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A B S T R A C T

The prevalence of global warming and climate change are associated with carbon dioxide
(CO2) emitting from fossil fuel combustion and Portland cement (PC) production. However,
in a bid to minimize over-reliance on PC, this study recycled a supplementary cementitious
material (SCM), anacardium occidentale nutshell ash (AONSA), for the production of green
concrete. AONSA was used as a replacement for Portland limestone cement (PLC) at 0, 5, 10,
15, and 20 % using the mix design proportions (MDPs) of grades 25 (M 25), 30 (M 30), and 40
(M 40) concrete. The chemical compositions of both AONSA and PLC were analyzed.
Moreover, the chemical moduli of each and mixed binder were determined and evaluated,
hence quantifying the reactivity indexes (RIs). Consequently, RIs and MDPs were applied to
predict the splitting tensile strength. Compared with the experimental results, the
predictive splitting tensile strength relative to the RIs and the MDPs yielded a high
precision with 95 % R2 at 28 days curing. Therefore, the model equations proposed by this
study can be applied to the concrete mix design procedure for the splitting tensile strength
of green concrete incorporating SCMs provided the chemical compositions of each and
mixed material are established.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The global contribution of Portland cement (PC) production to greenhouse gas emissions (GHG) is estimated to be about
1.35 billion tonnes annually or about 7 % of the total GHG to the earth’s atmosphere [1]. The primary sources of GHG are the
emissions from cement production, fossil fuel combustion and other industrial processes [1]. Fan and Miller [2] established
that cement production, fossil fuel combustion and other industrial processes account for almost 68 % of total global GHG,
and were estimated to be 37.90 Gt carbon dioxide (GtCO2) in 2018 with Nigeria emitting 0.026 GtCO2 in 1970 and 0.89 GtCO2

in 2018. The manufacture of PC has a remarkable influence on the GHG, and consequently, environmental impacts [1].
Moreover, a tonne’s production of PC emits 1.1 tonnes of carbon dioxide into the environment [3]. These impacts are contrary
to the list of sustainable development goals for good health and wellbeing [4]. The most potential solution to the growing
challenges of GHG is by utilizing more considerable amounts of supplementary cementitious materials (SCMs) as a full or
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partial replacement with PC for sustainable products, infrastructures, and development [5–7]. It was reported that about
67 % energy requirement and 80 % material cost are reduced when up to 50 % pozzolan of PC weight is utilized as SCM [8].
Also, with 25 % addition of pozzolan, both energy requirement and material cost are reduced by about 33 and 20 %,
respectively [8].

Cashew (Anacardium Occidentale) nutshell is agricultural by-product with an estimated generation of 4,430,341 metric
tonnes (MT), 4,087,563 MT, and 3,971,046 MT in 2015, 2016, and 2017, respectively, in the world [9]. In contrast, Nigeria
generated 97,149 MT, 98,291 MT, and 98,253 MT in 2015, 2016, and 2017, respectively [9]. Between 2005 and 2014, there
was about a 12 % annual increase in cashew production in the West African region [10]. The West African region has
become the largest producer of cashew nut in the world, with about 1,350,000 MT, before Asian countries (India,
Vietnam, Cambodia, Indonesia), which produces about 1,300,000 MT [9,11]. Cashew nutshell contains about 30�35 wt%
oil called cashew nut shell liquid [12]. Also, about 1,825,000 MT waste is generated from 2,500,000 MT production of
cashew nuts [13]. However, it is perturbing to observe that these wastes are discarded indiscriminately, hence causing
environmental degradation. The huge disposal of cashew nutshell motivates this study to valorize it as a replacement for
PC to produce green concrete. Pyrolysis is one of the widely used valorization methods for a large number of cashew
nutshells [11,14,15]. During the pyrolysis, cashew nutshells are transformed into the liquid for industrial chemical
synthesizers [12], pharmaceutical drugs [16], and energy [11]; ashes for improving the packing factor and creep
resistance of asphalt concrete [14]; oil as lubricants to improve viscosity and wear resistance [17], or as biodiesel [18,19],
and fuel to replace woods and charcoals [20]. Moreover, during the pyrolysis of cashew nutshells, about 82 wt% of
processed hulls is recovered as gas and 18 wt% as ash [13]. Some researchers also utilized cashew nutshell ash as a PC
replacement for the production of concrete. Oyebisi et al. [21] investigated the performance of concrete incorporated
with anacardium occidentale nutshell ash (AONSA). It was revealed that the concrete exhibited higher resistance against
sulfate and acidic attacks than PCC. Also, workability properties, slump and compacting factor of the fresh concrete
increased with increasing AONSA content in the mix. Similarly, Pandi and Ganesan [22], Pandi et al. [23], and
Thirumurugan et al. [24] evaluated the permeability and compressive effects of concrete incorporated with AONSA. It
was indicated that the compressive strength increased with increasing AONSA content up to 25 % maximum substitution
in the mix.

