand that might have reduced the flow.

3.3. Development of Compressive Strength. The compressive
strengths for different mix proportions at the ages of 3, 7, 14,
and 28 days are shown in Table 5. The 28-day compressive
strength for the mixes varied between 21 and 28N/mm2.
The standard deviations as shown in Table 5 were measured
from the results found for 3 specimens. The bold values refer
to the compressive strength of mortar with 100% N-sand,
M-sand, and QD. The average 3-day compressive strength
of all mixes was found to be 76% of the 28-day strength.



Advances in Materials Science and Engineering 7

Explosive failure

Figure 9: Satisfactory failures (BS EN 12390-3 : 2002).
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The pattern of early age strength development supports the
findings reported by previous researchers [11, 38].

Figure 8 shows the comparison of the compressive
strengths for different mortar mixtures with varying pro-
portion of N-sand, M-sand, and QD. Though the mortar
with 100% N-sand produced the highest 28-day strength, the
combination of N-sand with M-sand and QD reduced the
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Figure 12: Development of early age compressive strength.

strength. The shape, texture, and particle size distribution
affect the compressive strength [8] that might have been
attributed to the variation of the compressive strength as
seen in Figure 8. The packing density is another factor that
influences the workability as well as the compressive strength.
Fung et al. [39] cited from Powers [40] that, for a constant
volume of binder paste, higher packing density leads to
higher workability.
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Table 6: Percentage of increment of compressive strength.

Equations Mortar ID
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12

Three to 7 day 𝑆7 − 𝑆3

𝑆3
× 100 12.5 9.9 9.8 9.8 11.2 20.4 6.8 6.8 8.1 16.6 8.6 16.8

Seven to 14 day 𝑆14 − 𝑆7

𝑆7
× 100 14.9 9.0 23.9 15.1 14.2 9.0 8.8 8.8 11.1 14.3 7.9 22.7

14 to 28 day 𝑆28 − 𝑆14

𝑆3
× 100 3.7 4.2 4.1 4.1 4.5 5.2 4.0 4.0 4.0 4.4 4.0 4.8

𝑆3, 𝑆7, 𝑆14, and 𝑆28 are the compressive strengths at 3, 7, 14, and 28 days, respectively.
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Figure 13: Compressive strength (MPa) versus age (days).
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Figure 14: % of compressive strength development versus age
(days).

3.4. Failure Mode. The failure mode of N-sand/M-sand/QD
based geopolymer mortar was found to be similar to the
N-sand based cement mortar. Also, the mode of failure
was found satisfactory as specified in BS EN 12390-3:2002
(Figures 9 and 10).

3.5. Role of POFA-FA on the Development of Compressive
Strength. The high content of pozzolanic silica and alumina

in POFA and FA causes the silica based geopolymerization
in presence of alkaline solution. The silica/alumina ratio
and total content of silica, alumina, and Fe

2
O
3
affect the

strength development [11]. It is to be noted that the binders,
POFA, and FA were kept at equal proportions for all the
mixes. The silica/alumina ratio and the total contents of
silica, alumina, and Fe

2
O
3
in the POFA-FA mixture were

found to be 3.95 and 82%, respectively, and Autef et al. [41]
reported that high amount of silica content increased the rate
of geopolymerization.

As seen from Table 1, 90% of particles of POFA and
FA were found below 38.27 and 101.74 𝜇m, respectively. The
finer particles decrease the capillary pore effectively [42].The
angular and irregular shapedQDparticles create voids within
the mortar. The filler effect of the fine FA and POFA might
reduce the voids and Ashtiani et al. [43] reported that higher
packing factor enhanced the compressive strength.

The effect of oven curing on the strength development
also plays significant role in geopolymer mortar as seen
from the 3-day compressive strength; as seen from Table 6,
the achievement of 76% of 28-day compressive strength at
the age of 3-day is attributed to the heat curing in oven at
65∘C temperature for 24 hours. However, the rate of strength
increment from 3 days to 7 days was found between 12
and 16% and beyond 7 days, it is much lower as reported
by Alexander and Mindess [44]. Similar finding on high
early strength development due to heat curing at elevated
temperature was reported elsewhere [11, 45]. The fineness of
POFA and FA also has significant effect on the development
of early age strength at 3 days. The finer particles have
larger surface area that may increase the reactivity in the
geopolymerization process [46].

