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� Application of both GGBFS and CCA in the production of GPC in ambient curing conditions is attainable.
� CCA replacement level (up to 40%) exhibited higher mechanical strength than PCC.
� The intensity of calcium counts in the SEM-EDX micrographs increased with increasing GGBFS content in the mixture.
� The intensity of silicon counts in the SEM-EDX micrographs increased with increasing CCA content in the mixture.
� C-A-S-H gels are responsible for higher strengths of GGBFS-CCA based GPC.
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The increasing effects of environmental degradation and global warming owing to the production of
Portland cement for uses in the construction industry premise the need for sustainable construction
materials. This study, therefore, harnessed corncob ash (CCA) and ground granulated blast furnace slag
(GGBFS) for the production of geopolymer concrete (GPC) at ambient curing conditions. Corncob was
dehydroxylated at 600 �C and partially used as replacement for GGBFS at 0%, 20%, 40%, 60%, 80%, and
100%. The activators used were sodium silicate (SS) and sodium hydroxide (SH), while the molar concen-
trations of SH were varied at 12 M, 14 M, and 16 M. Moreover, mechanical properties, microstructural
behaviour and mineralogical phases of the selected samples were examined. The results revealed that
up to 40% CCA replacement level exhibited higher strengths than Portland cement concrete (PCC).
Besides, a good relationship exists between the experimental results and the proposed model equations.
These proposed models can be beneficial in the development of the strength design of GPC and PCC incor-
porating agro-industrial wastes. Furthermore, the study shows the possibility of incorporating CCA with
GGBFS for production of GPC and the tenability of curing GPC at ambient conditions for the structural
application was also attained.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is the most universally used material in the construc-
tion sector apart fromwater due to its durability and versatility [1].
Owing to its effectiveness and performance, no other construction
materials could compete with concrete when it comes to binding
purposes. However, the production of Portland cement concrete
(PCC) releases a huge amount of CO2 into the atmosphere. The glo-
bal impact of Portland cement (PC)’s production to the earth’s sur-
face was estimated to be 7% of the total greenhouse gas emissions
(GHG) [2]. The major sources of GHG are the emissions from
cement production and other processes from the industrial sector
[3–6]. Furthermore, it was established that cement production, fos-
sil fuel combustion, and other industrial processes accounted for
36.2 GtCO2 in 2015 with Nigeria for example, emitting 0.026 GtCO2

in 1970 and 0.870 GtCO2 in 2015. This signifies that the production
of PLC has a remarkable influence on the GHG [2]. Developing
countries account for CO2 production with 2.5% yearly increment
owing to urbanization [7,8], while 5% yearly increment is attribu-
ted to the world cement production [9,10]. Moreover, the negative
impacts of this GHG are global warming and environmental dam-
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age [4,11]. These impacts are contrary to the agenda of the Sustain-
able Development Goals [12,13]: ‘‘good health and wellbeing”. In the
same vein, Jim et al. [14], Mehta and Burrows [15] and Subrama-
nian [16] stated that deterioration occurs within 10 to 20 years
to several concrete structures built in the 20th to the 21st century
with PC.

The most potential solution to the growing challenges of GHG
and high rate of deterioration of the PCC structures is the adoption
of geopolymer concrete (GPC) [17,18]. Supplementary cementi-
tious materials (SCMs), such as fly ash (FA), ground granulated
blast furnace slag (GGBFS), metakaolin (MK), rice husk ash (RHA)
and silica fume (SF) are utilized as binders for the production of
GPC [17,19,20]. These materials consist mostly, calcium silicates
and aluminosilicates, and are activated with SS and SH solutions
to produce a geopolymer binder [17–19]. A lot of greener interest
has been generated for GPC in the field of chemistry and engineer-
ing ever since its introduction by Davidovits in 1978. Apart from its
environmental friendliness, GPC has become one of the possible
alternatives to PCC due to its excellent durability properties
[17,18], lower heat of hydration and excellent resistance against
sulfate and acid [1,18,21], higher mechanical strength [22–24],
and economic advantage [25,26]. In the construction industry,
geopolymer concrete emerged as a greener concrete technology
as a result of the global call for sustainable building and environ-
ment. The GPC, unlike PC, depends on natural materials or indus-
trial by-products with the minimized process to provide the
binding agent. Davidovits [8] stated that the total energy required
to produce a geopolymer cement slag by-product is 1965MJ/tonne,
while that of PLC is 4700 MJ/tonne, thus indicating a decrease of
59% in the geopolymer cement compared with PLC. Therefore,
the use of agro-industrial wastes, such as FA, GGBFS, CCA, MK, SF
and RHA, have been used to partially or fully replace PLC for pro-
duction of GPC and solid blocks and the results were suitable. It
was reported by Oyebisi et al. [26] that the global production of
corn was 969.69 and 1071.51 million metric tons in 2016 and
2017, respectively. However, most of the corncobs produced are
disposed as waste, hence culminating in environmental pollution.
This justified the selection of CCA in the production of GPC. Fur-
thermore, CCA has been used as a pozzolanic material to partially
replace PC for the production of concrete and mortar [27] and solid
blocks [28,29] to improve their workability [30,31], durability [32]
and thermal insulating properties [33,34]. However, no study has
been carried out to examine the effects of CCA blend on the
mechanical, microstructural, and mineralogical properties of slag-
based GPC. Besides, CCA exhibits both pozzolanic and cementitious
properties in that CaO content �10% and �20% [32]; and the silica
content is highly reactive, thus enhancing the potential of the alu-
minosilicate gel, which provides mechanical strengths to the GPC
[8]. On the other hand, type, mineralogical, and chemical composi-
tions of aggregates also play a vital role and influence on the con-
crete performance, apart from the agro-industrial by-products
used for its production [35,36].

Many studies in the literature reported favourable performance
of GPC under ambient curing conditions. Deb et al. [37] investi-
gated the properties of GGBFS-FA based GPC cured at ambient tem-
perature (15 to 20 �C). A constant ratio of SS to SH was selected as
2.5. The results indicated an increase in compressive strength with
age. The early strength was also improved with increasing GGBFS
content in the mixture. In addition, good workability and higher
strength were observed with increasing GGBFS content up to 20%
compared with PCC, meanwhile, the drying shrinkage of GPC
decreased as the GGBFS content increased from 1% to 20%. More-
over, Irani et al. [38] examined the properties of FA based GPC
incorporating GGBFS at 20%, 40%, 50%, 60% and 80% of FA. The
ratios of SS to SH were varied from 1:5 to 2.5 at various molarities
of SH as 8 M, 10 M and 12 M using a different alkaline liquid to bin-
der (Al/B) ratios of 0.45, 0.50 and 0.55. It was revealed that the
addition of GGBFS improved the polymerization of the GPC mix
at ambient temperature, resulting in good compressive strength.
A marginal increase was also noticed in compressive strength as
the molarity of SH increased from 8 M to 12 M. The mix proportion
of 40% FA and 60% GGBFS and the Al/B ratio of 0.5 exhibited the
highest compressive strength compared with other mix propor-
tions and Al/B ratios. Furthermore, Hadi et al. [39] designed and
cured a GPC incorporating GGBFS, FA, MK and SF at room temper-
ature using the Taguchi method. The highest compressive strength
was discovered at 7 days with mix proportion, consisting Al/B ratio
of 0.35, and SS/SH ratio of 2.5 at 14 M. In addition, the setting times
of the geopolymer pastes were enhanced and the slump increased
as GGBFS was partially replaced with FA, MK, and SF. However, the
compressive strength of GGBFS- based GPC was reduced with
increasing FA, MK, and SF content in the mixture. Lee and Lee
[40] also investigated the properties of FA-GGBFS based GPC cured
and produced at ambient conditions. The results indicated a
decrease in setting time with increasing GGBFS content and SH
concentration in the mix. Similarly, Nath and Sarker [41] studied
the properties of GGBFS-FA based GPC cured at ambient conditions
(20 to 23 �C). The experimental results revealed a decrease in the
set times and workability of GPC with increasing GGBFS content
in the geopolymer mixture. At 28 days, it was also revealed that
for each 10% increase in the GGBFS content, the strength under
compression increased by 10 MPa. Oyebisi et al. [22] examined
the effects of alkali concentrations on the mechanical properties
of GGBFS-CCA based GPC in ambient curing conditions at a 2.5 con-
stant ratio of SS to SH. A grade 30 MPa concrete was used as mix
proportion and tested at 7 and 28 days. The results showed the
highest compressive strength of 40% CCA and 60% GGBFS replace-
ment level at 14 M of SH solution compared with 12 M and 16 M.

