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Abstract: This study assesses the effect of mix design parameters on the fresh and hardened properties,
cost, and carbon footprint of geopolymer mortar made with desert dune fines (DDF) and blast
furnace slag (BFS). Taguchi method was employed in designing the experiments. Four factors were
considered, each having three levels, leading to a total of nine geopolymer mortar mixes. The factors
comprised the DDF replacement percentage, alkali-activator solution to binder ratio (AAS/B), sodium
silicate-to-sodium hydroxide ratio (SS/SH), and sodium hydroxide (SH) molarity. Ten performance
criteria were evaluated, including the flowability, final setting time, hardened density, 1, 7, and
28-day compressive strengths, water absorption, sorptivity, cost, and carbon footprint. ANOVA
was carried out to estimate the contribution of each factor towards the response criteria. Further,
TOPSIS analysis was utilized to optimize the mixture proportions of DDF-BFS blended geopolymer
mortar. Experimental results showed that up to 25% DDF replacement enhanced the density, strength,
and durability of the geopolymers with minor impact on the flowability and setting time. Higher
replacement percentages had a detrimental impact on the performance but could still be utilized in
specific mortar construction applications. The other factors had more limited contributions to the
performance, evidenced by the ANOVA. TOPSIS method revealed the optimum mix to be made
with DDF replacement of 25%, AAS/B of 0.5, SS/SH of 1.5, and SH molarity of 10 M. Different
multivariable regression models were also developed to predict the fresh and hardened properties of
the DDF-BFS geopolymer mortars using the mix design parameters.
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1. Introduction

The increasing demand for infrastructure and civil engineering works in the modern
developing economy has drastically increased the consumption of natural resources and
led to excessive carbon dioxide emissions (CO,). As such, scientists have been continu-
ously investigating alternatives that could alleviate the negative environmental impact
associated with the production of cement-based materials [1,2]. Over the last decade, envi-
ronmentalists have been advocating the use of industrial waste materials as supplementary
cementitious materials or fillers in the production of mortars or concrete, as cement is an
energy-intensive and resource-demanding material [3,4].

The current literature converges that incorporating fillers up to predefined concentra-
tions in cement-based composites has contributed to enhancing strength and durability-
related properties while preserving natural resources and reducing CO; emissions [5-7].
This enhancement is mainly associated with these additives’ physical and chemical charac-
teristics. Indeed, the integration of fillers in cement-based composites, such as limestone
powder, quartz powder, and others, has gained popularity in the construction industry,
owing to their inherent advantage of worldwide availability. Several studies have reported
that the incorporation of fillers in concrete led to the refinement of the microstructure and
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reduction of the average pore diameter of the matrix [8,9]. Meanwhile, there has been
devoted research on the incorporation of powder wastes in the manufacturing of inorganic
alkali-activated polymers or “geopolymers,” given their remarkably lower ecological and
environmental footprint and superior strength and durability performance compared to
cement-based materials [10,11].

In the United Arab Emirates, the desert area occupies nearly three-quarters of the
total land surface area. Desert dune sand has been used as an essential material in the
construction industry [12,13]. Current literature converges that dune sand can be usefully
employed as fine aggregates in concrete production [14,15]. This dune sand can be further
treated to obtain ultrafine particles of desert dune fines (DDF). DDF has wide applications in
manufacture of silicone and rubber and metal coating [16]. Compared to as-received dune
sand, DDF has superior fineness that could act as a microfiller in cement-based materials [7].

Despite its abundance in the Arabian, Australian, and African deserts, dune sand
has not been extensively incorporated in concrete proportioning. In some cases, its low
fineness modulus and poor granular skeleton did not meet the gradation limits of fine
aggregates [17,18]. Meanwhile, several studies reported that dune sand resulted in superior
strength and durability properties when incorporated as a filler in concrete due to enhanced
distribution of pore shapes and sizes in the microstructure [7,19,20]. Furthermore, Jia
et al. [14] observed an improvement in hardened concrete properties upon inclusion of
Australian desert dune sand, owing to its heterogeneous nucleation and pozzolanic effects.
Mechti et al. [21] highlighted that finely ground sand resulted in a pozzolanic reactivity
with a 15% increase in strength despite its crystalline nature. Also, it is noteworthy that a
low-cost cement-based mortar made with dune sand and microfibers plant was formulated
for construction applications [22].

In recent years, limited studies have assessed the effect of dune sand on the fresh and
hardened properties of geopolymer mortar [23-26]. Brahimi et al. [27] showed that the
coupled effect of using dune sand rich in silica and fly ash rich in calcium could achieve
synthesized geopolymers having 49.7 MPa of compressive strength. Similarly, Rashad
et al. [23] found that blast furnace slag (BFS) substitution by up to 30% quartz powder
led to enhanced compressive strength, after which a gradual drop in the strength was
noted. In fact, the utilization of calcium-rich materials in geopolymer composites seemed
effective in enhancing the overall performance, particularly when BFS was incorporated
as a precursor binder. In summary, the literature shows that dune sand incorporation
improved the hardened properties of mortars and concrete up to a specific replacement rate.
However, the optimization of the mixture proportions of DDF-BFS blended geopolymer
mixtures intended for mortar applications has not been investigated yet.

Optimizing the fresh and hardened properties of geopolymer mortar/concrete is
challenging. A wide variety of factors and related levels must be considered in the design
phase. Advanced systematic design approaches, including the Taguchi method, have been
successfully employed to find the optimum levels of factors [28-30]. In construction prod-
ucts, i.e., paste, mortar, and concrete, Fantous and Yahia [31] and Xu et al. [32] adopted the
Taguchi method to optimize the mixture proportions for superior mechanical performance.
While the Taguchi method is reliable in seeking a single optimum performance, it lacks the
ability to simultaneously consider various performance characteristics. Hence, multicriteria
optimization methods, including ordering preferences by similarity to the ideal solution
(TOPSIS), have been frequently adopted in research due to their potential to determine
the optimum design conditions [33,34]. Such methods have been effectively utilized to
seek the optimum mix designs of cement-based materials, alkali-activated concrete, and
other engineering materials application [34,35]. Nevertheless, no study has optimized
the mixture proportions of DDE-BFS blended geopolymer mortar for superior fresh and
hardened properties.

This paper aims to fill this research gap by examining the effect of mix design param-
eters on the fresh and hardened properties of geopolymer mortar made with a blended
binder of DDF and BFS. The design of experiments was carried out using the L9 Taguchi
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orthogonal array. Four factors, each with three levels, were examined: DDF replacement
rate, alkaline activator solution-to-binder ratio (AAS/B), sodium silicate-to-sodium hydrox-
ide ratio (SS/SH), and SH molarity. The DDF-BFS blended geopolymer mortar properties
were evaluated through the flowability, setting times, unit weight, compressive strength,
water absorption, and sorptivity. The cost and CO, footprint of the various mixes were also
investigated. The Taguchi method was first used to optimize the mix design by discretely
selecting different performance criteria. Then, the TOPSIS method was implemented to
optimize the mix proportions while concurrently evaluating all quality criteria. Analytical
regression models were also developed to predict different quality criteria based on the
mixture proportions. Such data can benefit researchers and engineers seeking geopolymer
mortar mixtures with optimum performance for various construction applications.

