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Abstract: The influence of geopolymer binder characteristics on the performance of geopolymer
concrete has been extensively investigated. Yet, the influence of aggregate properties has not been
thoroughly studied, and it is usually assumed that their effect is the same as in cement concrete. This
study investigates the effect of aggregate on the performance of fly-ash-based geopolymer concrete.
A systematic experimental study was undertaken to investigate the effect of aggregate parameters,
including volume fractions (AVFs), coarse aggregate to the total aggregate ratio (CAR), maximum
coarse aggregate size (MAS), and fineness modulus of fine aggregate (FFM) on the compressive
strength, slump, apparent volume of permeable pores (AVPPs), and the air content of geopolymer
concrete. Response surface methodology (RSM) using the central composite design approach was
utilized to design the experiments and analyze the results statistically. The analysis shows that all of
the investigated aggregate parameters have significant first-order effects on the measured properties.
No significant interaction between any of the investigated parameters was found. The aggregate may
alter the geopolymerization processes, whereby SEM-EDS analysis revealed statistically significant
variations in the elemental concentrations of the produced paste as the aggregate parameters changed.
Quantitative weights were assigned to the effect of the investigated aggregate parameters on the
measured properties. Multi-objective optimization was carried out to obtain the best combinations of
the investigated parameters. Additionally, the developed contour graphs may provide an effective
tool that can be used as a guide in establishing the first trial mixtures. A wide range of consistencies
(10–210 mm slump) and compressive strengths (15–55 MPa) can be obtained by controlling the
aggregate grading and proportions.

Keywords: geopolymer; concrete; aggregate; compressive strength; workability; air content; porosity;
response surface; optimization

1. Introduction

Environmental sustainability is one of the major domains that receives increasing
global attention. Environmental sustainability aims to maintain natural resources and
ecosystems to ensure the needs and well-being of future generations [1]. Environmental
sustainability must be understood not as an option, but as a necessity. Unhealthy envi-
ronments (avoidable environmental risk factors) are responsible for about a quarter of
deaths around the world, as estimated by the World Health Organization [2]. Generations
born in 1960 and earlier have clearly witnessed climate changes during the last 50 years,
including extreme heat, varying rainfall patterns, and natural disasters. These climate
changes are directly related to the human carbon dioxide footprint, mainly from the com-
bustion of fossil fuels and their related industries. It is expected that climate change will
be responsible for about 250,000 additional deaths annually between 2030 and 2050 [2].
The cement industry is one of the major carbon dioxide producers, with the production
of each ton of cement emitting around 1 ton of greenhouse gases [3]. By observing the
global cement production rate, which was around 1.39 billion tons in 1995 and became
around 4.1 billion tons in 2020 [4], one can realize the extent to which the construction
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industry has grown since then. The construction industry has become one of the major
consumers of renewable and non-renewable natural resources and environment-polluting
industries [5]. The development of new green construction materials has become a global
need and a driver for recent research trends [6]. On the other hand, recycling and waste
disposal strategies are of great interest in sustainability issues. Geopolymer binders are a
promising solution for the aforementioned issues. Geopolymeric binders are initiated by
the reaction of a certain alkaline solution with aluminosilicate-rich source materials, such
as fly ash or ground-granulated blast furnace sludge [7]. The use of geopolymer binders
can reduce the consumption of ordinary cement and utilize several wastes that are usually
dumped in landfills, causing several environmental issues.

Geopolymer concrete investigations so far have demonstrated its superior properties
as a promising construction material [8,9]. The main parameters that control geopolymeric
binder properties, including source material characteristics, alkaline activator properties,
mixing proportions of source material and alkaline activator, and curing conditions, have
been thoroughly investigated [10–12]. These parameters are the main variables controlling
the properties of the geopolymeric binder itself. On the other hand, geopolymer concrete
should be viewed as a two-phase material involving the binder phase and aggregate
phase. The aggregate phase consists of fine and coarse aggregates and occupies the highest
percentage of the geopolymer concrete total volume. Yet, limited attention has been paid
to the influence of aggregate on geopolymer concrete properties. Parameters including
aggregate volume fractions, coarse and fine aggregate grading and their mixing proportions,
aggregate type and its reactivity in a geopolymer binder, the bonding of aggregate and
geopolymeric matrix, interfacial transition zone density, and microstructure properties
should all be widely studied to pave the road for geopolymer concrete acceptance in the
real-world construction industry.

In ordinary cement concrete, it is usually assumed that the aggregate is a chemically
inert filler that does not interact with the cement hydration reactions [13]. In the case
of geopolymer concrete, it has been reported that the reactivity of sand aggregate plays
a significant role in the formation of geopolymeric binders and their properties as the
geopolymerization processes have different mechanisms to cement hydration reactions [14].
It has been suggested that there is an optimum surface area of sand aggregate at which
a higher geopolymerization rate would be achieved by increasing the leachability of the
aluminosilicate precursors. Moreover, the finer the sand particles, the higher the strength
development rate obtained [15]. The compressive strength increased by more than 65% for
the geopolymer with silicate and quartz particles compared to the geopolymer with silicate
alone [16]. On the other hand, the overall mixture performance and mechanical properties of
the produced concrete are functions of aggregate properties, especially the coarse aggregate.
Aggregate gradation and shape mainly specify the packing of the aggregate. The dense
packing of the aggregate may reduce the amount of the geopolymer binder layer coating
the particles; therefore, the mixture’s workability will be reduced [17]. At the same time,
reducing the amount of geopolymer binder is required to reduce the cost of the produced
concrete. Hence, there will be an optimum aggregate content and gradation at which the
design requirements could be met.

Aggregate may yield different effects on geopolymer concrete’s fresh and hardened
properties as compared to ordinary cement concrete. This is due to the nature of the viscous
alkaline solution and geopolymeric network structure. Many researchers have highlighted
the superior bonding properties between the geopolymer binders and the aggregate. The
interfacial transition zone (ITZ) between the geopolymer binder and aggregate was not
observed in some types of geopolymer concrete [18,19]. The geopolymer binder can strongly
adhere to the aggregate surface, which can be attributed to the unique three-dimensional
matrix of the geopolymeric gel [12]. The microstructure and the better physical–chemical
properties of the geopolymeric binder (as compared to cement concrete) produce denser and
fewer intrinsic defects in the ITZ [20]. This improvement in the ITZ may make geopolymer
concrete more affected by the aggregate mechanical properties, which may be similar to
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the case of high-strength cement concrete [21]. In normal-strength cement concrete, most
of the normal-weight aggregate has a strength much greater than the paste strength, and
the ITZ strength creates upper limits on the achieved compressive strength [22]. Therefore,
the role that aggregate plays in geopolymer concrete should be emphasized to ensure
satisfactory performance. At present, there is no rational relationship that permits the
prediction of geopolymer concrete strength based on the binder and aggregate variables.
In ordinary cement concrete, it was reported that increasing the aggregate volume fraction
will reduce the compressive strength of concrete, and a plateau will be reached at a value of
0.5 [23]. The strength of cement concrete is largely influenced by coarse aggregate properties,
while fine aggregate shows a smaller effect due to its influence on the amount of required
water [22]. This behavior may differ in the case of geopolymer concrete which has different
rheological behavior [24]. Over the last two decades, many researchers have attempted
to develop standard procedures for geopolymer concrete mix design mainly based on a
trial-and-error approach. However, the number of variables associated with geopolymer
concrete production complicates this task. Investigating the effect of all parameters at once
will be a challenging task. By looking at geopolymer concrete as a two-phase material
composed of the geopolymer binder phase and aggregate phase, it would be necessary to
first understand the characteristics of each phase and then develop the mixture relationship.
In addition, applying the design of experiment techniques may provide an effective tool
that could minimize the required efforts [25].

