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Abstract 

To achieve sustainable development, it is imperative that we find ways to manage sand 
resources wisely. One approach to mitigate the impact of sand extraction is the recy-
cling of construction demolition waste (CDW) and its reuse in construction activities. 
This research paper primarily delves into the investigation of the strength and frac-
ture properties of slag-based geopolymer mortar (SGPM) while varying the molari-
ties of sodium hydroxide and altering the proportions of recycled fine aggregate 
(RFA) sourced from CDW. Two distinct binder-to-fine aggregate mix ratios, namely 
1:1 and 1:3, were taken into consideration. The study employed sodium hydroxide 
(NaOH) and sodium silicate solutions as alkali-activators. Various NaOH concentra-
tions of 2 M, 4 M, 6 M, 8 M, and 10 M were utilized, and RFA was employed to replace 
natural fine aggregate at levels of 10%, 20%, 30%, and 40%. The workability of SGPM 
was assessed in terms of flowability, while the compressive and flexural strengths were 
measured following a 28-day curing period. Moreover, fracture parameters, includ-
ing load–deflection behavior, peak load, deflection at peak load, and fracture energy, 
were investigated through a three-point bending (TPB) test conducted on notched 
beams. The test results revealed that the flowability, expressed as a percentage of flow, 
decreased as the molarity of NaOH and the percentage of RFA increased. Conversely, 
the compressive and flexural strength values exhibited an upward trend as the NaOH 
concentration increased from 2 to 10 M. A substantial improvement in both compres-
sive and flexural strengths was observed at a 10 M NaOH solution, with increases 
of 20.73% and 10.63% in the 1:1 mix ratio and 18.94% and 10.46% in the 1:3 mix ratio. 
However, these values decreased with an increase in the percentage of RFA, ranging 
from 10 to 40%. Notably, specimens containing 8 M and 10 M NaOH concentrations 
demonstrated a more brittle behavior compared to specimens with other NaOH 
concentrations. Moreover, a decline in fracture energies was evident as the molarity 
of NaOH and the percentage of RFA increased. These findings highlight effect of NaOH 
concentration, RFA content on mechanical and fracture properties of SGPM, providing 
valuable insights for sustainable construction materials.
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Introduction
The incorporation of industrial waste materials like fly ash, rice husk ash and slag as sub-
stitutes for OPC in the manufacturing of concrete has garnered significant recognition 
owing to its manifold benefits [1]. This approach not only contributes to the ecological 
sustainability of concrete but also enhances its rheological, structural, and durability 
characteristics. Replacement ratios for fly ash or similar pozzolans typically range from 
15 to 25% [2, 3], while GGBS can replace as much as 50% to 70% of the cementitious 
materials [4, 5]. However, certain levels of OPC are typically required in the mix, even in 
high replacement scenarios [6, 7]. Cement-free binders, known as alkali-activated binders 
(alkali activated concretes/mortars), presents an innovative approach. It uses industrial 
waste materials or natural aluminosilicate materials activated by alkali activators to cre-
ate alkali-activated binders. These binders are combined with fine aggregates and cured 
under specific conditions to form Alkali Activated Mortar (AAM) [8]. One of the key 
benefits of AAM is the substantial reduction in CO2 emissions compared to OPC based 
composite production, making it an eco-friendly alternative [9, 10]. However, AAC/
AAM, similar to OPC, is characterized by its brittle nature. A comprehensive study of its 
fracture parameters, including fracture energy and characteristic length, is indispensable 
for ensuring its secure utilization within structural environments [11, 12]. The fracture 
properties of mortar/concrete are influenced by factors like fine and coarse aggregate size 
and angularity, paste microstructure, and interfacial transition zone (ITZ) where aggre-
gates and paste interact [13–15]. Despite the many advantages of using industrial waste 
materials and alkali-activated binders, the study of fracture properties in these materials 
remains limited. In particular, there is relatively less research on fracture properties of 
AAM. This gap in knowledge necessitates a closer examination to ensure the safe and 
effective application of these materials in structural contexts.

