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Abstract

This study investigates the impact of steel slag coarse aggregate (SSA) particle size on the
macroscopic mechanical properties of concrete. Considering that the macroscopic behavior
of concrete is significantly influenced by its mesoscale structural characteristics, and that
coarse aggregate particle size is a key factor determining these features, uniaxial compres-
sion experiments together with mesoscale simulations were carried out to develop a model
linking the mesoscale structure to the mechanical response of steel slag coarse aggregate
concrete (SSAC). The results show that SSAC exhibits a failure pattern comparable to that
of natural aggregate concrete (NAC), but its stress–strain curve exhibits a steeper ascending
branch and higher peak stress. With the increasing SSA replacement ratio, the peak stress
continuously increases; within the same particle size range, the elastic modulus shows
an initial increase followed by a subsequent decrease, reaching its maximum at a 50%
replacement ratio. Expanding the particle size range changes the peak strain response from
approximately linear to rapidly increasing; smaller particle sizes result in a gentler post-
peak drop, whereas higher replacement ratios produce a steeper decline. The mesoscale
model further shows that for SSA particle sizes of 5–20 mm, 5–15 mm, and 5–10 mm, the
cohesive strength of the interfacial transition zone (ITZ) increases by 75%, 106%, and 92%,
respectively, compared with NAC. Increasing the coarse aggregate volume fraction further
enhances the ITZ strength improvement. This study offers valuable insights for improving
the mixture design and performance of SSAC.

Keywords: steel slag coarse aggregate; coarse aggregate particle size; replacement ratio;
mechanical properties; mesostructured

1. Introduction
Steel slag is a significant solid by-product formed during crude steel manufacturing,

with an annual output in China reaching several million tons [1]. To mitigate the land
occupation and environmental pollution caused by steel slag stockpiling, its resource
utilization has become a research focus both domestically and internationally [2]. Among
the various approaches, partially or fully replacing natural coarse aggregates (NA) with
SSA to produce steel slag coarse aggregate concrete (SSAC) is considered a typical method
for realizing the high-value utilization of steel slag [3]. This method not only helps to
reduce the overexploitation of natural aggregates and lower carbon emissions but also
achieves a balance between economic and environmental benefits while ensuring structural
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load-bearing capacity and performance stability. Therefore, the application of SSA provides
an important engineering pathway for the reduction and recycling of steel industry solid
waste, with significant environmental and social value.

Concrete is one of the most extensively applied composite materials in engineering,
primarily composed of cement, water, and aggregates, aggregates make up nearly 75% of
the concrete volume, with coarse aggregates representing about 45% of that portion [4].
Therefore, the physical and mechanical characteristics of coarse aggregates largely deter-
mine the durability and mechanical performance of concrete. Previous research indicates
that the macroscopic behavior of concrete is strongly influenced by various properties of
coarse aggregates, including their mineral composition, surface area characteristics, mor-
phology, stiffness, toughness, strength, gradation, and water absorption [5–9]. Moreover,
the particle size of aggregates is a key factor in both the workability of fresh concrete and
the mechanical behavior of hardened concrete.

Previous research has reported that increasing the aggregate size from 10 mm to
64 mm can lead to roughly a 10% reduction in concrete compressive strength, while the
flexural strength changes relatively little [10]. Aïtcin [11] concluded that enlarging the
aggregate particle size to 25 mm can improve the workability of concrete, but it may lead
to the formation of larger and more heterogeneous ITZ, potentially weakening the overall
performance of concrete. In contrast, Vu [12] found that under unconfined compression
conditions, the compressive strength of concrete exhibits a slight increase as the coarse
aggregate particle size increases. Ghorbani et al. [13] reported that for recycled aggregate
concrete at the same replacement ratio, reducing the maximum aggregate size slightly
improves the concrete’s strength and durability. Ezeldin and Aïtcin [14] suggested that
for normal-strength concrete, factors like the type and particle size of coarse aggregates
have a relatively limited effect on mechanical performance. In summary, the effect of
coarse aggregate size on concrete performance is still not fully clarified. Most of the
aforementioned studies use discrete aggregate size ranges as experimental variables, which
only represent a single size interval and fail to capture the overall particle size distribution
encountered in practical engineering applications. Therefore, improving the continuity and
representativeness of aggregate size classification is essential for accurately evaluating the
mechanical performance of concrete.

