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One of the challenges facing the construction industry is the 

durability of concrete in unfriendly environments. Cement 

substitute materials such as rice husk ash (RHA) can play a 

positive role in this direction. Therefore, the impact of rice 

husk ash on the behavior of concrete in an aggressive 

environment was examined experimentally by testing 

specimens partially submerged in solutions containing 

chloride and sulfate ions. The strength development and 

permeability of concrete mixes with 12% rice husk ash 

replaced by weight of cement were examined, in addition to 

normal concrete and concrete with a 5% superplasticizer 

(5%SP). The exposure duration and the maximum size of 

coarse aggregate were two of the test parameters. The 

outcomes of the experiments show that RHA enhances the 

properties of concrete and outperforms 5%SP and plain 

concrete. The compressive strength of RHA concrete was 

40-60% higher than its equivalent plain concrete. After being 

exposed to the test solution for more than nine months, the 

12%RH concrete's permeability was considerably lower than 

that of the other two types of concrete. A number of existing 

strength models were used to predict the splitting tensile and 

flexural strengths of RH concrete based on the compressive 

strength, yielding mostly conservative results. 
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1. Introduction 

Concrete used in the construction of marine structures such as concrete bridges, retaining walls used 

in the construction of harbors, and off-shore concrete oil platforms is under the threat of physical 

damage and chemical changes that might lead to deterioration [1]. The splash zone is regarded as the 

most vulnerable part of a concrete structure to damage at sea. Chemical changes in concrete structures 

in the surge area and splash zone may lead to erosion [2]. Reinforced concrete structures in 

unsaturated concrete undergo deterioration in strength when subjected to a combined chloride and 

sulfate attack in aggressive environments. Ion diffusion, porosity variation, and water saturation of 

concrete are critical parameters for assessing the durability and service life of concrete structures [3]. 

Aggressive chloride and sulfate ions found in foundation soil, ground water, and seawater attack 

foundation concrete. This will substantially affect the durability of concrete in contact with saline soil 

environments, such as those in the southern parts of Iraq. 

Products of cement hydration react chemically with sulfate ions in a number of ways. Because of the 

sulfate salts' recurrent crystallization, this may cause distress against the pore wall and cause surface 

scaling of concrete structures. Such distress has been observed in above-ground components of field 

structures [4]. The combined sulfate-chloride charge yields more strength loss and severe damage in 

concrete than when exposed to sulfate alone [5]. In the modern concrete world, material science is 

influenced by pozzolanic materials [6]. When added to concrete, mineral admixtures like rice husk 

ash increase the material's durability and sustainability. The agricultural residue, RHA, is a highly 

active pozzolanic material and is produced during the de-husking operation of paddy rice [7]. By 

mixing up to 30% of RHA with cement, it was possible to improve the strength and permeability of 

concrete without affecting their properties negatively [8]. Concrete containing RHA reduced the CO2 

emissions by 25% while increasing cost efficiency by 65% [9]. Permeability is the property that 

governs the rate of flow of a fluid through a porous solid. Penetration of materials in solution into the 

concrete may adversely affect its durability. This penetration depends on the permeability of the 

concrete, and since this determines the relative ease with which concrete can become saturated with 

water, permeability has an important bearing on the vulnerability of concrete to attack by aggressive 

solutions. Difference in circumferential and radial cracking expose the un-hydration products to 

water, this initiates the hydration process, leading to the self-sealing of the specimens. Blended 

concrete's permeability properties were substantially better than unblended ordinary concrete due to 

the addition of 30% reclaimed rice husk ash [8]. Concrete's strength and permeability are key 

attributes when operating in a hostile environment. This can be improved using cement replacement 

materials. However, very few studies have examined the long-term durability of concrete 

incorporating rice husk ash and exposed to chloride-sulfate solutions, which is the objective of present 

work. This is achieved by monitoring the performance of six different mixes of concrete. The 

compressive, splitting tensile, and flexural strengths development were observed for more than nine 

months. Furthermore, the permeability of the three types of concretes were scoped out. 

2. Experimental program 

2.1. Materials and mixing 

Ordinary Portland cement was used as main binder for making the concrete. Rice husk ash was used 

for blending the Portland cement. The flow chart of the experimental work is depicted in Fig.1. The 
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chemical makeup of the cement, and rice husk ash is displayed in Table 1. The results of tests done 

to determine the physical characteristics of cement are displayed in Table 2. A 5% superplasticizer, 

by weight of water, was used in the mixtures (5%SP) and (12%RHA) to reduce the water demand. 