A related issue is the extensive extraction and use of sand, which is the most extracted 
solid material globally, second only to water [16–18]. The unregulated depletion of 
sand resources poses a serious environmental concern, necessitating a shift in the way 
we produce and consume construction materials. To achieve sustainable development, 
it is imperative that we find ways to manage sand resources wisely. One approach to 
mitigate the impact of sand extraction is the recycling of CDW and its reuse in con-
struction activities [19–21]. Many countries have already standardized the use of recy-
cled CDW, promoting more sustainable construction practices [22]. A. De Rossi et al. 
[23] used industrial residues, like fly ash and CDW, in geopolymer mortar production 
and examined how substituting CDW for sand impacts mortar properties, revealing 
improved strength with CDW. Sourav Kumar Das and Sandeep Shrivastava [24] focused 
on optimizing the conditions for achieving desirable properties in geopolymer mor-
tar, such as compressive strength, through adjustments in alkali concentration. Kushal 
Ghosh and Partha Ghosh [25] investigated the effect of alkali content, silica content, and 
water-to-binder ratio on the setting time and workability of fly ash-based geopolymer 
mortar. The findings highlight the pivotal role of these factors in shaping characteristics 
like setting time, workability, and microstructure development. Ghasan Fahim Huseien 
et al. [26] explored the influence of sodium hydroxide solution molarity on multi-blend 
geopolymer mortar properties and found that increasing alkali concentration reduced 
flowability and setting time, while enhancing comprehensive, splitting tensile, and 
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flexural strengths. The research also identified the ideal conditions for achieving peak 
compressive strength. Pinghua Zhu et al. [27] explored the feasibility of using recycled 
geopolymer fine aggregate (RGFA) as sustainable alternative to river sand in construc-
tion. Results indicate that, when the replacement rate is below 50%, RGFA mortar exhib-
its comparable mechanical properties to river sand mortar. The decline in properties at 
higher replacement rates is attributed to the inherent weak properties of RGFA, which 
are partially mitigated by filler effects and improved interfacial transition zones. Tana-
korn Phoo-ngernkham et  al. [28] examined the mechanical and fracture properties of 
high calcium fly ash geopolymer mortar containing OPC. Zhu Pan et  al. [29] investi-
gated fracture characteristics of fly ash-based geopolymer concrete and paste have 
been explored in terms of their brittleness and fracture energy. These properties were 
compared to equivalent OPC concrete and paste, revealing that geopolymer materials 
exhibit higher brittleness and lower fracture energy.

Research significance

The cited studies highlight the progress in sustainable construction by replacing OPC 
with industrial waste materials and developing alkali-activated mortars, offering 
enhanced environmental benefits. Additionally, addressing sand extraction concerns 
through CDW recycling and alternative materials like recycled fine aggregate promotes 
eco-friendly construction practices. There is a noticeable gap in the existing literature 
regarding the fracture properties of Slag-based Geopolymer Mortars (SGPM) incorpo-
rating CDW as a fine aggregate. Therefore, present study concentrates on influence of 
recycled fine aggregate and molarity of NaOH on fresh, hardened and fracture charac-
teristics of SGPM. This research aims to provide valuable insights into the efficient utili-
zation of CDW under varying NaOH concentrations and the fracture characteristics of 
SGPM, contributing to the advancement of sustainable construction practices.

Experimental program
Materials

In this research, Ground Granulated Blast Furnace Slag (GGBFS) obtained from JSW 
cementitious suppliers served as the binder. Table  1 provides detailed information on 
physical properties and chemical composition of the GGBFS. Natural fine aggregate, 
which had been passed through a 4.75 mm sieve and possessed a specific gravity of 2.65 
and a density of 1650  kg/m3, was utilized. Recycled fine aggregate (RFA) was derived 
from the crushed waste materials of mixed construction and demolition waste, pro-
cessed through aggregate jaw crushers and sieves to obtain fine aggregates with a maxi-
mum size of 4.75 mm. The RFA, GGBFS materials and jaw crusher are shown in Fig. 1. 
The specific gravity and density of the RFA were determined to be 2.52 and 1610 kg/m3, 
respectively. The chemical composition of the RFA is outlined in Table 2. Both natural 

Table 1  Physical properties and Chemical composition (%) of GGBFS

SiO2 Al2O3 Fe2O3 SO3 CaO MgO Na2O LOI Specific gravity Specific surface area
(m2/kg)

34.06 20 0.8 0.9 32.6 7.89 NIL NIL 2.88 450
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and recycled fine aggregates were in compliance with IS: 383–2016 standards [30]. The 
study involved the substitution of RFA for natural fine aggregate at varying proportions, 
namely 10%, 20%, 30%, and 40%. As for the alkali-activated solutions, sodium hydroxide 
and sodium silicates were employed. Sodium hydroxide solutions with different molari-
ties, specifically 2 M, 4 M, 6 M, 8 M, and 10 M, were used. Importantly, a consistent alka-
line ratio of 2.5 was maintained across all the mixes, and potable water was employed to 
dissolve the sodium hydroxide pellets.

