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1.Introduction 
One of the world's most extensively utilized building 

materials is concrete, which leads to cement 

production due to an increase in infrastructural 

development [1]. The production of ordinary Portland 

cement (OPC) causes a significant release of carbon 

dioxide (CO2) which is harmful to the environment 

due to its greenhouse effects [2] Severe air pollution 

has been observed due to an increase in CO2 

emissions due to increment through production [3]. 

Studies have shown that one tonne of OPC clinker 

produces about one tonne of CO2 [4]. On the other 

hand, sustainable building materials should have a 

minimum adverse impact on the environment [5]. 
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Bagasse ash, wood ash, natural pozzolans, silica 

fume (SF), rice husk ash (RHA), and other 

comparable pozzolanic materials can be used to make 

concrete more durable while using less OPC [6]. 

Environmental problems are taking place due to the 

extensive usage of natural sand (N-sand), which also 

depletes natural resources on a large scale [7]. Due to 

growing environmental concerns and agreements to 

prioritize environmental protections, the government 

has put restrictions on N-sand mining from riverbeds 

[8]. To solve these problems, it is necessary to use 

affordable alternative materials without sacrificing 

other quality standards for constructing heavy 

structures. Self-compacting concrete (SCC) is being 

utilized more frequently in the building sector due to 

its higher strength, even in sophisticated places [9]. 

The SCC has more fine particles, a higher dosage of 

admixtures, and a more optimal packing density than 
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Abstract  
For sustainable infrastructural development, the massive generation of waste materials such as fly ash (FA), rice husk 

ash (RHA), and stone dust (SD) has made their utilization in the production of self-compacting concrete (SCC) a matter 

of prime research importance. Due to their pozzolanic qualities, FA and RHA may be utilized as partial replacements for 

cement in several construction activities. On the other hand, SD a waste product from a stone crusher plant, increases 

density and possesses strong compressive strength when used in concrete production due to its properties. Replacing 

natural sand (N-sand) with SD may help achieve sustainability objectives. This study examined the durability 

characteristics of SCC, which are made by optimizing SD for N-sand and (FA+RHA) for ordinary Portland cement 

(OPC). Several tests were carried out to evaluate the fresh and hardened properties of the specimen prepared. After 

optimizing the proportions of FA, FA+RHA, and FA+RHA+SD, three types of SCC mixes were prepared: SCC-I (80% 

OPC + 20% FA + 100% N-sand), SCC-II (75% OPC + 20% FA + 5% RHA + 100% N-sand), and SCC-III (75% OPC + 

20% FA + 5% RHA + 65% N-sand + 35% SD). These mixes were exposed to an ammonium sulphate [(NH4)2SO4] 

solution with a concentration of 4.0 grams/liter for up to 360 days for durability analysis. All specimens were 

subsequently subjected to microstructural analysis. The obtained results were compared and analyzed. It was observed 

that after 56 days of exposure, the sorptivity of SCC-III decreased by 7.43% and 34.50% compared to SCC-II and SCC-I, 

respectively. After 360 days, the reduction in sorptivity was 9.25% and 40.24%, respectively, when compared to SCC-II 

and SCC-I. The results of this study pave the way for using SCC in construction activities to achieve society's 

sustainability goals. 
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ordinary concrete, which results in the necessary 

fluidity and viscosity [10]. It has been demonstrated 

that adding very fine particles to concrete improves 

both its mechanical and physical qualities [11]. The 

SCC demonstrates excellent passage, filling, and 

segregation resistance. Various pozzolanic materials, 

including fly ash (FA), ground granulated blast-

furnace slag (GGBS), Metakaolin (MK), RHA, and 

others, are used to create SCC in general [12, 13]. 

This approach addresses the challenge of safely 

disposing of these waste materials, making 

construction more sustainable and resulting in 

environmentally friendly concrete mixtures. FA 

constitutes 20% to 40% (by weight) of the raw coal 

used in thermal power plants. Globally, 

approximately 25% of FA production is utilized, with 

38% in India and 47% in the European Union [14, 

15]. The worldwide production of FA and RHA is 

illustrated in Figure 1 [16, 17]. 

 

 
Figure 1 Production of (a) FA and (b) RHA 

worldwide and in India 

 

This study significantly contributes to advancing 

sustainable construction practices by demonstrating 

the effective utilization of industrial waste materials 

such as FA, RHA, and SD in SCC production. The 

research provides a comprehensive evaluation of the 

workability, durability, and microstructural properties 

of SCC mixes, emphasizing their performance under 

aggressive sulphate exposure. By optimizing the 

proportions of FA, RHA, and SD, the study 

showcases their potential to enhance SCC’s fresh and 

hardened properties while reducing environmental 

impact. The microstructural analysis offers critical 

insights into the role of CSH gel formation and pore 

structure refinement, which improve sulphate 

resistance and long-term performance. These findings 

pave the way for adopting sustainable materials in 

high-performance concrete, addressing waste 

disposal challenges, and contributing to global 

sustainability goals in construction. 

 

This paper is organized as follows: Related work is 

discussed in Section 2, followed by Materials and 

Methods in Section 3. The Results are presented in 

Section 4, while the Discussion of the results and 

their implications is covered in Section 5. Finally, the 

paper is concluded in Section 6. 