With the deepening of research, scholars have gradually shifted their focus from the
material availability of steel slag to its effects on the mechanical performance and mesostruc-
tural homogeneity of concrete. At the macro scale, the incorporation of SSA significantly
alters the strength, deformation, and crack resistance of concrete [15–17], which are jointly
influenced by multiple factors, including aggregate particle size, replacement ratio, and
spatial distribution. These macroscopic performance differences originate from the evolu-
tion of the internal mesostructure, including the characteristics of the ITZ between cement
paste and SSA, pore distribution, and microcrack development patterns [18]. Studies have
shown that the size, shape, and surface features of coarse aggregates influence the thickness
and compactness of the ITZ, which in turn governs stress transmission and damage evolu-
tion [19,20]. At the microscopic level, the gradation of coarse aggregates strongly influences
the development and spatial distribution of ITZs in hardened concrete, which in turn
influences the microstructure and mechanical behavior of the material [21,22]. A higher
proportion of large aggregates contributes to the formation of a skeleton effect, whereas a
higher proportion of small aggregates promotes the development of a denser hardened
matrix [23]. Overall, reasonably balancing the distribution of different aggregate sizes
not only optimizes stress transfer paths and suppresses microcrack propagation but also
enhances the mechanical performance and structural durability of concrete. Therefore, sys-
tematically analyzing the effects of different SSA particle size ranges and replacement ratios
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on concrete’s mechanical response and mesostructural damage evolution from a multi-scale
perspective is of great significance for elucidating the reinforcement mechanisms of SSA.

Existing research on steel slag aggregates has mainly focused on their physicochemical
properties and geometric characteristics. Regarding physicochemical properties, scholars
have systematically analyzed the effects of active components such as CaO and SiO2 on
potential hydration activity and expansion behavior [24]. In terms of geometry, studies
have shown that the high angularity and rough surface of steel slag aggregates enhance
interfacial bonding, thereby improving macroscopic mechanical performance [25]. Based on
these findings, some studies have attempted to further improve SSA performance through
the combined incorporation of slag, silica fume, or alkali residues [26–28].

However, compared with physicochemical modifications, systematic studies on the
coupled effects of SSA particle size range and replacement ratio remain limited. Although
some literature has addressed the influence of particle size, these studies generally suffer
from single-dimensional analyses, discrete experimental designs, and insufficient mecha-
nism explanations. Bian et al. [29] reported that compressive strength exhibits a nonlinear
dependence on the maximum aggregate size but did not clarify the underlying physical
mechanisms. Ren et al. [30] investigated the uniaxial compressive performance of SSA
concrete with 5–20 mm particle size but did not refine the particle size range. Ukpata
et al. [31] only examined discrete particle size samples without systematic verification.
Therefore, although macroscopic experiments reveal the presence of particle size effects,
the underlying mesostructural mechanisms still require further investigation.

From a mesoscale viewpoint, concrete is an extremely heterogeneous composite ma-
terial, and its mechanical performance largely depends on the content, particle size, and
spatial distribution of coarse aggregates [32]. The effect of aggregate particle size signifi-
cantly influences stress transfer and crack propagation in concrete by altering the geometry
of the ITZ and the cooperative deformation capacity between aggregates and the cement
matrix. Hillerborg [33] reported that the fracture energy of concrete increases with the
maximum aggregate size (MAS), while Rao and Prasad [34] found that the tensile strength
and fracture toughness of high-strength concrete also improve as MAS increases. Zhuo
and Ren [30,35] further showed through mesoscale simulations that variations in randomly
distributed aggregate sizes influence the instability of crack propagation paths, which in
turn affects the axial compressive strength and deformation behavior of concrete. However,
existing studies mostly focus on single indicators such as strength or fracture energy, and a
systematic understanding of how variations in SSA particle size range affect the complete
stress–strain curve of concrete—particularly the post-peak softening stage and damage
evolution—remains lacking.