3.6. Effect of Particle Size of N-Sand/M-Sand/QD on Geopoly-
merization. Tasong et al. [47] reported that a wide range of
chemical interactions are anticipated within the interfacial
transition zone between aggregate and cement paste matrix.
Isabella et al. [48] found a positive effect on the addition
of soluble silicates into leaching solution by promoting
significant structural breakdown of sand and metakaolin;
they also reported that larger surface area of the aggregate
interacted with soluble silicates releasing a greater amount
of Si. It is conceivable that the fine particles of N-sand/M-
sand/QD may interact with the alkaline solution in mortar;
the rate of interaction with N-sand,M-sand, andQD surfaces
may be related to their particle surface area. A strong bonding
between geopolymer matrix and the aggregate surface by the
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Figure 16: Shape of quarry dust particle (2.36mm retained).

ionic interaction may exist [49] and this could enhance the
development of compressive strength of N-sand/M-sand/QD
based geopolymer mortar.

3.7. Effect of Molarity of Alkaline Activated Solution on
Development of Compressive Strength. The effect of molarity
of alkaline activated solution (NaOH solution) on the 28-
day compressive strength is shown in Figure 11. As shown in
Figure 12, development of early age compressive strength, the
early age compressive strength at the age of 3 days for the
mix with 14M was found between 55 and 77% of the 28-day
strength and this is higher than the corresponding strength of
mixes with 12M. The use of low concentrated alkaline solu-
tion causes a weak reaction [50]. The compressive strength
increase in the mixes with high molarity based alkaline solu-
tion was due to the leaching of silica and alumina [51]. The
NaOH concentration performs the dissolution process and
bonding of solid particles in the geopolymeric environment
[52]. The use of high concentration of NaOH solution leads
to greater dissolution and increases the geopolymerization
reaction [53] and this is supported by various studies [46, 54–
56].

3.8. Effect of Fineness Modulus on Compressive Strength.
Figure 8 shows the variation of fineness modulus due to
the different mix proportion of N-sand, M-sand, and QD.
The fineness modulus for the composite mix proportion

was calculated by arithmetic proportion [44]. For example,
mortar IDM11 represents N-sand :M-sand :QD = 25 : 50 : 25:

Fineness modulus (FM) for M11

= FMN-sand × 0.25 + FMM-sand

× 0.50 + FMQD × 0.25 = 2.72.

(2)

Hence, the fineness moduli of the various combination of the
fine aggregates using N-sand, M-sand, and QD vary from
2.66 to 2.88 The values of fineness modulus of the combined
fine aggregates in this investigation fall in the medium range
based on the classification as proposed by Alexander and
Mindess [44]. It is to be noted that the binder content is kept
constant for all the mixes. The mixes with more fine particles
need large volume of paste as the surface area is more. The
variation in the compressive strength of the mortars between
20.36 and 26.03MPa could be attributed to the paste volume
and the fineness or coarseness of the fine aggregates.

3.9. Effect of N-Sand, M-Sand, and QD on Development of
Compressive Strength. The compressive strengths at different
ages along with their respective percentages with age are
shown in Figures 13 and 14. The mortar using 100% N-sand
shows better compressive strength performance than the mix
with M-sand.The replacement of N-sand by M-sand reduces
compressive strength.
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Figure 17: N-sand/M-sand/QD interlocking in geopolymer mortar.

The N-sand contains rounder and smoother particle
than M-sand (Figure 15) [8] and QD (Figure 16). Hudson
[57] reported that rough aggregates have a propensity for
increasing water demand for a given workability. Thus, for a
given water content, the N-sand is more workable than M-
sand [8]. The rough surfaces of M-sand particles demand
more water than N-sand. In this study, the water and binder
content was kept constant. This could lead to absorption of
water from the alkali solution and this might have affected
the reactivity of binder in alkali solution.Thus, the reduction
of the compressive strength due to the replacement of N-sand
by M-sand could be attributed to absorption of water by the
rough surfaces of M-sand.

The 28-day compressive strengths of about 28MPa and
25MPa were obtained for specimens with 100% N-sand
and 100% M-sand, respectively. The reduction of strength
between these two mixes was found to be only 3MPa and
similar finding on the strength difference for M-sand and N-
sand was reported by Dumitru et al. [58].

The mortar using 100% QD shows better performance
than the mix with M-sand in Figures 13 and 14. The presence
of high percentage of QD in composite fine aggregatemixture

of M-sand and QD reduces the strength (M5, M6). The par-
ticle shape and texture may influence the strength reduction.