The effects of aggregate properties on geopolymer concrete performance remain poorly
understood (as evidenced by the contradictory results discussed in Section 2 below). To the
best of the author’s knowledge, no formal studies have been conducted to investigate the
effects of aggregate-related parameters on geopolymer concrete performance. The available
studies are limited to only a few properties of the aggregate and they usually disregard their
effect on the air content and porosity of geopolymer concrete. The significance of this study
is that it investigates all of the parameters related to aggregate grading and proportions
over a wide range. This study also investigates the interaction effect of the investigated
parameters using RSM and quantifies their weights. The conducted microstructural analysis
will contribute to the understanding of the aggregate’s impact on geopolymer concrete
performance. The new findings of this study, along with the presented comprehensive
literature review, will provide a new perspective on the aggregate’s role in geopolymer
concrete performance. The study shows that even though the aggregate is considered to be
an inert component of concrete, it can affect the properties of the produced geopolymer
binder. Additionally, the study provides contour graphs that can be used as a first step in
generating an initial mix design of geopolymer concrete. The conducted optimization for
the aggregate content, size, and grading can be used to control the mixture’s workability,
strength, dimensional stability, and economy.

2. Background on the Effect of Aggregate on Geopolymer Concrete

Geopolymer binders can be produced using any rich aluminosilicate source mate-
rial [12]. Fly-ash- and slag-based geopolymers are the most common in use due to their
high aluminosilicate content and availability [26,27]. For the alkaline activator, sodium
silicate and sodium hydroxide solutions have been regularly used in geopolymer binder
production due to their low cost compared to other possible alkaline activators [12,26]. The
following sections consider the production of geopolymer concrete based on fly ash as the
source material and a mixture of sodium silicate and sodium hydroxide solutions as the
activating solution unless specified otherwise. The discussion mainly focuses on the effect
of aggregate on geopolymer concrete properties, as this is the main topic of this paper.

The literature was collected from two databases: Web of Science and ScienceDirect.
Among the collected literature, few studies have solely considered the effect of aggregate
parameters on the properties of geopolymer concrete. Previous evaluations of the aggregate
influence on geopolymer concrete properties have indirectly considered the aggregate
effect (not as the main variable), and only a few aggregate parameters have been involved.
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By searching for the keywords “Geopolymer” and “Aggregate” or “Mix Design” in the
Title field, most found publications were seen to have considered the use of recycled or
manufactured geopolymer aggregate [28–30], the effects of aggregate type [31], biomass
aggregate [32], lightweight aggregate [33–35], the alkali–silica reaction of aggregate [36],
and mix design studies that have considered the factors affecting the geopolymer paste [37],
geopolymer mortars [38], or rigid pavement mix design [39]. Other studies investigated
the different types of geopolymer concrete, including lightweight [40], foam [41], and fiber-
reinforced [42]. Some studies considered the effect of aggregate on compressive strength
and neglected its effect on workability. Nevertheless, a good mix design cannot overlook
the workability requirements.

The effect of fine aggregate content and grading on the mechanical properties of
geopolymer mortars has been investigated by many researchers. For the metakaolin-
based geopolymer, the compressive strength decreased slightly when the content of silica
sand (size in the range of 0.3–0.6 mm) increased up to 50 V.%. Any further increment
resulted in a sharp strength reduction [43]. Similar observations were reported by Arellano-
Aguilar et al. [44] where the compressive strength decreased by more than 60% when the
fine limestone content increased from 75 to 88 V.%. The addition of fine aggregate induces
the formation of the pores, and a high content will increase the pore radius dramatically
which can correspond to the strength reduction [43]. However, the slight strength reduction
at a lower content can be attributed to the formation of combinations on the surface of
particles which prompts their incorporation within the geopolymeric matrix.

NMR measurements show that more tetrahedral silicon forms when sand or limestone
is added to the geopolymeric binder. This is due to the surface dissolution of the small par-
ticle sizes less than 75 µm [43,44]. Large-sized aggregate particles will not show significant
combination formation. Similar observations were reported by Isabella et al. [15], where a
higher rate of silicon dissolution from the sand particles was reported for the particles of
higher surface areas.

The grading of fine particles also affects the strength and workability of geopolymer
mortars. Larger fine particles (in the range of 2–4 mm) tend to provide higher mortar
flowability and strength [45]. A recent investigation devoted to studying the effect of sand
gradation and content on geopolymer mortar properties revealed that good mechanical
performance can be achieved when the water–binder ratio and sand–binder ratio are in
the range of 0.35–0.4 and 0.5–0.65, respectively. The flowability of mortars was directly
proportionated to the fineness modulus of the fine aggregate in a linear fashion. The
same effect was observed for compressive and flexural strengths. On the other hand, an
optimum fineness modulus in the range of 2.2–2.6 resulted in the highest brittleness index
and tensile strength [46]. Another study by Furkan et al. focused on the effect of the fine
aggregate type, whereby six types of aggregate were investigated. The highest flexural and
compressive strengths were obtained using basalt sand followed by silica sand, sandstone,
river sand, Rilem sand, and waste concrete aggregate, respectively. Parallel results were
obtained in terms of workability [47]. Some researchers were also interested in finding the
optimum blend of different types of fine aggregates, such as granite slurry and sand [48],
and limestone and sand [45].

Good efforts have been made to understand the physical and chemical characteristics
of the interfacial transition zone between the geopolymer binder and aggregate. A uniform
and dense interfacial zone has been reported by many researchers independently on the
type of aggregate [8,49]. No obvious distinction was noticed between the ITZ microstructure
and the bulk of the geopolymeric matrix. This can be attributed to the better chemical
interaction between the aggregate and the geopolymeric binders [50,51].

The fly ash content was reported to insignificantly affect the compressive strength
of the geopolymer concrete if reasonable content was used [52]. It was suggested that a
weak bond exists between unreacted fly ash particles and the binder matrix itself. Hence,
the greater amounts of fly ash reduced the geopolymer concrete strength. This could be
reasonable only if the fly ash content increased without increasing the alkaline solution.
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However, at a constant alkaline solution to fly ash ratio, the amount of the produced gel
will increase [53].

A study by Olivia and Nikraz [26] investigated the effect of total aggregate content
which varied between 75 and 79 Wt.% on the durability of geopolymer concrete in a sea
water environment. The results showed that the aggregate content had the highest response
index as compared to the other investigated parameters, including the ratio of the alkaline
solution to fly ash, the sodium silicate/sodium hydroxide ratio, and the curing conditions.
The highest compressive strength was also achieved at the highest aggregate content. An
opposite trend was also reported in the literature [54]. In this study, the investigated range
was between 70 and 85 V.% which may be considered to be high aggregate content in
the case of geopolymer concrete. Peng Y. and Unluer C. [55] conducted a study using
machine learning techniques in data collected from several publications to study the effect
of geopolymer concrete variables on its performance. Their study reported that the content
of the fine and coarse aggregate had an insignificant influence on compressive strength.
Another trend was also found in the literature in the case of the flash metakaolin-based
geopolymer, where the total aggregate content yielded an insignificant effect on geopolymer
concrete performance in the range of 71 to 83 Wt.%. This was attributed to the strongly
developed ITZ [56]. Nevertheless, it was reported that both the total aggregate content and
fine aggregate to total aggregate content ratio interacted and played a significant role in
determining the performance of geopolymer concrete [57,58]. In these two studies, the total
aggregate content varied between 60 and 75 V.% and the fine aggregate ratio varied between
20 and 40 Wt.%. Optimum compressive strength was obtained at a total aggregate content
of 70 V.% and a fine aggregate ratio of 35 Wt.%. Similar results were obtained by Joseph
and Mathew [59] where almost similar parameters and ranges were considered. The total
aggregate content was also reported to affect the geopolymer concrete slump. The higher
the aggregate content, the lower the slump value. A zero-slump value was reported for an
aggregate content of 80% [60]. The results showed that even with high aggregate content,
geopolymer concrete can provide good workability if the binder proportions are controlled.
According to Raphaëlle and Martin [56], the higher aggregate content will reduce the total
porosity of geopolymer concrete. Their results showed that the total porosity dropped by
about 9% as the aggregate content increased from 72% to 83%. Interestingly, such a high
aggregate content is expected to increase the total porosity.

