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Abstract: The present study examines the durability properties of Class 1 (50–75 MPa) high-
performance concrete (HPC) blended with rice husk ash (RHA) as a partial replacement of CEM II
B-L, 42.5 N. Six HPC mixes were prepared with RHA and used as 5%, 10%, 15%, 20%, 25%, and 30%
of CEM II alone and properties are compared with control mix having only CEM II. The binders (CEM
II and RHA) were investigated for particle size distribution (PSD), specific surface area (SSA), oxide
compositions, mineralogical phases, morphology, and functional groups using advanced techniques
of laser PSD, Brunauer–Emmett–Teller (BET), X-ray fluorescence (XRF), X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Fourier transform infrared/attenuated total reflection
(FTIR/ATR), respectively, to understand their import on HPC. Durability properties, including water
absorption, sorptivity, and chemical attack of the HPC samples, were investigated to realise the effect
of RHA on the HPC matrix. The findings revealed that the durability properties of RHA-based HPCs
exhibited an acceptable range of values consistent with relevant standards. The findings established
that self-produced RHA would be beneficial as a cement replacement in HPC. As the RHA is a
cost-effective agro-waste, a scalable product of RHA would be a resource for sustainable technology.

Keywords: durability properties; high-performance concrete; rice husk ash; superabsorbent poly-
mers; sustainability

1. Introduction

The construction industry contributes significantly to any economy, and its compo-
nents are vital to advancing socio-economic development goals of shelter, infrastructure,
employment, and improved well-being [1]. However, the industry has a long history of
negatively affecting the environment and human health. For instance, Rheude et al. [2]
attributed high energy consumption, depletion of natural resources, high global anthro-
pogenic CO2 emissions, waste generation, and air pollution to construction industry
activities. Notwithstanding the environmental menaces, Rheude et al. [2] further pointed
out that the construction sector is poised to build more urban space in the coming 40 years
than in the last 4000 years due to increasing population and urbanisation. The architecture,
engineering, and construction (AEC) projects require cement, a major constituent of mortar
and concrete cum basic and widely used building material. Adekoya [3] projected Nige-
ria’s local cement production capacity to hit 60 million metric tonnes per annum (MMT/a)
by 2022. The report further revealed that key players in Nigeria’s cement production,
including Dangote Cement PLC, has an installed capacity of 29.3 MMT/a, followed by
Lafarge Africa PLC at 10.5 MMT/a and BUA Group, which stands at 9 MMT/a with
expected plans to increase to 20 MMT/a at the end of 2022. The rise in cement production
in Nigeria will continue to increase 0.870 GtCO2 emissions recorded in 2015 [4]. Nigeria’s
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cement production sector largely contributes to the estimated 8% of the total anthropogenic
CO2 emission from the global cement production [5] during the clinkerisation process of
converting calcium carbonate into lime at approximately 1450 ◦C.

Among the various strategies to reduce greenhouse gases, especially CO2, clinker
substitution, i.e., replacing carbon-intensive clinker with supplementary cementitious
materials (SCMs), is one of the four major pillars for global carbon emission reduction
protocols. There are economic and environmental sustainability benefits accrued from
SCMs incorporation in a cement matrix. Zhang et al. [6] posit that approximately 25–30%
reduction of CO2 emissions can be achieved via cement replacement with SCMs. In the
same vein, Oyebisi et al. [4] stress that the absence of SCMs in many concrete structures
developed in the 20th and 21st centuries led to their deterioration between the first and
second decades of development. SCMs are noted to react and deplete the calcium hydroxide
in cement composite to form calcium silicate hydrate (C-S-H) gel responsible for more
strength development of concrete [6,7]. Hossain et al. [7] experimentally showed that
SCMs-based concrete demonstrates excellent or equivalent physical, mechanical, durability,
and microstructural properties compared to Portland cement.

In this respect, the continuous rise in urbanisation and industrialisation worldwide has
demanded concrete with better strength and durability properties in super tall buildings
and heavy civil engineering projects [6]. These AEC structural projects require high-
performance concrete (HPC) with better compressive, flexural, and tensile strengths, and
improved durability to resist attacking ions like chloride/sulphate or chemical agents. HPC
is traditionally described as concrete with improved strength, workability, and durability
performance, which cannot be attained with usual materials through standard mixing,
placing, and curing techniques [8–10]. The authors agreed that HPC has more cement
content than the normal strength concrete, including one or more SCMs like silica fume
(SF), fly ash (FA), ground granulated blast furnace slag (GGBS), metakaolin (MK), and
calcined clay (CC), rice husk ash (RHA), etc. It is achieved by lowering the water to binder
ratio (W/B) between 0.2–0.38 [11] and refining the pore structure and microstructure of
cement paste with SCMs. At the same time, workability is improved with a large dose
of superplasticiser [12,13]. The materials used are generally thoroughly picked superior
quality constituents with an optimised mix design. The aggregates have to be robust,
durable, and consistent with cement paste for stiffness and strength. The adoption of
HPC is an effective measure to reduce the structural element’s sizes without affecting the
load-carrying capacity [6]. According to Zhang et al. [6], HPC technology saves usable
space in buildings, reducing the dead load on structures with further minimisation of
foundation size and cost. Irrespective of the wide use of fly ash, silica fume, metakaolin,
etc., as a cement substitute in HPCs, RHA is gaining traction, especially in rice-producing
countries [14,15].