 

2.Literature reviews 
Several studies have demonstrated the potential of 

utilizing FA and RHA in concrete production. FA, in 

particular, has shown an additional beneficial impact 

on the compressive and flexural strength of concrete 

due to its pozzolanic behavior [18]. Substituting 15% 

of OPC with FA has been found to enhance the 

strength parameters of SCC. Moreover, cost-effective 

SCC can be produced using significant amounts of 

Class f-FA [15]. The flowability of SCC mixes 

improved significantly when ultra-pulverized FA was 

used as a partial replacement for OPC, with V-funnel 

times falling within the limits set by the European 

Federation of National Associations Representing 

Concrete (EFNARC) [19]. Replacing 30% of OPC 

with FA was proven to yield excellent results in 

terms of workability, mechanical characteristics, and 

durability [20]. Another study  demonstrated that 

laterized concrete mixes containing steel fibers and 

FA exhibited better mechanical properties than 

ordinary concrete. An optimum mix ratio of 25% 

granite aggregates, 5% FA, 0.5% steel fibers, and 

1.6% superplasticizer (SP) was identified [21]. The 

qualities of the cement and admixtures used 

significantly influence the properties of SCC, with 

even minor adjustments having a considerable 

impact. For example, the addition of FA generally 

increased the slump values, particularly when 

combined with SP [22]. 

 

The study found that the fresh density of the concrete 

decreased when more FA was used in place of 

cement. The 60% FA mixture had the lowest T50 

slump flow times, while the control mixture had the 

greatest. FA replacement led to a continuous decrease 

in compressive strength over time, but it also made 

the SCC blends more passable than other mixes [23]. 

The study shows  that traditional cement-based and 

alkali-activated slag-based mortars have comparable 

water capillary absorption properties. The mortar 

made of 50% FA and 50% slag, created with the least 

amount of NaOH, had the least negative effects on 

the environment. After 28 and 90 days of curing, the 

mortar comprising 75% slag and 25% FA with a slag 

to FA ratio of 3:1, demonstrated increased 

compressive strength. It also exhibited the lowest 

initial rate of water absorption [24]. RHA's chemical 

and physical characteristics make it an appropriate 

supplemental cementitious material for producing 
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ultra-high-performance concrete (UHPC). 

Nevertheless, because it results in a higher volume 

paste and less available free water, increasing the 

RHA percentage can make the fresh UHPC 

combination less flowable. The compressive strength 

of UHPC is slightly reduced by adding mineral 

admixture to lower the cement content, but the 

concrete's carbon footprint is much reduced [25]. 

Water negatively affects compressive strength; 

however, there is a strong correlation between water 

content and RHA, indicating that higher water levels 

are required to enhance resistance when RHA is used 

[25]. Without causing any adverse effects, SCC's 

durability can be increased by substituting up to 40% 

of OPC with a mixture of RHA and MK. Unlike 

unblended SCC, blended SCC composites with 30% 

MK exhibit better strength and permeability. 

Nevertheless, MK-blended SCC performs poorly in 

acidic settings.  RHA-blended SCC exhibits better 

durability and lower compressive strength, 

particularly against acid attack [26]. Although the 

workability of concrete is not significantly affected 

by using RHA and MK, it can be enhanced by adding 

more water-reducing admixture. RHA does not 

negatively impact compressive strength up to 15-

20%. However, SCC strength can increase by up to 

25% when 15% MK is applied. The optimal 

compressive strength was achieved with a mix 

containing 15% MK and 10% RHA replacements.  

Concrete's higher compressive strength can be 

explained by a more homogenous structure and 

greater production of a calcium silicate hydrate 

(CSH) gel, as revealed by x-ray diffraction (XRD) 

and scanning electron microscopy (SEM) 

examination [27]. 

 

At different doses, adding nano rice straw ash 

(NRSA) o concrete has been demonstrated to 

increase compressive strength; after seven to ninety 

days of curing, a notable improvement in strength has 

been observed. Strong CSH peaks were found by 

Raman spectroscopy, while weak calcium hydroxide 

(CH) and ettringite peaks were identified by X-ray 

analysis [28]. The high density and low pores 

prevented pitting corrosion, and the presence of 

nanomaterials improved charge transfer resistance 

and concrete bulk resistance [28]. By weight of the 

rice, 20–25% of rice husks are produced throughout 

the world [29].  Burning rice husk results in the 

removal of cellulose and lignin, leaving just silica ash 

[30]. RHA is composed chemically of 82–95% silica 

at controlled burning temperatures of 600–800°C [31, 

17]. Several studies have found that when the 

water/binder (w/b) ratio is decreased, the slump flow 

of mortar decreases and the flow durations of SCC 

increase as the RHA percentage increases [32]. When 

RHA partially replaces OPC; as a result, the paste 

volume increases, the density of RHA decreases, and 

the slump flow increases. The V-funnel duration 

increases, and the slump flow reduces with the same 

dose of SP as the concentration of RHA increases 

[32]. 