The coarse aggregate size was reported to provide a slight strength increment as it
increased in the range from 4.75 to 18.75 mm. Beyond this range, a remarkable reduction
occurred [61]. In contrast, it was reported that a sharp strength reduction occurred as
the mean aggregate size increased from 7.5 to 18 mm in the case of metakaolin-based
geopolymer concrete [62]. This can be attributed to the ambient curing that was applied.
Ambient curing conditions are known to produce a weak geopolymer binder in the case of
metakaolin-based geopolymers [12]. This will enlarge the difference between the elasticity
modulus of the binder and the aggregate; hence, strength will be reduced. The aggregate
size is also found to be an influencing parameter on the spalling of geopolymer concrete
subjected to elevated temperature [63]. In this study, the aggregate size was the only
investigated parameter. Three size ranges of coarse aggregate, 2.36–4.75, 4.75–10, and
10–14 mm, were used to produce different geopolymer concrete mixtures. The mixtures’
compressive strength was in the range of 44.1–72.4 MPa. The highest strength was obtained
for the mixture with the largest size range. The specimens of the mixture with the largest
aggregate size did not show explosive spalling at elevated temperatures as compared to
mixtures with medium and small aggregate sizes. This was attributed to the reduction in
pore pressure due to the increase in the length of the fracture zone and microcracking for
larger aggregate particles.

The effect of coarse aggregate size in the range of 5–20 mm on the bond strength
between CFRP sheets and geopolymer concrete based on Metakaolin was also investigated.
The results revealed that the failure load was reduced by about 15% as the maximum
aggregate size increased to 20 mm, while the effective bond length was increased by more



Buildings 2023, 13, 769 6 of 30

than 40%. It was suggested that the aggregate size should be included in the equations
while predicting the bond strength and load capacity [62]. A comprehensive review
of the mix design of geopolymer concrete reported that the required volume of coarse
aggregate increases as the maximum coarse aggregate size increases and reduces as the
fineness modulus of fine aggregate increases [64]. According to Osuji and Inerhunwa [65],
the optimum bulk density of different types of aggregate blends can be achieved when
the coarse aggregate content is in the range of 50–60 V.% for both rodded and loose
aggregate conditions. A higher value for the rodded condition was achieved. This study
has only considered the aggregate packing properties and no test was conducted on
concrete mixtures.

In summary, the aggregate in the case of geopolymer concrete may provide different
behavior from that known for cement concrete. Geopolymer concrete has different reaction
mechanisms and different rheological behavior. In the available literature, it was difficult
to find an integrated study that was devoted to investigating the aggregate influencing
parameters. Additionally, contradictory behavior is reported in the literature. A thorough
understanding of the aggregate role is required to develop a clear mixture relationship.

3. Experimental Program
3.1. Materials

Geopolymer concrete mixes were prepared using fly ash (class-F) as the aluminosilicate
source material and a mixture of sodium silicate and sodium hydroxide solutions for the
alkaline activator choice. The fly ash was obtained from Manjung electric power plant
in Perak, Malaysia, and its composition was determined using XRF analysis as given in
Table 1. The major crystalline ingredients of fly ash, as obtained from the XRD analysis,
were α-quartz, mullite, magnetite, and hematite. The amorphous content was about 56%
which indicates the reactivity of this fly ash and its ability to undergo geopolymerization
upon activation. The Si/Al ratio and apparent specific gravity of fly ash were 2.08 and 1.91,
respectively. A source material with a low Si/Al ratio < 3 is recommended for geopolymer
concrete manufacturing [66]. Curing at an elevated temperature (<100 ◦C) is usually
needed for low-calcium fly-ash-based geopolymers; however, the calcium content (9.9%)
of the used fly ash (HCFA) helped to cure the produced concrete at ambient temperature
(24 ± 3 ◦C) [7]. This may provide the produced concrete the privilege to be cast in situ and
reduce the environmental impact resulting from curing at elevated temperatures.

Table 1. Chemical composition of the used fly ash (% by mass).

Al2O3 Fe2O3 SiO2 CaO MgO SO3 P2O5 K2O Na2O LOI

19.5 17.3 40.6 9.9 1.8 0.7 1.3 2.1 0.29 2.6

The sodium hydroxide and sodium silicate solutions were supplied by Quick Lab,
Malaysia. The specific gravity of sodium silicate was 1.55 and it was composed of 29.43%
silicon dioxide, 14.26% sodium oxide, and 56.31% water. The sodium hydroxide solution
was prepared (one day before mixing, allowing cooling down to room temperature) by
dissolving sodium hydroxide pellets of 98% purity in water at a predetermined amount for
the required solution concentration.

The used coarse aggregate was a well-shaped angular crushed granite aggregate. The
coarse aggregate was sieved and recombined at predetermined ratios to produce 5 blends
of the coarse aggregate of 25, 19, 16, 12.5, and 9.5 mm maximum aggregate sizes. These
blends conformed to the ASTM C33 [67] requirement for concrete aggregate gradation.
The bulk specific gravity (saturated surface dry condition) and water absorption of these
blends were 2.63 and 0.63%, 2.64 and 0.63%, 2.66 and 0.65%, 2.67 and 0.66%, and 2.69 and
0.68% for the blends of 25, 19, 16, 12.5, and 9.5 mm maximum aggregate size, respectively.
The used fine aggregate was a natural quartz river sand having a maximum particle size
of 2.36 mm. The fine aggregate was sieved and recombined at predetermined ratios to
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produce 5 blends of sand with 2.4, 2.6, 2.8, 3.0, and 3.2 fineness moduli that also conformed
to ASTM C33 [67] requirements. The bulk specific gravity (saturated surface dry condition)
and water absorption of these blends were 2.57 and 1.19%, 2.59 and 1.22%, 2.61 and 1.26%,
2.64 and 1.3%, and 2.69 and 1.35% for the blends of fineness moduli of 2.4, 2.6, 2.8, 3.0, and
3.2, respectively.

The fine and coarse aggregates were utilized in a state of saturation where the surface is
dry. The evaluation of this condition was based on visual assessment. The coarse aggregate
was dampened without leaving any visible film, while the fine aggregate was free-flowing.
The objective of using the saturated surface dry condition was to prevent the aggregates
from absorbing the alkaline solution or adding excess water to the mixture. This was done
to reduce the impact of the aggregate condition on the measured properties.

3.2. Design of Mixtures

The geopolymer concrete mixes were designed using the central composite design. The
central composite design is one of the response surface methods (RSMs). It can be effectively
used to systematically explore the relationship between parameters (independent variables)
and responses (dependent variables) statistically and mathematically and build empirical
models [68]. These models can then be used to design mixtures and optimize the required
response. Central composite design enables the investigation of the effect of various
parameters while minimizing the number of required tests and efforts. In addition, it
enables checking whether a second-order effect exists between the investigated parameters.

In this study, most of the parameters related to aggregate were investigated including
aggregate volume fractions (AVF), coarse aggregate to the total aggregate ratio (CAR),
maximum aggregate size (MAS), and fineness modulus of fine aggregate (FFM). Each
parameter was investigated at five levels between the low and high limits as given in
Table 2. The low and high levels were specified by considering the possible range that
can produce acceptable mixes in terms of workability and consistency (as obtained from a
preliminary investigation) while considering the values that are usually used in cement
concrete production. The levels for each parameter were determined using circumscribed
central composite design. The high and low limits were set to be the extreme points (star
points) and then the factorial points were generated. The MAS levels were then adjusted
to match the sizes of standard sieves. This type of design enables obtaining a rotatable,
spherical, and orthogonal design.

Table 2. Limits of the tested parameters.

Designation Parameter Low High

A AVF (%) 60 80
B CAR (%) 45 85
C MAS (mm) 9.5 25
D FFM 2.4 3.2

A statistical software called Design-Expert® version 13.0.5.0 was used to generate the
mixes and analyze the results. Table 3 shows the proportions of the geopolymer concrete
mixtures as per the central composite design and the measured responses. The central
composite design required 27 mixes to cover the possible combination of the investigated
parameters. Three of them (GC3, 22, and 23) were repeated for the central mix. This was
necessary to increase the reliability of the predictions throughout the region and particularly
close to the center point at which the optimum responses were expected to originate from.
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Table 3. Matrix of experimental design and measured responses of geopolymer concrete mixes using
central composite design.