2. Experimental Program
2.1. Materials

BFS was commercially obtained from Emirates Cement as a precursor binding material.
Its physical and chemical properties are summarized in Table 1. Conversely, the DDF was
collected by sieving as-received dune sand. It possesses a relatively wide range of particle
sizes that can be divided into three different size fractions: 0-300, 0-150, and 0-75 microns.
In this work, DDF served to replace 25, 50, and 75% BFS, by mass, as binder in geopolymer
mortars. The morphology and mineralogy of BFS and DDF can be found elsewhere [36,37].

Table 1. Chemical and physical characteristics of BFS and DDE.

Component BES (%) DDF (%)
5i0, 35.4 64.9
CaO 42.1 14.1
Al,O5 10.6 3.0
F6203 0.4 0.7
MgO 8.1 1.3
503 0.3 -
LOI 3.1 -
Physical characteristics
Specific gravity 2.50 2.70
Specific surface area, cm? /g 4250 1820

To determine the optimum size of DDF that would yield the highest compressive
strength in geopolymer mortar mixtures, a series of preliminary tests were carried out.
One control mixture (i.e., 100% BFS) and four DDF-BFS blended mixtures (i.e., 25% DDF
replacement of BFS) with different particle sizes of DDF were tested. The preliminary
results showed that using DDF with particle sizes of 0-300, 0-150, and 0-75 microns at 25%
replacement of BFS achieved compressive strengths of 26.8, 32.4, and 46.5 MPa, respectively.
Meanwhile, the 100% BFS control mix had a strength of 52.3 MPa. Hence, DDF having
a size range of 0-75 microns was adopted in this study. Its chemical composition and
physical properties are presented in Table 1.

The as-received desert dune sand, from which the DDF was extracted, served as the
fine aggregates in the geopolymer mortar. It had similar microstructure characteristics
as the DDF but had a specific surface area and specific gravity of 142 cm?/g and 2.77,
respectively. The particle size distribution of the different fine materials (i.e., dune sand
and DDF) is shown in Figure 1. The mixes having BFS replaced with 0, 25, 50, 75, and 100%
DDF are denoted as 0% DDEF, 25% DDF, 50% DDEF, 75% DDEF, and 100% DDF, respectively.
Compared to the mix made with dune sand only (0% DDF), the inclusion of DDF improved
the particle packing of the geopolymer mortar mixes.
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Figure 1. Particle size distribution of dune sand (0% DDF), 100% DDF, and different combinations of
dune sand and DDF.

The alkaline activator solution (AAS) was composed of sodium silicate (SS) and
sodium hydroxide (SH). The SS solution was made of 26.3% SiOy, 10.3% NayO, and 63.4%
H,O, while the SH solution was prepared by dissolving 97-98% pure SH flakes in tap water
to formulate different solutions having 6, 10, and 14 M molarity. Also, a polycarboxylate
ether-based superplasticizer (SP) was incorporated at a fixed rate of 2% by binder mass to
ensure a flowability above 140 mm in all mixes.

2.2. Development of Geopolymer Mortar Mixtures

Four factors were identified, each at three levels, to explore their influence on the
performance of DDF-BFS blended geopolymer mortars. These four factors are the binder
replacement percentage, AAS-to-binder ratio, SS/SH, and SH molarity. They have been
selected in this work as past studies have identified them as key parameters that affect the
fresh and hardened properties of geopolymer mortars [35,36]. As summarized in Table 2,
the factors included the BFS replacement by DDF (25-75%), AAS-to-binder ratio or AAS/B
(0.5-0.6), SS/SH ratio (1.0-2.0), and SH molarity (6-14 M). These levels were selected
through preliminary trials and based on typical values in geopolymer mixes [11,15,29].
Mixes made with DDF replacement of 100% resulted in a compressive strength below
5 MPa, while those made with higher or lower AAS/B, SS/SH, and SH molarity either
experienced flash setting or did not set within 24 h. Hence, an L9 orthogonal array was used
to develop the experimental matrix by considering all levels and factors to the equivalent
location in the matrix, resulting in nine DDF-BFS blended geopolymer mortar mixes.

Table 2. Experimental matrix of geopolymer mortar mixes.

Mix ID DDF (%) AAS/B SS/SH SH (M)

1 25 0.50 1.0 6

2 25 0.55 1.5 10
3 25 0.60 2.0 14
4 50 0.50 1.5 14
5 50 0.55 2.0 6

6 50 0.60 1.0 10
7 75 0.50 2.0 10
8 75 0.55 1.0 14
9 75 0.60 1.5 6

The control mix C1 was designed based on previous work conducted by the au-
thors [36]. It was made with 625 kg/m? of binder, binder-to-aggregate ratio of 1.94, AAS-to-
binder ratio of 0.5, SS5/SH of 2.0, and SP content of 2%, by binder mass. Analogous mixture
proportions were adopted for control mix C2 with the replacement of 100% BFS by DDF.
The dune sand quantity was slightly modified to accommodate for the different specific
gravities of BFS and DDF. In turn, mixes 1-9 were made with the same total binder content
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of 625 kg/ m?> and SP content of 2%, by binder mass, while their BFS, DDF, SS, and SH
contents were varied based on the matrix of Table 3.

Table 3. Mixture proportions of geopolymer mortar mixes (in kg/m3).

Mix ID BFS DDF Dune SS SH SP
Sand

1 468.7 156.3 1210.7 156.3 156.3 125
2 468.7 156.3 1144.3 206.3 137.5 125
3 468.7 156.3 1076.5 250.0 125.0 125
4 312.5 3125 1224.8 187.5 125.0 125
5 312.5 3125 1156.6 229.2 114.6 125
6 312.5 3125 1071.4 187.5 187.5 125
7 156.3 468.7 1236.7 208.3 104.2 125
8 156.3 468.7 1152.5 171.9 171.9 125
9 156.3 468.7 1086.7 225.0 150.0 125
C1 625.0 0.0 1213.7 208.3 104.2 125
le) 0.0 625.0 1244.3 208.3 104.2 125

2.3. Sample Preparation

The procedure for preparing the geopolymer mortars is illustrated in Figure 2. The
AAS made of SH and SS solutions was prepared 24 h prior to casting to dissipate the
heat generated from the chemical reactions linked to the solution preparation. The mixing
sequence consisted of mixing the as-received dune sand (i.e., fine aggregates), DDF, and
BES in a pan mixer for 5 min. Then, the AAS was gradually added along with the super-
plasticizer to the dry components and mixed for an additional 3 min. The freshly mixed
geopolymer mortar was cast into 100 mm x 200 mm (diameter x height) cylindrical and 50
mm cubic molds to evaluate the mechanical and durability properties. The individual spec-
imens were cast into two to three layers, compacted on a vibrating table for 10 s, demolded
after 24 h, and cured in ambient air conditions until testing. The ambient temperature and
relative humidity hovered around 25 & 2 °C and 50 & 5% during mixing and sampling.