Mixing, casting and curing

In this research, two different binder-to-fine aggregate mix proportions, namely 1:1 and 
1:3, were employed. The alkali-activated solution was prepared by pre-mixing it 24  h 
prior to use. To make this solution, NaOH pellets were dissolved in water, cooled, and 
subsequently mixed with sodium silicate. The mixing process began by combining the 
dry form of the binder material (GGBFS) and fine aggregates in a mixer. After a thor-
ough mixing of GGBFS and fine aggregates, the alkali-activated solution was introduced 
and stirred until a consistent and homogeneous blend was attained. Two types of fine 

Fig. 1  a Recycled fine aggregate b GGBFS and c Jaw crusher

Table 2  Chemical composition (%) of recycled fine aggregate (obtained from CDW)

SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O SO3 LOI

55–60 8–15 6–20 4–5 1–2 1–2  < 1  < 1 5–12
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aggregates, namely natural fine aggregates (NA) and recycled fine aggregates (RFA), 
were incorporated into the study in two distinct phases. In the initial phase, 100% natu-
ral fine aggregates were utilized, and these mixtures were termed control mixes. In the 
subsequent phase, natural fine aggregates were progressively replaced with recycled fine 
aggregates at levels of 10%, 20%, 30%, and 40%. The mix proportioning details of SGPM 
mixes presented in Table 3. After achieving homogeneity in the mixture, the mortar was 
placed in the requisite moulds and cast. Following the hardening of the mortar within 
the moulds, the specimens were demolded and allowed to cure at room temperature. 
This study employed ambient temperature curing for the specimens. Figure 2 shows the 
SGPM cube and prism specimens.

Tests performed

In this research, the workability of the mortar mix was evaluated by means of a flow 
table test, quantified as a percentage of flow. The test was conducted as per IS: 4031-
Part 7:1988 [31]. To determine the compressive strength of the mortar, specimens meas-
uring 70.6 × 70.6 × 70.6 mm were prepared and subjected to compression testing using 
a machine with a capacity of 3000 kN. For each mix composition, three samples were 

Table 3  Mix proportioning of SGPM mixes

Mix Proportion 
Binder:FA

GGBS (Bider) 
(kg/m3)

Fine aggregate (FA) Alkaline Solution

NA (kg/m3) RFA (kg/m3) SH (kg/m3) SS (kg/m3)

1:1 1050 1050 0 150 375

1050 945 105 150 375

1050 840 210 150 375

1050 735 315 150 375

1050 630 420 150 375

1:3 525 1575 0 150 375

525 1417.5 157.5 150 375

525 1260 315 150 375

525 1102.5 472.5 150 375

525 945 630 150 375

Fig. 2  a mortar cubes b prism specimens
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tested. Additionally, the compressive strength testing was carried out in accordance 
with IS:4031(Part-6):1988 [32]. For the evaluation of flexural strength, mortar prisms of 
dimensions 500 × 100 × 100  mm were cast, and a three-point bending (TPB) test was 
conducted utilizing a Universal Testing Machine (UTM) with a 200 kN capacity. The 
experiment was carried out using displacement control, maintaining a constant loading 
rate of 0.2  mm/minute. Throughout the testing process, the displacement was moni-
tored by a Linear Variable Differential Transformer (LVDT) with a capacity of 50 mm. 
To investigate fracture parameters such as load–deflection behavior and fracture energy, 
notched prismatic members of the same size (500 × 100 × 100 mm) were prepared with 
a central notch, resulting in an a/d ratio of 0.4. Subsequently, these specimens were used 
for the test, following the procedures outlined in RILEMTC50-FMC [33]. The experi-
mental setups for these tests are depicted in Figs. 3 and 4.

Results and discussion
Flowability of SGPM

The assessment of fresh SGPM’s flowability is carried out through a flow table test, in 
accordance with the IS: 4031-Part 7:1988 [31]. This flow test is performed right after the 
mixing process and influence of NaOH molarity and percentage of RFA on flowability of 
SGPM mixes are inspected. Percentage of flow, compressive strength, flexural strength, 
fracture energy, peak load values of 1:1 and 1:3 mix proportions presented in Tables 4 and 5.