Mix
Designation

AVF
(%)

CAR
(%)

MAS
(mm)

FFM Slump
(mm)

σ28d
(MPa)

Air Content
(%)

AVPP
(%)

GC1 75 55 12.5 2.6 40 30.5 ± 1.6 9.9 13.3
GC2 60 65 16 2.8 220 48.3 ± 0.7 1.7 10.8
GC3 70 65 16 2.8 145 37.6 ± 0.4 6.7 12.2
GC4 75 75 19 2.6 95 18.7 ± 4.1 8.6 17.1
GC5 65 55 12.5 2.6 140 50.1 ± 0.8 4.2 10.3
GC6 75 55 19 3 75 19.6 ± 3.7 8.7 16.5
GC7 75 55 19 2.6 50 23.9 ± 2.4 9.2 15.4
GC8 70 65 9.5 2.8 110 55.6 ± 0.6 7.2 9.6
GC9 80 65 16 2.8 10 16.9 ± 3.7 9.8 19.2
GC10 70 85 16 2.8 175 21.2 ± 3.3 7 15.4
GC11 65 75 12.5 3 180 42.1 ± 3.2 2.2 12.1
GC12 65 55 19 3 185 39.6 ± 2.6 3.4 11.7
GC13 65 75 19 3 200 35.3 ± 3.2 1.5 11.1
GC14 65 75 12.5 2.6 155 46.8 ± 2.9 2.6 11.1
GC15 75 75 12.5 2.6 70 23.4 ± 3.8 9 15.6
GC16 65 75 19 2.6 170 40.2 ± 3.9 1.9 11.9
GC17 75 75 19 3 110 15.5 ± 4.2 7.6 18.5
GC18 65 55 19 2.6 165 44.7 ± 1.1 3 11.1
GC19 70 65 16 2.4 33 22.8 ± 2.7 7.1 15.9
GC20 65 55 12.5 3 155 45.2 ± 0.9 3.8 11.4
GC21 75 75 12.5 3 90 20.8 ± 3.9 8.1 17.0
GC22 70 65 16 2.8 140 37.9 ± 1.0 6.8 11.5
GC23 70 65 16 2.8 145 37.5 ± 1.3 6.7 12.8
GC24 70 65 25 2.8 155 29.9 ± 2.3 6.4 14.2
GC25 75 55 12.5 3 60 24.8 ± 2.2 8.5 15.1
GC26 70 45 16 2.8 110 27.1 ± 2.4 8.4 14.3
GC27 70 65 16 3.2 160 25.2 ± 2.4 6.3 13.1

The other influencing parameters that control the geopolymer paste properties, in-
cluding the concentration of sodium hydroxide solution, sodium silicate to total alkaline
solution ratio, and alkaline solution to fly ash ratio, have been investigated in previous
studies [10,11,69] and were fixed in this study at their optimum values of 10 M, 0.7, and 0.45,
respectively. The geopolymer paste produced using these ratios provided a compressive
strength of 72.8 ± 0.9 MPa and an initial setting time of 105 min. The ingredients of the
mixtures were determined using the absolute volume method [70].

3.3. Preparation and Testing of Specimens

Geopolymer concrete mixtures were prepared and cast in steel molds following the
procedures of conventional concrete mixing as specified by ASTM C 192 [71]. All of the dry
components were dry-mixed and then the alkaline solution was added and wet-mixed until
a consistent mixture was observed. The concrete was then cast into molds and consolidated
using a vibrating table. The specimens were stored at controlled temperature and humidity
in the range of 24 ± 2 ◦C and 80 ± 5%, respectively, until the day of testing. For each mix,
eight cubes were cast and at least three cubes were tested for compressive strength (i.e.,
so that the standard deviation for the highest measured value did not exceed 3 MPa and
0.7 MPa for the lowest value; otherwise, the result was excluded); another three were tested
for AVPP. The total number of tested specimens was 216.

The compressive strength test was conducted following the EN 12390-3 [72] standards
using 150 mm cubes. A compression machine of 3000 kN capacity equipped with a digital
data logger was set at a loading rate of 0.2 N/(mm2·s) and used to conduct the test. The
consistency of freshly mixed concrete was evaluated using the slump cone test following
ASTM C143 [73] standards. The air content of fresh mixes was measured via the pressure
method following ASTM C231 [74] standards. The apparent volume of permeable pores
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(AVPPs) was determined following ASTM C642 [75] standards using 100 mm cubes. A
scanning electron imaging equipment manufactured by Zeiss, Germany, supra 55 VP, was
used in taking and analyzing the scanning electron microscopy (SEM). Figure 1 shows
some of the tested specimens and the testing apparatus. The flowchart of the research
processes is illustrated in Figure 2.
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4. Results and Discussion
4.1. Effect of AVFs

Figure 3 shows the effect of AVFs on the compressive strength, slump, and AVPP of
geopolymer concrete. The dashed lines represent the confidence intervals (CIs) in which
95% of the expected average values could be found. The compressive strengths of mixtures
prepared with higher AVFs were consistently and significantly lower than those of the
concretes prepared with lower AVFs. The strength was reduced by more than 70% as the
AVFs increased from 60% to 80%. The reduction occurred almost in a linear fashion and
started to level off after AVFs decreased to 65%. The reduction in the strength was around
9.5 MPa for each 5% increment in AVFs. The cross-sections for specimens at various AVFs
are shown in Figure 4. The variation in the aggregate content compared to the geopolymer
paste content at various AVFs can be clearly recognized.
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The effect of AVFs on the slump value was similar to its effect on compressive strength,
as can be seen in Figure 3. The curve shows that the slump value was decreasing in
an increasing trend as the AVFs increased. The slump value was reduced by more than
90%, whereas the AVFs only varied by 20%. It is worth mentioning that all of the mixes
provided a true slump even at the highest AVF. The mixtures provided high coherence
of the constituents which can be attributed to the fineness of fly ash particles and the
high viscosity of the alkaline solution as compared to water [24]. Moreover, the ease of
consolidation and the finishing of mixtures was acceptable even for the mixture with
the lowest slump value (about 10 mm). This may refer to the small size of the fly ash
particles and their spherical shape which facilitate the sliding and rolling of the larger
aggregate particles.

AVFs also affected the AVPP: the AVPP was increasing in an increasing trend as the
AVFs increased. The lowest AVPP of about 10% was obtained at an AVF of 60%, while the
value increased to about 19% at the highest AVF of 80%. A similar trend was observed by
Nikolaos et al. [54], where it was reported that a higher binder-to-aggregate ratio increased
the geopolymer concrete strength and durability. Figure 3 shows the effect of AVFs on the
air content of the fresh mix. A linear relationship was observed between them, and the air
content varied in the range of 1–12% at a constant rate of 2% for each 5% AVF. As compared
to ordinary cement concrete, in general, geopolymer concrete provides a higher air content
in fresh mixes. This may also be attributed to the higher viscosity of geopolymer concrete
mixtures that increased the amount of entrapped air.

Geopolymer concrete is a composite material formed by the combination of the binder
phase and the aggregate phase, resulting in the formation of the interfacial transition zone
(ITZ) as a new phase. The ITZ phase exhibits higher porosity compared to the binder phase.
The increased volume fraction of aggregates (AVFs) in the mixture led to an increase in
the volume of the ITZs, bringing their boundaries closer together, which helped bridge
the matrix flaws and other discontinuities. This led to an increase in the porosity of
the geopolymer concrete, as depicted in Figure 3. The workability of the fresh mixtures
also affected the porosity, with lower workability leading to reduced compaction ability.
Increasing the amount of aggregate in the mixture required higher amounts of geopolymer
paste for coating and lubrication. A higher volume of geopolymer paste, in turn, increased
the backing of the aggregate. Figure 3 shows that an increase in AVF from 60% to 80%
reduced the slump value by approximately 90%. Conversely, reducing the AVF increased
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the amount of geopolymer paste required. The very fine size of the FA particles improved
the ITZs properties, while the unreacted FA particles acted as fillers.

