
Avestia Publishing 

International Journal of Civil Infrastructure (IJCI) 

Volume 7, Year 2024 

ISSN: 2563-8084 

DOI: 10.11159/ijci.2024.013 

 

Date Received: 2024-02-06 

Date Revised: 2024-07-12 

Date Accepted: 2024-07-30  

Date Published: 2024-08-13  

126 

Characteristics and performance of Geopolymer 
Concrete Incorporating Recycled Concrete Aggregates 

and Glass Fibers 
 

Mohammed Abughali1, Hilal EL-Hassan1, Tamer El-Maaddawy 1, Mouaz Chkhachirou 1 
1United Arab Emirates University, Department of Civil and Environmental Engineering 

P.O.Box 15551, Al-Ain, United Arab Emirates 
202170069@uaeu.ac.ae; helhassan@uaeu.ac.ae; tamer.maaddawy@uaeu.ac.ae; 202170150@uaeu.ac.ae 

 
 

Abstract - The purpose of this study is to investigate the 
workability and the compressive strength of geopolymer 
concrete incorporating recycled concrete aggregates (RCA) and 
glass fibers (GF) with varying aspect ratios. The binder material 
was a combination of class F fly ash and ground granulated blast 
furnace slag at a ratio of 1:3. Actually, dune sand served as fine 
aggregates. The coarse aggregates used were either natural 
aggregates or RCA. Unlike hydrated cement, geopolymers are 
activated in an alkaline solution. Therefore, a combination of 
sodium silicate and sodium hydroxide initiated the proper 
geopolymerization process. In fact, this particular solution 
creates a conducive environment for the exothermic chemical 
reaction to produce the newly formed concrete mixtures. 
Through this study, the impact of multiple parameters such as, 
the replacement percentage of natural aggregates with RCA, 
binder content, amount of additional water (added only to the 
alkaline activator solution), particle size distribution of RCA, 
and volume fraction of glass fibers were studied in detail. 
Experimental results revealed that the RCA-geopolymer 
concrete mixture exhibited a reduction in compressive strength 
by approximately 25%, compared to its NA-based counterpart 
geopolymer concrete, while the workability was unaffected. 
Meanwhile, increasing the binder content from 300 to 450 
kg/m3 in RCA-based geopolymer concrete led to an 
improvement of 56 and 7% in the 7-day compressive strength 
and workability, respectively. Adding up to 100 kg/m3 of water 
increased the workability up to 240 mm while decreasing the 
compressive strength by almost 10%, compared to its 
counterpart concrete made with 50 kg/m3 of water. Moreover, 
when RCA was sieved to exclude particles smaller than 4.75 mm 
and larger than 19 mm, the slump increased to 210 mm. This 
process also led to a 29% increase in 1-day compressive strength 
and a 35% increase in 7-day compressive strength. The addition 
of glass fibers had a significant negative impact on the 
workability of geopolymer concrete as it led to a decrease in the 

workability by 2 and 9% when the volume fraction was 1 and 
2%, respectively. The experimental findings emphasize the 
potential of using RCA as a substitute for natural aggregates in 
slag-fly ash blended geopolymer concrete reinforced with glass 
fibers, without compromising performance. 
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1. Introduction 

Concrete is among the most extensively used 
construction materials worldwide, primarily produced 
with ordinary Portland cement (OPC). Recent decades 
have seen a notable increase in concrete demand due to 
economic development and population growth. 
However, OPC production has significant environmental 
drawbacks. It is an energy-intensive process that 
consumes several natural resources and emits 
substantial greenhouse gases. Unfortunately, the 
production of Portland cement is considered an 
environmentally harmful process, as it is mainly 
responsible for 7% of global carbon dioxide emissions. 
Specifically, around 1 ton of carbon dioxide is usually 
emitted into the atmosphere, and almost 1.5 tons of 
natural resources are required to produce only 1 ton of 
cement. Due to its severe and significant environmental 



 127 

influences, there is a high demand for replacing the 
Portland cement with more eco-friendly binder material 
[1]. 

After several studies and experimental work, 
supplementary cementitious materials (SCMs) have 
been found to be the most promising alternative 
products to traditional cement. These materials showed 
superior properties that meet the aspirations and 
expectations required for being utilized in various 
industrial applications. Furthermore, these materials are 
typically rich in silica, alumina and/ or calcium, such as 
class F fly ash and slag. In fact, to initiate the 
geopolymerization process, these binder materials must 
be mixed properly with alkaline solution to produce 
newly formed alkali-activated geopolymer concrete. The 
geopolymerization process typically begins immediately 
when the aluminosilicate binder source and alkaline 
solution interact within the concrete mixture. This 
exothermic reaction results in the formation of a 
sophisticated 3-D polymeric chain structure. These 
structures can be categorized into three types based on 
the dominant element. The strongest structure for 
geopolymer concrete is known as the Poly (sialate-
disclose) structure, where silica is the dominant element. 
[2-4]. One of the substantial environmental benefits of fly 
ash geopolymer concrete is its energy efficiency. The 
production process required about 60% less energy than 
ordinary Portland cement, while also contributing to an 
80-90% reduction in CO2 emissions [5].  

