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Abstract: Research on the combined substitution of supplementary cementitious materials (SCMs) has
already demonstrated that it might be one of the few viable options to produce low-carbon concrete
at scale. This paper presents an experimental investigation on the performance and durability
of rice husk ash (RHA) and calcined clay (CC) in ternary blended concrete exposed to chloride
attacks under wet/dry cycles. Portland cement (PC) was replaced by RHA and CC up to 50% by
weight to produce low-carbon concrete. Samples were subjected to wet/dry cycles in 3.5% NaCl
water, with mineralogical composition and microstructure development before and after exposure
analysed by TGA-DSC, MIP, XRD, and SEM. The durability of the concrete against wet/dry cycles
was investigated in terms of compressive strength, water absorption, open porosity, density, thermal
conductivity, and electrical resistivity. The results showed that concrete mixes with CC and RHA up
to 60% exhibited an increase of 33% in compressive strength, followed by minimal changes in water
absorption. While a decrease in electrical resistivity was measured in all samples with RHA and CC,
increasing the CC content to 50% resulted in improved resistance to chloride penetration. Increasing
the CC content resulted in a more refined microstructure, with an overall decrease in porosity of up to
32% compared to the control series. While RHA alone did not contribute to significant improvements
after wet/dry cycles, the combined substitution of RHA and CC at SCM replacement levels of 60%
showed an overall improvement in hardened properties and durability. This investigation provides
valuable insights into the long-term performance and strength of innovative low-carbon concrete.

Keywords: calcined clay; rice husk ash; concrete durability; wet/dry cycle

1. Introduction

In an endeavour to decarbonise the concrete industry, critical innovations and solutions
have been triggered to design highly durable structures [1]. The rising concern over
climate change has shifted the focus to the cement industry which is one of the most
energy-intensive sectors responsible for producing up to 9% of worldwide greenhouse
gas emissions. The substantial growth in under-developed countries has led to a massive
investment in infrastructure, representing their economic development [2]. This growth
directly relates to the increase in cement production that is expected to rise exponentially by
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the year 2050 [3]. Continual threats from global emissions pose challenges for researchers.
Meanwhile, the disposal of agro-waste and industrial waste pose both a threat and an
opportunity that researchers have been exploiting [4]. Over the past years, additional
binders, other than conventional fly ash, silica fume, and GGBS, have been introduced
to reduce the impact of greenhouse gases on the concrete industry [5–7]. These binders
are called supplementary cementitious materials (SCMs) and are used as a replacement
for Portland cement (PC) to contribute to improving the fresh, mechanical, and durability
properties of concrete. Agricultural residues such as palm oil fuel ash, cassava ash, bagasse
ash, and rice husk ash (RHA) demonstrate significant potential for use as SCMs. Rice husk
(RH) emerges as the predominant by-product in the rice milling industry, often disposed
of through open-field burning, leading to the release of toxic gases and posing various
human and environmental risks [8]. Each tonne of paddy rice produces approximately
200 kg of rice husk, leading to the production of 40 kg of ash on combustion. When burnt
in controlled conditions, rice husk produces ash that can contain up to 90% amorphous
silica depending on the sintering temperature and duration. RHA is a promising SCM
due to its higher silica content and availability in many developing countries. More than
70 million tonnes of RHA is produced annually worldwide, which can be successfully used
to produce concrete [9].

Owing to the presence of a high amount of reactive SiO2, RHA obtained through a
controlled combustion process reacts with Ca(OH)2 in concrete to form calcium silicate
hydrate (CSH) [8]. Thus, the microstructural changes due to pozzolanic reactions modify
the cement paste that adds values to cement hydration consequently increasing the strength
of concrete [10]. As suggested by [11], the addition of RHA to concrete densifies its
microstructure, thus reducing the porosity at later ages rather than early ages. The higher
alkali content of RHA increases the pH and thus accelerates the rate of cement hydration
and the pozzolanic reaction. The influence of RHA on compressive strength has been
reported to depend on the water–cement ratio, the curing duration, the replacement
level, and the physical and chemical properties of RHA [12]. Past studies suggest that
ultrafine RHA reduces water absorption through concrete as opposed to coarse RHA,
which increases water absorption compared to control concrete [13]. The advantageous
effects of rice husk ash (RHA) in enhancing resistance against chloride attack, sulphate
attack, and the alkali–silica reaction have been observed through the partial substitution
of cement at levels ranging from 10% to 20% [12,14]. While these positive outcomes are
commonly associated with lower substitution levels, typically within the range of 10% to
20%, achieving much higher levels of substitution is necessary to effectively reduce the
carbon footprint of cement concrete.