The addition of RHA as an SCM in the cement matrix looks attractive to managing the
large quantity of waste, especially in Nigeria, with rice production growth of approximately
70% in the last decade [16]. Ugbede et al. [17] reported that rice production in Nigeria
increased from 5.5 million tonnes in 2015 to 5.8 million tonnes in 2017, with a 5% annual
increase following federal government intervention policy on agriculture and economic
development. For every one-tonne rice paddy, approximately 40 kg of rice husk presents
environmental problems from widespread land occupation and disposal burning [18]. Rice
husk is a by-product of rice production, and its high silicon content makes it difficult to
degrade naturally [15]. It is mostly utilised as a fuel in electric generation, firing of clay
bricks, and rice processing plants. About 20% of rice husk converts to RHA through open
field burning or a controlled incinerator system, for which temperature and duration are
either monitored or not [19,20]. Adnan et al. [20] considered rice husk to be typically
preeminent in ash compared to other biomass fuels. A highly reactive RHA particle size
and surface area depends on the controlling temperature and burning environment the
rice husk is subjected to. The attractive property of RHA in blended cement comes from
87–97% of non-crystalline silica content, which is fibrous and lightweight, with an external
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high surface area [20]. The addition of RHA brings about denser microstructure and
homogeneity in concrete, preventing water and influencing chloride/sulphate ions and
chemical agent migration [18]. Consequently, Hu et al. [21] reported a compressive increase
of 11.3% at 28 days of hydration with a 15% replacement ratio with a high reactive RHA.

From the above, the use of highly reactive RHA with well-graded size distribution
and low W/B in a blended cement matrix can achieve a close microstructure and improved
durability in HPC. HPC is optimally designed with various fine materials, leading to a very
dense microstructure and low permeability. The low transport of moisture and attacking
ions impermeability generally improves the durability performances of HPC. Typical
durability evaluation of RHA-based cement blend has been determined through chloride
and sulphate ion penetration, acid attack, carbonation, shrinkage, sorptivity, porosity, and
water absorption resistance tests. Rumman et al. [14] evaluated the chloride permeability
resistance of high strength concrete at varied cement contents of 500, 425 and 350 kg/m3

by RHA contents of 0, 55 and 70 kg/m3, respectively. The W/B was fixed at 0.4 and 0.5
for each mix to propose a new mix design method that incorporates durability as a design
factor and RHA as an SCM. Their results revealed that up to 20% RHA content, chloride
permeability was reduced to approximately 63%. Hossain et al. [7] investigated the water
absorption and sorptivity of a high strength mortar containing RHA as an SCM. A mix ratio
of 1:3, with W/B of 0.4 and 0.5 at 5–20% cement replacement of five steps, was adopted.
The hardened mortar samples were subjected to two different curing schemes (standard
and high-temperature curing) for 1, 7, and 28 days. The water absorption and sorptivity
test results revealed that RHA blended mortar with a high-temperature curing method
showed an overall decline in water absorption and sorptivity.

Sahoo et al. [18] assessed the durability properties (water permeability, sorptivity,
porosity, chloride permeability, carbonation resistance, and weight loss due to acid attack)
of a normal strength concrete blended with RHA. At 15% RHA content cured for 28 and
60 days, sulphur acid attack reduced by 7% whereas the water permeability reduced by
15% at 90 days. The carbonation resistance result showed approximately 0.13 cm/day0.5

in the magnitude of co-efficient of carbonation at 90 days. Chloride ion penetration
recorded a reduction of approximately 15% at 10% RHA content, whereas 15% RHA
content increased to 26.1%. Similarly, De Silva et al. [19] examined the effect of waste
RHA residual ash from rice husk fueled brick kilns on the durability properties of a
plastering mortar. With 550 kg/m3 cement content, RHA was varied from 5–10% in five
steps. Their finding showed a reduction of 54% and 70% in sulphate exposure for 5%
and 10% RHA content. Weight loss in an alkaline environment reduced from 3.13% to
2.4% in 10–15% RHA content. Swaminathan et al. [22] investigated the influence of a
ternary mix of Portland cement, metakaolin, and RHA on the durability properties of an
M60 grade HPC. Their results revealed that the durability dimensions of water absorption,
sorptivity, porosity, and permeability penetration improved due to RHA’s presence in
the mixture. Finally, Wang et al. [15], in their review of RHA performance on cement-
based materials under various W/B, pointed out within 10–25% RHA content, chloride
penetration resistance is optimised, carbonation resistance best improved at 20%, and
shrinkage resistance optimisation stands at approximately 10–20% cement replacement.
Wang et al. [15] placed sulphate resistance optimisation at 40 and 50% RHA content in the
cementitious material. Generally, the authors noted that tested concrete and mortar samples’
durability and mechanical properties improved within 10% and 20% of RHA content.

