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This study evaluated the properties of concrete in which natural coarse aggregates were replaced with
30%, 50%, or 100% air-cooled blast furnace slag (ACBFS) aggregates. At all aggregates replacement
levels, concrete porosity remained below 9.55%, indicating good quality concrete. The high friction
between ACBFS aggregates and mortar when the w/b ratio was 0.4, was mitigated when the ratio
was increased to 0.45, likely due to pore structure refinement at the interfacial transition zone (ITZ).
When the ACBFS content exceeded 50%, chloride ion penetrability was rated as high, potentially
limiting its use in durability-sensitive applications. However, increasing the ACBFS replacement
percentage consistently enhanced compressive strength, likely due to the reaction between ACBFS
and portlandite, forming additional C-S-H and resulting in a denser cementitious matrix. After 56
days, concrete with 100% ACBFS achieved 25.76% higher strength than the control mix with natural
aggregates. ACBFS aggregates may have facilitated internal curing through moisture desorption,
refining the pore structure within the matrix and interfacial transition zone (ITZ), as confirmed by
SEM images. This study presents critical findings that support the use of recycled ACBFS in concrete
for structural engineering applications, as a partial or complete replacement for natural coarse
aggregates, thereby contributing to the conservation of natural resources.

Keywords Air-cooled blast furnace slag aggregates, Sustainable concrete, Compressive strength, Flexural
strength, Chloride permeability, Natural aggregates

The construction industry contributes significantly to the global environmental footprint through the release
of substantial amounts of CO; into the atmosphere and the depletion of natural resources, including fine and
coarse aggregates. Concrete is the most utilized construction material because of its durability, accessibility, cost-
effectiveness, and adaptability. Concrete production has reached billions of tons per year and is projected to rise
further in the coming decades. The increasing demand raises concerns about the long-term sustainability of the
natural resources it relies on, including natural limestone and sand, which are among the most heavily mined
materials globally. The use of air-cooled blast furnace slag aggregates (ACBFS) as a partial or full substitute for
natural aggregates in concrete pavements supports the United Nations’ sustainability goals by preserving natural
resources. Electric Arc Furnace Slag (EAFS) aggregates, another recyclable byproduct of the metal-making
industry, share many similarities with ACBFS, including an angular and rough texture, higher unit weight
compared to natural aggregates, and good mechanical strength. However, limited studies have investigated the
incorporation of ACBFS aggregates into concrete structures. This article evaluates the essential properties of
concrete with ACBFS aggregates as a full or partial substitute for natural limestone aggregates. These properties
include tensile strength, compressive strength, chloride penetration resistance, water permeability, and water
absorption.

The properties of slag in general, and ACBFS aggregates in particular, vary significantly depending on several
factors, including the material they are derived from and the manufacturing techniques'. Due to the relatively
higher porosity of slag aggregates relative to natural aggregates, their absorption and desorption characteristics
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were studied to assess their suitability as internal curing elements. House et al.! reported lower absorption
and desorption of ACBFS aggregates compared to expanded slag aggregates. In addition to absorption and
desorption, the depth of water penetration under pressure is also an important concrete transport property.
Concrete incorporating EAFS aggregates exhibited greater depth of water penetration compared to concrete
with limestone aggregates’which can adversely affect durability of concrete.

In general, ACBFS contain more than 50% crystalline phases, much more than blast furnace slag produced
by water quenching®. Therefore, water-quenched slags, with their high content of amorphous phases are more
reactive through high hydration than ACBFS. In general, ground granulated blast furnace slag (GGBEFS) is
more reactive and is used as a supplementary cementitious material (SCM) or in alkali-activated binders, while
ACBFS is suitable for use as an aggregate®. In applications beyond building construction, environmental testing
has indicated that ACBFS aggregates used as base/subbase under pavement to remove phosphate in passive
stormwater systems are generally safe®>. ACBFS aggregates were evaluated for environmental safety by testing
for metals listed on the Environmental Protection Agency’s (EPA) Target Analyte List (TAL). When compared
to typical soils and similar materials, ACBFS aggregates demonstrated higher environmental quality, with lower
metal concentrations and leaching levels. In addition, at alkaline pH levels, leaching of regulated metals was
either undetectable or within U.S. federal drinking water standards. Additionally, water that had passed through
the slag showed over 90% survival in aquatic life tests, indicating low toxicity’. Similarly, Monosi et al. reported
that the leaching of metals from EAFS aggregates remained below limits set by relevant standards. Tests by Singh
et al.” revealed that the leaching of hazardous elements from electric arc furnace slag was within permissible
limits for aggregates in construction.

ACBFS is characterized by a crystalline structure that forms due to its slow solidification under ambient
conditions outside the blast furnace. Oxides such as CaO, SiO,, Al,Os, and MgO constitute approximately 95%
of ACBFS, while the remaining 5% consists of other elements, including manganese, sulfur, titanium, iron,
fluorine, sodium, and potassium. The chemical composition of ACBFS aggregates varies significantly between
steel manufacturers and across countries due to differences in steel manufacturing standards and protocols.
The chemical and physical properties of aggregates influence the mechanical and durability characteristics of
concrete. The incorporation of ACBFS aggregates into concrete leads to the release of sulfates into the pore
solution®. These sulfates contribute to the formation of ettringite within the microstructure, which helps fill
voids and enhance concrete strength and durability by mitigating freeze-thaw damage®. However, excessive
sulfate content and excessive ettringite formation can potentially weaken the concrete microstructure®.