Due to its 3D aluminosilicate network and the adhesive properties of the sodium
silicate solution, the geopolymer paste itself has superior bonding characteristics and a high
strength value (about 73 MPa); this is country to the cement paste which usually shows low
strength due to volume instability [76]. Furthermore, the difference in the stiffness value of
the paste and the aggregate will create a concentration of the stresses at the ITZs. This will
reduce the load-carrying capacity of the concrete [77].

Effect of AVFs on the Concrete Microstructure

The BSD-SEM micrographs of geopolymer concrete specimens at varying AVFs are
depicted in Figure 5 at 500× magnification level. The geopolymer matrix is a non-uniform
alumino-silicate gel that contains some unreacted and partially reacted fly ash particles.
These micrographs indicate that a decrease in AVFs leads to a reduction in ITZ width.
A lower AVF resulted in higher amounts of fine FA particles and geopolymer gel in the
lattice. The size of these particles approaches that of the ITZ, allowing them to fill the
ITZs’ space and enhance their properties. The micrographs also show that the higher AVFs
increased the amount of unreacted fly ash particles, which may also contribute to strength
loss. This may be attributed to the lesser amount of the available alkaline solution whereas
the aggregate tends to restrain more solution [78,79]. Water plays a significant role in
geopolymerization reactions where it is necessary to facilitate alkali transition; less water
will hinder the process [12,14]. The wall effect is known in cement concrete where the local
water-to-cement ratio at the ITZ can be double what it is within the paste itself [70]. This
can also explain the increase in AVPP with the AVFs’ increment; the unreacted particles
may increase the porosity of the matrix and hence the AVPP may increase too. In addition,
the workability was reduced at a higher AVF which may bring the concrete to less of a
consolidation state. This is why the air content in the fresh mix also increased. The obtained
results confute the hypothesis that claims that the total porosity of geopolymer concrete is
only linked to its water content and the addition of aggregate will not create additional
porosity [56].

4.2. Effect of CAR

Figure 6 shows the effect of the CAR on the compressive strength, slump, and AVPP
of geopolymer concrete. The curve of the CAR and compressive strength was concave
downwards with a local maximum representing the optimum CAR. The optimum CAR can
be found between 55% and 65%, which corresponds to the highest strength. The difference
between the minimum and maximum compressive strength was about 50% as the CAR
varied within the investigated range. A similar trend was observed in the case of AVPP. A
minimum value of around 12.5% can be obtained between 60% and 65% CARs. A higher
or lower CAR will result in a higher AVPP with a greater rate of increase toward the higher
CAR. The CAR also affected the slump value, and their variation showed almost a liner
trend: the higher the ratio, the greater the slump. Increasing the CAR from 45% to 85%
increased the slump value by about 70%. An inverse behavior was found between the CAR
and air content. A higher CAR reduced the air content at a constant rate of 0.5% for each
10% CAR.

A lower CAR means introducing more fines to the mix and hence increasing the total
surface area of the aggregate. A higher total surface area will require higher amounts of
liquid and geopolymer paste to dampen and lubricate the aggregate surface. Therefore,
the slump value was reduced as the CAR reduced in the constant alkaline solution to
binder ratio and AVFs. The results of strength and AVPP can be explained in terms of
concrete compaction. At low CARs, the lower slump values produced stiffer mixes that
required greater efforts for compaction. This increased the porosity of the concrete and
entrapped more air within the texture resulting in a higher AVPP and lower strength. This
can also be observed from the air content of fresh mixes where it was reduced as the CAR
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increased. Figure 7 shows the fractured surface of the GC26 mix where the CAR was 45%.
The entrapped air bubbles of various sizes can be noticed. As the CAR increased to an
optimum value, the workability was enhanced resulting in higher strength and less AVPP.
Increasing the CAR further than the optimum value affected the cohesive properties of the
mixture. The mix became harsh and relatively difficult to compact. This could explain why
the strength started to reduce again and why AVPP increased. In addition, a higher CAR
provides less of a surface area for bonding with the geopolymer paste matrix and hence
strength will be reduced. It was suggested that the interfacial bonds between the aggregate
and geopolymer paste have an optimum surface area at which higher strength stability is
achieved. Moreover, the higher fine aggregate content will increase the homogeneity of the
mix and enhance the strength accordingly [54].
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4.3. Effect of MAS

Figure 8 shows the effect of MAS on the compressive strength, slump, and AVPP of
geopolymer concrete. Increasing the MAS reduced the compressive strength at the whole
investigated range at a decreasing rate. Increasing the MAS from 9.5 mm to 25 mm reduced
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the strength by more than 20 MPa. In the case of the slump, a reversed trend was observed.
The slump increased as the MAS increased for the whole investigated range at a decreasing
rate. The measured slump value was reduced by about 48% as MAS increased from the
smallest to the largest size. The variation in slump value was higher than the variation in
the compressive strength (about 34%) as a response to a change in the MAS. The effect of
MAS on the AVPP was similar to its effect on the slump value. The change in the AVPP
within the investigated range was around 30%. In the case of the air content of fresh mixes,
the air content reduced linearly as the MAS increased; however, the air content changed
only by about 1%.
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The strength reduction at greater MASs can be clarified for two reasons. The first is that
the bond with large aggregate particles tends to be weak as compared with small aggregate
particles [61]. This may be attributed to the smaller surface area within a given volume.
This behavior is similar to that known in the case of high-strength cement concrete [80].
The second reason is related to the ITZ: the larger aggregate usually generates a wider
ITZ [62]. A wider ITZ means introducing weaker zones in which a concentration of stresses
occurs and cracks are initiated; later, they can easily interact with the geopolymer paste
cracks. As a result of these two reasons, the heterogeneity of the mix will be increased, and
there will be more pronounced variations between the aggregate and geopolymer paste in
terms of the elasticity modulus, whereby the strength reduces. The MAS effect on slump
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value can also be related to the total surface area effect, the same as was explained in the
previous section, and to their greater tendency to level off under their own weight. The
higher workability is also the reason behind the lower air content of fresh mixes. The effect
on AVPP can be referred to as the wall effect. The bigger the aggregate size, the greater the
wall effect underneath the particles. The bigger aggregate tends to retain entrapped air
bubbles, especially with the high viscosity of the geopolymer paste. In addition, a bigger
aggregate will grasp the excess solution while it moves upward and will create voids when
it later evaporates.

4.4. Effect of FFM

Figure 9 shows the effect of FFM on the compressive strength, slump, and AVPP of
geopolymer concrete. The response of the measured properties to FFM was similar to
their response to the CAR. The compressive strength and AVPP provided an optimal value
of 38 MPa and 12%, respectively, at almost 2.8 FFM. The compressive strength response
showed a more convex shape while the AVPP was less concave. The optimal value was
achieved in a wider FFM range that was skewed to the lower FFM value. The maximum
variation in compressive strength and AVPP was about 43% and 33%, respectively. Air
content showed almost a linear variation with FFM. Its value decreased by 0.25% for each
0.2 FFM increment. The slump value increased in a decreasing trend as the FFM increased.
The slump value changed by almost 100 mm as the FFM increased from 2.4 to 3.0. A further
increment to 3.2 reduced the slump value a little bit.
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The greater FFM means a coarser grading of the fine aggregate, whereby the reduced
surface area increased the obtained slump value. At a fixed AVF, the finer particles in sands
require more geopolymer paste to cover and bind them. The shortage of geopolymer paste
reduced the mixture’s fluidity and strength. Additionally, the finer particles increased the
cohesiveness and mixture viscosity and entrapped more air. The optimum content of fines
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is required to achieve good binding between the geopolymer paste and aggregate while
maintaining workability. To some extent, finer particles will retain a higher amount of alka-
line solution which can motivate geopolymerization reactions. Additionally, the divergence
in surface area may influence the bleeding and ingression of the alkaline solution.