The simultaneous substitution of SCMs enables increased substitution levels by foster-
ing synergistic reactions among SCMs and ordinary Portland cement. Utilising SCMs in
appropriate proportions contributes to the development of a material that is economically,
technically, and environmentally viable. The incorporation of calcined clays alongside
limestone (LC3) and other SCMs has demonstrated advantageous effects in achieving
higher strengths and enhanced durability performance, even at elevated substitution lev-
els [15,16]. Due to higher pozzolanic activity after calcination, kaolinitic clays among the
different kinds of clays are most suitable for higher substitutions. The thermal activation
of calcined clays forms highly amorphous metakaolin containing silica and alumina in an
active form. These active forms of silica and alumina react with portlandite and sulphate to
form C-A-S-H, ettringite, and AFm phases. Metakaolin is effective in reducing the aver-
age pore size significantly, leading to reduced water absorption and improved durability
performance [17].

Limited research has been conducted on the simultaneous substitution of rice husk ash
(RHA) and calcined clay (CC) in concrete. Kenya consumes approximately 300,000 metric
tonnes of rice annually, increasing at a rate of 12% [18]. Kaolinite has been identified as
the predominant clay mineral in the soil profiles of Africa [19,20]. Therefore, the combined
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substitution of RHA and CC in cement and concrete offers a potential avenue for African
countries to support their anticipated growth in the built environment.

The objective of this research is to identify the influence of high amounts of regionally
available RHA and CC on the microstructure and durability properties concrete, with the
ultimate goal of developing sustainable construction materials for affordable housing in
Africa. Ternary blends with replacement levels of cement at 50% and 60% were prepared
and analysed for compressive strength, sorptivity, porosity, density, thermal conductivity,
electrical resistivity, and microstructural investigations. The durability properties were
investigated by subjecting the samples to chloride attacks under wet/dry cycles.

2. Materials and Methods
2.1. Materials

A commercially available ordinary Portland cement (PC) conforming to ASTM C 150
Type 1 [21] (42.5 N/mm2) was procured from East African Portland Cement Company
Ltd. (EAPCC) in Athi River, Machakos, Kenya. Rice husk, locally available in Kenya,
was incinerated at 600 ◦C for 24 h using a standard fixed-bed kiln to produce the RHA.
Clay, obtained from Mûkûrwe’inî (Nyeri, Kenya) (0.5609◦ S, 37.0488◦ E), was calcined at
800 ◦C for one hour in a muffle furnace. Mineralogical composition obtained from X-ray
diffraction showed that phases present in the clay were mostly kaolinite and quartz, and
the latter was the major phase identified in the rice husk ash. The physical and chemical
properties of the powder raw materials are given in Table 1. The sum of SiO2, Al2O3, and
Fe2O3 in the RHA and CC was found to exceed 70%. Therefore, both RHA and CC met
the ASTM C618 [22] specification for use as pozzolana/SCMs. River sand was used as fine
aggregates and crushed stones were used as coarse aggregates to produce concrete mixes.
Figure 1 shows the particle size distribution of fine and coarse aggregates measured using
sieve analysis.

Table 1. Oxide composition (%) of rice husk ash (RHA), calcined clay (CC), and Portland cement (PC)
and physical properties.

Composition Rice Husk Ash (RHA) Calcined Clay (CC) Portland Cement (PC)

SiO2 83.34 59.22 20.25
Al2O3 1.46 15.57 4.88
Fe2O3 1.37 9.86 3.38
CaO 1.34 1.54 62.86
MgO 1.88 0.85 2.54
SO3 0.20 0.03 2.75
K2O 2.49 4.73 0.28
Na2O 0.17 3.21 0.36

LOI 2.87 2.89 1.38
Specific gravity 2.13 2.59 2.95

Sum (SiO2, Al2O3, Fe2O3) 86.17 84.65

The details of the mix design for different concrete mixes are given in Table 2. The
design was chosen to achieve a minimum compressive strength class of C20/25. The
starting materials were mixed at a water-to-binder (w/b) ratio of 0.5 and by replacing
50% wt. and 60% wt. of PC with different proportions of RHA and CC. Increasing the SCM
proportion resulted in a slight reduction in workability; however, the slump measured
for all series was in the range of 55–105 mm, indicating a medium degree of workability.
The series were labelled to reflect their binder composition (%) by mass (PC:CC:RHA).
A control series, referred to as 100:00:00, with no SCM replacement, was also produced
for comparison. A visual representation of the PC replacement level as a ternary plot is
reported in Figure 2.
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Figure 1. Particle size distribution of the fine (river sand) and coarse aggregates.