RHA has attracted a lot of research on the strength properties of normal strength
concrete and mortar. However, few studies are available on durability dimensions of HPC,
especially in developing countries like Nigeria. Hence this study investigates the durability
properties of water absorption, sorptivity, and chemical attack of a fibrous RHA blended
in HPC mixtures. The aim is to understand the feasibility of incorporating a controlled
incinerated RHA into an HPC matrix in fulfilling its long-term durability properties. The
information will be relevant for further RHA use in sustainable construction materials and
the industry’s growth.
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2. Materials and Methods
2.1. Materials
2.1.1. Binders

Portland-limestone cement (CEM II B-L, 42.5 N) conforming to BS EN 197-1 [23] and
NIS 444-1 [24] is used as the main binder in the current experiment. Here, RHA is used
as a replacement for CEM II and produced in a controlled incinerator at 700 ◦C for 1 h in
an electric furnace and pulverised using a grinding mill at Laboratory of Nigeria Cereals
Research Institute, Baddegi, near Bida in Niger State, Nigeria. The workability of the HPC
samples was improved using Masterglenium Sky 504—a polycarboxylic ether polymer-
based superplasticiser supplied by BASF Limited (Lagos, Nigeria) and used within the
manufacturer’s best specification of ≤2% weight of binder (bwob). The internal curing
agent of superabsorbent polymers (SAP) tagged “FLOSET 27CC ≥ 300 µm” was added
at fixed content of 0.3% by bwob. The particle size distribution (PSD) and specific surface
area of the binders were measured via the laser PSD (Malvern Mastersizer 3000, Worcester-
shire, UK) and Brunauer–Emmett–Teller, BET (Nova Station B Quantachrome Instrument,
Boynton Beach, FL, USA) methods. Oxide compositions, mineralogical phases, and the
morphology of the binders were analysed using X-ray fluorescence, XRF (Bruker AXS S4,
Explorer, Karlsruhe, Germany), X-ray diffraction, XRD (Rigaku Miniflex 600, Washington,
DC, USA), and scanning electron microscopy, SEM (Phenom ProX, PhenomWorld, Eind-
hoven, The Netherlands) techniques, respectively. The functional groups were investigated
with Fourier transform infrared/attenuated total reflection, FTIR/ATR (Cary 630, Agilent
Technologies, Penang, Malaysia).

2.1.2. Aggregates

Dry-conditioned river sand with a nearest particle size of 300 µm was used as fine
aggregate in the experimental study [9,25]. Similarly, a 13.50 mm crushed granite stone
retained on a 9.50 mm sieve size served as a coarse aggregate [9,26]. The coarse aggregate
was washed to remove compromising materials and implemented at saturated surface dry
condition. The mechanical and physical properties of the aggregates were also analysed
for PSD (standard sieves), specific gravity, water absorption, aggregate crushing, and
impact values.

2.1.3. Water

Portable water devoid of any toxic and floating materials and complying with BS EN
1008 [27] was used to prepare the HPCs.

2.2. HPC Mix Design

In line with the goal of this experimental work, seven variant mixtures inclusive of a
control mix were designed. The control mix was designed for 28-day Class 1 (50–75 MPa)
HPC having characteristic cube strength of 67 MPa, following the British method of HPC
design. The other six HPCs mixtures were designed by replacing 5%, 10%, 15%, 20%,
25%, and 30% with RHA. A fixed 0.3 and 0.3% for W/B and SAP content by bwob was
maintained, respectively, and superplasticiser content of 1.5% bwob was added for all the
HPC mixtures to improve the workability. Added water of 12.5 g/g of SAP was furnished
for the SAP permeability on the basis of the work of Olawuyi [28]. Each constituent of
HPC was measured by weight (kg/m3), and hence, the RHA additive was taken to be by
weight of the binder. The HPC assemblies were labelled with the name “RHAC” and the
replacement level. For instance, the HPC having RHA with 5% replacement was implied as
RHAC-5. The details of the number of materials computed for all the seven HPC mixtures
and their mix identifications are presented in Table 1.
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Table 1. Mix Constituents of HPC with RHA.

Mix ID
Water

(kg/m3)

Cement-
CEM II
(kg/m3)

RHA
(kg/m3)

Coarse
Aggregate

(kg/m3)

Sand
(kg/m3)

SAP
(0.3% bwob)

(kg/m3)

Superplastiser
(1.5% bwob)

(kg/m3)

Water/Binder
(W/B)

(kg/m3)

Extra
Water

(kg/m3)

Control 156 540 0 1050 700 1.62 8.10 0.3 20.30

RHAC-5 156 513 27 1050 700 1.62 8.10 0.3 20.30

RHAC-10 156 486 54 1050 700 1.62 8.10 0.3 20.30

RHAC-15 156 459 81 1050 700 1.62 8.10 0.3 20.30

RHAC-20 156 432 108 1050 700 1.62 8.10 0.3 20.30

RHAC-25 156 405 135 1050 700 1.62 8.10 0.3 20.30

RHAC-30 156 378 162 1050 700 1.62 8.10 0.3 20.30

2.3. Production of Fresh HPC, Sample Casting, and Curing

Having obtained the required materials, they were mixed in a 50 litre pan-mixer to
obtain a uniform workable mix. First, the fine aggregate followed by the binders were
mixed in the pan-mixer for 1 min. Next, dry SAP particles were added, and all the fine
contents were mixed for another 30 s. After that, the coarse aggregate was introduced, and
mixing was maintained for 1 min before water previously mixed with superplasticiser was
added. Finally, the mixing was sustained for an additional 3 min to obtain a harmonised
workable fresh HPC mix, as proposed in the literature [28,29]. The fresh HPC was later un-
dertaken for workability test via the slump flow. After fulfilling the workability standards
fixed at 450 mm–600 mm flow value [9], the fresh HPC was poured into various previously
oiled moulds of specified sizes. The specimens for the various tests were cast in two layers
on a vibrating table. The cast samples were then protected in the laboratory with thick
vapour barriers and allowed to harden for 24 h before demoulding, and they were then left
to cure in a water tank at 20 ± 3 ◦C until the required curing ages (7, 28, 56 and 90, days
respectively) before testing in accordance to standards [30–33].