Preparing AAS Demolding e
SS + SH solutions Specimens demolded e pleslin
after 24 h ambient conditions
until testing
Dry Mixing Compacting
DDF + BFS + fine Molds compacted on
aggregates a vibrating table
Wet Mixing Casting
Dry Mix + AAS + Cast fresh mortar
Superplasticizer into molds

Figure 2. Flow chart for preparing geopolymer mortars.

2.4. Test Methods

The tests adopted in this work were selected to characterize the fresh, physical, me-
chanical, and durability properties of DDF-BFS blended geopolymer mortar. The flowability
and the unit weight of the DDF-BFS blended geopolymer mortars were determined as per
ASTM C230 and C138 test methods, respectively [38,39]. Meanwhile, the initial and final
setting times were evaluated using the Vicat needle apparatus, as per ASTM C191 [40]. The
compressive strength (f'c) of 1-, 7-, and 28-day geopolymer mortar mixtures was obtained
following the ASTM C109 test method [41]. For all tests, triplicate specimens were tested
per mix to obtain an average.

The water absorption and the sorptivity of DDF-BFS blended geopolymer mortar
mixtures were determined following ASTM C642 and C1585 test methods [42,43]. In the
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former test, 50-mm thick discs extracted from 100 mm x 200 mm (diameter x height)
cylinders were oven-dried at 105 °C until a mass variation of less than 0.5% was attained.
Specimens were then immersed in water for 24 h. Hence, the “dry mass” and “SSD mass”
were recorded, and the water absorption was computed, as per ASTM C642 [42]. In the
sorptivity test, similar disc samples were oven-dried at 105 °C for 24 h, then left to attain
ambient temperature prior to testing. An impermeable tape was used to cover and seal the
sides and the top surface of the samples. Afterward, the exposed surface was immersed
3 £ 1 mm in water. The variation in mass was recorded for 6 h. The initial sorptivity, i.e.,
water absorption rate, was determined as the variation in mass divided by the exposed
cross-sectional area and water density, as per ASTM C1585 [43].

2.5. Cost and CO, Footprint Calculations

Table 4 summarizes the cost and carbon dioxide footprint (COygy) of the materials
used in producing the geopolymer mortar. The respective unit costs of materials are relevant
to the United Arab Emirates (UAE) market in 2022 and could vary from one supplier to
another. While several components, such as DDF, dune sand, BFS, and water, are relatively
inexpensive, others are costly, including the alkaline activator solution and superplasticizer.
Thus, the cost of various geopolymer mortar mixes was determined by calculating the
individual cost of each constituent required to produce 1 m® of mortar and then adding
them to determine the total cost of the mix. Similarly, the potential environmental impact of
geopolymer mortars was assessed by quantitatively comparing COy ). The corresponding
COy gy values for the raw constituents of geopolymer mortars have been collected from
previous research work [1,2] to calculate COy gy for 1 m? of geopolymer mortar.

Table 4. Cost and CO, footprint of used materials for geopolymer mortar.

Materials Cost ($/ton) €Oz Footprm.t (kg/kg of
Material)

BFS 76 0.0416
DDF 5 -
Dune Sand 5 -

SH Solid 544 1.9150

Water 2 0.0126

SS Liquid 272 1.0000

SpP 1927 1.8800

3. Optimization Methods
3.1. Taguchi Integration

Taguchi developed a robust design technique for adoption in different engineering
applications to achieve optimum conditions while minimizing the influence of uncontrolled
factors and reducing the number of required experiments [28,44]. In this technique, an
orthogonal array is developed based on a loss function, which is transformed into a
signal-noise (S/N) ratio to compute the difference between the targeted experimental
and actual values. The S/N ratio should be increased to minimize the variation within
the required target. The analysis of the S/N ratio is essentially carried out based on the
required response optimization. Two different values are computed based on the targeted
characteristic response: the “Smaller-is-better” and the “Larger-is-better”. For instance, the
“Smaller-is-better” S/N characteristic is used for water absorption and sorptivity responses,
as these properties are to be minimized, while the “Larger-is-better” S/N characteristic is
used for flowability and compressive strength responses, which are to be maximized. The
corresponding Equations (1) and (2) to calculate the S/N are given as follows:

1
S/N = —10 log,, fﬁ Zin:l Yiﬂ Smaller — is — better (1)
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len 1 .

S/N = —10 log,, [H Y F] Larger — is — better ()
g

where n is the number of a given experiment and yj; is the measured experimental response

to be optimized.

3.2. Optimization by TOPSIS Method

The Taguchi optimization method is mainly adopted to seek the optimum mix condi-
tions and explore the significant factors while considering only one performance criteria at
a time. Yet, several advanced methods showed promising results in finding the optimum
conditions by considering various performance criteria simultaneously [36,45]. In this
study, TOPSIS was adopted as a multicriteria performance optimization method to find
the optimum mix design while concurrently satisfying the fresh and hardened properties,
economic impact, and environmental impact of DDF-BFS blended geopolymer mortar.
These performance criteria included the flowability, final setting time, hardened density,
1-, 7-, and 28-day compressive strengths, water absorption, sorptivity, cost, and COy),
denoted as Q1-Q10, respectively. The TOPSIS and Taguchi methods were integrated to find
the optimum mix through the following steps:

Step 1: Normalization of the decision matrix

The decision matrix was developed by adopting the S/N ratio for each experiment.
Since each performance criterion relied on a specific measuring scale, the vector normaliza-
tion of the decision matrix was carried out using Equation (3).

M
\/ L1 2

where nj; is the S/N value for a specific response, and rj; is the normalized vector equivalent
to the n;; vector.
Step 2: Assigning normalized weights for the normalized decision matrix

Each performance criterion was assigned a specific weight based on its significance
to the end-user. Accordingly, the normalization of each weight was computed and then
multiplied by the corresponding vector from the normalized matrix. Hence, a new weighted
normalized matrix was developed and used in the following steps. It is worth noting that
the summation of all normalized weight was equal to 1.
Step 3: Computing the negative and positive ideal solutions

The negative and positive ideal solutions were calculated using Equations (4) and (5),
respectively. These values were related to the weighted normalized matrix’s minimum
and maximum values, where vij, J, and G are the weighted normalized decision matrix cell
value, the benefit type criteria set, and the cost type criteria set, respectively.

®)

rij =

A" = {(max vij [j €1), (minvij i€ G)} 4)

A” = {(maxvy |j €J), (maxvjlj € G)} (5)

Step 4: Determining the distance from the ideal solutions

Using Equations (6) and (7), the corresponding distances from the ideal solutions
(positive, S;+ and negative, S;_) to the weighed normalized matrix were computed, where
vj; and vj_ represent the positive and negative ideal normalized matrix values.