Table 2. Mix design of concrete mixes and ternary blend ratios by mass as PC:RHA:CC, where PC is
Portland cement, RHA is rice husk ash, and CC is calcined clay.

Series Blend PC RHA CC Aggregate Sand Water

ID PC:RHA:CC kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

S1 100:00:00 342.9 0.0 0.0 1131.4 754.3 171.4
S2 50:50:00 171.4 171.4 0.0 1131.4 754.3 171.4
S3 50:40:10 171.4 137.2 34.3 1131.4 754.3 171.4
S4 50:25:25 171.4 85.7 85.7 1131.4 754.3 171.4
S5 50:10:40 171.4 34.3 137.2 1131.4 754.3 171.4
S6 50:00:50 171.4 0.0 171.4 1131.4 754.3 171.4
S7 40:50:10 137.2 171.4 34.3 1131.4 754.3 171.4
S8 40:35:25 137.2 120.0 85.7 1131.4 754.3 171.4
S9 40:10:50 137.2 34.3 171.4 1131.4 754.3 171.4
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2.2. Methods

The concrete was cast according to the procedure described in ISO 1920-3:2019 [23].
Cube moulds of 150 mm in size were cast and kept for 24 h under a temperature of
20 ± 5 ◦C and relative humidity > 50%. After demoulding, the concrete cubes were
cured under water and maintained at a temperature of 20 ± 2 ◦C, until an age of 28 days.
Samples were tested for compressive strength, water absorption, open porosity, density,
and pore size distribution to understand the influence of RHA and CC on concrete. To
assess the impact of wet/dry cycles on aged concrete, specimens were placed in 3.5%
NaCl solution for 12 h and then dried at 60 ◦C for 12 h. Immersion for 12 h and drying for
12 h is considered as one cycle of wetting and drying, adapted from similar studies [24,25].
Concrete samples were subjected to a total of 20 cycles and tested before and after
wet/dry cycles as follows: The compressive strength and capillary water absorption of
concrete were measured following ISO 1920-4:2019 standard [26] and ASTM C1585-2020,
respectively [27]. Open porosity, bulk, and matrix density were measured following
the methodology reported in BS EN 12390-7:2019 [28]. Thermogravimetric curves were
collected using a Metter Toledo (Leicester, UK) TGA/DSC3+, from ambient temperature
to 1000 ◦C, at a heating rate of 10 ◦C/min under constant inert gas flow. A 20 mg
powder sample, preconditioned in an oven for 3 days at 60 ◦C, was used. The pore size
distribution of the samples was measured by mercury intrusion porosimetry using a
Micromeritics (Norcross, GA, USA) AutoPore V (9620). Intrusion data were collected in
the approximate applied pressure range of 0.3–60,000 psia with equilibration by time
(10 s). Maximum mercury intrusion limits were set to 0.05 mL/g or lower to ensure
the collection of a reasonable number of data points in regions of mercury intrusion.
Low-pressure analysis was conducted to 45 psia and high-pressure analysis in the range
of 45–60,000 psia. The surface tension of mercury was 480 dynes/cm, with a contact
angle of 140 degrees. Scanning electron microscopy imaging and chemical analysis
were carried out using a Zeiss Sigma (Moringen, Germany) HD FEG-SEM. Fragments
of selected samples were mounted on carbon adhesive tabs on aluminium pin stubs
before being carbon coated with 15 nm carbon using an Agar Turbo Carbon Coater
(Agar Scientific, Essex, UK). Secondary electron (SE) imaging and energy dispersive
spectroscopy (EDS) X-ray analysis were performed under high-vacuum conditions
with a beam energy of 20 kV and a 60 µm diameter final aperture, with a resulting
beam current of 1.5 nA. A dwell time of 20 µs per pixel was used for imaging with an
Everhart–Thornley SE detector, and an acquisition time of 10 s was used for chemical
analysis with a processing time of 3 µs. Thermal conductivity and electrical resistivity
measurements were conducted to complement information on the microstructure of the
sample and for a better understanding of the effect of wet/dry cycles on the specimens’
durability. Thermal conductivity was measured using the TLS 50 mm probe (Thermtest
MP2, Veddige, Sweden) in accordance with ASTM D5334-22 [29] at room temperature,
on preconditioned samples. Bulk electrical resistivity was measured using the RCON
apparatus (GIATEC, Ottawa, ON, Canada) at room temperature on samples subjected to
saturation before testing [30].

