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A B S T R A C T   

This paper focused on the usage and behavior of slag sand by investigating the fresh, mechanical, durability, and 
microstructural properties of M40 grade concrete. However, in India, more research on the effect of slag on 
mechanical strength is needed with in-depth microstructure & durability investigation. To fill this research gap 
and promote slag sand usage, a systematic and scientific investigation was conducted in which 9 concrete mixes 
with partial and total replacement of fine aggregate with slag sand were prepared. Compressive, split tensile 
strength & UPV tests are performed at 3, 7, 28, and 90 days of curing to know the mechanical properties. Linear 
regression analysis is done to correlate and predict the strength of concrete using different mechanical properties. 
According to test results, workability and mechanical properties improve with the increase in the replacement of 
slag sand. Slag sand concrete forms a dense network at an optimum replacement achieving Maximum rise in 
strength of about 17 to 33 %, referring to the control mix resulting in an environmentally friendly material. 
Thereby reducing the disposal of industrial effluent. Conversely, increased replacement beyond 40 % of slag sand 
in concrete caused a reduction in the slump and mechanical properties with increased curing age. Microstructure 
results revealed the formation of CSH, CASH, ettringite, calcite, and good bonding with an aggregate. Slag sand 
tends to absorb more water with its increased percentage due to its shape, texture, and surface area, as evidenced 
in its SEM images & workability. The durability of slag sand concrete has performed better and is economically 
feasible than M− sand mixed concrete. Hence, recycling slag sand in concrete yields an economical, eco-friendly 
material and proves to be a robust substrate for various construction activities in sustainable waste management.   

Introduction 

Concrete is one of the most commonly used construction material 
and its manufacture leads to the economic growth of any country (H.M. 
and Unnikrishnan, 2022; Li et al., 2023) Aggregates are the inert ma
terials rich in silica, calcium, magnesium, and other minerals that act as 
filler material and yield good bonding between cement and aggregates. 
Sustainability must be introduced in the industrial and construction 
sectors when using new raw materials and during production (Gencel 
et al., 2021). One of the most significant industries in the world is the 

production and manufacture of steel materials. Different industrial 
processes that involve other raw materials produce additional waste 
(Jiang et al., 2022; Lu et al., 2023c). Steel slag is the primary waste 
material produced in these materials’ manufacturing processes in terms 
of volume (Jiang et al., 2018; Nalon et al., 2022; Santhosh et al., 2021; 
Zhang et al., 2021). India is now the world’s second-largest steel pro
ducer, behind China, with a historic high annual production of 120 
million tonnes. The top ten countries by percentage of steel production 
in 2022 are shown in Fig. 1. Studies show that less than 30 % of steel slag 
is used in China, which creates more opportunities for waste recycling 
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and research to prevent waste dumping and environmental pollution (X. 
Wang et al., 2022). Recycling steel industry waste must be prioritized to 
encourage sustainable construction practices in India (Lu et al., 2023a, 
2023d). 

Slags have a lot of potential for use in the construction, cement 
manufacturing, wastewater, and water treatment industries, among 
other fields, including transportation. The various uses for steel slag 
show that it can be used well rather than being dumped in a landfill. 
Slags can be used in agriculture as fertilizers and soil acidity correctors. 
Due to the neutralizing effects of SiO2, slags are composed of magnesium 
and calcium silicates. In addition, steel slags have been employed as a 
cheap source of Si to supply rice plants. Cold slag is used in steel plants 
for both internal consumption and external sale. After cooling, the slag is 
crushed and used as railway ballast and road metal (Jiang et al., 2023; 
Lu et al., 2023b; Teja et al., 2020). Due to the enormous demand in the 
concrete industry, using steel slag as supplementary cementitious ma
terials, fine or coarse aggregates, or both is a viable option (L. Mo et al., 
2020). Typically, aggregate makes up more than 60 % of the volume of 
concrete. Therefore, a promising method that could use steel slag on a 
large scale is to use it in concrete as a partial replacement for natural 
coarse or fine aggregates. 

Steel slag powder’s impact on the mechanical and durability quali
ties of cementitious materials was researched by Teng et al (Teng et al., 
2013). The findings demonstrated that the steel slag significantly speeds 
up the hydration reaction of the composite, giving concrete its early and 
enhanced strength and durability properties. The impact of steel slag 
powder on the microstructure, mechanical, and volume properties of 
ultra-high-performance concrete (UHPC) was investigated by Zhang et 
al representing retarded early age hydration and reduced shrinkage over 
a period of time (Zhang et al., 2019). According to Kourounis et al., 
(Kourounis et al., 2007) steel slag’s low calcium silicate content and C2S- 
rich morphology cause it to hydrate blended cement more slowly. Steel 
slag can also be used to create composites based on cement. Using a 
mercury porosimetry test, Lai et al. (Lai et al., 2021) examined the 
microstructure of concrete containing steel slag aggregate. According to 
the authors, steel slag increased concrete strength and decreased 
porosity. Concrete’s wet packing density can be raised by adding steel 
slag powder. According to the findings, fine steel slag had less impact on 
the compressive strength, pore structure, and shrinkage characteristics 
of UHPC. Most of the cement particles in its inter-facial transition zone 
(ITZ) were loosely accumulated on the aggregate’s generally flat surface. 
According to Arribas et al. (Arribas et al., 2015) the ITZ of steel slag 
concrete decreased by 50 %. Because steel slag aggregates absorb much 

