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Abstract

Construction materials are dealing with new challenges due to increased resource exploitation by globalized infrastructure.
Research has consequently documented various waste management techniques that are focused on environmentally
sustainable principles. The coarse steel slag aggregate (CSSA) can be reused as aggregate in cement concrete mixes.
Hence, this experimental work considers an opportunity to investigate the effect of partial substitution of natural coarse
aggregate (NCA) by CSSA for 20%, 40%, and 60% for the M40 grade concrete mix. The workability, mechanical, durability,
and microstructural properties of concrete with CSSA were compared with NCA concrete on a 28-day curing. The 40%
substitution of NCA by CSSA was found as the optimum ratio for the improvement in mechanical strength. Also, up to 20%
of the substitution of CSSA satisfies the RCPT, water penetration, and acid attack (10% concentrated HCI acid) requirement

given by standard codes.

Keywords Coarse steel slag aggregate - Natural coarse aggregate - Workability - Mechanical properties - Durability -

Microstructural properties

1 Introduction

Ancient concrete use evolved into Roman innovations, paving
the way for modern concrete construction dominance [1].
Modern concrete bends to the construction of buildings from
homes to nuclear plants [2]. The flexibility of concrete design,
environmental resilience, handling tough environments,
and affordability make it a favorite for engineers. Concrete
is unique from other construction materials in that it is
made especially for civil engineering applications, and
is primarily composed of cement, natural fine aggregates
(NFA), natural coarse aggregate (NCA), water, etc. Almost
70% of the concrete volume is covered by NCA and has a
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huge requirement of 8 to 12 billion metric tons annually [3],
which is increasing as per requirement and lead to a shortage
of material resources in the future and cause environmental
issues globally [4]. However, NCA holds the maximum
volume of concrete which is made available from mining [5].
To address these environmental issues, the United Nations
Framework Convention on Climate Change was held in
December 2015 in Paris, emphasizing the requirement to save
energy, reduce waste, and protect natural resources [6]. The
researchers are researching for development of new materials
with similar properties to NCA that can be used to replace
them in concrete [7]. Sustainability can be significantly
improved by utilizing waste materials that currently pollute
our land. Researchers are actively exploring the use of
industrial byproducts like slag, recycled construction debris,
fly ash, and even waste glass and marble as substitutes in
concrete [8-15].

However, the steel production industry is dynamic [16,
17], generating substantial sums of slag waste resulting
from polluting lands by leaching heavy metals (chromium
and lead) into the soil, which poses risks to plant growth
and the ecosystem. This leaching of heavy metals can be
reduced by utilizing steel slag waste as a substitute for the
NCA in concrete [18, 19]. Steel slag is industrial waste that
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is generated during the manufacturing of steel [20], and
around one ton of steel generates around 1300 to 2000 kg
of steel slag waste [21]. Steel slag, an industrial waste from
steel production, is recognized as a potential recycled raw
material that contributes to a cleaner environment. This
aligns with the ongoing efforts to address environmental
concerns and promote sustainability in the construction
and manufacturing industries.

In the past three decades, researchers have been invest-
ing in the utilization of steel slag for the substitution of
NFA. Steel slag used as a substitute for NCA has particle
sizes larger than 4.75 mm to meet the stability of NCA.
Many researchers have experimented with the utilization
of steel slag as a substitute for NCA in concrete mixes and
also state that the substitution will enhance the mechani-
cal properties of concrete [22—24]. Based on experimen-
tal results, [4, 16, 25, 26] observed that the 20% to 60%
use of steel slag as aggregate in concrete gives similar
strength results to that of conventional concrete, and [27]
also states that up to 50% substitution by CSSA improved
the mechanical strength for both M20 and M30 grades of
concrete. Depending on the chemical properties, granu-
lometry, mechanical, and physical properties, steel slag
as aggregate has similar and considerable mechanical
strength when compared with NCA. By reviewing past
studies, Gencel et al. [28] stated that the CSSA above
50% and up to 100% of the substitutional ratio could be
advantageous as a sustainable construction material with-
out decreasing in strength. Mien et al. [29] that the use
of CSSA could improve the chloride ion penetration and
resistivity. The conclusion of the researchers on the past
experimental study on the durability of CSSA is not the
same. Researchers stated that the utilization of CSSA as
NCA can hinder the entry of erosion ions and enhance the
durability of concrete [30-33]. However, some research-
ers also state that the presence of free CaO in CSSA will
lead to excessive expansion of concrete volume, which
results in a decrease in the durability of the concrete [25,
34]. Moreover, the relevant experiments show that the
free content of CaO in the well-weathered CSSA is low,
which will have a low effect on the expansibility of CSSA
[25] and also that the volume stability of concrete can be
ignored only when the substitution rate of CSSA is less
than 50% [35].

