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Abstract

Geopolymer-based recycled aggregate concrete is an eco-friendly material that can be applied by replacing ordinary
Portland cement with geopolymer and natural aggregates with recycled aggregates. This research aims to explore and
report the findings on the mechanical and durability properties of GGBS-based geopolymer recycled aggregate
concrete. The RCA is utilized as a partial replacement of natural coarse aggregate (NCA) in geopolymer concrete, with
series variations of 15%, 30%, and 50% RCA content, respectively. GGBS is used as the source material of the
geopolymer & NaOH (Sodium Hydroxide) and Na.SiOs (Sodium silicate) are used as alkali activator solutions to
synthesize GGBS-based geopolymer in this research (NaOH to Na.SiOs in a 1:2.5 ratio with 12 M NaOH). In all four
series, a consistent alkali activator-to-binder ratio of 0.45 is applied. Compressive strength is tested at both 7 and 28
days, while split tensile strength, sorptivity, immersed water absorption, and volume of permeable voids are tested at
28 days. Relevant ASTM standards are utilized to test all the above attributes. The experiment reveals that the
compressive strength of both 7-day and 28-day cured geopolymer concrete, as well as other properties, diminishes with
an increase in RCA concentration for 28-day curing. The assessed durability features, such as sorptivity, water
absorption, and volume of permeable voids of geopolymer concrete, were also negatively impacted by the integration
of RCA, and these attributes increase with an increase in RCA content. Immense correlations have been reported
between compressive strength and the volume of permeable voids, as well as water absorption, in geopolymer concrete
containing RCA; however, the connection between compressive strength and sorptivity is not particularly notable.
Geopolymer-based recycled aggregate concrete exhibits superior strength and durability compared to Geopolymer-
based natural aggregate concrete.
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1 Introduction

As the global population continues to expand and urbanization increases, CO, emissions are also rising. According to
British Petroleum, the energy giant, global carbon emissions might reach 34,169 million tons of CO,, and China leads
the world in carbon emissions with a total of 9,826 million tons (Yang et al., 2015). In the construction business, the
manufacture and transportation of concrete also emit a large amount of CO,. About 30 billion tons of concrete are
utilized globally every year (Skariah Thomas et al., 2022). It is estimated that manufacturing produces approximately
one ton of CO; for every ton of ordinary Portland cement. Moreover, approximately 7% of global CO, emissions
originate from the manufacture and use of cement (Skariah Thomas et al., 2022). This is a key contribution to global
warming (Golewski et al., 2021). In light of this, relatively low-polluting materials should be utilized instead of OPC
(Zheng et al., 2021; Huang et al., 2021; Wang et al., 2022). Davidovits suggested the notion of geopolymers as early
as 1978. Materials incorporating silica-aluminate substances with alkaline activators to create Si-O—Al-O bonds. This
is the hardening process of the geopolymer, which is fundamentally different from the reaction mechanism of
conventional concrete (hydration interaction between water and cement) (Mahmood, 2020; Ma et al., 2018 ;
Chowdhury etal., 2021). Geopolymer is an amorphous to semi-crystalline three-dimensional silico-aluminate structure
with excellent acid resistance and high temperature tolerance. Moreover, since geopolymers are ecologically neutral,
they may be utilized as an eco-friendly alternative to OPC. GGBS, fly ash, slag, and metakaolin (MK) are the key
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binders most widely used in contemporary research. There are various alternative geopolymer raw resources, such as
municipal solid waste incineration fly ash and nano-materials (El et al., 2022; Zhang, WEei, et al., 2022; Zhang, Wang,
et al., 2022) and red mud (Kan & Wang, 2022). Standard alkali activators include sodium hydroxide (NaOH) and
sodium silicate (Na2SiOs). A specified mix ratio may create geopolymer concrete with good performance. National
and International research has demonstrated that GPC has superior high-temperature resistance, a shorter curing time,
and even better mechanical properties than cement concrete (Kan et al., 2021). The findings suggest that the mechanical
characteristics and durability of GPC can be enhanced by incorporating nanoparticles and fibers. Notably, GPC exhibits
exceptional characteristics, including low pollution and low energy consumption (Korniejenko et al., 2022; Gao et al.,
2021). Therefore, GPC may be utilized as a new green material to replace CC.