There is no study on the long-term mechanical strengths,
microstructures and strength prediction of CCA-GGBFS based GPC
cured in ambient conditions. Thus, the overall aim of this study
is to investigate the effect of replacing GGBFS with CCA on the
mechanical strengths of GPC at 7, 28, 56 and 90 days in ambient
conditions. The microstructure and mineralogical phase of the
selected samples were analyzed using Scanning Electron Micro-
scopy equipped with Energy Dispersive X-ray (SEM-EDX) and X-
ray Diffraction (XRD), respectively, to characterize how each spe-
cies and mineralogical phases contributed to the mechanical per-
formance of the geopolymer mixture. Finally, model equations
were developed to correlate the mechanical strengths of GPC
incorporating agro-industrial wastes.
2. Experimental programme

2.1. Materials

GGBFS, CCA, alkaline liquid (Al), and aggregates were majorly
used in this study. Portland limestone cement (PLC) was used as
a binder for the production of PCC and compared it with GPC. Slag
was sourced from the Federated Steel Mills Limited, Ota, Nigeria
(60 400 04. 8400 N; 30 110 43.8500 E). The material was ground to
obtain GGBFS and sieved with BS 90 lm sieve to reflect the prop-
erties of cement as shown in Fig. 1. The specific gravity and fine-
ness of the GGBFS are 3.10% and 7.6%, respectively. Corncobs was
soured from Agbonle (8� 530 13.4900N; 3� 310 12.4600 E). It was dehy-
droxylated at 600 �C to obtain CCA as shown in Fig. 1. The specific
gravity and fineness of the CCA are 2.44% and 8.0%, respectively.
PLC grade 42.5R, classified as CEM II class of cement as defined
by both Nigerian Industrial Standard (NIS) [42] and BS EN 197-1
[43], was used as shown in Fig. 1 to fulfil the requirements recom-
mended by NIS 441-1 [44] and approved by the Standards Organi-



Fig. 1. Binders (a) PLC (b) GGBFS (c) CCA.
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zation of Nigeria [45]. The specific gravity and fineness of the PLC
are 3.15% and 7.5%, respectively. The specific gravity was deter-
mined in consonance with the requirements stated by BS EN
196-3 [46] using a specific gravity bottle and kerosene. In the same
vein, the fineness of all the binders was determined in accordance
with the specifications stipulated by BS EN 196-6 [47] using the
dry sieving method and BS sieve 90 lm. From the results obtained,
the specific gravity of PLC met the 3.15 maximum requirement of
BS EN 193-3 [46], and thus, suitable for use. Similarly, the specific
gravity of GGBFS fulfilled the 3.10% to 3.15% requirement of BS EN
15167-1 [48]. Meanwhile, the specific gravity of CCA was similar to
the results obtained by Oyebisi et al. [22,23]. Moreover, the fine-
ness test results obtained for GGBFS, CCA and PLC met the 12%
maximum specification of BS EN 196-6 [47,49,50]; hence desirable
for use as binders. Furthermore, the oxide compositions of GGBFS,
CCA and PLC were examined using the XRF spectrophotometer
machine, Philips PW-1800.

Fine aggregate (FAgg) and coarse aggregate (CAgg) were
sourced locally. Prior to developing mix designs, the materials
were prepared at the saturated dry surface, and grading was con-
ducted to affirm and obtain the required particle size distribution.
In addition, tests were performed to characterize the aggregates
based on BS EN 12620 [51]. The specific gravity of aggregates
was determined in consonance with BS EN 12620 [51]. The test
results showed a specific gravity of 2.60% and 2.64% for FAgg and
CAgg, respectively. In the same vein, the water absorption was
determined in accordance with the procedure earlier stated for
the specific gravity. The results indicated a water absorption of
0.7% and 0.8% for FAgg and CAgg, respectively. On the other hand,
the moisture content for both fine and coarse aggregates was
obtained in accordance with BS EN 12620 [51] using a clean con-
tainer with its lid. The results signified a moisture content of
0.3% and 0.2% for FAgg and CAgg, respectively. The particle size dis-
tributions of the aggregates are shown in Fig. 2, indicating that
Fig. 2. Particle size distribution (a) Fin
both aggregates met the limits of BS EN 12620 [51], hence suitable
for use. Furthermore, the mineralogical composition of the coarse
aggregate (granite) was identified with the aid of Petrological
Microscope. The sample was prepared, polished in glass ground
plate using carborundum, and mounted on a clean glass slide with
adhesive [35]. On the other hand, the chemical composition of the
coarse aggregate was analyzed with the aid of the XRF spectrome-
ter machine, Philips PW-1800. The results of mineralogical compo-
sition showed Quartz, Feldspar, Mica, and Iron oxide as 62.50%,
20.45%, 16.55%, and 0.50%, respectively. Moreover, the chemical
composition of the coarse aggregate revealed SiO2, Al2O3, Fe2O3,
CaO, MgO, SO3, K2O, Na2O, P2O5, MnO, and LOI as 67.05%, 14.40%,
5.63%, 3.90%, 1.72%, 0.02%, 5.50%, 1.16%, 0.15%, 0.05%, and 0.52%,
respectively. From these results, it can be inferred that the coarse
aggregate is acidic granite owing to the fact that the content of
SiO2 was in the range of 66% to 75% [52,53]. In addition, on the
basis of alkalinity, the granite was classified as calcalkalinity in that
(Na2O + K2O)2/(SiO2 – 43) was 1.85 which ranged between 1.2 and
3.5 for calcalkalinity [36].

The alkaline liquids used in this study were SH pellets compris-
ing 99% purity, and SS gel sourced from a chemical dealer in Lagos,
Nigeria. These alkaline liquids were adopted because they buffer
the pH of the geopolymer pastes and increase the mechanical
properties of the final product [9,17–20,22]. The SH pellets of
354 g, 400 g, and 443 g were measured and dissolved in 646 g,
600 g, and 557 g of clean water for the 12 M, 14 M, and 16 M,
respectively, based on the chemistry standard laboratory proce-
dures established by Rajamane and Jeyalakshmi [52], and as previ-
ously used for production of GPC [22]. Prior to casting, the
solutions were prepared 24 h earlier, to reduce the high rise in
temperature as a result of the reaction between SH pellets and
water. After 2 h, the SH solution was added to SS gel for better per-
formance [22,41] at a constant ratio of SS/SH as 2.5:1. The water
used for mixing was clean and conformed to BS EN 1008 [53].
e aggregate (b) Coarse aggregate.



4 S. Oyebisi et al. / Construction and Building Materials 256 (2020) 119390
2.2. Mix proportions

Geopolymer concrete design has no specific code or standard. In
the course of this study, the BS EN 206 [54] was used as a guide to
obtaining the initial mix proportions for both M 30 and M 40 target
strengths. The batching method of materials by weight was
adopted to obtain accurate desired concrete. The percentage sub-
stitutions of both GGBFS and CCA were selected based on the appli-
cable findings that the compressive strengths of CCA blended
concrete are attainable at 20 to 30% replacement levels for struc-
tural applications [22,27,55–57]. But, the substitution of CCA was
proportioned at 0%, 20%, 40%, 60%, 80% and 100% of the volume
of GGBFS, denoting G1, G2, G3, G4, G5 and G6, respectively, to
examine the replacement levels which would meet the target
strengths for both structural and non-load bearing applications.
The results obtained were compared with the same properties of
a control concrete (PCC), containing 100% PLC. Tables 1 and 2 pre-
sent the concrete mix design proportions (quantities) for both
grades 30 MPa (M 30) and 40 MPa (M 40), respectively.