3. Results
3.1. Compressive Strength

Figure 3 shows the compressive strength of the mixes before and after wet/dry cycles.
It can be observed that replacing PC with 50% RHA resulted in approximately 60% loss in
compressive strength, which is expected due to the dilution effect caused by the decreased
amount of clinker in the mix. Previous studies have shown that 10% to 15% of RHA is
optimal to achieve maximum long-term strength (90 days). Beyond the 20% replacement
level, usually a significant decrease in the strength is reported, especially at early ages [31].
Delayed pozzolanic activity of RHA is generally considered responsible for this early-age
compressive strength reduction [32]. Therefore, the strength of the RHA mix may improve
when tested at later ages such as 90 days and beyond [33]. The addition of CC to the
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mix moderately improved the compressive strength. This behaviour was prevalent with
both 50% and 60% replacement ratios. The pozzolanic activity of CC is higher than that of
RHA; therefore, an improvement in strength at early ages is visible. It has been reported
that the kaolinite content of clays is majorly responsible for microstructure and strength
development [34]. Despite the lower kaolinite and higher amount of quartz in the clay
used, the addition of CC improved the strength. The strength of all the mixes moderately
increased after wet/dry cycles. This is due to further hydration taking place during the
wet/dry cycles and subsequent increased temperature during the drying period [24,25].
Furthermore, the presence of salts has been reported to activate the hydration of residual
cement phases and pozzolanic reactions, resulting in increased strengths [35,36].
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At early ages, the nucleation effect of RHA accelerates hydration, giving a positive
effect to early-age strength with a low dosage of RHA; however, limited participation of
RHA in the hydration process gives a subsequent decrease in strength in the later stages
because of the dilution effect. Besides the physical filling effect of CC, the participation
of CC in the hydration process through pozzolanic effects resulted in an enhancement in
strength. The silicon/aluminium compounds present in CC react with portlandite and
contribute to the formation of C-S-H/C-(A)-S-H phases, thus making the matrix denser.
Generally, SCMs with higher concentrations of active constituents and finer particle sizes
exhibit a more robust pozzolanic effect. Here, CC outperforms and counter-balances
RHA in terms of strength development. The concrete mix was designed for a minimum
compressive strength class of C20/25, satisfied only by the samples in the control series.
However, specimens with RHA and CC showed strength values > 10 MPa. This suggests
that such concrete can be used for non-structural applications, such as slabs, pavements,
filling, and insulation panels.

3.2. Sorptivity

The water absorption findings presented in Figure 4 highlight a significant impact of
RHA and CC on the overall sorptivity. Specifically, concrete with 50% RHA exhibited water
absorption rates five times higher than those of the control PC concrete. Mixes characterised
by higher replacement levels and low PC content (SCMs 60%) showed increased sorption
compared to counterparts with lower replacement levels (SCMs 50%). The introduction
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of CC resulted in a noticeable decrease in water absorption. At both substitution levels
(SCMs 50% and 60%), sorptivity is directly proportional to the CC content while inversely
proportional to the RHA content. This may be attributed to the pozzolanic reactions of
CC, which contributed to decreasing capillary connectivity and refining the pore structure
within the binders. The sorptivity of concrete incorporating only CC (series PC:RHA:CC
50:00:50) was 50% higher than that of 100% PC only after chloride attacks under wet/dry
cycles. However, concrete incorporating RHA showed a relative increase in sorptivity
compared to both control concrete and CC concrete. The synergistic effect of RHA and CC
contributed to an overall reduction in sorptivity.
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CC has been reported to yield dense microstructures, resulting in a finer pore structure
and lower sorption through concrete [37]. Further analysis revealed that increasing the
amount of CC further reduced sorption, leading to the least absorption at 50% CC. Figure 4
illustrates the sorptivity values of all the samples before and after exposure to NaCl solution
during wet and dry cycles. It can be observed that subjecting the samples to wet/dry cycles
increased sorption through mixes, except for 40% CC. The results show a significant rise in
levels of sorptivity for the samples undergoing cyclic wetting and drying. One reason for
this subsequent increase could be the dissolution of hydrates and carbonates in concrete [38].
Another reason for this behaviour could be the probability of crack formation due to drying
at higher temperatures. Microcracks are known to have a greater influence on transport
through concrete [36].