Sip = \/Zjn_l (Vij - Vj+)2 (6)
Si_ = \/2,.“_1 (vy —v;)2 @)

Step 5: Calculating the closeness coefficient to the ideal solution
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The closeness coefficient (C;’) to the ideal solution or ranking score is calculated using
Equation (8). It merged all experimental responses into a single criterion to identify the
optimum factors.

S
C* = L 8
bST+Sf ®
Step 6: Assigning the obtained closeness coefficient in Taguchi to find the S/N ratio

Using Equations (1) and (2), the S/N ratio for each experiment was computed. Then,

the optimal mix design was determined by considering the highest S/N ratio.

4. Results and Discussion
4.1. Flowability and Setting Time

The effect of DDF content on the workability of geopolymer mortar is shown in
Figure 3. The DDE-BFS blended geopolymer mortar mixes were categorized based on
their BES replacement rate by DDF. For instance, mixes 4, 5, and 6 were allotted in the
50% DDF category. Meanwhile, control mixes C1 and C2 were categorized separately
with 0 and 100% DDF replacement, respectively. Geopolymer mortar mixes containing
low concentrations of DDF (i.e., 25%) exhibited a similar consistency response to that of
control mix C1, hovering around 210 mm. This can be directly linked to the increased
mixture cohesiveness due to the 25% replacement of BFS by DDF [45-47]. However, the
use of higher concentrations of DDF was coupled with lower flow responses, owing to the
particle size distribution and high specific area of the DDF that may adsorb part of the wet
components (i.e., SS, SH, or SP), increase the internal friction, and, consequently, hinder
the flow of geopolymer mortar [20,48]. For instance, the flow decreased, on average, from
225 mm to 210, 181, 153, and 110 mm upon replacing BFS with 25, 50, 75, and 100% DDF,
respectively. Similar findings were noted in other work on replacing fine natural aggregates
with recycled counterparts [49,50].

260 40
[ Initial setting time
[ Final setting time - 35
220 A —e—Flow L 30 ’é\
e £
£ 150 - L 25 =
z - 20 £
é 140 A 15 %D
100 - ' ! | - 10 &
1 | 1 |
60 4 [ i i | i
Cli1 2 314 5 6!7 8 91
! 1
: | MixID ! !
1
DDF (%) 0% 1 25% 50% : 75% | 100%

Figure 3. Effect of DDF replacement rate on the flowability and setting times of geopolymer mortars.

In each DDF replacement category, the increase in the AAS/B led to a general increase
in the workability (i.e., flow). This phenomenon is similar to that of the water-to-binder
ratio in conventional cement-based materials, as reported in past work [51]. Furthermore,
mixtures made with reduced SS/SH and SH molarity exhibited an increase in flow. Those
having SS/SH in the range of 1-1.5 and molarity of SH between 6 and 10 M, such as
mixtures 1, 6, and 8, yielded the highest workability among mixtures made with blended
BFS and DDEF. Such results are in line with other studies reflecting the reduction in viscosity
of the AAS when less SS and low SH molarity are used [36].

The initial and final setting times of geopolymer mortar mixtures are illustrated in
Figure 3. Since the two properties followed a similar trend, the focus hereafter was on
analyzing the final setting time. In general, the addition of DDF led to an increase in
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geopolymer mortar setting time, suggesting that the DDF played a negative role in diluting
the mix, which in turn caused retardation in the chemical reaction and lengthening of
the setting time. For instance, the average final setting time increased from 14.1 to 14.2,
19.5, 24.3, and 32.8 min upon replacing BFS with 25, 50, 75, and 100% DDF, respectively.
Similar findings have been observed in other works studying the effect of a silica filler on
the hydration of cement [52]. Moreover, the use of SH solution molarity below 10 M was
coupled with higher setting time responses in each category. Indeed, mixes 1, 4, and 9 had
the longest setting times for each category. Such lower SH molarity may have caused a
decrease in the dissolution rate of BFS, as noted elsewhere [53]. This phenomenon was
also reported in alkali-activated ladle slag mortars [34]. Yet, it is worth noting that DDF
replacement had a predominant effect on the workability and setting time compared to
AAS/B, SS/SH, and SH molarity, evidenced by its significantly higher contribution shown
in the ANOVA results later. From this point, an analytical model was developed to predict
the flow and final setting time from the DDF replacement percentage. Linear relationships,
with a correlation coefficient (R?) greater than 0.95, exist between DDF replacement and
each of the flow and final setting time, as shown in Figure 4. Accordingly, it is possible
to predict these two properties for DDF-BFS blended geopolymer mortars using the DDF
replacement percentage with high accuracy.

220 35.0
g . Flow=-1.24DDF +242.65

200 A S.. R2=0.98 - 30.0
T80 { °OFov 8. & - 2502
B XN L 200 &
~ 160 -1 X \\\ Q
z % € - 15.0 §
= 140 - o IR o
Setting time = 0.23DDF +7.90 ~~. [ 100 £
120 - R2=0.95 £
5 5.0 K

100 T T T 0.0
0 25 50 75 100
DDF (%)

Figure 4. Relationship between the DDF replacement rate and each of flow and final setting time.

4.2. Fresh and Hardened Densities

The fresh and hardened densities of geopolymer mortar mixes made with differ-
ent mixture proportions are summarized in Table 5. The fresh density hovered around
2142 + 140 kg/m?, with the highest value of 2250 kg/m?> recorded for the control mix
C1 proportioned with 100% BFS. Regardless of AAS/B, S5/SH, and SH molarity, mixes
1,2, and 3 containing 25% of DDF exhibited the highest fresh density values reaching up
to 2240 kg/m?3. Conversely, mixes containing higher DDF additions showed decreased
fresh density responses, which can be related to the DDF nature that reduced the flow and
created a more porous mortar, thereby, lowering the density. For example, the fresh density
decreased from 2250 kg/ m3 for control mix C1 to 2168 kg/ m3 when 75% DDF was added.

After 28 days, the density decreased by up to 15%. The hardened density recorded for
the control mix made with 100% BFS was 2065 kg/m?, while that made with 100% DDF was
1680 kg/ m?3. Mix 2 made with DDF of 25%, AAS/B of 0.55, SS/SH of 1.5, and SH molarity
of 10 M exhibited the highest hardened density among all mixes, with a value of 2070
kg/m?3. The corresponding response was comparatively similar to that of the control mix
containing 100% BFS (mix C1), suggesting that low concentrations of DDF (i.e., 25%) did not
significantly affect the density of geopolymer mortars. This can be attributed to the particle
size distribution and reactive nature of DDF, particularly when it is incorporated at low
concentrations [7,54]. Conversely, the use of higher rates of DDF significantly reduced the
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density responses; for example, the hardened density reached 1888, 1800, and 1680 kg/ m3
for mixes containing 50, 75, and 100% DDF, respectively. The high concentrations of DDF
diluted the mortar matrix, creating a more porous microstructure, as observed in the
water absorption later. Also, the workability of the mixes was reduced by increasing DDF
replacement, which may have affected the compactability.

Table 5. Fresh and hardened densities of DDF-BFS blended geopolymer mortars.