Fig. 3  Flow table with spread mortar
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Fig. 4  Three-point bending test setup

Table 4  Percentage of flow, compressive strength, flexural strength, fracture energy, peak load 
values in 1:1 mix

Mix 
proportion

NaOH 
molarity

% of RFA 
replacement

% of 
flow

Compressive 
strength 
(MPa)

Flexural 
strength 
(MPa)

Fracture 
energy 
(N/m)

Peak 
load 
(kN)

Deflection 
at peak 
load (mm)

1:1 2 M 0% 125 62.58 8.82 85.48 2.16 0.148

10% 125 60.12 8.47 80.89 2.11 0.152

20% 120 57.28 7.73 78.37 2.01 0.161

30% 115 54.77 6.58 72.21 1.88 0.176

40% 110 50.18 5.52 66.48 1.74 0.192

4 M 0% 120 65.26 9.14 85.82 2.24 0.143

10% 115 63.87 8.81 83.13 2.19 0.149

20% 110 62.42 8.13 81.24 2.08 0.158

30% 105 58.72 7.04 76.68 1.94 0.173

40% 95 52.66 5.79 72.63 1.79 0.189

6 M 0% 115 68.47 9.58 84.48 2.32 0.135

10% 110 66.23 9.27 82.56 2.26 0.141

20% 105 65.71 8.54 80.24 2.17 0.149

30% 100 60.11 7.22 76.00 2.02 0.163

40% 90 54.4 6.03 72.41 1.88 0.179

8 M 0% 105 72.48 9.66 75.49 2.44 0.122

10% 100 70.92 9.34 73.72 2.39 0.127

20% 95 68.53 8.62 73.32 2.29 0.136

30% 90 63.67 7.38 67.69 2.14 0.151

40% 80 55.25 6.11 63.40 1.99 0.167

10 M 0% 95 76.59 9.79 74.34 2.58 0.107

10% 90 74.70 9.45 73.72 2.52 0.112

20% 85 70.55 8.77 73.32 2.41 0.121

30% 80 65.83 7.54 66.70 2.27 0.136

40% 70 58.37 6.28 60.32 2.12 0.151
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Based on Fig. 5, it is evident that the flowability of the mortar is higher when using 
lower NaOH molarity, while an increase in NaOH molarity leads to a reduction in 
flowability [34]. This phenomenon can be attributed to the fact that higher NaOH 
molarity increases the solution’s viscosity and decreases the overall workability of the 

Table 5  Percentage of flow, compressive strength, flexural strength, fracture energy, peak load 
values in 1:3 mix

Mix 
proportion

NaOH 
molarity

% of RFA 
replacement

% of 
flow

Compressive 
strength (N/
mm2)

Flexural 
strength 
(MPa)

Fracture 
energy 
(N/m)

Peak 
load 
(kN)

Deflection 
at peak 
load (mm)

1:3 2 M 0% 130 56.66 7.89 81.70 1.96 0.194

10% 130 54.81 7.67 80.88 1.91 0.199

20% 125 52.35 6.80 77.72 1.82 0.209

30% 120 49.48 5.94 69.03 1.69 0.222

40% 110 43.94 4.83 64.10 1.54 0.237

4 M 0% 125 59.72 8.36 80.46 2.01 0.189

10% 120 56.55 7.92 79.29 1.97 0.194

20% 115 53.10 6.93 75.63 1.87 0.204

30% 110 50.39 6.08 68.51 1.74 0.217

40% 100 45.48 5.14 63.63 1.58 0.232

6 M 0% 120 61.50 8.61 79.85 2.12 0.181

10% 115 59.37 8.32 78.65 2.08 0.186

20% 110 56.12 7.29 73.92 1.99 0.197

30% 105 53.73 6.33 66.46 1.86 0.209

40% 95 47.85 5.26 62.89 1.71 0.224

8 M 0% 110 63.69 8.74 78.83 2.24 0.168

10% 105 60.52 8.48 77.96 2.19 0.174

20% 100 57.44 7.47 74.50 2.09 0.184

30% 95 54.42 6.56 66.02 1.97 0.196

40% 85 48.81 5.48 62.47 1.82 0.212

10 M 0% 100 68.15 8.89 78.12 2.39 0.153

10% 95 66.82 8.66 75.80 2.34 0.159

20% 90 63.37 7.62 72.92 2.23 0.169

30% 85 60.68 6.71 64.87 2.11 0.181

40% 75 53.42 5.72 61.05 1.96 0.197

Fig. 5  Percentage of flow w.r.t NaOH molarity in different binder to fine aggregate ratios