3.3. Open Porosity and Density

Figure 5 demonstrates that the addition of RHA to concrete significantly increases
open porosity, which can be attributed to the lower amount of hydration products expected
in these mixes due to the reduced amount of clinker. Lower substitution levels (<20%) have
been reported to decrease porosity, whereas high substitution with RHA is observed to
increase porosity due to the low pozzolanic activity of RHA. The addition of CC to RHA
mixes was shown to lower the values of open porosity, demonstrating the contribution
of CC to microstructure development. Similar results have been reported using silica
fume and nano CaO for combined substitution with RHA [33,39]. Wet/dry cycles have a
negligible influence on open porosity, whereas sorptivity increases after being subjected to
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wet/dry cycles. This indicates that the open porosity measurement under vacuum might
not detect changes at the micropore level caused by the penetration of saline water and
subsequent crystallization and/or formation of hydration products in existing pores [40,41].
Therefore, the pore structure was also evaluated using a mercury intrusion porosimeter.
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The reason behind the high porosity can be related to the abundance of gel pores
developed in the microstructure, whereas low-porosity concrete has additional C-S-H
phases that inhibit porosity. Furthermore, the available pores play an important role
in shaping clinker reactions as well as the chemical composition of the C-S-H [42].
These microstructure modifications are suggested by Haha et al. [43] to also show
high-porosity behaviour that can lower the Ca/Si ratio. In the present study, RHA
and CC react slower than the cement clinker and may contribute to the refinement of
microstructure at later ages.

3.4. Thermal Conductivity and Bulk Electrical Resistivity

Figure 6 shows the thermal conductivity of mixes before and after wet/dry cycles.
Control cement specimens showed the highest thermal conductivity before wet/dry cycles,
whereas the addition of 50% RHA significantly reduced the conductivity. SCMs are known
to increase the air content and decrease the density, which decreases the heat transfer rate
of concrete. Thus, a decrease in the thermal conductivity of the 50% RHA mix is expected,
owing to its higher porosity and lower density. All the mixes containing CC showed similar
thermal conductivity values which are slightly higher than the thermal conductivity of the
50% RHA mix. The lower porosity and slightly higher density of the mixes containing CC
compared to the RHA mix might have contributed to the increased thermal conductivity of
these mixes.
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Relative to cement, RHA and CC have a high silica content and lower specific gravity,
thus contributing to a reduction in thermal conductivity, as evidenced by Raheem et al. [44]
and Khushefati et al. [45]. The findings from the present study affirm that the incorporation
of RHA and CC contributes to enhancing the thermal insulation properties of concrete,
having a noteworthy impact on the energy consumed in a building. The indoor temperature
of a building can be reduced with the application of RHA and CC, owing to low heat
conduction from outside in hot weather conditions. Curing and time are also important
factors that may affect the thermal conductivity of RHA and CC blended concrete, according
to Raheem et al. [44]. With the increase in curing ages, thermal conductivity may increase
due to additional hydration products formed by the filling of voids between concrete
particles, thus enhancing concrete density. This dynamic interaction over time underscores
the importance of considering curing effects in optimising the thermal performance of RHA
and CC blended concrete.

After wet/dry cycles, an increase in thermal conductivity is recorded for all SCM
series. This is due to the higher porosity induced by the accelerated aging and subsequent
crystallisation of NaCl phases into the available pores.

The results of the bulk electrical resistivity measurements are summarised in Figure 7.
Values of electrical resistivity higher than 8–16 kΩ cm are comparable to low chloride pene-
tration measured with the standard rapid chloride permeability (RCP) test [33]. Twenty-
eight-day aged samples show a relatively high degree of electrical resistivity (>16 kΩ cm),
suggesting that the chloride penetration can be considered very low or negligible [30].
However, after wet/dry cycles, all samples showed a significant drop in electrical resistiv-
ity due to the internal damage caused by salt crystallisation, subsequent microcracking,
and salt precipitation. For series with 40% PC, the electrical resistivity is proportional to
the CC content and inversely proportional to the RHA one, as shown in Figure 8. This can
be attributed to the denser microstructure produced by the addition of CC.



Buildings 2024, 14, 1201 10 of 18

Buildings 2024, 14, x FOR PEER REVIEW 10 of 19 
 

After wet/dry cycles, an increase in thermal conductivity is recorded for all SCM se-
ries. This is due to the higher porosity induced by the accelerated aging and subsequent 
crystallisation of NaCl phases into the available pores.  

The results of the bulk electrical resistivity measurements are summarised in Figure 
7. Values of electrical resistivity higher than 8–16 kΩ cm are comparable to low chloride 
penetration measured with the standard rapid chloride permeability (RCP) test [33]. 
Twenty-eight-day aged samples show a relatively high degree of electrical resistivity (>16 
kΩ cm), suggesting that the chloride penetration can be considered very low or negligible 
[30]. However, after wet/dry cycles, all samples showed a significant drop in electrical 
resistivity due to the internal damage caused by salt crystallisation, subsequent mi-
crocracking, and salt precipitation. For series with 40% PC, the electrical resistivity is pro-
portional to the CC content and inversely proportional to the RHA one, as shown in Fig-
ure 8. This can be attributed to the denser microstructure produced by the addition of CC. 

