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Abstract

The recycling of concrete waste and its utilization in new concrete production can be a great contribution to a sustainable
environment. In the present study, the impact of recycled mortar powder (RMP) was accessed on fly ash (FA) based geo-
polymer concrete (GC). The RMP was substituted with FA in the range of 0-50%. The durability properties such as capillary
suction test (CST), initial surface absorption test (ISAT) and acid attack test were accessed and strength property was also
evaluated in terms of compressive strength at ambient curing. Further, the ultrasonic pulse velocity (UPV) test and electri-
cal resistivity test were also conducted for all GC mixes. The present study outcome shows that the overall properties of GC
improved with the addition of RMP up to 30%. Moreover, the addition of RMP provides the early activation of GC due to
calcium (Ca) compounds present in RMP. The microstructural characteristics of GC mixes were analyzed using field emis-
sion scanning electronic microscopy (FESEM) along with Fourier transform infrared (FTIR) spectroscopy and it revealed
that the presence of Ca compound in RMP form additional nucleation sites i.e., calcium/sodium alumina-silicate hydrate

gel with a polymeric chain which enhance the overall properties of the GC.
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Introduction

Geopolymer concrete (GC) is a no cement concrete which
will become a new generation of concrete in the construction
world. The GC can be a viable substitute for conventional
cement concrete in the coming years. The Portland Cement
(PC) binder of conventional cement concrete is produced
from natural resources such as limestone and clay which
emits huge amounts of CO, during their production [1]. In
contrast, the binder used in GC is manufactured from by-
products that are high in alumina and silicate, such as fly
ash (FA), metakaolin (MK) and ground granulated blast
furnace slag (GGBS) [2]. To reduce CO, emissions and
achieve sustainability, the binder used in the manufacturing
of GC may be an effective substitute for PC [3]. The GC is
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generally made up of binders rich in alumina and silicate
along with alkaline solutions and aggregates. The FA are
widely utilized as the principal binder in GC because they
are inexpensive and widely available [4]. The FA is pro-
duced through the combustion of coals in thermal plants and
generated in massive amounts which consume the landfills
[5]. Globally, 71 million tons to 1 billion tons of FA is gen-
erated through thermal plants [6]. A huge amount of FA is
generally disposed of in landfills which in turn increases air
and land pollution [7]. Therefore, the consumption of FA in
GC reduces the burden on landfills which aids in reducing
land pollution. In the geopolymer process, sodium hydroxide
(SH) along with sodium silicate (SS) are primarily utilized
as an alkaline solution. In geopolymerization, the alkaline
solutions (SH and SS) dissolve the silica (Si) and alumina
(Al) of the binder through polymerization to produce the
polymeric chain as a final product [8]. Numerous studies are
going on the production of GC using different combinations
of binders and alkaline solutions. One of the key concerns
in the production of the GC is the slow geopolymeric reac-
tion and low strength at the initial stage of ambient curing.
To achieve the early reaction and good strength at the initial
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stages of curing either heat curing or calcium (Ca) rich min-
eral is required in the GC [9]. The heat curing can accelerate
the geopolymer reaction and help to achieve an early setting
along with good strength of GC [10]. However, heat curing
cannot be done at site conditions. Contrary to this, various
Ca-rich minerals such as GGBS and PC are used as a par-
tial replacement for geopolymer binder to provide the extra
nucleation sites along with polymeric chain to achieve early
setting time and good strength at the initial stage of curing
[11]. Nagajothi and Elavenil [12] conclude that the addition
of GGBS produces Ca hydrates along with a geopolymer
matrix to improve the overall properties of GC. Nath and
Sarker [13] also revealed that the addition of PC provides the
Ca-rich hydrate gel which as a result enhances the properties
of GC. According to other researchers, GGBS and PC addi-
tion enhances the performance of GC [14, 15].