Natural aggregates (NA), the second major 
component of concrete, also creates environmental 
challenges due to their continuing extraction [6]. While 
increasing aggregate content can improve concrete 
performance, it's crucial to consider the environmental 
impact. Extracting natural aggregates through crushing 
rocks and mining gravel pits significantly harms the 
environment. To address the environmental impact of 
natural aggregate extraction, finding alternative sources 
is crucial and mandatory. Indeed, construction and 
demolition waste (C&D waste) presents a promising 
option for obtaining coarse aggregates. The 
infrastructure development occurring in many rich 
countries results in higher production of C&D waste, 
resulting from the demolishing of old buildings and 
structures. Without feasible uses for these large 
quantities of waste, they often end up in landfills. This 
practice is unsustainable and ineffective, as continuous 
dumping strains landfill capacity and increases the 
necessity of creating new landfills or stockpiles. To avoid 
these circumstances, recycling C&D waste and using it as 

a substitute for natural aggregates (NA) would be 
beneficial both environmentally and economically. In 
fact, replacing NA with recycled concrete aggregates 
(RCA) can reduce the cost of concrete by up to 80%. This 
approach not only mitigates the environmental impact 
associated with NA extraction but also offers significant 
cost savings [7,8]. Although RCA has higher potential to 
enhance the environment and achieve sustainability 
visions and goals, it also has notable drawbacks. The 
presence of large pores and the attached weak mortar on 
the surface of RCA can limit its benefits by causing a 
significant reduction in concrete strength [9-11]. 
However, the addition of glass fibers GF holds the 
promise for mitigating these strength reductions and 
enhancing the overall performance of concrete.  

Parthiban and Saravana Raja Mohan [12] 
conducted a review investigating the mechanical 
properties of geopolymer concrete with varying 
percentages of RCA (0%, 25%, 50%, 75%, and 100% by 
weight) and compared it to conventional OPC concrete. 
Their experimental results indicated that geopolymer 
concrete containing RCA exhibited higher compressive 
strength than conventional concrete made with natural 
aggregates. However, as the RCA content increased, the 
compressive strength of the geopolymer concrete 
decreased, indicating an inverse correlation between the 
RCA content and compressive strength. Another study 
conducted by Vignesh et al. [13] to identify the effect of 
glass fibers on the mechanical strength of geopolymer 
concrete.  The results showed that geopolymer concrete 
reinforced with 1% glass fibers demonstrated 
improvements of 11% in compressive strength, 11% in 
tensile strength, compared to the control concrete. 
Consequently, adding 1% glass fibers by weight was 
identified as the optimal amount for enhancing the 
mechanical properties of these concrete mixtures. 

According to the literature, multiple replacements 
are being under investigation to replace the traditional 
steel including glass fibers, carbon fibers and the basalt 
fibers [14]. Yet, the chosen material glass fibers have the 
potential to enhance the compressive strength of 
geopolymer concrete made with recycled concrete 
aggregates (RCA). However, this specific application has 
not been extensively studied. Therefore, this research 
aimed to evaluate the fresh and hardened properties of 
slag-fly ash blended geopolymer concrete incorporating 
glass fibers and RCA. Additionally, it explores how 
various process parameters affect the workability and 
compressive strength of geopolymer concrete. 
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2. Materials  
A combination of Class F fly ash and ground 

granulated blast furnace slag served as the main binder 
materials in all concrete mixtures with a ratio of (1:3). 
Both materials were locally obtained from Ashtech and 
Emirates cement factory, respectively. These binders 
were activated using an alkaline solution consisting of 
grade N sodium silicate and 14 M sodium hydroxide 
solution. Specifically, sodium hydroxide solution was 
formed by dissolving 97% - 99% purity flakes in tap 
water. To minimize the extra water needed to enhance 
the workability of the geopolymer concrete, a 
polycarboxylic ether-based polymer superplasticizer 
(SP) from BASF Chemicals Company was used at a fixed 
percentage of 2.5% of the binder weight for all concrete 
mixtures. 