Other SCMs such as metakaolin (MK), silica fume (SF), rice husk ash (RHA), fly ash (FA), and ground granulated blast
furnace slag (GGBFS) have been utilized as a partial or full replacement by PC to improve the concrete properties [25]. The
mechanical property of concrete was examined using 5–20 % MK as partial replacement of PC. It was found that up to 15 %
of MK improved the mechanical properties of concrete [26]. In another related study, compressive and splitting tensile
strengths of concrete incorporated with SF was investigated; the results revealed the highest compressive and splitting
tensile strengths at 15 % SF of PC weight [27]. Moreover, the workability, water permeability, and compressive strength of
concrete were assessed by replacing PC with RHA; the results indicated a higher compressive strength at 10 % RHA at 90
days curing [28]. Furthermore, the effects of incorporating SCMs on the thermal conductivity and compressive strength of
concrete were evaluated [29]. At both 28 and 120 days curing, there was about 19 and 6% increase in compressive
strengths at 15 % SF of PC weight compared with 100 % PC. Also, at 120 days curing, there was about a 1% increase in
compressive strength at 15 % FA of PC weight compared with 100 % PC [29]. Besides, at both 15 and 30 % GGBFS of PC
weight, there was about 14 and 10 % increase in compressive strength, respectively, at 120 days curing compared with 100
% PC [29].

The reactivity indexes (RIs) of mixed binders are obtained following the establishment of oxide compositions
[30–32]. Moreover, the reactivity of any SCM depends on its fineness, chemical and mineralogical compositions, mix
design proportions (MDPs), and specific surface area [30]. Also, type, mineralogical, and chemical structures of
aggregates influence the performance and reactivity of concrete [33–35]. However, the responsiveness of SCM cannot be
evaluated using a single oxide. Therefore, reactivity, hydraulic, and lime moduli are majorly applied to quantify the
hydraulic or self-cementitious properties. In contrast, both silica and alumina moduli are used to determine pozzolanic
properties [21,32,36]. Portland cement exhibits strong hydraulic properties owing to its high content in CaO [31]. In
contrast, AONSA shows strong pozzolanic response due to its high content in SiO2 [21,37]. Xie and Visintin [36] and
Oyebisi et al. [21] developed models to predict the compressive strengths of concrete incorporating SCMs based on
MDPs and RIs. The models yielded high precision, and besides, RIs could be evaluated using the principal oxides, CaO,
SiO2, Al2O3, Fe2O3, MgO, and SO3. These principal oxides guide the self-cementitious and pozzolanic reactions of the
binding materials.

This study, thus, aims to fill a gap by assessing the reactivity responses of PLC mixed with AONSA. Besides, the study
establishes the chemical compositions of each and mixed binder, hence evaluating the RIs of the blended mix. It carries
out experimentation via laboratory work to obtain the splitting tensile strength of the concrete incorporating AONSA
and uses the data, RIs, and MDPs to predict the relationship. The recycling of AONSA would lessen the environmental,
economic, and societal threats posed by PC production; improve the concrete properties, and reduce the construction
cost and solid wastes, hence driving sustainability. The developed models would contribute to the improvement of
future studies on concrete incorporating SCMs by providing means of predicting splitting tensile strength under an
applied load based on the RIs and MDPs such that time and cost for carrying out the laboratory experiments would be
reduced.
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2. Materials and methods

2.1. Materials

Anacardium occidental nutshell ash (AONSA) was obtained following the pyrolysis of anacardium occidentale nutshells
obtained from the Federal University of Agriculture, Abeokuta, Nigeria. The valorization was performed at the pyrolysis unit
of the Covenant University, Ota, Nigeria. After the pyrolysis, about 20 wt% of processed hulls was retrieved as AONSA.
Dangote 3 � 42.5R Portland limestone cement (PLC) was used as a binder for the concrete production. The pH of AONSA and
PLC was obtained following the procedure stated in ASTM C 25 [38] by mixing 10 g of binding material (AONSA, PLC) with
200 mL of deionized water, and stirring the mix for 30 min. The mix’s pH was measured using Hannah pH digital metre
(Model 211 microprocessor), and the results are presented in Table 1. The specific gravity (SG) of the binding materials was
determined following the requirements stated by BS EN 196�3 [39] using a specific gravity bottle and kerosene. The results
are presented in Table 1. Furthermore, the fineness was obtained by using the dry sieving method and BS sieve 90 mm, as
stipulated by BS EN 196�6 [40]. The results are shown in Table 1 and satisfied the 12 % maximum fineness specification
stated by BS EN 196�6 [40], hence suitable for use as binder and SCM in concrete production. Moreover, the specific surface
area of both AONSA and PLC was carried out following the procedure stated by BS EN 196�6 [40] using the Blaine method at a
standard porosity of 0.500. The results are presented in Table 1. Besides, Laser diffraction, Model Beckman Coulter LS-100
was used to analyze the particle size distribution (PSD) of AONSA and PLC, as shown in Fig. 1, over the range size of 0.5 mm–

900 mm. The results are indicated in Table 1. As shown in Table 1, the chemical reaction between lime and pH would be
activated by decomposing the Si-O-Si link in AONSA, because the pH value is greater than 13 [41]. The specific gravity and
particle size of AONSA, as reported in Table 1, are lower than that of PLC, but the fineness and specific surface area are higher
than PLC; this revealed the utmost importance of AONA as SCM such that more volume is obtained when AONSA replaces the
PLC [37]. Moreover, AONSA would favourably react with the alkaline environment [42], and effectively exhibit a higher
capacity to act with Ca(OH)2 in the concrete [37].