2.4. Testing Procedures

The details concerning the specimen type, testing age, and standard followed for each
test developed in the experimental study is provided in Table 2. The water absorption
was examined on 100 mm size cubes following EN, B. 1097-6 [31]. The HPC samples
were initially immersed in water for 28, 56, and 90 days with their weight obtained and
tagged Mwet. After that, the samples were oven-dried at 110 ± 5 ◦C in triplicates pending a
stable weight for 24 h. The dry samples were left to cool and then measured and recorded,
denoted as Mdry. The water absorption value was analysed by subtracting the dry samples’
weight from the saturated sample, dividing the result by the dry sample’s weight, and
multiplying by 100. Mathematically, water absorption, WA, value can be expressed as in
Equation (1):

Mwet − Mdry
Mdry

× 100 (1)

where WA (%) is the water absorption value; Mwet is the wet sample’s weight; and Mdry is
the dry sample’s weight.

In the same vein, for investigating the water sorptivity test, water was allowed via
a face of the Ø100 × 50 mm disc specimen under capillary action in line with ASTM
C1585-04 [30]. First, the disc samples in triplicates were oven-dried at 110 ± 5 ◦C until
reaching a fixed weight for 24 h. The discs were weighed again before dipping in approx-
imately 30 mm of water. Samples were kept there for approximately 7 h, and data were
recorded after 5, 10, 15, 30, 60, 120, and 180 min. The samples were then removed and
weighed again to observe the amount of absorbed water. Equation (2) shows the results:
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I = S.t0.5 (2)

where I represents the cumulative ingress of water in mm, S is the sorptivity coefficient,
and t, min is the sample’s immersion time in the water. The mass of water absorbed into the
specimen was converted into the volume. The volume of water plotted against the square
root of time gives a straight line. The sorptivity coefficient was calculated by measuring
the slope of this straight line. A best-fitted line was then computed using a regression
analysis of data points for every HPC mix. The slope of the best-fitted line was the rate of
absorption for that mixture.

Table 2. Details of tests and the specimen.

Test Conducted Code Referred Testing Age
(days) Sample Size

Water absorption test EN, B. 1097-6 (2013) 28, 56 and 90 100 mm cubes
Water Sorptivity test ASTM C1585-04 (2007) 28, 56 and 90 Ø100 × 50 mm disc

Chemical attack test (acid, sulphate, and
chlorine resistances) ASTM C267-20 (2020) 7, 28, 56 and 90 100 mm cubes

Compressive strength test BS EN 12390-3 (2019) 7, 28, 56 and 90 100 mm cubes

The chemical attack of the HPCs was evaluated by immersing the specimen in 5%
hydrochloric acid (HCl), 5% sodium sulphate (Na2SO4), and 5% calcium chloride (CaCl2)
solutions, respectively. The pH of the acidic, chloride, and sulphate environments were
studied during the testing cycle. The solutions were renewed every 30 days after checking
the pH of the solutions. The specimens were removed at 7, 28, 56, and 90 days after
being exposed to acid, chloride, and sulphate solutions and washed with water. The
effects of acid, chloride, and sulphate attack were evaluated based on compressive strength
assessment. The compressive strength followed BS EN 12390-3 [32] and RILEM Technical
Recommendation TC14-CPC 4 [34]. The HPC cubes were investigated using the Model YES-
2000 digitised Materials Testing Machine (Eccles Technical Engineering Ltd., England, UK)
with a 2000 kN maximum loading capacity.

3. Results
3.1. Characterisation of Binders
3.1.1. Physical Properties of Binders

Figure 1 shows that 90% (D90) of CEM II and RHA particles are smaller than 4000
and 3900 nm, respectively. The median particle size, D50 of CEM II and RHA is 48.8 and
3200 nm, respectively. Furthermore, the particle size below 10% (D10) falls within 4.88
and 160 nm, respectively, for the same samples. From Table 3, the SSA measured via
the MultiPoint BET model showed 8.182 × 102 and 4.649 × 102 m2/g for CEM II and
RHA, respectively. The pore diameter of the binders analysed through the DA BET mode
indicated corresponding values of 2.92 and 1.52 nm for CEM II and RHA samples. Based
on these values, CEM II particles are finer than RHA particle size with a surface area close
to each other. The physical properties of CEM II is available at [11]. Comparing the two
binder’s DA BET analysis, the RHA sample has a lower pore size diameter, conforming to
macro-mesoporous material [35] and the SSA conforming to Kwan and Wong [36].



Crystals 2022, 12, 75 7 of 21Crystals 2021, 11, x FOR PEER REVIEW 7 of 21 

 

Figure 1. Particle size distribution of binders. 

Table 3. Physical properties of binder materials. (Nduka et al., 2021). 

