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Abstract: This work studies the feasibility of using rice husk ash (RHA) as a partial replacement for Brazilian 
Portland cement in producing self-compacting concrete for structural purposes. The RHA used is produced 
under controlled burning conditions in a fluidized bed. The concrete mix design is presented in detail to show 
how to find the best combination of the regional material to produce self-compacting concretes with good 
fresh and hardened characteristics. Concretes produced in the proportions of 5%, 10%, 15%, 20%, and 25% 
of replacement of cement by RHA have been studied, with the addition of 15% of fly ash and w/b of 0.45. In 
the fresh state, flowability, viscosity, and passing ability tests have been conducted. Additionally, mechanical 
tests were performed to assess the axial compressive strength and splitting tensile strength in the hardened 
state. The fresh state properties are influenced by the RHA content, reducing its flowability and passing ability 
with the increase of this material. The hardened state properties of the mixtures with RHA have shown 
increased resistance when compared to plain concrete. The mixture with 15% replacement had the best results. 
Concretes of 20% and 25% had their strength increased to a lesser degree. However, they remain a good 
option when increasing the superplasticizer quantity to improve the fluid state's properties. 

Keywords: self-compacting concrete, rice husk ash, fly ash, fresh properties, hardened properties, concrete 
mix design. 

Resumo: Este trabalho estuda a viabilidade da utilização da cinza de casca de arroz (CCA) como substituto 
parcial do cimento Portland brasileiro na produção de concreto autoadensável para fins estruturais. O CCA 
utilizado é produzido em condições controladas de queima em um leito fluidizado. O projeto da mistura de 
concreto é apresentado detalhadamente para mostrar como encontrar a melhor combinação do material 
regional para produzir concretos autoadensáveis com boas características nas condições frescas e endurecidas. 
Concretos produzidos nas proporções de 5%, 10%, 15%, 20% e 25% de substituição do cimento por CCA 
foram estudados, com adição de 15% de cinza volante e relação a/b de 0.45. No estado fresco, realizaram-se 
testes de fluidez, viscosidade e habilidade passante. Além disso, testes mecânicos foram realizados para 
avaliar as resistências à compressão axial e à tração por compressão diametral no estado endurecido. As 
propriedades no estado fresco são influenciadas pela quantidade de CCA, reduzindo sua fluidez e capacidade 
de passagem com o aumento deste material. As propriedades no estado endurecido das misturas com CCA 
demonstraram maior resistência em comparação com o concreto simples. A mistura com 15% de substituição 
apresentou os melhores resultados. Os concretos com 20% e 25% apresentaram menor aumento de resistência. 
Entretanto, permanecem como uma boa opção ao aumentar a quantidade de superplastificante para melhorar 
as propriedades no estado fluido. 

Palavras-chave: concreto autoadensável, cinza de casca de arroz, cinza volante, propriedades no estado 
fresco, propriedades no estado endurecido, design de mistura de concreto. 

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5168-6909
https://orcid.org/0000-0003-0812-8095
https://orcid.org/0009-0000-3798-9893
https://orcid.org/0009-0008-9127-5910


L. E. Kosteski, E. Marangon, J. B. Dalcin, and M. M. Costa 

Rev. IBRACON Estrut. Mater., vol. 17, no. 2, e17215, 2024 2/18 

How to cite: L. E. Kosteski, E. Marangon, J. B. Dalcin, and M. M. Costa, “Characterization of self-compacting concrete incorporating fly ash and 
rice husk ash at fresh and hardened state,” Rev. IBRACON Estrut. Mater., vol. 17, no. 2, e17215, 2024, https://doi.org/10.1590/S1983-
41952024000200015 

1 INTRODUCTION 
Over half of the world's population relies on rice as its primary food source. In Brazil, annual rice production exceeds 

10 million tons, with the state of Rio Grande do Sul accounting for over 70% of this output [1]. The residue from rice 
production is considerable, mainly comprising broken rice, rice bran, rice straw, and husks. However, the food industry 
can fully utilize the broken rice and rice bran (sold to manufacture animal food, for example) [2]. The rice straw can be 
used to produce fuel and various other products, as has shown by Abraham et al. [3]. In order to have a production cycle 
with zero waste, the rise husk and straw can be used to manufacture light materials for increased acoustic and thermal 
insulation [4], [5]. It is worth noting that the rice husks, which represent about 20-25% of the grain weight, are a material 
with a high calorific value, making it a great source of biomass [6], [7]. Generally, rice husk ashes (RHA) are released into 
the environment after being burnt during biomass production. When the burning process is performed under temperature 
and time-controlled conditions, RHA may be retrieved and used as a raw material by the construction industry. 

In cement-based materials, Portland cement can be partially replaced by RHA due to its high silica content, minimal 
impurities, and pozzolanic properties [8], [9]. Several studies have demonstrated that substituting RHA for cement, 
typically around 10-15%, positively impacts the mechanical performance and durability of concrete [9]–[12], reducing 
production costs and CO2 emissions [10], [13]. Ozturk et al. [14] studied the sustainability aspects of incorporating 
RHA into concrete production, concluding that this practice reduced CO2 emissions by 25% and resulted in a 65% cost 
reduction. A detailed description of the possible RHA uses in the construction industry may be found in Jittin et al. [15] 
and Sandhu and Siddique [16]. 

Specifically, the use of RHA to partially replace Portland cement in self-compacting concrete (SCC) is vastly 
studied. Sandhu and Siddique [16] provide an insightful review of this subject. Their work reveals that the compressive, 
splitting tensile, and flexural strengths of SCC increase as RHA replaces cement up to 15%. This occurs due to the way 
the RHA improves the microstructure and pore structure of concrete due to its micro-filling and pozzolanic effects. 
They also remark that increasing RHA content in SCC decreases workability. However, the addition of a 
superplasticizer makes it possible to achieve improved workability and higher strength. Water absorption and porosity 
values decrease with RHA cement replacement by up to 30%. Incorporating RHA in SCC and blending it with other 
mineral additives improves the strength and durability of concrete. Several studies have investigated the effects of 
combining RHA with fly ash (FA), silica fume, metakaolin, limestone, hydrated lime, foundry sand waste, as well as 
agricultural wastes such as olive waste, bagasse ash, and sugarcane bagasse, among others, on the mechanical properties 
and durability of SCC [17]–[24]. 