water, researchers frequently add water reducers to concrete to make it 
easier to work with (Xue et al., 2022a). However, micro level investi
gation is required considering various percentage of replacement and its 
properties. In the present study, slag sand, a steel industry by-product 
produced by JSW steel plant Ballari, replaces fine aggregate with slag 
sand. Microstructure, fresh, mechanical and durability properties are 
investigated to determine their optimum replacement level to minimize 
the disposal challenge and pollution in an environment. The following 
section describes the novelty and research significance of the study. 

Novelty and research significance 

India recently, gaining its attention for promoting sustainable ma
terials for the construction. Few studies were done on mechanical 
properties, but detailed investigations on material, microstructure, 
mechanical and durability properties are needed to catch up. Identifying 
this gap in the research, steel industry refined waste, named slag sand 
(SS), is experimented with, and investigated systematically by using it in 
concrete as a replacement for artificial sand. Microstructure tests have 
evaluated Slag sand’s basic structure and elemental components with 
manufactured sand. 

A detailed investigation of the microstructure, strength, durability 
properties of SS incorporated concrete was studied by varying its per
centage ranging from 0 to 100 %. After analysing and interpreting re
sults for 3, 7, 28, and 90 days of curing, an optimum replacement of SS in 
concrete is concluded for the practical usage of waste. And the corre
lation with the concrete’s properties and strength prediction with ac
curacy is emphasized through the linear regression analysis method. 
This research addresses the significant economic concern by promoting 
the usage of slag sand in construction materials. Thus, it can lead to eco- 
friendly, sustainable cement concrete production for all construction 
activities. The following section describes the details of the ingredients 
used in the concrete mix and their physical, chemical, and microstruc
ture test results. 

Materials 

In concrete, Portland pozzolana cement having grade 53 that com
plies with Indian Standard IS:12269–2019 is used as a binder. The ce
ment’s initial and final setting times are 45 min and 565 min, 
respectively, with a consistency of 33 %. Cement has a specific gravity of 
3.09, is 8 % finer than water, and is 9 % sound. Fig. 3 represents the SEM 
image of cement used in the study. Sand that has been manufactured, 

Fig. 1. Top 10 countries steel production during 2022.  
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also known as artificial sand, is made by crushing rock fragments into 
powder in a quarry. Slag sand, a steel by-product obtained from the JSW 
steel plant in Ballari, is combined with M− sand in varying amounts (T.V. 
and Chandan Kumar, 2023). The water absorption of artificial sand and 
slag sand are found to be 2.3 % and 4.06 % respectively which results in 
the increased water absorption of industrial by-product. XRD of slag 
sand and artificial sand depicts the presence of calcium magnesium 
divanadate, Zinc tetraphosphide, strontium bismuth oxide and quartz 
respectively at a 2-theta angle ranging from 20◦ to 40◦ as shown in 
Fig. 4. SEM images in Fig. 5 of slag sand and artificial sand reveals the 
similar angular, spherical, and flaky shape with rough texture. The size 
of the fine aggregates corresponding to zone-II are chosen. Coarse 
aggregate with solid and dense structures free from 12 mm and 20 mm 
impurities are used to prepare M40 grade concrete. Coarse aggregate, 
Artificial sand, and Slag sand have respective relative densities of 2.67, 
2.58 and 2.54 g/cm3. Chemical admixture of SNF superplasticizer is 
used in the concrete mix of about 0.6 % by the weight of cement. Fig. 2 
presents the major ingredients of concrete used in the experiment. 
Section 4 describes the mix design and concrete preparation employed 
in the experimental study. 

Fig. 2. Concrete ingredients: a) Cement b) Slag sand c) Artificial sand d) Coarse aggregate.  

Fig. 3. SEM of Portland pozzolana cement.  

Fig. 4. XRD of a) slag sand and b) artificial sand.  
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Mix design and concrete preparation 

Concrete mix design is prepared as per IS 10262–2019 for M40 grade 
of concrete. 0.38 is taken as water cement ratio as per the above 
mentioned IS code. Five different mixes were prepared with replacing 
m-sand with slag sand in M40 grade of concrete. The constant value of 
388.18 kg/m3 cement and superplasticizer content of 2.328 kg/m3 is 

used as an admixture to enhance the workability of concrete. Mixes are 
designed as MS-0, MS-25, MS-50, MS-75, and MS-100 in which M− sand 
is replaced with slag sand (0 %, 20 %, 25 %, 30 %, 40 %, 50 %, 60 %, 75 
%, and 100 %). Maximum fine aggregate constant 489 kg/m3 and coarse 
aggregate constant 1173 kg/m3. These mixes were casted into specific 
dimensions for testing of compressive and split tensile strength. After 
obtaining Maximum failure load at 25 % replacement and marginal 

Fig. 5. SEM image of (a) slag sand and (b) artificial sand.  