Properties CEM II  RHA
Specific gravity 3.12 2.15 

MultiPoint BET specific surface area (m2/g) 8.182 × 102 4.649 × 102 
Soundness (%) 0.75 - 

Initial and final setting times (min) 90 and 205 - 
Pore diameter mode-DA (nm) 2.92 1.52 

D90 4000 3900
D50 48.8 3200
D10 4.88 160

3.1.2. Chemical Composition of Binders 
The results in Table 4 inform the choice of the SCM having functional oxides (SiO2 + 

Al2O3 + Fe2O3) of 82.62% and conform to ASTM Standard C 618 [37]. The chemical com-
position of CEM II is available at [11] study. The total amount of silica, alumina, and iron 
oxide required for mineral admixture’s amorphousness is rated to be above 70%. This 
standard only guides mineral admixtures’ potential reactivity [38]. RHA here contains 
80% SiO2, 1.8% Al2O3, 0.8% Fe2O3, and 0.8% CaO. It can be noticed that the Fe2O3 of CEM 
II (3.19) was greater than the RHA (0.79), which could be responsible for the higher spe-
cific gravity and density. However, the oxide percentage of RHA depends on the type, 
source, origin, and calcination systems. CEM II contains CaO and SiO2 of approximately 
57% and 15%, respectively. The CaO and SiO2 oxide percentage values obtained here are 
below the limits of 60–67% (CaO) and 17–25% (SiO2), respectively, recommended by New-
man and Choo [39] for 42.5 N cement class. There exists a 9.18% difference in the useful 
chemical oxides found in the RHA used in the present study and those reviewed by Mosa-
berpanah and Umar [40]. For example, they found the average useful oxides of SiO2, 
Al2O2, and Fe2O2 in RHA in India, Vietnam, Malaysia, Brazil, and the USA to be 90.98%. 
Therefore, RHA’s chemical oxide composition generally conforms to class N of ASTM C 
618 [37] minimum requirements for possible pozzolans. 

Table 4. Chemical composition of CEM II and RHA. (Nduka et al., 2021) 

Oxides SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O M2O5 P2O5 TiO2 LOI 
RHA (%) 80.02 1.81 0.79 0.82 0.74 0.08 1.01 0.00 0.26 4.31 0.43 10.62 

CEM II (%) 15.38 4.14 3.19 56.92 2.44 1.59 0.21 0.04 0.04 0.28 0.21 15.59 

0
10
20
30
40
50
60
70
80
90

100

0 1 10 100 1,000 10,000

%
 P

as
sin

g

Particle Size (nm)
RHA CEM II, 42.5 N

Figure 1. Particle size distribution of binders.

Table 3. Physical properties of binder materials. (Nduka et al., 2021).

Properties CEM II RHA

Specific gravity 3.12 2.15
MultiPoint BET specific surface area (m2/g) 8.182 × 102 4.649 × 102

Soundness (%) 0.75 -
Initial and final setting times (min) 90 and 205 -

Pore diameter mode-DA (nm) 2.92 1.52
D90 4000 3900
D50 48.8 3200
D10 4.88 160

3.1.2. Chemical Composition of Binders

The results in Table 4 inform the choice of the SCM having functional oxides
(SiO2 + Al2O3 + Fe2O3) of 82.62% and conform to ASTM Standard C 618 [37]. The chemical
composition of CEM II is available at [11] study. The total amount of silica, alumina, and
iron oxide required for mineral admixture’s amorphousness is rated to be above 70%. This
standard only guides mineral admixtures’ potential reactivity [38]. RHA here contains 80%
SiO2, 1.8% Al2O3, 0.8% Fe2O3, and 0.8% CaO. It can be noticed that the Fe2O3 of CEM II
(3.19) was greater than the RHA (0.79), which could be responsible for the higher specific
gravity and density. However, the oxide percentage of RHA depends on the type, source,
origin, and calcination systems. CEM II contains CaO and SiO2 of approximately 57% and
15%, respectively. The CaO and SiO2 oxide percentage values obtained here are below the
limits of 60–67% (CaO) and 17–25% (SiO2), respectively, recommended by Newman and
Choo [39] for 42.5 N cement class. There exists a 9.18% difference in the useful chemical
oxides found in the RHA used in the present study and those reviewed by Mosaberpanah
and Umar [40]. For example, they found the average useful oxides of SiO2, Al2O2, and
Fe2O2 in RHA in India, Vietnam, Malaysia, Brazil, and the USA to be 90.98%. Therefore,
RHA’s chemical oxide composition generally conforms to class N of ASTM C 618 [37]
minimum requirements for possible pozzolans.
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Table 4. Chemical composition of CEM II and RHA. (Nduka et al., 2021).