The waste generated from construction and demolition
is also a main concern due to the increase in renovation,
upgradation and development of new infrastructure. The
waste produced from construction and demolition becomes
a challenge for society as it is increasing every year. The
extent of concrete waste produced from construction and
demolition is approximately 25-30%, and this waste can be
further used as recycled aggregates in construction works
[16]. The recycled aggregates are further categorized as
coarse (>4.75 mm) and fine (<4.75 mm) aggregates. The
40-50% part of recycled aggregates consists of fine particles
(<4.75 mm) [17]. These fine particles of recycled aggre-
gates contain 25-30% of anhydrate particles of cement along
with hydrated cement particles, ettringites, Ca hydrates and
anhydrate cement particles [18—20]. The anhydrate particles
of cement present in recycled aggregates can help in provid-
ing additional hydration production along with conventional
hydration in the production of concrete and mortar [21]. In
a few studies, fine particles of recycled aggregates used in
a grinded form called recycled mortar powder (RMP) in
geopolymer mortar/concrete provide the extra nucleation
sites with geopolymer polymeric chain due to the presence
of anhydrate Ca compounds in RMP [22]. Ahmari et al. [23]
utilized RMP as a partial replacement of FA and concluded
that 50% content of RMP can be used to enhance the per-
formance of the geopolymer mortar. Sharma et al. [24] used
RMP as a partial replacement for binders and concluded that
the inclusion of RMP helps to provide early activation to the
geopolymer mortar and enhance their properties.

The literature studies revealed that GGBS or PC was
extensively used in the GC to gain early strength and cata-
lyze the geopolymerization in GC. However, very minimal
information is available related to the utilization of RMP
to provide early activation in the GC or mortar. Further,
no study is available to access the durability properties of
GC incorporating RMP. The key objective of the present
study was to evaluate the durability properties of GC such
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as capillary suction test (CST), initial surface absorption test
(ISAT) and acid attack at 28, 56 and 120 days of ambient
curing. Furthermore, the ultrasonic pulse velocity (UPV)
test and electrical Resistivity test have been performed to
observe the quality and risk of corrosion to the GC, respec-
tively. The compressive strength of GC was also evaluated
in terms of strength property at 7, 28, 56 and 120 days. The
RMP gives bi-fold benefits i.e., provides anhydrate Ca com-
pounds for early activation of GC and contributes to the
sustainability by being consumed as a concrete waste.

Materials used in experimental work

In this experimental work, the Class-F FA IS 3812:2013 [25]
was used as a primary binder along with alkaline solutions
and aggregates. The FA was collected from a nearby thermal
plant located at Rajpura, Punjab, India. Further, RMP was
partially substituted with FA in the GC mixes. The RMP was
prepared using old concrete specimens available in the Con-
crete Technology Laboratory of the Authors Institute. The
old concrete was available in the form of tested cubes, cyl-
inders and prisms with compressive strength in the range of
20-35 MPa with a maximum age of approximately 2 years.
The old concrete specimens were made of PC, natural coarse
and fine aggregates and their physical and chemical proper-
ties are given in Table 1. In the first step, a jaw crusher was
used to crush the old concrete specimens into small pieces
and further sieved through a 2.36 mm sieve to produce RMP.
The sieved fine particles of old concrete were kept in the
oven at a temperature of 100+5 °C for 24 h to remove the
moisture, if any. In the next step, the oven-dried fine parti-
cles of old concrete were ball milled for 8 h at 50 rpm to get
particle size less than 75 microns to get the final product as

Table 1 Approximate physical properties and chemical composition
of PC, coarse and fine aggregates of old concrete

Properties PC Coarse aggregates  Fine aggregates
Specific gravity 3.15 2.62 2.48
Water absorption ~ — 0.50% 1.5%
SiO, 20% 60% 93%
AlL,O4 6% 1% 2%
Fe,04 5% 1% 0.50%
CaO 60% 15% 1%
MgO 3% 11% 0.2%
Na,O 1% 0.50% 0.4%
K,0 1% 1.63% 1%
SO, 1% 0.1% 0.05%
P,0; 0.01%  0.02% 0.01%
TiO, 0.50%  0.01% 0.01%
Loss of ignition 1.5% 10% 0.1%
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RMP. The physical and chemical properties of FA and RMP
are given in Table 2. Further, the particle distribution curve
of FA and RMP is given in Fig. 1. The morphology of FA
and RMP has been accessed using scanning electron micros-
copy (SEM), Fig. 2a, b. Figure 2a shows the SEM image of
FA particles having a spherical shape with a smooth surface
and on the other hand, the RMP particle has an irregular
shape and rough surface, Fig. 2b.