Locally available dune sand from the deserts of the 
United Arab Emirates (UAE) was used as fine aggregate. 
Upon deep analysis, sand exhibited unique 
characteristics, such as a fineness modulus of 2.40, 
surface area of 5760 cm2/g, and absorption rate of 2%. 
While the coarse aggregates were either natural 
aggregate or RCA [15,16]. The natural aggregates used in 
this study was collected directly from Ras Al-Khaimah, a 
specific city in the UAE, Consisted of crushed dolomitic 
limestone with a nominal maximum size (NMS) of 19 
mm. In contrast, the recycled concrete aggregates were 
sourced from a local recycling facility in the UAE, which 
specializes in recycling old demolished and construction 
concrete elements of varying compressive strengths. 

Furthermore, In the experimental study, two 
different types of glass fibers were incorporated into the 
concrete mixtures. Typically, each one of them has its 
unique characteristics. Type A fibers were short, 
measuring just 24 mm in length, whereas Type B fibers 
had a more substantial length of 43 mm. The properties 
of the glass fibers are summarized in Table 1.  

  
Table 1. The properties of Glass Fibers 

 
 
 

3. Mixture proportions 
Table 2 illustrates all the geopolymer concrete 

mixtures carried out to examine the impact of varying 
concrete ingredient proportions on the workability and 
compressive strength. Actually, the studied parameters 
included the replacement percentage of natural 
aggregates with RCA, binder content, additional water 
amount (added solely to the alkaline activator solution), 
particle size distribution of RCA, and volume fraction of 
glass fibers. The main objective was to identify the 
optimal mixture proportion that achieved a minimum 
workability of 150 mm and a 28-day compressive 
strength ranging from 30 to 40 MPa. To achieve this goal, 
a blended binder mixture was formulated with 75% slag 
and 25% fly ash [17]. This particular composition was 
chosen after confirming the significant impact of slag on 
compressive strength. The presence of a substantial 
amount of calcium in slag contributes to improved 
strength, which plays a crucial role in enhancing the 
overall performance of the mixture [18,19]. The liquid-
to-binder (L/B) ratio was maintained at 0.5, while the 
sodium silicate to sodium hydroxide (SS/SH) ratio was 
set at 1.5. As mentioned earlier, a polycarboxylic ether-
based polymer superplasticizer was consistently used 
across all mixtures at 2.5% of the binder weight, which 
was equivalent to nearly 11.25 kg/m3. Additionally, the 
study shows the influence of different glass fiber types 
and volume fractions, as well as the percentage of RCA 
replacement. Specifically, the glass fiber volume 
fractions varied from 0 to 2% (in 1% increments), while 
the RCA replacement percentages were set at 0 and 
100%. In some mixes, the binder content was increased 
from 300 to 450 kg/m³ to assess its impact on the 
mixture properties. 

 
4. Preparation of samples  

The preparation of geopolymer concrete 
specimens started with accurately weighing the 
ingredients using a high-precision electronic scale. Once 
the required quantities were measured, the binder 
materials, fine aggregates, and coarse aggregates were 
mixed in a laboratory concrete mixer for a minimum of 3 
minutes. In fact, it’s crucial to ensure that both natural 
and recycled concrete aggregates must be in a saturated 
surface dry (SSD) condition to account for their water 
absorption. To initiate the geopolymerization process, 
grade N sodium silicate and 14M sodium hydroxide were 
carefully prepared. Notably, the sodium hydroxide 
solution was made by dissolving flakes in tap water, 
creating a 14M solution that needed to cool for 1 hour 

Property Units Type A Type B 

Length  mm 24 43 

Diameter  mm 0.7 0.7 

Aspect ratio - 35 62 

Specific gravity - 2.0 2.0 

Tensile strength  MPa > 1000 > 1000 

Young’s modulus  GPa 42 42 
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after the exothermic reaction. This cooled solution was 
then mixed with sodium silicate to form the final alkaline 
activator solution. This activator, along with water and 
superplasticizers, was gradually added to the concrete 
mix to achieve a uniform consistency fresh mixture. If 
glass fibers were included in the mix, the appropriate 
volume fraction was calculated and mixed properly with 
the dry ingredients first to ensure even better 
distribution and avoid the fiber balling effect. Following 
this, the freshly mixed geopolymer concrete was poured 
into 100 mm cubical moulds and compacted on a 
vibrating table for at least 10 seconds to avoid the 
formation of bugholes or honeycombs. Polythene sheets 
were placed over the specimens to prevent water 
evaporation. After one day, the specimens were 
demoulded and cured at room temperature until the 
testing date. 

Table 2. Mix proportions of geopolymer concrete (kg/m3) 

 

4. Performance evaluation 
A slump cone test was conducted to evaluate the 

workability of geopolymer concrete, following the 
requirements procedures and procedures specified in 
ASTM C143 [20]. Actually, there was a strong preference 
to perform this specific test instead of others due to its 
simplicity and wide application in the construction field. 
Meanwhile. The compressive strength of concrete 
specimens was evaluated at the ages of 1 and 7 days in 
accordance with ASTM C39 [21]. In order to increase the 
reliability and accuracy of the results, each mixture was 
replicated and tested three times. The average value was 
then calculated to provide a significant and real 
representation of the concrete properties. 
 