The river gravel was used as a coarse aggregate with two maximum sizes of aggregate; 10 and 20mm, 

respectively. The fine aggregate was quartzite sand with a fineness modulus of 1.5 and the grading 

fell into zone 3 of B.S. The rice husk was purchased from a nearby rice mill. It was grounded in a Los 

Angles machine, burned in an electric furnace, and then sieved [10]. The air permeability method was 

used to assess the fineness of RHA, as according to ASTM C204. After around 12 hours of grinding, 

a specific surface area of 26900 cm2/g was obtained. The RHA utilized in this work can be categorized 

as an artificial pozzolan of siliceous material based on ASTM C618 criteria. Additionally, it satisfies 

the physical and chemical specifications of ASTM C618 class N pozzolan. On the day of mixing, 

both the sand and coarse aggregate (10 and 20mm maximum sizes) were thoroughly washed to 

remove dust as well as salts, and left in the open air to achieve the saturated surface dry condition. 

 
Fig. 1. Flow chart of the experimental Program. 

The required quantity of RH ash was added to the cement, and then the materials were mixed dry by 

a trowel for a period of 10 minutes. Such a process was essential to breaking up the lumps or 

agglomerates of RH ash-powder particles and dispersing them throughout the cement particles. 

Table 1. Chemical composition of cement, RHA. 

Oxide (%) Cement RHA 

CaO 62 1.5 

SiO2 22.8 86 

Al2O3 4.2 2.6 

Fe2O3 3.53 2.34 

SO3 2.06 1.72 

MgO4 3.28 1.44 

Na2O 0.32 0.43 

K2O 0.2 0.99 

L.O. I 1.07 2.03 

Ins. Residue 0.54 0.95 
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Table 2. Physical properties of cement. 

Physical properties Test results 

Specific surface area 

Blaine method cm3/gm 
3250 

Specific gravity 3.15 

Avg. particle size 15µm 

 

For every maximum size of aggregate, three distinct concrete mixes were created: plain (P) concrete, 

melamine superplasticizer (5%SP) concrete, and twelve percent rice husk ash (12%RHA) concrete. 

All the concrete mixes were 1: 1.15: 1.3 (cement, sand, aggregate) and proportioned by weight for 

the six concretes. An acceptance criterion for fresh concrete tests is the slump test. For all the mixes, 

the w/c ratio was adjusted to give a constant workability of 90–100 mm slump in accordance with 

B.S. 1881, Part 2. This tolerance was necessary to achieve consistency among the concrete mixes and 

obtain a concrete with reasonable uniform quality. The use of RHA in concrete increases the water 

content of the mix due to the fineness of the RH. Melamine Superplasticizer was used to counteract 

the above effect and achieve the desired workability at a lower w/c ratio. The concrete mixtures were 

mixed in a revolving drum-type mixer with a capacity of 0.1m3 for 4 minutes. The cylindrical 

(100x200mm) and prismatic (100x100x380mm) specimens, intended for strength tests, were 

compacted on a vibrating table to ensure proper compaction, a minimum content of unwanted air, and 

maximum strength. For permeability tests, small concrete cylinders measuring 38 mm in diameter by 

50 mm in depth were cast using coarse aggregate with a maximum size of 10mm. After casting, the 

specimens were covered with nylon sheets for 24 hours. After de-molding, the specimens were cured 

in water for 27 days, followed by 3 days in air. 

2.2. Placing the specimens in the curing solution CI+SO 

According to a report on underground water analysis of southern Iraq released by the Iraqi National 

Center for Geological Survey and Mines, the sulfate ion concentration ranges from 5000 to 7000 

ppm, while the chloride ion concentration is between 20000 and 40000 ppm. For magnesium, the 

cation concentration falls between 1500 and 2000 ppm, for sodium, between 10,000 and 20,000 ppm, 

and for calcium, between 1000 and 1500 ppm. The concentrations of anions and cations in the curing 

solution used in this study were comparable to those found in contaminated soil and underground 

water in southern Iraq. The anions and salt concentrations were assessed based on the atomic weight 

of the element presents in the compounds, their molecular weight, and the chosen cation 

concentrations. The assumed cation concentrations for Na+, Ca++, and Mg++ were 2000 ppm, 1500 

ppm, and 1750 ppm, respectively. The substances used to supply these ions were magnesium sulfate 

(MgSO4) (7H2O), calcium chloride (CaCl2.2H2O), and sodium chloride (NaCl). The above prepared 

test fluid was poured halfway into plastic containers containing the specimens 100x200mm cylinders, 

100x100x380m prisms, and 38x50mm cylinders. Every ten days, the concentration of the solution 

was checked and adjusted so that half of thespecimens' depths were always submerged in the curing 

solution. The specimens were visually inspected before testing. 

