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Abstract - This paper aims to investigate the performance of slag-fly ash blended geopolymer masonry mortar (GMM) made with
recycled fine aggregates (RFA). The effect of replacing natural fine aggregates (NFA) with RFA at 0 and 100% replacement rates was
examined through three sets of GMM mixes comprising a binder-to-aggregates ratio of 1:2-1:3, a fly ash-to-slag ratio of 2:1-4:1, and a
solution-to-binder ratio of 0.5-0.7. The precursor binder was activated using sodium silicate and sodium hydroxide at a mass ratio of 1.5.
GMM mixes were evaluated for fresh and hardened properties. Test results showed that the flow was reduced by up to 12% upon 100%
RFA replacement, with higher loss in mixes made with a higher fly ash-to-slag ratio. Meanwhile, RFA mixes had faster initial setting
times than the control mix made with NFA, especially with a low binder-to-aggregates ratio of 1:3. For similar RFA replacement, the
28-day compressive strength decreased by up to 73%. The highest strength loss was noted for the mix made with a fly ash-to-slag ratio
of 4:1. Yet, despite the deficit in performance due to RFA incorporation in GMM, all mixes complied with international standards for
masonry applications. Such research findings provide evidence of the viability of utilizing RFA in cement-free masonry mortar, thereby
contributing to enhancing the sustainability of the construction industry by conserving non-renewable natural resources and recycling
wastes.
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1. Introduction

The substantial growth of civil engineering construction activities to meet the demands of the increasing population has
led to a significant surge in greenhouse gas emissions and the depletion of non-renewable natural resources. In fact, the
construction industry is accountable for 10% of CO, emissions, 20-50% consumption of natural resources, and 50%
disposable of total solid waste material [1], [2]. In the year 2022, the United States reached its highest Portland cement
production at 92 million tons, of which 2.5 million tons were dedicated to masonry cement production [3]. This significant
consumption of cement leads to global warming and the occurrence of severe natural disastrous events [4]-[6]. In addition,
60-75% of the weight of standard concrete mixture is aggregates. As such, there is an excessive consumption of natural
aggregates in the manufacturing of concrete and mortars [7], [8]. Due to the adverse environmental impact of concrete and
its constituents, researchers, environmental activists, and governments are actively seeking environmentally friendly
alternatives for both Portland cement and non-renewable natural aggregates.

Geopolymers are considered a viable alternative to Portland cement, not only reducing CO, emissions during production,
but also providing superior mechanical and durability properties comparable to those of counterparts made with cement only.
Many researchers reported enhanced performance of geopolymer mortars using different binders such as slag-fly ash [9],
[10], volcanic ash [11], slag-calcinated lithomarge [12], and fly ash-palm oil fuel ash (POFA) [13]. Others investigated the
effect of utilizing recycled fine aggregates (RFA) obtained from ceramic wastes [14]-[16], construction and demolition
wastes [17], [18], and waste-based sands [19], [20] on the fresh and hardened properties of cement-based masonry mortar.
Saba and Assaad [21] evaluated the suitability of metakaolin-based geopolymer mortar containing RFA. They noticed a
strength enhancement upon incorporating 20% RFA, followed by a strength reduction at 40 and 60% replacement rates.
Nevertheless, the performance of slag-fly ash blended geopolymer concrete masonry mortars made with 100% recycled fine
aggregates has not yet been investigated.

This study aims to examine the influence of replacing natural fine aggregates (NFA) with RFA on the fresh and hardened
properties of slag-fly ash blended geopolymer masonry mortar (GMM). The effect of different binder-to-aggregate ratio
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(B:AgQ), alkaline activator solution-to-binder (AAS:B) ratio, and fly ash-to-slag (FA:slag) ratio are also evaluated. The
performance of GMM was characterized by the flow, setting time, and 28-day compressive strength.