Page 9 of 19Rohit et al. Journal of Engineering and Applied Science           (2024) 71:37 	

mixture. Additionally, this observation can be linked to the decrease in the H2O/Si 
ratio, particularly in the case of higher molarity solutions [35]. The reduction in flow 
percentage in a 1:1 mixture as the molarity of NaOH increases exhibits the follow-
ing trends: a 4.17% reduction at 4 M, a 8.71% reduction at 6 M, a 17.81% reduction 
at 8 M, and a 27.81% reduction at10M. In contrast, for a 1:3 mixture, the reduction 
percentages are slightly lower: 3.85% at 4 M, 7.85% at 6 M, 16.18% at 8 M, and 25.28% 
at 10  M. Based on the findings from Fig.  6(a), using a 10  M NaOH solution led to 
specific percentage reductions in flow at different RFA percentage intervals: a 5.55% 
reduction at 10% RFA, a 11.43% reduction at 20% RFA, a 17.68% reduction at 30% 
RFA, and a significant 31.01% reduction at 40% RFA. Figure 6(b) shows a 5% reduc-
tion at 10% RFA, a 10.26% reduction at 20% RFA, a 15.81% reduction at 30% RFA, and 
a substantial 27.57% reduction at 40% RFA for the same molarity. These findings indi-
cate that, in both cases, the percentage reduction in flow remains relatively stable as 
the RFA percentage increases from 0 to 30%, but experiences a substantial reduction 
in flow when the RFA percentage increases to 40%. It is apparent that the addition 
of RFA leads to a decrease in flow. Mermerdaş, K et al. [36] have reported that geo-
polymer mortars using natural sand exhibit higher workability compared to recycled 
aggregates. This is due to the rounded particle shape of natural sand, which results in 
a lower specific surface area.

Compressive strength of SGPM

Figure 7 reveals the compressive strength of two different mix proportions with sub-
jected to different concentrations of NaOH. In both mix proportions, as molarity of 
NaOH increases, compressive strength of SGPM increases. The higher concentra-
tion of NaOH has a positive impact on the dissolution of silicate within the SGPM 
mixture, resulting in an enhancement of both compressive strength and the micro-
structural qualities of SGPMs. This increase in sodium incorporation within the CSH 
phase reduces C/S ratio, consequently promoting the strength development of SGPMs 
[26]. In the 1:1 mix proportion, the percentage increase in compressive strength is 
as follows: 4.28% at 4  M NaOH, 9.2% at 6  M, 15.06% at 8  M, and 20.73% at 10  M 
NaOH. Furthermore, in 1:3 mix proportion, the corresponding percentage increases 
are: 5.40% at 4 M NaOH, 8.38% at 6 M, 11.94% at 8 M, and a noteworthy 18.94% at 
10  M NaOH. Figure  7 shows the compressive strength of SGPM samples follows a 

Fig. 6  Percentage of flow due to RFA replacement in NA a 1:1 mix and b 1:3 mix
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decreasing trend from mix 1:1 to 1:3 at every molarity of the NaOH. The reduced ratio 
of binder to fine aggregate (B:FA) is a well-documented factor that adversely affects 
the bond strength between fine aggregate particles, resulting in lower compressive 
strength. As the proportion of B:FA decreases to 1:3, the production of C-S–H and 
C-A-S–H gels is diminished. This decrease in the B:FA content is accompanied by an 
elevation in the specific surface area, which, in turn, leads to greater absorption of 
alkali-activated solution. This increased absorption directly influences the dissolution 
of silicate and aluminum, ultimately contributing to the observed decrease in com-
pressive strength [37].

In accordance with Fig. 8, in 1:1 and 1:3 mix proportion as the percentage of RFA 
increases the compressive strengths of samples decreased. Specifically, in 1:1 mix pro-
portion, the reduction in strength amounted to 2.47% at 10% RFA, 8.03% at 20% RFA, 
14.72% at 30% RFA, and a significant 26.05% drop at 40% RFA replacement. Similarly, 
in the case of a 1:3 mix proportion, the percentage reduction in compressive strength 
followed a similar trend. It stood at 1.95% at 10% RFA, increased to 7.11% at 20% 
RFA, and was 11.35% at 30% RFA. Notably, there was a substantial 23.31% reduction 
in compressive strength observed when the RFA content reached 40%. These findings 
illuminate a consistent pattern of decreasing compressive strength in SGPM as the 
percentage of RFA replacement increases. This decline in strength is relatively modest 

Fig. 7  Compressive strength w.r.t molarity in different binder to fine aggregate ratios

Fig. 8  Compressive strength due to percentage of RFA replaced in fine aggregate a 1:1 mix and b 1:3 mix
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up to a 20% RFA replacement level. However, it becomes significantly pronounced 
when specimens contain 40% RFA, indicating the importance of managing RFA con-
tent within the mix to maintain desired compressive strength levels. This decline 
in material properties at higher replacement rates can be attributed to the inherent 
weaknesses of RFA. It is important to note that this reduction is somewhat alleviated 
by filler effects and improvements in the interfacial transition zones [27].