3. Experimental tests 

3.1. Strength 

To monitor strength development and strength reduction as a result of partially immersion in the test 

solution, cylindrical concrete samples (100*200mm) were tested to determine the compressive and 
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splitting tensile strengths. This size of cylinders was used in order to achieve fast saturation with the 

required test solution, Fig.(2a). Three cylinders were tested under compression load for each mix at 

the ages of 1, 2, 3, 6, and 9 months. Three cylinders were also used to check the changes in tensile 

splitting strength. For evaluating the flexural strength, two prismatic concrete samples (100* 100*380 

mm) were tested under a three-point load at predetermined intervals in a similar manner to those of 

cylinders. In addition, compression tests were carried out at 1, 2, 3, and days just after 90 exposures. 

3.2. Permeability 

The term permeability normally relates to the ease with which a fluid will pass through a material 

under a pressure gradient but is also used to describe capillary, diffusion, adsorption, and absorption 

processes. The permeability test was carried out on small concrete cylinders measuring 38 mm in 

diameter by 50 mm in depth, Fig. (2b). Since the specimens were relatively small, the maximum 

aggregate size was limited to 10mm. All the small cylinders were exposed to identical environmental 

conditions, partially submerged in concrete CI+SO solutions, for a period of 9 months, Fig. (2a). The 

permeability tests were performed on days 1, 2, 3, and 4, immediately following 9 months exposure. 

The testing apparatus consists of two parts, mainly the permeating liquid accumulator and the 

specimen holder, Fig. (3a). In addition, an air compressor was used to inject the aggressive solution, 

maintained in the solution accumulator, into the test specimen, as shown schematically in Fig. (3b). 

The specimens were oven dried for one week, cooled for 24 hours, and then placed in the pressure 

vessel to accelerate the saturation process. Using the same aggressive solution, the specimen was 

subjected to a pressure of 3.5 N/mm2 for a period of one week. Afterwards, the testing sample was 

inserted into the core holder. Compressed air was used to pressurize the specimen to 60 N/mm2, and 

the average rate of flow was measured every 24 hours until there were no further changes in the rate 

of flow. The three types of concrete specimens were tested at 90 days under a pressure of 60 N/mm2 

did not exhibit any outflow. To allow differentiation in flow between various types of concrete, the 

driven pressure was increased to the maximum allowable value, i.e., 80 N/mm2, and maintained for 

4 days. At the age of 90 days, the average rate of flow was recorded daily until there was no further 

change in the flow rate. 

   
Fig. 2. Cylinders: (a) (100x200mm); (b) (38mm x 50mm) partially submerged in the curing mixture. 

b a 
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Fig. 3. Permeability testing apparatus: (a) actual; (b) schematic. 

The measured flow rates were used to calculate the coefficient of permeability using Darcy's equation 

for flow through porous media: 

𝑑𝑄

𝑑𝑇

1

𝐴𝑐
=𝐾𝑝

𝑑𝐻

𝐿
 (1) 

Where: rate of flow through sample (cm3/sec) = 
𝑑𝑄

𝑑𝑇
; change in hydraulic head across sample (cm)= 

𝑑𝐻; thickness of specimen (cm)= L=; the cross-sectional area of the specimen subjected to the fluid 

(cm2) = 𝐴𝑐; permeability coefficient (cm/sec) =  𝐾𝑝. 

4. Test results and discussions 

The composition solution was intended to simulate realistic aggressive attacks on foundations in 

contact with soil. Such real conditions exist in regions near the sea, in harbor soil and in some 

aggressive environments. Concrete deterioration is usually exacerbated by sulfate attacks. Concrete 

in a non-aggressive environment is a sound, strong and long-living building material. 