Considering the strong randomness of concrete’s mesostructure, relying solely on
macroscopic experiments requires a large number of specimens, incurs high costs, and
cannot fully reveal the underlying failure mechanisms. Numerical simulation methods,
which are not affected by experimental conditions or external environments, can partially
replace or complement such material tests. Therefore, developing a suitable mesoscale
mechanical model for concrete and clarifying the relationship between its mesostructure
and macroscopic performance is of critical importance. Currently, multiphase mesoscopic
models have become essential tools in concrete research, including lattice models [36–38], M–
H models [39], stochastic mechanical performance models, and random aggregate models.
Previous studies indicate that Lattice and M–H models are effective in capturing the tensile
response of quasi-brittle materials such as concrete, but they inadequately describe the
deformation behavior under compressive loading. Among these approaches, random
aggregate models, due to their high adaptability in representing aggregate morphology
and reconstructing mesostructure, have been widely used to simulate the heterogeneous
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characteristics of concrete. Chen et al. [40,41] employed an aggregate model based on
random distribution to conduct numerical uniaxial compression experiments on recycled
concrete, indicating that the regions of damage diffusion corresponded well with the CT
scan observations, providing a more comprehensive validation of the internal structural
softening of concrete.

To address the insufficient understanding of the coupled effects of SSA particle size
range and replacement ratio in existing studies, this study aims to systematically examine
the influence of steel slag coarse aggregates regarding the mechanical properties of concrete
and the mesostructural reinforcement mechanisms at the macroscopic and mesoscopic
scales. By combining experimental testing and numerical simulation, uniaxial compression
tests were first conducted on concrete with SSA particle size ranges of 5–20 mm, 5–15 mm,
and 5–10 mm and replacement ratios of 0%, 50%, and 100%, systematically analyzing the
effects of different SSA particle size ranges and replacement ratios on the stress–strain
behavior of SSAC under uniaxial compression. According to the experimental data, a
random aggregate distribution was generated via the Monte Carlo method, and the three-
dimensional arrangement of coarse aggregates was projected onto a two-dimensional plane
using the Walraven formula to construct a stochastic aggregate model of SSAC. Subse-
quently, the uniaxial compression process was numerically simulated in ABAQUS 2020,
and the model parameters were calibrated and determined according to the experimental
results. On this basis, the effect of aggregate volume fraction on the reinforcing behavior of
SSA on the mechanical performance of SSAC was further analyzed.

2. Materials and Methods
2.1. Experimental Test Details
2.1.1. Materials

Ordinary Portland cement (P.O. 42.5) supplied by Xinjiang Tianshan Cement Co., Ltd.,
Urumqi, China, was used in the experiment. The 28-day compressive and flexural strengths
were evaluated in accordance with the “General Purpose Portland Cement” standard
(GB175-2023) [42], yielding values of 48 MPa and 7.1 MPa, respectively. Additionally, the
cement met the requirements for water consistency, setting time, and stability as specified
in GB/T 1346-2024 [43], and its stability was confirmed to be satisfactory.

The NA used in the experiment were mechanically crushed limestone from local
quarries in Xinjiang He feng Mining Co., Ltd., Xinjiang, China. The steel slag was supplied
by Xinjiang Baogang Group Bayi Iron & Steel Plant, Xinjiang, China, generated during
the oxygen converter steelmaking process and hydrated using the hot-stored method to
accelerate expansion, with on-site stockpiling for approximately three years. Both the NA
and steel slag aggregates had particle size ranges of 5–20 mm, and the test results according
to the standard GB/T 14685-2011 “Gravel and Crushed Stone for Construction” [44] are
presented in Table 1. The primary chemical composition of the steel slag listed in Table 2
was analyzed using X-ray fluorescence (XRF), while the free-CaO (f-CaO) content was
determined via EDTA titration following the Chinese standard YB/T 4328-2012 [45]. The
mineralogical composition of steel slag was characterized using X-ray diffraction (XRD).
As shown in Figure 1, the steel slag primarily consists of C2F, C2S, C3S, and RO phases.
Furthermore, a quantitative analysis of these crystalline phases was performed using the
Rietveld method implemented in GSAS-II, and the relative mass fractions of the identified
phases are summarized in Table 3. The fineness modulus of the natural sand, with a particle
size range of 0–4.75 mm, was 2.68, classifying it as medium sand in Zone II. The particle
size distributions of NA, SSA, and natural sand are presented in Figure 2.
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Table 1. Test Results of Steel Slag Aggregate Properties.