The combination of SH and SS as an alkali solution was
used in the experimental work. The SH solution was pre-
pared using 98% pure pellets and mixed with appropriate
water content to get a 12-molar solution. Further, SS was
used in a liquid state and combined with SH in the ratio of
2.2:1 to form an alkaline solution. The properties of SH and
SS are given in Table 3. Furthermore, coarse and fine aggre-
gates were used in the experimental work confirming to IS
383:2016 [24]. The coarse aggregates of a maximum size of
12.5 mm and less than 4.75 mm size of fine aggregates were

Table 2 Physical and chemical properties of FA and RMP

used for the experimental study. The physical properties of
both coarse and fine aggregates are given in Table 4.

Mix proportion and preparation of GC

The GC was prepared using FA (Class-F) as a main binder
along with alkaline solution and aggregates. The RMP was
partially substituted with FA in the range of 0%, 10%, 20%,
30%, 40% and 50% using an equivalent volumetric approach.
The mix design method and factors used for mix design for
the control mix were obtained from the literature [26]. The
mix design factors such as alkali to binder ratio, SH molar-
ity, SS to SH ratio and water to solid ratio were fixed to 0.47,
12 molarity, 2.2 and 0.35, respectively for all GC mixes. The
GC mix proportions and notations made with varying con-
tent of RMP are given in Table 5. The GC was prepared by
two-stage mixing. In the first stage, binders and aggregates
were mixed thoroughly for 5-10 min in a drum-rotating
mixer. In the second stage, the combination of SH and SS
was poured and further mixed for 8—10 min to get a uniform
geopolymer paste. The freshly prepared GC was then poured
into molds and wrapped with a poly wrap to avoid moisture
loss. The ambient curing was done to specimens until the
age of testing at room temperature.

Testing procedures

The compressive strength of the GC specimens made with
varying content of RMP was measured in accordance with IS
516:1959 [27]. The 100 mm cubes were used and an average
of three specimens were taken as final compressive strength
at a curing period of 7, 28, 56, and 120 days. The CST was
conducted in conformation to the ASTM C1585-04 [28] on
the specimen size of 100 mm X 50 mm (diameter X depth).
The disc specimens were placed in the oven to achieve

e ——

FA ——RMP .~

Properties FA RMP
Fineness, cm2/gm 4125 3500
Specific gravity 2.1 2.5
SiO, 56.50% 60.0%
AlL,Oy 22.50% 11.0%
Fe,04 11.0% 4.0%
CaO 3.20% 15.0%
MgO 1.25% 2.5%
Na,O 0.15% 1.85%
K,O 2.2% 2.50%
SO, 0.25% 1.25%
P,05 0.6% 0.15%
TiO, 22% 0.65%
Loss of ignition 1.20% 1.80%
Fig. 1 Particle distribution 100
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Fig.2 SEM images of a FA and b RMP

Table 3 Properties of alkaline activators

Property SH SS
Molecular formula NaOH Na,SiO,
pH 13-14 13-14
Specific gravity 1.32 1.53
Na,O content (%) - 14.7
SiO, content (%) - 29.4
H,0 content (%) - 559

constant mass and further kept in a desiccator to bring these
to ambient temperature. The sides of the specimens were
sealed using wax and then packed loosely with a plastic
sheet. The capillary suction values were recorded in terms of
initial rate of absorption (IRA) up to 6 h at various intervals
as given in the standards. The ISAT was conducted on the
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Table 4 Physical properties of coarse and fine aggregates used in
experimental work

Physical properties Coarse aggregates Fine aggregates
Specific gravity 2.65 2.53

Aggregate crushing value 15.50% -

Aggregate impact value 15.35% -

Water absorption 0.50% 1.55%

150 mm cubes as per BS 1881-208:1996 [29]. The speci-
mens were kept in an oven to achieve constant mass and then
kept in a desiccator to bring these to ambient temperature.
The initial surface absorption was recorded in terms of ISA-
10 (ISA at 10 min) as per standard. The acid attack of GC
was conducted using a 5% concentration of sulphuric acid
(H,SO,) at an exposure period of 28, 56, and 120 days as per
ASTM C267 [30]. The specimens were first weighed before
being exposed to the sulphuric acid. After being placed in
acidic solutions at different intervals, the specimens were
removed, weighed and dried for another 24 h at 100+ 10 °C.
Finally, the specimens were weighed to evaluate the weight
loss due to exposure to the acid. During the soaking period,
the acid water was replaced at 7-day intervals. The UPV test
was done on 100 mm cube specimens in accordance with
IS 13311:1992 [31] 56 and 120 days of recorded in meters/
second as per standard. The electric resistivity of GC was
examined on cylinders of 100 mm X200 mm (diameter X
depth) in accordance with ACI 222R-01 [32]. The surface of
the specimens was saturated with water before performing
the test so that voltage could be conducted through concrete
to observe the readings of electrical resistivity values. The
electrical resistivity was recorded in the kilo-ohms cm. The
above-discussed test was performed at curing ages of 28,
56 and 120 days.