4.1. Strength 

4.1.1. Compressive strength 

Differential curing across members will affect the longer-term hydration resulting in temperature 

difference between exposed and submerged parts of the concrete. This will yield strength differences 

among the same members. The variations in the compressive strength for the duration of the test for 

plain and blended concretes with a maximum aggregate size of 10mm is presented in Fig. (4a), for 

different durations of exposure to Cl-+SO4
-- solution. The same strength development for concrete 

with a maximum aggregate size of 20mm is shown in Fig. (4b). The strength development for plain 

concrete continued for up to 6 months. Thereafter, there was a slight reduction in strength. The 

reduction in strength was due to decomposition and leaching out (CaO dissolves) as a result of attack 

by the sulfates and chlorides in the test solution [1]. The plain concrete performance was inferior to 

concrete containing only superplasticizer (SP). The SP is a very high molecular weight polymer, with 

a size 10000 to 100000 times that of a water molecule, which reduces bleeding and segregation of 
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fresh concrete [11]. Superplasticizers break up floes of cement particles. This releases water that 

improves workability and provides for better access of water to the cement particles, which results in 

a greater degree of hydration and higher strength. It can be seen that the 5%SP performed better than 

the plain concrete without SP. The strength increase appears to be related to a decrease in the courser 

porosity of the cement-silica fine paste system [12]. The superior performance of RHA is attributed 

to its high pozzolanic activity. Furthermore, RHA results in the partial obstructing of the voids and 

pores, leading to a reduction in pore size and a lower effective diffusivity for chloride [12]. 

     
Fig. 4. Compressive strength versus curing period for plain and blended concretes with. 

maximum size of coarse aggregate equal to: (a) 10mm; (b) 20mm. 

4.1.2. Tensile splitting strength 

Tensile splitting strength versus duration period in aggressive solution is plotted in Fig. 5 for different 

concretes with maximum aggregate size of 10 and 20mm, respectively. It can be seen that splitting 

strength changes similarly to that of compressive strength, Fig. 4. The improvement in tension and 

split strength of blended concrete is due to the better resistance of this concrete to the penetration and 

ingress of aggressive ions and impurity particles which tend to attack the internal cement matrix and 

reduce the strength of concrete [11]. In general, the tested specimens behaved better in compression 

than in tension. 

4.1.3. Tensile splitting strength-compressive strength relationship 

The relationship between splitting tensile strength and compressive strength of all concretes with 

maximum aggregate size of 10mm and 20mm is depicted in Fig. 6. 

        
Fig. 5. Tensile splitting strength versus curing period for plain and blended concretes with: (a) 10mm; (b) 

20mm maximum size of coarse aggregate. 
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Fig. 6. Tensile splitting strength versus compressive strength for specimens with 12%RHA, maximum 

aggregate size of 10, and 20mm. 

It is evident that when compressive strength rises, splitting tensile strength also increments. The 

relationship between concrete's tensile splitting strength and compressive strength has been the 

subject of numerous investigations. Several standard codes and individual studies proposed models 

for predicting the tensile splitting strength based on compressive strength. A number of standard 

models, Eqs. 2 to 4 were proposed by EC-04  [13], JCI-08 [14], ACI 318–11 [15] are shown below: 

𝑓𝑡=0.3𝑓𝑐
2

3    
(2) 

𝑓𝑡=0.13𝑓𝑐
0.85

 (3) 

𝑓𝑡=0.53𝑓𝑐
0.5

 (4) 

Models put out by separate studies are also displayed here (Eqs. 5 to 9): Oluokun [16], Smadi and 

Migdady [17], Gesoglu et al. [18], Babua et al. [19], Meraz et al. [20]: 
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0.7
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From the regression analysis of the preset study experimental results, the following models is 

developed for RHA-concrete, Fig. 6: 

𝑓𝑡=0.596𝑓𝑐
0.52

   (10) 

In Figs. 7 and 8, the predictions made by individual research and standard codes, Eqs. 2 to 9, were 

plotted against the experimental findings. 

 
Fig. 7. Predicted and experimental tensile splitting strength of 12% RHA specimens, Max. agg. Size=10mm. 

 
Fig. 8. Predicted and experimental tensile splitting strength of 12% RHA specimens, Max. agg. Size=20mm. 

The proposed model predictions, Eq. (10), are also displayed in Figs. 7 and 8 for 12%RHA specimens 

with maximum aggregate size of 10, and 20mm, respectively. Comparing the models given in Eqs. 