Fig. 6. Research methodology employed in the study.  
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decrement in 50 % replacement, additional four mixes were prepared to 
obtain the optimum mix of concrete. MS-20, MS-30, MS-40, MS-60 with 
slag sand 20 %, 30 %, 40 %, and 60 % were tried to determine the op
timum percentage replacement of slag sand in the concrete mixes. These 
specimens are dried and tested after 3, 7, 28, and 90 days of water curing 
at room temperature 26+/-2℃. Table 1 represents the mix design cal
culations of concrete. Fig. 7 represents the preparation, casting and 
testing of slag sand induced concrete specimens. The following section 5 
describes the research methodology considered in the entire study. Also, 
its subsections narrate the detailed procedure of conducting fresh, me
chanical, microstructure, and durability tests. 

Experimental programme 

Fresh properties 

Slump cone test and compaction factor tests are performed to 
determine the workability of concrete as per the guidelines of Indian 
standard IS: 1199 (Part-VI)-2018(Reshma et al., 2021). 

Mechanical properties 

Cubes are cast to assess the compressive strength (CS) of concrete in 
accordance with IS: 516–1959. 150 mm × 150 mm × 150 mm cube is 
casted and tested for compressive load till failure as per the guidelines of 
IS: 516–1959 at 3, 7, 28 and 90 days of curing (IS 516, 1959). The testing 
is done using compression testing machine (CTM) having capacity of 
2000 kN. Three cubes are checked after 3, 7, 28 and 90 days of water 
curing with each combination. Similarly, 150 mm diameter and 300 mm 
height cylindrical specimen is casted and tested on diametrical axis till 
failure as per the guidelines of IS: 516–1959 at 3, 7, 28 and 90 days of 
water curing. The testing is done using universal testing machine having 
capacity of 600 kN. Three cylinders were created for each combination 
and measured on different days to determine tensile strength (TS). 
Initially 0, 25, 50, 75, 100 % replaced specimens were investigated for 
strength. After noticing a Maximum strength at 25 %, we decided to 
investigate additional mixes with 20, 30, 40, 60 % replacement of slag 
sand to obtain an optimum mix proportion. A total of 216 specimens 
have been cast in this study. Among them, for the determination the 
compressive strength, and Ultrasonic pulse velocity (UPV), 108 cubes of 
150 mm dimension are tested for travel time of electronic waves before 
application of compressive load on CTM. Similarly, for knowing the 
tensile strength of a concrete 108 specimens are tested. These experi
mental processes are done according to the Indian standards IS- 
13311–1992(part 1). The methodology of the research is as represented 
in Fig. 6. 

Microstructure properties 

Scanning electron microscopy (SEM) and Energy dispersive X-ray 
spectroscopy (EDS) is conducted using CARL ZEISS Sigma with Gemini 
Column having resolution of 1.5 nm and BRUKER Nano X-Flash Detector 
machine (Xue et al., 2022b). The concrete specimens cured for 28 days 

are tested for strength and then the core sample size around 5 mm is 
chosen for SEM testing to rate the polymerization and structural ele
ments in the matrix mix. The X-Ray diffraction (XRD), based on Bragg’s 
law was conducted on various concrete mixes that are cured for 28 days. 
XRD analysis is performed for the powdered sample obtained after 
crushing the concrete specimen and sieved using 900 μm with Pan
alytical-Xpert3 diffractometer model. The range of 2θ (theta) varied 
from 5◦ to 90◦ at a scanning rate of 4.02◦/min with a 0.013◦ rate of 
increment. 

Durability properties 

Durability tests are performed on concrete to evaluate the perme
ability, resistance to environmental factors, carbonation, and tendency 
to crack. Rapid chloride ion penetration, carbonation depth, water ab
sorption, sorptivity, impact resistance, and chemical salt exposure are 
performed to evaluate the quality and performance of concrete as per 
the Indian standards (K. H. Mo et al., 2020). 

Section 6 and its subsections explain the results obtained from the 
testing, its detailed analytical discussion of the results, and its validation 
from the research articles. Section 7 describes the correlation of fresh 
and mechanical properties test results with the variation of SS and other 
influencing parameters. 