 

4. Results and Discussion 
4. 1. Workability  

Figure 1 presents the slump values of slag-fly ash 
blended geopolymer concrete. The concrete mixtures 
were categorized into five distinct groups, each studying 
a separate parameter. The summarization of the impact 
of process parameters in the workability of geopolymer 
concrete is graphically presented in Figure 2. The first 
group consisted of six different concrete mixtures 
designed to investigate the effect of increasing binder 
content on workability. Specifically, the binder content 
was raised from 300 to 450 kg/m3. Experimental results 
revealed a significant improvement in the workability of 
geopolymer concrete with higher binder content. With a 
water content of 100 kg/m3, increasing the binder 
content resulted in a slump value of 240 mm compared 
to 225 mm obtained with a binder content of 300 kg/m3. 
This observation reflected an improvement of 7% 

compared to its counterpart mixture. A similar trend was 
observed when the water content was 50 kg/m³, where 
increasing the binder content enhanced workability by 
up to 30%. The most pronounced impact was noted in 
the mixture with 75 kg/m³ of water, where the slump 
values increased from 140 mm to 235 mm, representing 
a 68% improvement. Therefore, regardless of the water 
content used, increasing the binder content led to a 
significant improvement in the workability of 
geopolymer concrete. Similar improvement trends 
associated with increasing binder content were 
observed in a study by El-Hassan and Ismail [16]. The 
increase in the workability associated with the 
increasing binder content is typically attributed to the 
improved particle packing and arrangement within the 
concrete, which results from the increased binder 
content [22-23]. This additional binder helps to fill the 
gaps and spaces among the larger particles, thereby 

Mix ID 

Aluminosilicate 

materials 

Fine 

aggregates 

Natural Coarse 

aggregates 
RCA 

Alkaline 

activator 
SP 

Water 

Content  

Glass 

fiber 

(%) 

Study 

Parameter  
Slag  

Fly 

ash  

Dune 

Sand 

10 

mm  

20 

mm  
SS SH 

R0C450W100A0B0GF0 337.5 112.5 600 330 770 0 161 64 11.3 100 0 R 

R0C450W50A0B0GF0 337.5 112.5 600 330 770 0 161 64 11.3 50 0 R 

R100C300W100A0B0GF0-S 225.0 75.0 725 0 0 1210 99 66 7.5 100 0 B 

R100C300W50A0B0GF0-S 225.0 75.0 725 0 0 1210 99 66 7.5 50 0 B 

R100C300W25A0B0GF0-S 225.0 75.0 725 0 0 1210 99 66 7.5 25 0 B 

R100C450W100A0B0GF0-S 337.5 112.5 600 0 0 1100 161 64 11.3 100 0 B R W 

R100C450W50A0B0GF0-S 337.5 112.5 600 0 0 1100 161 64 11.3 50 0 B R W G 

R100C450W25A0B0GF0-S 337.5 112.5 600 0 0 1100 161 64 11.3 25 0 B W 

R100C450W50A100B0GF1-S 337.5 112.5 600 0 0 1100 161 64 11.3 50 1 G 

R100C450W50A100B0GF2-S 337.5 112.5 600 0 0 1100 161 64 11.3 50 2 G 

R100C450W50A0B100GF1-S 337.5 112.5 600 0 0 1100 161 64 11.3 50 1 G 

R100C300W75A0B0GF0 225.0 75.0 725 0 0 1210 99 66 7.5 75 0 S 

R100C300W75A0B0GF0-S 225.0 75.0 725 0 0 1210 99 66 7.5 75 0 S 
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enhancing the flowability of the concrete [24]. Changes 
in water content, like those in binder content, had a 
significant impact on workability. In mixtures with a high 
binder content of 450 kg/m³, increasing the water 
content from 25 to 50 and 100 kg/m³ led to a noticeable 
rise in slump values, from 205 to 230 and 240 mm, 
representing an average improvement of 12 and 17%, 
respectively. This trend was also observed in mixtures 
with a lower binder content of 300 kg/m³, where slump 
values increased dramatically from 20 mm to 225 mm. 
These results highlighted the pronounced effect of water 
content on the workability of concrete, especially in 
mixtures with lower binder content. This finding was 
anticipated, as the more water content increase 
effectively the flow-ability of concrete [25].   