The replacement of Portland cement by RHA on SCC can be accomplished by following two alternative procedures: 
(i) by establishing a value for workability and then adjusting either the high-range water-reducing admixture (HRWR) 
or the superplasticizer (SP) to reach this value; (ii) by defining the HRWR or SP content, and then measuring the 
workability of fresh concrete. Regardless of the chosen procedure, it has been demonstrated that such a replacement 
can enhance the SCC's mechanical performance and durability. 

Following procedure (i), Raisi et al. [25] investigated the partial replacement of cement with RHA (in increments 
from 0% to 20%, increasing by 5% every step), as well as the effects of aged concrete, and the water-to-binder ratio. 
Their findings revealed that the passing and filling ability of SCC containing RHA decreases with an increase in the 
replacement ratio of RHA. Hence, in order to achieve satisfactory workability, more superplasticizer should be utilized. 
In contrast, the compressive strength, modulus of elasticity, and splitting tensile strength demonstrate an increase with 
up to 5% replacement of RHA. In Raisi et al. [26], the same authors also studied the fracture properties of SCC with 
RHA substitution, finding a reduction in both the concrete post-peak behavior and fracture energy with increased 
incorporation of RHA. The fracture toughness (KIC) increases with the percentage of RHA replacement up to 5%, after 
which it begins to decrease, exhibiting similar behavior to other mechanical parameters. 

Sathurshan et al. [27] studied cement replacement by RHA in 5% increments, ranging from 0% to 30%, along with 
varying percentages of fly ash (10%, 20%, and 30%). They increased the HRWR used to achieve the slump flow of 
around 600 mm and the V-funnel range between 6 and 12 s. The study revealed that higher dosages of admixtures were 
necessary to maintain the desired slump due to the increased viscosity caused by the incorporation of RHA, attributed 
to its high surface area and increased fraction. The only mix that does not have good fresh performance is the one with 
25% of RHA replacement. The substitution of Portland cement for RHA up to 15% increases the compressive and 
splitting tensile strengths, whereas further incorporation of RHA decreases strength relative to the control specimen. 
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Diniz et al. [18] investigated the utilization of various supplementary cementitious materials (RHA, sugarcane 
bagasse ash, and metakaolin MK) in the production of SCCs, with the addition of hydrated lime and cement replacement 
up to 60%. They found that incorporating RHA-optimized viscosity contributed to control cohesion and reduced the 
bleeding of fresh concrete. However, as the other researchers found, a higher superplasticizer content was necessary to 
maintain the spread equivalent to the reference concrete. All mixtures containing RHA exhibited higher compressive 
strengths compared to the reference mix. Kannur and Chore [28] investigated mixtures ranging from 0% to 50% RHA 
in increments of 10%, finding that the highest compressive and splitting tensile strength values are obtained at 20%. 
Also, the HRWR dosage was fixed based on trials to attain the required fresh properties of SCC with a slump flow of 
around 650 mm. As the RHA content increased, higher superplasticizer dosages were required to achieve the specified 
workability. They also observed a reduction in water absorption and permeability as RHA content increased up to 20% 
across all curing periods up to 90 days. However, with RHA levels above 20%, the SCC specimens were found to 
absorb more water and increase the permeability during all curing periods. 

Between the works that define the content of the HRWR or the SP, Safari et al. [29] tested the effect of RHA (0–8%) 
and macro-synthetic fiber (0–0.3%) on the properties of self-compacting concrete. They found that the RHA reduces the 
bleeding and increases the viscosity of the SCC paste. They also found a nonlinear effect on decreasing slump flow more 
intensively in higher percentages. At 28 days, the mix with 4% RHA demonstrated the highest compressive strength, while 
the mixture with 8% RHA showed the highest long-term compressive strength at 90 days. Ameri et al. [30] utilized a 2.5% 
superplasticizer in all mixes, increasing the content of RHA from 0 to 30% in 5% increments. The mixtures also had 
constant values of limestone powder and micro-silica. After performing the experiments, they determined that using 15% 
RHA yielded the optimal mix. The presented results of slump flow, V-funnel U-flow, and L-box tests confirmed the 
adverse effect of RHA on SCC's filling and passing ability. Their findings indicated that the compressive strength reaches 
a maximum value at 15% RHA content, with lower values observed for the 25% and 30% mixtures compared to the 
reference. Furthermore, the splitting tensile strength showed similar behavior. 

Finally, Ameri et al. [30] revealed that water absorption, porosity, and water permeability decreased with increasing 
RHA content up to 15%, after which they began to increase. Hakeem et al. [19] also observed a decrease in slump with 
increasing RHA content. They noted that the compressive strength increased by approximately 13.6%, 22.5%, 32.8%, 
41.1%, and 31.2% for RHA replacements of 5%, 10%, 15%, 20%, and 25%, respectively. Similarly, the splitting tensile 
strength also increased by 4%, 6.67%, 13.33%, 22.67%, and 8%, respectively, compared to the control mix. 

In this context, the present work aims to experimentally investigate both the rheological properties (flowability, 
viscosity, and passing ability) and the mechanical properties (compressive and tensile strength) of a SCC incorporating 
fly ash (FA) and RHA, with the RHA used to replace Portland cement (PC). Specifically, the study examines various 
concrete mixtures with different percentages of RHA content, replacing 0% (plain concrete used as reference), 5%, 
10%, 15%, 20%, and 25% of PC by weight proportion. Additionally, testing is conducted on hardened mixtures at 
various curing ages, accompanied by a comparative analysis with experimental data available in the literature. 

2 EXPERIMENTAL STUDY 
The present section covers the properties of the materials used to produce the SCC with FA incorporating RHA, 

along with the procedure employed for the mixture design. Subsequently, it describes the tests conducted in both fresh 
and hardened states. 

2.1 Materials 

2.1.1 Cement 
The Brazilian Portland cement PC V-ARI-RS is used here [31]. This cement has a specific area of 4719 cm2/g. The 

significant features of such a cement, defined by the producer, are a specific mass of 2.98 g/cm3, a surface area of 
1700 m2/kg, and an average compressive strength of 48.3 MPa at an age of 28 days when a water/binder ratio equal to 
0.45 is employed. 