 

On the other hand, most emerging nations are forced 

by government policies to minimize the consumption 

of fine aggregate in concrete with another material, 

either totally or partially, without compromising the 

quality of the concrete [33]. In the construction 

sector, Stone dust (SD) has been used in various 

application, such as aggregates, bricks, tiles, building 

materials, and materials for road development [34]. It 

has significant potential to replace fine materials, 

such as sand, construction industry, which will 

reduce the cost of construction and conserve the 

natural resources of construction materials in the 

environment [35]. Numerous findings indicate that 

SD-produced concrete has strength characteristics 

that are almost identical to those of conventional 

concrete. It has been found that replacing up to 40% 

of the fine aggregates in concrete with SD has little 

effect on its compressive strength, but it greatly 

increases its flexural strength throughout its lifetime 

[36]. As the percentage of SD in concrete increases, 

its permeability decreases [37]. The cost of concrete 

can be reduced by increasing the percentage of SD. 

Concrete's compressive and flexural strength can be 

increased by up to 70% using stone processing dust, a 

fine aggregate with better water absorption 

properties. It improves elasticity modulus by 

minimizing voids and strengthening the binding 

between cement paste and aggregate. Dust from stone 

processing has a detrimental effect on abrasion 

resistance but has no discernible effect on impact 

resistance. It also reduces the depth of water 

penetration in concrete. The economics of concrete 

can be increased by using stone processing dust as a 

fine aggregate [38]. Waste from stone production can 

compete with sand and limestone filler as an 

environmentally friendly substitute for cement based 

on civil construction materials. It can lessen the 

environmental effect of masonry, rendering mortars, 

and SCC by partially substituting sand in 

combinations [39].  

 

3.Materials and Methods 

3.1Materials used 

To carry out this study, the OPC, RHA, FA, N-sand, 

SD and the coarse aggregate of size 10 to 20 mm, 
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potable water and SP have been used. The physical 

and chemical characteristics of these materials have 

been evaluated. 

 
3.1.1Ordinary portland cement (OPC) 

It has been collected from a local distributor in 

Prayagraj Uttar Pradesh, India. The physical 

characteristics of OPC grade 43 have been presented 

in Table 1. Ensure the cement is free from lumps and 

stored properly to prevent moisture absorption. The 

compressive strength test of OPC, at three, seven, and 

twenty-eight days, was calculated by performing 

standard tests as per Indian Standards (IS-

8112:2013), as shown in Table 1. 

 

Table 1 Physical properties of OPC (grade 43) 
Properties Values 

OPC Grade 43 

Consistency 27% 

Specific gravity 3.14 

Properties Values 

Fineness modulus 1.4% 

Soundness 2.0 mm 

Initial setting time 60 minutes 

Final setting time 480 minutes 

Compressive strength at 03 days 24.09 N/mm2 

Compressive strength at 07 days 34.33 N/mm2 

Compressive strength at 28 days 48.67 N/mm2 

 

The chemical composition of OPC (grade 43) was 

evaluated by X-ray fluorescence, and presented in 

Table 2, which shows the presence of 19.45% silica 

by weight and 52.55% CaO. 

 

The XRD pattern shows the crystalline behavior of 

OPC along with the presence of dicalcium silicate, 

tri-calcium silicate, tri-calcium aluminate, tetra 

calcium alumino ferrite, and gypsum, which is shown 

in Figure 2.   

 

Table 2 Chemical composition of OPC, FA, RHA, and SD 

 

 
Figure 2 X-ray diffraction pattern of ordinary Portland cement (grade 43) 

 
3.1.2Fly Ash (FA) 

It was collected from National Thermal Power plant 

Corporation, Unchahar (25.9041°N, 81.3014°E), 

Uttar Pradesh, India. FA's chemical composition 

(Table 2) shows the presence of 55.40% silica, 

almost 20% alumina and nearly 7% ferrite. The 

physical properties of FA have been listed in Table 3.  

 

Compositions  Weight (%) 

OPC (43 grade) FA RHA SD 

CaO 52.55 4.19 0.49 76.11 

SiO2 19.45 55.40 93.66 12.52 

Al2O3 4.64 19.98 1.01 5.12 

Fe2O3 3.23 6.82 1.02 3.61 

MgO 2.15 2.03 1.05 - 

K2O 0.76 1.92 0.91 1.43 

Na2O 0.22 0.61 0.16 - 

Loss on ignition 2.76 2.41 4.81 - 
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Table 3 Physical properties of FA IS 3812:2013) 
Parameters Value 

Specific gravity 2.13 

Colour Grey 

Classification f-class 

Density 1000 kg/m3 

 

The crystalline XRD x-ray diffraction pattern of FA 

has been shown in Figure 3, which confirms the 

presence of SiO2, Al2O3, andFe2O3 compounds within 

it. 

 

 
Figure 3 X-ray diffraction pattern of FA 

 

Spherically shaped FA fly ash particles provide 

lubrication in the concrete mixture by acting as ball 

bearings, as shown in the microstructural scanning 

electron image Figure 4(a). 

 

 
Figure 4 Microstructural images (SEM) of (a) FA 

and (b) RHA 

 
3.1.3Rice husk ash (RHA) 

It was purchased from Jalyan Trading in Anand, 

Gujarat, India. Table 4 displays the physical 

characteristics of RHA. The chemical properties 

provided by the manufacturer itself are listed in Table 

2. The FESEM image of RHA is shown in Figure 

4(b). 