Aggregates were source locally, used and prepared at saturated surface dry conditions before the mix design. Grading, as
shown in Fig. 2, and characterization were carried out on the aggregates following the procedure outlined in BS EN 12,620
[43]. Besides, specific gravity (SG) and water absorption (WA) were determined as described in BS EN 12,620 [41] by
weighing a 2 kg of each sample, immersing in clean water at 25 �C for 24 h and drying in an oven for 24 h at 110 �C. The results
indicated 2.60 and 2.64 g/cm3 as SG; and 0.7 and 0.8 % as WA, for both fine aggregate (FA) and coarse aggregate (CA),
respectively. Besides, the moisture content (MC) was determined following the procedure stated in BS EN 12,620 [43] by
using a clean container covered with a lid. The results indicated 0.3 and 0.2 % as MC for both FA and CA, respectively. Fig. 2
shows the PSD of both FA and CA used; and the aggregates satisfied the limits as specified by BS EN 12,620 [43], hence

Fig. 1. The cumulative particle size distribution of binding materials used.

Table 1
Physical properties of binding materials used.

Properties AONSA PLC

pH 13.35 13.10
Specific gravity (g/cm3) 2.98 3.15
Fineness (%) 8.10 7.63
Specific surface area (m2/kg) 605 375
Mean particle size (mm) 19.14 24.13
LL is the lower limit; UL is the upper limit
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suitable for use. On the other hand, the mineralogical composition of the coarse aggregate (granite) was identified with the
aid of the Petrological Microscope, Model RPI-3 T. The sample was prepared, polished in a glass ground plate using a
carborundum, and mounted on a clean glass slide with adhesive [34]. The results revealed quartz, feldspar, mica, and iron
oxide of 62.50 %, 20.45, 16.55, and 0.50, respectively. The XRF spectrometer machine, Philips PW-1800 was used to analyze
the chemical compositions, and the results indicated 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 is inferred that the
coarse aggregate is acidic granite because the content of SiO2was in the range of 66–75 % [34]. Based on alkalinity, the granite
was classified as calcalkalinity in that (Na2O + K2O)2/(SiO2 – 43) was 1.85, hence ranging from 1.2–3.5 for calcalkalinity [35].
Fine aggregate, in its entirety, comprises SiO2 content [34,44], thus requiring no XRF analysis.

2.2. Materials characterization

The chemical compositions of AONSA and PLC were analyzed using the XRF spectrophotometer machine, Philips PW-
1800. The results are presented in Table 2. The results indicated that AONSA satisfied the chemical pozzolanic requirements
stated in BS EN 450�1 [45] and BS EN 8615�2 [46] such that the addition of SiO2, Al2O3, and Fe2O3 met 70 % minimum
requirement. Besides, 5 % maximum of loss of ignition (LOI) recommended by ASTM C 618 [47] and 10 % maximum of LOI
recommended by BS EN 450�1 [45] and BS EN 8615�2 [46] for any pozzolanic material were satisfied. The alkali contents,
Na2O and K2O of 5 % maximum, recommended by BS EN 450�1 [45] was also satisfied, hence indicating that the materials
would not hinder the concrete performance [48]. Moreover, the addition of SiO2, CaO, and MgO � 67 % stated by BS EN
3892�1 [49] for a cementitious material was satisfied. It can be deduced that the AONSA could exhibit a pozzolanic reaction
and used as the SCM for the production of green concrete, because a SiO2 content � 25 %, stipulated by BS EN 8615�2 [46],
and MgO content � 4 %, and SO3 content � 3 %, recommended by BS EN 450�1 [45], were met. Moreover, SiO2 contents of
62.85, 54.85, and 62.85 %, respectively reported by Pandi and Ganesan [22], Pandi et al. [23], Thirmurugan et al. [24], are in
line with the SiO2 content obtained by this study. The chemical compositions of PLC satisfied the oxide specifications stated
in BS EN 196�3 [39].

2.3. Mix design quantities

The mix quantities were designed following the BS EN 206 [50]’s procedure. The percentage replacement of PLC by
AONSA was selected based on the 20–25 % maximum replacement from applicable studies [21–24] to meet the target
strengths for structural applications. Thus, PLC was replaced with AONSA at 0, 5, 10, 15, and 20 % for the production of green
concrete, denoting as D0, D1, D2, D3, and D4, respectively. The mixes were designed to attain the target strengths 25 MPa,
30 MPa, and 40 MPa for grades M 25, M 30, and M 40 concrete, respectively because of their broader and general uses in the
construction sector. Tables 3, 4, 5 show the summary of mix design quantities for M 25, M 30, and M 40, respectively.