Flexural strengths of SGPM

From Fig. 9, it is observed that the distinct trends in the percentage increase in flexural 
strength for different NaOH concentrations in two different mixing ratios (1:1 and 1:3). 
In both mix proportions flexural strength of SGPM samples increased as the molarity of 
alkali activated solution increased. Sourav Kumar Das and Sandeep Shrivastava [24] also 
reported that flexural strengths increased with increased molarity of NaOH. In 1:1 mix 
proportion, the increase in percentage of flexural strength at 4 M NaOH is 3.63%, fol-
lowed by 8.44% increase at 6 M. However, as the concentration further rises to 8 M, the 
increase becomes relatively modest at 9.28%, and at 10 M, it shows a slightly higher but 
still limited growth of 10.63%. In 1:3 mix proportion, the flexural strength experiences 
a 5.96% increase at 4 M NaOH. However, the subsequent increase becomes less signifi-
cant, with only 8.95% gain at 6 M. At 8 M, there is a modest 10.46% rise, and at 10 M, 
there is a slightly higher but still modest 12.18% increase. These findings collectively sug-
gest that there is a notable enhancement in flexural strength up to a 6 M NaOH concen-
tration, but beyond this point, the increase in strength becomes relatively minimal. This 
observation may be attributed to the interaction between Al2O3 and SiO2, leading to the 
formation of NASH [26]. These results align closely with those reported by Atis et  al. 
[38]. As depicted in Fig. 10, the flexural strength of two distinct mixes, one with a 1:1 
ratio and the other with a 1:3 ratio, experiences percentage reductions as the RFA con-
tent varies from 10 to 40%. For instance, at 10 M NaOH, in the 1:1 mix, the reduction in 
flexural strength is 3.47% at 10% RFA, 10.67% at 20%, 24.7% at 30%, and 41.41% at 40%. 
Similarly, in the 1:3 mix, reductions of 2.59%, 14.6%, 26.54%, and 41.29% are observed 
across the same RFA content ranges. These findings underscore the detrimental effect 
of increasing RFA percentage on flexural strength, consistent with the trends seen in 
compressive strength, and emphasize that the most pronounced reductions occur in 

Fig. 9  Flexural strength w.r.t molarity in different binder to fine aggregate ratios
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specimens containing 40% RFA in both mix proportions. Pinghua Zhu et  al. [27] also 
demonstrated that the flexural strength of mortar made recycled geopolymer fine aggre-
gate (RGFA) decreased with an increase in the proportion of RGFA.

Load–deflection behavior of SGPM

The comprehensive load–displacement curve is of paramount importance as it serves 
as a valuable indicator for assessing the fracture characteristics of geopolymer mortar. 
In this context, the Load–deflection response of the SGPM can be observed in Figs. 11 
and 12. The curve initially exhibits a linear upward trend until applied load approaches 
the material’s cracking limit. It is evident from the plotted data, for specimens with 
higher strength, the incline of the pre-peak curve becomes steeper. Once the peak load 
is attained, the initiation of cracks leads to a subsequent downward trajectory, represent-
ing the post-peak curve. The steepness of the post-peak segment of the curve provides 
insights into the behavior of the fractured specimen until it ultimately fails. The curva-
ture of the post-peak curve is influenced by the material’s ductility, with an increase in 
compressive strength leading to a gradual reduction in slope, indicating decreased speci-
men ductility as strength rises. The incline of the curve before reaching its peak became 
steeper with higher concentrations of NaOH. Compared to 1:3 mix proportion samples, 
1:1 mix proportion samples exhibited more brittleness.