To improve the strength and stiffness of the concrete
mixed with the steel slag, the substitution of natural aggre-
gate can provide a sustainable solution to the environment
and an alternative to natural aggregate in the future. This
solution can also put an end to farmland problems, i.e.,
disposal of waste slag, and other environmental problems.
Utilization of the waste steel slag in concrete can pro-
duce green concrete by contributing to energy savings and
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reducing the greenhouse emissions associated with natural
aggregate extraction and processing.

2 Research significance

Based on the previous literature [30, 35, 36], studies have
examined the problem associated with the use of natural
aggregate in concrete and its impact on the environmental
depletion of resources. There is also a gap in the literature
regarding the use of CSSA (a sustainable alternative to NCA) in
concrete, and its influence on concrete performance. This paper
attempts to identify the aspects that influence the mechanical,
durability, and microscopic properties of concrete by utilizing
the CSSA, with a focus on the various percentages of CSSA
as a substitution for NCA. The present study aims to establish
an interrelation between CS, STS, and FS. The results of this
paper are valuable because, utilizing CSSA as a substitute for
NCA promotes sustainability by reducing reliance on finite
resources, mitigating environmental impact associated with
aggregate extraction, and repurposing industrial by-products,
contributing to an eco-friendly construction industry.

3 Methodology

Through a comprehensive literature review, published
research and articles, reports, and examining current global
challenges related to the disposal of steel slag defined a
clear and concise problem statement. As a sustainable solu-
tion, steel slag can be used as a partial substitution for NCA
because of its properties and its utilization in concrete helps
to reduce its disposal issue. For this objective, the perfor-
mance of concrete with CSSA was analyzed in this research.
This research investigates the effect of CSSA on the mechan-
ical strength, durability, and microstructure of concrete. Var-
ious concrete mixes were designed, incorporating different
percentages of NCA substituted with CSSA. After casting
and curing the concrete specimens for 28 days, mechanical
testing (CS, FS, STS) and durability testing (RCPT, water
penetration, acid attack) were performed to assess the impact
of CSSA content. Additionally, microstructure analysis using
XRD and SEM techniques was performed to understand the
internal changes in the concrete. By analyzing all the data, it
was aimed to identify how CSSA influences the properties of
concrete, exploring both its potential benefits and drawbacks
as a partial substitute for NCA, this research contributes to
the development of more sustainable and eco-friendly con-
crete. The methodology and experimental program followed
by the Indian Standard Code as shown in Fig. 1.
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4 Materials properties
4.1 Materials

An experiment was performed as per the methodology
shown in Fig. 1 to investigate the influence of CSSA as
coarse aggregate on the properties of concrete. The mate-
rials used are cement, FA, NCA, CSSA, and water. The
CSSA was collected and sieved to obtain in the range of
10 mm to 20 mm size for partial substitution of NCA.

4.1.1 Cement

Ordinary Portland cement (53 grade) was used and a test
on OPC was performed as per [IS4031-1996 [37]. The test
performed and obtained properties are summarized in
Table 1.

4.1.2 Fine aggregate (FA)
The FA was obtained from crushed stone and was used as

FA in concrete. The crushed stone FA used in this experi-
ment was passed through IS sieve no. 480 (4.75 mm), which

Table 1 OPC (53 grade) properties

Properties Values Limitations given
by 1S12269:2004
[38]

Specific gravity 3.13 <3.15

Fineness 6% <10%

Consistency 30% 30%—35%

Initial setting time 40 min >30 min

Final setting time 205 min <600 min

falls in zone 3 as per [S383:2016 [39]. The properties of the
FA are summarized in Table 2.

4.1.3 Natural coarse aggregate (NCA)

The NCA used was nominal in size 10 mm-20 mm as per
1S383:2016 [39]. Properties of NCA were compared to the
CSSA used in this experimental work for the substitution of
NCA as per 1S383:2016 [39], as shown in Table 3, and the
particle size gradation curve was obtained by sieve analysis
which is shown in Fig. 2.