Several key factors related to ACBFS aggregates, including their angular shape, rough texture, and porous
structure, significantly influence the flexural and splitting tensile strengths of concrete!®. Rios et al.!! observed
an improvement in the bond strength between aggregates and cement paste when ACBFS was incorporated as
a partial substitute for natural aggregates, up to an optimal replacement level. Wang et al.!? reported significant
improvements in both compressive and splitting tensile strengths when using ACBFS in gradations of 5-20 mm,
especially at early ages. Some studies have proposed methods to reduce the rate of water absorption and
porosity of concrete made with ACBFS aggregates, bringing them closer to those of concrete made with natural
aggregates'®. Concrete incorporating these modified ACBFS aggregates exhibited superior flexural and splitting
tensile strengths in comparison to those made with limestone and sandstone aggregates. However, the extent of
improvement in tensile strength compared to concrete with natural aggregates depends on the content of ACBFS
aggregates'®. Self-compacting concrete (SCC) incorporating ACBFS aggregates necessitates additional vibration
and water because of the increased water absorption of these aggregates. Rios et al.'! observed a substantial
reduction in the splitting tensile strength of SCC incorporating 100% ACBFS and a high water-to-binder (w/b)
ratio. However, Cao et al.'® found insignificant changes in the splitting tensile strength of concrete made with
various replacement percentages of ACBFS aggregates (0-100%) in relation to concrete made with crushed
limestone. Similar to ACBFS, the angular and rough texture of EAFS aggregates enhances the quality of the
interfacial transition zone (ITZ) between the aggregates and the surrounding matrix, making it superior to that
of natural aggregates, and leading to enhanced mechanical strength'®. In concrete containing approximately
53% EAFS aggregates, an improvement in concrete tensile strength was attributed to shape and texture of EAFS
aggregates, which contributed to better bond strength with the cement paste!”. The improvement in the ITZ
associated with the rough texture of EAFS aggregates also resulted in improved bond strength between the
concrete and the reinforcing bars, compared to concrete incorporating natural or crushed aggregates'®. Despite
limited research, ACBFS aggregates are likely to exhibit similar properties to EAFS aggregates in terms of the
effects of surface roughness and angularity.

Incorporating steel fibers significantly enhanced tensile and flexural capacities of concrete. This is due to
the ability of the fibers to bridge the cementitious matrix at a micro-level, resulting in a quasi-ductile concrete
composite. Beyond enhancing these strengths of concrete, fibers also significantly reduce its water absorption
capacity'.

The relatively higher surface roughness and larger angle of friction of ACBFS aggregates, compared to
natural aggregates, increase friction between aggregate particles and mortar, affecting the workability and flow
of concrete. The concrete becomes less workable as the proportion of ACBFS aggregates increases'>?’. Similar
to ACBFS, the shape and texture of EAFS aggregates cause a reduction in workability of concrete?!. Therefore,
a 15% limit was suggested for replacing natural aggregates with EAFS to control the amount of superplasticizer
required and to reduce drying shrinkage?’. The increase in drying shrinkage was attributed to the increased
water absorption caused by the greater porosity of aggregates. Therefore, drying shrinkage can be mitigated by
soaking the recycled aggregates prior to mixing them with concrete constituents.

The sorptivity and mechanical properties of concrete with alkali-activated slag have been studied extensively
in recent years, including assessments of its global warming potential®>. However, the mechanical behavior
of concrete incorporating ACBFS aggregates remains under-researched, with significant gaps in knowledge.
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Chemical composition Result (%) | Limits®® (%)
Oxide composition

Silicon dioxide Sio, 20.4

Aluminum oxide ALO, 4.62

Ferric oxide Fe,0, 4.32

Calcium oxide CaO 64.24

Magnesium oxide MgO 1.25 <6.0
Sulphur trioxide SO, 2.45 <3.0
Alkalis Na,0+0.658K,0 | 0.643
Mineral composition

Tricalcium silicate C,S 62.3

Dicalcium silicate C,S 115

Tricalcium aluminate | C,A 5
Other data

Chlorides 0.014

Loss in ignition 1.43 <3.0
Insoluble residue 0.22 <5.0

Table 1. Chemical composition of the OPC binder used in the study.

Physical properties Result | Limits®

Specific surface: air permeability test (m?*/kg) | 326 >260

Soundness: Le Chatelier expansion?” (mm) 0.79 <10

Initial 185 >45
Time of setting: vicat test (minutes)

Final 230 <375
3 Days |24.8 =12

Compressive strength (N/mm?) 7 Days | 38.2 >19

28 Days | 51.7 >28

Table 2. Physical properties of the OPC binder used in the study.

Experimental data is needed to develop a proper understanding and to improve computational prediction
models?. This study aimed to evaluate the effect of various replacement percentages of natural aggregates with
ACBFS aggregates on fresh properties such as workability of concrete, as well as mechanical properties including
flexural strength, splitting tensile strength, and compressive strength. The study also examined the effect of
ACBFS aggregates content on selected transport properties, including porosity and permeability of concrete,
in comparison to a control mix prepared using 100% natural aggregates. Findings add critical information to
the limited body of knowledge on the use of recycled ACBFS aggregates as partial or complete replacement of
natural aggregates.

Materials and methods
This section outlines the characteristics of the materials utilized in the study, the mix design, and the testing
methodology.

Material properties

Cementitious materials

ASTM Type I Ordinary Portland Cement (OPC)?* was the only binder used in the experimental program
reported in this article. The chemical composition of the OPC used in the study was determined using the X-ray
fluorescence (XRF) method in accordance with ASTM C114%°, and the results are shown in Table 1. Some of the
physical characteristics of the OPC used in the study, including specific surface, soundness, setting time, and
compressive strength are shown in Table 2.

Characteristics of coarse and fine aggregates

The natural dune sand used in this study was sourced from Al Ain City, UAE, while natural coarse aggregates
were obtained from the Ras Al-Khaimah Emirate, UAE. ACBFS aggregates were supplied by a local provider.
ACBFS aggregates were used to partially or fully substitute natural aggregates in four main concrete mixes.
Figure 1 illustrates the gradation of ACBFS aggregates, natural limestone aggregates, and fine aggregates used
in this study. The density, water absorption, acid-soluble chloride content, and sulfate content of coarse and fine
aggregates were determined and are presented in Table 3. It is worth noting that the water absorption of ACBFS
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Fig. 1. (a) Natural aggregates (b) blast furnace slag aggregates (c) dune sand.

Oven dry 347 | 351 351 2.68 2.67 2.64 2.61
Density (t/m®) | Saturated surface dry | ASTM C127 2 CL.8 351 |3.55 3.56 2.69 2.69 2.66 2.63
Apparent 362 | 3.65 3.69 271 271 2.7 2.66
Water absorption (%) ASTM C127 %8 1.2 1.1 1.4 0.4 0.5 0.8 0.7
1 1 0
ﬁad soluble chloride content (CI) (% | pq 515 part 117; App C: 1988 | 0.01 | 0.02 0.02 0.01 0.01 0.01 0.01
y weight)
Acid soluble sulphate content (SO5) | pg g15 pare 118, M6: 1988 | 0.1 | 0.14 0.06 0.03 0.04 0.04 0.04
(% by weight)

Table 3. Properties of aggregates and dune sand.

aggregates, determined according to ASTM C1272, was higher than that of natural aggregates. This is likely to
influence the water absorption of concrete produced using these two types of aggregates.