Mix ID Fresh Density (kg/m®) Hardened Density (kg/m3)
1 2220 £ 111 2010 £ 111
2 2240 + 108 2070 + 125
3 2232 + 105 2056 £+ 120
4 2224 + 134 1944 + 102
5 2224 + 116 1888 + 91
6 2128 £+ 107 1896 + 95
7 2168 £ 102 1868 + 85
8 2168 + 97 1862 + 82
9 1900 £ 73 1800 +£ 80

C1 2250 £ 110 2065 + 124
C2 1810 £ 65 1680 + 62

4.3. Compressive Strength

Figure 5 shows the compressive strength (f'.) development of geopolymer mortar
mixtures at 1, 7, and 28 days. The strength results showed similar trends at different ages.
Hence, the analysis focused on the 28-day responses. The geopolymer mortar mixes were
arranged based on their DDF replacement category. For example, mixes 4, 5, and 6 were
allotted in the 50% DDF category. Meanwhile, C1 and C2 mixes containing 0 or 100% DDF
were categorized separately. Results show that mix 2, containing 25% DDF, yielded the
highest compressive strength response of 56.5 MPa. Compared to control mix C1, made
with 100% BFS, the replacement of BFS by 25% DDF seemed to slightly enhance the strength
response. This enhancement in strength is attributed to the improved particle packing
density and particle gradation, as shown in Figure 1. Others have also noticed enhanced
distribution of pore shapes and sizes in the microstructure [7,19,20]. Furthermore, it is
possible that the heterogeneous nucleation and pozzolanic nature (i.e., high silica content)
of DDF may have promoted the geopolymerization process and densified the interfacial
transition zone characteristics of the geopolymer mortars [21,55,56]. Such results are in
agreement with those of other work [7,50,55].

70

H1l-day @7-day 0O28-day

C1
Mix ID

50%

DDF (%) 0% 25% 75% 100%

1

1

1

1

I
7008 9@

1

1

I
Figure 5. Effect of DDF replacement rate on strength development of geopolymer mortar.

In contrast, geopolymer mortars containing higher DDF contents (i.e., 50 to 75%)
exhibited reduced strength responses. On average, the compressive strength decreased
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from 48.2 to 15.6 and 6.8 MPa when the DDF replacement increased from 25% to 50 and 75%,
respectively. This may be attributed to the dilution effect of DDF with a high replacement
level that resulted in a reduction in compressive strength [52]. Also, the lower activation
reaction efficiency of DDF at ambient temperature may have negatively impacted the
strength as the less reactive DDF replaced BES. It is worth noting that a previous study that
substituted more than 35% binder with quartz powder observed similar strength reductions
due to higher silica/alumina ratios in the geopolymeric matrix [55].

In each DDF replacement category, mixes 2, 4, and 7 attained the highest 28-day com-
pressive strength of 56.5, 20.3, and 7.3 MPa, respectively. Two-dimensional contour plots
were established to highlight the effect of dual factors on the compressive strength response,
as shown in Figure 6. Mixtures proportioned with 0-25% of DDEF, 0.5-0.55 of AAS/B, 1.5-2.0
of SS/SH, and 10-14 M of SH solution attained compressive strength responses above
40 MPa. These proportions improved the particle packing density, reduced the porosity,
increased the density, led to the dissolution of hydroxide ions, and consequently higher
strength [57]. Further increasing the addition of DDF coupled with high AAS/B, low
S5S/SH, and low SH molarity led to the reduction in compressive strength, reflecting the
dilution effect linked with the lower dissolution of hydroxide ions [35]. Nevertheless, the
performance was not as significantly impacted due to variations in AAS/B, SS5/SH, and
SH molarity as when DDF replacement changed. Indeed, such a finding is evident by the
high contribution (90%) of DDF towards strength, as described in the ANOVA section
later. Meanwhile, incorporating higher BFS content in the DDF-BFS geopolymer mortar
was associated with higher strength. This could be attributed to its impressive activation
capabilities and granular structure that could foster the production of calcium silicate
hydrate and aluminosilicate hydrate gels [58]. Still, despite mixtures made with at least
50% DDF exhibiting strength responses in the range of 6.0-20.3 MPa, these compressive
strength values are considered sufficient for specific applications based on BS EN 413-1 [59].
Thus, it is possible to maximize DDF replacement while maintaining adequate performance
for specific mortar construction applications.

Contour Plot of Strength vs DDF, AAS/B Contour Plot of Strength vs DDF, S5/SH

100

100
Strength Strength

<« 10 <« 10

10 - 20 10 - 20

M o20- 30 W 20- 20
M0 - 0 M- 4w
W - so0 MW w0 - 50
> 50 [ ] > 50

SS/SH

Contour Plot of Strength vs AAS/B, SS/SH Contour Plot of Strength vs DDF, SH
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< 10
- 20
- 30

- 50
> 50

Figure 6. Two-dimensional contour plot of mixture proportions against 28-day compressive strength.
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Based on the findings presented herein, the compressive strength results were cor-
related to the percentage replacement of BFS by DDF. Figure 7a. shows that a good
relationship exists between compressive strength at various ages and DDF replacement
with correlation coefficients (R?) greater than 0.89. Similarly, the results of f'. are well-
aligned to the hardened density (d). Analytical models were developed to correlate f’c at
various ages and the hardened density (d), as shown in Figure 7b. Accurate relationships
were proposed with high correlation coefficients (R?) exceeding 0.90. Thus, it is possible to
predict the compressive strength of DDF-BFS geopolymer mortar at 1, 7, or 28 days using
the DDF replacement percentage or the 28-day hardened density values.
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Figure 7. Relationships between (a) compressive strength with respect to DDF replacement rate and
(b) the hardened density at various ages.

4.4. Water Absorption

The effect of BFS replacement by DDF on the water absorption and sorptivity is shown
in Figure 8. Values ranged between 1.6 and 7.1%, with the lowest and highest values
being attributed to the control mixes made with 100% BFS and 100% DDEF. Geopolymer
mortar mixes prepared with 25% DDF achieved analogous water absorption responses as
those of control mix C1. Such finding is in line with those of compressive strength and
hardened density, which can be attributed to the enhanced particle packing density and
pozzolanic reactivity of DDF in the binding matrix [54,60,61]. Compared to the other mix
design factors, i.e., AAS/B, SH/SS, and SH solution, it is apparent that DDF replacement
had a more significant impact on the water absorption, similar to its impact on hardened
density and compressive strength. Increasing the DDF replacement from 25% to 50 and 75%
led to, on average, 67 and 210% higher water absorption, respectively. These results are
consistent with the decrease in strength in mixes incorporating higher DDF replacement.
Apparently, higher DDF replacement led to the dilution of the geopolymeric matrix, creating
a more porous microstructure, and reduction in workability, resulting in a less compactable
mortar mix.