 

Table 4 Characteristics of RHA 
Properties Value 

Colour Black 

Specific surface area 15-18x104 cm2/gm 

Specific gravity 2.15 

 

The XRD pattern of RHA has been presented in 

Figure 5, which shows the presence of kaolinite, 

illite, hematite, and silica compounds in RHA. 

 

 
Figure 5 X-ray diffraction pattern of RHA 

 
3.1.4Fine aggregate (N-sand) 

All concrete samples were made using natural river 

sand that fulfils the criteria of zone II standards as per 

IS-383-1987. The physical properties of N-sand used 

in this study are shown in Table 5. The particle size 

distribution of fine aggregate and SD is presented in 

Figure 6, which lies in Zone-II as per IS 383-1970. 

 

Table 5 Characteristics of N-sand, SD, and coarse 

aggregate 

Properties N-sand  SD 

Coarse aggregate  

10 mm  
20 

mm  

Fineness 

modulus  
2.462 2.32 6.25 7.27 

Bulk density 

(kg/m3) 
1680  NA 1590 1560  

Specific gravity  2.48 2.35 2.67 2.70 

Water 

absorption (%) 
1.76 50 1.20 1.10 

 
3.1.5Stone dust (SD)  

SD of a grey hue was collected from stone-crushing 

facilities in Prayagraj, Uttar Pradesh. Before 

preparing the specimen, it was utterly air-dried and 

retained on an IS 150μm sieve. SD's physical 

characteristics are displayed in Table 5. The chemical 

composition is presented in Table 2. 
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Figure 6 Particle size distribution of NS and SD 

 
3.1.6Coarse aggregate 

The size of coarse aggregate used in this study was 

10 and 20 mm as per IS 383:1987. Aggregates should 

be clean, hard, and free from dirt and other 

impurities. The physical parameters of coarse 

aggregate have been presented in Table 5. 

 

3.2Experimental program 

The concrete mix was prepared using a constant 

water/binder ratio of 0.44 and a total binder content 

of 450 Kg/m3. The quantity of fine aggregate, coarse 

aggregate, and superplasticizer dosage were 900 

Kg/m3, 828 Kg/m3, and 5.85 Kg/m3, respectively. 

After that, for the optimization of FA, RHA, and SD 

proportions in the design mix, standard cubes were 

prepared, cured for 28 days in tap water, and tested 

for the evaluation of compressive strength. Concrete 

cubes' compressive strength was determined using a 

compression testing machine (CTM) in structure 

analysis laboratory in Motilal Nehru National 

Institute Allahabad, Prayagraj with a capacity of 

2000 kN. The load was applied at approximately 140 

kg/cm2/min, and to calibrate the CTM, a load was 

applied to a sample with known strength as per the 

provisions contained in IS: 516-1959. For the 

optimization of FA and FA+RHA, different mixes 

were prepared for different OPC replacement levels 

by FA, RHA, and FA+RHA. The replacement level 

of OPC with FA was- 5, 10, 15, 20, and 25% by 

mass. The obtained compressive strength is 

maximum when the replacement level of OPC is 20% 

FA. After that, for each replacement level of OPC 

with FA, the replacement level of RHA was also 

varied from 0-15% at an interval of 5%. Compressive 

strength obtained is maximum when the combined 

replacement level of OPC by FA and RHA is 20% 

and 5%, respectively. After optimization of fine 

aggregate, from 900 kg of fine aggregate, it was 

replaced by SD at 10, 20, 30, 35, and 40% by weight. 

The combination of 65% N-sand and 35% SD gives 

the maximum compressive strength value; therefore, 

these values were used further. From these 

proportions, three specimens of SCC were prepared, 

as listed in Table 6, for further study in terms of 

durability and microstructural analysis. Each test was 

performed three times for each specimen containing 

three samples. The average value was reported in this 

study. The result indicated reproducibility within the 

range of ±3%. 

 

Table 6 Details of specimen for analysis 
Specimens Combination 

SCC-I 80% OPC + 20% FA + 100 N-sand 

SCC-II 
75% OPC + 20% FA + 5% RHA + 

100% N-sand 

SCC-III 
75% OPC + 20% FA + 5% RHA + 65% 

N-sand + 35% SD 

 

For the optimization of FA, RHA, and SD 

proportions in the design mix, standard cubes were 

prepared, cured for 28 days in tap water as shown in 

Figure 7(a), and tested for the evaluation of 

compressive strength. After 28 days, the specimens 

were fully submerged in ammonium sulphate 

[(NH4)2SO4] solution having a concentration of 

0
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4.0 gram per litre, as shown in Figure 7(b), for 

periods of 56 and 360 days to analyze the micro-

structural characteristics and different durability 

aspects of these specimens. 

 

 
Figure 7 Curing of SCC specimens (a) in tap water 

and (b) in sulphate solution 
 

The specimen was tested to evaluate its compressive 

strength by IS: 516 (1) 1959. Three samples from 

each specimen were weighed before being exposed to 

tap water and (NH4)2SO4 solution to calculate the 

weight change. The mass of the specimens was again 

weighted following the necessary exposure time. 