(2) to (9) and the proposed model, it is evident that the Eq. (8) predict the experimental results more 

accurately. 
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4.1.4. Flexural strength 

The variation in 1, 2-, 3-, 6-, and 9-months’ flexural strength of plain and blended concretes are shown 

in Fig. 9. The flexural strength varied in the same way as compressive strength. As stated earlier, the 

weaker performance in tension compared to compression may be due to micro-cracking in the 

interfacial transition zone, which has a more damaging effect on flexural strength than on compressive 

strength of concrete. The boundary aggregates in cement create a wall-effect. This explains the greater 

porosity and the concentration of portlandite crystals and of ettringite in the transition zone [12]. 

        
Fig. 9. Flexural strength versus curing period for plain and blended concretes with: (a) 10mm; (b) 20mm 

maximum size of coarse aggregate. 

4.1.5. Flexural strength-compressive strength relationship 

Models for predicting the flexural strength based on compressive strength were presented by a 

number of standard codes and independent investigations. The following standard models, Eqs. (11) 

to (13), were recommended by EN-1992-1-1 [13], ACI-318 [15], A 3600–2018 [21]: 

𝑓𝑟=0.435𝑓𝑐
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0.5

 (12) 

𝑓𝑟=0.6𝑓𝑐
0.5

 (13) 

And another study, Meraz et al., [20] proposed the following model: 

𝑓𝑟=0.37𝑓𝑐
0.8

  (14) 

The following model is used to predict the flexural strength of concrete based on its compressive 

strength, derived from regression analysis of the experimental results for RHA concrete (Fig. 10): 

𝑓𝑟=0.376𝑓𝑐
0.76

 (15) 

Using the model developed in this study, Eq. (15) the anticipated and experimental values of flexural 

strength, the relationship between them is shown in Figs. 11 and 12 for 12%RHA specimens with 

maximum aggregate sizes of 10, and 30mm, respectively. Out of all the equations in Figs. 12 and 13, 

the predictions made by the proposed model, Eq. (15), produce more accurate results. 
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Fig. 10. Flexural strength versus compressive strength for specimens with 12%RHA. 

 
Fig. 11. Predicted and experimental flexural strength of 12% RHA specimens, Max. agg. Size=10mm. 

 
Fig. 12. Predicted and experimental flexural strength of 12% RHA specimens, Max. agg. Size=20mm. 

ft10 = 0.1026fc0.9914

R² = 0.9647

ft20 = 0.1473fc0.8503

R² = 0.9913

y = 0.3758x0.7586

R² = 0.8787

8

8.2

8.4

8.6

8.8

9

9.2

9.4

9.6

9.8

10

50 55 60 65 70 75

fr
 (

M
p
a)

fc (MPa)

RHA-10 RHA-20 RHA(10+20)
Power (RHA-10) Power (RHA-20) Power (RHA(10+20))

4

5

6

7

8

9

10

11

0 1 2 3 4 5 6 7 8 9 10

F
le

x
u
ra

l 
st

re
n
g
th

 (
M

p
a)

Exposure period (month)

12%RHA concrete, 10mm Max. agg size
Experimental results

EN-1992-1-1 [28]

ACI 318–11 [30]

AS 3600–18 [31]

Meraz et al. [41]

Present study Eq. (25)

4

5

6

7

8

9

10

11

12

0 1 2 3 4 5 6 7 8 9 10

F
le

x
u
ra

l 
st

re
n
g
th

 (
M

p
a)

Exposure period (month)

12%RHA concrete, 20mm Max. agg size
Experimental results

EN-1992-1-1 [28]

ACI 318–11 [30]

AS 3600–18 [31]

Meraz et al. [41]

Present study Eq. (25)



 N. Abduljabar Abdulla/ Journal of Rehabilitation in Civil Engineering 13-3 (2025) 86-103 97 

 

4.1.6. 3D scatter plot 

The relationship between the variables ft and fc, and ft and fr are shown in Figs.13 (a) and (b), 

respectively, for exposure periods of 1,2, 6, and 9 months. The same relationships for concrete 

incorporating RH are shown in Figs. 14 (a) and (b), where more uniform results are observed for the 

latter type of concrete. 