2.3. Mix preparation, casting and curing

Fresh GPC was prepared, mixed, and manually cast in accor-
dance with the requirements stipulated in the BS 1881-125 [58]
and BS EN 12390-2 [59] for PCC. The concrete constituents were
thoroughly mixed for about 15 min at a temperature of 25 to
28 �C and a relative humidity (RH) 60 ± 5% until a homogenous
mixture was obtained. The freshly made concrete was poured into
a standard 150 mm cubical mould for compressive strength tests;
300 mm long cylindrical mould for splitting tensile strength tests;
and 600 mm long beam for flexural strength tests. The samples
were compacted each in three layers with the aid of a 16 mm
diameter tamping rod. For each mix ID, a total of 12 samples were
made per grade of each strength test. After 48 h, the GPC samples
were removed from the mould to allow for better polymerization
following the similar study [22], which reported better mechanical
performances compared with 24 h removal. The samples were
cured under the ambient conditions (25 to 28 �C and 60 ± 5%
RH), and tested at 7, 28, 56 and 90 days, while the immersion
method of water curing was adopted for the PCC samples.

2.4. Testing procedures

2.4.1. Workability tests
The workability properties, consistency and setting times were

carried out in line with the procedure stated in BS EN 196-3 [46],
while slump and compacting factor were conducted on the fresh
samples following the procedures stipulated in BS EN 12350-2
[60] and BS EN 12350-4 [61], respectively.

2.4.2. Mechanical tests
The mechanical strength tests were carried out with the aid of

an INSTRON 5000R UTM in a constant force regime under a loading
Table 1
Mix proportions for M 30 (in Kg/m3).

Mix ID PLC GGBFS CCA FAgg

PCC 390 0 0 675
G1 0 390 0 675
G2 0 312 78 675
G3 0 234 156 675
G4 0 156 234 675
G5 0 78 312 675
G6 0 0 390 675

Al/B is the alkaline liquid-to-binder ratio.
rate of 0.6 MPa per second for the compressive strength tests;
0.06 MPa per second for the flexural strength tests; and 0.04 MPa
per second for the splitting tensile strength tests in consonance
with BS EN 12390-4 [62]; BS EN 12390-5 [63]; and BS EN 12390-
6 [64], respectively. Experimental tests were conducted on three
samples per testing day for each mix ID. The average values were
calculated and obtained, and the results were used.

2.4.3. Microstructural analysis
SEM-EDX, Model JEOL 70006000 was used to characterize the

microstructure and the chemical compositions of the concrete
samples at 28-day of hydration. The EDX analysis was performed
on a flat (general) scan. For the analysis, the working distance
was ranged between 8.2 and 10.6 mm while the accelerated volt-
age was constant at 15 kV on the concrete samples, PCC, G1, G2,
G3, G4, G5 and G6 for M 40. The prepared samples were firmly
placed in an aluminium holder stub with the aid of double sticky
carbon tape, and carbon-coated. Besides, the morphology was per-
formed on the selected concrete samples with the aid of SEM anal-
ysis in the secondary electron mode at 7 and 28 days of curing. The
selected concrete samples (PCC, G1, and G6) for M 40 were
observed at 60 to 100x magnification in a high vacuum to examine
the compatibility and cohesiveness of the modified mix.

2.4.4. XRD analysis
The mineralogical phases and connectivity pattern of the silicon

and aluminium species present in the selected samples, PCC, G1,
and G6 for M 40 were investigated. After 28 days hydration, the
samples were prepared as finely ground powder to reveal the accu-
rate information on the phase identification and chemical compo-
sition of the sample, and acquired by a scanning rate of 10 per min
from 0 to 600 at a scanning angle (2h) using XRD instrument, Model
ADX-2500, with a generated radiation of Cu-ka in 40 mA and 45 kV
at room temperature.

2.4.5. Prediction of mechanical strengths
This study proposed model equations using the general model

power in Matlab R2017a. The proposed model equations were
compared with both the experimental data and the model equa-
tions developed from previous studies (as shown in Table 3) to val-
idate the accuracy and applicability of the models.

3. Result and discussions

3.1. Oxide compositions of binders

In Table 4, CCA fulfilled the conditions recommended by BS EN
450-1 [72] and BS EN 8615-2 [73] such that the addition of SiO2,
Al2O3, and Fe2O3 met the minimum requirement of 70%. In addi-
tion, the LOI of less than 10% was also fulfilled [72,73]. The maxi-
mum requirements of 3%, 4%, and 5% for the contents of SO3,
MgO, and Na2O were also fulfilled respectively [72,73]. Further-
more, the CaO content ranging between 10 and 20% recommended
CAgg SH SS SS/SH Al/B

1031 0 0 0 0.54
1031 60 150 2.5 0.54
1031 60 150 2.5 0.54
1031 60 150 2.5 0.54
1031 60 150 2.5 0.54
1031 60 150 2.5 0.54
1031 60 150 2.5 0.54



Table 2
Mix proportions for M 40 (in Kg/m3).

Mix ID PLC GGBFS CCA FAgg CAgg SH SS SS/SH Al/B

PCC 500 0 0 585 1031 0 0 0 0.42
G1 0 500 0 585 1031 60 150 2.5 0.42
G2 0 400 100 585 1031 60 150 2.5 0.42
G3 0 300 200 585 1031 60 150 2.5 0.42
G4 0 200 300 585 1031 60 150 2.5 0.42
G5 0 100 400 585 1031 60 150 2.5 0.42
G6 0 0 500 585 1031 60 150 2.5 0.42

Table 3
Model equations developed from previous studies

S/N Model

Development Proposed type Validating equation Author

1 Splitting tensile strength (fct) and compressive strength (fc) Power fct = 0.36fc0.50 AS 3600 [65]
fct = 0.67fc0.50 Neupane [66]
fct = 0.30fc0.67 BS EN 1992-1:1 [67]
fct = 0.50fc0.50 Sofi et al. [68]
fct = 0.616fc0.50 Tempest [69]
fct = 0.249fc0.772 Lavanya and Jegan [70]

2 Flexural strength (fr) and compressive strength (fc) Power fr = 0.60fc0.50 AS 3600 [65]
fr = 0.88fc0.50 Neupane [66]
fr = 0.40fc0.70 BS EN 1992-1:1 [67]
fr = 0.60fc0.50 Sofi et al. [68]
fr = 0.69fc0.50 Diaz-Loya et al. [71]

Table 4
Oxide compositions of binders used.

Oxide composition CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%) MgO (%) SO3 (%) K2O (%) Na2O (%) P2O5 (%) MnO (%) TiO2 (%) LOI (%)

CCA 12.62 60.50 8.78 9.13 1.23 1.25 1.25 0.65 0.20 1.20 1.35 2.89
GGBFS 36.52 35.77 14.11 0.92 9.45 1.08 0.52 0.30 0.09 0.65 0.70 1.32
PLC 64.90 21.60 5.85 2.78 1.42 2.03 0.72 0.14 – – – 1.38

Loss of Ignition (LOI) at 800 �C.

Fig. 3. Fresh samples properties (a) consistency and (b) setting times.
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by Al-Akhras [74] for the pozzolanic and cementitious materials
were met. Above all, the oxide content of CCA used in this study
affirmed the similar content obtained in the previous studies
[22,23,30,75–77]. Therefore, the conclusion that CCA could exhibit
pozzolanic reactivity can be inferred because amongst other
requirements being fulfilled, silica content of 25% minimum was
also met [73]. On the other hand, both silica (SiO2) and lime
(CaO) contents of GGBFS met the BS EN 15167-1 [48]’s limit
requirements of 32 to 40%. The LOI’s requirement of 0.5 to 3.0%
for GGBFS stated by BS EN 15167-1 [48] was also met. The chem-
ical moduli of (CaO + MgO/SiO2) � 1, (CaO/SiO2) � 1.4, and SiO2 +
CaO + MgO � 67% for cementitious materials recommended by BS
EN 15167-1 [48] were fulfilled. Therefore, it can be asserted that
GGBFS exhibited both pozzolanic and cementitious/hydraulic reac-
tivity [74,78,79]. Moreover, the oxide contents of GGBFS used in
this study exhibited similar contents obtained from previous stud-
ies [22,23,37–40,78]. Finally, the PLC satisfied the chemical
requirements of BS EN 196-2 [80].