Peak load

The term "peak load" as a fracture property represents the maximum load neces-
sary to initiate the separation of the surfaces involved in a crack, occurring along an 
extended crack tip or within the cohesive zone [39]. In accordance with the data pre-
sented in Fig. 13, the percentage increase in peak load for a 1:1 mix exhibits distinct 
trends when the concentration of NaOH solution is altered. Specifically, there is a 
3.70% increase at 4 M NaOH, a 7.27% increase at 6 M, a 12.44% increase at 8 M and a 
18.17% increase at 10 M. For the 1:3 mix, the percentage increase in peak load follows 
a different pattern. It shows a 2.55% increase at 4 M NaOH, a more pronounced 8.02% 
increase at 6 M, a 13.68% increase at 8 M, and a substantial 20.38% increase at 10 M. 
These findings highlight the influence of the molarity of NaOH on the peak load. It 
indicates a positive correlation, suggesting that as the molarity of NaOH increases, 

Fig. 10  Flexural strength due to percentage of RFA replacement in fine aggregate a 1:1 mix and b 1:3 mix
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so does the peak load. In Fig. 13, it is evident that as the B:FA ratio changes from 1:1 
to 1:3, the peak load exhibited a consistent decrease. This change corresponds to an 
average reduction of 8.8% in peak load when transitioning from a 1:1 to a 1:3 B:FA 
ratio. According to the data presented in Fig. 14, the use of a 10 M NaOH solution 
in a 1:1 mix resulted in a percentage reduction in peak load as follows: 2.33% at 10% 
RFA, 6.7% at 20% RFA, 12.51% at 30% RFA, and 19.12% at 40% RFA. In a 1:3 mix 
with the same molarity, the reduction in peak load percentages were as follows: 2.09% 
at 10% RFA, 6.79% at 20% RFA, 12.17% at 30% RFA, and 19.28% at 40% RFA. These 
results suggest that an increase in the percentage of RFA has a negative impact on 
peak load reduction, similar to the observed effect on compressive strength. In both 
cases, higher RFA percentages are associated with decreased peak loads.

Fig. 11  Load–deflection behaviour due to RFA replacement in fine aggregate in 1:1 mix proportion at 
different molarities a 2 M, b 4 M, c 6 M, d 8 M, and e 10 M
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Fig. 12  Load–deflection behaviour due to RFA replacement in fine aggregate in 1:3 mix proportion at 
different molarities a 2 M, b 4 M, c 6 M, d 8 M, and e 10 M

Fig. 13  Peak load w.r.t molarity in different binder to fine aggregate ratios
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Fracture energy

Fracture energy is a critical parameter for characterizing the behaviour of concrete 
material when it comes to its susceptibility to fracture. RILEM TC50-FMC suggests 
employing a TPB test on a notched concrete beam as an indirect means of determin-
ing fracture energy of mortar and concrete [33]. By making assumption that all external 
force is entirely utilized in promoting crack extension, the fracture energy of mortar can 
be quantified using Eq. (1).

where W0 represents work done by external load, which is quantified as area under the 
load–displacement curve derived from TPB test (Nm);m stands for combined mass 
of beam, as well as any components of loading arrangement that are not fixed to the 
machine but move along with the beam until the point of failure (kg); d0 signifies the 
deformation experienced by beam at moment of its ultimate failure (m); g is acceleration 
due to gravity, 9.81 m/s2; Alig = ligament area (m2).

In Fig. 15, the graph illustrates the relationship between fracture energy and the molar-
ity of NaOH in two different mix proportions, namely 1:1 and 1:3. It is noteworthy that, 
in both mix proportions, an increase in the molarity of NaOH led to a decrease in frac-
ture energy. This observation aligns with the findings of Yao Ding et al. [40]. as they also 
reported a decrease in fracture energy with increasing molarity of NaOH in slag-based 

(1)GF = W0 +mgd0 /Alig

Fig. 14  Peak load due to percentage of RFA replacement in fine aggregate a 1:1 mix and b 1:3 mix

Fig. 15  Peak load w.r.t molarity in different binder to fine aggregate ratios
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alkali-activated mortars. The reduction in fracture energy in the case of SGPM can be 
attributed to the higher concentration of alkali activator used, which may result in more 
pronounced autogenous and drying shrinkage and the formation of shrinkage cracks 
[38, 41, 42]. SGPM samples are denser and possess greater strength, requiring more 
energy to propagate cracks, as also suggested by Yao Ding et al. [40]. Moreover, SGPM 
exhibits a more brittle behaviour, leading to a reduction in the energy consumed during 
the crack propagation throughout the testing procedure. In Fig. 15, the fracture energies 
for both 1:1 and 1:3 mixes are illustrated across various NaOH molarities. Specifically, 
for the 1:1 mix, the fracture energies are recorded as follows: 85.48 N/m, 85.82 N/m, 
84.48 N/m, 75.49 N/m, and 74.34 N/m at NaOH concentrations of 2 M, 4 M, 6 M, 8 M, 
and 10 M, respectively. In the case of the 1:3 mix, the corresponding fracture energies 
are measured as 81.70 N/m, 80.46 N/m, 79.85 N/m, 78.83 N/m, and 78.12 N/m for the 
same range of NaOH molarities.