The particle size distribution is determined by using the Malvern laser granulometry equipment (Mastersizer 2000 
model), which is reported in Figure 1a along with the addition curves, for better visualization of the grain size 
distribution. The distribution is carried out by a wet dispersion using Ethanol dispersant and performed in a range of 
particle sizes from 0.02 µm to 2000 µm. Figure 2a depicts a scanning electron microscopy (SEM) image of the cement 
powder, featuring a cement grain with a rough surface and irregularly shaped bumps. 
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It is noteworthy that CP V-ARI-RS is the cement with the lowest clinker replacement rate produced in Brazil and 
is the closest to Portland cement internationally produced, being chosen due to its minimal additions. It also has 
granulometry compatible with the other agglomerating materials and faster responses regarding the pozzolanic activity 
given by RHA. 

2.1.2 Rice Husk Ash 
The RHA used is a commercially available product [32]. The material is produced through a rice husk combustion process 

in a fluidized bed under a controlled temperature below 750 °C. The chemical composition of the RHA obtained by X-ray 
fluorescence (XRF) on a Shimadzu XRF 1800 sequential spectrometer and the fire loss values are shown in Table 1. 

The RHA phase composition was determined using X-ray diffraction (XRD) with a 2θ Philips brand X’pert MPD 
diffractometer and analyzed through X-pert Highscore using the ICSD database. Figure 1b displays the XRD patterns, 
revealing a composite structure of a crystalline/amorphous phase. The halo ring observed at 18° < 2θ < 30° is attributed 
to amorphous silica, while the peaks at 2θ = 21.89° and 36.02° correspond to the crystalline cristobalite phase. This is 
likely related to contamination by the wind-blown sand of RHS during the fluidization process [33]–[35]. 

Table 1. Chemical composition of rice husk ash. 

Composition Component 
Lost of fire 3.50% 

Silicon Dioxide - SiO2 91.48% 
Silicon Dioxide - CaO 0.36% 

Magnesium Oxide - MgO 0.32% 
Iron Oxide - Fe2O3 0.05% 

Aluminum Oxide - Al2O3 0.00% 
Sodium Oxide - Na2O 0.04% 

Potassium Oxide - K2O 1.40% 
Manganese Oxide - MnO 0.32% 
Sulfuric Anhydride - SO3 0.15% 

Diphosphorus Pentoxide - P2O5 0.45% 

The utilized RHA presents a specific mass of 2.16 g/cm3, a 21142 m2/kg surface area, and a pozzolanic activity 
index of 0.92. This index represents the ratio of the average strength at 28 days for specimens molded with both cement 
and pozzolanic material and of specimens cast only with cement [36]. The fixed calcium hydroxide content, equal to 
830 mgCaO/gSCA, is obtained through the modified Chapelle method [37], [38]. Through Brazilian standards [37] the 
pozzolanic activity of RHA was determined, finding 1379.37 milligrams (rng) of Ca(OH)2 per gram (g) of material, 
thus characterizing that the material has pozzolanicity. 

The granulometric distribution is determined by using the Malvern laser granulometry equipment (Mastersizer 2000 
model) and reported in Figure 1a, with the Portland cement and fly ash curves. This distribution is carried out by wet 
dispersion using an Ethanol dispersant and performed in a particle size range from 0.02µm to 2000µm. Figure 2b shows 
an RHA powder SEM image. The figure illustrates that the RHA exhibits a grain size similar to that of cement (Figure 
2b), albeit with a more porous and rough surface characterized by swells and irregular cavities. This coincides with the 
RHA description, multilateral, angular, microporous surface and honeycombed structure that justifies its high specific 
surface area [12], [16], [39]. 

2.1.3 Fly ash 
The fly ash (FA) is obtained from the combustion of mineral coal at the Presidente Médici thermoelectric plant in 

Candiota, Brazil. The chemical composition of FA is referenced in [40]. The specific mass of the FA used is 1.98 g/cm3. 
The granulometric distribution is determined by using the Malvern laser granulometry equipment (Mastersizer 2000 
model) and is presented in Figure 1a. This distribution is achieved through wet dispersion using an Ethanol dispersant 
and performed in a particle size range from 0.02µm to 2000µm. Figure 2c shows an FA powder SEM image of the FA, 
revealing grains that are clumped spheres or rounded in shape. 



L. E. Kosteski, E. Marangon, J. B. Dalcin, and M. M. Costa 

Rev. IBRACON Estrut. Mater., vol. 17, no. 2, e17215, 2024 5/18 

Figure 1a reveals that RHA and PC V-ARI-RS exhibit a very similar granulometric distribution. However, RHA 
presents a slightly higher dispersion relative to its average diameter compared to cement. FA exhibits larger diameters 
than both RHA and cement, so filling voids between binder materials and fine aggregate. 

 
Figure 1. (a) Comparison between the granulometric curves of the binding material, PC, RHA and FA and (b) aggregate particle 

size distribution. 

2.1.4 Aggregates 
Quartz river sand from the central region of Rio Grande do Sul, Brazil, is utilized as fine aggregate, characterized 

by a maximum diameter of 2.40 mm, a fineness module of 2.06, a specific mass of 2.56 g/cm3, and water absorption of 
0.81%. Coarse aggregate (gravel 0) of basaltic origin is used, also originating from the central region of Rio Grande do 
Sul. The physical characteristics of the coarse aggregate used are a maximum diameter of 9.50 mm, a fineness module 
of 5.79, a specific mass of 2.70 g/cm3, water absorption of 3.94%, and a unitary mass of 1.33 g/cm3. Figure 1b depicts 
the particle size distribution of these two types of aggregates. 

 
Figure 2. SEM pictures of powder of (a) PC V-ARI-RS cement, b) RHA, and c) FA, all recorded at a magnification of 3.00 K X 

(bar 10 μm). 

2.1.5 Admixtures 
A polycarboxylate-based dispersant is used as a superplasticizer. It has a 30.0% solid content, a specific mass of 

1.073 g/cm3, and PH 6.2, as reported by the producer. During the concrete manufacturing, a powdered viscosity 
modifying agent (VMA), Rheomac UW 410 (produced by BASF), is added to the wet mixture. 