4.2. Effect of maximum size of aggregate 

For plain and superplasticizer concretes, the specimens with 10 mm maximum size coarse aggregate 

showed better compressive strength performance than the specimens with 20mm maximum size 

coarse aggregate, Fig.4. This is ascribed to the elimination of cracking in cement paste that 

encapsulates the coarser aggregate particles. But this trend was not observed in blended concretes 

with 10 and 20 mm maximum-sized coarse aggregate. This was due to the increase in the surface area 

of the 10mm coarse aggregate particles compared with 20mm particles, as both concrete mixes with 

10mm and 20mm were designed for the same workability. This resulted in a partial reduction in water 

demand for the concrete mixes with 20mm maximum size of aggregate. Therefore, a lower w/c ratio 

and higher SP dosage was associated with concrete having 20mm maximum size of aggregate. The 

above trend was also observed in specimens tested for tensile splitting strength and flexural strength, 

Figs. 7 and 11. Although the strength of laboratory concrete will be different from site concrete due 

to better control, casting compaction and curing of the first one, its hoped that the laboratory results 

will give a good guide about the actual conditions that exist in the real structure. Pozzolanic materials 

have positive effect on the rheological properties of concrete [22]. Thus, Complementary component 

such as silica fume have a fundamental role in improving the mechanical properties of concrete [23]. 

 
Fig. 13. Three D scatter plot: (a) ft-fc vs period; (b) ft-fr vs period for plain concrete with 10mm maximum 

aggregate size. 

Generally, the strength development was continuous and improved during the first six months of 

exposure to the solution. However, in the last three months of exposure, the strength development 

slowed down and stopped in the case of plain concrete. The wide variation in the performance of 

blending materials may be attributed to the variation in the physical, chemical and mineralogical 

composition. This result from the industrial process related to their production and from the properties 

of the raw materials used [24]. 
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Fig. 14. Three D scatter plot: (a) ft-fc vs period; (b) ft-fr vs period for 12%RHA concrete with 10mm 

maximum aggregate size. 

4.2.1. Contour plot 

The relationship between two independent variables ft and fr and a dependent variable fc is shown in 

Fig. 15 (a) for P concrete with maximum aggregate size of 10mm. The equivalent figure for 12%RHA 

is depicted in Fig. 15(b). The contour lines and bands demonstrate the fc value in each case. The 

change in contour of lines and bands illustrate change in the strength value. 

4.3. Permeability 

For concrete materials facing the challenge of aggressive environments, it’s important to evaluate 

their long-term durability and performance. The coefficient of permeability-duration test relationship 

for reference and blended concrete specimens with maximum aggregate sizes of 10 were dependent 

on the type of concrete. For the given maximum aggregate size and duration of the test, the blended 

concretes showed significant reduction in coefficient of permeability compared with their reference 

concretes. When concrete specimens exposed to drying and re-saturating, reductions in permeability 

encountered, self-sealing of concrete, the permeabilities of all tested concretes reduced with the 

curing age [25]. 

 
Fig. 15. Contour plot of fc vs ft, fr: (a) plain concrete; (b) 12%RHA concrete with Max. agg. Size of 10mm. 

b a 
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The heterogeneous microstructure of concrete plays a significant role in affecting the permeable 

qualities of concrete [25]. The coefficient of permeability indicates different values for various types 

of concrete, and decreased in the following order: plain concrete, 5%SP concrete, and 12%RHA 

concrete. The high performance of 12%RHA concrete compared to 5%SP concrete and plain concrete 

may be associated with the effect of the highly active pozzolans on the transition zone. The primary 

decrease in permeability happens in the first 24 hours and stays generally constant after 100 hours of 

testing [24]. The comparison of the rates of reduction in permeability due to blending materials shows 

that the rates are different from plain concrete. The progress of hydration leads to a decrease in 

permeability, which is further reduced in the presence of RHA due to the pozzolanic activity [24]. 

4.4. Compressive strength-permeability relationship 

In Fig. 16, the results of permeability tests conducted over 24, 48, 72, and 96 hours were plotted 

against the values of compressive strength tests conducted at 1, 2, 3, and 4 days following 90 days of 

exposure. 

    

 
Fig. 16. Compressive strength versus permeability coefficient for: (a) P; (b) 5%SP; (c) 12%RHA concretes 

with 10mm maximum aggregate size. 