Result and discussion 

Workability 

Medium & high workability with true and shear slump is noticed in 
slag sand incorporated concrete. Fig. 8 represents the test results vari
ation of fresh properties of all nine mixes composed of slag sand from 
0 to 100 %. From the test results, an improvement is observed in slump 
& compaction with increase in slag sand content. There is an increment 
in the fresh properties’ performance up to 40 % replacement of slag sand 
from 90 to 112 mm. Workability of concrete increases with increase in 
slag sand due to many reasons. One of the main reasons is water binder 
ratio, type of precursors employed, filler materials and type of curing. 
Beyond 40 % of replacement, there is a marginal decrease in slump value 
from 112 to 91 mm indicating flash absorption of water from slag sand 
and weak porous structure and less dense concrete mix. SEM images 
reveals the presence of dense structure of Calcium silicate hydrate 
(CSH), Calcium aluminate silicate hydrate (CASH), Calcium hydroxide 
(CH) formation and increased slag results in porous structure. Similar 
observation is depicted by Sithole et al. (Sithole et al., 2022) on using 
slag as replacement material. But still all the mixes prepared using slag 
sand provides good workability for placing and shows better 
compaction. 

Similar trend has been noticed from compaction factor test results as 
depicted in Fig. 8. Thus, we can conclude that slag sand performs better 
by providing workable concrete for its usage. Also, slag sand tends to 
absorb more water due to its size and surface texture compared to 
artificial sand. This can be evidenced from SEM image of slag sand and 
artificial sand as shown in Fig. 5, we can notice the size and shape of the 

Table 1 
Mix design calculations per cubic meter of concrete (kg/m3).  

Mix ID Cement M Sand Slag Sand Coarse Aggregate Water Admixture 

MS-0 388.18 489 0 1173 47.51 2.328 
MS-20 391.2 97.8 
MS-25 366.75 122.25 
MS-30 342.3 146.7 
MS-40 293.4 195.6 
MS-50 244.5 244.5 
MS-60 195.6 293.4 
MS-75 122.25 366.75 
MS-100 0 489  
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particles. Slag sand tends to possess finer particles with increased sur
face area. This results in the more absorption of water compared to 
artificial sand. 

Compressive strength 

From the test values, we calculated an average and standard devia
tion that is clearly represented in Fig. 9. We have noticed an error bar 
that indicated variation of compressive strength due to variation in 
water absorption and porous nature of SS. The consistency & stability of 
values is obtained with an increased age of curing. Maximum strength of 
64 MPa & 67.56 MPa is achieved at a replacement of 40 % slag sand with 
an artificial sand in concrete mix at 28 and 90 days of curing. About 

32.47 % and 27.3 % rise in CS is observed for MS-40 (40 % slag sand) in 
comparison to control mix (MS-0) after 28 and 90 days of curing. 
Highest strength is obtained due to the formation of dense structure with 
CSH, CASH and CH formation as revealed from the microstructural test 
results. With an increased slag sand, the strength starts declining due to 
porous structure and increased water absorption. Increased water ab
sorption is noticed with increase slag sand content from the water ab
sorption test. Similar trend of increased water absorption is noticed with 
slag as evidenced by Q. Yu et al. (Yu et al., 2023) and Lai et al. (Lai et al., 
2022). But all the replaced concrete mixes have shown better results 
than the target strength required for the M40 grade mix concrete. The 
detailed investigation for obtaining the strength variation in slag sand 
concrete is interpretated using microstructural analysis. 

Fig. 7. Preparation of concrete and specimens.  

Fig. 8. Graphical representation of workability test results.  
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Split tensile strength 

From the test values, we calculated an average and standard devia
tion that is clearly represented in Fig. 10. We have noticed an error bar 
that indicated variation of compressive strength due to variation in 
water absorption and compacted nature of slag sand. The consistency in 
values is obtained with an increased age of curing. Maximum strength of 
4.38 MPa & 4.86 MPa is achieved at a replacement of 40 % slag sand 
with an artificial sand in concrete mix at 28 and 90 days of curing. About 
16.22 % and 18 % rise in TS is observed for MS-40 (40 % slag sand) in 
comparison to control mix (MS-0) after 28 and 90 days of curing. 
Increased strength is the result of formation of dense structure and 
strong matrix between water binder content. Microstructure images 

reveals the presence of quartz, CSH, ettringite, portlandite that resulted 
in an increased strength of slag induced concrete. With an increased slag 
sand, the strength starts declining due to porous structure and increased 
water absorption. Similar trend is observed by Q. Yu et al. (Yu et al., 
2023)and Lai et al. (Lai et al., 2022) in their experimentation on slag 
replacement in the concrete mix. But all the replaced concrete mixes 
have shown better results than the target strength required for the M40 
grade mix concrete (Mocharla et al., 2022). The detailed investigation 
for obtaining the strength variation in slag sand concrete is interpretated 
using microstructural analysis and linear regression analysis is per
formed to predict the equation and evaluate the accuracy of test results. 

Fig. 9. Compressive strength of various mixes.  