2.2 Concrete mix design 
Different methods of dosage can be used to define the concrete mix, as reported by Tutikian and Pacheco [41]. In 

this study, the mix design follows the approach proposed by Gomes [42], aiming to obtain a high-strength self-
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compacting concrete. According to this method, mix design is obtained by separately optimizing the cement paste 
composition and the granular skeleton. The method is performed in three phases: 
- Obtaining the composition of the paste, which involves determine the superplasticizer (𝑠𝑠𝑠𝑠) dosage relative to the 

cement mass, 𝑠𝑠𝑠𝑠/𝑐𝑐 to achieve a paste with excellent properties for SCC. 
- Establishing the proportion of aggregates by measuring the dry density of their mixture, using a modified experimental 

method based on ASTM C29/C29M standard [43]. 
- Determining the paste volume that provides a concrete with the self-compacting requirements, assessed in terms of 

filling ability, ability to pass through obstacles, and resistance to segregation. 

2.2.1 Paste composition definition 
The paste composition is related to the amount of cement, 𝐶𝐶, and the ratios of the other components of the paste as 

a function of the cement mass, such as water (𝑤𝑤/𝑐𝑐), superplasticizer (𝑠𝑠𝑠𝑠/𝑐𝑐), and fly ash (𝑓𝑓𝑓𝑓/𝑐𝑐). The equations used to 
obtain the paste are: 𝑃𝑃𝑤𝑤 = (𝑤𝑤/𝑐𝑐) 𝐶𝐶, water mass; 𝑃𝑃𝑓𝑓𝑓𝑓 = (𝑓𝑓𝑓𝑓/𝑐𝑐) 𝐶𝐶, fly ash mass; 𝑃𝑃𝑠𝑠𝑠𝑠 = (𝑠𝑠𝑠𝑠/𝑐𝑐) 𝐶𝐶, mass of solid 
superplasticizer; 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑠𝑠𝑠𝑠/(𝑇𝑇𝑠𝑠𝑠𝑠/100), mass of liquid superplasticizer, and 𝑃𝑃𝑤𝑤𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑠𝑠𝑠𝑠��100/𝑇𝑇𝑠𝑠𝑠𝑠� − 1�, water mass 
content in the superplasticizer, where 𝑇𝑇𝑠𝑠𝑠𝑠 is the solids content on the superplasticizer. The added real water mass is 
corrected by subtracting the water contained in the superplasticizer. So, the corrected mass of water is 𝑃𝑃𝑤𝑤𝑤𝑤 = 𝑃𝑃𝑤𝑤 − 𝑃𝑃𝑤𝑤𝑠𝑠𝑠𝑠. 
The paste volume is obtained by Equation 1: 

𝑉𝑉𝑠𝑠 = 𝐶𝐶
𝜌𝜌𝑐𝑐

+ 𝑃𝑃𝑤𝑤
𝜌𝜌𝑤𝑤

+ 𝑃𝑃𝑓𝑓𝑓𝑓
𝜌𝜌𝑓𝑓𝑓𝑓

+ 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠
 𝜌𝜌𝑠𝑠𝑠𝑠

− 𝑃𝑃𝑤𝑤𝑠𝑠𝑠𝑠
𝜌𝜌𝑤𝑤

 (1) 

Based on the work of Marangon [44], 15% of mass of fly ash was added to enhance the workability of the concrete 
in the fresh state and achieve a more cohesive mixture. With this assumption, the binder is defined as the sum of the 
cement and the fly ash contents, 𝑏𝑏 = 𝑐𝑐 + 𝑓𝑓𝑓𝑓. 

According to Brazilian standards, sulfate-resistant cement such as PC V ARI-RS must be used in concrete exposed 
to severe aggressive conditions, with a maximum water/cement ratio of 0.45 in mass, in concrete with normal aggregate. 
Therefore, the water/binder ratio, 𝑤𝑤/𝑏𝑏, of 0.45 was employed, considering the highest aggressiveness class that the 
concrete may encounter. The optimal superplasticizer dosage (𝑠𝑠𝑠𝑠/𝑐𝑐 ratio) is determined through tests and parameters 
described below. 

The superplasticizer dosage is determined by measuring the time required for one liter of fluid to flow through the 
Marsh funnel with a 5 mm diameter. Measurements of paste flow time are taken at intervals of 5, 30, and 60 minutes 
to assess variations over time. The flow time test for evaluating paste flow characteristics was conducted using a water-
to-binder ratio of 0.45. 

The results demonstrate that the superplasticizer is compatible and efficient in dispersing the particles of the 
materials used to compose the concrete. Figure 3a shows flow time versus dispersant content curves relative to 
compatibility tests performed on cement pastes. 

 
Figure 3. (a) Saturation curves of PC V ARI-RS cement. (b) Ratio of the lowest void rate versus percentage of fine aggregate. 
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As can be seen in Figure 3a, a superplasticizer content of 0.6% represents the saturation point. Figure 3a also 
illustrates a well-defined optimal point for superplasticizer dosage in the pastes, with internal angles of the curve at the 
saturation point as established by Gomes [42], i.e., 140° ± 10°. 

2.2.2 Granular skeleton 
A granular skeleton is the composition of coarse and fine aggregates that comprise concrete. The selected 

composition is obtained experimentally by measuring the density of dry, uncompacted aggregate mixtures and selecting 
the composition that achieves the highest density and lowest void content. 

The procedure consists of manually joining the aggregate mixtures in a mixer and placing them in a container of known 
volume without any compaction. The apparent density, or unit weight, of various combinations is then measured by 
varying the percentage ratio between fine and coarse aggregates to determine the void content. The unit weight and void 
volume of each mixture are calculated using the densities and weights of the aggregates, as illustrated in Figure 3b. 

As shown in Figure 3b, the ratios found for the lowest volume of voids between the fine and coarse aggregates were 
60% and 40%, respectively, resulting in the highest unit mass over the mixtures (1.768 kg/l). 

2.2.3 Determination of the paste volume 
Once the paste composition and granular skeleton are defined, the final parameter needed to establish the concrete 

composition is the paste content (or alternatively, the aggregate content) per volume. This parameter is determined 
through tests where the paste volume is varied to achieve the desired properties for self-compacting concrete. According 
Gomes [42], this procedure considers that the paste volume must be sufficient to fill the voids between the aggregates 
and ensure the separation distance between the aggregate particles. 

The Brazilian standard [45] specifies that concrete mixes for classes C10 and C15 can be empirically established, 
requiring a minimum of 300 kg of cement per cubic meter. SCC is considered a specialized type with a high proportion 
of fine materials, hence 350 kg of PC per cubic meter was used in the reference concrete. Once the cement content is 
determined, the paste volume and all other components can be calculated using Equation 1. A paste volume of 
325.8 l/m3 was found. The composition of the reference mixture is presented in the first column of Table 2. 