The microstructure analysis of GC mixes was done after
28 days of ambient curing. The SIGMA 500VP field emis-
sion scanning electron microscope (FESEM) machine was
used for microscopy of GC mixes with varying content of
RMP. Further, Fourier transform infrared (FTIR) spectros-
copy was done on GC specimens to evaluate the geoplym-
erization and formation of various compounds with the addi-
tion of RMP.

Results and discussion

Effect of RMP on compressive strength of GC

The compressive strength results of GC mixes with vary-
ing replacements of RMP are shown in Fig. 3. The com-

pressive strength is enhanced with the increasing content
of RMP. For a mix with 10% RMP i.e., for GCR10, the
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Table 5 Mix proportioning of GC mixes made with RMP in kg/m?

Mix notation Mix description FA RMP SH SS Coarse Fine aggregates Additional water
aggregates
GCRO 100% FA +0% RMP 450 0 66 145 912 695 21.74
(Control mix)

GCR10 90% FA +10% RMP 405 54 66 145 912 695 21.74
GCR20 80% FA +20% RMP 360 107 66 145 912 695 21.74
GCR30 70% FA +30% RMP 315 161 66 145 912 695 21.74
GCR40 60% FA +40% RMP 270 214 66 145 912 695 21.74
GCR50 50% FA +50% RMP 225 268 66 145 912 695 21.74
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rise in compressive strength was 30% at the initial stage of
7 days relative to the GCRO. At a later stage of ambient cur-
ing, compressive strength enhanced in the range of 15-21%
between 28 and 120 days compared to GCRO. Similarly,
for mix GCR20, the compressive strength improved by 47%
after 7 days and from 28 to 120 days, strength increased
in the range of 26-30%. The Ca compound in the form of
unreacted cement particles in RMP reacts with the silica and
alumina content of binder (FA) to form additional calcium-
alumino-silicate hydrate gel in the geopolymer matrix along
with the geopolymer process, which tends to increase the
compressive strength of GC. Further, with the substitution
of 30% RMP with FA, the compressive strength increased
very prominently at all ages of curing in comparison to all
other GC mixes. For mix GCR30, the compressive strength
increased by 89% and 45% at 7 and 28 days, respectively in
contrast to the GCRO. In line with this, compressive strength
enhanced by 49% and 44% at 56 and 120 days, respectively.
The other researchers also claimed that the addition of Ca-
rich compound improves the strength parameter of GC [33,
34].

Furthermore, with a 40% RMP (GCR40) mix, the com-
pressive strength after 7 days was enhanced by 48% rela-
tive to GCRO. At a later stage of curing, i.e., after 120 days
compressive strength increases marginally. Similarly, for

GCRS50, the compressive strength enhanced by 27% after
7 days and decreased marginally at later stages of curing
in comparison to the GCRO. The results show that addition
of RMP beyond 30%, the compressive strength declines in
comparison to the GCR30 but is still at par with the com-
pressive strength of the GCRO. The Ca present in the RMP
contains, i.e. anhydrate particles and calcium-hydrated
products. However, an increase in the content of RMP in
GC increases the composition of both Ca anhydrate and
hydrated particles. The anhydrate Ca particles react with
the silica content of the alkaline solution and binder of GC
to form additional nucleation sites. Moreover, the addition
of a higher content of RMP also increases the content of Ca
compounds which hinders the production of the calcium-alu-
mina-silicate-hydrate gel after complete consumption of the
silica content of the alkaline solution. In addition to this, the
replacement of FA with RMP at a higher level decreases the
composition of both unreacted silica and alumina which also
hinders the geopolymer reaction which tends to decrease
the compressive strength of the compressive strength of GC
[22]. The overall findings show that, compared to later cur-
ing stages, the compressive strength enhanced significantly
at 7 days of curing with the substitution of RMP. Based on
the compressive strength results, 30% of RMP can be uti-
lized with FA in the production of GC.
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Effect of RMP on initial surface absorption of GC