3.2. Workability properties

3.2.1. Consistency and setting time
Fig. 3 illustrates the consistency, initial setting times (Ist), and

final setting times (Fst) of the fresh samples prepared with 12 M,
14 M, and 16 M activators. It was revealed, as shown in Fig. 3(a),
that the consistency increased with increasing CCA content in all
levels of activators. Besides, as the percentage replacement of
CCA increased in the blended mix, both initial and final setting
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times increased at all levels of activators, as shown in Fig. 3(b). The
reason for an increase in consistency and setting times could be
attributed to the reduction in interfacial particle of GGBFS with
increasing CCA content. Thus, more water is needed to form paste
of same consistency for various substitution of CCA in the blended
mix, hence increasing consistency and setting times. Also, as the
CCA content in the mix increases, the intensity of G6 were 15%
and 20% higher than Fst recommendation [46], and can be applied
in hot weather condition. CaO counts in GGBFS reduces. This delays
the polymerization process, thus causing an increase in setting
times. Kamau et al. [27] and Adesanya and Raheem [75,76] also
reported the similar findings that CCA caused an increase in setting
times when blended with PC for concrete production. To this end,
G1, G2, G3, and G4 yielded the similar results with control paste
(PCC) and satisfied a minimum of 45 min for Ist and 600 min for
Fst, recommended by of BS EN 196-3 [46]. Therefore, mixes G1,
G2, G3, and G4 can be applied in normal weather condition. In con-
trast, G5 and G6 were 15% and 20% higher than Fst recommenda-
tion [46], and can be applied in hot weather condition.

3.2.2. Slump and compacting factor
Fig. 4 (a) and (b) present the slump and compacting factor (Cf)

results of the fresh concrete samples for M 30 and M 40, respec-
tively. It was revealed that slump increased with compacting fac-
tor. Also, an increase in CCA content in the blended mix led to an
increase in slump and compacting factor of the fresh concrete sam-
ples at all levels of activators for both M 30 and M 40. The reason
may be ascribed to the internal voids and specific surface area of
CCA particles being higher than GGBFS particles; this slows the
rate of setting times, hence increasing the slump value. Moreover,
the interfacial particle of GGBFS was reduced due to the lower
specific gravity of CCA compared with GGBFS. Consequently, it
increases the setting times, thus increasing the slump. In a related
study, Nath and Sarker [41] reported that the slump value of
GGBFS-based GPC increases with increasing fly ash content (poz-
zolan). Besides, Adesanya and Raheem [75,76] established that
CCA increases the setting time of concrete paste, hence increasing
the slump value. Pozzolanic material is known for low rate of heat
development and it is of great advantage in mass concrete, because
it reduces the thermal stress [75]. Moreover, unlike 12 M and 16 M
activators, 14 M activator exhibited a reduction in slump and com-
pacting factor values at all levels of CCA replacement for both M 30
and M 40. This could be attributed to the greater capacity of 14 M
to dissolve and liberate aluminosilicate monomers in the blended
mix than 12 M and 16 M, hence accelerating the polymerization
process and causing better performance. However, at 16 M activa-
tor, OH– solution could be excessive in the mix, which limits the
mobility and potential to interact with reactive species, hence
increasing the slump and delaying polymerization process [18].
Ultimately, the results obtained therein can be applied in normal
Fig. 4. Slump and compacting fact
reinforced concrete work without vibration and heavily reinforced
sections with vibration, because they met 50 to 150 mm for slump
and 0.700 to 0.950 for compacting factor, as recommended by BS
EN 12350-2 [60] and BS

EN 12350-4 [61], respectively.

3.3. Mechanical strengths

3.3.1. Compressive strength (CS)
The results of CS for both M 30 and M 40 are presented in Fig. 5

following the procedure stipulated in BS EN 12390-4 [60]. The
results revealed that the compressive strength of the GPC
increased as the GGBFS replacement level in the mix increased.
This could be attributed to the aluminosilicate glassy phase of
GGBFS, which dissolves when reacts with alkaline activators, and
results in x-ray amorphous aluminosilicate gel, thus responsible
for better mechanical performances of the hardened concrete. It
also suggests that GGBFS is a better aluminosilicate material
[1,19,20]. Besides, the increase in strength may be attributed the
workability of GPC in that the workability properties, setting times,
slump, and compacting factor of GPC incorporating both GGBFS
and CCA reduced with increasing GGBFS content owing to the
higher specific gravity of GGBFS compared with CCA, and which
consequently increased the calcium counts in the geopolymer
pastes, reduced the rate of workability, and increased the strength
performance of GPC. However, below 60% replacement level of
GGBFS by CCA in the mix, the compressive strength decreased
when compared with that of the PCC. This signifies that GGBFS-
CCA-GPC attains its optimum compressive strength at 60% GGBFS
and 40% CCA when compared with the strength of PCC of the same
grade. This reduction in compressive strength of GGBFS-CCA-GPC
above 40% CCA replacement level may be attributed to the insuffi-
cient CaO in pozzolanic material (CCA) to combine with alumi-
nosilicate material (GGBFS) to form Calcium aluminate silicate
hydrate (C-A-S-H) which gives the strength to GPC [20]. Comparing
the three activators, the results indicated that 14 M activator
exhibited the highest compressive strengths with 48.23 MPa and
59.76 MPa at 90 days curing when compared with 40.05 MPa
and 51.12 MPa for PCC for M 30 and M 40, respectively. This is
agreeable with Hadi et al. [39] that a GPC incorporating GGBFS as
the aluminosilicate source exhibits optimum CS at 14 M activator
of the SH concentration. Statistically, a percentage increase in
GPC’s strength by 22.93%, 17.96% and 8.54% was observed for G1,
G2 and G3, respectively, compared with PCC’s strength at 28 days
of curing for M 30. Meanwhile, in comparison with PCC’s strength
at 28 days for 14 M activator of M 40, a percentage increase in
GPC’s strength by 15.60%, 11.41% and 5.26% for G1, G2 and G3
respectively was established. In the same vein, at 12 M activator,
GPC signified a percentage increase in strength by 18.65%, 12.48%
and 6.17% for G1, G2, and G3, respectively, compared with PCC’s
or for (a) M 30 and (b) M 40.



Fig. 5. Compressive strength (a) M 30 (b) M 40.
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strength at 28 days of curing for M 30. Also, in comparison with
PCC’s strength at 28 days for M 40, a percentage increase in GPC’s
strength by 11.29%, 7.41% and 2.22% were respectively obtained for
G1, G2 and G3 for 12 M activator. On the other hand, at 16 M acti-
vator, a percentage increase in GPC’s strength by 17.35%, 12.09%
and 2.74% % were respectively observed for G1, G2 and G3 com-
pared with PCC’s strength at 28 days for M 30. Likewise, a percent-
age increase in GPC’s strength by 10.97%, 6.79% and 0.10% were
respectively obtained for G1, G2 and G3 for 16 M activator, com-
pared with PCC’s strength at 28 days for M 40. The results affirmed
the previous studies on GGBF-FA based GPC such that GPC’s
strength increased with increasing in GGBFS content and margin-
ally increased with increasing age [37,39,41]. Therefore, in compar-
ison with PCC, an improved strength of G1, G2 and G3 both in early
and later ages can be ascribed to the reactive presence of calcium-
silicate-aluminate-hydrate (C-S-A-H) in the geopolymer paste
which compacted the microstructure and reduced the pores of
geopolymer matrix, hence accelerating the mechanical strengths
of the GPC [41,49,78,81].