It is evident that, for concrete with a maximum aggregate size of 10 mm, there is a strong association 

between strength growth and the decrease in permeability with an increase in test duration. The 

12%RHA concrete generally exhibited the best resilience and the lowest permeability coefficient.  

The permeability of concrete plays a significant role in the corrosion of steel in concrete exposed to 
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harsh conditions, as water, oxygen, carbon dioxide, and chloride ions are the main agents in the 

corrosion process. Reducing environmental pollution can be greatly aided by using appropriate 

cement substitutes [26], which include silica fume, fly ash, slag and RHA [27]. The addition of finer 

(as opposed to larger) RHA particles limits the chloride ion penetration over time and improves the 

values for flexural, compressive, and tensile strength [28]. By adding agricultural waste, such as 

RHA, more sustainable concrete can be made [29]. A number of studies attempted to compare the 

performance of different types of cement substitutes such as silica fume and RHA [30]. Moreover, 

further use of superplasticizer-concrete in urban areas was studied [31]. Through the sustainable 

application of blended concrete, nano-materials and recycling materials [32] can support 

environmentally friendly construction practices [33]. Therefore, the goal of designers should be to 

create high-quality, dense concrete with limited permeability to prevent the entry of substances that 

cause corrosion. 

4.5. Response surface plots 

The Fig. 17 show a three-dimensional surface of response of compressive strength, graphical 

representations of the second order quadratic equation. It depicts the relationship between a response 

variable fc and two predictor variables: permeability coefficient and exposure period for plain 

concrete, Fig. (17a) and 12%RHA concrete, Fig. (17b). 

 
Fig. 17. 3D response surface plots Kp versus exposure period for compressive strength of 12%RHA 

concrete. 

4.6. Statics 

The strength of blended and plain concrete is affected by variations in various types of concrete. To 

assess the effect of maximum aggregate size and concrete type on the values of compressive strength, 

tensile splitting strength and flexural strength a 2-way analysis of variance (ANOVA) with replication 

was conducted. Table 3 shows the summary of the analysis conducted. As the value of Fstatistic is 

greater than Fcritical, for the three cases. The statistical analysis indicate that the two different aggregate 

sizes, 10mm and 20mm, produced mean strengths that were statistically similar for the three different 

types of concrete specimens. Moreover, there was no overall pattern between the mixes with 

maximum aggregate sizes of 10 mm and 20 mm. Because the strengths of the various types of 

specimens were similar, it was not possible to identify any overall trends from the data. 
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Table 3. Summary of two-way ANOVA test with replication for strength. 

Parameter Variable FStatistic FCritical P-value α-value 

Is 

FStatistic > 

FCritical 

Is 

P value > α-value 

MAS10 fc 91.95 2.60   Yes  

 ft 6.1 2.60   Yes  

 fr 36.48 2.60   Yes  

MAS20 fc 91.95 2.60 0.000034 0.05  Yes 

 ft 6.1 2.60 0.00062 0.05  Yes 

 fr 36.48 2.60 0.000 0.05  Yes 

 

5. Conclusions 

The current study examined the performance of one of the most widely used material in our world, 

concrete, incorporating chemicals (super-plasticizer) and mineral admixtures (12%RHA) under 

aggressive environments. Based on the experimental results from this research work, the following 

conclusions can be drawn: 

• The compressive strength of plain concrete increased up to 6 months. Afterwards, the strength 

decreased slightly. 

• There was a good compatibility between the superplasticizer and Portland cement. The use of 

superplasticizer increased compressive strength and enhanced the splitting and flexural tensile 

strengths of concrete. 

• Concrete specimens containing 12% highly active RHA as a partial replacement by weight of 

cement showed superior strength performance over the other concretes by 10 to 30%. 

• 12%RHA concrete specimens exhibit superior performance with an average reduction of 88% 

and 66% in the permeability values compared with plane and 5%SP concretes. 

• Most of existing models for predicting tensile splitting and flexural strengths perform rather 

conservatively. The prosed models supersede the performance of existing models. 

• The statistical analysis demonstrates that the compressive strength, splitting strength, and 

flexural strength were not significantly impacted by the variation in maximum aggregate size. 

Potential future research directions include exploring different RHA sources, varying environmental 

conditions, or long-term performance assessments. This is in order to understand the effect of crushed 

aggregate, specimen size, presence of fibers, and two combined admixtures on various properties of 

a sustainable concrete when exposed to severe environmental conditions. 
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