Coarse Aggregate Particle Size (mm) Apparent Density
(kg/m3)

Bulk Density
(kg/m3)

Crushing Index
(%)

Water Absorption
(%)

Steel Slag Stone
5–10 3256 1981 6.8 1.9
5–15 3120 1843 6.3 2.2
5–20 3063 1689 6.6 2.8

Natural Stone 5–20 2656 1434 13.8 0.65

Table 2. Chemical Composition of Steel Slag.

Component CaO SiO2 Al2O3 Fe2O3 MgO f-CaO Others

Content % 32.63 22.13 8.1 15.61 8.88 0.91 11.74

 

Figure 1. XRD analysis of coarse steel slag.

Table 3. Steel slag mineral phases composition.

Mineral Phase Ca2Fe2O5 (C2F) Ca2SiO4 (C2S) Ca3SiO5 (C3S) Ca(OH)2 MgO RO CaO

Mass fraction (%) 25.4 2.4 35.1 1.3 12.3 11 0.74

 
(a) NA and SSA (b) River sand 

Figure 2. Aggregate particle size distribution.

2.1.2. Mix Proportion Design and Specimen Preparation

Table 4 provides the detailed mix designs of the concrete, with a target strength grade
of C40. The coarse aggregates were replaced using a volume-equivalent method, preparing
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concretes with SSA at three particle size ranges (5–10 mm, 5–15 mm, and 5–20 mm) and
three replacement ratios (0%, 50%, and 100%). The water-reducing agent used in this
study was a liquid polycarboxylate-based superplasticizer supplied by Huize Chemical,
Shijiazhuang, China, with a solid content of approximately 32%. Its water content was
included in the total mixing water listed in Table 4. This superplasticizer was employed to
improve the workability of concrete, providing a water-reduction rate of up to 20%. During
trial mixing, the dosage was adjusted to achieve a slump of 185 ± 10 mm. For each concrete
mix, three prismatic specimens with dimensions of 150 × 150 × 300 mm were prepared for
uniaxial compression tests, cast for 24 h, and then subjected to standard 28-day curing.

Table 4. Concrete Mix Proportions.

Label Water
(Kg/m3)

Cement
(Kg/m3)

River Sand
(Kg/m3)

NA
(Kg/m3)

SSA
(Kg/m3)

Water
Reducer
(%)

5–20 mm NAC 169 375 852 1017 0 3.75
5–20 mm SSAC50 169 375 852 508.3 684.2 4.05
5–20 mm SSAC100 169 375 852 0 1368.5 4.36
5–15 mm NAC 169 375 852 1017 0 3.82
5–15 mmSSAC50 169 375 852 508.3 684.2 4.23
5–15 mm SSAC100 169 375 852 0 1368.5 4.41
5–10 mm NAC 169 375 852 1017 0 3.80
5–10 mm SSAC50 169 375 852 508.3 684.2 4.18
5–10 mm SSAC100 169 375 852 1017 0 4.38

Mortar compressive strength tests were performed according to JGJ/T 70–2009 “Stan-
dard for Basic Performance Test Methods of Construction Mortar” [46], with three speci-
mens prepared for each mix. The compressive strength values obtained from these tests
were used to determine the mechanical parameters of the mortar in the numerical model,
providing fundamental input data for subsequent simulations.