2.2.4 Mix definition 
The composition of aggregates in the concrete is chosen from the smallest volume of voids between the fine and 

coarse aggregates. This is found in the granular skeleton with 60% of fine aggregate (sand) and 40% of coarse aggregate. 
As previously mentioned, a water/binder ratio of 0.45 was employed for the concrete mix. Based on Marangon [44], 
254 ml of VMA was used per m3 of concrete. The SCC mix obtained by the method of Gomes [42] is presented in the 
first column of Table 2, C00. 

Six mixtures were analyzed to investigate the effect of adding RHA on concrete mixes, each incorporating a 15% 
mass addition of FA relative to the weight of binders. These mixtures replaced 0% (plain concrete used as a reference), 
5%, 10%, 15%, 20%, and 25% of PC by RHA. These defined mixes and the amounts of cement and RHA used in each 
mix are presented per m3 of concrete in Table 2. This table also provides the nomenclature used for each analyzed 
mixture throughout the study. 

Table 2. SCC mix composition obtained by the method of Gomes [42], consumption of materials per m3 of concrete (kg/m3). 

Material (kg) Mixture 
C00 C05 C10 C15 C20 C25 

Cement 350.00 332.50 315.00 297.50 280.00 262.50 
RHA 0.00 17.50 35.00 52.50 70.00 87.50 

Fly ash 61.77 61.77 61.77 61.77 61.77 61.77 
Fine aggregate 1059.52 1059.52 1059.52 1059.52 1059.52 1059.52 

Coarse aggregate 706.35 706.35 706.35 706.35 706.35 706.35 
Water 179.53 179.53 179.53 179.53 179.53 179.53 

Superplasticizer 8.24 8.24 8.24 8.24 8.24 8.24 
VMA 0.25 0.25 0.25 0.25 0.25 0.25 
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Each SCC mix presented in Table 2 was prepared using a concrete mixer with an inclined axis, primed with a 1:2 
cement and sand mortar. The materials were added in a consistent sequence for all mixtures, with the mixer in motion, 
following this order: 100% coarse aggregate (crushed stone) with 30% water; 100% binder materials (cement and fly 
ash); 100% RHA; 70% water plus superplasticizer; 100% fine aggregate (sand); and 100% VMA. 

After the 5-minute mixing period, all tests on the fresh concrete were conducted. Curing of all specimens began in 
air for the first 24 hours after molding. Then, the specimens were demolded and placed in an immersion tank at a 
temperature of 21±2°C, remaining there until the testing dates. 

2.3 Test procedures 
This section presents the methods employed to test the various mixtures in both fresh and hardened states. 

2.3.1 Fresh concrete testing 
All tests were conducted in accordance with Brazilian standards [46] and EFNARC guidelines [47]. Specifically, 

flowability was assessed using the slump-flow test. Viscosity measurements were obtained through both the T500 
slump-flow test and the V-funnel test, which also provide insights into SCC's flowability. Passing ability was evaluated 
using the L-box, J-ring, and U-box tests. Additionally, the J-ring test was utilized to measure SCC's flowability. It is 
important to note that each test was performed only once for each mixture. 

In this study, segregation resistance was not directly measured because, as defined in [47], segregation resistance 
becomes a significant parameter in higher slump-flow classes or lower viscosity classes. Specifying a segregation 
resistance class is typically unnecessary if these conditions do not apply. However, additional information on 
segregation resistance and concrete uniformity can be obtained by the visual observation during the slump flow test, as 
conducted in this study. 

2.3.2 Hardened concrete testing 
The axial compressive and splitting tensile strengths were determined according to Brazilian standards [48], [49]. 
Compression tests were conducted on the six mixtures listed in Table 2 at curing ages of 7, 28, 56, and 91 days. 

More precisely, five cylindrical specimens, each with a diameter of 10 cm and height of 20 cm, were molded for every 
mixture and curing age (Table 2). The specimens were compacted in two layers, with 12 strokes per layer, using a 
cylindrical shank measuring 16 mm in diameter and 600 mm in length, with a hemispherical end. Initially, curing 
occurred for 24 hours with the concrete remaining inside the molds. Subsequently, specimens were demolded and 
placed in an immersion tank until the scheduled test dates. The compression tests were performed using an EMIC 
PC150 machine, with a loading speed of 0.50 MPa/s, equipped with a load cell capacity of 1.5 MN. 

Splitting tensile tests were conducted on five cylindrical specimens for each of the six mixtures listed in Table 2. 
Each specimen had a diameter of 10 cm and a height of 20 cm, and tests were performed at curing ages of 7, 28, 56, 
and 91 days. The tests were performed using a Universal Testing Machine, specifically the EMIC DL20000 model, 
with a loading speed of 0.05 MPa/s and equipped with a 200 kN capacity load cell. 

3 RESULTS AND DISCUSSIONS 
In this section, the results obtained, both in terms of rheological and mechanical properties, are presented and discussed. 

3.1 Flowability 
The results obtained by the slump-flow tests for each concrete mixture examined are listed in the first line of Table 

3. This table presents the results obtained on SCC’s fresh state tests. 
It can be observed that the spreading flow diameter ranges from 645 mm (C25 mixture) to 680 mm (C00 and C15 

mixtures), representing the average value of two measured diameters for each flowing concrete sample. Figure 4a 
illustrates the spreading flow diameter for each mixture, along with the corresponding Slump-Flow classes (SF1 – 550 
to 650 mm; SF2 –660 to 750 mm; SF3 – 760 to 850 mm) [46], [47]. 

It is noticeable that the spreading flow diameter generally decreases by increasing the RHA content. Moreover, 
according to EFNARC guidelines and Brazilian standards [46], [47], the mixtures from C00 to C15 are classified as 
SF2, which are stable enough to be employed building walls, beams, and columns. In contrast, C20 and C25 mixtures 
are classified as SF1, suitable for housing slabs, tunnel linings, piles and some deep foundations. 
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Table 3. Results obtained from SCCs in the fresh state. 

Mixture C00 C05 C10 C15 C20 C25 
Slump-flow (mm) 680 680 670 675 650 645 

T500 Slump-flow (s) 6.0 6.0 5.5 5.5 7.0 8.0 
V-Funnel (s) 12.5 10.5 10.0 10.5 13.0 14.5 

L-Box (H2/H1) 0.80 0.82 0.85 0.84 0.85 0.83 
J-Ring (mm) 25 30 25 30 15 15 

U-Box (R1-R2)(mm) 5 6 7 7 9 10 

 
Figure 4. (a) Spreading flow diameter obtained on slum-flow test for each mixture analyzed. (b) Apparent plastic viscosity T500, 

and V-Funnel, for each of the mixtures studied. 