4.1.4 Steel slag aggregate (SSA)

The crushed SSA was collected from a blast furnace located
in Chhattisgarh, India, as shown in Fig. 3a. The color
profile observed of SSA is characterized by ranging from
dark grey to black, with various complexities based on the
chemical structure of the basic materials used to produce
steel. The CSSA is granular, porous, and rough, as a result
of the crystalline structure formed during the rapid cooling
process of the molten steel. There is observable textural
variation, with some samples having an even more glassy
or vesicular texture. The variety of shapes that SSA can
take on, including angular, rigid, and spherical ones, is a
direct result of the complex processes involved in cooling
and solidification. The texture of CSSA is shown in Fig. 3b.

Table 2 FA properties

Test conducted FA IS code

Specific gravity 2.61 IS 2720:1980-Part 3 [40]
Bulk density 1602 kg/m3 IS 2386:1963-Part 3 [41]
Water absorption 0.6% IS 2386:1963-Part 4 [42]
Fineness Modulus 3.3 IS 2386:1963-Part 5 [43]
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Table 3 The properties of NCA

Test conducted
and CSSA

NCA CSSA IS code

Specific gravity

Bulk density

Water absorption

Impact value

Crushing value

Loss Angeles (LA) abrasion

2.71 3.44
1650 kg/m® 1797 kg/m?
0.81% 3.05%
18.61% 9.44%
18.10% 20.83%
25.78% 13.46%

IS 2386:1963-Part 3 [41]
IS 2386:1963-Part 3 [41]
IS 2386:1963-Part 3 [41]
IS 2386:1963-Part 4 [42]
IS 2386:1963-Part 4 [42]
IS 2386:1983-Part 4 [42]
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Fig.2 Sieve analysis NCA and CSSA

The physical and chemical properties of NCA and CSSA
are summarized in Table 3 respectively.

The chemical bonding in SSA/CSSA is also more com-
plex, involving the production of oxides and minerals, with
Si0,, Al,O5, and CaO being important which is shown in
Table 4.

To analyze the chemical composition of oxides, the
XRD analysis of the SSA sample is compared with the
oxides of cement as shown in Figs. 4 and 5. The XRD of

SSA in Fig. 5 resulted at 26, has sharp crystalline peaks in
a relatively broadband, and the same results were observed
by M.H. Lai et al. [44]. Similar to cement, the SSA con-
tains cementitious compounds like C;S and C,S. The
presence of free MgO and CaO, which hydrate to form
Mg(OH), and Ca(OH),, negatively impacts the integrity
of concrete mixtures. The free CaO has a more significant
impact on stability than MgO because CaO hydrates much
slower [45]. SSA is waste generated during the production
of steel, it tends to react with water, air, or CO, to form
the chemical products Ca(OH), and CaCO;. However, the
reaction is slow, which limits the decrease of magnesium
oxide (MgO) content. This allows for easier detection of
free calcium oxide (CaO) in the SSA, ultimately enhancing
its volume stability. Usually, the SSA is of the RO phase,
which includes MgO, MnO, and FeO. These compounds
are more stable than MgO and won’t cause any unsound-
ness in the concrete mix. Figure 5 showed that most of
the Mg minerals are in the form of MgFe,0, content,
which states that the MgO has precipitated from the RO-
phase, which could react with the content of Fe,O; and
can also be transformed into MgFe,O,. The same observa-
tion was noticed by [46]. This results in overcome from
the free content of MgO and CaO. To overcome the issue
of unsoundness, the mixed concrete can be filled into the
steel tube or also in the fiber-reinforced polymer tube,
which results in improving the confining stress and the
behavior of composite structures [44, 47-49].