2. Experimental Program
2.1. Materials

Class F fly ash (FA) and ground granulated blast furnace slag (referred to as slag) comprised the blended binder
employed to develop the geopolymer mortar mixes. The composition of FA included 52.7%, 18.6%, 14.3%, and 8.3%
of silica (SiO.), alumina (Al203), iron oxide (Fe;O3), and calcium oxide (CaO), respectively. On the other hand, slag
consisted of 59.7%, 27.0%, and 7.5% of CaO, SiO., and Al.Os, respectively. NFA were natural crushed dolomitic
limestone sand (CS) with a nominal maximum size (NMS) of 2.36 mm. Conversely, RFA were sourced from a recycling
plant for construction and demolition waste (CDW) and graded to achieve a similar particle size distribution to NFA, as
shown in Figure 1. Noteworthy that the gradation curve of NFA and RFA did not fall exactly within the limits
recommended by ASTM C144 [22] but were not modified to reduce the energy footprint of GMM production. The
specific gravity of FA, slag, NFA and RFA was determined as 2.32, 2.50, 2.69, and 2.63, respectively. Due to the higher
absorption capacity of RFA, it was prewetted to achieve a saturated surface dry (SSD) state before being introduced into
the mixture. AAS was prepared using a mixture of sodium hydroxide (SH) solution with a molarity of 8 M and grade N
sodium silicate (SS) solution. Tap water was used for selected geopolymer mixes to enhance their flowability.
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Figure 1: Particle size distribution of the fine aggregates.

2.2. Mixture Proportioning

Eight mortar mixes were prepared to examine the effect of B:Agg, FA:slag, and AAS:B ratios on GMM made with
two types of aggregates, namely NFA and RFA. Table 1 presents the mixture proportions. Mixes were designated as W-
X-Y-Z, where W denotes the type of aggregates (NFA or RFA), X illustrates the B:Agg ratio, Y indicates the FA:slag
ratio, and Z is the AAS:B ratio. For instance, mix RFA-1:3-4:1-0.7 signifies a GMM made with RFA at a binder-to-
aggregates ratio of 1:3, fly ash-to-slag ratio of 4:1, and AAS-to-binder ratio of 0.7. Five mixes were made with NFA,
while the other three were produced with RFA. Mortar mixes were formulated using B:Agg ratio of either 1:2 or 1:3.
The binder was a combination of slag and fly ash mixed at ratios of 2:1, 3:1, and 4:1. The use of such a blend eliminated
the need for heat curing and mitigated shrinkage issues associated with fly ash-based geopolymer and alkali-activated
slag geopolymer concrete, respectively [23], [24]. The AAS was comprised of sodium silicate and sodium hydroxide
combined at a SS/SH ratio of 1.5, as recommended in previous work [25]. The AAS-to-binder ratio varied between 0.5-
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0.7. Yet, a constant liquid-to-binder ratio of 0.7 was maintained across all mixes by adding tap water to achieve a minimal
flow of 15.0 £ 0.2 cm.

Table 1: Mixture proportioning of slag-fly ash blended GMM mixes

Mix ID Type of Aggregates | B:Agg | FA:Slag | AAS:B
NFA-1:3-4:1-0.50 NFA 1:3 4:1 0.50
NFA-1:3-4:1-0.60 NFA 1:3 4:1 0.60
NFA-1:3-3:1-0.65 NFA 1:3 31 0.65
NFA-1:3-2:1-0.70 NFA 1:3 2:1 0.70
NFA-1:2-2:1-0.70 NFA 1.2 2:1 0.70
RFA-1:3-4:1-0.70 RFA 1:3 4:1 0.70
RFA-1:3-3:1-0.70 RFA 1:3 3:1 0.70
RFA-1:2-2:1-0.70 RFA 1:2 2:1 0.70

2.3. Sample Preparation and Testing

The AAS was formulated by dissolving SH flakes in water to form an 8 M SH solution. Subsequently, SS was added at
an SS/SH ratio of 1.5. The preparation of AAS took place a day before mixing, allowing for the dissipation of heat produced
during the exothermic reactions when combining SH flakes with water and the SH solution with the SS solution. The casting
process started with mixing the dry components, including binders and aggregates, for 2-3 minutes. Subsequently, AAS and
additional water were introduced and mixed for another 2 minutes. The fresh mortar was cast in 50 mm cubic moulds,
wrapped with plastic sheets for a day, and demoulded to be cured under ambient conditions until testing age.

The fresh properties of geopolymer mortar were evaluated using the flow and setting time by penetration resistance as
per ASTM C1437 [26] and ASTM C403 [27], respectively. The hardened properties of geopolymer mortars were assessed
using the 28-day compressive strength as per ASTM C109 [28]. Three specimens were tested for each mix, and an average
value was calculated. Based on the average 28-day compressive strength, the geopolymer mortar was classified as Type N,
S, or M in accordance with ASTM C91 [29].