Sulfide sulfur, in the form of sulfide ions (S?°), is generally present in the crystal structure of various metals
forming ACBFS aggregates. Iron sulfide (FeS,) is an example of a mineral in ACBFS aggregates that contains
sulfides. In the presence of water, sulfides may gradually oxidize to produce sulfate ions (SO*",). Table 3 shows
that the acid-soluble sulfate content in ACBFS is higher than that in natural aggregates. The angle of friction
of ACBFS aggregates is also generally greater compared to natural crushed aggregates®which affects concrete
workability.

Sieve analysis of dune sand, natural coarse aggregates, and ACBFS aggregates was conducted according to
ASTM C136-96a* and the gradation is shown in Fig. 2.

Table 4 shows the chemical composition of ACBES aggregates. Silicon dioxide (SiO,) and calcium oxide
(CaO) were the major components of ACBFS used in this study. ACBFS aggregates also contain small amounts
of aluminum, magnesium, and iron oxides. Figure 3 presents scanning electron microscope (SEM) images of
the recycled ACBFS at various magnifications. The morphology of ACBFS aggregates reveals rough surfaces,
especially in magnified images, where the irregularity of particles is particularly notable. The results of energy-
dispersive X-ray spectroscopy (EDX) are shown in Fig. 3d, highlighting prominent peaks of calcium, silicon,
aluminum, and magnesium.

Concrete workability and w/b ratio

A polycarboxylate-based superplasticizer, marketed under the commercial name Fosroc Structuro W420, was
used in this study to control slump along with the w/b ratio. The effect of ACBFS aggregate content on concrete
workability was observed by testing four mixes: Mix 1 and Mix 1.1 were prepared with natural coarse aggregates;
Mix 2 and Mix 2.1 with 30% ACBES aggregates (70% natural aggregates); Mix 3.0 and Mix 3.1 with 50% ACBFS
aggregates; and Mix 4 with 100% ACBFS aggregates. Table 5 shows the w/b ratio and the resulting slump of each
mix.

Increasing the ACBFS coarse aggregate content tended to decrease workability for the same w/b ratio. This
led to adjustments in both the w/b ratio and superplasticizer dosage to control workability and reduce friction
within the mix and against the mixer blades. The decrease in workability due to high friction is attributed to
the rougher surface texture and more angular geometry of ACBFS aggregates compared to natural aggregates.

For Mix 2, workability decreased significantly to Mix 1 at w/b=0.4. As a result, the w/b ratio was increased
in Mix 3 (w/b=0.43) and Mix 4 (w/b=0.45) to enhance workability, as shown in Table 5. A w/b ratio of 0.45
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Fig. 2. Sieve analysis results for ACBFS, natural coarse aggregates, and dune sand: (a) 10-20 mm aggregates,
(b) 5-10 mm aggregates, and (c) 0-5 mm fine aggregate.

was found to provide a high workability of 210 to 220 mm for Mix 4, which was prepared with 100% ACBFS
aggregates and consequently experienced the highest friction.

Concrete mix constituents
To understand the influence of progressively substituting natural coarse aggregates with ACBFS aggregates, four
mix groups were developed: Mix 1 & 1.1, Mix 2 & 2.1, Mix 3 & 3.1, and Mix 4. Mix 1 and Mix 1.1 serve as the
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Sio, 35-40
ALO, 7-10
CaO 35-45
MgO 7-14
FeO 0.2-0.8
S 1-2

Table 4. Chemical composition of ACBFS aggregates.

1o

()

Fig. 3. SEM images of blast furnace slag aggregates captured at varying magnifications: (a) 200 um, (b) 80 pm,
and (c) 20 pm. (d) Elemental analysis of ACBFS.

ACBFS aggregates content (%) | 0 30 50 100
w/b ratio 0.4 0.45 0.4 0.45 0.43 0.45 0.45
Slump (mm) 260 220 150 220 185 210 210

Table 5. Water-to-binder ratio and slump for concrete mixes.

reference mix, containing 100% natural aggregates but with two different w/b ratios, as discussed earlier in this
article. Similarly, Mix 2 & Mix 2.1 both contain 30% ACBFS aggregates and 70% natural aggregates but have
different w/b ratios, as shown in Table 6. The proportioning of mixes, shown in Table 6, was carried out in
accordance with BS 8500 — 23! for class 32/5 N, in which the w/b ratio was kept below 0.55. Mixes 1.1, 2.1, and
3.1 were produced using a w/b ratio of 0.45, as it was found to be the most suitable for Mix 4, which uses 100%
ACBFS aggregates. All mixes used ASTM Type I OPC?.
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Compositions of concrete (kg/m?)
Mix design no. | ACBFS replacement % (by mass) | Cement | (w/b ratio) | ACBFS aggregates | Coarse aggregates | Fine aggregates | Water
Mix 1 0% 380 0.40 0 1570 350 163
Mix 1.1 0% 380 0.45 0 1570 340 184
Mix 2.0 30% 380 0.40 480 1100 400 163
Mix 2.1 30% 380 0.45 480 1100 400 184
Mix 3.0 50% 380 0.43 810 810 450 173
Mix 3.1 50% 380 0.45 810 810 450 184
Mix 4 100% 380 0.45 1650 0 570 184

Table 6. Mix proportions including ACBFS replacement percentage, w/b ratio, aggregate contents, and water
content.

Fig. 4. Temperature-controlled curing tanks.

Mixing and casting procedures

Mixing and curing followed the guidelines of ASTM C192/C192M32. The material quantities described in the
previous section were weighed and recorded. Prior to each mixing cycle, the mixer was cleaned to remove any
residue from previous cycles. After mixing, concrete workability was measured and recorded in accordance with
the relevant ASTM standard. Samples were demolded 24 h after casting and then transferred to temperature-
controlled curing tanks, as illustrated in Fig. 4.