2.1.3. Experimental Setup

A total of nine groups of specimens were subjected to uniaxial stress–strain tests.
The experiments were conducted on an electro-hydraulic servo multifunctional structural
testing system (YAW-15000F) with a maximum load capacity of 15,000 kN, meeting the
Grade 1 accuracy requirements of GB/T 16825.1-2008 [47], and a maximum displacement
of 500 mm. The loading rate was controlled at 0.2 mm/min (see Figure 3a). Before testing,
the specimen surfaces were cleaned of moisture and debris, and a thin layer of white matte
paint was evenly applied. After complete drying, random speckle patterns were drawn
with a black marker to satisfy the requirements of digital image correlation (DIC) analysis;
a typical random speckle pattern is shown in Figure 3b. The compression tests were
conducted in accordance with GB/T 50081-2019 “Standard for Test Methods of Physical
and Mechanical Properties of Concrete” [48]. To ensure accurate data acquisition, a UV
supplementary light source was used during testing (see Figure 3c). Strain field data were
synchronously captured via the DIC system, following methods consistent with those
reported by Shaik [49] and Munoz [5]. The speckle images recorded by industrial cameras
were analyzed using DIC-3D software (Digital Image Correlation) to obtain the stress–strain
curve information.
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(a) Loading device (b) Speckle process (c) Collection process 

Figure 3. Details of the experimental setup.

2.2. Mesoscopic Model of Steel Slag Coarse Aggregate Concrete and Its Constitutive Relationship
2.2.1. Mesoscopic Model Establishment

A two-dimensional mesoscopic concrete model with varying SSA particle size ranges
and replacement ratios was established in this study. At the mesoscopic scale, concrete was
considered as a heterogeneous composite material composed of a mortar matrix, coarse
aggregates, and the ITZ between them. To balance model fidelity and computational
efficiency, aggregates smaller than 5 mm were treated as part of the mortar matrix, while ag-
gregates with sizes between 5 mm and 20 mm were regarded as coarse aggregates. Irregular
polygonal particles with random distributions were employed to simulate their geometrical
shapes, providing a more realistic representation of the concrete’s actual mesostructure.
Figure 4 illustrates the mesostructural schematic of each component, distinguished by
different colors.

 

(a) Aggregate distribution model (b) Finite element meshing (c) Mesoscopic components 

Figure 4. Mesostructural model of SSAC.

Regarding the modeling of the ITZ, previous experimental studies have shown that its
actual thickness typically ranges from 10 to 50 um [50,51]. However, directly modeling the
ITZ at this scale would result in a dramatic increase in the number of elements, severely af-
fecting computational efficiency. Considering that existing literature indicates that varying
the ITZ thickness within 0.5–2 mm has a negligible effect on the macroscopic mechanical
behavior of concrete [52], the ITZ thickness in this study was set to 1 mm, balancing both
computational convergence and model rationality.
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The study is based on the Monte Carlo random algorithm to construct a heterogeneous
mesoscopic model of SSAC, with secondary development implemented in Python 3.13 to
realize randomized generation of aggregate geometry, size, and interfacial properties. The
specific procedure is as follows: (a) the continuous particle size distribution of 5–20 mm
coarse aggregates was determined according to the Fuller grading curve and converted to
a two-dimensional plane using the Walraven method, and then divided into three ranges
(5–10 mm, 10–15 mm, and 15–20 mm) to satisfy maximum packing density under the
specified volume fraction, allowing calculation of the number of particles in each size range;
(b) pseudo-random numbers were then used within the two-dimensional modeling domain
to generate initial aggregate vectors (particle size, centroid coordinates, etc.) according to
the above grading, and during placement, area-based checks and minimum spacing criteria
were applied to prevent particle overlap; (c) after arranging the circular aggregates, the
particles were polygonized and an ITZ was extruded around them, ultimately forming a
two-dimensional five-phase composite model comprising natural aggregates and their ITZ,
cement mortar, and SSA and their ITZ; (d) the generated geometric model was subsequently
imported into ABAQUS for pre-processing steps, including material assignment, interface
definition, and meshing. The Fuller and Walraven formulas are presented in Equations (1)
and (2), respectively.