Oxides SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O M2O5 P2O5 TiO2 LOI

RHA (%) 80.02 1.81 0.79 0.82 0.74 0.08 1.01 0.00 0.26 4.31 0.43 10.62
CEM II (%) 15.38 4.14 3.19 56.92 2.44 1.59 0.21 0.04 0.04 0.28 0.21 15.59

3.1.3. Mineral Phases of Binders

Figure 2 shows the diffractograms of CEM II. There is a reflection of quartz (SiO2),
wollastonite (Ca Si O3), garnet (Ca, Fe, Mg) O Al, Fe . . . )), osumilite (K-Na-Ca-Mg-Fe-
Al-Si), and calcite (CaCO3). Osumilite mineral takes the most dominant phase of 19%,
followed by garnet with 16% phase representation by weight. The presence of quartz
mineral, which is mostly not affected by heat treatment [41], is seen in the diffractograms
phase spectra at 6%. Wollastonite and calcite minerals were visible at 4% and 3% weight
content, respectively. The two major chemical oxide components (calcium and silica oxides)
presents osumilite as having good potential for cement production [42]. The result is
coherent with the XRF data of CEM II studied here. Figure 3 shows the phase pattern
view of the calcined RHA highlighting quartz (SiO2), apatite (Ca5 (F.Cl) P3O12), englishite
(K3 Na2 Ca10 Al15 [PO4]), and garnet 3(Ca, Fe, Mg) O. Al, Fe) as the mineral contents of
the studied sample. The spectrum peak pattern can be described as apatite (13%) as the
most dominant mineral present in the calcined RHA, followed by garnet and englishite
with 4% mineral deposits. Quartz (SiO2) has the lowest mineral peak phase of 3%. The
XRD examination confirms the SiO2 chemical oxide composition dominance in the XRF
analysis. Thus, the result further revealed that calcining RHA up to 700 ◦C could produce
an amorphous material (76%) suitable for concrete improvement.

Figure 2. The XRD patterns of CEM II.
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Figure 3. The XRD patterns RHA.

3.1.4. Morphology of Binders

The SEM images of the two binding materials put together (CEM II and RHA) are
shown in Figures 4 and 5, respectively. Figure 4 projects the SEM images of CEM II used
in this study when viewed at 100 µm and 200 µm magnification settings. The images
are irregular, close to angular in shape, and interconnected. Micro-air space (dark spots,
C) detaches the grains, prompting the specific grains to be recognised. The CEM II SEM
image also indicated two grey band readings for particles (i.e., light grey, A and dark
grey, B) portraying C3S (alite) and C2S (belite), respectively. The white spots represent the
Fe+ or Al+ in C3S or C4AF. The results from the morphology of CEM II is consistent with
Joshua et al. [43] SEM findings on major cement brands in Nigeria. The SEM image of the
whitish RHA powder (Figure 5) particle at the same 100 µm and 200 µm magnifications also
showed a smooth broad surface and slightly irregular shaped particles. The SEM image
manifested dark grey and light grey irregular shapes indicated as G and H, respectively, in
Figure 5.

3.1.5. FTIR/ATR of Binders

Figure 6 shows the FTIR/ATR transmittance spectra of anhydrite CEM II, 42.5 N. The
IR bands at 712, 872, 910, 1111, 1420, 1685–1793, and 3381–3422 cm−1 emerged as a result
of v4—stretching of carbonate, v2—out of plane vibration CO3

2−, S–O stretching of SO4
2−,

v3—asymmetric stretching of CO3
2−, bending mode of water, presence of CaCO3, and

stretching of OH band, respectively [44]. The weak peak of 3422 cm−1 in the high zone
highlights OH stretching of Ca(OH)2, indicating a poor portlandite formation. The close
absorption bands between 3381 and 3422 cm−1 in the FTIR spectra’s peak region revealed
that CEM II contains fewer water molecules. Figure 7 shows the IR spectra obtained from
the calcined RHA characterised in this work. Peak identification was performed based on
studies by Srivastava et al. [45] and Totlani et al. [46]. According to the authors, at 3709
and 2920 cm−1 bands, both free and hydrogen-bonded OH groups and Si–OH group on
the adsorbent surface exist. The stretching arises due to the silanol groups (Si–OH) and
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adsorbed water on the surface. The author pointed out that CO groups’ transmittance of
vibration in lactones occurs at 1050–1300 cm−1 bands. The presence of Si–H is usually at
793 and 469 cm−1 bands.

Figure 4. The SEM images of CEM II.

Figure 5. The SEM images of RHA.
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Figure 6. The FTIR/ATR spectra of CEM II.

Figure 7. The FTIR/ATR spectra of RHA.

As shown in Figure 7, there appear to be steady transmittances of Si–OH groups,
Si–CH–CH2 stretch, and aromatic compounds (H–C), respectively, from 3700 to 1300 cm−1

bands. The peak of the 1066 cm−1 band may be attributed to CO groups’ vibration
transmittance in lactones. Finally, the presence of Si–H is seen at the transmittance peak of
793 cm−1 bands. All the spectra conform to those found in the literature [45–47].
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3.2. Characterisation of Aggregates

The PSD plot in Figure 8 shows that the fine aggregate sample is medium sand of
Shetty [48] group, whereas the coarse aggregate used for the study is uniformly graded
stone. The physical characteristics of the fine and coarse aggregate are tabulated in Table 5
available in [11] study.The fine aggregate recorded fineness modulus (FM) of 2.87; coeffi-
cient of uniformity (Cu) of 2.39; coefficient of curvature (Cc) of 0.94; specific gravity (SG)
of 2.65; and water absorption = 1.2% in the physical properties’ tests. In the same vein,
the coarse aggregate analysed for the study had a specific gravity of 2.7, water absorption
of 1.05%, aggregate crushing, and impact values of 28% and 11%. These findings were
expected and reinforced the usefulness of sieving out finer particles of the river sand with
300 µm sieves and washing coarse aggregate to minimise the dust content, which complied
with requirements in the literature [25,49]. There are similarities in fineness modulus (2.87)
and the specific gravity of sand (2.79) between the present study and those described by
Mermerdaş et al. [50]. The particle size distributions of the fine and coarse aggregates in
the present study are consistent with the description of aggregates used in Zhou et al. [51].