3.2 Viscosity 
The results obtained by the T500 slum-flow test and V-funnel test for each concrete mixture examined are listed in the 

second and third lines of Table 3. All tests were filmed, and the times shown in Table 3 are obtained from the recordings. 
It can be observed that the apparent plastic viscosities obtained with both tests have the same behavior. For small 

replacements (C05, C10, and C15 mixtures), the viscosity tends to decrease, and for a higher content of RHA, it 
increases again. It is important to note that each mixture underwent only one test, and any observed differences would 
fall within typical result variations. However, both methods found the highest viscosity for mixtures with 10-15% RHA. 

Figure 4b shows the apparent plastic viscosity obtained with T500 slump-flow and V-funnel tests for each of the 
mixtures analyzed. This figure also presents the viscosity classes defined by the Brazilian standards [46] and EFNARC 
guidelines [47]. 

As depicted in Figure 4b, the behavior of the two curves is similar, confirming the accuracy of the results obtained through 
different methods. In this case, there is no change in the concrete classification, VS2/VF2, when replacing RHA for PC. 

3.3 Passing ability 
The results obtained by the L-Box test, the J-Ring test, and the U-Box test for each concrete mixture examined are 

detailed in the fourth, fifth, and sixth lines of Table 3, respectively. It is noteworthy that higher values in the L-Box and 
J-Ring tests indicate greater passing ability of the concrete. Conversely, a lower result in the U-Box test suggests higher 
passing ability. 

It can be observed that the passing ability measured by the L-Box test tends to stabilize for replacements exceeding 
10% and begins to decrease with amounts around 25%. All mixtures with replacements are shown to have more passing 
ability than the reference with this method. The J-Ring test results exhibit a comparable trend, although mixtures with 
20% and 25% replacements demonstrate lower passing ability than the reference. The results of the U-Box test decrease 
as the replacement percentage increases, indicating a widening difference between R1 and R2. Therefore, the mix 
presents less passing ability with increasing RHA. Figure 5a illustrates the behavior of L-Box results with different 
replacement amounts of PC by RHA, alongside with the passing ability measured with the J-Ring test. 
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Figure 5. Passing ability obtained by: (a) L-Box and J-Ring, (b) U-Box, for each of the mixtures studied. 

As shown in Figure 5a, following the Brazilian standard [46], all concretes maintained the same classification for 
the L-Box test, except for those with 20% and 25% PC replaced by RHA, which experienced a classification change. 
As previously demonstrated, the slump-flow test also showed a classification change for these same mixtures. This 
alteration occurs because, at these RHA proportions, the concrete becomes more viscous, resulting in reduced fluidity 
and passing ability. 

Figure 5b illustrates the findings from the U-Box test, where all results are notably lower than the 30 mm threshold 
suggested by the Brazilian standard [46]. As described before, the results of the U-Box test contradict those obtained 
with the L-Box and J-Ring tests, indicating that passing ability diminishes with increasing RHA content. The previous 
two tests showed that this property initially improves and then begins to decline. 

3.4 Segregation 
As previously defined, segregation resistance becomes an important parameter, particularly in higher slump-flow 

classes or lower viscosity classes, although not applicable to the concrete mixtures studied here. Figure 6 shows the 
pictures of the J-Ring test conducted on all concrete mixes examined in this work. It is possible to observe that all 
formulations exhibited excellent water retention and no signs of segregation, as depicted in Figure 6. 

 
Figure 6. Photographs of scattering obtained from the J-Ring test on every mixture of the SCC studied. 
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3.5 Compressive strength 
The results obtained by the axial compression tests are listed in Table 4 for each concrete mixture and curing age 

examined. This table includes the mean axial compressive strength, 𝑓𝑓𝑤𝑤, and the coefficient of variation, CV, for each 
tested condition. 

As shown in Table 4, the average axial compressive strength of the C00 mixture at 7 curing days surpasses that of 
the other SCC mixtures, driven by the rapid water reaction characteristic of PC V ARI – RS cement, which achieves 
high early-stage strength. At 28, 56, and 91 days, all mixtures except C10 exhibited strengths above the reference 
concrete. This slower reaction of RHA silica particles with calcium hydroxide (CH), produced during cement hydration, 
along with RHA's fine particle size, enhances nucleation of crystals and strengthens the material. According to several 
authors and highlighted in the review by Fapohunda et al. [10], this phenomenon is expected because mixtures produced 
with partial replacement of PC by RHA experience significant strength gains over time, as the pozzolanic material 
requires CH and water to react. So, in the first days, PC reacts with water and forms CSH+CH. This CH, in the presence 
of pozzolanic materials (RHA and FA) and water, develops additional hydration products, i.e., additional CSH. 

Table 4. Average values and coefficients of variation of the axial compressive strength, 𝑓𝑓𝑤𝑤. 

Mixtures 
7 curing days 28 curing days 56 curing days 91 curing days 

𝒇𝒇𝒄𝒄 (MPa) – CV (%) 𝒇𝒇𝒄𝒄 (MPa) – CV (%) 𝒇𝒇𝒄𝒄 (MPa) – CV (%) 𝒇𝒇𝒄𝒄 (MPa) – CV (%) 
C00 25.73 – 5.80 34.17 – 2.91 38.22 – 5.26 47.39 – 4.80 
C05 24.86 – 3.28 35.36 – 1.11 46.93 – 2.77 49.79 – 2.81 
C10 21.06 – 5.80 30.51 – 2.91 37.67 – 5.26 45.58 – 4.80 
C15 23.70 – 2.63 36.61 – 1.09 46.16 – 2.31 53.53 – 2.35 
C20 20.09 – 0.91 32.61 – 3.52 45.21 – 0.78 50.80 – 1.65 
C25 20.52 – 1.84 33.18 – 1.25 43.48 – 2.57 52.04 – 1.87 

Figures 7a to 7d shows the mean values of axial compressive strength for each mixture and for curing ages of 7, 28, 
56, and 91 days, respectively. Figure 7 presents the mean strength of the reference concrete at 28 days of curing to 
facilitate comparison. Additionally, it includes a highlighted region, between dotted lines, with three standard deviations 
of the means, ±1.41 MPa, related to the mean strength of the C00 mixture at every curing age. If the mean value of a 
mixture falls within this highlighted region, it indicates no statistically significant difference compared to the reference 
mixture at the corresponding curing age. 