This study also examined the impact of 
substituting natural aggregates (NA) with recycled 
concrete aggregates (RCA) in geopolymer concrete. 
Although theoretically, the inclusion of RCA is usually 
expected to reduce slump values, the experimental 
results showed that replacing NA with RCA didn’t 
significantly impact the workability of alkali-activated 
geopolymer concrete. Even the full substitution had no 
major effect at all. This discrepancy between theoretical 
expectations and experimental results may be due to the 
types, quality, and composition of RCA used, which had 
similar physical properties such as surface roughness 
and frictional texture to those of NA [15], [26]. For 
example, the fineness modulus and surface area for the 
RCA were 7.44 and 2.5 cm²/g, respectively, compared to 
6.82 and 2.49 cm²/g for NA. These results reflected the 
significant similarity between these types of aggregates. 
Indeed, the RCA-based geopolymer concrete mixture 
(R1000C450W100A0B0GF0) exhibited a slump value of 
240 mm, compared to the NA-based geopolymer 
concrete counterpart (R0C450W100A0B0GF0), which 
showed a slump value of 239 mm. Similar results were 
obtained for all mixtures regardless of the water content 
used. 

Moreover, this study highlighted the impact of 
varying the type and volume fraction of glass fibers on 
the workability of alkali-activated geopolymer concrete. 
Indeed, the addition of fiber led to further reduction in 
slump values. This decrease in slump was observed to be 
proportional to the increase in the volume fraction of 
glass fibers. The inclusion of 1 and 2% Type A glass fibers 
in the concrete mixtures led to a decrease in slump 
values, ranging from 230 to 210 mm. This specific range 
indicated a reduction in workability by approximately 
2% to 9%, compared to the control mix. In contrast to 

Type A glass fibers, the maximum volume fraction for 
Type B glass fibers was restricted to 1%. Any attempt to 
exceed this volume resulted in concrete that was 
uncastable. Consequently, the experimental work was 
restricted to incorporating only 1% of Type B glass 
fibers. This incorporation resulted in a significant 
reduction in workability, with a 24% decrease in slump 
value, dropping from 230 mm to 175 mm. These findings 
highlight the more pronounced negative impact of Type 
B glass fibers on the workability of geopolymer concrete 
compared to Type A glass fibers. The differences in the 
reduction percentages between Type A and Type B glass 
fibers were typically attributed to the variations in their 
aspect ratios [27-28]. The longer length and aspect ratio 
of Type B fibers compared to Type A fibers led to more 
tangling and balling within the concrete mix. This 
increased friction and fiber interaction generally resist 
the smooth flow of the concrete, which resulted in a more 
significant reduction in workability and lower slump 
values as well. This reduction was aligned with the 
findings reported in previous studies[29-30].  

The effect of sieving RCA to remove particles 
smaller than 4.75 mm and larger than 19 mm on the 
workability of geopolymer concrete was also assessed 
through this study. In fact, a notable substantial 
improvement in the workability of geopolymer concrete 
was obtained after applying the sieving phenomenon. 
The average slump value was raised from 0 to 210 mm 
by eliminating particles smaller than 4.75 mm and larger 
than 19 mm. Indeed, removing smaller particles (less 
than 4.75 mm) resulted in larger aggregates with a lower 
surface area, which usually improved the workability 
due to the reduced amount of water being absorbed 
caused by the resultant reduced surface area. In a similar 
way, eliminating particles larger than 19 mm could 
reduce the overall number of large voids in the concrete, 
which was highly effective and impactful in further 
improving the workability of geopolymer concrete. 

As discussed earlier and illustrated in Figure 2, 
among all the concrete mixtures, geopolymer concrete 
mix R100C450W100A0B0GF0-S exhibited the highest 
value of workability, reaching almost 240 mm. Notably, 
this mix also had the highest binder content. On the other 
hand, for mixtures with lower binder content, mix 
R100C300W100A0B0GF0-S achieved the best value of 
workability of 225 mm. This indicates the more 
pronounced impact of binder content in improving the 
overall workability of concrete mixtures made with 
lower water content. Moreover, Due to the high 
similarity between the two types of aggregates in terms 
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of physical and surface textures, replacing NA with RCA 
had no impact at all on workability. Therefore, it was 
clear that the difference between the workability of NA-
based geopolymer concrete and RCA-based geopolymer 
concrete was zero, irrespective of the amount of water. 

The addition of Type A glass fibers at a volume 
fraction of 1% noticeably reduced its slump value to 225 
mm compared to the mixture without fibers. While 
increasing the fiber content to 2% further decreased the 
slump value to 210 mm, which clearly indicated the 
additional minimal impact on workability. A reduction of 
7% in the workability was observed when the volume 
fraction of Type A glass fibers was raised from 1 to 2%. 
In comparison with Type A GF, Type B glass fibers had an 
even more substantial negative impact on the 
workability by lowering the workability value by 24%, 
compared to 7% caused by the addition of 1% Type A GF.  