OWater absorption

| mSorptivity

Water absorption (%) or
Sorptivity (mm/hr®5)

O = N W ok U N ® O
P S R S S S

C1 c2

Mix ID

DDF (%) 0% 25% 50% 75% 100%

Figure 8. Effect of DDF replacement rate on water absorption and sorptivity of DDF-BFS blended
geopolymer mortar.
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4.5. Sorptivity

The sorptivity values are presented in Figure 8. Concurrent with water absorption
findings, DDF-BFS blended geopolymer concrete mixtures made with 25% DDF exhibited
the lowest absorption at 150 s*° ranging between 1.8 and 2.7 mm and sorptivity values
between 0.67 to 0.97 mm/hr*>. Such findings were comparable to the control mix C1
containing 100% BFS. As noted earlier, this can be related to the conjunction of two phenom-
ena, including the enhanced particle size distribution and packing density and pozzolanic
reactivity of DDF, which could physically refine the capillary pores and reduce the water
absorption capacity [23,55]. In other work, the high SiO; content of the quartz powder was
effective in reducing the porosity in fly ash-based geopolymers, owing to its reactive nature
at ambient conditions [54]. Yet, mixes made with higher DDF replacement experienced
higher sorptivity, especially when 75-100% BFS was replaced by DDE. Such a finding
reflects the vulnerability of adopting DDF as a major or sole precursor binder in resisting
water percolation. Furthermore, it is worth noting that the effect of AAS/B, SH/SS, and SH
solution factors on sorptivity was limited compared to the DDF replacement percentage.

The absorption and sorptivity findings were correlated to the DDF replacement per-
centage, as shown in Figure 9a. The high correlation factors (R? > 0.91) reflect their
dependence on this mix design factor (i.e., DDF replacement percentage). Also, the re-
sults of compressive strength (f'c) and each of absorption and sorptivity were found to be
analogous. The corresponding properties were correlated in Figure 9b. Hence, the water
absorption and sorptivity can be predicted from f’. with high accuracy, as the respective
correlation coefficients (R?) reached 0.97 and 0.93.

9.0 - 3.00 9.0 3.00
8.0 4 Water absorption = 0.551e0-0169DDF / 8.0 A X © Water absorption 250
<70 A R2=0.91 g ,1' & 2.50 — 370 4 @( X Sorptivity I~ &
et / . e T:/ | & | =
g 6.0 - /'g’, - 2.00 % 8 6.0 g o o 2.00 %
£ 50 { ©Water absorption D £ § 50 4 . Sorptivity = 6.0f' .- £
g - L 150 = 3 i R2=093 - 150 T
2 40 4 xSorptivity . = 240 - 2
2 3.0 1 X e - 1.00 £ g 30 1 G il X, - 100
= g Z 20 B o 8
=20 G-~ g Sorptivity = 1.337e00183DDF L0 50 @ 10 Water Absorption = 18.4f' 060 -8 1 0.50

1.0 A R2=0.92 ) R2=0.97
0.0 . 0.00 0.0 T T 0.00
0 50 100 0.0 20.0 40.0 60.0
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(@) (b)

Figure 9. Relationships between water absorption/sorptivity and (a) DDF replacement rate and (b)
compressive strength.

4.6. Environmental and Economic Impact Analysis

The effect of mix design parameters on the carbon footprint of DDF-BFS blended
geopolymer mortar was evaluated while seeking the optimum mix proportions. Figure 10
shows that the DDF concentration slightly impacted the CO, ), with values decreasing
from, on average, 328 kg/m3 to 323 and 317 kg/m? as DDF replacement percentage
increased from 25 to 75 and 100%, respectively. This is attributed to the low CO,g) of DDF
compared to other constituents (Table 5), reflecting a lower impact on the total COy) of
mortar mixes. Conversely, increasing the AAS content, SS/SH, and SH molarity led to
increased CO,(gy, owing to their higher carbon footprint (Table 5). Nevertheless, among the
three mix design parameters, the AAS/B and SH molarity seemed to have a slightly more
prominent impact, as revealed in the ANOVA results later.
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Figure 10. Cost and CO; footprint of geopolymer mortar mixes.

Figure 10 also presents the cost of DDF-BFS blended geopolymer mortar mixes. For the
control mixes C1 and C2 made with either BFS or DDF as the sole binder, the corresponding
unit prices were 157 and 114 $/m?3. The replacement of BFS with DDF reduced the cost. In
fact, the cost reduced by, on average, 7% for every 25% DDF replacement. Furthermore,
it is important to note that for blended mortar mixes, the average unit price of the wet
components, including SS, SH, and superplasticizer, was significantly higher than the
powder materials. Thus, minimizing the use of solutions was a key factor in achieving
a cost-effective geopolymer mix. Hence, the replacement of BFS with DDF and reduced
AAS/B ratio and SH molarity resulted in a lower cost for 1 m>.

4.7. Analysis of Variance (ANOVA) Analysis

To further understand the effect of each mixture parameter on the fresh and hardened
properties of geopolymer mortars, its contribution to a specific criterion was calculated
by adopting the analysis of variance (ANOVA). This statistical approach was carried out
based on the uncontrolled nuisance and independent variables. The separation of these
variables as “sum-of-squares” could predict the contribution of each parameter to the
required criteria [62-64]. In this section, the Taguchi method was used to optimize only
one single criterion.

The contribution of factors to different criteria was determined at a confidence level
of 95%, as summarized in Table 6. In general, the BFS replacement by DDF was the key
factor to the fresh and hardened properties of geopolymer mortar, i.e., flow, setting time,
density, compressive strength, water absorption, and sorptivity, yielding contributions
above 90%. The other factors, including AAS/B, SS/SH, and SH molarity, exhibited much
lower contribution (i.e., below 10%). Such findings are well-aligned with the experimental
test results shown earlier. Contrarily, the carbon footprint was mainly impacted by the
AAS/B and SH molarity, with contributions reaching up to 46%. This is primarily due to the
much higher carbon footprint of the alkaline activator solution than the binder materials.
As for the cost, the DDF replacement percentage had the highest contribution of 51%
followed by each of AAS/B and SH molarity with respective contributions of 21 and 25%.

4.8. Taguchi Optimization

The optimum levels of factors for geopolymer mortar were determined based on
the signal-to-noise ratio computed for the desired quality criteria. The “Larger is better”
criterion was adopted to maximize flowability responses, final setting time, hardened
density, and strength, while the “Smaller is better” principle was used to minimize the
responses for water absorption and sorptivity, cost, and CO, footprint. Accordingly, the
optimum levels of factors for individual criterion were determined, as shown in Table 7.
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Table 6. Contribution of factors towards the flow, final setting time, compressive strength, permeabil-

ity, cost, and COyg).
Properties Factors Contribution (%)
P DDF% AAS/B SS/SH SH Molarity
Flow 99.00 0.13 0.81 0.06
Final setting 95.56 121 0.32 291
time
Hardened 90.15 1.75 0.54 7.55
density
1-d ', 97.36 0.54 1.12 0.98
7-d £/, 96.86 1.26 121 0.67
28-d f'e 96.81 0.99 1.22 0.97
Water 95.38 1.05 0.94 2.63
absorption
Sorptivity 92.33 1.44 2.12 410
Cost 51.25 21.11 2.76 24.88
COysp 0.94 46.22 8.44 44.40

Table 7. Signal-to-noise ratios for factors and levels of each quality criteria.