Fig. 2. The particle size distribution of aggregates used.
D0 (100 % PLC); D1 (95 % PLC + 5 % AONSA); D2 (90 % PLC + 10 % AONSA); D3 (85 % PLC + 15 % AONSA); D4 (80 % PLC + 20 % AONSA).

Table 2
Oxide compositions of the binding materials used.

Oxide Composition CaO
(%)

SiO2

(%)
Al2O3

(%)
Fe2O3

(%)
MgO
(%)

K2O
(%)

Na2O
(%)

SO3

(%)
TiO2

(%)
P2O5

(%)
LOI
(%)

AONSA
PLC

2.04
64.50

65.02
21.55

16.28
5.50

10.16
3.08

1.53
1.52

0.52
0.61

0.45
–

1.32
2.03

0.01
–

0.01
–

2.95
1.20

LOI = Loss of Ignition, determined at 800 �C.
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2.4. Mix preparation, casting and curing

The mix was prepared following the procedures stated in BS 1881�125 [51] and BS EN 12390�2 [52]. The fresh concrete
was poured into a standard cube 150 mm3 and a standard cylinder 150 mm diameter and 300 mm long in 3 layers, and 25
strokes were applied to each layer using a circular cross-sectional rod of F 16 mm and 600 mm length. The samples were
cured under 28 �C and 65 % RH and tested at 7, 14, 28, and 90 days.

2.5. Experimental tests and analysis

2.5.1. Workability test
The slump test was conducted on the fresh concrete samples following the procedure stated in BS EN 12350�2 [53].

2.5.2. Mechanical test
The compressive strength (fc) and splitting tensile strength (ft) were determined with the aid of an INSTRON 5000R UTM

following the procedure stated by BS EN 12390�3 [54] and BS EN 12390�6 [55], respectively. For each mix ID, three (3)
samples were crushed, and the average of the three values was obtained and used for the analysis.

2.5.3. Evaluation of reactivity indexes (RIs)
The principal reactive oxides CaO, SiO2, Al2O3, Fe2O3, MgO, and SO3, were used to evaluate the RIs of the each and mixed

binder following the establishment of their oxide compositions, which reflect both hydraulic and pozzolanic reactivity
[21,31,32,36]. Eqs. 1–5 illustrate the concept of RIs of mixed materials [21,31,32,36].

RM ¼ CaO þ MgO þ Al2O3

SiO2
ð1Þ

Table 4
Mix design quantity for M 30.

Mix
ID

PLC (kg/m3) AONSA
(kg/m3)

FA (kg/m3) CA (kg/m3)

D0 390 0 675 1031
D1 370 20 675 1031
D2 350 40 675 1031
D3 330 60 675 1031
D4 310 80 675 1031

Water-to-binder (w/b) ratio = 0.54.
Binder-to-aggregate (b/agg) ratio = 0.23.

Table 3
Mix design quantity for M 25.

Mix
ID

PLC (kg/m3) AONSA
(kg/m3)

FA (kg/m3) CA (kg/m3)

D0 340 0 715 1035
D1 323 17 715 1035
D2 306 34 715 1035
D3 289 51 715 1035
D4 272 68 715 1035

Water-to-binder (w/b) ratio = 0.62.
Binder-to-aggregate (b/agg) ratio = 0.19.

Table 5
Mix design quantity for M 40.

Mix
ID

PLC (kg/m3) AONSA
(kg/m3)

FA (kg/m3) CA (kg/m3)

D0 500 0 585 1030
D1 475 25 585 1030
D2 450 50 585 1030
D3 425 75 585 1030
D4 400 100 585 1030

Water-to-binder (w/b) ratio = 0.42.
Binder-to-aggregate (b/agg) ratio = 0.31.
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HM ¼ CaO
SiO2 þ Al2O3 þ Fe2O3

ð2Þ

LM ¼ 1:0CaO �  0:7SO3

2:8SiO2 þ 1:1Al2O3 þ 0:7Fe2O3
ð3Þ

SM ¼ SiO2

Al2O3 þ Fe2O3
ð4Þ

AM ¼ Al2O3

Fe2O3
ð5Þ

where RM is reactivity modulus;
HM is the hydraulic modulus;
LM is the lime modulus;
SM is the silica modulus;
AM is the alumina modulus.

2.5.4. Prediction of splitting tensile strength (ft) based on RIs, w/b ratio, and b/agg ratio
Either RM, HM, or LM is used to evaluate the hydraulic properties of binding material, while the pozzolanic activity is

quantified by the SM and AM [30–32]. Consequently, a linear relationship exists in the correlation between splitting tensile
strength and RIs [36]. First, the regression was modelled based on the combination of RM, SM, and AM; HM, SM, and AM; and
LM, SM, and AM using the Minitab 17 statistical software. Second, obtaining the splitting tensile strength of the concrete,
integration of the RIs of blended binders was performed by normalizing it with an inverse of 0.62, 0.54, and 0.42 w/b ratios
obtained for M 25, M 30, and M 40, respectively. Therefore, splitting tensile strength becomes a direct proportion to RIs, but
an inverse proportion to w/b ratio. Predicting the parameters in Minitab 17 statistical software, splitting tensile strength’s
data was set as a response (dependent variable), while the values of RIs were selected as continuous predictors (independent
variables).