Numerous studies have been conducted on the mechanical and durability characteristics of geopolymer concrete with
natural aggregates and OPC concrete with recycled aggregates (Wallah & Rangan, 2006; Sumajouw & Rangan, 2006).
Sata et al., 2013, Nuaklong et al., 2016; Arm, 2011; Shi et al., 2012 and Posi et al., 2013 - They are among the few
studies published on the mechanical and durability characteristics of geopolymer concrete containing recycled coarse
aggregates. In their 2011 study, Arm, 2011 Examined the compressive strength of GPC using recycled concrete
aggregate. The geopolymer was made from waste paper sludge ash rather than the more common fly ash and slag.
According to the results, the compressive strength of geopolymer concrete increases by approximately 10% between
7 and 28 days. A higher molarity of sodium hydroxide yields a higher compressive strength. Shi et al., 2012 Compared
the mechanical characteristics of regular concrete with those of geopolymer concrete that contained 50% and 100%
recycled coarse aggregate in place of natural coarse aggregate.

According to the results, geopolymer concrete with recycled coarse aggregate exhibits greater compressive strength
and split tensile strength than its equivalent OPC concrete with RCA. Furthermore, the aforementioned mechanical
properties deteriorate as the amount of RCA in the concrete increases. Additionally, they reported that geopolymer
concrete had a superior interfacial transition zone than OPC concrete. The mechanical characteristics of geopolymer
concrete with recycled lightweight aggregates were recently investigated by Posi et al., 2013. They found that, like
regular-weight recycled coarse aggregate, the compressive strength of geopolymer concrete drops as the amount of
recycled lightweight aggregate increases. In a study published by Sata et al., 2013 Crushed concrete and crushed brick
were used as substitutes for natural coarse particles in geopolymer pervious concrete, which included varying NaOH
solution concentrations. According to the results, geopolymer pervious concrete with crushed concrete and bricks has
lower measured compressive and split tensile strengths than its natural equivalent due to the reduced coarse aggregate
content. The results also demonstrate that as the concentration of the NaOH solution increases, so do the compressive
and split tensile strengths of all three varieties of geopolymer concrete. A study on geopolymer concrete built with
crushed concrete as coarse aggregates was also published by Nuaklong et al., 2016. They found that adding recycled
aggregate concrete as coarse aggregate decreased the compressive strength of the concrete.

This study compares the compressive strength and splits tensile strength of geopolymer concrete with those of 100%
Natural coarse aggregate, examining the impacts of varying RCA contents derived from mixed construction and
demolition debris. To assess the effect of different RCA on the durability of geopolymer concrete, durability properties
such as water absorption, volume of permeable voids, and water sorptivity of the aforementioned geopolymer concrete
containing RCA are also examined and contrasted with those of 100% NCA. There are currently very few studies on
the durability characteristics of RCA-containing geopolymer concrete.

2 Materials & Methods
2.1 Materials

The GGBS used as source material in this study is obtained from a Local steel plant in Dhaka, Bangladesh, which is
used to form the geopolymer binder along with alkaline liquids. The chemical composition of GGBS is shown in Table
1. The activating alkali solution consisted of Na;SiOz; and NaOH solutions. The NaySiOs; was collected from the
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ChemSyte Chemicals Industry Ltd., Armanitola, Dhaka, Bangladesh. The NaOH was obtained from a local chemical
company, and the solution was prepared from analytical-grade NaOH pellets. The alkaline liquid is mixed 24 hours
before mixing the concrete. The mass of Na,SiOs used is 2.5 times that of the NaOH, which shows this to be the optimal
ratio based on compressive strength in some research. Figure 1 illustrates all the required materials for the study.
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Figure 1: (i) GGBS, (ii) NaOH pellet, (iii) Na,SiO3 solution, (iv) Fly Ash & (v) proper mixing in a frame