Fig. 10. Tensile strength of various mixes.  
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Ultrasonic pulse velocity 

The UPV is typically used as a quality indicator for non-destructive 
testing of the specimen and can calculate the structural compactness 
based on the ultrasonic transit time. The variation of UPV with reference 
to curing ages is shown in Fig. 11. It is observed that with the increase in 
slag content, the UPV value decreases. This is because the sample 
expanded and developed pores because of the increased slag sand con
tent, thus, lowering the UPV. However, the UPV values are observed to 
improve with increased curing ages for all mortar mixes. The slow 
chemical reaction during the early curing stages causes the UPV grows 
slowly. All the mixes exhibited the moderate range of UPV resulting in 
compact structure. The chemical reaction created by late-stage materials 
fills the test body’s pores, improving the sample’s compactness. Her- 
Yung Wang et al. (2022) also investigated that as specimen’s pores 
increased, and the UPV decreased as the W/B ratio was raised. There
fore, the UPV and compressive strength exhibit the same pattern. 

Correlation of various properties of slag sand induced concrete 

The statistical correlation measure describes the magnitude and 
trend of a relationship between two or more variables, which is 
expressed as a number. Regression represents the relationship as an 
equation, whereas the relationship quantifies the strength of the linear 
correlation between two variables (Gokce et al., 2016; Ma et al., 2022). 
While nonlinear regression seeks to find a suitable nonlinear equation 
for this relationship, linear regression is a type of regression analysis in 
which a linear regression equation models the relationship between one 
or more independent and dependent variables. The nature and strength 
of the association between a dependent variable and several other in
dependent variables are assessed using linear regression. It aids in the 
development of predictive models. 

There needs to be more literature correlating various properties of 
slag sand-induced concrete. Hence in this study, regression analysis has 
been conducted using origin pro software (H.M. and Unnikrishnan, 

2023) to find the correlation between various properties of concrete, 
such as workability, compressive strength (CS), split tensile strength 
(TS), and ultrasonic pulse velocity (UPV). F-statistic, mean square, p- 
value, and degree of freedom (DOF) are used in ANOVA to interpret the 
relationship between the variables (Venkatesan et al., 2019). Table 2 
represents linear regression analysis of various properties of slag sand 
concrete. 

Correlation between fresh and mechanical properties with the slag sand 

This section describes the relationship between concrete properties 
and slag sand replacement. As discussed in the results & discussion 
section, workability, compressive strength, and split tensile strength 
increase up to 40 % replacement of slag sand and decrease gradually. 
This upward and downward trend is analyzed using linear regression 
separately, and the results are presented in Table 2 & 3. Figs. 12, 13, and 
14 depicts the correlation between slag sand quantity with slump value, 
compressive strength, and tensile strength, respectively. The results 
indicated a decent correlation among the comparison made with R2 

values 0.76, 0.743, and 0.89 in the upward trend and 0.81, 0.656, and 
0.78 in the downward trend, respectively. Our regression model fits the 
data more closely than the model with no independent variables because 
the F-statistic, also known as F-Value, is more significant in our analysis 
than the P-value for all correlations. The lower mean square suggests the 
closeness of the estimated values with actual values. DOF represents the 
number of observations or data used to fit the model as studied by 
Rashad et al. (n.d.), Mocharla et al. (2022), Wang et al. (2022). 

Relationship of compressive strength versus split tensile strength 

The proposed model for the relationship between split tensile 
strength (TS) and compressive strength (CS) of slag sand replaced con
crete is represented in Fig. 15. The suggested model equations emerged 
for mean compressive strengths ranging from 45 MPa to 65 MPa are as 
follows. 

Fig. 11. UPV test results of various concrete.  
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TS = 2.177+ 0.034*CS  

The proposed model’s coefficient of determination (R2) demonstrated a 
94 % fit to predict the relationship between CS and TS. Similar obser
vations were made by using multiple linear regression analyses for 
various slag content and strengths prediction by Xue et al. (2022), 
Chithra et al. (2016), Dong et al. (2022). 

Relationship of UPV versus compressive strength 

The proposed model for the relationship between split tensile 
strength and compressive strength of slag sand replaced concrete is 
shown in Fig. 16. The suggested model equations, developed for mean 

compressive strengths ranging from 45 MPa to 65 MPa, are as follows. 

UPV = 3.4765+ 0.0217 × CS  

The proposed model’s coefficient of determination (R2) demonstrated a 
98 % fit to predict the relationship between CS and UPV. Similar ob
servations were made using multiple linear regression analyses for 
various slag content and strengths prediction by Chiew et al. (Chiew, 
2019). 

The following section describes the microstructural investigation 
results comprising SEM, EDS, and XRD and their interpretation con
cerning the mechanical properties test variation. 

Microstructure properties of slag induced concrete 

SEM and EDS 

Scanning electron microscopy (SEM) and Energy dispersive analysis 
(EDS) is conducted using CARL ZEISS Sigma with Gemini Column hav
ing resolution of 1.5 nm and BRUKER Nano X-Flash Detector machine. 
The concrete specimens cured for 28 days are tested for strength and 
then the core sample size around 5 mm is chosen for SEM testing to rate 
the polymerization and structural elements in the matrix mix. Fig. 17 
represents the SEM images and EDS of various concrete mix. 