Factors and Levels

Quality .
Criteria A B C D Optimum
1 2 3 1 2 3 1 2 3 1 2 3
Flow 46.43 45.18 4371 45.09 45.08 45.16 454 45.01 45.08 45.14 45.09 45.10 A1B3CIDI
Final
setting 23.06 25.49 27.74 2573 2526 25.29 2553 2527 2548 25.86 25.04 2538 A3BICID1
time
H;é::;:;d 66.21 65.62 65.31 65.76 65.75 65.64 65.67 65.83 65.74 65.56 65.77 65.81 A1BIC3D3
1-d f¢ 29.46 20.25 655 19.89 1953 17.84 17.76 20.14 1836 17.76 18.48 20.03 A1BIC2D3
7-d f'e 3139 21.39 1372 23.90 2298 21.01 2138 2328 21.84 21.35 2236 279 A1BIC2D3
28-d f'c 3359 23.67 16.65 26.28 25.96 23.66 2376 25.66 24.48 23.73 2474 2543 A1BIC2D3
Water —5.64 ~10.14 ~15.54 ~10.13 ~10.14 ~11.04 ~10.99 ~10.05 ~1028 ~11.39 ~10.00 —9.93 A1B1C2D3
absorption
Sorptivity 1.89 —1.41 ~6.91 -172 ~1.81 —278 —2.88 ~156 ~1.99 -3 ~150 -122 A1BIC2D3
Cost —43.18 —4257 —4138 —42.06 —4261 —4291 4237 —4253 —4268 —4205 4254 —4298 A3BICIDI
Co, —50.21 —50.19 —50.02 —49.36 —50.27 ~50.79 —49.81 ~50.18 ~5043 —49.41 ~50.19 ~50.82 A3BICID1

Results showed that the optimum mix for the superior final setting time, cost, and CO,
footprint was made with DDF replacement of 75%, AAS/B of 0.50, SS/SH of 1.0, and SH
molarity of 6 M (A3B1C1D1). Such results reflect the marked influence of high DDF content
(i.e., 75%) and low AAS/B, SS/SH, and SH molarity on increasing the setting time and
decreasing the cost and carbon footprint. While the flowability was optimized when the
mix had a DDF replacement of 25%, AAS/B of 0.60, SS/SH of 1.0, and SH molarity of 6 M
(A1B3C1D1). This finding aligns well with obtained experimental results, whereby lower
DDF replacement, SS/SH, and SH molarity and higher AAS/B rendered more flowable
DDF-BFS blended geopolymer mortar mixes. Conversely, the compressive strength (at all
ages), water absorption, and sorptivity were optimized when the geopolymer mortar mix
was made with DDF replacement of 25%, AAS/B of 0.50, SS/SH of 2.0, and SH molarity
of 14 M (A1B1C2D3). Experimental test results confirm this optimization, as mixtures
proportioned with 0-25% of DDEF, 0.50-0.55 of AAS/B, 1.5-2.0 of S5/SH, and 10-14 M of
SH solution were noted to attain the highest compressive strength responses.

4.9. TOPSIS Optimization

Optimization using the Taguchi method was restricted to optimizing one quality
criteria at a time. For this reason, the TOPSIS optimization process was adopted to opti-
mize multiple criteria simultaneously. The characteristic values of flow, final setting time,
hardened density, and compressive strength at all ages were maximized through “Larger-
is-better”, as given in Equation (2). Meanwhile, the water absorption, sorptivity, cost, and
CO;, were minimized through “Smaller-is-better”, as given in Equation (1). The S/N values,
shown in Table 8, were considered in developing the normalized decision matrix.
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Table 8. Decision matrix of S/N for Q1-Q10 criteria responses.

Mix Quality Criteria
ID Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10
1 46.57 23.64 66.06 27.60 30.53 32.46 —6.85 0.30 —42.07 —48.37
2 46.28 22.61 66.32 31.35 33.10 35.04 —4.51 3.53 —43.29 —50.43
3 46.44 2292 66.26 29.43 30.53 33.26 —5.58 1.83 —44.17 —51.82
4 45.06 25.85 65.77 23.05 23.86 26.14 —8.94 —0.17 —42.56 —50.13
5 45.15 25.80 65.52 19.65 20.67 22.95 —10.63 -1.92 —42.33 —49.87
6 45.34 24.81 65.56 18.06 19.65 21.92 —10.86 -2.13 —42.81 —50.56
7 43.64 27.71 65.43 6.02 14.32 17.24 —14.65 —5.89 —41.54 —49.58
8 43.81 27.37 65.40 7.60 13.98 16.90 —15.27 —6.81 —42.22 —50.51
9 43.69 28.13 65.11 6.02 12.87 15.79 —16.69 —8.03 —41.75 —49.97

Different weights were assigned to the quality criteria based on technical experts in
the field. The criteria were ranked from 1 to 10 based on their significance to construction
applications. Table 9 summarizes the weights and normalized weights computed for the
optimization process. These normalized weights were then used to find the closeness
coefficient, shown in the last column of Table 10. Subsequently, the optimum mixture
proportions were found by computing the S/N ratios of the closeness coefficient and the
mean S/N value of the corresponding levels for each factor. The maximum S/N value
represents the optimum level of each factor. As shown in Figure 11, the optimum mix
requires DDF replacement of 25%, AAS/B of 0.50, SS/SH of 2.0, and SH molarity of 10 M
(A1B1C3D2).

Table 9. Normalized weights for the design of the optimum mixes.

Performance Criteria S/N Target Value Symbol Weights Normalized Weights
Flow Larger is better Q1 7 0.113
Final setting time Larger is better Q2 8 0.129
Hardened density Larger is better Q3 2 0.032
1-d f'c Larger is better Q4 8 0.129
7-d f'¢ Larger is better Q5 3 0.048
28-d f'c Larger is better Q6 10 0.161
Water absorption Smaller is better Q7 5 0.081
Sorptivity Smaller is better Q8 5 0.081
Cost Smaller is better Q9 7 0.113
CO, Smaller is better Q10 7 0.113

Table 10. Closeness coefficient of the geopolymer mixes.

Mix 01 Q2 Q3 Q4 Q5 Q6 Q7 08 Q9 Q10 Sis S; ¢’
0.039 0040 0011 0056 0021 0068 —0016 0002 —0.037 —0.036 0.024 0081 0.7
0039 0038 0011 0064 0023 0074 —0011 0022 —0.038 —0038 0010 0.102 0914
0039 0039 0011 0060 0021 0070 —0013 0011 —0039 —0039 0015 0091  0.854
0.038 0044 0011 0047 0016 0055 —0.021 —0.001 —0.038 —0.038 0.037 0.067 0.647
0038 0044 0011 0040 0014 0048 —0025 —0.012 —0.037 —0.037 0052 0052 0501
0038 0042 0011 0037 0014 0046 —0026 —0.013 —0038 —0038 0055 0048 0465
0036 0047 0011 0012 0010 0036 —0.035 —0.036 -—0.037 —0037 0.091 0017 0.158
0037 0046 0011 0016 0010 0035 —0037 —0.042 —0037 —0038 0094 0012 0116
0036 0047 0011 0012 0009 0033 —0040 —0.050 —0.037 —0.038 0.102 0010  0.086

O O NN Uk WN =
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Figure 11. Effect of control factors on the average S/N ratio of TOPSIS.