The role of binder to aggregate ratio in the concrete properties is significant such that it improves the strength of concrete,
apart from RIs and water to binder ratio [34,36]. Moreover, a significant improvement is yielded when the binder to
aggregate ratio is normalized and correlated with RIs and water to binder ratio [21,36]. It is noteworthy to state that the
weight ratio was used to model the binder to aggregate ratio against the volume ratio to obtain an accurate proportion. For
each mix, the proportion was determined using its moisture content and specific gravity to improve the packing capacity of
binder-aggregate [34,35]. Following the incorporation of water to binder ratio, the fit regression relationship between
splitting tensile strength and binder to aggregate ratio was normalized with 0.19, 0.23 and 0.31 binder to aggregate ratios
obtained for M 25, M 30, and M 40, respectively. Finally, the splitting tensile strength was predicted based on the RIs, water to
binder ratio, and binder to aggregate ratio using the relationship, as illustrated in Eqs. 6–8 [21,36].

ft ¼  b þ  
a1RM þ  a2SM þ  a3AM

w=b

� �
b=agg

� �
ð6Þ

ft ¼ b þ  
a1HM þ  a2SM þ  a3AM

w=b

� �
b=agg

� �
ð7Þ

ft ¼  b þ  
a1LM þ  a2SM þ  a3AM

w=b

� �
b=agg

� �
ð8Þ

where β, α1, α2, α3 are the magnitudes of coefficients.

3. Results and discussion

3.1. Workability

Fig. 3 presents the slump values for M 25, M 30, and M 40, respectively. It was revealed that the slump reduced with
increasing AONSA content in the mix for all concrete grades. There was about 13–40 %, 10–43 %, and 8–47 % decrease in a
slump as the AONSA content increased from 5 to 20%. The reason for the decline in slump could be attributed to the finer
particle, smaller particle size and specific gravity, and higher specific surface area of AONSA compared with PLC. These
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properties increase the water demands due to more volume and result in highly cohesive and impermeable concrete, hence
reducing workability [37]. It was also evident that finer pozzolans (RHA and cashew nut shell ash) reduced the slump of fresh
concrete [56,57]. Therefore, a concrete incorporating AONSA could exhibit a cohesive and workable mix up to 20 %
replacement because a 150 mm maximum slump recommended by BS EN 12350�2 [53] for standard workable concrete was
satisfied.

3.2. Mechanical properties

3.2.1. Compressive strength
The results of compressive strengths for M 25, M 30, and M 40 are presented in Fig. 4 (a)-(c), respectively at 7, 14, 28, and

90 days curing. The results indicated that the compressive strengths increased with increasing AONSA content up to 15 %
replacement for all concrete grades at all curing ages but at 20 % substitution, the strength reduced marginally. At 28 days
curing, there was about 3–6 %, 3–5 %, and 2–5 % increase in compressive strengths as the percentage replacement of PLC by
AONSA increased from 5 to 15% for M 25, M 30, and M 40, respectively compared with the control sample (100 % PLC). The
reason for the higher compressive strength due to an increase in AONSA content (15 % maximum) cannot be far-fetched:
Anacardium occidentale nutshell ash (AONSA), as shown in Table 2, showed substantial contents of silica oxide (SiO2) and
alumina oxide (Al2O3) compared with PLC. Thus, both silica and alumina oxides reacted with the primary hydrating agents of
PLC and resulted in the calcium silicate hydrate (C��S��H) and calcium aluminate hydrate (C��A��H) which are
strengthening gel and bonding properties in the concrete, respectively [37]. Moreover, the strength performance of concrete
incorporating pozzolan can be associated with the fineness and water demand [58]. Evidence of this was most apparent
when the higher strength of fly ash-based concrete was obtained using a finer fraction of fly ash and low water content [59].
This also confirmed that the fineness and low workability of AONSA due to low water content contributed to the higher
strength of the concrete. The decrease in strength at 20 % AONSA replacement could be attributed to an excess of AONSA
content in the mix; this resulted in low reactivity of silica oxide of AONSA with ca(OH)2 supply and slowed down the
formation of hydrating monomers (C��S��H), hence hindering the strength development [56,60]. Notwithstanding, AONSA
could be used at 5–20 % replacement level in the production of green concrete because it satisfied the target strengths of
concrete grades (classes) specified by BE EN 1992�1-1 [61] at 28 days curing.

3.2.2. Splitting tensile strength
Fig. 5 (a)-(c) present the splitting tensile strengths for M 25, M 30, and M 40, respectively at 7, 14, 28, and90 days curing.