The observed values of initial surface absorption of GC
made with varying content of RMP are shown in Fig. 4. For
mix GCRI10, i.e., with the addition of 10% RMP, the ISA-
10 values decreased in the range of 17 to 20% in between
28 and 120 days relative to the GCRO. Similarly, with the
further inclusion of RMP up to 30% in GC, water ingress
in GC through their surface decreases. For example, for
mix GCR20, the ISA-10 declined in the range of 28%, 24%
and 32% at 28, 56 and 120 days, respectively in contrast to
the 0% RMP GC mix. Similarly, for mix GCR30, the sur-
face absorption declines in the same trend as GCR20. The
decrease is 29% and 27% after 28 and 56 days, respectively
and it reached 38% after 120 days relative to the GCRO.
The significant decrease in the ISA-10 values is due to the
densified microstructure provided by the extra nucleation
sites provided by RMP along with the geopolymer matrix.
The presence of RMP along with the FA increases the pore-
blocking effect which tends to resist the water penetration in
the GC through the surface of concrete. In a previous study
on geopolymer mortar, it was stated that substitution of RMP
up to 30% decreases water absorption [24].

Further with the substitution of FA with RMP beyond
30%, the ISA-10 values start increasing for the GC. For
example, for mix GCR40 (40% RMP), the ISA-10 val-
ues rise near about 10% at all stages of curing relative to
the GCRO. Likewise, for mix GCR50, the ISA-10 values
increase significantly at 28 days by 50% and there is a 35%
and 25% increase in ISA-10 values after 56 and 120 days.
The rise in ISA-10 values with the increase in RMP is due to
an increase in silica content along with Ca compounds in the
geopolymer matrix because, after the initial reaction of RMP
and FA with an alkaline solution, the excessive silica gets
unreacted and retards the geopolymeric reaction. Moreover,
hydrated particles of RMP also tend to absorb more water
which also tends to increase the water absorption of GC. The

Fig.4 ISA-10 of GC mixes with
varying content of RMP
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observed results of ISAT values of GC mixes recommended
that the addition of RMP up to 30% helps to resist the sur-
face absorption of water of GC significantly.

Effect of RMP on capillary suction of GC

The observed results of capillary suction values with the
inclusion of RMP are shown in Fig. 5. For mix with the addi-
tion of 10% RMP, the IRA values decreased in the range of
35 to 51% between 28 and 120 days compared to the GCRO.
Similarly, for mix GCR20, there was a significant drop in
IRA values in the range of 56-77% between 28 and 120 days
relative to the GCRO. The additional development of hydra-
tion gel due to the presence of RMP filled the micropores
and resisted the water from penetrating the GC which in
turn reduced the capillary suction of GC. Moreover, RMP
provides pore refinement in the geopolymer matrix which
as a result decreases the water penetration through capil-
lary action in GC. Similarly, for mix GCR30 i.e., with the
addition of 30% RMP, the IRA values decrease in the same
trend in the range of 60 to 78% between 28 and 120 days in
comparison to the mix made with 100% FA (GCRO).
Further, with the replacement of 40% FA with RMP i.e.,
GCR40 GC mix, the IRA values increase with respect to
GCR30 at all stages of curing. On the other hand, the capil-
lary suction is still lower than the control mix for the GCR40
mix. In comparison to the GCRO, the IRA values dropped
in the range of 25-33% between 28 and 120 days. However,
in comparison to the GCR30, the IRA values increase in
the range of 30-49% up to 120 days. For mix GCR50, the
IRA values increased marginally at all stages of curing in
contrast to the 0% RMP mix. It shows that increasing the
content of RMP tends to increase the permeability of GC
through capillary action. The substitution of RMP in higher
amounts in GC is left unreacted partially and loosens the
microstructure which may increase the IRA values of GC.
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As a result of capillary suction, it was observed that 40%
RMP can be utilized in the GC.