P = 100
√

D0/Dmax (1)

where P is the volume fraction of aggregates in the specimen, D0 represents the particle
size of each grade, and Dmax is the maximum aggregate size. The Fuller grading curve
is applicable to three-dimensional models. For two-dimensional aggregate models, the
Fuller curve is generally converted to a two-dimensional state using the Walraven plane
conversion formula. The theoretical formulas are as follows:

pc(D < D0) = pk

[
1.06(D0/Dmax)

0.5 − 0.053(D0/Dmax)
4 − 0.012(D0/Dmax)

6 − 0.0045(D0/Dmax)
8 − 0.0025(D0/Dmax)

10
]

(2)

where pk is the volume fraction of coarse aggregates in the concrete specimen, which is 0.5.
All other terms are the same as in Equations (1) and (2). Based on Equations (1) and (2),
the coarse aggregate in steel slag concrete was assigned a particle size range of 5–20 mm,
divided into three levels: 5–10 mm, 10–15 mm, and 15–20 mm.

2.2.2. Constitutive Model of Steel Slag Coarse Aggregate Concrete

In ABAQUS, there are various damage models applicable to brittle materials, among
which the Concrete Damaged Plasticity Model (CDPM) is the most comprehensive. This
model is based on the theory proposed by Lubliner et al. [53] and was further improved by
Fenves and Lee et al. to incorporate enhanced criteria accounting for localized behavior.
CDPM attributes the failure modes of brittle materials to two primary mechanisms: tensile
cracking and compressive crushing. The yield surface is defined by two hardening parame-
ters: the equivalent plastic tensile strain (εpl

t ) and the equivalent plastic compressive strain
(εpl

c ). Under uniaxial tension and compression loading, the material exhibits significant
nonlinear evolution in its stress–strain response. The stress–strain relationships can be
expressed as Equations (3) and (4).

σt = (1 − dt)E0

(
εt − ε

pl
t

)
(3)

σc = (1 − dc)E0

(
εc − ε

pl
c

)
(4)

In the equations, σt represents the tensile stress; dt is the tensile damage parameter,
with 0 indicating no damage and 1 indicating complete damage; E0 is the initial elastic
modulus; εt is the tensile strain; ε

pl
t is the plastic tensile strain; σc represents the compressive
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stress; dc is the compressive damage parameter, with 0 indicating no damage and 1 indicat-
ing complete damage; εc is the compressive strain; and ε

pl
c is the plastic compressive strain.

In the CDP model, the post-peak softening behavior of the stress–strain curve is
characterized by the cracking strain (εck

t ) and the inelastic compressive strain (εin
c ). Therefore,

in Equations (5) and (6), the cracking strain εck
t and the inelastic compressive strain εin

c are
converted into the equivalent plastic tensile and compressive strains.

ε
pl
t = εck

t − dt

1 − dt

σt

E0
(5)

ε
pl
c = εin

c − dc

1 − dc

σc

E
(6)

This study assumes that concrete failure is primarily due to the damage of the mortar
matrix and the ITZ, while the aggregates do not develop through-cracks under uniaxial
compression; therefore, coarse aggregates are modeled as linearly elastic in the meso-
scale model. Both NA and SSA are enveloped by a layer of cement mortar, and the
mechanical behavior of their interfacial transition zones resembles that of concrete. In
addition, the surface of steel slag is relatively rough and exhibits certain hydration activity,
so the mechanical performance of its ITZ is stronger than that of natural aggregates. The
tensile-to-compressive strength ratio of mortar and ITZ is 0.1. Consequently, the mortar
matrix and ITZ are represented using the CDPM. Under uniaxial compression, the material
behaves elastically until the initial stress is reached; between the yield stress and ultimate
stress, hardening occurs; beyond the ultimate stress, softening takes place. The constitutive
relationship is illustrated in Figure 5.