Fig.3 a Crushed SSA. b CSSA

(a) Crushed SSA

(b) CSSA
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Table 4 Chemical properties of Oxides CSSA Cement
CSSA and cement Steel Slag
Si0, 13.00%  18.96% 20| | I- CacO,
ALO, 360%  4.19% 1 oy 1
Fe,0, 32.00% 4.25% 2000 - ‘* | 4-MgO
CaO  4000%  66.58% |2 Wil s : = RN
MgO 700%  0.97% 2 1500 ' ‘u.d 7o f om
Mn, 04 1.80% - :5 \ A.! 1 8- M.gFe204
TiO, 033% - g ol \a o 1A 51‘12 | H y s
P,0, 0.45% : = ATV | Mf";j N2 hogy
K,O 0.14% 0.73% R TE¥ T P WY
Na,O 0.16% 0.32% 0]
SrO 0.03% -
SO, 0.86% 3.5% 0 T T T T
al 0.02% ) 0 20 40 60 80
BaO 0.00% - 20 (degree)
Cr,0, 0.16% -
V205 0.07% - Fig.5 XRD pattern of SSA
Co0,05 0.06% -
6 Experimental program
4000 A rotating drum mixer was used to mix the material for the
» Cement preparation of the concrete. All the materials were mixed as
L 1-G58 per IS10262:2019 [50], and the mix design ratio is shown in
2000 3:1“50 Table 5. A superplastlgzer was used at the. rate of 0.5% of
- 1 ;1 ] CaSz() _— cement and the w/c ra.tlo was kept at 0.4 which was ?opstant
£ 5 CaFc.‘(’) -2 throughout the experiment to get a slump value within the
S AR range of 25-50 mm. The materials were first dry mixed for
? el , 6-GS 1 min, then the lab tap water which was free from harmful
é Ul " i | elements was used for the mixing of concrete, and the mix-
= 'w.,ll,‘ ’ i ing process continued for 2 min. After mixing, the slump test
et e iJ 136! houl o, | , was performed as per 1S1199:1959 [51] to check the water-
il uffé\l‘»: '2\}}\"25\\ 13.4}. cement (w/c) ratio and to get the required slump value, for
TR the entire substitutional ratio of CSSA. Three samples were
8 5 29 a5 2 P cast to assess the mix design percent substitution and were
20 (degree) cured in the water as per IS10086:1982 [52].

Fig.4 XRD pattern of cement

5 Concrete mix design

The mix design was carried out as per 1S10262:2019 [50].
Also, the design calculation was carried out based on water
absorption, specific gravity, and free moisture content of
the material i.e., cement, FA, NCA, CSSA, and water [3].
M40 grade of the concrete mix was designed with a mix
proportion of 1: 1.99: 2.5 and w/c of 0.4. Table 5 shows
the mix proportion for the substitution of CSSA by NCA
at 0%, 20%, 40%, and 60%.

6.1 Mechanical properties tests
6.1.1 Compressive strength test (CS)

The samples were made of cubes 150 150 X 150 mm in size
as shown in Fig. 6. As per IS516:1959 [53], the 140 kg/cm?/
min of the load was applied for the compression on the cube
sample till the failure in the compression machine for 7, 14,
and 28 days of each 0%, 20%, 40%, and 60% substitution.

6.1.2 Split tensile strength test (STS)
The STS test was performed as per IS 5816:1999 [54], the

cylinder samples were cast with a diameter of 150 mm and
a height of 300 mm as shown in Fig. 7. In the STS test, the

@ Springer



97 Page 6 of 15 Journal of Building Pathology and Rehabilitation (2024) 9:97
Table.S Mix propoSrtion for the Sample Substitution Cement FA NCA CSSA Superplas-
substitution (Kg/m~) (%) ticizer (%)
CSSOo 0 443 881.57 1120.79 0 0.5
CSS20 20 443 881.57 896.63 224.16 0.5
CSS40 40 443 881.57 672.47 448.32 0.5
CSS60 60 443 881.57 448.32 672.47 0.5

Fig.7 STS Test of concrete on cylinder sample (150 x 300 mm)

compressive line load of 1.2 N/mm? is applied along the
opposing generators of a concrete cylinder with its axis hori-
zontally positioned in between the patterns in the test method.

@ Springer

Fig.8 FS test of concrete on beam sample (700 x 150 x 150 mm)

Fairly homogeneous tensile stress is created over roughly
two-thirds of the loaded diameter as a result of the applied
line loading. The specimen ultimately fails as a result of this
tensile stress, splitting along the loaded diameter. For the STS
test, 7- and 28-day results were noted for each substitution.

6.1.3 Flexural strength test (FS)

Since a direct tension test is a difficult method to evaluate
the tensile strength of concrete, the tensile strength is calcu-
lated via a flexure test. So, for the FS test, the beam samples
(150 % 150% 700 mm) were cast and tested by following
1S516:1959 [53]. The point load was applied to the beam
sample at a load intensity of 140 kg/cm?/min until failure as
shown in Fig. 8. For the FS test, 7- and 28-day results were
noted for each substitution.