The results revealed that as the AONSA content increased from 5 to 15%, the splitting tensile strength of the concrete
increased. However, the splitting tensile strength slightly decreased at 20 % AONSA substitution, hence indicating 15 %
AONSA as the maximum substitution for all concrete grades. At 28 days curing, about 6–15 %, 1–10 %, and 1–9 % increase in
splitting tensile strengths were observed as the AONSA content increased from 5 to 15% for M 25, M 30, and M 40,
respectively, compared with the control sample (100 % PLC). It was also evident that the splitting tensile strength of concrete
increased with increasing cashew nutshell ash content in the mix [57]. Moreover, at 28–90 days curing, about 2–3 %, 4–7 %,
and 12–13 % increase in splitting tensile strengths were noticed as the AONSA content increased from 5 to 15 % for M 25, M 30,
and M 40, respectively, compared with about 3, 4, and 6 % for M 25, M 30, and M 40 of control samples, respectively. This
indicates that the splitting tensile strength of concrete incorporating AONSA becomes substantial with increasing concrete
grades. Therefore, it is inferred that concrete modified with AONSA could resist more tensile strength under an applied load
against splitting than that of conventional concrete.

Fig. 3. The slump of the fresh concrete.
D0 (100 % PLC); D1 (95 % PLC + 5 % AONSA); D2 (90 % PLC + 10 % AONSA); D3 (85 % PLC + 15 % AONSA); D4 (80 % PLC + 20 % AONSA).
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3.3. Principal reactive oxides of mixed binder

Fig. 6 shows a decrease in CaO and SO3 contents at 5 % AONSA substitution compared with 100 % PLC composition but
gradually increase with increasing AONSA content compared with 5% AONSA replacement. The reason could be attributed to
the low contents of CaO and SO3 in AONSA composition such that both CaO and SO3 contents were 97 and 35 % respectively
lower than that of PLC composition. The blending effect reduced the CaO and SO3 contents in PLC by 67 and 13 %, 65 and 20 %,
and 63 and 19 % at 5 % AONSA replacement for M 25, M 30, and M 40, as shown in Fig. 6 (a)-(c), respectively. However, it was
observed that SiO2, Fe2O3, Al2O3, and MgO contents increased with increasing AONSA content in the mix; this could be
associated with the increase in SiO2, Fe2O3, Al2O3, and MgO contents for AONSA compared with PLC oxide compositions.
However, these results were contrary to the related findings reported by Akinwumi and Aidomoje [62] such that the reactive
oxides, CaO, MgO, and Al2O3 decrease with the increase in CCA (pozzolan) content; in contrast, SiO2, Fe2O3, and SO3 increase
with increasing CCA content for the CCA-PC blend. Furthermore, Darquennes et al. [30], Sakai et al. [31], and Behim et al. [32]
reported that the hydraulicity of a mix increases with increasing CaO, MgO, and Al2O3 contents. However, the pozzolanic
increases with increasing SiO2, Fe2O3, and SO3 contents. This demonstrates that CaO, MgO, and Al2O3 contents contribute to
the high phase of amorphous structure in the mix, hence improving the C-S-H formation, and resulting in better strength

Fig. 4. Concrete compressive strengths for (a) grade 25, (b) grade 30, and (c) grade 40.
D0 (100 % PLC); D1 (95 % PLC + 5 % AONSA); D2 (90 % PLC + 10 % AONSA); D3 (85 % PLC + 15 % AONSA); D4 (80 % PLC + 20 % AONSA)



S. Oyebisi et al. / Case Studies in Construction Materials 13 (2020) e00393 9
performance. Therefore, these assertions could necessitate an increase in splitting tensile strength of concrete with
increasing AONSA content up to 15 % maximum compared with PCC (control concrete), as indicated in Fig. 5. Ultimately, it is
inferred that the splitting tensile strength of concrete increased with increasing CaO, Al2O3, MgO, and SiO2 contents in PLC-
AONSA mix at 15 % of AONSA maximum replacement. Therefore, this can benefit the future study by selecting SCMs, which
comprise high contents of CaO, Al2O3, MgO, and SiO2 to increase the splitting tensile strength in structural concrete.

3.4. RIs of the mixed binder

Following Eqs.1–5, the RIs of the mixed binder were quantified, and the results are indicated in Fig. 7. Comparing with 100
% PLC, it was revealed that at 5 % AONSA substitution, the RM, HM, LM, SM, and AM decreased, however, they increased with
the increase in AONSA content up to 15 % replacement compared with 5 % AONSA substitution, and then, declined slightly at
20 % replacement for all concrete grades. It was also observed that the hydraulic/cementitious responses, RM, HM, and LM of
the mixed binders increased with increasing concrete classes (M 25 to M 40). In contrast, the pozzolanic responses, SM and
AM decreased with increasing concrete grades (M 25 to M 40). These could be associated with the denser and less porous
concrete due to low water content [31,37]. Moreover, it was evident that CaO, Al2O3, MgO, SiO2, Fe2O3, and SO3 influenced the
RIs of the mixed binder. The RM, HM, and LM of the mixed binder increased with increasing CaO, Al2O3, MgO contents, while
the SM and AM of the mixed binders increased as the content of SiO2 and Al2O3 increased. Both RM and HM of the mixed

Fig. 5. Concrete splitting tensile strengths for (a) grade 25, (b) grade 30, and (c) grade 40.
D0 (100 % PLC); D1 (95 % PLC + 5 % AONSA); D2 (90 % PLC + 10 % AONSA); D3 (85 % PLC + 15 % AONSA); D4 (80 % PLC + 20 % AONSA)
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binders satisfied the BS EN 8615�2 [46]’s minimum requirement of 1.0. However, the recommended range of � 0.66 � 1.02
stipulated by BS EN 8615�2 [46] for LM of the mixed binder was not met, except for 100 % PLC; this could be associated with
the low ratio of lime to silica, aluminate, and ferrate contents in the PLC-AONSA blend compared with PLC binder.