 
Figure 7. Bulk electrical resistivity of samples before and after exposure to wet/dry (W/D) cycles. 

The electrical resistivity of concrete directly depends on the permeability property of 
the concrete, pore interconnectivity in concrete microstructure, and the ionic composition 
of the pore solution [46]. The higher the ionic transport in the concrete, the lower the elec-
tric resistivity. However, this gives rise to the penetration of destructive ions, likely Cl-, 
responsible for the initiation of corrosion in steel reinforcement bars. In the present study, 
CC mixes attained higher resistivity relative to RHA mixes. When comparing PC mixtures 
with CC and RHA mixtures, the two key insights are that the formation of hydration 
products not only has a significant impact on compressive strength but also has a notable 
influence on pore connectivity and pore size distribution. Secondly, the addition of SCMs 
may impact the concentration of ions in pore solution, thus reducing the electrical con-
ductivity of concrete. This reduction could potentially introduce a source of error in as-
sessing concrete permeability through electrical-based methods [46,47]. These phenomena 
jointly resulted in a relative decrease in electrical resistivity in blended mixtures, however 
yet in the range of very low chloride penetration [48]. 

Figure 7. Bulk electrical resistivity of samples before and after exposure to wet/dry (W/D) cycles.

Buildings 2024, 14, x FOR PEER REVIEW 11 of 19 
 

 
Figure 8. Bulk electrical resistivity of samples before and after exposure to wet/dry (W/D) cycles as 
a function of the calcined clay (CC) content and rice husk ash (RHA) content. 

3.5. Microstructure Characterisation 
The distribution of pore volume was investigated using MIP measurements in PC 

mixtures, as well as mixtures containing RHA and CC after a 28-day curing period, as 
illustrated in Figure 9. Three distinct types of pores, categorised by pore diameters, were 
identified based on the existing literature [49,50]: air pores ranging from 10 to 100 µm, 
mesopores spanning 0.1–10 µm, and micropores within the 0.005–0.1 µm range (encom-
passing gel pores smaller than 0.01 µm). Differential intrusion profiles define critical pore 
entry size as the diameter of the peak [51]. Overall, the hydration process led to a reduc-
tion in the total pore volume across all mixtures, attributed to an increased production of 
hydration products. 

 

Figure 8. Bulk electrical resistivity of samples before and after exposure to wet/dry (W/D) cycles as
a function of the calcined clay (CC) content and rice husk ash (RHA) content.

The electrical resistivity of concrete directly depends on the permeability property of
the concrete, pore interconnectivity in concrete microstructure, and the ionic composition
of the pore solution [46]. The higher the ionic transport in the concrete, the lower the
electric resistivity. However, this gives rise to the penetration of destructive ions, likely
Cl−, responsible for the initiation of corrosion in steel reinforcement bars. In the present
study, CC mixes attained higher resistivity relative to RHA mixes. When comparing
PC mixtures with CC and RHA mixtures, the two key insights are that the formation of
hydration products not only has a significant impact on compressive strength but also
has a notable influence on pore connectivity and pore size distribution. Secondly, the
addition of SCMs may impact the concentration of ions in pore solution, thus reducing the
electrical conductivity of concrete. This reduction could potentially introduce a source of
error in assessing concrete permeability through electrical-based methods [46,47]. These
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phenomena jointly resulted in a relative decrease in electrical resistivity in blended mixtures,
however yet in the range of very low chloride penetration [48].

3.5. Microstructure Characterisation

The distribution of pore volume was investigated using MIP measurements in PC
mixtures, as well as mixtures containing RHA and CC after a 28-day curing period, as
illustrated in Figure 9. Three distinct types of pores, categorised by pore diameters, were
identified based on the existing literature [49,50]: air pores ranging from 10 to 100 µm,
mesopores spanning 0.1–10 µm, and micropores within the 0.005–0.1 µm range (encom-
passing gel pores smaller than 0.01 µm). Differential intrusion profiles define critical pore
entry size as the diameter of the peak [51]. Overall, the hydration process led to a reduc-
tion in the total pore volume across all mixtures, attributed to an increased production of
hydration products.
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Figure 9 shows the pore size distribution and differential intrusion volume for the
selected mixes. The total intruded volume significantly increased with the use of RHA.
Mixes with CC also showed a higher total intruded volume compared to the mixes with
only PC. However, the critical pore size is significantly lower in the CC mix compared
to the plain PC mix. Mixes with RHA showed two peaks, one between 1 and 10 µm and
the other within pore size less than 0.1 µm. The first peak generally corresponds to the
capillary pores, whereas the second peak corresponds to the gel pores. The comparison of
differential intrusion volumes of different mixes suggests that the mixes with RHA have a
higher volume of capillary pores compared to PC and CC mixes.