6.2 Durability tests
6.2.1 Water penetration test

The water penetration test was conducted on the cube as
per German code DIN1048 [55] for which the 3 samples
per concrete cube were cast of 150 150 x 150 mm in size
as shown in Fig. 9. The casted samples were curried for
28 days in the water. Dried cube, 3 of each sample are sealed



Journal of Building Pathology and Rehabilitation (2024) 9:97

Page7of15 97

Fig.9 Water penetration test (setup)

with wax and rosin. The test was carried out by the setup
that consists of air compression connected to a water tank
via a valve, and water pressure of SN/mm? is applied to the
concrete cube samples for 3 days (72 h). Using a system
that consists of an air compressor connected to a water tank
via a valve as shown in Fig. 9, water pressure is applied to
the concrete cube in the form described in Eq. (1). Up to
the point of reaching a steady state, the depth of water that
percolates is recorded during the test period by illustrating
the temperature at which the test is to be conducted, which
is 27° +2° C. The depth of water penetration and the coef-
ficient of permeability are shown in Table 7. The coefficient
of permeability (K) was calculated by Eq. (1),

K = D*P/2TH )]

where, D—Depth of penetration (mm), P—Porosity of con-
crete measured as a fraction, T—Time in seconds, H—Pres-
sure head=1.5 m.

6.2.2 Rapid chloride penetration test (RCPT)

RCPT was performed as per ASTM C1202 [56] to indicate
the concrete resistance to the penetration for the passing
of chloride ions and the samples were cast in the form of
disks 100 mm in diameter and 50 mm in thickness. The
test samples were placed between reservoirs holding 0.3%
NaOH and 3% NaCl. The test sample was placed under a
direct current of 60 V for approximately 6 h. The degree
of the chloride ion penetration of the concrete was deter-
mined using ASTM C1012-04, and coulombs were the unit
of measurement for the total charge that passed through the
concrete. For this test, the samples were cured for 28 days
underwater. The chloride ion penetrability based on charge

Table 6 Chloride ion penetration based on charge passed [56]

Chloride Penetration RCPT Charged passed (Coulombs)

High > 4000
Moderate 2000 to 4000
Low 1000 to 2000
Very Low 100 to 1000
Negligible <100

Fig. 11 10% conc. HCI (acid attack test setup)

passed as per ASTM C1202 is shown in Table 6 and the
experimental setup is shown in Fig. 10.

6.2.3 Acid attack test

The acid attack test was performed to check the durability and
resistance of the concrete, and the 150 150 x 150 mm size
cube samples were cast. As per ASTM C1898-20 [57], casted
cube samples were first cured for 28 days underwater and then
submerged in 10% concentrated HCI acid for another 28 days as

@ Springer
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Fig. 12 X-ray diffractometer

shown in Fig. 11 to check the weight difference before and after
the acid attack. Acidic substances chemically react with the
components of concrete, leading to various detrimental effects.

6.3 Microstructure analysis tests
6.3.1 X-ray diffraction analysis (XRD)

The X-ray diffractometer machine was used for the XRD
analysis, as shown in Fig. 12. It is a non-destructive technique
used to determine the crystallographic structure of material,
chemical content, and physical attributes. In this experimental
work, the XRD analysis was performed to compare the SSA
and cement.

6.3.2 Scanning electron microscopy (SEM)

To check the microstructural bonding and composition of the
concrete mixed with the CSSA, SEM analysis was performed
after 28 days of the casting of samples, and microstructural
images of the concrete bonding were captured. This analysis
was focused on the changes observed in the microstructural
characteristics, hydration products, and porosity of the CSSA
particle mixed in the concrete.

7 Result and discussion
7.1 Workability

As per IS1199:1959 [51], the slump test was performed
on fresh concrete. For the 0.4 w/c, the workability of the

@ Springer
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Fig. 13 Slump value

concrete mixed was observed, and due to voids, high water
absorption capacity, and increasing substitution by CSSA
results in less workability of the concrete mix as shown in
Fig. 13. Also, the higher specific gravity of SSA relative to
NCA is responsible for the decrease in the workability of
concrete, for which the proper amount of superplasticizer
content is to be added to increase the workability and the tar-
geted strength [1, 58]. The desired slump of 25-50 mm was
achieved by using 0.4% admixture with a 0.4 w/c ratio [59].

7.2 CStestresult

A CS test was carried out on the concrete cube with the
CSSA at 7, 14, and 28 days of the curing period. CS test
results are shown in Fig. 14. An improvement in CS was
observed because of the higher LA abrasion class of the
CSSA as compared to the NCA. Also, CSSA has a rough
texture, which improves the bonding with the cement (as
shown in Fig. 15) and consequently the CS. Compared
with the normal concrete sample (CSS0), substitution
exhibited the highest strength for the sample CSS40, also
compared with the CSS20 and CSS60. This is due to the
Pozzolanic action which improves hydration and forms
strong products that contribute to a hard concrete mix.
Also, the increased density of concrete is responsible for
CS improvement [60]. After 28 days of curing, the CS
increased by 2.11% and 6.37% for mixtures with 20% and
40% substitution (CSS20 and CSS40), respectively. How-
ever, a decrease of 3.15% in CS was observed for the mix-
ture with 60% substitution (CSS60). This decrease is likely
due to the poorly shaped particles and differing chemical
properties of CSSA, which weakens the bond between
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Fig. 14 CS test result