3. Results and Discussion
3.1. Flow

Figure 2(a) presents the flow of GMM mixes. For NFA mixes made with FA:slag and AAS:B ratios of 2:1 and 0.7,
respectively, decreasing the B:Agg ratio from 1:3 to 1:2 was accompanied with a 27% increase in the flow. This improved
workability is primarily ascribed to the lower shear friction between the aggregates observed at higher binder contents [30].
On a similar note, increasing the AAS:B ratio from 0.5 to 0.6 in NFA mixes made with B:Agg and FA:slag ratios of 1:3 and
4:1, respectively, led to a slight increase in the workability, owing to the availability of excess solution to coat, separate, and
reduce the friction between the particles [31]. Meanwhile, the flowability of GMM was not affected by the increase in the
fly ash content. In fact, mixes made with FA:slag ratios of 3:1 and 4:1 exhibited flow values of 17.8 and 17.7 cm, respectively.
In other work [32]-[35], higher flowability of geopolymer concrete was reported with higher fly ash contents due to the
enhanced mobility of spherical-shaped fly ash and its slower reaction with AAS compared to the irregularly shaped slag
particles. However, such an effect was notable only at elevated fly ash ratios and was not observed in the current study.

Utilizing RFA as a substitute for NFA led to a 12% reduction in the flow for mixes made with a B:Agg ratio of 1:3. This
is mainly attributed to the higher specific surface area of RFA, as it reduces the binding paste needed to maintain workability.
Similarly, Tiwari et al. [36] claimed that the enhanced flowability of mixes containing NFA is owed to the lower angularity
and larger particle size of NFA compared to RFA, leading to lower interparticle friction and creation of thicker water layers
in NFA mixes. In contrast, the inclusion of RFA into mixes with a higher binder content (B:Agg ratio of 1:2) had a negligible
effect on the flow. Using a higher B:Agg ratio supplied excess water, thereby sustaining the workability of the RFA mix.
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3.2. Setting Time

The initial and final setting times of GMM mixes are plotted in Figure 2(b). The initial setting time of the GMM
varied between 21 and 52 minutes (min.), while the final setting time varied from 65 to 189 min. A decrease in the
ratio in NFA mixes from 1:3 to 1:2 retarded the initial and final setting times from 39 to 50 min and from 70 to 92 min,
respectively. This can be attributed to the sufficient amount of alkaline activator, facilitating the dissolution of the
geopolymer binder and resulting in an increased level of geopolymerization [37]. Compared to the NFA-1:3-4:1-0.5
mix, increasing the AAS:B ratio to 0.6 led to 53 and 16% higher initial and final setting times, respectively. This finding
is in agreement with that of other work [38] and is owed to the dilution of ions within the binder matrix, which obstructs
the geopolymerization reaction [39]. Moreover, it was found that utilizing a higher FA:slag ratio of 4:1 instead of 3:1
resulted in an increase in the initial and final setting times (i.e., from 32 to 52 min and from 65 to 156 min, respectively).
The results revealed that slag reacted rapidly with the alkaline activator in comparison to fly ash. This is primarily due
to the higher calcium content existing in slag compared to fly ash, forming an amorphously structured calcium-
aluminate-silicate hydrate (Ca-Al-Si-H) gel and accelerating the reactivity of the geopolymer binder [9], [33], [40].

The effect of substituting NFA with RFA on the setting time was also investigated. In comparison to NFA mixes
made with a B:Agg ratio of 1:3, using 100% RFA shortened the initial setting time from 32 to 21 min. Although the
final setting time appeared to be longer in RFA mixes than the NFA mixes, the former actually hardened earlier. In fact,
cracks caused by subsequent penetrations during testing reduced the GMM resistance, leading to a larger apparent final
setting time. Similarly, for mixes made with a B:Agg ratio of 1:2, utilizing RFA decreased the initial and final setting
times from 50 to 27 min and from 92 to 65 min, correspondingly. This reduction in setting time is owed to the higher
angularity and specific surface area of the RFA [41].
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Figure 2: (a) Flow and (b) setting time of GMM mixes.