Effect of RMP on acid exposure for GC

The percentage weight loss of GC mixes due to exposure
to sulphuric acid is shown in Fig. 6. The weight loss of all
GC mixes with the addition of RMP is negligible. For mix
GCRO, the maximum weight loss was 5% up to 120 days of
exposure to the sulphuric acid. The calcium sulphates and
calcium alumino sulphates generally cause the deterioration
of the concrete which is generated through an acid reaction
with Ca present in the binder. However, FA (Class-F) used
in the present study has low Ca content which restricts the
production of the sulphate products, therefore, it shows a
negligible effect on FA-based GC. For mix GCR10 (10%
RMP), the decrease in weight is negligible up to 56 days of
exposure and weight loss is 4% at 120 days of exposure to
the sulphuric acid. Similarly, for the GCR20 and GCR30
GC mix, there is no significant effect during exposure to the
sulphuric acid for up to 120 days. It shows that the addition

of RMP has no reasonable effect on the acid exposure of the
GC. Furthermore, with the addition of the 40% RMP, the
weight loss of GC is less than 5% at 28 and 56 days of expo-
sure period and it rises to 8% at 120 days of sulphuric acid
exposure. Similarly, for mix GCR50, the maximum weight
loss was 10% at 120 days of exposure period. The insignifi-
cant weight loss after 120 days of sulphuric acid exposure
was due to the reaction of sulphates with alumino-silicate
structure and their dealumination which tends to de-bond the
paste and aggregates from concrete matrix [35]. The overall
result of the acid attack shows that substitution of RMP up
to 50% does not deteriorate the GC significantly even after
120 days of acid exposure.

Effect of RMP on UPV of GC

The observed values of UPV of GC mixes with the inclu-
sion of RMP are given in Fig. 7. The substitution of RMP
in GC has an insignificant effect on the UPV values. For
mix GCR10, the UPV values increased marginally by 3%
and 4% after 28 and 56 days, respectively and reached 8%

Fig.6 Percentage weight loss of X28 days A56 days 0120 days
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after 120 days in comparison to GCRO. For mix GCR20,
the increase in UPV values is 8% at both 28 and 56 days. At
120 days, the UPV values increased by 11% in comparison
to the GCRO. Similarly, for the GC mix with the addition
of 30% RMP, the UPV values enhanced by 9% at both 28
and 56 days whereas it reached 13% after 120 days. The
production of Ca hydrates in the geopolymer matrix due
to the presence of RMP makes the microstructure of the
concrete denser, which increases the sound wave velocity
and increases the UPV values of GC. The substitution of
RMP in conventional cement concrete also gives positive
results of UPV [36, 37]. The UPV values increase in the
same trend as compressive strength with the inclusion of
RMP in GC. For mix GCR40 and GCR50, the UPV values
decreased marginally relative to the control mix GCR30 but
still at equivalence with the GCRO. The slight reduction in
the UPV values was due to the high porosity of RMP which
may restrict the path of sound waves to travel uniformly. The
UPYV values of GCR10, GCR20 and GCR30 come in the
good category as per standard limits after 120 days of curing
and the rest GC mixes come under satisfactory conditions.

Effect of RMP on the electrical resistivity of GC

The electrical resistivity values of GC made with RMP
are presented in Fig. 8. The results shown in the figure
revealed that the change in electric resistivity values was
insignificant for GC made with RMP. For mix GCR10, the
electrical resistivity values increased marginally by 6% at
all ages of curing relative to the GCRO. Further with the
addition of 20% RMP, i.e., GCR20 the electrical resistivity
values increased in the range of 14 to 16% in between 28
and 120 days relative to the GCRO. The inclusion of RMP
densifies the microstructure of GC by reducing the intercon-
nected pores as discussed in the preceding sections which as
a result tends to restrict the ingress of chlorides and there is
a low risk of corrosion in concrete [38]. Similarly, for mix
GCR30, the electric resistivity values increased less than
10% at all ages of curing relative to the GCRO. However, in
comparison to the GCR20, the electrical resistivity values
start decreasing. Furthermore, with the inclusion of RMP
beyond 30%, the electrical resistivity values decline in con-
trast to the 0% RMP mix. For the GCR40 mix, the electrical
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resistivity values decreased by 12%, 6% and 4% after 28,
56 and 120 days, respectively relative to the GCRO. Simi-
larly, for the GC mix with 50% RMP, the electrical resistiv-
ity values decreased significantly in the range of 22 to 30%
between 28 and 120 days of curing, respectively in contrast
to the GCRO mix. The higher content of RMP increases the
pore volume in concrete which a result gives free movement
of foreign particles in GC which a result tends to decrease
the electrical resistivity of GC. The overall analysis shows
that for all geopolymer mixes the electrical resistivity values
are in low risk of corrosion range after 120 days of curing
except GC mix with 50% RMP.