3.5. Prediction of splitting tensile strength (ft) based on RIs, w/b ratio, and b/agg ratio

3.5.1. Prediction of ft based on RM, AM, SM, w/b ratio, and b/agg ratio
Following the Eq. 6, the results of the statistical data trends are presented in Fig. 8 (a)-(d) for 7, 14, 28, and 90 days,

respectively. It was evident that the splitting tensile strength of PLC-AONSA based concrete increased with increasing RM,
SM, and AM; this could be associated with the higher contents of CaO, SiO2, and Al2O3, which are predominantly present and
active in the PLC and AONSA blend, as shown in Fig. 6, hence increasing the reactive, silica, and alumina responses of the mix.
The higher contents of CaO in PLC, and SiO2 and Al2O3 in AONSA increased the RM, and SM and AM, respectively; and this

Fig. 6. Oxide compositions of the mixed binder for (a) grade 25, (b) grade 30, and (c) grade 40.
D0 (100 % PLC); D1 (95 % PLC + 5% AONSA); D2 (90 % PLC + 10 % AONSA); D3 (85 % PLC + 15 % AONSA); D4 (80 % PLC + 20 % AONSA).
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confirmed the findings reported by Xie and Visintin [36] that the RM, SM, and AM increase with increasing CaO, SiO2, and
Al2O3 contents. On the other hand, a mix with high contents of CaO, Al2O3, and MgO exhibits high self-cementitious
properties in the presence of water [31]. Ultimately, it is inferred that RM of PLC-AONSA based concrete increases with
increasing CaO, SiO2, and Al2O3 contents, hence increasing its splitting tensile strength.

The fit regression model was used for the correlation of ft based on the RIs (RM, AM, and SM), w/b ratio, and b/agg ratio at
the global trend of 95 % confidence interval (CI) and prediction interval (PI). Thus, the regression equations are illustrated in
Eqs. 9–12 for 7,14, 28, and 90 days, respectively. From the regression analysis, the coefficient of determination (R2) was 95, 81,
91, and 98 % fit to predict the data at 95 % CI and PI for 7, 14, 28, and 90 days, respectively. Therefore, these proposed models

Fig. 7. Reactivity indexes of the mixed binders for (a) grade 25, (b) grade 30, and (c) grade 40.
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can be useful in the prediction and development of the splitting tensile strength of concrete incorporating AONSA,
particularly in a situation where RM is of great concern.
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Fig. 8. Statistical data trends between reactivity indexes and splitting tensile strengths at (a) 7, (b) 14, (c) 28, and (d) 90 days.
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3.5.2. Prediction of ft based on HM, AM, SM, w/b ratio, and b/agg ratio
Fig. 9 (a)-(d) indicate the statistical data trends for HM, AM, SM, w/b ratio, and b/agg ratio at 7, 14, 28, and 90 days,

respectively, following the relationship illustrated in Eq. 7. It was observed that the splitting tensile strength of PLC-AONSA
mixed concrete increased with increasing RIs, HM, SM, and AM. The reason for a higher splitting tensile strength as a result of
an increase in HM, SM, and AM cannot be far-fetched: PLC exhibited higher content of CaO, while AONSA exhibited higher
contents of SiO2 and Al2O3, hence resulting in a more robust hydraulic response. Therefore, it is inferred that the HM of PLC-
AONSA mixed binder increases with increasing CaO, SiO2, and Al2O3 contents, and consequently, increases the splitting
tensile strength PLC-AONSA based concrete under an applied load.

The regression equations are illustrated in Eqs. 13–16 for 7, 14, 28, and 90 days, respectively following the correlation of ft
based on the RIs (HM, AM, and SM), w/b ratio, and b/agg ratio at the 95 % CI and PI. From the regression analysis, R2was 95, 82,
92, and 98 % fit to predict the data at 95 % CI and PI for 7, 14, 28, and 90 days, respectively. Therefore, these developed models
can be used for the splitting tensile strength’s prediction and development of concrete incorporating AONSA, provided the
RIs and MDPs are established, especially when HM of a mix is of great challenge.
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agg
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Fig. 9. Statistical data trends between reactivity indexes and splitting tensile strengths at (a) 7, (b) 14, (c) 28, and (d) 90 days.
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3.5.3. Prediction of ft based on LM, AM, SM, w/b ratio, and b/agg ratio
Following the Eq. 8, the statistical data trends for LM, AM, SM, w/b ratio, and b/agg ratio are presented in Fig. 10 (a)-(d) for

7, 14, 28, and 90 days, respectively. The splitting tensile strength of PLC-AONSA blended concrete, as shown in Fig. 9,
increased with increasing LM, SM, and AM; and this may be attributed to the active and predominant contents of CaO in PLC,
and SiO2 and Al2O3 in AONSA, hence resulting in an increased RIs. Meanwhile, it was noted that LM obtained from this study
was out of range of BS EN 8615�2 [46]’s specifications, notwithstanding, a high precision was yielded when it was correlated
with SM, AM, and MDPs. Therefore, it is inferred that the LM of PLC-AONSA based concrete increases with increasing CaO,
SiO2, and Al2O3 contents, hence increasing its splitting tensile strength.