 
(a) Compression constitutive  (b) Tensile constitutive 

Figure 5. Plastic damage constitutive relationship.

3. Results and Discussion
3.1. Experimental Results
3.1.1. Failure Modes of Steel Slag Coarse Aggregate Concrete

Observations from the uniaxial compression tests indicate that the failure process
of normal concrete and SSAC exhibits similar macroscopic stages; however, the crack
development patterns and ultimate failure modes show significant differences due to
variations in coarse aggregate particle size and replacement ratio. The specific failure
processes and characteristics are as follows:

As illustrated in Figure 6, the failure process of normal concrete and steel slag concrete
is similar [54]. Before reaching 70% of the ultimate load, the initial loading stage under
uniaxial compression corresponds to the elastic stage, during which the stress and strain
of the specimen increase approximately proportionally. On one hand, microcracks inside
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the specimen begin to propagate; on the other hand, some microcracks are compressed
and closed, causing the internal crack propagation and closure to counteract each other,
resulting in negligible deformation and crack formation. Once the axial stress surpasses
70% of the ultimate load, longitudinal microcracks start to form from the central region of
the specimen. With continued loading, these microcracks gradually disperse and extend
along the top and bottom surfaces or diagonally, accompanied by minor spalling of concrete
fragments and debris. Subsequently, the internal microcracks interconnect, while surface
cracks develop into macroscopic cracks and propagate further, accompanied by slight
cracking sounds, until the stress attains its peak value. In the post-peak stage, the bond
between aggregates and cement weakens or even fails [55], resulting in the development
of a primary crack through the side of the prismatic specimen, ultimately resulting in
specimen failure.

Figure 6. Uniaxial compressive stress–strain curves and failure modes of concrete with different
maximum aggregate sizes and replacement ratios.

All specimens exhibited either splitting failure or a combination of splitting and shear
failure, as shown in Figure 6. Concrete specimens with a particle size of 5–20 mm primarily
failed in a brittle splitting mode with diagonal cracks, characterized by relatively wide
cracks, rapid crack penetration, and a tendency to form oblique main cracks or splitting
failure, resulting in rough fracture surfaces. Specimens with a particle size of 5–15 mm
showed a mixed failure mode, with oblique cracks developing more slowly and occasionally
accompanied by minor shear-sliding failure. Specimens with a particle size of 5–10 mm
exhibited ductile failure due to the dispersion and fineness of cracks, primarily through
bending or crushing, making rapid instability less likely. Compared with normal concrete
specimens, cracks in steel slag concrete appeared slightly later, formed at larger angles
relative to the loading direction, propagated faster, and generated a pronounced “pop”
sound upon failure, particularly in SSAC100 specimens.
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3.1.2. Comparative Analysis of Stress–Strain Curves Under Different Aggregate Size
Ranges and Replacement Ratios

The stress–strain relationship of concrete reflects the macroscopic manifestation of
its internal damage evolution. The experimentally obtained constitutive curves indicate
that the incorporation of SSA not only alters the stiffness and strength of the material but
also significantly affects its pre-peak and post-peak mechanical behavior. Figure 7 shows
that, under different steel slag contents, the constitutive curves of concrete with various
particle size ranges exhibit both ascending and descending branches. Before 0.5 fc (peak
stress), the ascending branch is approximately linear, as shown in Figure 7a. For the same
replacement ratio, there is no significant difference in slope among different particle size
ranges, and the increase in particle size range has little effect on overall stiffness, resulting
in negligible changes in the elastic modulus. In Figure 7b, for the same particle size range,
the slope increases systematically with the replacement ratio in the order of 0%, 100%, and
50%, indicating that steel slag incorporation significantly increases the elastic modulus
and stiffness of concrete. Between 0.5 fc and fc, the strain growth rate slightly exceeds
that of stress, the slope begins to decrease, and stress reaches the peak. As illustrated
in Figure 7b, the steel slag content affects both the maximum stress and corresponding
strain. The maximum stress and corresponding strain of steel slag concrete exceed those
of normal concrete, indicating that steel slag as aggregate improves both strength and
ductility. Figure 7a shows that, at the same replacement ratio, decreasing the aggregate
particle size range increases and delays the peak stress and peak strain, with the effect most
pronounced at 0% replacement; for 50% and 100% replacement, peak stress is comparable,
but the former has a larger peak strain, indicating better ductility and deformation capacity
at 50% replacement. After fc, the slope changes from positive to negative. As shown
in Figure 7b, the curve of normal concrete is fuller, whereas steel slag concrete curves
are steeper, resembling brittle failure, and the higher the replacement ratio, the more
pronounced the effect on the curve. Figure 7a also shows that, at the same replacement
ratio, the descending branch becomes more gradual as the aggregate particle size range
decreases, whereas increasing the replacement ratio leads to a steeper descending branch.