Fig. 15 CSSA bonding in concrete

particles and reduces overall strength. There was a negli-
gible increase in CS by 0.98% and 2.33% for CSS20 and
CSS40, respectively, and a decrease of 0.19% for CSS60
after 14 days of curing, and the same trend was followed at
the 7 days of curing period, as shown in Fig. 14. The same
observation was noticed by various researchers [3, 4, 45,
61, 62]. These results suggested that, up to a 40% amount
of substitution, CSSA can be successfully substituted in
concrete without sacrificing structural integrity.

7.3 STS test result

The STS test results at 7 and 28 days of the curing period
are shown in Fig. 16. The experimental results state that the
different percentages of CSSA substitution had a noticeable

Fig. 16 STS test result

influence on the STS of the concrete samples CSS0, CSS20,
CSS40, and CSS60. The highest STS was obtained for the
sample of substitution of CSS40 by comparing it with CSSO
and also with CSS20 and CSS60. Beyond this threshold, the
STS performance declined, suggesting an optimal balance
between material substitution and mechanical properties.
For the curing period of 7 days, the improvement in the STS
of CSS20, CSS40, and CSS60 was noted at 5.14%, 9.19%,
and 3.67%, respectively, compared with the CSS0. For the
curing period of 28 days, the improvement in the STS for
CSS20 and CSS40 was noted at 2.63% and 5.52%, respec-
tively, and CSS60 was lower by 2.63%, as shown in Fig. 16.
With an increase in CSSA content of more than 60% the STS
is negatively impacted. Because of its not uniform size as an
NCA, and it is not angular enough to allow for mechanical
interlocking, the higher absorption of water impacts the w/c
ratio, compromising the STS [63].

7.4 FStestresult

The FS test performed on the beam and the result for 7 and
28 days of curing period are shown in Fig. 17. The high-
est FS resulted for the substitution sample of CSS40 after
28 days of curing, with an 8.40% strength improvement,
as shown in Fig. 17. Comparing all the FS for the substitu-
tion with the CSS0, 4.49%, 9.63%, and 0.85% of strength
improvement were achieved after 7 days of curing. For the
28-day curing period, 4.84%, 8.40%, and 2.03% of strength
improvement were observed. Weaker interactions between
CSSA and cement paste, rounded shapes of CSSA, stress-
concentrating voids, and problems with water absorption are
the factors that cause FS of the concrete to decrease beyond
40% substitution [7].
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Fig. 17 FS test result

7.5 Relation between STS and CS result

The correlation between STS and CS test results of con-
crete with the substitution of CSSA is shown in Fig. 18,
and the regression analysis findings were represented by
Egs. (2).

STS =0.49107 + 0.07634

x CS (Coefﬁcient of determination, R? = 0.98773)
@)
Equation (2) shows the strong, substantial linear rela-
tionship between the STS and CS after 28 days. The

*  STS result (28 days)
Linear fit curve

4.05 Equation y=a+b*x
Intercept 0.49107 + 0.26504
Slope 0.07634 + 0.00602 %
4.00 | Residual Sum of Squares 6.5108E-4
Pearson's r 0.993
© R-Square (COD) 3

3.95 < Adj. R-Square

3.90

3.85

3.80

STS result (28 days) (N/mm®)

3.75

3.70

T T T T T
42 43 44 45 46 47

CS result (28 days) (N/mm:)

correlation coefficient was 0.98773. Because the coeffi-
cient of determination is close to 1, it represents a strong
relationship between the STS and the CS for the substitu-
tion of CSSA for NCA.

7.6 Relation between FS and CS result

The correlation between FS and CS test results of concrete
with the substitution of CSSA is shown in Fig. 19 and the
regression analysis findings were represented by Egs. (3).

FS =3.96477 4+ 0.09417

x CS(Coefficient of determination, R* = 0.76771)

3)

Equation (3) exhibits a substantial polynomial relation-

ship between the FS and CS for 28 days. The correlation

coefficient was 0.76771. Because the coefficient of deter-

mination is close to 1, it indicates that a strong relationship

exists between the FS and the CS for the substitution of
CSSA for NCA.