In Figure 7a, it is possible to verify that there is no statistically significant difference between the axial compression 
strengths at 7 days between mixtures C00 and C05. Additionally, at this curing age, there is a decrease in compressive 
strength as the replacement percentage increases. As discussed earlier, at this curing age, there was not enough time for 
the reaction of calcium hydroxide (CH), formed in cement hydration, with RHA. 

Figure 7b illustrates the mean axial compressive strengths of SCCs after 28 days of curing. At this age, there are no 
statistically significant differences in the mechanical strengths of axial compression between the mixtures C00, C05, C20, 
and C25. The C10 mix has a slightly lower resistance than the reference one, while the C15 mix is slightly higher. Overall, 
there is virtually no change in axial compressive strengths with increased cement replacement by RHA at 28 days. 

Figures 7c and 7d indicate that at both 56 and 91 days of curing age, there is an increase in axial compressive 
strength compared to the reference concrete for all mixtures studied. The only exception is the C10 mix, which exhibits 
different behavior. These figures also demonstrate that as the replacement amounts increased, the axial compressive 
strengths for SCC produced with RHA improved at 56 and 91 days. However, although the C10 mixture also increased, 
it remained with a lower strength than the C00 mix. 

Figure 8 also compares the average compressive strengths of each mixture at every curing age studied. To facilitate 
comparison, the compressive strengths are normalized to the compressive strength of the reference mixture (C00) at 28 
days, represented by the red dashed line. 

As presented in Figure 8, the strength gain at 91 days, compared to the mix of 28 days, increases from 39% in the 
reference concrete to approximately 50% in the mixtures C05, C15, C20, and C25. Only the C10 mix had a lower gain 
compared to the reference mix. Additionally, it also reveals that while the reference mixture experienced an increase in 
resistance to rupture of 84% from 7 to 91 days. The substituted mixtures obtained 100%, 116%, 126%, 153% and 154% 
gains for C05, C10, C15, C20, and C25 respectively. 
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Figure 7. Multiple comparison of means of axial compressive strength at 7, 28, 56, and 91 days for the SCCs studied. 

 
Figure 8. Comparison of compressive strength gain over age across different mixtures. 

The amount of cement and the compactness of the mixture (decreases with increased substitution) influence the initial 
rate, which is referred to as cement hydration. Between 7 and 56 days, the pozzolanic effect of RHA seems to be decisive 
in the gain of resistance, that is, the consumption of CH. After 56 days, the increase is stabilized due to the pozzolanic of 
the FA present in all mixtures. Thus, all curves are expected to continue to present similar rates for older ages. 

3.6 Splitting tensile strength 
Table 5 lists the results of the splitting tensile test for each concrete mixture and curing age examined. More 

precisely, the mean value of the splitting tensile test, 𝑓𝑓𝑡𝑡, and the corresponding coefficient of variation, CV, are listed 
in the table. 
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Table 5. Experimental results of splitting tensile strength, 𝑓𝑓𝑡𝑡. 

Mixtures 
7 curing days 28 curing days 56 curing days 91 curing days 

𝒇𝒇𝒕𝒕 (MPa) – CV (%) 𝒇𝒇𝒕𝒕 (MPa) – CV (%) 𝒇𝒇𝒕𝒕 (MPa) – CV (%) 𝒇𝒇𝒕𝒕 (MPa) – CV (%) 
C00 2.76 – 11.84 3.23 – 9.56 3.72 – 7.53 4.35 – 6.52 
C05 2.84 – 8.29 3.76 – 6.60 4.06 – 8.94 4.13 – 6.27 
C10 2.61 – 2.50 3.05 – 9.94 3.55 – 8.09 4.71 – 1.20 
C15 2.67 – 7.67 3.42 – 5.95 4.01 – 8.35 5.20 – 3.62 
C20 2.49 – 3.70 3.38 – 8.05 3.91 – 8.02 4.92 – 6.62 
C25 2.30 – 3.34 3.18 – 7.36 4.09 – 5.48 5.23 – 8.09 

Table 5 shows that the splitting tensile strength increases with curing age across all analyzed mixtures. Additionally, 
at any given curing age, the strength varies depending on the percentage of RHA in the mixture. 

Figure 9 displays the average values of splitting tensile strength for each studied mixture at different curing ages, 
along with the mean value strength of the reference concrete at a curing age of 28 days to facilitate comparison. This 
figure also includes a highlighted region (between dotted lines) representing three standard deviations of the means, 
±0.35 MPa, related to the mean strength of the C00 mixture at every curing age. If the mean value of a mixture falls 
within this highlighted region, it indicates no statistical difference between this mixture and the reference at the 
corresponding curing age. 

 
Figure 9. Multiple comparison of means of mean splitting tensile strengths at 7, 28, 56, and 91 days for the studied SCCs. 

Figure 9a presents the results of the SCCs mixtures studied for a 7-day curing age. It is possible to verify that there 
is no statistically significant difference in the splitting tensile strength at 7 days between mixtures C00, C05, and C15 
(all falling within the decision limit range of 3 standard deviations from the means). However, a notable decline in 
splitting tensile strength is observed with replacements exceeding 15%. This trend mirrors the findings in compressive 
strength, as discussed earlier. 
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Figure 9b illustrates the mean splitting tensile strengths at 28 days. At this age, there were no statistically significant 
differences between the C00 and C25 mixtures. As seen in Figures 9b, 9c and 9d, from 28 days onwards, the SCCs 
produced with the mixtures C15, C20, and C25 present splitting tensile strengths greater than C00, gaining more 
resistance the further it ages. The C10 mixture also demonstrated this inversion, albeit more gradually, eventually 
surpassing the strength of the reference concrete by 91 days. The C05 mix showed a well-differentiated behavior from 
the beginning. At 7 days, it had a splitting tensile strength higher than C00, and it increased significantly at 28 days. 
However, the rate of increase in splitting tensile strength began to decline thereafter, falling below that of the reference 
concrete by 91 days. 

Figure 10 compares the average tensile splitting strength categorized by the percentage of replacement studied. To 
facilitate comparison, the tensile splitting strengths in this figure are normalized to the strength of the reference mixture 
(C00) at 28 days, represented by the red dashed line. 