The results of CS for 16 M activator were marginally decreased
compared with 12 M and 14 M activators for both grades of con-
crete. This signified that the compressive strength increased as
the molar concentration of SH solution increased from 12 to
14 M activator but decreased at 16 M activator. Meanwhile, the
effect of SH concentration on the compressive strength of the
GPC has not been totally agreed upon by the researchers. Some
of the studies in the literature reported an increase in compressive
strength owing to the high concentration of SH solution in the GPC
mixture [9,19,20,82] such that more aluminosilicate will be dis-
solved, and consequently, speeds up the polymerization reaction
and boosts the mechanical strength of GPC [83]. However, some
other studies revealed a decrease in compressive strength due to
more concentration of SH solution in the GPC mixture [84]. The
results obtained from this study supported the previous study on
GGBFS-FA based GPC activated with 8–16 M activator and cured
at ambient conditions [38]. It reported an increase in compressive
strength as the molar concentration of SH solution increased from
8 to 14 M activator at the percentage replacement level of 40% FA
and 60% GGBFS but at 16 M activator, the strength decreased.
Owing to these results and the previous studies, the reduction in
compressive strength of GGBFS-CCA based GPC at 16 M activator
for all replacement levels may be attributed to the development
of hygroscopic due to the reaction of excess alkali with atmo-
spheric CO2 to form sodium carbonate crystals, resulting in the cos-
metic product rather than binding product [85]. Furthermore, the
amorphous structure of the source materials (GGBFS and CCA)
could be encased in the spheres and caused the deposit of alkali
reaction products to act as a barrier to alkaline dissolution. There-
fore, it is inferred that the optimum replacement level of agro-
industrial wastes for production of GPC to meet the target strength
as well as surpass the strength of PCC (control) is 60% GGBFS and
40% CCA for both grades of concrete, and at all levels of molar con-
centrations of SH solutions but 14 M activator is suitably prefer-
able. This result can be used for structural application as it
structurally fulfilled the required limits specified by BS EN
1992:1-1 [67] and BS EN 8500-1 [86] for a structurally designed
concrete structure.

3.3.2. Flexural strength (FS)
The results of flexural strength for both M 30 and M 40 follow-

ing the procedure highlighted in BS EN 12390-5 [63] are presented
in Fig. 6. The results exhibited a similar trend with the results of
compressive strength at all replacement levels and molar concen-
trations of SH solutions, indicating that both compressive and flex-
ural strengths exhibited a good level of agreement. The results also
indicated that the flexural strength increased with increasing com-
pressive strength in all types of concretes produced. This con-
firmed Neville [49] that flexural strength increases with
increasing compressive strength. Moreover, the GPC activated with
14 M activator produced the maximum flexural strength compared
with that of 12 M and 16 M activators.

The analysis of percentage increase in Fig. 6 (a) for M 30
revealed that 14 M of G1, G2 and G3 at 7, 28, 56 and 90 days
respectively exhibited higher flexural strength of 32.09%, 16.48%,
13.39% and 17.06%; 31.34%, 18.97%, 13.95% and 14.70%; and
11.19%, 11.49%, 10.46% and 9.80% than the PCC. Similarly, the anal-
ysis of percentage increase in Fig. 6 (b) for M 40 indicated that
14 M of G1, G2 and G3 at 7, 28, 56 and 90 days respectively man-
ifested higher flexural strength of 18.11%, 11.40%, 12.70% and
16.35%; 12.96%, 6.30%, 8.04%, and 11.48%; and 8.85%, 4.40%,
2.09%, and 7.55% than the PCC. These results confirmed the find-
ings of Fernandez-Jimenez et al. [18], Neupane [66], and Raijiwala
and Patil [87] that GPC possesses around 15% higher flexural
strength than the PCC of the same grade. It also affirmed the results
of Olivia and Mikraz [88] that flexural strength of FA-based GPC is
around 1 to 1.4 times higher than PCC at 28 and 90 days; and 8 to
12% higher flexural strength than PCC at 28 and 90 days. The
increase in flexural strength of GPC may be attributed to the effec-
tive bonding between the aggregate content and the matrix of
geopolymer mixture [19,20,88]. Owing to these results, it can be
proved that GGBFS-CCA based GPC resists more bending or stress
under applied load than PCC.

3.3.3. Splitting tensile strength
Fig. 7 presents the results of splitting tensile strength for both M

30 and M 40 following the methods outlined in BS EN 12390-6
[64]. The results showed a similar trend with the results of com-
pressive strength at all replacement levels and molar concentra-



Fig. 6. Flexural strength (a) M 30 (b) M 40.

Fig. 7. Splitting tensile strength (a) M 30 (b) M 40.
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tions of SH solutions, signifying that both compressive and split-
ting tensile strengths manifested a good level of agreement. The
results showed that the splitting tensile strength increased with
increasing compressive strength. This supported Neville [49] that
splitting tensile strength increases as the compressive strength
increases. Statistically, the percentage increase in Fig. 7 (a) for M
30 showed that 14 M activator of G1, G2, and G3 at 7, 28, 56 and
90 days respectively possessed higher splitting tensile strength of
23.99%, 29.52%, 16.05% and 14.06%; 23.62%, 26.21%, 10.79% and
12.76%; and 15.13%, 20.78%, 4.74% and 8.85% than the PCC. In the
same vein, the analysis of the percentage increase in Fig. 7 (b) for
M 40 showed that 14 M activator of G1, G2 and G3 possessed
19.51%, 18.69%, 19.65% and 20.39%; 8.23%, 11.11%, 12.19% and
16.75%; and 6.40%, 6.82%, 8.96% and 13.84% higher splitting tensile
strength than the PCC at 7, 28, 56 and 90 days, respectively. These
results supported the findings of Fernandez-Jimenez et al. [18],
Neupane [66], and Raijiwala and Patil [87] that GPC possesses
around 15% higher splitting tensile strength than that of PCC of
the same grade of concrete. In addition, the results confirmed the
findings of Olivia and Mikraz [88] that splitting tensile strength
of FA-based GPC is 8 to 12% higher than PCC at 28 and 90 days
of curing. Moreover, the results corroborated the findings of
Bouaissi et al. [1] who reported a 10 to 11% higher splitting tensile
strength for FA-GGBFS based GPC than PCC at 28 and 90 days of
curing at ambient conditions. The increase in flexural strength of
GPC reflected the effective bonding between the aggregate content
and the matrix of geopolymer mixture [19,20,89]. Therefore, it can
be established that GGBFS-CCA based GPC resists more splitting
tensile under an applied load or induced stress than the PCC.
3.4. Microstructures of GPC and PCC

3.4.1. SEM-EDX analysis
The results of microstructures and elemental compositions of

the concrete samples, PCC and G1 to G6 for M 40 at 28-day of
hydration are presented in Figs. 8 and 9 using SEM-EDX analyzer.
The SEM micrographs observed in PCC, as indicated in Fig. 8 (a),
showed the irregular shape with traces of sharp needles. The
chemical reaction between the lime content (CaO) present in the
PLC powder and the water produced a hydrating agent called
‘‘calcium-silicate-hydrate gel (C-S-H)”. Moreover, this hydrating
agent then mixed with Ca(OH)2 available in the cement pastes as
well as quartz in aggregates to produce a hardened network, and
thus responsible for the mechanical strengths of PCC [49,83].
Besides, adequate cohesiveness and good interface were evident
from the morphological analysis of this sample. Moreover, the
SEM micrographs as shown in Fig. 8 (b), (c), (d), (e) and (f) was
amorphously structured in spherical flakes with sharp needles.
The lime content (CaO) in the GGBFS powder reacted with the alka-
line activator to form Ca(OH)2 [49]. The Ca(OH)2 reacted with SiO2
and Al2O3 present in the GGBFS and CCA powders, thus forming
calcium-aluminate-silicate-hydrate (C-A-S-H); and this could be
responsible for the higher mechanical strength of the G1, G2, and
G3 compared with that of PCC [50]. In the same vein, Nath and Sar-
ker [41] and Yang et al. [90] stated that the formation of C-A-S-H
gel in GGBFS-FA based GPC was as a result of an increase in calcium
counts with increasing GGBFS content in the mixture, thus result-
ing in higher mechanical strengths compared with that of PCC.
Also, a better interface was noticed for this sample based on its



Fig. 8. SEM micrographs of M 40 on (a) 100% PCC, (b) 100% GGBFS, (c) 80% GGBFS + 20% CCA, (d) 60% GGBFS + 40% CCA, (e) 40% GGBFS + 60% CCA, (f) 20% GGBFS + 80% CCA,
and (g) 100% CCA.
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morphological appearance. The partially reacted and unreacted
CCA particles are ordinarily shown in G6, as revealed by SEM
micrographs in Fig. 8 (g).