TheQDhas sharp angular particles as shown in Figure 16.
According to Quiroga and Fowler [8] and Kaplan [59], the
angularity of aggregates has a positive effect on the com-
pressive strength. Further, the angularity of the aggregates
enhances the bond between the matrix and the aggregates
due to its surface texture. Galloway [60] also reported the
effect of surface texture on the strength significantly as rough
surface increases bonding between the aggregate surface and
the paste.

Figure 17 shows the interlocking of N-sand/M-sand/QD
in geopolymer mortar. The combination of M-sand and
QD might tend to create voids due to the combination
of semirounded particles and the sharp angular particles.
Further, the increase in voids demands more water for
a given workability and hence decreases the strength [8].
Since the water : binder ratio was maintained constant for
all the mixes, the composite mixes that contained both M-
sand and QD might have absorbed more water that could
influence the geopolymerization process. This might reduce
the strength for mixes with high percentage of QD in the
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Table 7: Development of compressive strength using N-sand, M-sand, and QD.

Age 3-day 7-day 14-day 28-day
Fine aggregate NC GM NC GM NC GM NC GM
N-sand (100%) 22 21 28 23 33 27 37 28
M-Sand (100%) 15 19 23 21 26 24 32 25
QD (100%) 19 21 28 23 32 25 37 26
NC: results from [Dumitru et al. [58]] experiment on OPC concrete.
GM: results from this experiment on geopolymer mortar.

mixes that contained both theM-sand andQD. Nevertheless,
the strength reduction between the mixes with 100% QD and
100%M-sandwas negligible and similar finding was reported
by Dumitru et al. [58].

Figures 13 and 14 show that there is not much significant
difference in the compressive strength due to the replacement
of N-sand by QD either partially or fully. The mixes with
N-sand developed better strength due to its well-graded
and round particles. As mentioned the angularity of QD
particles enhances the compressive strength, and for a given
workability, the rough surface increases water demand [8].

The 28-day compressive strength of mixes with N-sand
and QD were 28MPa and 26MPa, respectively. Again, the
strength difference between these twomixes was about 2MPa
and negligible. Raman et al. [61] found the similar effect
of QD in rice husk ash based concrete and reported that
inclusion of QD as partial replacement for sand slightly
decreases the compressive strength of concrete.Dumitru et al.
[58] reported that the replacement ofN-sand byQDproduces
comparable strength and hence QD is viable replacement to
conventional N-sand for sustainable material.

3.10. Comparison of M-Sand and QD in Geopolymer Mor-
tar with Published Data. Dumitru et al. [58] investigated
the effect of river sand, manufactured quarry fines, and
unprocessed quarry fines that are comparable to the research
materials N-sand, M-sand, and QD, respectively, used in this
research work.

The development of 3-, 7-, 14- and 28-day compressive
strength is quite similar to the outcome from this inves-
tigation, as seen from Table 7. The effect of QD, M-sand,
and N-sand in both normal concrete (NC) and geopolymer
mortar (GM) between the 3 and 14 days shows similar trends,
albeit these are different kinds of concretes. As known, the
geopolymer concrete develops high early strength due to
geopolymerization andhence the strength difference between
the 14- and 28-day strength was not much different, unlike
normal concrete where the strength development continues
beyond 14 days.

4. Conclusions

(1) The mix with 100% replacement of N-sand by QD
showed higher compressive strength compared to
replacing N-sand by different proportion of M-sand
and QD.

(2) Though the compressive strength slightly reduces
due to the replacement of N-sand or QD by M-
sand, the M-sand is considered as a viable alternative
to conventional sand due to depletion of natural
resources. The slight variation in the compressive
strength might be attributed to the aggregate shape
and texture.

(3) The usage of 100% M-Sand in POFA-FA-based
geopolymer mortar produced comparable strength as
that of 100% N-sand.

(4) The use of QD as fine aggregate also reinforces the use
of waste material as replacement for conventional N-
sand; the high strength of specimens with 100%QD is
attributed to the rough surfaces of QD that enhances
the bond between the paste and the aggregates.

(5) The replacement of conventional N-sand with M-
sand and QD shows comparable strength as that of
N-sand based specimens and the use of M-sand and
QD is recommended in geopolymer concrete.

(6) The high concentration of sodium hydroxide solution
increases the compressive strength.

(7) Themixes withmore fine particles require more paste
to cover the surface areas, but for the mixes with
constant binder content, the influence of the finer
particles cannot be ignored.

(8) The failure mode of geopolymer mortar was found
similar to that of Portland cement mortar.

(9) The density and compressive strength relationship of
N-sand/M-sand/QD based geopolymer mortar was
also found similar to that of the Portland cement
mortar.
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