Measurement of concrete slump

The slump of the concrete mixes was measured in accordance with ASTM C143%, and the results are shown in
Fig. 5. The highest slump of 260 mm was exhibited by Mix 1, which was prepared using 100% natural aggregates
and a w/b ratio of 0.4. When 30% of the natural aggregates were replaced by ACBFS aggregates at the same
w/b ratio to produce Mix 2, mixing became difficult due to significant friction between the aggregates, mortar,
and mixer. As a result, the slump of the mix dropped significantly to 150 mm. This is consistent with published
literature on concrete incorporating aggregates with rough textures and angular geometry®2.

When ACBES aggregates replaced 50% of the total aggregates in Mix 3, it became necessary to increase
the w/b ratio to 0.43, as presented in Table 5. This adjustment improved mixability, and the slump of Mix 3
increased to 185 mm. Mixing concrete with 100% ACBFS (Mix 4) involved even higher friction and slump loss;
therefore, the w/b ratio was increased to 0.45, as shown in Table 5. Consequently, the slump of Mix 4 increased
to a reasonable 210 mm.

The slump test results indicate that increasing the ACBFS aggregate content from 0% (Mix 1) to 30% (Mix 2) at
a constant w/b ratio of 0.4 substantially decreases concrete slump, which is consistent with published literature?!.
However, the slump increases with the increase in w/b ratio (Mixes 3 and 4), even as the ACBFS aggregate
content increases to 50% in Mix 3 and 100% in Mix 4. A w/b ratio of 0.45 produced a reasonable concrete slump
even with 100% ACBFS aggregates. Therefore, in mixes 1.1, 2.1, and 3.1, a w/b ratio of 0.45 was used.

Table 7 shows the densities (kg/m?) of hardened concrete prepared using each of the four mixes. It is evident
that ACBFS aggregates increase concrete unit weight significantly, from 23.22 kN/m?® for Mix 1 (100% natural
aggregates) to 27.66 kN/m?® in Mix 4 (100% ACBFS aggregates). The high unit weight may limit the application
of mixes with a high ACBFS aggregate content to structures or structural members where the increase in self-
weight is offset by the benefits of recycling this industrial byproduct. Concrete made with recycled aggregates
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Fig. 5. Workability of concrete mixes with varying ACBES aggregate substitution levels and w/b=0.4-0.45.

Mix 1 Mix 2 Mix 3 Mix 4
(Control) (30/70) (50/50) (100 Slag)
Set 1 (w/b=0.40) | (W/b=0.40) | (w/b=0.43) | (w/b=0.45)
Density (kg/m?) | 2475 2555 2640 2820
Set2 (w/b=0.45) | (w/b=0.45) | (w/b=0.45) | (w/b=0.45)
Density (kg/m?) | 2455 2560 2650 2820

Table 7. Measured unit weights of concrete mixes with ACBFS aggregates from 0 to 50%.

from the steel-making industry, such as EAFS, has consistently been reported to have higher density than that
made with natural aggregates®*.

Test methods

This section describes the testing procedures used to determine the following concrete properties related to
durability: (1) water absorption, (2) porosity, (3) water permeability, (4) chloride penetration, and (5) sulfate
and chloride contents. In addition, compressive strength, splitting tensile strength, and flexural strength were
determined.

Water absorption of concrete

The result of this test provides an indication of concrete durability and resistance to damage from frost, chemicals,
abrasion, and other factors. The water absorption test determines the amount of water concrete can absorb into
its pores, serving as a measure of concrete porosity.

The test was performed in compliance with BS 1881 Part 122%° on concrete samples that were oven-dried
for 72 h. The samples were subsequently submerged in water for 24 h at 20 °C+2 °C, ensuring no air pockets
remained trapped around them. After immersion, each sample was taken out of the water, surface-dried to
eliminate excess moisture, and then weighed. The water absorption was calculated as the percentage increase in
the specimen’s mass, as indicated by Eq. (1).

Mdamp — Mdry

Water absorption (%) = I x 100 (1)
ry

where:

Mdampmass of dry specimen (kg).

Mgry: mass of sample after immersion in water (kg)

The calculated absorption is corrected to account for variation in sample length. The correction factor is
given by Eq. (2).

Volume in mm?
C tion factor = ?
orrection factor Surface area (mm?3) x 125 @

Porosity of hardened concrete (absorption in vacuum test)

The porosity of concrete represents the proportion of interconnected voids in relation to its total volume. Another
method for measuring concrete porosity is the vacuum absorption test proposed by RILEM CPC 11.3%. In this
experiment, a concrete sample is cured for 28 days, removed from the curing tank, and dried in a ventilated
oven at 105 °C+5 °C, then cooled to 20 °C+ 3 °C. The mass, m, of the dried and cooled sample is determined.
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The specimen is then immersed in water for 24 h under controlled vacuum conditions to ensure effective water
penetration into the concrete pores and the removal of any entrapped air. While the sample is submerged, its
apparent mass, ms, is measured. After 24 h of immersion, the sample is taken out, and its saturated surface-dry
mass, ms, is recorded. All masses are measured to the nearest 0.1%. Porosity is calculated using Eq. 3.

meo-1mjy

Porosity (%)= x 100 (3)

ma2-ms3

Water permeability of concrete under pressure

Water permeability is a concrete transport property determined by measuring the extent of water ingress under
applied pressure through a concrete specimen. In this study, the water permeability test was performed in
compliance with BS 12,390 Part 87 on 150 mm cubic samples. Each specimen was subjected to a constant
water pressure of 500 kPa (equivalent to a 50 m water head) for 72 h. After the test, the specimen was split open,
and the depth of water penetration (in millimeters) was measured. Concrete with low permeability has better
resistance to the corrosion of reinforcing steel bars and generally exhibits greater durability.

Rapid chloride penetration test

The rapid chloride penetration (RCP) test of concrete specimens was conducted according to ASTM C1202%,
During the test, 100 mm diameter x 50 mm high concrete specimens were placed in test cells with two chambers,
as shown in Fig. 6. One chamber contained a 3% NaCl solution, whereas the other held a 0.3 N NaOH solution.
A potential of 60 volts was applied across the specimen for 6 h, driving chloride ions from the NaCl solution
through the concrete specimen into the NaOH solution. The electric charge transmitted through the specimen
was recorded every 30 min. The total charge passed during the test was used to calculate the charge passed per
unit area. ASTM C12023¢ classifies concrete chloride permeability as high when the passing charge exceeds 4000
Coulombs. Similarly, chloride permeability is classified as low, very low, or negligible when the passing charge
is below 2000 Coulombs.