The EDX for M 40 (100% PLC), as indicated in Fig. 9, showed the
different chemical compositions and phases in the mix. The pres-
ence of calcium, silicon, aluminium, sodium, carbon, oxygen and
iron were confirmed in the EDX analysis. It was obvious that cal-
cium, silicon, and oxygen were the major chemical species present
in the mix. Calcium gained 0.98 counts per second per electron-
volt (cps/eV) in one kilo electron-volt (keV) while silicon gained
1.0, 0.77, and 0.30 cps/eV in the range of 1.4 to 2.2 keV. The pres-
ence of silicon in the mix may be attributed to the fraction of
aggregates [49]. The EDX analysis for GPC 1 (100% GGBFS), as
shown in Fig. 9, confirmed the presence of calcium, silicon, alu-
minium, carbon, oxygen and iron in the mix having calcium, iron,
silicon, and oxygen as the main chemical elements in a high cps/
eV at keV. Also, the presence of silicon is attributed to the aggre-
gates available in the mix. It was clearly noticed from the EDX
analysis that the intensity of calcium counts in GPC 1 (100%
GGBFS) was higher than those obtained for M 40 (100% PLC) and
GPC 6 (100% CCA). The reason for higher calcium counts could be
attributed to the fact that unlike PLC, most of CaO present in GGBFS
is tied up as calcium silicate, calcium aluminate, and calcium alu-
minosilicate, because GGBFS is 100% glassy [8]. The EDX analysis
for GPC 6 (100% CCA), as shown in Fig. 9, has negligible calcium
counts, which may be mainly responsible by sodium alumino-
silicate hydrate (N-A-S-H) [41,89], hence resulting in the cosmetic
product rather than binding product [78]. Therefore, the lowest
strength observed for G6 (100% CCA) may be linked to the forma-
tion of N-A-S-H and lesser microstructure in the mixture [89].
Besides, the intensity of silicon counts in GPC 6 (100% CCA) was
higher than that of M 40 (100% PLC) and GPC 1 (100% GGBFS); this
may be associated with the higher percentage of SiO2 content
obtained for CCA, as shown in Table 4, as well as component of
aggregates in the mix.
3.4.2. Morphological analysis
The results of the morphological analysis conducted on the

selected concrete samples, PCC, G1 and G6 at 7 and 28 days of
hydration are shown in Fig. 10. The morphology of PCC, as respec-
tively shown in Fig. 10 (a) and (b) for 7 and 28 days of hydration,
indicated a better interface condition but there was a sign of pores
at 28-day which may not apparently have a major effect on the
mechanical properties of the concrete. Therefore, the morphology
signified an adequate compact and uniform matrix between the
constituent particles and the cementitious matrix [91]. On the
other hand, a better interface nature was also observed for G1 as
shown in Fig. 10 (c) and (d) for 7 and 28 days respectively.
Although, the SEM micrograph at 28-day revealed some microp-
ores which apparently had no major effect on the mechanical prop-
erties of the concrete. The morphology, therefore, could be
classified as a compact which signified a uniform matrix between
the constituent particles and the cementitious matrix [91]. How-
ever, the morphology of G6 in Fig. 10 (e) and (f) showed a surface
of a non-refined pattern at 28-day. In addition, micropores were
noticed. Therefore, the morphology showed a lesser cohesive struc-
ture, and SEM-EDX analysis revealed insignificant counts of cal-
cium, hence attributing to its lesser mechanical performances
compared with PCC and G6.



Fig. 9. EDX analysis on M 40 (100% PCC), GPC 1 (100% GGBFS), and GPC 6 (100%
CCA).

10 S. Oyebisi et al. / Construction and Building Materials 256 (2020) 119390
3.4.3. XRD analysis
The results of XRD patterns acquired by a scanning rate of 1

degree per minute from 0 to 60 degrees (2h) after 28-day of hydra-
tion for the selected concrete samples are illustrated in Fig. 11. In
Fig. 11 (a), the quartz (amorphous phases) exhibited a broad shoul-
der of 82.98% at 27� of 2h value for the PCC sample. The peak of this
quartz phase is attributed to the component of aggregates in the
mix [49,92]. The XRD analysis also displayed the peaks of calcium
hydroxide (Portlandite) with the percentage constituents of 1.25%
owing to cementitious reactions. In addition, the exhibition of cal-
cite (CaCO3) showing 12.57% may be attributed to the reaction
between the alkali carbonate and portlandite (Ca(OH)2) in the
mix, thus resulting in the precipitation and inducement of the
paste rigidity [49]. The chemical reaction between silicon oxide
(SiO2) and Ca(OH)2 produced the hydration product of cement;
and the hydration product of cement resulted in the C-S-H
[49,93,94]. Moreover, the diffraction peak for C-S-H from the
XRD analysis was noticed at diffraction angle 2h, equaling 21� to
60�. Therefore, the hardened product of the PCC may be attributed
to the reaction of the hydration products such as C-S-H and Ca
(OH)2 which majorly comprise silica and calcium contents [49,91].

The XRD pattern of reaction products for G1 containing 100%
GGBFS is shown in Fig. 11 (b), and the broad shoulders were
revealed. The quartz phase showed a diffraction peak of 66.85%
at 270 of 2h. The peak of quartz phase is attributed to the compo-
nent of aggregates in the mix [49,92]. Also, the XRD analysis
revealed the diffraction of calcium carbonate (calcite) with
15.77%. This may be due to the fact that GGBFS exhibits both
cementitious and pozzolanic properties, and these properties, in
the presence of alkaline activators, results in CaCO3. Moreover,
unlike PLC with C3S (alite), C2S (belite) and C3A (aluminate cubic
or ortho), almost all CaO (Lime) found in GGBFS is kept occupied
as calcium aluminate, calcium silicate, and calcium aluminosilicate
because GGBFS is almost 100% glassy [17,18,94]. The XRD spec-
trum also revealed a higher periciase (MgO) content of 1.42% com-
pared with 0.86% and 0.40% for PCC and G6, respectively. This may
be attributed to the more glassy content in GGBFS compared with
PLC and CCA. It is reported that MgO (�2%) in the mix significantly
contributes to the soundness and strength gain of concrete [49].
Furthermore, apart from the formation of geopolymer gel, Davi-
dovits [17], Fernandez-Jimenez et al. [18], Temuujin et al. [83],
and Xu and Deventer [95] opined that the chemical reaction of cal-
cium in the mix with silicate and aluminate monomers which dis-
solve from GGBFS or pozzolan results in the formation of both C-S-
H and C-A-S-H. Consequently, it contributes to the higher mechan-
ical strength of the hardened matrix, improves the polymerization
process, and significantly contributes to the mechanical strengths,
hence attributing to the higher mechanical strength of GGBFS-CCA
based GPC than that of the PCC. During the dissolution process, the
glassy phase of aluminosilicates present in the GGBFS or pozzolan
chemically reacts with the alkaline solutions and results in x-ray
amorphous aluminosilicate gel (X-RAAG). In addition, Davidovits
[17], Fernandez-Jimenez et al. [18], and Xu and Deventer [90]
reported that x-ray amorphous aluminosilicate gel is credited for
the cementitious nature of the final material and its quality affects
the strengths of the hardened product. Therefore, the presence of
amorphous hump from the XRD analysis was noticed at diffraction
angle 2h, equaling 21� to 60�, and this can be attributed to the pres-
ence of amorphous glassy in the mixture [96].