4.10. Prediction of the DDF-BFS Geopolymer Mortar Properties

A series of multivariable regression models were developed to predict the effect of
DDF replacement percentage, AAS/B, SS/SH, and SH solution molarity on the properties
of DDF-BFS blended geopolymer mortars, including flow, final setting time, compressive
strength, water absorption, and sorptivity. The boundaries of factors varied from 0 to 100%
for DDF replacement rate, 0.5 to 0.6 for AAS/B, 1.0 to 2.0 for SS/SH, and 6 to 14 M for
SH solution molarity. It is worth noting that prediction equations were not developed
for the cost and carbon footprint, as they could be determined by simple calculation (see
Section 4.6). The generalized form of the proposed models is as per Equation (9).

Property = «¢(DDF) + o1 (AAS/B) + x2(SS/SH) + o3(SH) + oty 9)

The coefficients of the developed models are summarized in Table 11. The predicted-to-
actual responses exhibited accurate relationships, reflecting R? values ranging between 0.83
and 0.98, while the root-mean-square error (RMSE) ranged from 0.32 to 48.36. It is important
to note that the positive/negative signs of the coefficients reflect their positive /negative
influence on the property. For instance, an increase in DDF replacement will decrease
strength and flowability responses. Conversely, an increase in the SH molarity will enhance
strength and resistance to water absorption. These findings are synonymous with those
reported earlier in the analysis of the experimental results. Furthermore, the developed
regression models could be employed in predicting the properties of the optimum mix
(A1B1C3D2). Indeed, it is characterized by a flow of 204 mm, final setting time of 17.4 min,
hardened density of 2021 kg/m?, 1-day f’c of 27.3 MPa, 7-day f’c of 34.7 MPa, 28-day f’c of
41.6 MPa, water absorption of 1.99%, and sorptivity of 0.85 mm /hr®>.

Table 11. Regression models for predicting the properties of DDF-BFS geopolymer mortar.

. X9 X1 X2 &3 Xy 2

Properties (DDF) (AAS/B) (SS/SH) (SH Solution) (Intercept) RMSE R
Flow —1.140 58.820 —3330 —0.693 216.620 583 0.98
Final setting time 0.171 —30.052 0.610 0.149 25463 3.02 0.83
ngde.“ed ~3.920 114.860 14.900 2.450 2007.470 4836 0.90

ensity

1-d £, —0.436 ~11.810 2.266 0.564 33.900 6.45 0.87
7-d £, —0.534 —45.270 0.466 0.507 64.730 8.15 0.86
28-d f', —0.619 —26.835 1.940 0.590 60.740 10.74 0.83
Water absorption 0.066 1.645 —0.263 —0.025 0.289 0.86 0.89
Sorptivity 0.023 0.567 ~0.135 —0.001 0.269 0.32 0.88
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5. Conclusions

This study carried out an extensive experimental program to study the effect of mix

design parameters on the fresh and hardened properties, cost, and carbon footprint of
DDF-BFS blended geopolymer mortars. In the process, the mix proportions were optimized
for superior performance using Taguchi-based TOPSIS method. Based on the obtained
results, the following conclusions can be drawn:

The replacement of BFS with DDF reduced the flowability of geopolymer mortars. A
flowability of at least 153 mm could be attained with 75% DDF replacement. Reducing
SS/SH and SH molarity to at most 1.5 and 10 M, respectively, increased flowability.
The final setting time of DDF-BFS blended geopolymer mortars increased with BFS
replacement by DDEF. The average final setting time increased from 14.1 min for 0%
DDF to 14.2, 19.5, 24.3, and 32.8 min with 25, 50, 75, and 100% DDF replacement,
respectively. Lowering SH molarity below 10 M resulted in longer setting times.

The fresh and hardened densities of DDF-BFS blended geopolymer mortar increased
with 25% DDF replacement but decreased at higher replacement levels (50, 75, and
100%). This was attributed to the dilution of the matrix and reduced compactability
of the mortar with high DDF replacement. Meanwhile, the densities were marginally
affected by the AAS/B, S5/SH, and SH molarity.

Compressive strength followed similar trends at 1, 7, and 28 days. The replacement of
BFS by 25% DDF increased the strength up to 56.5 MPa, owing to enhanced particle
packing density and particle gradation. In fact, to attain a compressive strength above
40 MPa, mixtures should be proportioned with 0-25% of DDEF, 0.5-0.55 of AAS/B, 1.5-
2.0 of SS/SH, and 10-14 M of SH solution. Further increasing DDF replacement to 50,
75, and 100% reduced the strength to, on average, 15.6, 6.8, and 6.0 MPa, respectively.
Such values are considered sufficient for specific mortar construction applications.
Concurrent with strength, water absorption and sorptivity were marginally affected
by 25% DDF replacement. However, increasing DDF replacement from to 50, 75, and
100% led to, on average, 102, 275, and 344% higher water absorption, respectively.
Sorptivity was, on average, 88, 253, and 319% higher, respectively. Other factors, i.e.,
AAS/B, SS/SH, and SH molarity had less significant impact on the two properties.
Analytical models were developed to predict the flow, final setting time, compressive
strength, water absorption, and sorptivity from the DDF replacement percentage with
high accuracy (R? > 0.89). It was also possible to accurately predict f’c at 1, 7, and
28 days using the hardened density (R? > 0.96).

The replacement of BFS with 25, 50, 75, and 100% DDF reduced the carbon footprint
by 3, 5, 5, and 7%, respectively, compared to 100% BFS control mix. Similarly, replac-
ing BFS by DDF led to a decrease in the cost (7% for every 25% DDF replacement).
Increasing AAS/B, S5/SH, and SH molarity increased the cost and carbon footprint.
The ANOVA results highlighted that the DDF replacement had the highest contribu-
tion to the fresh and hardened properties and cost. Conversely, the main contributors
to the carbon footprint were the AAS/B and SH solution molarity.

The optimum mixture proportions for superior fresh and hardened properties, cost,
and carbon footprint were DDF replacement of 25%, AAS/B of 0.50, SS/SH of 2.0, and
SH molarity of 10 M (A1B1C3D2).

Multivariable regression models were developed to predict the fresh and hardened
properties of DDF-BFS blended geopolymer mortar using the mix design parameters.
The predicted-to-actual responses exhibited accurate relationships, reflecting R? values
ranging between 0.83 and 0.98, while the RMSE ranged from 0.32 to 48.36.
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