While sieving the RCA was ultimately beneficial in 
dramatically improving the workability of geopolymer 
concrete. It is strongly recommended to employ such a 
practice when using RCA in concrete applications.  

Furthermore, the mean workability of alkali-
activated geopolymer concrete in this study was 
approximately 197.42 mm with a standard deviation of 
62.92 mm. In fact, the high value of standard deviation 
indicates significant variability among the concrete 
mixtures.  This outcome was anticipated, as the concrete 
mixtures were prepared with varying concrete 
proportions aiming to study several parameters, which 
resulted in increasing the variability of the mixtures and, 
thus, a higher standard deviation. Statistically, mild 
outliers were identified when any value exceed the 
specific limit of µ±2σ (197.42±62.92). Therefore, the 
mixture R100C300W75A0B0GF0, which exhibited a 
zero-slump value is considered as a mild outlier. To 
improve the accuracy of the data, this mix could be 
excluded from any further analysis.    

Additionally, the coefficient of variation was 
identified as 18%, which indicated a low to moderate 
level of variability compared to the mean workability 
value. This could reflect an overall acceptable dispersion 
of data. There were some sources of errors that impacted 
the accuracy and consistency of the results. These errors 
happened due to errors in measuring the components, 
variations in weather temperature, which can negatively 
affect the workability due to the accelerated concrete 
setting in high temperature, and human errors such as 
inaccuracies during slump tests or reading 
measurements. 

 

Figure 1. The slump values of alkali-activated 
geopolymer concrete 

(a) (b) 

(c) (d) 

 
(e) 

Figure 2. The impact of process parameters on the 
workability. (a) binder content. (b) RCA content. (c) amount 

of additional water. (d) volume fraction of GF. (e) particle size 
distribution of RCA.  
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4. 2. Compressive strength 
Figure 3 illustrates the compressive strength (fcu) 

of alkali-activated geopolymer concrete at 1 and 7 days. 
While Figure 4 defined the impact of several parameters 
on the concrete strength. The experimental results 
indicated an improvement in the compressive strength 
with the increases in the binder content. This 
observation was consistent across all concrete mixes, 
regardless of the amount of additional water used. For 
instance, mix R100C450W100A0B0GF0 exhibited a 1- 
and 7-day compressive strength of 19.5 and 26.9 MPa, 
respectively, compared to its counterpart mix with a 
binder content of 300 kg/m3 where it achieved strengths 
of 1.4 and 11.3 MPa. Similarly, when the water content 
was fixed at 50 kg/m3, increasing the binder content 
improved the compressive strength by 70 and 17% after 
1 and 7-day curing, respectively. Indeed, similar 
enhancement was investigated for all the mixtures 
irrespective of the amount of additional water used. In 
mixtures with a high binder content of 450 kg/m³, the 7-
day compressive strength ranged from 26.9 to 38.7 MPa, 
compared to their counterparts with strengths ranging 
from 11.3 to 29.2 MPa. Moreover, the 7-day compressive 
strength improved by 138, 17, and 33% with an increase 
in the binder content from 300 to 450 kg/m3. These 
findings suggest that higher binder content enhanced 
compressive strength by reducing the volume of voids 
within the concrete. The excess binder material 
effectively fills these voids and consequently leads to a 
denser structure with improved cohesion and overall 
strength [31]. 

The impact of incorporating RCA in fly ash/slag 
blended geopolymer concrete was investigated through 
a deep comparing between different concrete mixtures 
at a different water content. An inverse correlation 
between the amount of RCA and compressive strength 
was observed and proved experimentally. In fact, 
regardless of the amount of additional water used, the 
compressive strength decreased with the addition of 
RCA. The full replacement of NA with RCA led to a 
reduction on the 1-and 7-day compressive strength up to 
19 and 25%, respectively. Furthermore, at water content 
of 100 kg/m3, the respective 1 and 7-day compressive 
strengths for concrete mixes incorporated RCA 
decreased by approximately 2 and 5%. Such a reduction 
in the compressive strength associated with the 
incorporation of RCA is attributed to the presence of 
large pores inside the RCA and the weak attached mortar 
on the surface of RCA. This reduction trend was 

consistent with a study conducted by other researches 
[32-33].  