The ft, LM, AM, SM, w/b ratio, and b/agg ratio was predicted using the fit regression model at 95 % CI and PI, and the
regression equations are illustrated in Eq. 17–20 for 7, 14, 28, and 90 days, respectively. From the regression analysis, R2 was
94, 81, 90, and 98 % fit to predict the data at the global trend for 7, 14, 28, and 90 days, respectively. Thus, these proposed
equations can be applied to the prediction and development of the splitting tensile strength of concrete incorporating
AONSA, provided the oxide compositions of the binders, and MDPs are established, most especially when LM is perturbing.

f t�7 days ¼
4:790 LM � 1:325 SM þ 3:350 AM

w
b

( )
b

agg

� �
þ 0:446 ð17Þ

f t�14 days ¼
3:900 LM � 2:250 SM þ 4:060 AM

w
b

( )
b

agg

� �
þ 1:813 ð18Þ

f t�28 days ¼
2:660 LM þ 0:202 SM � 0:478 AM

w
b

( )
b

agg

� �
þ 3:232 ð19Þ

f t�90 days ¼
3:536 LM þ 1:058 SM � 1:257 AM

w
b

( )
b

agg

� �
þ 2:933 ð20Þ
Fig. 10. Statistical data trends between reactivity indexes and splitting tensile strengths at (a) 7, (b) 14, (c) 28, and (d) 90 days.
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3.6. Comparison of experimental results with predictive values

Fig. 11 (a)-(c) indicate the statistical compliance tests between the experimental splitting tensile strengths (Eft) and the
predictive splitting tensile strength results based on reactivity indexes (RM, HM, and LM) at 28 days curing for M 25, M 30,
and M 40, respectively. The predictive splitting tensile strengths were obtained at 28 days curing following the relationships
illustrated in Eqs. 11,15,19 for the reactivity modulus (RM), hydraulic modulus (HM), and lime modulus (LM), respectively.
The results, as shown in Fig.11 (a)-(c), yielded strong correlations at 82, 95, and 83 % R2 for M 25, M 30, and M 40, respectively.
An inference can be made that the prediction of concrete splitting tensile strengths incorporating anacardium occidentale
(cashew) nutshell ash based on the reactivity indexes and mix design proportions is attainable with a good relationship.
Therefore, the model equations developed by this study would be advantageous in the prediction of splitting tensile strength
of concrete modified with AONSA by saving time and cost from conducting experimental laboratory works.
Fig. 11. Statistical comparison of experimental and predictive splitting tensile strengths for (a) grade 25, (b) grade 30, and (c) grade 40 at 28 days curing.
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4. Conclusions

The study analyzed the oxide compositions of PLC-AONSA blend using the XRF. The RIs were evaluated, and PLC-AONSA
concrete samples were produced. Both experimental works and statistical analysis were engaged, and consequent upon the
findings and research aims, the following sets of conclusions are made:

� There was about 3–13 %, 9–29 %, and 10–31 % increase in alumina oxide (Al2O3), and about 16–46 %, 19–46 %, and 15–50 %
increase in silica oxide (SiO2) as the percentage replacement of PLC by AONSA increased from 5 to 20 % for M 25, M 30, and
M 40, respectively.

� At 5–20 % AONSA replacement level, lime (CaO) decreased from 31 to 57%, 29–59 %, and 29–58 % for M 25, M 30, and M 40,
respectively.

� The reactivity, hydraulic, and lime moduli of PLC-AONSA mixed binder increases with increasing CaO, MgO, and Al2O3

contents. Both silica and alumina moduli increase with increasing SiO2 and Al2O3 materials, respectively.
� The splitting tensile strength of PLC-AONSA based concrete increases with increasing reactivity indexes.
� The maximum splitting tensile strength occurs at 15 % AONSA substitution.
� The correlation of experimental results with the proposed model equations yields high precision with 82–95 % R2 at 28
days curing.

The use of reactivity index concepts in the prediction of the splitting tensile strength of PLC-AONSA mix is attainable. The
study also affirms the high precision of the fit regression model in the correlation of the splitting tensile strength relative to
the reactivity indexes and the mix design proportions of the mix. Therefore, this study offers benefits to future research by
focusing on three prospective solutions. First, the developed model equations can be useful in the prediction of the tensile
strength of concrete incorporating SCMs against splitting, provided the chemical compositions are obtained. Second, it
proffers 15 % of AONSA optimum substitution in green concrete production for structural application. Third, apart from the
basic form, AONSA can be used as pozzolanic material for further request.
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