The XRD pattern of reaction product for G6 containing 100%
CCA is shown in Fig. 11 (c). The XRD spectrum exhibited a ferrite
(C4AF) at 0.56% compared with PCC and G1 samples which pos-
sessed none. This compound acts as a flux and reduces the burning
temperature of corncob, thus facilitating the combination of silica
and lime in the CCA [49]. However, the exhibition of calcium sul-
fate hemihydrate (Ca2H2O9S2) with 2.14% indicated a false set in
the mix, hence improving the workability of the mix properties
and slowing down the strength gain [49]. On the other hand, the
presence of calcium sulfate dihydrate (CaH4O6S) of 1.61% in the
XRD spectrum facilitates the strength development. The XRD pat-
tern for G6, unlike G1 with an amorphous structure, indicated
the presence of a crystalline structure, resulting in low reactivity
of pozzolanic reactions. This was in line with Neville [49] that
amorphous silica is more beneficial than the crystalline silica in
that it is much more reactive in pozzolanic reactions, hence con-
firming the low strength performance of G6 compared with that
of G1 and other mixtures. In addition, the exhibition of potassium
sulfate (K2S) in the XRD spectrum with 7.22% may be attributed to
the soluble-alkali in the mix, and this reduces the strength gain
[49]. Above all, it can be inferred that the combination of both
CCA and GGBFS results in the formation of ternary gels, C-S-H, C-
A-S-H and N-A-S-H, hence leading to the improvement of mechan-
ical strengths of the produced GPC.

3.5. Prediction of mechanical strengths

3.5.1. Relationship between splitting tensile strength (STS) and
compressive strength (CS)

Following the model equations illustrated in Table 3 [65–70],
the proposed model for the relationship between STS and CS of
GGBFS based GPC incorporated with CCA is shown in Fig. 12. More-
over, the model equation is proposed for the range of 15 to 65 MPa
of mean CS, hence the proposed model equation is shown in Eq. (1).

fct ¼ 0:6628fc0:4837 ð1Þ



Fig. 10. Morphology on (a) and (b) 100% PCC, (c) and (d) 100% GGBFS, and (e) and (f) 100% CCA, for 7 and 28 days, respectively.
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where fct is the STS of GPC (in MPa)
fc is the CS of GPC (in MPa)

The relationship between the STS and the CS of GPC, as shown
in Fig. 12, revealed that the coefficient of determination (R2) for
the model was 95.34% fit to predict the relationship at 95% confi-
dence bound of CS. The prediction is similar to BS EN 1992-1:1
[67] whose coefficient of determination (R2) for the relationship
between the STS and the CS was 96.8%. Therefore, it is concluded
that this proposed model equation can be suitably used to forecast
the strength development of GPC incorporating agro-industrial
wastes in the range of 15 to 65 MPa of CS.

3.5.2. Relationship between flexural strength (FS) and CS
As indicated in Table 3, the proposed model for the relationship

between FS and CS is illustrated in Fig. 13, while the equation is
shown in Eq. (2). Similarly, the model equation is proposed for
the range of 15 to 65 MPa of mean CS.

fr ¼ 0:8271fc0:5271 ð2Þ
where fr is the FS of GPC (in MPa)
fc is the CS of GPC (in MPa)

As illustrated in Fig. 13, the relationship between FS and CS of
GPC indicated that the coefficient of determination (R2) for the
model was 98.10% fit to predict the relationship at 95% confidence
bound of CS. This prediction is also similar to BS EN 1992-1:1 [67]
whose coefficient of determination (R2) for the relationship
between FS and CS was 97.20%. Therefore, it is concluded that this
proposed model equation can be beneficial in the forecast of flex-
ural strength development for GPC incorporating agro-industrial
wastes ranging from 15 to 65 MPa of CS.
3.6. Validation of experimental models with different model equations

3.6.1. STS and CS
The determination of correlation between STS and CS of GPC has

neither been specified nor developed in concrete codes. Moreover,
the key parameters in the analysis and design of concrete struc-
tural members are the STS and the CS [49,65,67]. Following the



Fig. 11. XRD spectra (a) PCC (100% PLC) (b) G1 (100% GGBFS) and (c) G6 (100% CCA).
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previous model equations presented in Table 3 [65–70] and the
experimental model equation (Eq. (1)), the validation of STS from
different model equations at 28 days is shown in Fig. 14 (a) and
(b) for both M 30 and M 40, respectively.

It was revealed in Fig. 14 (a) that the STS for all concrete types
increased with increasing CS in the same trend. Moreover, the
trend also illustrated that both the experimental value and the
developed model from this study were significantly correlated. In
furtherance of the trend from Fig. 14 (a), Tempest [69] and Lavanya
and Jegan [70]’s model equations were closely situated to the data
points of experimental value and model at the lower range of CS.
However, there was a wider gap in the higher range of CS. This sup-
ported the finding of Neupane [66] that Tempest [69] and Lavanya
and Jegan [70]’s model equations are closely situated to the exper-
imental value of GPC in the range of CS but there is a higher gap in
high strength range. Contrarily, BS EN 1992-1:1[67]’s model equa-
tion forecast a lower STS at both lower and higher ranges of CS,
compared with both the experimental value and model. Moreover,
Neupane [66]’s model equation estimated a higher STS at both
lower and higher ranges of CS, compared with the experimental
value and model. Furthermore, comparing with both the experi-
mental value and model, AS 3600 [65] and Sofi et al. [68]’s model
equations estimated a lower STS at both lower and higher ranges of
CS. These results established that Tempest [69] and Lavanya and



Fig. 12. Correlation of STS and CS of GPC.

Fig. 13. Correlation of FS and CS of GPC.
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Jegan [70]’s model equations validated both the experimental
value and the developed model equation of this study at the lower
range of CS. The differences in the validation may be attributed to
the type of mix proportion, the difference in chemical composi-
tions of source materials and liquid contents used in the produc-
tion of the concretes [49].

The STS for all concrete types increased with increasing CS in a
similar trend, as illustrated in Fig. 14 (b) for M 40. It was also illus-
trated from the trend that the experimental value and the model
were significantly correlated. Lavanya and Jegan [70]’s model
equation was closely located to the data points of experimental
value at the lower range of CS; however, there is a wider margin
at the higher range of CS. This trend also confirmed the finding
of Neupane [66] that Lavanya and Jegan [70]’s model equation is
closely situated to the experimental value of GPC in the lower
range of CS but there is a higher margin in high strength range.
Besides, Tempest [69]’s model equation was nearly located to the
experimental value at the higher range of CS, but there is a higher
gap at the lower range of CS. Moreover, BS EN 1992-1:1 [67]’s
model equation was closely located to the data points of the exper-
imental value and model at both lower and higher ranges of CS. In
addition, Neupane [66]’s model equation estimated a higher STS at
both lower and higher ranges of CS, compared with the experimen-
tal value and model. Comparing with both the experimental value
and model, the AS 3600 [65] and Sofi et al. [68]’s model equations
also estimated a lower STS at both lower and higher ranges of CS.
Therefore, these results established that BS EN 1992-1:1 [67]’s
model equation validated the experimental value and model of this
study at both lower and higher ranges of CS. Lavanya and Jegan
[70]’s model equations validated the experimental value at the
lower range of CS while Tempest [69]’s model equation validated
the experimental value at the higher range of CS. The difference
in model validation may be associated with the difference in chem-
ical compositions of source materials and liquid contents used in
the production of GPC [49]. Ultimately, the proposed model equa-
tion developed from this study can also be suitably applied in the
strength prediction of PCC incorporating agro-industrial wastes,
because it validated BS EN 1992-1:1 [67]’s model equation estab-
lished for PCC at both lower and higher ranges of CS.

3.6.2. FS and CS
Similar to STS, there is no available equation recommended in

concrete standards to relate both FS and CS of GPC. In addition,
FS plays a vital parameter in the design and analysis of concrete
structural members [49,63,65]. Therefore, conforming to Table 3
[63–69] and Eq. (2), the validation of FS from different model equa-
tions are presented in Fig. 15 (a) and (b) for both M 30 and M 40 at
28 days of curing, respectively.