While adding water could improve the workability 
of geopolymer concrete, it has a significant negative 
influence in terms of compressive strength. Increasing 
the water content from 25 to 50 and 100 kg/m3 led to 
substantial reductions in early-age compressive 
strength, from 20.4 to 18 and 17 MPa, representing 
corresponding reductions of 12 and 17%, respectively. A 
similar trend was observed at 7 days, with compressive 
strength reductions of 22 and 30% compared to the 
mixture with 100 kg/m³ of additional water. 
Experimental works revealed an inverse relationship 
between compressive strength and water-to-
geopolymer binder material ratio. As the water-to-
geopolymer binder ratio increases, the compressive 
strength decreases accordingly. This is because most of 
the added water evaporates during the 
geopolymerization process, enhancing workability but 
not contributing to strength. Similarly, the excess 
amount of water could reduce density and create defects 
in its microstructure, which consequently led to a further 
reduction in the strength. These findings were consistent 
with the outcomes of Patankar et al. [34] 

The influence of incorporating different types and 
volume fractions of glass fibers on the compressive 
strength of geopolymer concrete was thoroughly 
investigated. The experimental results showed a slight 
increase in compressive strength with the addition of 
Type A glass fibers. Specifically, the compressive 
strength rose from 18 to 19 MPa with 1% Type A fibers 
and to 19.3 MPa with 2% Type A fibers. In contrast, the 
inclusion of 1% of Type B glass fibers resulted in a 1-day 
compressive strength of 19.2 MPa, representing 
corresponding improvements of 7%. Regardless of the 
type or volume fraction of glass fibers, the addition of 
glass fibers consistently enhanced only the early-age 
compressive strength of the geopolymer concrete. On 
the other hand, the 7-day compressive strength 
remained almost the same across all mixtures. These 
findings highlighted the more positive pronounced effect 
of fibers on early-age performance. Indeed, the impact of 
Type B glass fibers was slightly greater than its 
counterpart Type A glass fibers at the same volume 
fraction. Such a result is typically attributed to the higher 
aspect ratio of Type B fibers, which effectively reduces 
the formation and the propagation of the cracks thereby 
enhancing the overall strength [35-37]. 

Furthermore, the impact of sieving recycled 
concrete aggregates (RCA) to remove particles smaller 
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than 4.75 mm and larger than 19 mm is graphically 
illustrated in Figure 3. The experimental results 
demonstrated a significant enhancement in the 
compressive strength after sieving the RCA, with 
strength increasing from 15 to 20.3 MPa, representing a 
corresponding enhancement of nearly 35%. Similarly, 
the 1-day compressive strength effectively increased 
substantially from 6.6 to 8.5 MPa. Actually, removing fine 
particles smaller than 4.75 mm can reduce water 
absorption due to the reduction in the surface area. At 
the same time, this practice also helps in improving the 
packing of aggregates inside the concrete, resulting in an 
even more cohesive mixture with higher density and 
strength. Similarly, eliminating large particles (larger 
than 19 mm) led to a notable reduction in voids, thereby 
enhancing the strength. [38-40]. Figure 4 showed the 
impact of process parameters in the compressive 
strength of geopolymer concrete.  

As previously discussed and shown in Figure 4, 
among all the concrete mixtures cast to evaluate the 
effect of the binder content, the geopolymer concrete 
mix R100C450W25A0B0GF0-S exhibited the highest 
compressive strength of 38.7 MPa at 7 days. Thos 
represented a 33% enhancement compared to its 
counterpart mixture with lower binder content. Similar 
strength enhancement trends were observed at all ages, 
regardless of the water quantity. Furthermore, due to the 
large voids and the weakness of the mortar attached to 
the surface of RCA, the strength of the concrete mixture 
decreased significantly with the inclusion of RCA. The 
reduction in strength was particularly notable with 
lower water content. A reduction of approximately 25% 
in the 7-day compressive strength was observed with the 
full replacement of NA with RCA at a water content of 50 
kg/m³, compared to a 2% reduction at a water content of 
100 kg/m³. 

Undoubtedly, the water content had a significantly 
negative impact on the compressive strength, regardless 
of the age of concrete. Indeed, increasing the water 
content from 0 to 50 kg/m³ deceased the 7-day 
compressive strength by 22%. Similarly, a further 
increase to 100 kg/m³ resulted in a 30% reduction.  

Surprisingly, the inclusion of glass fibers had no 
impact on the 7-day compressive strength. However, 
there was a slight increase in the 1-day compressive 
strength with the addition of glass fibers. In fact, Type B 
GF had a slightly more pronounced impact compared to 
Type A GF.  

Actually, sieving the RCA to remove particles 
smaller than 4.75 mm and larger than 19 mm increased 

the 7-day compressive strength by nearly 35%. This 
improvement resulted from the reduction in water 
absorption associated with the lower surface area due to 
the elimination of small particles. Additionally, the 
reduction in the volume of voids caused by the removal 
of large particles also contributed to the enhanced 
strength. 
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Figure 3. Compressive strength of Alkali- Activated 
geopolymer concrete with variations in the mix design 
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              (c)                (d) 

 
(e) 

Figure 4. The impact of process parameters on the 
compressive strength. (a) binder content. (b) RCA content. (c) 

amount of additional water. (d) volume fraction of GF. (e) 
particle size distribution of RCA. 