Calculations were made for changes in specimens' 

weight at designated intervals. The specimen's 

sorptivity was also assessed per American Society for 

Testing and Materials (ASTM) C 1585. The 

microstructural behaviour was investigated using 

energy-dispersive spectroscopy (EDS), XRD, and 

elemental mapping (EM). 

 

4.Results 

4.1Fresh properties  

Various concrete mixes' flowability and filling 

capacity were evaluated using the slump flow, as 

shown in Figure 8(a), and V-funnel test, as shown in 

Figure 8(b). The L-box, U-box, and J-ring tests 

assessed the concrete's passing capabilities, as shown 

in Figure 8(c, d, & e). 

 

It was discovered that SCC-I became more workable 

due to the spherical morphologies of the FA particles, 

while the rough surfaces of the RHA and SD particles 

slightly decreased the workability of SCC-II and 

SCC-III. Furthermore, it is found that adding FA 

improves the mixture's workability by utilizing some 

workability tests, such as L-box, U-box, slump flow, 

and J-ring  [15, 40]. While the workability is 

somewhat reduced by adding RHA and SD as given 

in Table 7. Several researchers have also reported the 

same patterns in their findings [41].  

 

 
Figure 8 Workability of SCC samples carried out by (a) Slump flow, (b) V-funnel, (c) L-box, (d) U-box, and (e) J-

ring 

 

Table 7 Workability analysis of different specimens of SCC 
Samples Slump flow(mm)  V-funnel(sec.)  L-box(h2/h1)  U-box(mm)  J-ring(mm)  

SSC-I 730 9.0 0.97 12.0 5.2 

SSC-II 710 9.4 0.96 14.0 5.5 

SSC-III 660 10.6 0.85 17.0 6.9 

EFNARC  

(Codal provisions) 

550 to 850 8 to 25 > 0.8 0 to 30 0 to 10 
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4.2Hardened properties  

The compressive strength of each specimen, 

submerged in tap water and in an 

(NH4)2SO4 solution, was measured at different time 

intervals. The entire process was carried out at a 

room temperature of 27ºC ± 10ºC, and the results are 

presented in Table 8. Compressive testing machines 

undergo calibration through initial setup and 

inspection, standard calibration procedures, software, 

and mechanical adjustments, and repeat calibration. 

Validation includes routine maintenance and checks, 

inter-laboratory comparisons, proficiency testing, 

control specimens, and documentation. 

 

Table 8 Compressive strength of samples in different exposure conditions 

Curing period 

(Days) 

Compressive strength (kN/m2) 

Tap water Sulphate solution (4g/l) 

SCC-I SCC-II SCC-III SCC-I SCC-II SCC-III 

28 44.67 45.67 46.67 44.67 45.67 46.67 

56 47.00 48.67 48.67 46.33 48.00 48.00 

180 50.00 51.33 51.33 49.00 50.00 50.33 

270 51.33 52.67 52.67 49.67 51.00 51.33 

360 52.00 53.33 53.33 50.00 51.67 52.00 

 

4.3Durability analysis 
4.3.1Changes in compressive strength of SCCs 

The findings from water curing indicate that the 

specimens SCC-I, SCC-II, and SCC-III exhibit 

varying growth rates in compressive strength over 

time. When these samples are exposed to (NH4)2SO4 

solution curing, the compressive strength of samples 

also increases but at a slow growth rate compared 

with water curing. In SCC-I, the growth rate of 

compressive strength is less, as compared to SCC-II 

and SCC-III, because CSH gel formation is low. This 

means that the SCC-I shows more loss in 

compressive strength when exposed to sulphate 

solution.  The sample SCC-III shows minimum loss 

during sulphate exposure because, during exposure, it 

produces more CSH gel, which further minimizes the 

voids between particles and increases the density. As 

a result, the CSH gel blocks the entry of sulphate 

molecules within the concrete due to reduced 

porosity. All the samples, i.e., SCC-I, SCC-II, and 

SCC-III, while exposed in sulphate solution 

exposure, show that the loss in the compressive 

strength increases at different growth rates with 

exposure time, i.e., 56, 180, 270, and 360 days as 

shown in Figure 9. 

  

Figure 9 Loss in compressive strength with exposure periods 

 
4.3.2Variation in weight  

The variation in weight of the samples exposed to the 

(NH4)2SO4 solution over different time periods—28, 

56, 90, 180, 270, and 360 days—is presented in Table 

9. It has been observed that the weight of the samples 

SCC-I, SCC-II, and SCC-III has increased during the 

first 90 days of exposure, as shown in Figure 10. The 

weight increase might be due to various reactions, 

such as absorption and deposition of some foreign 

particles on the surface of the concrete. After 90 

days, the weight of the samples has been found to 

decrease in order due to the leaching action that 

might be taking place by the surrounding sulphate 

solution. 
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Table 9 Weight of different samples in (NH4)2SO4 solution exposure (4g/l) conditions 

Curing period (Days) 
Weight of samples (kg) 