Content of sulphate and chloride in hardened concrete with and without ACBES coarse aggregates

The sulfate content in concrete made with Mixes 1 to 4 was determined according to BS 18813, which measures
the concentration of sulfate ions (SO~ ) in hardened concrete. The test is conducted on a representative concrete
sample, which is crushed and dissolved in acid. The sulfate content is then determined using either a gravimetric
or volumetric method. Sulfate can interact with the products of cement hydration, resulting in the development
of expansive compounds. When the sulfate content is high, these expansive products generate internal pressure,
causing cracking and subsequent deterioration of concrete. Concrete with a sulfate content below 0.2% has good
resistance to sulfate-induced damage, while content greater than 0.8% indicates the formation of higher amounts
of expansive material and an increased potential for cracking and deterioration. It is important to note that
concrete resistance to sulfate attack is also influenced by other factors, such as the type of cement used, the w/b
ratio, and the curing conditions®. The concentration of chloride ions (CI") in hardened concrete, represented
by Mixes 1 to 4, was also determined in accordance with BS 18813°. The test is conducted on a representative
concrete sample, which is crushed and dissolved in acid. The chloride content is then determined using either a
gravimetric or volumetric method.

Compressive strength

To determine the compressive strength of concrete prepared using each of the four mixes (Mix 1 to Mix 4),
150 x 150 x 150 mm cubes were cast and cured according to BS EN 12390-2 37 On the test day, the cubes were
weighed, and their dimensions were validated after formwork removal. The load was then applied to the test

Fig. 6. Rapid chloride penetration test set up.
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Fig. 8. Sample set in machine to determine splitting tensile strength.

specimens without shock at a nominal rate of 0.6+0.2 N/mm?.s. The load was continuously increased until
failure, and the maximum load applied to the specimen was recorded.

Flexural strength

To evaluate the flexural performance of concrete prepared using each of the four mixes (Mix 1 to Mix 4), 750 mm
long beams were cast and cured in accordance with BS 12390-2%. The cross-sectional dimensions were 150 mm
x 150 mm. On the test day, the beams were weighed, and their dimensions were validated after removal from the
formwork, as shown in Fig. 7a.

The beams were placed in the testing device, supported by two rollers with a spacing of 3d (where d is the
depth of the specimen), as shown in Fig. 7b and c. The load was gradually and uniformly applied at a nominal
rate of 0.04 to 0.06 N/mm?/s until the beam failed. The load was applied through two upper rollers, spaced d
apart, connected by a cross arm that transmitted the total load from the machine.

Splitting tensile strength

The splitting tensile strength was determined by testing 150 mm (diameter) x 300 mm cylindrical specimens in
accordance with BS 1881: Part 117: 1983 *!. Sample preparation and curing were conducted according to BS EN
12390-2 *°. On the test day, the samples were wiped clean, weighed, and their dimensions were measured. The
samples were then placed in the centering jigs, as shown in Fig. 8. The specimens were subjected to loading at a
rate of 0.02 to 0.04 N/mm? until failure, and the tensile splitting strength, o ., was calculated.

Microstructural analysis

Microstructural analysis of ACBFS and hardened concrete samples was performed using Phenom XL Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX). Hardened concrete samples,
approximately 100x 100 mm in size, were extracted from the fractured surfaces of specimens tested for
compressive strength.
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Fig. 9. Water absorption of cured concrete for mixes with 0% limestone aggregates (Mix 1.1, control), 30%
ACBFS (Mix 2.1), 50% ACBFS (Mix 3.1, 100% ACBFS (Mix 4).
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Fig. 10. Porosity of concrete using immersion under vacuum RILEM test for mixes containing 0% ACBFS
aggregates (Mix 1.1, control), 30% ACBFS (Mix 2.1), 50% ACBFS (Mix 3.1), and 100% ACBFS (Mix 4).

Results and discussion
The subsequent subsections present the outcomes of the various tests discussed in the earlier sections. The results
are presented, and the main observations and findings are discussed.

Water absorption of concrete

The water absorption of concrete is a measure of its porosity. The variation in water absorption with aggregate
replacement percentage, as represented by Mix 1 to Mix 4, is shown in Fig. 9. Increasing the replacement
percentage of natural coarse aggregates with ACBFS aggregates leads to higher water absorption in concrete.
This is largely due to the higher water absorption capacity of ACBFS aggregates themselves. Nonetheless, the
highest increase in water absorption, which occurred in the concrete mix made with 100% ACBFS, was 10.6%
compared to the control mix made with natural aggregates. Concrete made with Mix 3, which contains 50%
ACBFS, exhibited only 4.375% higher water absorption than the control mix, making it more suitable for
structural engineering applications where transport properties are a concern than the mix with 100% ACBFS.

Porosity of hardened concrete

At a w/b ratio of 0.4, replacing 30% of natural coarse aggregates with ACBFS aggregates (Mix 2) increased the
porosity of concrete, as shown in Fig. 10. This aligns with the observed higher water absorption of ACBFS
aggregates and is also linked to the mixing challenges caused by the increased friction characteristic of concrete
incorporating ACBFS aggregates. However, increasing the w/b ratio from 0.4 to 0.43 while simultaneously
raising the replacement percentage to 50% (Mix 2 to Mix 3) led to a reduction in porosity, possibly due to
enhanced workability and overall quality associated with the higher w/b ratio. Similarly, Fig. 10 shows that
increasing the replacement percentage to 100% (from Mix 3 to Mix 4) resulted in a further decrease in porosity,
despite a slight increase in the water-to-binder (w/b) ratio from 0.43 to 0.45. The effect of an increased ACBFS
aggregate content on concrete porosity aligns with the findings of Wang et al.*>. The higher w/b ratio improved
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Fig. 11. Water permeability of concrete for mixes containing 0% ACBFS (Mix 1.1), 30%ACBFS (Mix 2.1), 50%
ACBFS (50%), and 100% ACBFS (Mix 4).