Figure 8. Particle size distribution of aggregates.

Table 5. Physical and mechanical properties of aggregates. (Nduka et al., 2021).

Material Properties Fine Aggregate Coarse Aggregate

Fineness modulus (FM) 2.87 -
Specific gravity (SG) 2.65 2.7
Water absorption, % 1.20 1.05

Aggregate crushing value, % - 28
Aggregate impact value, % - 11

D10 360 10,000
D30 540 11,000
D60 860 13,000
Cu 2.39 1.30
Cc 0.94 0.93
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3.3. Workability (Slump Flow)

The plot showing the observed slump flow values for the control and mixes containing
RHA at various percentage replacements is presented in Figure 9. It can be observed from
the figure that the slump flow for HPCs blended with RHA recorded increases of 4.81%,
8.65%, and 1.92% for RHAC-5, RHAC-10, and RHAC-15 mixtures, respectively, when
compared to the control mixture. Additionally, RHAC-20, RHAC-25, and RHAC-30 had a
reduced slump flow of 11.53%, 23.08%, and 39.42%. This phenomenon may be because the
ground RHA had a particle size distribution similar to CEM II, so there was a high-water
demand effect. The results from RHAC-5 to RHAC-20 are in conformance to the slump flow
range of 450 mm–600 mm, as recommended by Neville [9]. An important issue emerging
from these results is that HPC containing RHA as a cement substitute requires more water
than the control mix to develop similar workability.

Figure 9. Slump flow of HPC made with different contents of RHA.

3.4. Durability Properties of RHA-Based HPC
3.4.1. Water Absorption of HPC

The average test results for the RHA blended HPCs’ water absorption at 28, 56,
and 90 days are illustrated in Figure 10. The water absorption varied in the ranges of
1.27–3.88% for 28 days, 2.80–5.62% for 56 days, and 2.50–5.13% for 90 days. Most findings
are inconsonant with the acceptable range of water absorption for HPC, as pointed out by
ASTM C 642 [52]. The standard specifies high-quality concrete to have water absorption in
the range of 2–5%. Thomas [53] averred that low range water absorption in RHA based
concrete is due to the limited pore connectivity and reduced porosity of the concretes.
However, the water absorption of RHAC-30 was higher than the specified standard at
56 and 90 days, respectively. This increase may be related to the apparent porosity features
of RHA. Once the apparent porosity of RHA based HPC increases, it is anticipated that
water absorption will increase. The increase in water absorption of RHA based concrete is
reported by Olutoge and Adesina [54] while relating the phenomenon to the hygroscopic
nature of RHA material. As can be seen, there was a slight improvement at 90 day
observations. All the RHA blended mixtures showed improvement at 90 days curing
compared to the 56 days observation. The water absorption of the HPCs increased with a
greater RHA content, as evident in all the RHA based HPCs at curing days. The control
sample attained the lowest level of water absorption in all curing days. Usually, water
absorption is affected by the water to cement ratio, the paste’s content and volume in the
concrete mix. In this light, water absorption will increase when the volume content of
RHA increases.
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Figure 10. Water absorption development of HPCs incorporating RHA at different curing days.

3.4.2. Sorptivity of HPCs

The variations of water absorption by capillary pressure in relation to time passed
are depicted in Figures 11–13. The absorption rate (sorptivity coefficient) graphs for RHA
blended HPCs were computed between the change in weight per unit area over the unit
weight of water and the period’s square root (minutes).

Figure 11. Sorptivity characteristics of HPCs with RHA for 28 days.
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Figure 12. Sorptivity characteristics of HPCs with RHA for 56 days.

Figure 13. Sorptivity characteristics of HPCs with RHA for 90 days.

Figures 11–13 depict the effects of blended RHA on the water sorptivity of HPC at
28, 56, and 90 days. The capillary water action decreased as the curing days progressed
for the control mix. The RHA blended mixtures water sorptivity fluctuated due to the
RHA’s pore structure, particle size distribution, and specific surface area affecting their
microstructure and cement hydration. A 28-day CEM II had the highest water capillary
ingress of approximately 5.5–6.4 mm over the 180 min inspection time. The RHA blended
HPCs had an average water sorptivity of 2.93 mm, higher than that of the control mix
(1 mm). A similar trend continued for 90 days; the average water ingress was computed to
be 2.96 mm for the MCC blended HPCs.

The control at the same age had a lower water absorption value (0.44 mm) than the
RHA blended mix. The 10% cement replacements at 28 and 56 days gave the best water
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sorptivity values, supporting the mechanical properties results. These inconsistencies may
be due to RHA’s micro, macro, and mesoporous structure, which influenced its pozzolanic
activity and specific surface area. The RHA blended matrix performed slightly more
poorly in water sorptivity compared to the control mix. A reverse behaviour could be
expected regarding a higher specific surface area, pore structure, and pore size distribution
given in Table 4. The binary mix of cement (slightly finer than RHA) and calcined RHA
is expected to yield a higher packing density in a granular mixture [55]. Therefore, this
study’s findings situate well with Vieira et al. [35], who studied the effects of various
particle size distribution and replacement contents of RHA on the compressive strength
of HPC.