SCC-I SCC-II SCC-III 

28 2.583 2.558 2.611 

56 2.610 2.584 2.637 

90 2.614 2.586 2.638 

180 2.611 2.585 2.637 

270 2.610 2.584 2.637 

360 2.609 2.578 2.637 

 

 
Figure 10 Change in weight with exposure periods 

 

4.4Measurement of sorptivity 
A sorptivity test was conducted in accordance with 

the guidelines of ASTM C 1585 to determine the 

capillary rise capacity in concrete specimens. By 

measuring the increase in mass of a specimen as a 

function of time when only one surface of the 

specimen is exposed to water ingress of unsaturated 

concrete by capillary suction during initial contact 

with water, this test is used to determine the rate of 

absorption (or sorptivity) of water. As shown in 

Figure 11, the rate of sorption is determined by the 

slope of the best-fit line in the plot of absorption 

versus the square root of time. 

 

 
Figure 11Sorptivity test setup (a) core cutting, (b) sample preparation, and (c) sorptivity test 

 

The sorptivity test was conducted using initial and 

secondary data for all three specimens, i.e., SCC-I,  

 

SCC-II, and SCC-III. Sorptivity has been observed to 

decrease with time, and when compared to samples 
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SCC-I and SCC-II, sample SCC-III's sorptivity value 

was lower. Table 10 displays the sorptivity values for 

each of the three specimens as 56 and 360 days of 

exposure to tap water. Based on the experimentation, 

it can be determined that the sorptivity of the 

specimens decreases as the curing period increases. 

 

Table 10 Values of sorptivity (×10−3 mm/s) for 

several SCC specimens 

Samples  
Curing period 

56 Days 360 Days 

SCC-I 0.171 0.164 

SCC-II 0.121 0.108 

SCC-III 0.112 0.098 

 

 
Figure 12Sorptivity pattern after 56 days of water curing (a) SCC-I, (b) SCC-II, (c) SCC-III 

 

 
Figure 13Sorptivity pattern after 360 days of water curing (a) SCC-I, (b) SCC-II, (c) SCC-III 

 

4.5Variation in microstructural analysis 

Microstructural analyses provide a comprehensive 

understanding of concrete's internal structure and 

composition. By linking these microscopic features to 

macroscopic properties, one can predict and improve 

the performance of concrete in various applications. 

High levels of crystalline phases, such as CSH, along 

with a homogeneous elemental distribution and 

increased density, signify enhanced strength, 

durability, and overall superior performance of 

concrete. After the specimens were cured in water 

and (NH4)2SO4 solution for different periods, the 

XRD, EDS, and EM tests were carried out to analyse 

the internal microstructure of the specimen. An 

effective method for determining the different phases 

contained in a particular powered concrete mixture is 

assessed by XRD analysis, from which a specific 

crystalline phase in the concrete can be identified 

very accurately. Further, the relative amounts of the 

different phases in the sample can also be assessed 

through the relative intensities in the recorded X-ray 

diffractogram. The XRD study shows a lower peak 

for SCC-I and a higher peak for CSH in SCC-III. 
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                                   (a)                                                                                   (b) 

 
(c) 

Figure 14 Water curing for a period of 56 days (a) SCC-I, (b) SCC-II, (c) SCC-III 

 

 
(a)                                                                                        (b) 
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(c) 

Figure 15 Water curing for a period of 360 days (a) SCC-I, (b) SCC-II, (c) SCC-III 

 

 
(a)                                                                                (b) 

 
(c) 

Figure 16Curing in sulphate solution of 4g/l concentration for a period of 56 days (a) SCC-I, (b) SCC-II, (c) SCC-

III 

 

To verify the internal micro-structure of the SCC 

specimen discovered through the XRD pattern, the 

EDS and EM analyses were carried out for SCC-I, 

SCC-II, and SCC-III. The elemental alterations in the 

specimens cured in tap water for 56 and 360 days are 

shown in Figures 18 to 19. Similarly, the results for 

specimens exposed to a 4.0 g/l (NH4)2SO4 solution 

for 56 and 360 days are presented in Figures 20 to 

21. The related EDS spectra provide evidence of 

aluminum sulphate and ettringite development in 

specimens subjected to sulphate solution. Following a 

thorough XRD analysis of each specimen sample that 

was cured in tap water for up to 360 days, CSH, 

dicalcium silicate, SiO2, stratlingite, calcium-
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aluminum-oxide-sulphate, gismondite, dolomite, 

calcite, tricalcium aluminate, etc., were discovered to 

be the most common compounds. CSH and Quartz 

peaks were highest in SCC-III specimens containing 

FA, RHA, and SD. The main reason for strength gain 

is the additional CSH gel created when FA is 

introduced. Additionally, the pore structure is refined 

by the tiny particles of these, making it more resilient 

to sulphate attack. The components quartz and CSH 

are visible in the XRD pattern of the specimens 

subjected to the (NH4)2SO4 solution. 