Characteristic Mix1 | Mix2 | Mix3 | Mix 4
Slag /natural aggregates (%) | 00% | 30% |50% | 100%
w/b (ratio) 0.40 0.40 0.43 0.45

Passing charge

(Coulombs) 1820 | 2184 | 7002 | 7682

Table 8. Rapid chloride penetration test results.

workability by mitigating friction between ACBFS aggregates and the surrounding mortar, resulting in higher-
quality concrete with a finer pore structure.

Additionally, retained mixing water within the porous ACBFS aggregates may have provided an internal
curing effect, leading to a reduction in capillary pores within the matrix and in the interfacial transition zone
(ITZ) between the matrix and ACBFS aggregates. Notably, the porosity of all mixes remained below 10%,
indicating high concrete quality regardless of ACBFS aggregate content.

Water permeability of concrete under pressure

The water permeability of concrete is affected by various aspects such as mixture composition, curing
environment, and the concrete’s age®>. As shown in Fig. 11, water permeability increases with higher ACBFS
aggregate content. For the same w/b ratio of 0.4, replacing 30% of natural aggregates with ACBEFS aggregates
(Mix 2) increased water permeability from 4.5 mm to 4.67 mm, an insignificant increase of 3.8% over the control
mix containing only natural aggregates (Mix 1). The water permeability of Mix 3 (5.33 mm) exceeded that of
the control mix by 18.44%. This is attributed to the higher w/b ratio and greater ACBFS aggregate content
in Mix 3 relative to the control mix. The mix with 100% ACBES also exhibited an 18.44% increase in water
permeability compared to the control mix. However, the higher w/b ratio of 0.45 helped reduce friction during
mixing, maintaining permeability similar to that of Mix 3. It can be concluded that for the same w/b ratio, water
permeability increases as the ACBFS replacement percentage increases, as evident when comparing Mix 2 to the
control Mix 1.

Rapid chloride penetration (RCP) test

The RCP test is used to assess concrete’s ability to withstand chloride ion ingress. Table 8 presents the measured
charge (in Coulombs) through samples taken from each of the four mixes. Figure 12 shows that the passing
charge, and therefore chloride ion penetration, increases with a higher percentage of ACBFS aggregates
compared to natural aggregates. The passing charge through Mix 1 classifies its chloride permeability as low,
according to ASTM C12023, while Mix 2 results in borderline low to medium chloride permeability. However,
Mix 3 (50% ACBEFS aggregates+50% natural aggregates) and Mix 4 (100% ACBFS aggregates) both produce
concrete with high chloride permeability. This suggests that the ACBFS content should be limited to less than
50% of the total aggregate content in concrete structural elements that are likely to be exposed to chloride ions,
unless appropriate precautions are taken. Chloride ion penetration is likely to increase with higher ACBFS
content due to its greater water permeability compared to natural aggregates, which results in a higher charge
passed. However, further research and alternative test methods may be needed to validate the findings, as the
results could be influenced by metal oxides in ACBFS which enhance electrical conductivity of concrete. The
RCP test measures the total ionic flow, which can be increased by the presence of metals in ACSB, rather than
reflecting the actual chloride diffusion.
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Fig. 12. Chloride permeability of concrete prepared using mixes with 0% ACBFS aggregates (Mix 1.1), 30%
ACBFS (Mix 2.1), 50% ACBEFS (Mix 3.1), and 100% ACBFS (Mix 4).

Characteristic Mix1 | Mix2 | Mix3 | Mix 4
ACBFS / Natural aggregates (%) | 00% | 30% | 50% | 100%
w/b (ratio) 0.40 0.40 0.43 0.45
Chloride Content (%)

BS 1881 Part 124: 2015 0.02 10.02° 1002 002

Sulphate Content (%)

BS 1881 Part 124: 2015 048 1047 ) 044 046

Table 9. Sulphate and chloride content in hardened concrete prepared using natural coarse aggregates (Mix 1),
30% ACBEFS (Mix 2), 50% ACBFS (Mix 3), and 100% ACBFS (Mix).

Sulphate and chloride contents in hardened concrete
Sulfate and chloride contents in hardened concrete produced by Mixes 1 to 4 were determined using the method
described earlier in this article, and the results are shown in Table 9. All four mixes are classified as borderline
medium to poor in terms of their susceptibility to the formation of expansive products due to sulfate interactions
with cement hydration products*!. Therefore, the aggregate type did not play a substantial role in the formation
of deleterious sulfates, irrespective of the percentage of ACBFS present in the mix.

The chloride content in hardened concrete, shown in Table 9, is sufficiently low to classify all four mixes as
good, according to BS 1881. Therefore, the chloride content generated within the concrete mix itself was not
influenced by the aggregate type and remained low in all mixes.

Compressive strength

Figure 13 shows the variation in compressive strength after 7, 28, and 56 days of curing as the percentage
of ACBFS aggregates increases from 0% (control mix) to 100% (Mix 4). For each mix, compressive strength
increased with curing age, regardless of ACBFS aggregate content. After 7 days of curing, Mix 4 developed
39.29% higher compressive strength than the control Mix 1. After 28 days, Mix 4 exhibited a 22.29% increase
in strength compared to the control mix made with natural aggregates. After 56 days, Mix 4 exhibited a 25.75%
higher compressive strength relative to the control mix. Thus, at all curing ages, concrete mixes containing
100% ACBES aggregates exhibited greater strength than the control mix made with natural aggregates. This
suggests that ACBFS aggregates may contribute to an internal curing effect by retaining water during mixing and
gradually releasing it throughout the curing process. The release of absorbed water supports the formation of
hydration products, particularly at the aggregate-paste interface. The contribution of absorbed water to strength
development appears to be most significant in concrete with 100% ACBFS aggregates, as evidenced by its higher
56-day strength compared to mixes with 30% and 50% replacement levels. A similar effect of replacing natural
aggregates with recycled aggregates from the steel-making industry, such as EAFS, on the compressive strength
of concrete has been reported in the literature!”.