 
Figure 10. Comparison of splitting tensile strength gain over age across different mixtures. 

In Figure 10, it is possible to observe that at 7 days, the strength gain, compared to the 28 days of reference mix, 
decreased with increasing substitution. This trend apparently occurred because there was not enough time for the 
reaction of calcium hydroxide (CH), formed in the hydration of the cement, to react with pozzolan (RHA). By 91 days, 
this pattern reverted, reaching gains of up to 30% when compared to the C00 mix. Additionally, the reference mixture 
achieved a 58% increase in strength from 7 to 91 days, whereas mixtures with replacements had increases of 45%, 81%, 
95%, 97%, and 128% for mix compositions C05, C10, C15, C20, and C25 respectively. The C05 mixture has a lower 
result than the reference one, indicating less resistance increase. 

4 COMPARISON BETWEEN THE RESULTS OBTAINED AND LITERATURE DATA 
Figure 11 shows the axial compressive strength values compared to the splitting tensile strength for the different 

analyzed mixtures, alongside the limits suggested by the CEB-FIP code [50]. The upper limit is 𝑓𝑓𝑡𝑡 = 1.85(𝑓𝑓𝑤𝑤 10⁄ )0.67, 
and the inferior limit is 𝑓𝑓𝑡𝑡 = 0.95(𝑓𝑓𝑤𝑤 10⁄ )0.67, where 𝑓𝑓𝑡𝑡 is the tensile strength, and 𝑓𝑓𝑤𝑤 is the compressive strength. 

As presented in Figure 11, in the reference mixture (C00), the resistances at 7 and 28 curing age (the lowest values) 
coincide with the average curve of the Code. However, as age increases, the obtained curve progressively approached 
the maximum limit. Similar behaviors are observed in mixtures with substitutions exceeding 5%, with this effect 
becoming more pronounced as the level of substitution increases. 

In Figure 11, it is also noteworthy that in all mixtures aged 7 days (lower strengths), the average points obtained are 
close to the average curve of the CEB-FIP Code [48] without a pozzolanic effect. However, as age and resistance 
increase, the average values obtained in the tests deviate from the Code's average curve. It is important to point out that 
this also happens with the reference concrete, due to adding 15% of FA in the mixture, a material that also has 
pozzolanic properties. 

The results obtained in this research agree with findings in the literature [9]–[12] regarding the use of RHA as a 
substitute for cement. Furthermore, around 10-15% of substitution has the best mechanical performance and durability 
of concrete. When compared with other studies that use RHA to partially replace PC in SCC, the results are also 



L. E. Kosteski, E. Marangon, J. B. Dalcin, and M. M. Costa 

Rev. IBRACON Estrut. Mater., vol. 17, no. 2, e17215, 2024 15/18 

compatible. The compressive and splitting tensile strengths increase with the replacement of PC content up to 15%, as 
presented in the review of Sandhu and Siddique [16]. They also remark that increasing RHA content in SCC reduces 
workability, the same result obtained in this work. 

 
Figure 11 – Axial compressive stress versus splitting tensile strength compared to the limits suggested by the CEB-FIP code [50]. 

In this study, it was determined that the mixture with 15% RHA yielded optimal results. The same results were 
reported by Ameri et al. [30]. However, these authors observed lower values for replacements of 25% and 30% 
compared to the reference mixture, contrasting with our results. Our study aligned with the results reported by 
Hakeem et al. [19], indicating that replacements with more than 15% of RHA can enhance concrete strengths beyond 
those of the reference mixture. As observed by other researchers, it is noteworthy that the SCC's filling, passing ability, 
and its slump decreased with the RHA content increase. 

It is possible to observe in this work that the ideal amount of replacement of PC by RHA is 15% since both the 
splitting tensile strength and the axial compressive strength for this mixture were the highest compared with the other 
mixtures. Additionally, it is important that for this mixture, there is no change in any classification of the fresh concrete 
state, presenting the same characteristics as the reference concrete. However, mixtures C20 and C25, which contain 
higher levels of replacement, also showed favorable mechanical properties surpassing those of the reference concrete. 
These mixtures can offer viable solutions when reduced fluidity or passing ability is necessary, given their cost-
effectiveness and ecological benefits due to lower cement content and higher incorporation of waste materials. 

5 CONCLUSIONS 
This study explores the feasibility of using rice husk ash, produced under controlled burning conditions in a fluidized 

bed, as a partial replacement for PC V ARI-RS cement in the production of SCC for structural purposes. SCCs were 
investigated with RHA substitutions at 5%, 10%, 15%, 20%, and 25% of the cement content, and the addition of 15% 
of fly ash with w/b of 0.45. Tests assessing flowability, viscosity, and workability in the fresh state were conducted, 
alongside mechanical tests measuring axial compressive strength and splitting tensile strength in the hardened state. 

Concrete with self-compacting characteristics was successfully produced using the method developed by Gomes [42]. 
Self-compacting concretes with varying levels of PC replaced by RHA have also been produced using previously 
mentioned dosages. 

Regarding rheological properties in the fresh state, it was observed that increasing the replacement of PC with RHA 
resulted in decreased fluidity and passing ability characteristics of the concrete, although all mixtures exhibited self-
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compacting properties. Concretes with replacements exceeding 15% showed altered flowability and passing ability 
classifications in the J-Ring test, which could restrict their application in certain structural elements. Moreover, higher 
levels of RHA replacement led to increased cohesion and viscosity of the concrete in its fresh state compared to the 
reference concrete. Based on the fresh state analyses, it has been concluded that minimizing PC replacement with RHA 
enhances the concrete's performance. 

The hardening properties studied in this work have been improved with the replacement of cement by RHA 
compared to the reference mixture. On average, concrete with a 15% replacement exhibited the highest resistance. 
Mixtures with 20% and 25% replacement showed gains exceeding 10% compared to the reference at 91 days, 
reinforcing the idea that the optimal amount would be above 15% replacement. 

The concrete with a 15% replacement of PC by RHA exhibits the highest axial compressive strength. However, 
20% and 25% replacements would also be suitable as they perform well in the hardened state. Increasing the quantity 
of superplasticizer in the latter two mixtures can improve their fluid properties. From a strength perspective, concretes 
with 5% and 10% PC replacement by RHA are not recommended. 
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