3.3. Compressive Strength

Figure 3 presents the 28-day compressive strength of geopolymer mortar mixes. For NFA mixes with FA:slag and
AAS:B ratios of 2:1 and 0.7, respectively, decreasing the B:Agg ratio from 1:3 to 1:2 led to a 31% lower 28-day
compressive strength. This reduction indicates that the optimum B:Agg ratio for strength development was 1:3. Beyond
this ratio, the excess binder led to a highly workable mixture (with a flow of 21.2 cm) with more voids after hardening.
Li et al. [42] reported a decline in compressive strength of fly ash-based geopolymer mortar, owing to the reduction in
paste volume available for reaction. Increasing the AAS:B ratio of NFA mixes from 0.5 to 0.6 resulted in a 65%
enhancement in the 28-day compressive strength. Likewise, Gugulothu and Rao [43] observed an initial rise in strength
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of geopolymer concrete with an increase in AAS content, followed by a decrease in strength with additional solution.
Moreover, the influence of using different FA:slag ratios on the compressive strength of geopolymer mortar was also
evaluated. Results revealed a 16% decline in the 28-day compressive strength upon increasing FA:slag ratio from 3:1 to 4:1
4:1 in the NFA mixes. This strength reduction is due to the lower calcium content with less slag being incorporated into the
the mix, which, in turn, delays the polymerization reaction and hinders the formation of an amorphously structured Ca-Al-
Al-Si gel [33].

Incorporating RFA in GMM mixes resulted in substantial strength reduction. Compared to NFA-1:3-4:1-0.6 and NFA-
1:3-3:1-0.65 mixes, replacing 100% NFA with RFA decreased the compressive strength by 73 and 64%, respectively.
Similarly, full substitution of NFA with RFA in mixes made with a B:Agg ratio of 1:2 decreased the strength by nearly 50%.
The lower strength of RFA mixes is mainly attributed to the lower density and specific gravity of RFA. Furthermore, the
presence of old cement mortar within recycled aggregates renders them weaker compared to natural aggregates [44]. Long
et al. [45] related such strength reduction to the weaker bonding in the interfacial transition zone (ITZ) between the cement
matrix and the surface of recycled aggregates.

Masonry mortars are categorized into N, S, and M types depending on their respective mean 28-day compressive
strengths of 6.2, 14.5, and 20.0 MPa, as specified in ASTM C91 [29]. As displayed in Figure 3, NFA geopolymer mortar
mixes generally fall under the M type, except for NFA-1:3-4:1-0.5, which exhibited the lowest strength and was consequently
classified as an N-type mortar. On the other hand, RFA mixes demonstrated lower compressive strengths, placing mixes with
a B:Agg ratio of 1:3 in the N type category, and that with a B:Agg ratio of 1:2 in the S type category. Such loss in performance
is primarily owed to the weaker properties of the RFA compared to NFA and to the higher solution content in RFA mixes,
which is needed to maintain flowability.
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Figure 3: Compressive strength of GMM mixes.

4. Conclusions
The fresh and hardened properties of slag-fly ash blended GMM utilizing two types of aggregates, i.e., NFA and RFA,
were evaluated. Different binder-to-aggregate, solution-to-binder, and fly ash-to-slag ratios were employed. Based on the
experimental results, the following conclusions can be drawn:
e The flow of NFA mixes increased with higher binder and AAS contents. Conversely, a drop of 12% in the workability
was observed when replacing NFA with RFA, with a higher loss in mixes made with a higher fly ash-to-slag ratio.
e The initial setting time of NFA mixes was delayed by 30, 53, and 60% with the increase in B:Agg, AAS:B, and FA:slag
ratios, respectively. Meanwhile, RFA replacement led to 47 and 29% faster initial and final setting times, respectively.
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e Increasing the AAS:B ratio from 0.5 to 0.6 improved the 28-day compressive strength by 65%. Conversely, a strength
reduction was depicted at higher binder and fly ash ratios. The replacement of NFA with RFA decreased the
compressive strength in NFA mixes made with B:Agg ratios of 1:3 and 1:2. Despite the performance decline in RFA
mixes, they were classified as type N and S, as per the ASTM C91, rendering them suitable for various masonry
applications.
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