7.7 Water penetration test

Following the German code DIN1048 [55], the coefficient
of permeability is shown in Table 7. The water absorption
capacity of the concrete depends on the volume, porousness,
microstructural properties, and internal bonding between
the materials. As the amount of CSSA increased, there was
a decrease in water penetration depth. This suggests a denser
material (low porosity) due to the inclusion of iron slag. These
findings are confirmed and align with the CS and RCPT results.

@ FSresult (28 days)
Linear fit curve
8.6 —— —
Equation y=a+b*x
Tintercept 3.96477 £1.62298
8.5 —slope 0.09471 £0.03684
[Residual Sum of Squares 0.02441
_ Pearson's t 0.87619
S 8.4 R square (COD) 076771
= JAdj. R-Square 0.65157 °
Z, 8.3 -
E‘ 1 ° —
< 8.2 ~
5 -
0 1 -
< 81+
;) 8.0 | L
7.9
7.8
T T T T T
42 43 44 45 46 47
CS result (28 days) (N/mm?)

Fig. 18 Relation between STS vs CS test result
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Fig. 19 Relation between FS and CS result
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Table 7 Coefficient of permeability for CSSA substitution

Sample CSSO CSS20 CSS40  CSS60
Avg. Penetration Depth (mm) 19 15.8 11.5 15.5
Permeability X 1079 (cm/sec)  6.823 4716 2.499 5.563

Following a 72-h permeability test on 28-day cured concrete
samples with CSSA, the observed decrease in the permeability
coefficient appears to be correlated with an increasing trend of
incorporating CSSA into concrete mixtures, as evidenced by
the data presented in Table 7. Specifically, concrete samples
labeled CSS0, CSS20, and CSS40, all exhibited a decreasing
trend in penetration depth and a sudden increase in penetration
depth due to an increase in the porous structure of CSSA and
chemical composition. Due to the chemical composition and
porous structure of CSSA, the coefficient of permeability of
water is connected to its porosity [64, 65].

7.8 RCPT result

As per ASTM C1202 [56], the RCPT test was conducted
on samples CSS0, CSS20, CSS40, and CSS60 and the
experimented results are shown in \* MERGEFORMAT
Table 8. Replacing NCA with CSSA at any level significantly
reduced permeability. Notably, the permeability decreased the
most (40% reduction) at the 28-day curing mark with a 40%
substitution ratio compared to other ratios. This decrease in
permeability (measured by the amount of electrical charge
passed) is likely due to a denser concrete matrix caused
by the inclusion of CSSA. These findings are similar to the
compressive strength results, where increased density from
CSSA led to improved strength. This aligns with the results of
Devi and Gnanavel [3], the observation that replacing 40% of
fine aggregate with steel slag in conventional concrete enhances
resistance to chloride ions. Low permeability values will be
seen for the 20% and 40% substitution amounts of NCA with
CSSA for the 28 days of curing and an increase in value will
be observed when the substitution amount increases beyond
60%. The low permeability value up to 40% substitution level
is due to a denser concrete produced by a CSSA content which
improves CS also. The same observation was noticed by G.
Singh and R. Siddique [66]. Up to a 20% substitution ratio of
SSA in high-strength concrete, no significant impact on chloride
ion permeability was observed. However, a considerable impact
was noticed at a 30% substitution ratio [67].

Table 8 RCPT results

7.9 Acid attack test result

As per ASTM C1898-20 [57], a loss in weight was observed
in the sample cubes immersed in the 10% concentrated HCI
acid, as shown in Fig. 11. In the test result, the concrete
sample CSSO got a weight loss of 0.41% compared to
the samples CSS20, CSS40, and CSS60. It was seen that
the CSSA has better acid resistance than the CSSO by
comparing the results as shown in Table 9. This is because
the use of CSSA prevents the growth of calcium hydroxide
around the NCA and FA particles, which improves the
concrete's mechanisms for resistance to acid attack [26].
In the CS test, concrete sample CSSO resulted in 3.58%
strength loss, which is higher than the samples CSS20,
CSS40, and CSS60 containing CSSA, as shown in Table 9.