 

 
(a)                                                                                     (b) 

 
(c) 

Figure 17 Curing in sulphate solution of 4g/l concentration for a period of 360 days (a) SCC-I, (b) SCC-II, (c) SCC-

III 

 

 
Figure 18 EDS and EM of (a) SCC-I, (b) SCC-II, (c) SCC-III samples in water curing for a period of 360 days 
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Figure 19EDS and EM of (a) SCC-I, (b) SCC-II, (c) SCC-III samples in water curing for 56 days 

 

 
Figure 20 EDS and EM of (a) SCC-I, (b) SCC-II, (c) SCC-III samples exposed in sulphate solution of 4g/l 

concentration for 56 days 
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Figure 21 EDS and EM of (a) SCC-I, (b) SCC-II, (c) SCC-III samples exposed in sulphate solution of 4g/l 

concentration for 360 days 

 

5.Discussion 
5.1Fresh properties  

The results of the fresh SCC mixtures, presented in 

Table 7, show that the slump flow ranges from 550 to 

850 mm, meeting the flowability requirements 

specified by EFNARC [41]. The maximum slump 

flow was found for SCC-I, i.e., 730 mm. The V-

funnel time of different mixes was in the range of 8-

25 sec. L-box values, i.e., blocking ratio (h2/h1), 

were found in the range of 0.8-1.1, satisfying the 

requirement of EFNARC. The values of U-box (0-

30mm) and J-ring (0-10mm) were also within the 

desirable limits of EFNAR. All the SCC mixes were 

found to satisfy the EFNARC limits. 

 

The change in the slump flow is -70mm for SCC-III 

and -20mm for SCC-II. The change in the V-funnel 

value is +1.6 sec for SCC-III and +0.4 sec for SCC-

II. The change in the L-box value is -0.12 mm for 

SCC-III and -0.01 mm for SCC-II. The change in the 

U-box value is +5 mm for SCC-III and +2.0 mm for 

SCC-II. The change in the J-ring value is +1.7 mm 

for SCC-III and +0.3 mm for SCC-II as compared to 

SCC-I. 

 

5.2Hardened properties 

Compared to SCC-I's compressive strength after 28 

days, the strength gains of SCC-I, SCC-II, and SCC-

III at 360 days are approximately 16.40, 19.38, and 

19.38%, respectively. The increase in compressive 

strength for SCC-I, SCC-II, and SCC-III ranged 

between 1–6.40%, 1–6.77%, and 1–4.27%, 

respectively, when cured in tap water for up to 360 

days compared to their strength at 28 days of curing. 

After 28 days of curing in tap water, SCC-II and 

SCC-III exhibited strength gains of approximately 

2.23% and 4.47%, respectively, over SCC-I. These 

improvements can be attributed to the high 

pozzolanic activity, high reactivity, and fine particle 

sizes of FA and RHA, which likely facilitated the 

formation of stronger bonds among the concrete 

constituents [42, 43]. 

 

5.3Durability analysis 
5.3.1Changes in compressive strength of SCCs 

As observed in Figure 9, after 360 days of exposure 

to the sulphate solution (4.0 g/l), the compressive 

strength loss is 3.84%, 3.17%, and 2.49% for S-1, S-

2, and S-3 mixes, respectively, compared to their 

strength at 28 days. Among the samples, SCC-III 

exhibits the minimum strength loss, outperforming 

SCC-I and SCC-II in resistance to sulphate exposure. 
5.3.2Variation in weight  

The percentage weight change of SCC-I, SCC-II, and 

SCC-III specimens exposed to a 4.0 g/l sulphate 

solution is presented in Figure 10. It is observed that 

the cube weights increase up to 90 days of exposure, 

likely due to absorption and deposition of reaction 

products, after which a gradual decrease in weight is 

observed. In a 4.0 g/l salt solution, the largest gain 

recorded is 1.2% at 90 days in SCC-I, while the 
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minimum gain is 0.99% at 360 days. The mass gain 

might be due to the reaction product deposition and 

solution absorption inside the specimen's surface. 
5.3.3Measurement of sorptivity 

As shown in Table 10, after 56 days of exposure, the 

sorptivity of SCC-III decreased by 7.43% and 

34.50% compared to SCC-II and SCC-I, respectively. 

After 360 days, the sorptivity of SCC-III was 9.25% 

and 40.24% lower than that of SCC-II and SCC-I, 

respectively. Figure 12 and Figure 13 show the 

sorptivity plot for all three samples of SCC after tap-

water curing at 56 and 360 days. To calculate the 

sorptivity, the slope of the best-fitting curve in the 

absorption vs. square root of the time plot was 

utilized. There might have been a more significant 

absorption rate at the beginning of the test because 

the early portion of the curve (up to 6 hours) had a 

steeper slope than the later portion (1 to 7 days). 