The use of supplementary cementitious materials is known to influence the microstruc-
ture. Figure 10 shows the distribution of the volume of pores of different size in the
selected mixes. It is clearly visible that RHA increases the volume of pores ranging between
1 and 10 µm and less than 0.1 µm in size. Mixes with CC 50% showed a higher number
of pores below 0.1 µm in size. The higher total intruded volume and higher number of
capillary-sized pores in RHA mixes justify the higher sorptivity in these mixes (as shown
in Figure 4). The total intruded volume increased for the mix containing 50% RHA after
wet/dry cycles and decreased for the series at a 60% SCM replacement level (PC:RHA:CC
40:35:25), in line with open porosity data, whereas for the other two series, the influence of
wet/dry cycles on the pore structure seemed to be negligible.
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As illustrated in Figure 10, a notable reduction in the volume of mesopores after
wet/dry cycles can be observed for samples containing RHA and CC. This reduction might
be attributed to the continued hydration of RHA and CC during the wetting stage. The
volume of micropores and gel pores showed a significant improvement. This might be due
to the presence of interlayer pores in C-A-S-H phases as well as the formation of ettringite.

Figure 11 illustrates selected thermogravimetric curves for the control series and
for the 50% RHA, 50% CC, and PC-RHA-CC blended specimens. Three distinct thermal
steps can be identified: The initial section spans from a range of 50–250 ◦C approximately,
corresponding to the relative mass change associated with the dehydration of pore water
and C-S-H. The thermal range 400–500 ◦C is primarily associated with the dehydroxylation
of portlandite. The final section, 680–800 ◦C, represents the mass change due to the
decomposition of carbonates. A significant increase in mass loss after wet/dry cycles in the
first thermal step (C-S-H/C-A-S-H) is recorded for series with RHA and CC, suggesting
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the additional formation of hydrated products. This confirms that water available during
the wetting stage contributed to continued hydration and pozzolanic reactions. Similarly,
the thermal step associated with portlandite is negligible when CC and RHA are used,
suggesting that the available calcium hydroxide has been consumed to form additional
C-S-H/C-A-S-H phases [52].
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Figure 12 shows the XRD patterns of selected series (control, 50% RHA, 50% CC, and
PC-RHA-CC blended specimens) before and after wet/dry cycles. Hydration products (C-
S-H), portlandite, and calcite were observed as a result of the hydration process and ageing.
The typical chloride ion attack product, Friedel’s salt, C3A·CaCl2·10H2O, also appeared
in the hydration products. The Friedel’s salt main diffraction peaks were absorbed at
11.16◦, 39.58◦, and 41.3◦ 2θ. This salt was prevalent within the series with the higher CC
content. Previous studies have shown that high-alumina-containing materials such as FA
and GGBFS show a higher binding affinity for the Friedel’s salt. The alumina in the SCMs
reacts with the chloride ions to form Friedel’s salt, which indicates the main mechanism
of improving the chloride binding capacity for mixes with CC and RHA. The amount
of Friedel’s salt observed increased with an increase in the amount of CC added to the
concrete. In the control series, the Friedel’s salt peaks were not as defined as the ones found
in specimens containing RHA and CC. Previous studies have shown that Friedel’s salt
could further result from the physical adsorption of the chloride ion by the C-S-H phase in
the cement hydration product. This would explain the relatively small peaks observed in
the control series.

The XRD pattern showed well-defined peaks corresponding to various compounds,
including C-A-S-H, quartz, alite, belite, portlandite, calcite, C-S-H, and Friedel’s salt.
Incomplete hydration can be observed in the binder paste due to the presence of peaks
associated with alite, belite, and quartz. Ternary mixes PC:RHA:CC 50:25:25 and 40:35:25
exhibited less intense peaks of alite, belite, and quartz relative to the binary mix PC:RHA:CC
50:00:50. However, after wet/dry cycles, mixes showed a reduced intensity of such peaks,
suggesting that a higher degree of hydration was achieved.



Buildings 2024, 14, 1201 14 of 18Buildings 2024, 14, x FOR PEER REVIEW 15 of 19 
 

 
Figure 12. XRD analysis of samples after wet/dry (W/D) cycles (∆: calcium aluminium silicate hy-
drate; <: CAH; □: quartz; Φ: alite; *: belite; ●: portlandite; θ: calcite; c: CSH; Λ: Friedel’s salt). 