7.10 SEM analysis test

The concrete containing CSSA was examined by SEM analysis
as shown in Fig. 20. The image shows that the cement, water,
and CSSA reaction creates a calcium silicate hydrate (C-S—-H)
gel. XRD analysis revealed characteristic peaks at 9.1°,
15.8°, and 22.9° 26, indicating the presence of ettringite in
the sample. The quantified amount of ettringite was 2.5% by
weight of cementitious material. This relatively low percentage
is considered beneficial for early strength development and
does not pose a threat to the integrity of concrete. Additionally,
the presence of needle-like ettringite within the pores of the
CSSA particles suggests cementitious properties of the CSSA,
which was also supported by the chemical properties of CSSA
as shown in Table 4, and quantitative analysis by XRD test as
shown in Fig. 5. According to Fig. 21, CSSA particles were
seen to be wrapped in the villus-like coating layer. The cracks
between the CSSA particles and the surrounding cement paste
were also observed with a width of approximately 0.62 um.
This crack width increases to about 1.57 um between the NCA
and the cement paste. Similar observations were reported by
G. Wang et al. [68]. This resulted in the CSSA being porous
and cementitious, which results in high water absorption and
getting hydrated with CSSA, leading to a lower w/c ratio and
a stronger interfacial transition zone (ITZ) between CSSA and
cement paste [36].

The multi-angular shape and rough surface of CSSA particles
contribute to a stronger ITZ between the particles and the cement
paste. This effect is likely due to the increased contact area
created by the villus-like structure coating on the CSSA particles.

Table 9 Acid attack test result

Sample CSSO  CSS20 CSS40  CSS60 Sample CSS0 CSS20 CSS40 CSS60
Density (KN/m®) 23.50 23.80 24.20 23.70 Loss in weight (%) 0.41 0.32 0.21 0.12
Charged Passed (Coulombs) 1645 1560 1540 1550 Loss in CS (%) 3.58 2.97 2.61 2.23

@ Springer
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Fig.20 Micro-morphology of CSSA particle in concrete

This enhanced interlocking improves the ITZ, as observed in
Fig. 21. Similar observations were reported in [36, 68, 69]. A
very smooth surface of NCA particles was noticed as the right
half portion which was observed in Fig. 22.

Pnsté‘ .
l"'i\' !

-.,\..

lpm —— NanoSEM
11/30/2023 7:38:03 PM

Fig.21 ITZ of concrete with CSSA
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Fig.22 ITZ of concrete without CSSA

8 Conclusion

The major conclusions derived from the present experimental
study can be summarized as follows:

1) Experimental results showed that the optimum
percentage of NCA substituted with CSSA was 40%
in concrete led to improvements in CS and STS
as well and the optimum percentage of NCA the
substitution with CSSA was 20% for FS. Notably,
the coefficient of determination being close to 1
indicates a strong correlation between both STS and
CS, as well as FS and CS, when using CSSA as a
substitute for NCA.

2) As the amount of CSSA increased, there was a decrease
in water penetration depth up to 40% substitution
level due to the formation of denser concrete with
low porosity, and an increasing trend in penetration
depth was observed at 60% substitution level due to the
porous structure of CSSA and chemical composition.
These findings are aligned with the CS and RCPT
results.

3) The chloride ion permeability results show a
decreasing trend up to 40% substitution level and
increased at 60% which is similar to the trend observed
in water penetration test results. This was measured
by the amount of electrical charge passed through
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the concrete sample and it was likely due to a denser
concrete matrix caused by the inclusion of CSSA.

4) The concrete with CSSA shows good resistance to
acid attack tests. The concrete sample was subjected
to 10% of conc. HCI acid shows minimal effect on the
concrete prepared with CSSA as compared to concrete
with NCA. The response of the concrete against HCL
acid was confirmed with CS and weight loss percent-
age results.

5) The XRD analysis for CSSA gets the sharp crystalline
peaks at 20 and contains cementitious chemical
properties, i.e., C;S and C,S. Also, the analysis of the
SEM result states that the CSSA could significantly
improve the ITZ of concrete mix. Overall, utilizing
CSSA as a substitute for NCA in concrete, with an
appropriate substitutional ratio, gives significant benefits
for sustainability and environmental impact reduction in
construction materials. This contributes to enhancing
both the mechanical, durability, and microstructural
properties of concrete.

9 Future scopes

Future research should investigate optimizing the
combined use of recycled coarse and fine aggregate (SSA)
with various hybrid mineral admixtures in concrete.
These hybrid admixtures could combine two or more
materials like fly ash, metakaolin, rice husk ash, ground
granulated blast furnace slag, or silica fume in different
proportions. By partially replacing cement with these
optimized combinations, the goal is to achieve sustainable
concrete production through waste material utilization
while enhancing concrete properties. Also, the study on
chemical treatments to SSA to improve the durability of
the concrete mix is an important aspect to improve its
performance for the sustainable integration of SSA in the
concrete industry.
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