4.5. SEM-EDX Analysis

To verify whether the aggregate may impact the geopolymerization process or not, an
SEM-EDS line scan was conducted on GC19, GC27, GC8, and GC24 samples that represent
the extreme point mixtures with FFM = 2.4, FFM = 3.2, MAS = 9.5 mm, and MAS = 25 mm,
respectively. Five bands spaced at equal distances of 20 µm were created at the boundary
between aggregate and geopolymer paste within the geopolymer paste side, as shown in
Figure 10. The EDS spots were taken at three positions within each band. These positions
were located on geopolymer binder products and avoided the unreacted fly ash particles.
Three samples were analyzed for each mix, and the average value of nine spots (three
spots for each band from three samples for each mix) was determined. The results are
summarized in Table 4. The table gives only the element with the highest peaks which
appeared from the EDS spectra.
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Al 10.1 ± 1.9 10 ± 2.1 9.9 ± 3.3 10.3 ± 1.9 9.8 ± 3.6
Na 2.4 ± 0.5 2.3 ± 0.6 2.1 ± 0.5 1.9 ± 0.5 2.1 ± 0.4
Ca 5.3 ± 0.9 5.1 ± 0.8 5.2 ± 1.2 4.5 ± 0.8 5 ± 0.6

GC24

Si 40.9 ± 5.1 39.4 ± 6.1 34.4 ± 3.7 33.1 ± 3.7 33.2 ± 2.4
Al 10.8 ± 2.1 10.7 ± 2 9.9 ± 1.5 10 ± 1.8 9.9 ± 1.3
Na 3 ± 0.5 2.9 ± 0.5 2.3 ± 0.3 2 ± 0.5 2.3 ± 0.4
Ca 5.9 ± 1.6 5.7 ± 1.5 5 ± 1.5 4.9 ± 1.4 4.8 ± 1.3

GC19

Si 37.3 ± 2.7 36.9 ± 4.4 32.5 ± 3.5 33.1 ± 1.6 33.5 ± 3.5
Al 13.6 ± 2.4 13.3 ± 2.2 13.1 ± 1.9 13.2 ± 1.8 13.4 ± 1.2
Na 2.5 ± 0.5 2.5 ± 0.2 2.4 ± 0.4 2.3 ± 0.3 2.4 ± 0.2
Ca 6.9 ± 1.2 6.8 ± 1.3 6.5 ± 1.4 6.4 ± 0.9 6.2 ± 0.8

GC27

Si 41.7 ± 2.2 41.4 ± 3.2 36.1 ± 2.8 32.1 ± 2.1 32.2 ± 4
Al 10.1 ± 1.6 10.1 ± 1 10.3 ± 1.3 9.9 ± 1.6 10.6 ± 2
Na 2.4 ± 0.6 2.3 ± 0.4 1.9 ± 0.5 2.1 ± 0.3 2.1 ± 0.2
Ca 5.4 ± 1.2 5.4 ± 2.5 5.5 ± 1.1 5.2 ± 0.8 5.3 ± 0.7

* Standard deviation.
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Using SEM-EDS elemental analysis, the geopolymerization process could be evalu-
ated. This could be achieved by considering the Al and Ca concentrations, since the fly
ash particles are the only source of these elements. Higher concentrations may indicate
enhanced geopolymerization. The Si concentration may not provide a clear indication since
the alkaline solution is another source for this element. The Na concentration was mainly
provided by the alkaline solution whereas the Na concentration within the fly ash particles
was very low, as given in Table 1.

Figure 11 shows the elemental analysis of the investigated mixes at 20 µm and 100 µm
bands. The figures show that the concentrations of Si and Na were higher closer to the
aggregate interface. This was correct for all of the investigated mixes. On the other hand,
the concentrations of Al and Ca were almost the same no matter the distance. This may
be related to the wall effect of the aggregate. The aggregate retained higher amounts of
the alkaline solution at their interface which increased the Na and Si concentrations. This
also contributed to the light increase in the concentration of Al and Ca within the 20 µm
band. The availability of the solution will enhance the reactions [69]. By considering the
results of different mixtures at the 20 µm band, it can be observed that GC24 and GC19
provided higher concentrations of all elements as compared to GC8 and GC27, respectively.
GC24 represents the mix with the biggest aggregate size which may retain the highest
amount of solution. This effect disappeared away from the aggregate interface, as can
be seen from the 100 µm band in the figure. On the other hand, in the case of GC19, the
higher concentrations can still be found even within the 100 µm band. This may indicate
an enhanced geopolymerization process. The finest aggregate in GC19 increased the total
surface area of the mix and more solution was retained within the texture. One could
expect that the strength should increase because of the enhanced reactions but the results
revealed the opposite. It is expected that the strength increment due to the enhanced
reactions may not overcome the strength reduction that occurred due to poor compaction
and additional porosity.
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To check whether the observed variations can be considered as significant variations,
a t-test was conducted with a significance level of 5%. The t-test is a statistical test that
can check whether the means of two groups are reliably different from each other. Before
conducting the t-test, the normality of the data was checked. The data for each mix were
reasonably symmetrically distributed about the mean and the mean was close to the
median. The concentrations for all of the mixes showed lower dispersion at the farthest
band from the aggregate interface. Within the 20 µm band, the pair GC8–GC24 showed
significant variation only for the Na content, while the pair GC19–GC27 showed significant
variations in all elements. Between the 20 µm and 100 µm bands, the variations in GC8
were insignificant for all of the elements; in GC24, significant variations were found in Si
and Na content; in GC19, significant variations were found in Si content; and in GC27,
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significant variations were found in Si content. According to the results, the aggregate may
affect the geopolymerization reactions, especially their FFM.

4.6. Statistical Analysis and Response Surfaces

The nonlinear variations between geopolymer concrete constituents (if they existed)
can be evaluated using the response surfaces methodology (RSM). RSM provides a statis-
tical and graphical analysis of regression responses. The graphical representation of the
measured responses can visually determine the influential variables and their interactions.
RSM is usually used for the optimization and development of a response model that repre-
sents how the dependent variable (response) will change as a function of the independent
variables (parameters). In this study, the development of such models will be beyond the
study target. An effective and representative model should consider all of the parameters
that are related to the measured response. In our case, the parameters should also include
the alkaline solution and source material’s properties. These constituents cannot be ignored
whereas they can significantly affect the properties of geopolymer concrete as indicated by
many researchers. In this study, the aim of carrying out such an analysis is to identify the
nonlinearity, interactions, significance, and weight of the investigated parameters.

The RSM was conducted using the multi-analysis of variance (MANOVA) test to fit
polynomial models. The independent variables were A = AVF, B = CAR, C = MAS, and
D = FFM, and the dependent variables were compressive strength, slump, AVPP, and air
content. The MANOVA test indicated that a quadratic equation can best fit the compressive
strength response with an F-value of 16.22. Such a large F-value indicates the significance of
the suggested model; this response has only a 0.01% opportunity of occurrence due to noise.
The multicollinearity phenomenon (in which one parameter can be linearly determined
from the others) did not affect the results since the values of the variance inflation factor
(VIF) of all of the terms were close to 1. There is a high chance of obtaining the same results
upon repeating the design points, whereas a small value of 0.0867 was obtained for the
mean square of pure error. The MANOVA results of the compressive strength model are
summarized in Table 5.

Table 5. MANOVA of the compressive strength model.