Table 6 reports the correlation coefficient of RHA modified HPC at 28, 56, and 90 days.
The control mix showed a near relationship between the rate of absorption and the square
root of time at 28 days with a computed coefficient of correlation (R2 = 0.83), whereas
56 and 90 days had close to insignificant coefficients of correlation (R2 = 0.98 and 0.94,
respectively). This finding is an indication of further hydration tendencies of the tested
samples as curing days increased. The correlation coefficients were R2 = 0.98, 0.96, 0.99; 0.88,
0.98, 0.94; 0.97, 0.95, 0.99; 0.98, 0.88, 0.96; 0.95, 0.96, 0.99 and 0.92, 0.98, 0.95, respectively, for
RHAC-5, RHACC-10, RHACC-15, RHACC-20, RHACC-25, and RHACC-30, respectively.
These data must be interpreted with caution because of their close relationships. ASTM
C 1585 [30] pointed out that “If the data between 1 min and 6 h do not follow a linear
relationship (a correlation coefficient of less than 0.98) and show a systematic curvature,
the initial rate of absorption cannot be determined”. The correlation coefficient of RHAC-5
was near significant in 28 and 56 days and significant at 90 days. RHAC-10 recorded a
moderate significant difference at 28 days. MCCC-15 to MCCC-30 mixtures highlighted
varied insignificant differences in the measured coefficient of correlation across the 28,
56, and 90 day tests. There are several possible explanations for this result. For example,
Le and Ludwig [55] found that adding calcined RHA in cement matrix increases cement
hydration due to their nucleation and dilution effects coupled with higher packing density
in granular mixtures.

Table 6. Summary for sorptivity correlation coefficient of RHA blended HPCs.

Mix ID/Sorptivity Correlation Coefficient
28 Days 56 Days 90 Days

R2 R2 R2

Control 0.8252 0.9653 0.9955
RHAC-5 0.9770 0.9602 0.9899
RHAC-10 0.8682 0.9751 0.9361
RHAC-15 0.9728 0.9521 0.9939
RHAC-20 0.9800 0.8810 0.9612
RHAC-25 0.9497 0.9619 0.9955
RHAC-30 0.9180 0.9767 0.9476

3.4.3. Chemical Durability: Acid Attack, Sulphate Attack, and Chloride Attack on HPCs

Figures 14–17 show the 7, 28, 56, and 90 day compressive strength of hardened
HPCs with the different replacement of cement by RHA exposure to acid, sulphate, and
chlorine attacks.

From the figures, the control exhibited a compressive strength variation between
2.20 and 14.02% after 7, 28, 56, and 90 days of acid, sulphate, and chlorine solutions
curing and compared with water immersion curing. There is a decrease in percentage
compressive strength loss as the curing ages increase in the HPC control sample. At all
the mix types, the chlorine environment showed a relatively high impact on the tested
sample compressive strength. The RHAC-5 mixture exhibited a compressive strength
drop between 10.59 and 22.02% after 7, 28, 56, and 90 days of acid, sulphate, and chlorine
curing. Whereas for other mixes (RHAC-10 to RHAC-30), the compressive strength drops
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between water and other chemical environments curing obtained was in the range of 2.83 to
9.81% at 7, 28, 56, and 90 days. HPCs containing RHA tend to show superior compressive
strength reduction in the studied chemical environments. Analysing the results, it can
be inferred that mesoporous RHA particles dominated the void areas in HPC, leading to
reduced acid and sulphate attacks and chlorine migration into the matrix. The findings
here complied with Thomas [53] on optimised 15–20% cement replacement with RHA
capability of reducing acid attack and chloride penetration in concrete.

Figure 14. Compressive strength of RHA blended HPC cured in water.

Figure 15. Compressive strength of RHA blended HPC cured in an acid environment.
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Figure 16. Compressive strength of RHA blended HPC cured in a sulphate environment.

Figure 17. Compressive strength of RHA blended HPC cured in a chlorine environment.

4. Conclusions

The current paper examines the durability dimensions of water absorption, sorptivity,
and chemical attack of an HPC blended with an agricultural by-product of RHA. CEM II
was replaced at 5%, 10%, 15%, 20%, 25%, and 30% with RHA, having a constant 0.3 W/B
and a 0.3% by weight of binder content of SAP in the HPC mixture. The plastic property of
the mixture was evaluated using the slump flow test, and the results were compared with
the propositions of Neville [9]. The following inferences are drawn from the research.

• The RHAC-5 to RHAC-20 are the only RHA based HPC that conformed to the slump
flow range of 450 mm to 600 mm.
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• The water absorption values obtained in RHA based HPCs are within the 2–5%
acceptable range of water absorption for HPC, conforming to ASTM C 642 [52].

• The sorptivity correlation coefficients are less than or equal to 0.98 for RHA blended
HPCs, conforming to ASTM C 1585-04 [30].

• Mesoporous RHA particles dominated the void areas in HPC, leading to reduced acid
and sulphate attacks and chlorine migration into the HPC matrix.

• The chlorine environment at all the mix types showed a relatively high impact on the
tested samples’ compressive strengths.

• These findings validated that that locally produced RHA would have potential as a
cement replacement in HPC.

• Subsequently, the RHA is an economical agro-waste; a scalable product of RHA would
be a resource to sustainable technology.
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