 

When comparing SCC-III to SCC-II and SCC-I, a 

greater improvement was seen. For SCC-III 

specimens containing FA, RHA, and SD, the least 

sorptivity found improves the concrete's pore 

structure. When comparing the sorptivity of the SCC-

I, SCC-II, and SCC-III specimens at 360 days after 

curing in tap water to their sorptivity at 56 days, the 

improvements are 4.09, 10.70, and 12.5%, in that 

order. 
5.3.4Variation in microstructural analysis 

The XRD results of the SCC specimens, shown in 

Figures 14 to 17, reveal the presence of potassium-

aluminum-sulphate-hydrate, CSH, SiO₂, (NH₄)₂SO₄, 

CH, ettringite, and stratlingite. After exposure to the 

sulphate solution, SCC-I showed larger peaks of 

ettringite than SCC-II and SCC-III. The expansion in 

concrete is mostly caused by ettringite, gypsum, and 

brucite intensities, all of which were less in the SCC-

II and SCC-III specimens after they were subjected to 

the sulphate solution. Figures 18 to 21 also show the 

EDS and EM examination of the corresponding 

specimen following 56 and 360 days of exposure to 

tap water and sulphate solution (4.0 g/l). The 

elements Si, Ca, O, H, and S have been identified 

from the EDS and EM graphs. It demonstrates that a 

greater abundance of the element Si is present in 

SCC-II and SCC-III in contrast to SCC-I. The Ca: Si 

ratio is lower in specimens containing FA, RHA, and 

SD, which speeds up pozzolanic reactions and 

contributes to strength growth and increased 

resistance to sulphate attack. 

 

5.4Limitations 

The current study aimed to evaluate the effects of 

incorporating FA, RHA, and SD in the production of 

SCC and their performance under sulphate exposure. 

Future research could explore the following: 

• The impact of adding various mineral admixtures 

(e.g., silica fume, metakaolin, ground granulated 

blast furnace slag), fibers (e.g., steel, glass), and 

aggregates (e.g., manufactured sand, recycled 

aggregates) on the fresh and mechanical properties 

of SCC. 

• A more comprehensive examination of durability 

aspects through tests such as abrasion resistance, 

carbonation, rapid chloride penetration test 

(RCPT), and exposure to different salts and acids 

(e.g., chloride, nitrate). 

 

Appendix I has a comprehensive list of abbreviations. 

 

6.Conclusion and future work 
FA, RHA, and SD can be used in the following 

proportions to produce SCC-III: 20%, 5%, and 35%, 

respectively. The addition of FA enhances the 

flowability of SCC mixtures, while the inclusion of 

N-sand and RHA results in a slight reduction in 

flowability. After 28 days of tap-water curing, SCC-

II and SCC-III exhibited greater compressive strength 

compared to SCC-I. Over a 360-day exposure period, 

SCC-I showed a higher compressive strength loss 

(3.80%) than SCC-II (3.11%) and SCC-III (2.49%). 

 

In a 4.0 g/l sulphate solution, the weight of SCC 

specimens increased over the first 90 days, reaching 

maximum weight variations of 1.20%, 1.09%, and 

1.03% for SCC-I, SCC-II, and SCC-III, respectively. 

However, beyond 90 days, a reduction in weight was 

observed, with SCC-I, SCC-II, and SCC-III showing 

weight variations of 1.04%, 1.01%, and 0.99%, 

respectively, after 360 days. The sorptivity of the 

specimens decreased as the curing period increased, 

with SCC-III, which incorporates FA, RHA, and SD, 

demonstrating superior performance compared to 

SCC-I, which contains only FA. After 360 days of 

tap-water curing, SCC-III specimens exhibited a 

12.5% improvement in sorptivity compared to their 

sorptivity at 56 days. Furthermore, SCC-II and SCC-

III specimens showed improvements in sorptivity of 

34.14% and 40.24%, respectively, compared to SCC-

I, indicating that the combination of FA, RHA, and 

SD enhances sorptivity. 

 

XRD analysis revealed that specimens exposed to 

sulphate solutions generated ettringite, aluminium 

sulphate, and ammonium sulphate hydrate, with these 

compounds being more prevalent in SCC-I than in 

SCC-II and SCC-III. The morphological and 

elemental content of the compounds were further 



International Journal of Advanced Technology and Engineering Exploration, Vol 12(122)                                                                                                             

17          

 

analyzed using EDS and EM, corroborating the XRD 

data. 
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Appendix I 
S. No. Abbreviations Description 

1 (NH4)2SO4 Ammonium Sulphate 

2 ASTM American Society for Testing and 

Materials 

3 CH Calcium Hydroxide 

4 CSH Calcium Silicate Hydrate 

5 CTM Compression Testing Machine 

6 EDS Energy Dispersive Spectroscopy 

7 EM Elemental Mapping 

8 FA Fly Ash 

9 GGBS Ground Granulated Blast-Furnace 
Slag 

10 MK Metakaolin 

11 NRSA Nano Rice Straw Ash 

12 N-Sand Natural Sand 

13 OPC Ordinary Portland Cement 

14 RHA Rice Husk Ash 

15 SCC Self-Compacting Concrete 

16 SCC-I Self-Compacting Concrete made 

with 80% OPC, 20%FA, and 
100%N-Sand 

17 SCC-II Self-Compacting Concrete made 

with 80% OPC, 20%FA, 5% RHA, 

and 100%N-Sand 

18 SCC-III Self-Compacting Concrete made 

with 80% OPC, 20%FA, 5% RHA, 

65%N-Sand and 35%SD 

19 SF Silica Fume 

20 SD Stone Dust 

21 SEM Scanning Electron Microscopy 

22 SP Superplasticizers 

23 UHPC Ultra-High-Performance Concrete 

24 w/b Water/Binder 

25 XRD x-Ray Diffraction 

 

 

 

 

 

 

 