Source Sum of
Square df Mean

Square F-Value p-Value VIF Coefficient
Estimate

Model 3280.82 14 234.34 16.22 <0.0001
A-AVF 1674.72 1 1674.72 115.95 <0.0001 1.28 −9.467
B-CAR 73.47 1 73.47 5.09 0.0436 1.28 −1.983
C-MAS 304.60 1 304.60 21.09 0.0006 1.13 −4.196
D-FFM 28.40 1 28.40 1.97 0.01862 1.28 −1.233

AB 1.69 1 1.69 0.1170 0.7382 1.00 −0.325
AC 0.8339 1 0.8339 0.0577 0.8142 1.28 0.272
AD 0.9025 1 0.9025 0.0625 0.8068 1.00 0.237
BC 0.0053 1 0.0053 0.0004 0.9850 1.28 −0.022
BD 1.32 1 1.32 0.0916 0.7674 1.00 0.287
CD 0.1506 1 0.1506 0.0104 0.9204 1.28 0.116
A2 35.63 1 35.63 2.47 0.1422 1.27 −1.303
B2 244.94 1 244.94 16.96 0.0014 1.27 −3.415
C2 26.96 1 26.96 1.87 0.1970 1.38 1.085
D2 250.35 1 250.35 17.33 0.0013 1.27 −3.453

Residual 173.33 12 14.44
Lack of Fit 173.24 10 17.32 399.78 0.0025
Pure Error 0.0867 2 0.0433

All of the investigated parameters provided a significant first-order effect on the
compressive strength of geopolymer concrete, whereas their p-value was less than 5%.
The response surfaces shown in Figure 12 imply that the curvature effect may be found in
all of the investigated parameters. However, the MANOVA revealed that only the CAR
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and FFM provided a statistically significant curvature effect with a p-value of less than
5%. This indicates the existence of an optimum value for each of them, at which peak
responses can be obtained. Likewise, Figure 12 shows that interactions may be found
between AVF and the CAR, AVF and FFM, and the CAR and FFM as two-way slopes can be
observed in the response figures. Yet, the MANOVA indicated that, statistically, there were
no significant interactions between any of the parameters. This means that changing the
value of one parameter will not affect the response of the other parameter. The perturbation
blot displayed in Figure 12 demonstrates that AVF and MAS had the highest influence on
compressive strength, whereas they show a steeper slope as compared to other parameters.
The compressive strength was also more sensitive to the CAR than FFM as it showed a
greater curvature response. Table 5 provides the coefficient estimate which quantitatively
indicates how the response will change per unit change in the indicated parameter. A
higher coefficient estimate value indicates a higher relative effect on the response. The most
influential parameters were AVF, MAS, CAR, and FFM, respectively.
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A MANOVA test was also conducted on the results of the slump test, AVPP, and air
content. The summary of the MANOVA tests is provided in the Appendix A Tables A1–A3
and the response surfaces and perturbation plots are shown in Figures A1–A3. The results
of the statistical tests including the F-value, VIF, lack of fit, and mean square of pure error
for all of the investigated response models revealed the goodness of the developed models.
The best-fit response models of the slump and AVPP were a quadratic model, while the
linear model best fits the air content response. At a confidence level of 95%, all of the
investigated parameters provided a significant first-order effect on both slump and AVPP
responses. However, in the case of air content, only AVF and the CAR revealed significant
effects with a p-value of less than 5%. MAS and FFM may consider having a significant
effect at an 80% confidence level. No significant interaction effect was observed for any
of the investigated parameters, and this was true for all responses. The curvature terms
were found to be significant in the case of slump response for FFM, and for AVF, the
CAR, and FFM in the case of the AVPP response. The coefficient estimate of the slump
model indicated that the most influential parameters were FFM, the CAR, MAS, and AVF,
respectively, while in the case of AVPP, the order was AVF, the CAR, MAS, and FFM,
respectively. Finally, for the air content response, the order was AVF and then the CAR.
The numerical weights of the parameters for each response can be found in Tables A1–A3
by observing the coefficient estimate values.

4.7. Multi-Objective Optimization of Responses

The current study on the fresh and hardened state of geopolymer concrete showed
its potential to be produced in a wide range of consistency (10–220 mm) and compressive
strength (15–55 MPa) by only controlling the aggregate size and proportions. Additionally,
good durability can be guaranteed by controlling the air content and AVPP as they also
provided acceptable ranges of 1.5–9.9% air content and 9.6–19.2% AVPP. Therefore, a wide
range of applications can be thought of for geopolymer concrete.

The sizing and proportions of aggregate not only affect the properties of geopolymer
concrete but also affect its cost as well. Considering the cost of the alkaline solution, the
geopolymer paste amount is the major factor governing the geopolymer concrete cost.
Accordingly, a good geopolymer concrete mix will be the mix that can achieve the required
strength and durability while providing good handling and finishing characteristics and
minimizing the amount of the required geopolymer paste. This could be achieved by a
good grading and proportioning of aggregate to reduce the voids between the particles
and achieve the desirable packing of aggregate. It should be kept in mind that the highest
packing of aggregate may provide the highest strength and lowest cost. At the same time,
it may reduce workability and durability. The desirability criteria should compromise
between them.

Before starting with the optimization of the investigated parameters, it is necessary to
understand the relationship (if it existed) between the measured responses (compressive
strength, slump, AVPP, and air content) themselves. Interestingly, Figure 13 shows that
a specific trend could be found between the investigated responses. The compressive
strength revealed a strong correlation with AVPP. A good correlation can also be found
between the slump value and air content. It is worth mentioning that the slump reduced as
the air content increased. An opposite trend is known for cement concrete: entrained air
usually increases the workability where the air bubbles work as a lubricant because of their
small size.

A multi-objective optimization was carried out to obtain the best combinations of the
investigated parameters that can achieve the desired responses. A regression model was
established and tested for each of the measured responses as explained in the previous
section. These models were then used to obtain an objective function (desirability function
(D)) that could reflect the preferred range for each response (di). The range was represented
by a value between zero (least desired) to one (most desired). The investigated parameters
were varied in a simultaneous and independent manner to achieve the requirement of each
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response using a geometric means of individual transformed responses. Then, a global
desirability function (D) was obtained using the equation D = (dr1

1 · dr2
2 · . . . · drn

n )
1÷n, in

which n is the response number and r is the response importance factor scaled from 1 to 5
as least to most important, respectively [25].
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The target of each response and parameter should be specified as it can be minimized,
maximized, hit a specific target, or fall within a specified range. The choices of the desired
responses that were used in the Design-Expert® software are presented in Table 6. The
compressive strength was set to meet the normal strength of the structural concrete range
that is required for most construction works. The slump was selected to meet the range
required for concrete of medium consistency. Considering the durability and finishing of
concrete, the AVPP and air content were selected to be minimized. All of the responses
were considered to have an equal importance level of 3. All of the independent variables
were set to be within the range except for the AVF which was maximized to reduce
the cost of geopolymer concrete. In order to increase the accuracy of optimization, the
range considered for these parameters excluded their extreme values. The Design-Expert®

software provided many solutions with desirability values in the range of 0.561–0.513. The
ramps of the solution with the highest desirability value are shown in Figure 14. The ramps’
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view illustrates the desirability for each parameter and each response. The upper and lower
values for each parameter and the expected response are shown. The red points represent
the optimal value of each parameter while the blue points represent the prediction values
of the optimal response. The range of independent variables that satisfy the optimized
solutions was as follows: AVF = 69.9–72%, MAS = 12.5–16 mm, FMM = 2.6–2.7, and
CAR = 56.2–74.5%. Proportioning the aggregate within these ranges can produce concrete
of 32–43 MPa strength and slump in the range of 90–100 mm. The minimum air content
and AVPP were 6.1% and 11.4%, respectively.

Table 6. Criteria sets for multi-objective optimization.

Parameters/Responses Goal Lower Limit Upper Limit

A: AVF (%) maximize 65 75
B: CAR (%) is in range 55 75

C: MAS (mm) is in range 12.5 19
D: FFM is in range 2.6 3

Slump (mm) is in range 50 100
Compressive Strength (MPa) is in range 25 55

Air Content (%) minimize 1.5 9.9
AVPP (%) minimize 9.6 19.2
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Regression models always need to be validated to examine their accuracy in predicting
new observations and to check for the over-fitting possibility. In this study, the optimized
results were validated by preparing six new mixes with proportions as presented in Table 7.
Two of them were selected out of the optimized solutions based on the solution with the
highest and lowest desirability value designated as V1 and V2, respectively. The selection
of the remaining four mixes considered the inclusion of different grades of geopolymer
concrete compressive strength and new aggregate proportions that differ from the ones
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used in the development of the models. This was achieved using the desirability function
with a specified target of compressive strength of 20, 30, 40, and 50 MPa. The experimental
and predicted results and the average of the absolute prediction errors are given in Table 8.
The experimental and predicted results were in acceptable agreement. The prediction
error was less than 10%. All of the experimental values were within the 95% high and low
prediction intervals. It was noticed that the predictions for all of the responses were more
accurate toward the higher compressive strength. No specific error trends can be found, as
the models tend to randomly overestimate or underestimate the expected responses.