Compressive strength of concrete using different w/b ratios

Figure 14 shows the impact of varying the w/b ratio, along with increasing percentages of ACBFS aggregates,
on compressive strength development after 7 and 28 days of curing. At the same w/b ratio of 0.4, compressive
strength decreases slightly when natural limestone aggregates are substituted with 30% ACBES aggregates (Mix
2 compared to Mix 1). This limited decrease in strength at both curing ages (7 and 28 days) is attributed to the
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Fig. 13. Compressive strength of concrete (w/b=0.45) made with 0% ACBFS aggregates (Mix 1.1), 30%
ACBFS (Mix 2.1), 50% ACBEFS (Mix 3.1), and 100% ACBFS (Mix 4).
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Fig. 14. Effect of w/b ratio and ACBFS content on compressive strength of concrete.

relatively lower concrete quality associated with the low w/b ratio. The low w/b ratio contributed to high friction
between ACBFS aggregates, mortar, and even the mixer, resulting in decreased concrete workability.

As the w/b ratio increased from 0.4 to 0.43 and the replacement of natural aggregates with ACBFS was raised
to 50% (transitioning from Mix 2 to Mix 3), compressive strength decreased further due to the combined effect
of a higher w/b ratio and increased ACBFS content. Nonetheless, the decrease was limited (from 64.45 MPa to
61.73 MPa after 28 days) as the additional water content helped overcome some of the flow resistance associated
with the high ACBFS content in Mix 3 and therefore, decreased workability.

The positive and lubricating effect of increased water content is evident when the w/b ratio was raised from
0.43 to 0.45 in Mix 4, which was prepared using 100% ACBFS aggregates. The resistance to concrete flow caused
by the high ACBFS content was mitigated by the higher w/b ratio, resulting in the 28-day compressive strength
of Mix 4 being statistically similar to that of Mix 3. It may therefore be concluded that a low w/b ratio negatively
impacts the quality and strength of concrete with a high ACBFS content due to increased friction and lower
workability caused by the angular geometry of the aggregates. However, an optimal w/b ratio enhances concrete
quality and compressive strength while enabling the recycling of ACBFS aggregates through partial replacement
of natural aggregates.

Figure 15 compares the effects of variable and fixed w/b ratios, along with the percentage of ACBFS aggregates,
on compressive strength. When the w/b ratio is maintained at 0.45, raising the ACBFS aggregate content from
0% (Mix 1) to 100% (Mix 4) leads to a consistent enhancement in compressive strength. On the other hand,
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Fig. 15. Compressive strength of concrete made with 0% ACBFS aggregates (Mix 1.1), 30% ACBFS (Mix 2.1),
50% ACBFS (Mix 3.1), and 100% ACBFS (Mix 4).
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Fig. 16. Effect of w/b ratio and percentage of ACBFS aggregate on flexural strength.

when the w/b ratio is increased from 0.4 (Mix 1 and Mix 2) to 0.45 (Mix 4), along with a higher ACBFS aggregate
content, compressive strength decreases slightly.

Flexural strength

Figure 16 shows the variation in flexural strength with w/b ratio and aggregate replacement percentage. When
coarse aggregate was partially replaced with 30% ACBFS at w/b=0.4, the 28-day flexural strength increased
by 31.23%. As the w/b ratio increased from 0.4 to 0.43, the 28-day flexural strength increased further (from
8.53 MPa to 9.37 MPa) due to the increase in coarse aggregate replacement from 30 to 50%. This is attributed to
rough texture and enhancement in the quality of bond and the ITZ between the cement paste and aggregates. This
enhancement in strength, resulting from improvements in the ITZ in concrete incorporating recycled aggregates
from the steel-making industry, including EAFS, has been consistently reported in the literature'”. However,
increasing the w/b ratio from 0.43 to 0.45 resulted in a decrease in 28-day flexural strength (from 9.37 MPa to
7.19 MPa) even as natural coarse aggregates were fully replaced by ACBFS (Mix 4). This pattern indicates that
a w/b ratio exceeding 0.43 reduces flexural strength at 7 and 28 days compared to lower ratios, when natural
coarse aggregates are entirely or partially substituted with ACBFS. Nonetheless, the flexural strength measured
at 28 days for concrete containing 100% ACBFS (7.19 MPa) exceeds that of concrete incorporating only natural
aggregates (6.5 MPa), despite the ACBFS mix having a higher w/b ratio (0.45).

To preclude the effect of w/b ratio variation on flexural strength, mixes 1 to 4 were prepared with a constant
w/b=0.45. The 28-day flexural strength for Mixes 1, 2, 3, and 4 is shown in Fig. 17. Although the variation in
flexural strength with aggregate replacement percentage is relatively small, a 50% replacement resulted in the
highest 28-day flexural strength.
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Fig. 17. Flexural Strength of concrete with w/b=0.45 at the age of 28 days for mixes with 0% ACBFS (Mix 1),
30% ACBFS (Mix 2), 50% ACBFS (Mix 3), and 100% ACBFS (Mix 4).
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Fig. 18. Splitting tensile strength for concrete with different w/b ratios and 0% ACBFS (Mix 1.1), 30% ACBEFS
(Mix 2.1), 50% ACBFS (Mix 3.1), and 100% ACBFS (Mix 4).

Splitting tensile strength

Figure 18 shows an insignificant 2.9% increase in splitting tensile strength when the percentage of ACBFS
aggregates was increased to 30% in Mix 2, following a pattern similar to that observed in flexural strength for the
w/b ratio of 0.4. A further increase in ACBEFS to 50% of the total aggregate content (Mix 3) resulted in a small
3.6% increase, even when the w/b ratio was raised from 0.4 (Mix 2) to 0.43 (Mix 3). Similar to flexural strength
trends, when ACBFS aggregates reached 100% (Mix 4), the splitting tensile strength decreased slightly (0.74%),
largely due to the increase in the w/b ratio to 0.45, as shown in Fig. 18. The relationship between splitting tensile
strength and flexural strength has been examined in the literature!?.

Microstructural analysis

Figure 19 presents SEM images of samples containing ACBFS aggregates after 28 days of curing. The samples
analyzed were taken from the fractured concrete surface and areas containing ACBFS aggregates. Microcracks
were visible in all SEM images, likely due to the fact that the samples were extracted from the fractured surfaces
of tested specimens.