SEM clearly represents the presence of dense calcium silicate hydrate 
(CSH), needle shaped ettringite (CASH), cubical smooth structure of 
portlandite (CH) and enriched calcite formation in its internal structure 
that is mainly responsible for the strength attainment. Also, we can 
notice the presence of voids as black spots within the structure. The 
existence of CSH and CASH gel formation after hydration were also 
derived from EDS results. These gels responsible for the greater bonding 
and predominantly for the greater strength as evidenced by Zhang et al. 
(Zhang et al., 2021). The presence of Calcium, Silicon, Oxygen along 
with Aluminium helps in the complete hydration of the cement matrix as 

Table 2 
Linear regression analysis of various properties of slag sand concrete.  

Particular Variation Intercept Slope Statistics          

Value  Error  Value  Error  R2  F- Value  Mean square DOF  P- 
Value           
CS v/s TS (Fig. 16) Positive  2.18  0.16474  0.0348  0.00313  0.939  123.56  0.33264 7  0.0000 
CS v/s UPV (Fig. 15) Positive  3.54  0.05451  0.0205  0.00104  0.981  414.26  0.12937 7  0.0000 
Slag Sand v/s CS (Fig. 14) Positive  45.87  2.86854  0.3833  0.10804  0.743  12.59  129.29322 3  0.0382  

Negative  70.09  6.37672  − 0.2740  0.09336  0.656  8.62  165.24941 3  0.0607 
Slag Sand v/s TS (Fig. 13) Positive  3.72  0.07044  0.0152  0.00265  0.889  32.9  0.20374 3  0.0105  

Negative  4.63  0.17012  − 0.0097  0.00249  0.778  15.04  0.20526 3  0.0304 
Slag Sand v/s Slump value (Fig. 12) Positive  86.86  3.85453  0.5364  0.14517  0.76  13.65  253.16364 3  0.0344  

Negative  123.79  5.76971  − 0.3568  0.08447  0.808  17.84  280.10227 3  0.0243  

Table 3 
Correlation equations obtained after linear regression analysis.  

Particular (X v/ 
s Y) 

Variation Correlation 
Equation 

R2 Reference 

CS v/s TS Positive Y = 2.177 + 0.034 
× X  

0.939 (Chithra et al., 
2016) 

CS v/s UPV Positive Y = 3.4765 +
0.0217 × X  

0.981 (Alakara et al., 
2022) 

Slag Sand v/s 
CS 

Positive Y = 45.87 +
0.3833 × X  

0.743 (Rashad, n.d.) 

Negative Y =
70.0884–0.2741 ×
X  

0.656 

Slag Sand v/s 
TS 

Positive Y = 3.724 +
0.0152 × X  

0.889 (Chiew, 2019) ( 
Rashad, n.d.) 

Negative Y = 4.628–0.0097 
× X  

0.778 

Slag Sand v/s 
Slump value 

Positive Y = 86.864 +
0.5364 × X  

0.76 (Rashad, n.d.) 

Negative Y = 123.79–0.3568 
× X  

0.808  

Fig. 12. Correlation between slump with slag sand content a) Positive variation b) Negative variation.  
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evidenced in EDS test results of various concrete mixes. Also, we can 
notice the inter-facial transition zone (ITZ) between the binder materials 
with increased slag contents along with crack surfaces. The presence of 
sulfur, magnesium, un-hydrated aluminium results in the reduced 
strength and weaker matrix with increased pore structure as witnessed 
in Table 4. 

X-ray diffraction (XRD) 

It is a vital method for the quantitative and qualitative analysis of 
samples of hydrated cement concrete. The XRD, based on Bragg’s law 
was conducted on various concrete mix cured for 28 days. The broken 
specimen is crushed and sieved using 900 μm. Then this powder sample 

Fig. 13. Correlation between compressive strength with slag sand content a) Positive variation b) Negative variation.  

Fig. 14. Correlation between tensile strength with slag sand content a) Positive variation b) Negative variation.  

Fig. 15. Correlation between TS and CS.  

Fig. 16. Correlation between CS and UPV.  
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Fig. 17. SEM images & EDS of various concrete mixes.  
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is tested. The test results of various slag induced concrete mixes are as 
shown in Fig. 18. All the concrete mixes have evidenced the presence of 
quartz, calcite, portlandite contributing strength to the concrete. From 
XRD of slag sand as shown in Fig. 4, we can notice the amorphous nature 
and crystalline nature for the artificial sand which results in dense ma
trix and increased strength with increased slag content. Also, industrial 
slag will be harder compared to artificial sand resulting in an enhanced 
strength. Quartz, basically silicon dioxide in the presence of calcium, 
oxygen, aluminium hydrated to form CSH and CASH gel and XRD peaks 
also evidenced the CSH (A), portlandite (B), calcite (C), quartz, and 
some portion of metal oxides composition present in the slag sand 
(Baalamurugan et al., 2021) in all the mixes of slag-induced concrete. 