Figure 12. XRD analysis of samples after wet/dry (W/D) cycles (∆: calcium aluminium silicate
hydrate; <: CAH; □: quartz; Φ: alite; *: belite; •: portlandite; θ: calcite; c: CSH; Λ: Friedel’s salt).



Buildings 2024, 14, 1201 15 of 18

Conversely, qualitative comparison of XRD patterns showed a higher intensity of
peaks associated with C-S-H and C-A-S-H in ternary blends. The silica and aluminium
available in RHA and CC, respectively, react with the calcium hydroxide formed during
the hydration of PC, leading to the development of additional C-S-H (or C-A-S-H) phases.

Figure 13 presents SEM images of selected series before and after wet/dry cycles, the
control series and a ternary blend series (PC:RHA:CC 100:00:00 and 50:40:10). The images
of the control series before wet/dry cycles depict a relatively compact surface with only
a few pores and microcracks in the concrete matrix. However, after wet/dry cycles, the
matrix exhibits irregular microcracks and micropores due to drying shrinkage and salt
crystallisation which occurred during the wetting and drying stages. This sheds light on
the potential reasons behind the reduced strength of concrete under such environmental
conditions. The presence of hydration products is confirmed by EDX analysis (detection
of Ca, Si, and O), supporting the findings from the XRD analysis. The hydration process
appears to be amplified by the addition of RHA and CC, leading to an improvement in
the microstructure of the specimens. As observed in the SEM micrographs, a compact and
uniform composition is evident for specimens in series 50:40:10 compared to the control.
This can be attributed to the development of C-S-H phases and RHA’s filler effect. In
contrast, the control specimen displays the presence of C-S-H phases alongside voids.
These observations underscore the positive impact of incorporating CC and RHA on the
microstructural properties of concrete, emphasising the role of these SCMs in enhancing
the overall matrix refinement.
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4. Conclusions

While the durability of concrete incorporating conventional supplementary cementi-
tious materials (SCMs) such as silica fume, fly ash, and GGBS has been extensively studied,
the long-term properties of innovative ternary blends involving Portland cement, rice husk
ash (RHA), and calcined clay (CC) have not been fully explored. This work aims to provide
valuable insights into the durability performance of ternary blended concretes using locally
available resources in Kenya.

This study investigates the strength and durability of concrete mixes incorporating
Portland cement (PC) and varying contents (up to 50% by weight) of RHA and CC in
ternary blends. The impact of accelerated durability testing under wet/dry cycles in
saline water, as a function of RHA and CC content, is also assessed. While a 50% RHA
replacement resulted in a notable decrease in compressive strength, the combined use of
CC mitigated this loss. The strength of all mixes remained largely unaffected after wet/dry
cycles. The higher pozzolanic reactions of CC contributed to a decrease in water absorption,
albeit slightly higher than the control concrete. However, the introduction of RHA led to a
subsequent increase in sorptivity relative to both the control and CC series. The synergistic
effect of RHA and CC yielded satisfactory results. The relatively higher permeability of
CC compared to RHA mixtures is primarily due to the pozzolanic effect of calcined clay,
leading to the formation of pozzolanic hydrates.

A notable reduction in the volume of mesopores after wet/dry cycles was observed
for samples containing RHA and CC, attributed to the continuous reactions of RHA and
CC. Interestingly, the volume of micropores and gel pores showed significant improvement,
likely due to the presence of interlayer pores in C-A-S-H phases and the abundant formation
of ettringite. Comparative analysis of ternary mixes highlighted that RHA-CC blended
concrete exhibited lower amounts of unhydrated phases and higher amounts of C-S-H
and C-A-S-H phases. Silica available in CC and calcium hydroxide produced from the
hydration of PC led to heightened development of the C-S-H phase. This reaction enhanced
compressive strength through the formation of C-A-S-H phases.

In conclusion, the introduction of RHA into the concrete mix resulted in a notable
decrease in the overall properties of concrete; however, the synergistic effect of RHA and CC
showed satisfactory results, prompting further investigation with replacement levels below
50% of OPC. Due to the delayed pozzolanic reactivity of SCMs, further investigations are
needed to evaluate strength and durability properties at later ages, such as 56 and 90 days,
when the full reaction of CC and RHA is achieved. Further studies are also required
to investigate ternary blends with high-kaolinite clays to optimise the RHA mixes and
maximise the Ca/Si ratio.
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