In Fig. 16, a graph illustrates the relationship between fracture energies and varying 
percentages of RFA in both 1:1 and 1:3 mixtures, under different molarities of NaOH 
solution. The data reveals a consistent decrease in fracture energy as the percentage of 
RFA increases, with a significant reduction observed at the 40% RFA composition. Spe-
cifically, in the 1:1 mixture, when the RFA content is 40%, the fracture energy experi-
ences percentage reductions of 22.22%, 15.36%, 14.28%, 16.02%, and 18.86% at NaOH 
concentrations of 2 M, 4 M, 6 M, 8 M, and 10 M, respectively. On the other hand, for the 
1:3 mixture with a 40% RFA composition, the fracture energy shows percentage reduc-
tions of 21.54%, 20.92%, 21.24%, 20.75%, and 21.85% at the same NaOH concentrations.

Conclusions
In this study, the strength and fracture parameters of slag-based geopolymer mortar 
(SGPM) using different molarities of sodium hydroxide and different percentages of 
recycled fine aggregate (RFA) from construction demolition waste as replacements are 
investigated. From this study the following conclusions are made.

•	 Flowability decreases with an increase in NaOH molarity and RFA replacement. 
However, flowability increases when the mix proportion changes from 1:1 to 1:3 due 
to a reduction in the binder content in the total mixture. The most significant reduc-

Fig. 16  Fracture energies due to percentage of RFA replacement in fine aggregate a 1:1 mix and b 1:3 mix
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tion in flowability is observed at 10 M NaOH and 40% RFA replacement, with reduc-
tions of 31.01% and 27.57% in 1:1 and 1:3 mix proportions, respectively.

•	 Compressive and flexural strengths of SGPM samples increase with increasing 
NaOH molarity but decrease as the percentage of RFA content replacement increases 
from 10 to 40% in all the mixes.

•	 The maximum percentage increase in compressive and flexural strengths is observed 
at 10 M NaOH, with increases of 20.73% and 10.63% in the 1:1 mix proportion, and 
18.94% and 10.46% in the 1:3 mix proportion. Specimens with 10 M NaOH exhibit 
the maximum percentage reduction in compressive and flexural strengths at the 40% 
RFA replacement level, with reductions of 26.05% and 41.41% in the 1:1 mix propor-
tion and 23.31% and 41.29% in the 1:3 mix proportion.

•	 The load–deflection curves reveal that the inclination of pre-peak curve becomes 
steeper for specimens with higher compressive strength, indicating decreased duc-
tility as compressive strength increases. The 1:1 mix proportion specimens exhibit 
more brittleness compared to the 1:3 mix proportion specimens.

•	 Among the 1:1 and 1:3 mix proportions, 1:1 mix samples exhibit higher peak loads 
at different NaOH molarities, which increase with the molarity of NaOH. The maxi-
mum peak load is achieved in samples with 10 M NaOH, measuring 2.58kN in the 
1:1 mix proportion and 2.39kN in the 1:3 mix proportion. Peak load values decrease 
as the percentage of RFA increases from 10 to 40%, with the maximum percentage 
reduction in peak load observed at 40% RFA, which amounts to 19.12% and 19.28% 
in the 1:1 and 1:3 mix proportions, respectively.

•	 In both mix proportions, fracture energies decrease with an increase in NaOH 
molarity and with an increase in the percentage replacement of RFA. For the 1:1 mix, 
fracture energies are recorded as follows: 85.48 N/m, 85.82 N/m, 84.48 N/m, 75.49 
N/m, and 74.34 N/m at NaOH concentrations of 2 M, 4 M, 6 M, 8 M, and 10 M, 
respectively. In the case of the 1:3 mix, the corresponding fracture energies are meas-
ured as 81.70 N/m, 80.46 N/m, 79.85 N/m, 78.83 N/m, and 78.12 N/m for the same 
range of NaOH molarities.

•	 Even though detailed experimental studies on fracture properties of SGPM presented 
in this study, there is a persistent need for the development of empirical relations 
among fracture energy, Crack Mouth Opening Displacement (CMOD), Crack Tip 
Opening Displacement (CTOD), Critical stress intensity factor to accurately deter-
mine fracture behaviour of SGPM.
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