Subsequent section 9 and its subsections describe the durability test 
results and interpretation concerning microstructure and mechanical 
properties test results. 

Durability of concrete 

Rapid chloride penetration test (RCPT) 

As per ASTM C 1202–2019, RCPT tests were performed on concrete 
specimens 100 mm in diameter and 50 mm thick. Table 5 displays the 
outcomes of RCPT tests conducted on various concrete mixtures. As per 

Fig. 17. (continued). 

Table 4 
Atomic weights in percentage of the elements obtained in EDS test on various 
concrete mixes.  

Elements MS-0 MS-25 MS-40 MS-50 MS-75 MS-100 

Calcium  16.64  20.09  45.31  20.71  18.10  20.86 
Oxygen  57.04  56.15  51.09  55.76  53.66  65.03 
Silicon  8.22  6.11  2.26  4.67  7.65  7.24 
Iron  0.85  0.76  0.45  0.83  0.36  0.62 
Aluminium  2.85  1.85  0.37  1.78  4.88  3.89 
Magnesium  0.00  0.11  0.00  0.01  1.99  1.62 
Sodium  0.46  0.13  0.31  0.00  0.15  0.25 
Potassium  0.76  0.30  0.22  0.74  0.07  0.28 
Carbon  13.00  14.41  0.00  15.36  12.93  0.00 
Sulfur  0.11  0.00  0.00  0.00  0.16  0.22 
Titanium  0.06  0.10  0.00  0.15  0.05  0.00  

Fig. 18. XRD pattern of various concrete mix.  
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the standards, the value ranges between 1000 and 2000, representing 
the low penetrability of chloride ions (Balasubramanian et al., 2021). 
The findings demonstrated that samples with higher slag sand contents 
are better resistant to salt ion penetration and facilitate salt ion resis
tance into the concrete surface, reducing corrosion. Slag sand’s elements 
have little affinity for chloride ions, encouraging corrosion inhibition by 
reducing chloride ion penetration. From the microstructural test results, 
we can notice the strong matrix between the binders which enhances the 
durability of the concrete. 

Carbonation depth 

The carbonation depth is the average depth below the surface of the 
concrete at which carbon dioxide has reduced the alkalinity of the hy
drated cement. The carbon penetration is tested after various curing 
times by misting the cured 70 mm cube specimens with 2 ml of 1 % 
phenolphthalein solution on the freshly broken surface (Santhosh et al., 
2021)(Quedou et al., 2021). The average carbonation depth of different 
concrete mixtures at various curing times is shown in Fig. 19. According 
to the test investigation, there is a correlation between slag content and 
carbonation depth. As a result, increased slag content makes concrete 
surfaces less durable by encouraging corrosion on exposed surfaces. 

Water absorption and sorptivity 

The water absorption test is crucial for determining how durable and 
water-resistant the concrete is. It aids in ensuring that the concrete or 
mortar will function as expected in its intended setting. After 28 days of 
curing, specimens with 100 mm in diameter and 50 mm 5 mm in height 

were cast to undergo a water absorption test. Primary water absorption 
is noted, with the initial absorption lasting approximately 5 h. The ab
sorption variation of different concrete mixes is shown in Fig. 20 (a). The 
absorption test results show that more slag increases water absorption 
and that slag sand replacement levels of 75 and 100 % produce the 
highest absorption levels compared to other mixtures. 

According to ASTM C 3585 standards, the sorptivity test can measure 
how quickly a specimen is absorbed by capillary action and thus 
determine how well the structure is performing. After curing for 28 days, 
cylindrical samples measuring 100 mm in diameter and 60 mm in 
thickness were used for the sorptivity test. After five hours of exposure, 
the saturated calcium hydroxide solution’s high initial absorption levels 
stabilize. As shown in Fig. 20 (b), the trend follows that of water ab
sorption tests, rising with higher slag sand content. Maximum absorp
tion is observed when slag sand is replaced by 100 %. 

The sorptivity v/s percentage water absorption of different con
crete mixes is shown in Fig. 20(c). Sorptivity rises as slag sand content 
increases, and this can be seen in the sorptivity range of 0.17 to 0.24 kg/ 
m2h0.5. 

Impact resistance 

After 28 days of curing, an impact resistance test was conducted on 
specimens measuring 100 mm in diameter and 60 mm in height to 
determine the durability and compactness of the concrete. The impact 
resistance is calculated using the number of blows needed to break the 
specimens (Suganya et al., 2018). Fig. 21 shows the impact resistance 
variation for various slag sand mixes. Increased impact resistance is the 
result of dense matrix between the concrete ingredients. Microstructure 
test results, compressive strength and UPV tests resulted in strong matrix 
and better load resisting capacity. Industry by-product slag sand found 
be harder than artificial sand, results in an increased resistance to sud
den loads. The test results demonstrate that slag sand-mixed concrete is 
more impact-resistant than conventional concrete (Carvalho Eugênio 
et al., 2021). The slag sand helps absorb the impact energy due to better 
bond formation and hydration with cement and coarse aggregates (Al- 
Hadithi et al., 2019; Gupta et al., 2019). 