Moreover, the error analysis was conducted to 
assess the deviation and dispersion of the data. Table 3 
presents a comprehensive summary of the compressive 
strength values and their respective standard deviations 
and percentage errors for each concrete mixture. In 
general, a smaller standard deviation value represented 
a low variability and more precise and consistent 
measurements. Indeed, the majority of the concrete 
mixtures had a lower standard deviation, which 
indicated a low dispersion of the data. Moreover, the 
error percentage was calculated for each mix at the two 
ages separately. During the experimental process and 
data analysis, several sources of uncertainty and error 
were identified. These errors included random errors 
from sample preparation and testing procedures, human 
errors from the inaccurate measurements and recording 
of data, and systematic errors that could have resulted 
from improper calibration of the testing machine. 

 

Table 3. The error analysis of geopolymer concrete 
mixtures 

 
5. Conclusion 

This paper examined the impact of various mix 
design parameters on the workability and compressive 
strength of geopolymer concrete. These parameters 
included the replacement percentage of natural 
aggregates (NA) with recycled concrete aggregates 
(RCA), binder content, additional water quantity, 
particle size distribution of RCA, and volume fraction of 
glass fibers (GF). Based on the experimental results, the 
following conclusions were drawn: 

 Increasing binder content from 300 to 450 
kg/m³ improved the workability by 30% and 
enhanced the compressive strength by almost 
17% 

 The full substitution of NA with RCA had no 
significant effect on workability but decreased 
the 7-day compressive strength by 25%. 

 A direct relationship between workability of 
geopolymer concrete and the addition of water 
was observed. However, there was an inverse 
relationship between compressive strength 
and additional water content. 

 As the water-to-geopolymer binder ratio 
increased, the compressive strength decreased 
accordingly 

 The addition of 1 and 2% GF, by volume, had a 
minor effect on the compressive strength of 
RCA slag-fly ash blended geopolymer concrete. 
Fibers with larger aspect ratio were more 
impactful on the 1-day strength. 

 Sieving the RCA to remove particles smaller 
than 4.75 mm and larger than 19 mm increased 
the slump to 210 mm and the 1- and 7-day 

35%

0

10

20

30

40

50

Without Sieving Process With Sieving Process

7
-d

a
y 

c
o
m

p
re

s
s
iv

e
 S

tr
e
n
g
th

 (
 M

P
a
)

Mix ID Slump 
Value  
(mm) 

Cu,1 day 
 

(MPa) 

Error 
 

(%) 

Cu,7 day 

 
(MPa) 

Error 
 

(%) 
R100C300W100A0B0GF0-S 225 1.4±0.2 8.2 11.3±2.80 14.3 
R100C300W50A0B0GF0-S 180 10.6±1.95 10.6 25.7±0.46 1.0 
R100C450W100A0B0GF0-S 240 19.5±0.29 0.9 26.9±3.63 7.8 
R100C450W50A0B0GF0-S 230 18.0±1 3.2 30±0.25 0.5 
R0C450W100A0B0GF0 239 19.8±0.74 2.1 28.3±1.66 3.4 
R0C450W50A0B0GF0 230 24.6±0.06 0.1 40±1.00 1.4 
R100C450W25A0B0GF0-S 205 20.4±4.01 11.4 38.7±1.50 2.2 
R100C450W50A100B0GF1-S 225 19.0±0.25 0.8 30.1±1.72 3.3 
R100C450W50A100B0GF2-S 210 19.3±1.04 3.1 30.4±1.59 3.0 
R100C450W50A0B100GF1-S 175 19.2±0.06 0.2 30.2±1.86 3.5 
R100C300W75A0B0GF0 0 6.6±0.06 0.5 15±0.15 0.6 
R100C300W75A0B0GF0-S 210 8.5±0.68 4.6 20.3±1.18 3.4 

-22%

-30%

0

10

20

30

40

50

0 50 100

7
-d

a
y 

c
o
m

p
re

s
s
iv

e
 S

tr
e
n
g
th

 (
 M

P
a
)

Water content (kg/m^3) 

0% 0%

0

10

20

30

40

50

0 1 2

7
-d

a
y 

c
o
m

p
re

s
s
iv

e
 S

tr
e
n
g
th

 (
 M

P
a
)

GF (%) 

Type A

Type B



 135 

compressive strengths by 29% and 35%, 
respectively. 

 The optimum design of RCA-based geopolymer 
concrete to be comparable with NA-based 
geopolymer concrete was attained by using 50 
kg/m3 of additional water, which led to a 
slump of 230 mm and compressive strength of 
30 MPa. 

 Geopolymer materials offer several 
advantages, such as addressing the 
environmental concerns associated with 
conventional concrete and providing superior 
technical properties. 
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