I

Table 1: Materials’ Chemical composition, density & specific surface area used in this research

Chemical Composition

S|02 A|203 Fe,O, CaO MgO SO; Na,0O K,0 T|02 Density SuffpaeC(:fACrea

% % % % % % % % % gricm? cm?/gr
GGBS 32 1711 041 3492 1124 180 024 094 049 291 4500-4700

Materials

2.2 Mix Proportion

This study considered four series of mixes. The detailed experimental program and mix proportions for each of the
four series are presented in Table 2. The first mix, designated as the control series and marked as MO, utilizes 100%
NCA in geopolymer concrete. To partially replace NCA, the remaining three series of geopolymer concrete comprise
15%, 30%, and 50% (by weight) of RCA, which are marked as M15, M30, and M50, respectively.

Table 2: Percentage of materials in concrete mix

Mix RA Binder NaOH  Na:SiOs Fine Coarse Aggregate Superolasticizer
D Replacement (GGBS) Solution Solution Aggregate (Natural + RCA) PErp
(%) (kg/m®)  (kg/m?)  (kg/m3)  (kg/m?) (kg/m?) (%)
MO 0% 400 56 140 650 1200 (100% NA) 2%
1020 (85% NA) +
0, 0,
M15 15% 400 56 140 650 180 (15% RA) 2%
840 (70% NA) +
0, 0,
M30 30% 400 56 140 650 360 (30% RA) 2.5%
0,
M50 50% 400 56 140 650 600 (50% NA) + 3%

600 (50% RA)

2.3 Experimental Procedure

The concrete mixtures were made by hand. Aggregates, sand, and the required quantity of GGBS and alkaline activators
are mixed before homogenizing the mixture. The concrete was thoroughly mixed and cured in accordance with ASTM
C192/C192M-19. The mechanical & durability characteristics of these mixes, such as their compressive strength,
splitting tensile strength, water absorption, volume of permeable voids, and sorptivity, were ascertained following the
completion of the concrete casting and curing process. The Slump test was performed on each combination by ASTM
C143. According to ASTM C140 criteria, compression tests were conducted on 150 mm x 150 mm x 150 mm cubic
samples at 7 and 28 days. Meanwhile, cylindrical samples with dimensions of 150 mm by 300 mm and a diameter of
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150 mm were subjected to a tensile splitting strength test in accordance with ASTM C496 at 28 days. According to
ASTM C1585, the sorptivity of the concrete samples was assessed after 28 days. According to ASTM C642, the volume
of permeable voids (VPV) and water absorption test were used to determine the proportion of voids in the concrete
specimens following a 28-day curing period. Capillary suction within the concrete's pore spaces, rather than a pressure
head, is what propels water infiltration into the material during the sorptivity process.

3 Results & Discussions
3.1 Mechanical Properties
Table 3 illustrates how various RCA contents affect the mechanical and durable properties of geopolymer concrete.

Table 3: Mechanical and durability parameters of GPC with varying RCA contents as a partial replacement of NCA.

. . Volume of
Repli:@men t Compressive Strength SpSI;treTnegrlsr,]lle Ab\é\c/)argatrion Permgable Sorptivity
Mix ID Voids
%) Zl\jla’é; Z(iﬂdlfg’)s 28 days (MPa) %) %) (mm/s°)
MO 0% 32.5 48.7 3.8 49 12.1 0.085
M15 15% 30.1 45.3 3.5 5.5 13.5 0.092
M30 30% 27.6 41.2 3.2 6.2 15.3 0.101
M50 50% 24.3 36.8 2.9 7.1 17.8 0.115