Chemical salts exposure 

A durability test of chemical salt exposure is performed on concrete 
mixes by immersing them in 1 N NaCl, Na2SO4, and MgSO4 salts for 28 
days. Then these specimens were dried and tested for compressive 
strength using CTM. The results indicated a marginal reduction in 
compressive strength in all the mixes around 3 MPa to 15 MPa compared 
to water curing. Fig. 22 represents the effect of chemical salts on the 
strength of various concrete mixes. Sulfate salts exposed specimens 
resulted in a higher reduction in compressive strength than chloride salt 
exposure. This effect of sulfate is due to the disintegration, expansion, 
and crack formation on the surface of the concrete. Also, the authors 
noticed less difference in strength reduction with varied percentages of 
slag sand due to salts exposure than conventional mix. 

Section 10 expresses the cost analysis incurred in concrete prepara
tion per m3 quantity of concrete, referring to its comparison with 
M− sand and Slag sand. 

Cost analysis of slag induced concrete (Kg/m3) 

Table 6 represents slag/ M− sand induced concrete cost analysis in 
kg/m3. The calculations show that adding slag sand can be better than 
M− sand in concrete. Meanwhile, slag sand can reduce the disposal 
challenge and the burden on the environment, providing better utili
zation of industrial effluent. Construction location plays a significant 
role in reducing the cost of concrete production. This analysis considers 
the material cost encountered in our laboratory’s experimental investi
gation, including transportation expenses. Hence, slag sand is found to 

Table 5 
RCPT test results of concrete specimens.  

Mix 
ID 

Total charge passed 
(Coulombs) 

Chloride Ion 
Penetrability 

Test method 

MS-0 1314 Low ASTM C 
1202–2019 MS-20 1582 Low 

MS-25 1788 Low 
MS-30 1804 Low 
MS-40 1836 Low 
MS-50 1862 Low 
MS-60 1876 Low 
MS-75 1894 Low 
MS- 

100 
1932 Low  

Fig. 19. Average carbonation depth of various concrete mixes.  
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be beneficial in utilizing it for construction activities. 

Conclusion 

Slag sand, a steel industry by-product produced by JSW steel plant 

Ballari, is investigated by replacing fine aggregate with slag sand. 
Microstructure, fresh, mechanical and durability properties are inves
tigated & studied to determine their optimum replacement level to 
minimize the disposal challenge and environmental pollution. After the 
successful experimental investigation on slag sand-induced concrete, the 
following conclusions were made based on the empirical study.  

• Workability improves with increasing slag sand up to an optimal 
level, beyond which workability decreases due to higher water ab
sorption of slag sand. Medium to high workability is observed in slag 
sand-incorporated concrete with a true and shear slump.  

• Compressive and tensile strength increase with increased slag sand 
replacement due to the dense formation of CSH, CASH, and CH with 
reduced pores, as evidenced in microstructural test results. Beyond 
40 % of slag sand replacement, strength starts declining due to 
increased water absorption of slag sand at the early ages, which later 
turns to void formations. 

• Microstructure and Non-destructive testing of UPV test results indi
cate the dense structure and strong matrix between concrete in
gredients, resulting in significant improvement at 40 % replacement 
of slag sand. Thereafter, we noticed an increased water absorption as 
revealed from the water absorption test, resulting in improved 
porous structure and incomplete hydration of cementitious material, 
which decreased mechanical properties. 

Fig. 20. Test results of a) Water absorption b) Sorptivity c) Sorptivity v/s water absorption of various mixes.  

Fig. 21. Impact resistance variation of concrete specimens.  
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• Regression analysis revealed a strong correlation between various 
properties of concrete with the replacement of slag sand, and the 
proposed model equations align with the experimental data. 

• Durability tests on concrete showed increased absorption, penetra
tion of chloride ions, and carbonation depth, resulting in reduced 
strength and expanded pores in the structure. However, increased 
slag sand content in the concrete improved the shock absorption and 
showed higher resistance to crack formation. Chemical salt exposure 
showed similar performance in all mixes with a marginal decline in 
strength. Notably, sulfate salts exposed specimens have evidenced a 
significant reduction in strength compared to chloride salt exposure. 

• The cost analysis indicates slag sand-induced concrete is economi
cally better than artificial sand mixed concrete, contributing to cost 
reduction by recycling industrial effluent in concrete production. 
Thus, replacing slag sand as a fine aggregate in concrete is beneficial 
for strength gain. Using waste industrial by-products like slag sand in 
concrete reduces the disposal challenges and cost of concrete and 
manages the waste effectively by producing sustainable and eco- 
friendly concrete. 
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