Microstructural analysis
SEM analysis of GC with varying content of RMP

The SEM analysis of GC mixes with 0%, 30% and 50% RMP
are presented in Fig. 9a—c. The GC mix with 0% RMP (con-
trol mix), the alumina-silicate binder i.e., FA dissolute with
OH™ ions to form a sialate bond called a geopolymer matrix
as shown in Fig. 9a. The formation of the geopolymer matrix
in concrete results gives a compressive strength of 18.5 MPa

Fig.9 SEM images of GC
mixes a GCRO, b GCR30 and
¢ GCR50
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after 28 days. On the other hand, there are some macro- and
micro-cracks present which may increase the water ingress
in the GC. Ren et al. [22] observed that 0% RMP concrete
has a denser microstructure than GC with RMP due to the
presence of cracks. In opposition to this, with the addition
of RMP i.e. for GCR30 (30% RMP) GC mix, the presence
of Ca compound in RMP produced calcium alumina-silicate
hydrate gel with geopolymer matrix as shown in Fig. 9b and
densified the microstructure of GC which in result enhance
the overall properties of GC. As discussed in the above sec-
tion, the compressive strength of GCR30 increased promi-
nently by 89% at 7 days and 45% at 28 days of ambient
curing relative to the GCRO. Similarly, capillary suction
and initial surface absorption of water decreases with the
addition of 30% RMP. The literature study also claims
that the addition of a Ca-rich compound generated hydra-
tion products along with geopolymerization which in turn
made a dense microstructure of GC [39]. Similarly, with
the addition of RMP beyond 30%, i.e., for 50% RMP GC
mix, the Ca hydrate gel is produced gradually with the geo-
polymer matrix. However, the high content of RMP tends
to decrease the packing density of GC due to their irregular
surface and hydrated compounds. Figure 9c also shows some

Geopol¥niér mytri .

D Ml 0% REP o
ﬁ 20pm EHT= 6.00kv Mag= 1.00KX

WD = 3.9mm Signal A= InLens ﬁ

¢) 50% RFP &
2pm  EHT=1000kvV Mag= 1.00KX
1 WD= 42mm Signal A= SE2

@ Springer



2750

Journal of Material Cycles and Waste Management (2024) 26:2741-2753

cracks and pores in the geopolymer matrix with the higher
content of RMP which tends to deteriorate the strength and
durability properties. Additionally, compared to other GC
mixes, RMP’s presence of hydrated particles increases water
absorption and porosity, which in turn increases capillary
suction and surface absorption of GC. The overall micro-
scopic analysis illustrates that the substitution of RMP up
to 30% with FA gives optimum results in terms of strength
and durability properties and a further increase in RMP con-
tent mainly effect the durability properties of GC due to the
heterogeneous structure of RMP and hydrated compounds
present in the RMP.

FTIR analysis of GC made with varying content of RMP
The infrared spectra analysis of GC mix with 0%, 30% and

50% of RMP are shown in Fig. 10a—c. The GC mix with
0% RMP, i.e., GCRO, shows a peak at 450 cm~!i.e., due to

irregular Si—O (Al) stretching and related to that sharp peak
was detected at 1000 cm™' due to planer tetrahedral Si—O
bending, Fig. 10a. The spectra observed for the GCRO GC
mix are matched with a previous study [34]. Similarly, the
medium peak observed near about 775 cm™~! shows Si—O
vibrations due to the presence of initial Si in FA [40, 41].
The presence of Si—O (Al) vibrations at different peaks
shows that the geopolymer matrix was generated through
the geopolymerization of FA with alkali solutions to form
the final product. The same has been observed through SEM
images as discussed in the above sections. Further, for GC
mix with 30% RMP i.e., GCR30, the peaks were observed
near about 450 cm™!, 775 cm™! and 1000 cm™! which shows
the Si—O bonds of stretching and bending similar to GCRO
GC mix, Fig. 10b. In addition to this, other peaks were
also observed at 1400 cm™~! and 3000 cm™! in the spec-
tra of the GCR30 GC mix. The weak and broad peak near
bout 1400 cm™! shows the new phase of alumina-silicate
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of geopolymer reaction. The lower peak was observed due
to the formation of C-A-S-H gel which is more crystalline
than the geopolymer matrix [23, 42]. On the other hand, the
weak and broad peak near about 3000 cm™! shows the O—H
stretching which also helps to produce hydration gel along
with geopolymer matrix. The same has been discussed in
SEM analysis that with the addition of RMP, the hydrates
were formed along with the geopolymer matrix. Further, the
addition of 50% RMP shows the same trend of spectra with
marginal lower peaks in comparison to the GCR30 GC mix,
Fig. 10c. The reduction in spectra was due to the addition of
a higher content of Si and Ca which lowers the absorbance.
The overall analysis shows that GC mixes with the addition
of RMP show sharper peaks in comparison to the 0% RMP
mix (GCRO) which revealed that GCRO is amorphous than
GCR30 and GCR50 GC mix.