Figures 2 and 3 show the compressive and split tensile strength test results. It is evident that from 7 to 28 days, the
compressive strength of geopolymer concrete with 100% NCA increases by almost 9%. The compressive strengths at
both ages likewise show a steady reduction with increasing RCA contents, although at a very slow rate for example, at
15% and 16% at 7 days and 28 days, respectively, for RCA content of 50% which is marginally less than OPC concrete
with 50% RCA of the same type. The 28-day compressive strength of the OPC concrete with 50% RCA was reduced
by roughly 13%. It’s also noteworthy that, in the case of geopolymer concrete with 50% RCA, the most significant
improvement in compressive strength from 7 to 28 days is roughly 5%. Given that the majority of the geo-
polymerization process occurs during the first few days of curing in geopolymer concrete, it once again demonstrates
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coherence with earlier
research findings about the
minimal improvement in
compressive properties of
geopolymer concrete. A
similar pattern in terms of
compressive strength is
observed in the scenario of
split tensile strength, which
increases (Table 3). The
data show that at a 50%
RCA concentration, the

031 maximum decrease in split
tensile strength is
approximately 23% and
16%, respectively. The
tensile strength of
GPC containing RCA was
shown to increase by around 11-21% with a more extended curing period of 28 days. It has been discovered that the
indirect tensile strength decreases by approximately 30% and 23% after 7 and 28 days, respectively, when OPC
concrete with 50% RCA of the same type is used.
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Figure 2: Compressive strength test result Figure 3: Split Tensile strength test result
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3.2 Durability Properties

The water absorption, volume of permeable voids and sorptivity results are shown in Figures 4, 5 and 6. Except for the
15% RCA content, which is marginally lower than that of the geopolymer concrete with 100% NCA, it is evident that
the rate of water absorption increases as the RCA content rises. The sorptivity of geopolymer concrete with 50% RCA
is roughly 26% higher than that of OPC concrete with the same quantity and kind of RCA. Table 3 shows the impact
of RCA on the submerged absorption of water of geopolymer concrete with varying RCA contents. The image
illustrates how the water absorption of geopolymer concrete with RCA increases as the RCA content rises by roughly

1
‘ Mo MIS M3 M50 MO MIS u‘m M0 " Mo M1 M3 M50
Figure 4: Water absorption test Figure 5: \{olume of permeable Figure 6: Sorptivity test result
result Voids test result

20% at a 50% RCA concentration. The adherence of old mortars in the RCA, which are typically more porous than the
NCA, and the increased water absorption of RCA, as indicated in Table 3, are the causes of this conclusion, which is
compatible with sorptivity. It is evident that when the amount of RCA in geopolymer concrete grows, so does the VPV.
The results show that the VPV increases by 22% for Geopolymer-based concrete containing 50% RCA, which is less
than the VPV increase of roughly 33% for OPC concrete with the same amount and type of RCA. This indicates that
the inferior qualities of RCA are transferred into the concrete specimens. Geopolymer concrete with RCA has lower
measured water sorptivity, water absorption, and volume of permeable spaces than OPC concrete with the same kind
and quantity of RCA.

4 Conclusion

Similar to trends in OPC concrete, the compressive and tensile strengths of geopolymer concrete decrease when natural
coarse aggregate (NCA) is substituted with recycled coarse aggregate (RCA). The split tensile strength of geopolymer
concrete, including RCA, is overestimated by the current empirical models, whereas those for geopolymer concrete
without RCA underestimate it. There are notable associations with compressive strength. This suggests that further
study on geopolymer concrete with RCA is required to develop an empirical model of this kind. The durability qualities
(sorptivity, water absorption, and volume of permeable voids) changed with the addition of RCA, but they remained
more effective than those of OPC concrete. This suggests that geopolymer binders have a denser microstructure. Water
absorption and the volume of permeable voids have a strong correlation with compressive strength. Current sustainable
concretes, which utilize OPC and RCA, can be replaced with geopolymer concrete that incorporates RCA and
eliminates the need for OPC, achieving comparable results with up to 50% less NCA.
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