It was indicated in Fig. 15 (a) that the FS for all concrete types
increased with increasing CS in the same trend. The experimental
model and value were significantly correlated. Furthermore, Neu-
pane [66]’s model equation was closely located to the data points
of experimental value at both lower and higher ranges of CS. The
BS EN 1992-1:1 [67]’s model equation was nearly located to the
experimental value at the higher range of CS, but there is a higher
gap at the lower range of CS. Moreover, comparing with the exper-
imental value, AS 3600 [65], Sofi et al. [68] and Diaz-Loya et al.
[71]’s model equations estimated a lower FS at both lower and
higher ranges of CS. Therefore, these results proved that the Neu-
pane [66]’s model equation validated the experimental value at
both lower and higher ranges of CS. Moreover, the BS EN 1992-
1:1 [67]’s model equation validated the experimental value and
model at the higher range of CS.

Similar to the trend of M 30 in Fig. 15 (a), the FS for all concrete
types increased with increasing CS in the same trend as shown in
Fig. 15 (b) for M 40. Neupane [66]’s model equation was closely
located to the data points of experimental value at both lower
and higher ranges of CS. Contrarily, BS EN 1992-1:1 [67]’s model
equation was nearly located to the experimental value at the
higher range of CS, but there is a higher gap at the lower range
of CS. Comparing with the experimental value and model, the AS
3600 [65], Sofi et al. [68] and Diaz-Loya et al. [71]’s model equa-
tions estimated a lower FS at both lower and higher ranges of CS.
The results, therefore, asserted that Neupane [66]’s model equation
validated the experimental value at both lower and higher ranges
of CS. However, the BS EN 1992-1:1 [67]’s model equation vali-
dated both the experimental value and model at the higher range
of CS. Therefore, the proposed model equation developed from this
study can also be suitably applied in the strength prediction of PCC
incorporating agro-industrial wastes, because it validated Neupane
[66]’s model equation established for PCC, at both lower and higher
ranges of CS.

3.7. Validation of proposed model equations with different
experimental results from other studies

Table 5 presents the validation of the proposed model equations
with other experimental results to examine the accuracy and valid-
ity of the equations at 28 days curing following the relationships,
as illustrated in Eqs. (1) and (2).

The statistics, as shown in Table 5, indicated that the predicted
values by the proposed model equations were 9% to 19%, 0% to 7%,
5% to 13%, and 1% to 16% higher than the experimental results
obtained by Deb et al. [37], Jain [98], Vijai et al. [99], and Nath
and Sarker [100] for STS, FS, FS, and FS, respectively. However, a
0% to 8%, 18%, 2% to 4%, and 2% to 16% increase in the predicted val-
ues using the proposed model equations were obtained compared
with the exxperimental results obtained by Deb et al. [37], Basir
[97], Jain [98], and Nath and Sarker [100] for STS, STS and FS, FS,



Fig. 14. Validation of experimental STS model with different model equations for (a) M 30 and (b) M 40 at 28 days curing.
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and FS, respectively. Comparing the predicted values by the pro-
posed model equations with the previous exprimental results
[37,97–100], no significant difference was noticed owing to the
variability of the mix compositions. Therefore, the model equations
proposed by this study can be applied for GPC cured at ambient
condition with reasonable margin of factor of safety.
4. Conclusion

The study investigated the mechanical strengths, microstruc-
tures and mineralogical phases of GGBFS-CCA based GPC using M
30 and M 40 as mix design proportions, and SH solution and SS
gel as alkaline activators. In the course of the study, both experi-
mental and statistical methods were used and the results were
compared with PCC. Based on these extensive investigations and
in consonance with the research aims, the following sets of conclu-
sions are made:
� The compressive strength, flexural strength and splitting tensile
strength of GGBFS-CCA based GPC was higher than that of PCC.
However, the optimum replacement level for both GGBFS and
CCA to exhibit the higher mechanical strengths compared with
PCC was found to be 60% GGBFS and 40% CCA at all levels of
molar concentrations for both M 30 and M.

� The 14 M of SH solution achieved the highest compressive, flex-
ural, and splitting tensile strengths at all levels of GPC mixes for
both M 30 and M 40. Moreover, a marginal increase was
observed for 12 M compared with that of 16 M.

� Both flexural and splitting tensile strength of GGBFS-CCA based
GPC increased with increasing compressive strength at all levels
of molar concentrations for both M 30 and M 40.

� The SEM micrographs for GGBFS-CCA based GPC samples indi-
cated an amorphously structured matrix in spherical flakes with
sharp needles. Furthermore, a better interface pattern was
observed for the morphology of GGBFS-CCA based GPC samples
at 28-day, signifying a good compact, uniform matrix and fewer
pores.



Fig. 15. Validation of experimental FS model with different model equations for (a) M 30 and (b) M 40 at 28 days curing.
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� The XRD spectra of GGBFS-CCA based GPC indicated Quartz and
calcite as the major chemical compounds which were kept
occupied as calcium aluminate, calcium silicate, and calcium
aluminosilicate, and consequently, formed the C-A-S-H gel that
improved the mechanical strengths of GPC.

� There was a good correlation between the experimental results
and the proposed model equations.

The production of GPC incorporating CCA and GGBFS as agro-
industrial wastes at ambient curing conditions is attainable for
the production of low and normal strength concrete. This study
benefits future research and the technological development of
GPC by concentrating on three prospective solutions. First, it can
harness and recycle agro-industrial by-products thereby reducing
the number of harmful materials indiscriminately disposed as
wastes. Second, it can be utilized as a new alternative SCM, which
possess a lower carbon footprint than the PCC. Third, the proposed
models available therein can be useful in the prediction and appli-
cation of strength design proportions for GPC incorporating agro-
industrial by-products under ambient curing conditions.
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Table 5
Validation of the proposed model equations at 28 days curing.

Source Mix ID fc (MPa) fr (MPa) fct (MPa) Validation % Difference

fr = 0.8271fc0.5271(MPa) fct = 0.6628fc0.4837 (MPa) fr fct

Deb et al. [37] &10% G + 90% FA 37 – 3.09 – 3.80 – +19%
&20% G + 80% FA 44 – 3.75 – 4.13 – +9%
*10% G + 90% FA 40 – 3.48 – 3.95 – +12%
*20% G + 80% FA 41 – 4.81 – 4.44 – �8%

Basir [97] &100% FA: 12 M 24.65 5.43 3.83 4.48 3.12 �18% �18%
&100% FA: 14 M 25.73 5.60 3.91 4.58 3.20 �18% �18%

Jain [98] 5% G + 95% PLC 33.20 4.85 – 5.24 – +7% –
10% G + 90% PLC 34.75 4.97 – 5.37 – +7% –
15% G + 85% PLC 34.67 5.56 – 5.36 – �4% –
20% G + 80% PLC 34.69 5.49 – 5.36 – �2% –
25% G + 75% PLC 34.12 5.33 – 5.33 – 0% –

Vijai et al. [99] &100% FA: 12 M 25.63 4.00 – 4.57 – +13% –
&100% FA: 16 M 19.71 3.80 – 3.98 – +5% –

Nath and Sarker [100] &100% FAa 25.60 4.89 – 4.57 – �7% –
&90% FA+10% Ga 38.30 5.79 – 5.65 – �2% –
&85% FA+15% Ga 46.60 5.26 – 6.27 – +16% –
&100% FAb 32.50 6.13 – 5.18 – �16% –
&90% FA+10%Gc 33.30 4.27 – 5.25 – +11% –
&94% FA+6% PLCa 43.20 6.42 – 6.02 – �6% –
&97% FA+3% PLCa 34.40 5.54 – 5.34 – �4% –
&94% FA+6% PLCc 35.30 6.06 – 5.41 – �11% –
&98% FA+2% CHa 42.00 6.32 – 5.93 – �6% –
&97% FA+3% CHa 41.50 5.83 – 5.89 – +1% –
&98% FA+2% CHc 36.80 5.93 – 5.53 – �7% –

a is water/solid (w/s) of 0.202; b is w/s of 0.180; c is w/s of 0.193.
& represents the mix ratio of SS/SH = 2.5:1; * denotes the mix ratio of SS/SH = 2:1; G is GGBFS; CH is (Ca(OH)2);
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