Table 7. Mix proportions of the validation mixes.

Mix
Designation

AVF
(%)

CAR
(%)

MAS
(mm) FFM

V1 70.6 66.3 12.5 2.7
V2 72.3 58.6 12.5 2.9
V3 70 74.9 25 3
V4 66 74 25 2.7
V5 66 68 19 2.6
V6 68 57 12.5 2.8

Table 8. Experimental and predicted results of the validation mixes.

Slump (mm) σ28d (MPa) Air Content (%) AVPP (%)

Exp. Pred. %Error Exp. Pred. %Error Exp. Pred. %Error Exp. Pred. %Error

110 112.9 −2.6 42.5 43 −1.2 6.6 6.4 3 11.9 11.6 2.5
95 102.1 −7.5 35 37 −5.7 8.5 7.9 7.1 13.4 12.5 6.7
170 185.7 −9.2 19.3 21 −8.8 5.2 5.7 −9.6 17 15.6 8.2
190 201.4 −6 31.6 30.7 2.8 3.4 3.6 −5.9 12.8 13.5 −5.5
165 158.8 3.8 39.2 40.1 −2.3 4 3.9 2.5 11.2 11.8 −5.4
140 136.3 2.6 51.1 50.3 1.6 5.4 5.5 −1.9 10.7 10.4 2.8

Based on the optimization results, the following contour graphs (Figure 15) may pro-
vide an effective tool that can be used as a guide in establishing the aggregate proportions
for the first trial of geopolymer concrete mixtures in terms of their compressive strength and
slump. A further adjustment may be necessary to consider the other mix-design variables.
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5. Conclusions

A systematic experimental study was undertaken to investigate the effect of aggregate
grading and proportions on the fresh and hardened properties of geopolymer concrete.
Several conclusions were presented through the discussion, and the following findings can
be highlighted:

• The statistical analysis indicated that the investigated aggregate parameters do have
a significant effect on the compressive strength, slump, AVPP, and air content of
geopolymer concrete. A wide range of consistencies and compressive strengths can be
achieved by controlling these parameters.

• Considering that the geopolymer paste phase nominally provides the same strength,
the strength variations in mixtures having different aggregate parameters can mainly
be attributed to the variation in the microstructure and ITZ. Moreover, SEM-EDS
analysis revealed statistically significant variations in the elemental concentrations
of the produced geopolymer paste for different aggregate mixtures. This means that
aggregate can also alter the geopolymerization process.

• The most influential aggregate parameter in terms of compressive strength, AVPP, and
air content was the AVF, while the FFM had the least effect. Yet, the FFM was the main
parameter affecting the geopolymer concrete slump.

• Within limits, a higher fine content seems to increase the homogeneity of the mix and
enhance the strength of geopolymer concrete. This is dissimilar to the behavior known
for cement concrete, where a higher AVF and larger MAS usually increase the strength
of cement concrete. This could be attributed to the strong geopolymer binder and its
different rheological properties.

• Unlike the current thinking, in the case of geopolymer concrete, aggregate had a
significant effect on the air content of freshly mixed concrete. Additionally, the air
content is much higher than that in cement concrete. A possible reason for this is the
higher viscosity of the geopolymer concrete mixtures. An inverse relationship was
found between the slump and air content, which is opposite to the trend known for
cement concrete, where entrained air boosts workability as the small size of the air
bubbles brings them to work as a lubricant.

• Aggregate plays a significant role in the AVPP of geopolymer concrete, which confutes
the hypothesis that the total porosity of geopolymer concrete is only linked to its water
content and that the addition of aggregate will not create additional porosity.

• RSM can provide a time-efficient and reliable statistical method for the design of
geopolymer concrete with a counterbalance among the design parameters. Yet, the
development of statistical models will need a large database beforehand.

There are a few limitations to this study. First, the study considers the aggregate
parameters only without considering the binder’s influencing parameters that were fixed
in this study. An interaction may exist between the binder and aggregate parameters. The
investigation of all of the parameters together will require a huge number of specimens,
time, and cost. Second, the aggregate type itself may influence their response depending
on their source.
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Appendix A

Table A1. MANOVA of slump model.

Source Sum of
Square df Mean

Square F-Value p-Value VIF Coefficient
Estimate

Model 76,848.42 14 5489.17 23.71 <0.0001
A-AVF 46,276.88 1 46,276.88 199.93 <0.0001 1.28 146.41
B-CAR 3554.17 1 3554.17 15.35 0.0020 1.28 −49.77
C-MAS 1778.27 1 1778.27 7.68 0.0169 1.13 13.79
D-FFM 6171.71 1 6171.71 26.66 0.0002 1.28 10.14

AB 400.00 1 400.00 1.73 0.2132 1.00 18.17
AC 30.33 1 30.33 0.1310 0.7237 1.28 5
AD 6.25 1 6.25 0.0270 0.8722 1.00 −1.64
BC 0.1476 1 0.1476 0.0006 0.9803 1.28 −0.63
BD 6.25 1 6.25 0.0270 0.8722 1.00 0.11
CD 21.73 1 21.73 0.0939 0.7645 1.28 0.63
A2 1006.66 1 1006.66 4.35 0.0591 1.27 1.39
B2 0.0486 1 0.0486 0.0002 0.9887 1.27 −6.92
C2 242.16 1 242.16 1.05 0.3266 1.38 −0.05
D2 2800.91 1 2800.91 12.10 0.0046 1.27 −3.25

Residual 2777.65 12 231.47
Lack of Fit 2760.99 10 276.10 33.13 0.0296
Pure Error 16.67 2 8.33

Table A2. MANOVA of the AVPP model.

Source Sum of
Square df Mean

Square F-Value p-Value VIF Coefficient
Estimate

Model 164.65 14 11.76 27.27 <0.0001
A-AVF 98.20 1 98.20 227.68 <0.0001 1.28 12.3
B-CAR 6.43 1 6.43 14.91 0.0023 1.28 2.29
C-MAS 11.48 1 11.48 26.61 0.0002 1.13 0.59
D-FFM 1.80 1 1.80 4.16 0.0064 1.28 0.81

AB 1.77 1 1.77 4.10 0.0657 1 0.31
AC 1.30 1 1.30 3.01 0.1081 1.28 0.33
AD 0.5852 1 0.5852 1.36 0.2667 1 0.34
BC 0.1038 1 0.1038 0.2406 0.6326 1.28 0.19
BD 0.0064 1 0.0064 0.0148 0.9051 1 0.1
CD 0.0561 1 0.0561 0.1300 0.7247 1.28 −0.02
A2 5.91 1 5.91 13.70 0.0030 1.27 0.07
B2 11.40 1 11.40 26.43 0.0002 1.27 0.53
C2 0.5376 1 0.5376 1.25 0.2861 1.38 0.74
D2 11.25 1 11.25 26.07 0.0003 1.27 −0.15

Residual 5.18 12 0.4313
Lack of Fit 5.17 10 0.5173 397.92 0.0025
Pure Error 0.0026 2 0.0013
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Table A3. MANOVA of air content model.

Source Sum of
Square df Mean

Square F-Value p-Value VIF Coefficient
Estimate

Model 175.05 4 43.76 56.32 <0.0001
A-AVF 166.43 1 166.43 214.18 <0.0001 1 2.63
B-CAR 6.00 1 6.00 7.72 0.0109 1 −0.5
C-MAS 1.02 1 1.02 1.32 0.1637 1 −0.23
D-FFM 1.60 1 1.60 2.06 0.1652 1 −0.26

Residual 17.09 22 0.7770
Lack of Fit 17.09 20 0.8544 256.32 0.0039
Pure Error 0.0067 2 0.0033
Cor Total 192.15 26
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