Figure 19a illustrates the morphology of the control mix at both low and high magnifications. A noticeable
change in morphology is observed in mixes containing ACBFS aggregates compared to the control mix with only
natural aggregates, suggesting that ACBES aggregates chemically interact with the cement matrix. Figure 19b
reveals a rougher surface with more pronounced voids and distinct rounded particles in the ACBFS-modified
mix.

Although strength tends to increase when replacing natural aggregates with 30% ACBES, the microstructure
shows more pronounced voids and irregularities, as well as the presence of rounded particles. Concrete with 30%
ACBFS aggregates (Mix 2) exhibits a different morphology, likely due to the partial chemical interaction between
ACBFS and the cement matrix. This interaction may contribute to the formation of calcium silicate hydrates
(C-S-H) while also increasing porosity due to the differing properties of ACBFS compared to natural aggregates.
The irregular and rougher surface suggests a variation in how ACBFS aggregates bond with the cementitious
matrix, potentially affecting the overall mechanical properties.
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Fig. 19. SEM images of concrete mixtures at 28 days where (a) 0% ACBFS (Mix 1.1), (b) 30% ACBFS (Mix
2.1), (c) 50% ACBFS (Mix 3.1), and (d) 100% ACBFS (Mix 4).
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A clearer demonstration of the role of ACBFS aggregates is evident when 50% of the natural aggregates are
replaced, as shown in Fig. 19¢, where a partially chemically reacted ACBFS aggregate is observed. This reaction
supports the hypothesis that ACBFS aggregates chemically integrate into the cementitious system, facilitating
the generation of extra C-S-H and, in turn, improving compressive strength.

Finally, Fig. 19d depicts the morphology of a mix incorporating 100% ACBFS aggregates. The image highlights
the agglomeration of C-S-H crystals at the interface between the cement matrix and the chemically reacted
ACBFS aggregate. This phenomenon is particularly evident in the mix with 100% ACBFS aggregates, where
the potential for chemical interaction between the cement matrix and the ACBFS aggregates is significantly
increased.

Figure 20a shows that the control sample is predominantly composed of calcium, suggesting the formation
of calcium silicate hydrates (C-S-H) and CaCO,. This baseline composition is crucial for understanding the
changes observed in subsequent samples.

With the introduction of 30% ACBFS, as seen in Fig. 20b, there is a noticeable increase in oxygen and
silica. This shift confirms the incorporation of ACBFS and suggests that the additional silica may contribute to
further pozzolanic reactions, enhancing the cement matrix. Figure 20c demonstrates that increasing the ACBFS
content to 50% further elevates oxygen levels, indicating a progressive chemical interaction that enhances matrix
densification.

Lastly, Fig. 20d, which represents a 100% replacement of natural aggregates with ACBFS aggregates, reveals
a substantial increase in calcium, silica, and oxygen levels. This combination fosters the formation of additional
C-S-H phases, which are crucial for improving strength and reducing porosity in the concrete composite.

These observations support the conclusion that ACBFS aggregates not only chemically interact with the
cement matrix but also substantially improve the strength characteristics and durability of the resulting concrete
composites.

Summary and conclusions

The replacement of natural coarse aggregates with air-cooled blast furnace slag (ACBFS) aggregates helps
minimize the environmental impact of construction activities and supports global sustainability goals by
recycling slag and preserving natural aggregate resources. This article evaluated the critical properties of concrete
in which natural aggregates were replaced with 30%, 50%, or 100% ACBEFS. The key findings of the experimental
program are as follows:

« Concrete slump decreased as the replacement level of natural coarse aggregates with ACBFS increased from
30%, 50%, and 100%. This reduction is attributed to the higher roughness of ACBES aggregates and increased
friction between the concrete mix constituents. Increasing the w/b ratio from 0.4 to 0.45 has a lubricating
effect on the mix as demonstrated by improved workability, even when ACBFS aggregate content was 100%.

« Concrete with 100% ACBFS aggregates weighed 27.66 kN/m?, significantly more than concrete with natural
aggregates, which weighed 23.22 kN/m? The high unit weight of concrete with 100% ACBFS aggregates may
limit its structural engineering applications or favor lower aggregate replacement percentages.

o At a lower w/b ratio of 0.4, partial replacement of natural aggregates with 30% ACBEFS increases concrete
porosity and permeability. This may be attributed to higher friction within the mix, leading to poorer con-
crete quality. However, increasing the w/b to 0.43 and 0.45 respectively mitigated internal friction, decreased
porosity, and improved concrete quality, even as the content of ACBFS was increased to 50% and 100%.

o The chloride ion penetrability of concrete with 50% or more ACBFS aggregates was rated as high. Therefore,
such concrete may be limited to applications with a low risk of chloride exposure or where sufficient pre-
cautions have been taken to protect reinforcing steel bars. When natural aggregates were replaced with 30%
ACBEFS aggregates, the chloride penetration resistance was rated as low to moderate.

« Ataw/b ratio of 0.45, the compressive strength of concrete increases as the replacement percentage of ACBFS
aggregates rises from 0 to 100%. After 56 days of curing, concrete with 100% ACBFS aggregates exhibited
25.75% higher strength than the control mix made with natural aggregates. SEM images highlighted changes
in microstructure and the agglomeration of C-S-H crystals at the interface between the cement matrix and
the chemically reacted ACBFS aggregate. The formation of additional C-S-H resulted in densification and
promoted the observed strength development.

« The modulus of rupture increases as the replacement percentage of natural aggregates with ACBFS increas-
es. The effect of increasing ACBFS content on flexural strength remains consistent when the w/b ratio was
increased from 0.4 to 0.43. This is due to the better interlock and improved bond between the aggregates and
the surrounding paste, provided by the rough surface of ACBFS. However, increasing the w/b ratio to 0.45
decreases flexural strength, even with 100% ACBES aggregates.

Future research should evaluate the structural behavior of reinforced concrete elements, including but not
limited to bond strength, flexural response, and axial compression. Furthermore, research is needed to explore
the fresh and hardened properties of concrete incorporating ACBFS aggregates, as well as sustainable alternative
binders to cement, such as alkali-activated industrial byproducts.
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Fig. 20. Map EDX analysis of concrete mixtures at 28 days where (a) 0% ACBFS (Mix 1.1), (b) 30% ACBES
(Mix 2.1), (c) 50% ACBFS (Mix 3.1), and (d) 100% ACBES (Mix 4).
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