Correlation of properties with varying
content of RMP

The variation of compressive strength and durability proper-
ties with the varying content of RMP at 28 days of curing is
shown in Fig. 11. The compressive strength starts increasing
with the addition of RMP at 10%, 20% and 30% replacement
with FA as shown in Fig. 11. It starts declining with the
addition of RMP beyond 30%. On the other hand, the ISAT
values and IRA values start decreasing significantly up to
30% addition of RMP and start increasing beyond 30% addi-
tion of RMP. The decrease in ISAT and IRA values shows
a decrease in the permeability of concrete with the addition
of RMP. It shows that the addition of RMP up to 30% helps
to enhance the overall properties with the formation of extra
hydration products along with the geopolymer matrix of GC
as confirmed with microstructure analysis of GC with the

Fig. 11 Correlation of proper-
ties of GC with varying content 80
of RMP 70
50

40
30

10

addition of RMP. Further, UPV values also enhanced up to
30% addition of RMP. The electrical resistivity values are
higher than the control mix up to 30% addition of RMP and
start decreasing with further addition of RMP. The overall
correlation of properties shows that a 30% addition of RMP
is the optimum content in the GC which enhances the overall
properties of GC.

Conclusions

GC’s strength and durability were significantly improved
with the addition of RMP. The use of RMP has two benefits:
it enhances the overall characteristics of GC by providing
nucleation sites with a geopolymer matrix, and it promotes
sustainability by being used as concrete waste.

1. The GC mixes made with RMP show improved com-
pressive strength than the 0% RMP mix. The compres-
sive strength is enhanced significantly with the inclusion
of RMP up to 30%, beyond the 30% addition of RMP
and it starts decreasing with respect to the GCR30 mix
but still higher than the GCRO (control mix). Addition-
ally, due to the presence of Ca compounds in RMP, the
increase in compressive strength with the addition of
RMP is prominent at 7 days compared to the later stages
of curing.

2. The initial surface absorption of water in the GC mix
gets reduced with the inclusion of RMP up to 30% and
after that water surface absorption of GC increases with
the increase in the content of RMP. The densified micro-
structure formation at 30% RMP shows water ingress
gets restricted in the GC.

3. The water absorption in GC through capillary suction
gets restricted up to 40% addition of RMP. The presence
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of Ca compound in RMP forms the additional gel along
with geopolymer matrix which fills the micro pores in
GC which tends to reduce to intake of water through
capillary action.

4. There is no significant effect of sulfuric acid on GC with
or without the presence of RMP. There is a maximum of
10% weight loss after 120 days of sulphuric acid expo-
sure to GC with the inclusion of the 50% RMP.

5. The UPV values of GC mixes are enhanced with the
substitution of RMP up to 30%. The GC mixes GCR10,
GCR20 and GCR30 come under good category as per
standard after 120 days of curing.

6. All GC mixes come under a low risk of corrosion cor-
responding to the electrical resistivity values except the
GCRS50 mix. The addition of RMP enhances the electri-
cal resistivity of GC by forming additional nucleation
sites along with a geopolymer matrix.

7. The microstructure analysis done in the form of SEM
and FTIR of GC with the inclusion of RMP shows the
presence of Ca compounds along with the geopolymer
matrix. The SEM images show densified microstructure
with the formation of calcium alumina-silicate hydrate
gel with a 30% addition of RMP. The FTIR analysis con-
cludes that the addition of RMP provides extra nuclea-
tion sites (O—H stretching) along with the Si—O bond in
the GC.
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