 
(a) 

 
(b) 

Figure 7. Stress–strain curves under different aggregate particle size ranges and replacement ratios.
(a) Stress–strain curve diagram for different particle size ranges at the same replacement ratio.
(b) Stress–strain curve diagram for different substitution rates within the same particle size range.
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3.1.3. Characteristic Parameters of Steel Slag Coarse Aggregate Concrete

The characteristic parameters of the constitutive curve include the peak stress, peak
strain, elastic modulus, and Poisson’s ratio. The elastic modulus of the concrete specimens
(denoted as Ec) was defined as the tangent modulus of the stress–strain curve measured
from 0.4 fc. Poisson’s ratio was not measured due to equipment limitations. Figure 8
illustrates the effects of steel slag replacement ratio and aggregate particle size range on
these characteristic parameters.

 
(a) Peak stress (b) Modulus elasticity (c) Peak strain 

Figure 8. Effect of replacement ratio on characteristic parameters.

Replacing conventional aggregates with steel slag in concrete can improve its strength,
which is consistent with the conclusions drawn by most researchers [56–58]. Compared
with NA, SSA exhibit superior mechanical and physical properties [59], including lower
crushing strength index, higher shear capacity, and better resistance to impact. The crushing
value of SSA is less than 50% of that of NA, indicating that concrete contains a higher
proportion of steel slag particles at the compression failure interfaces; the incorporated
steel slag does not form voids due to particle detachment, whereas ordinary concrete may
develop voids from aggregate loss. This demonstrates that steel slag has a stronger bond
with the cement paste, and the ITZ is thinner and stiffer than in ordinary concrete [60],
reducing the distance between aggregates and the mortar matrix, resulting in a denser
structure with higher load-bearing capacity and delayed failure. Additionally, SSA exhibits
a pozzolanic effect [61] and possesses a rough, porous surface [62], which increases internal
water absorption, reduces the water–cement ratio, and enlarges the contact area with the
cement paste, further enhancing its advantages.

The strength-enhancing effect of SSA is most pronounced when the replacement ratio
is 50%. As shown in Figure 8a,b, compared with the 0% replacement, the peak stress of
concrete with aggregate size ranges of 5–10 mm, 5–15 mm, and 5–20 mm increased by
32.26%, 35.73%, and 45.74%, respectively, while the elastic modulus increased by 66.7%,
71.4%, and 70.1%. These results are closely related to the failure behavior observed in
concrete containing steel slag aggregates. Compared with natural aggregate concrete, SSA
shares a greater portion of the compressive load, leading to failure that involves the mortar
matrix, ITZ, and steel slag aggregates simultaneously. As shown in Figure 7b, for the
same aggregate size range, the elastic modulus of SSA concrete initially increases and then
decreases with increasing replacement ratio. This phenomenon occurs because ordinary
concrete has a relatively low elastic modulus, and the incorporation of high-hardness SSA
significantly enhances the overall stiffness. However, at a 100% replacement ratio, the
“advantage” of SSA is offset by its “disadvantages” as a result of its elevated porosity
and water absorption, which increase the amount of incompletely hydrated products
and reduce the effectiveness of the mechanical interaction with the cementitious matrix.
Additionally, the f-CaO content may increase [63]; during hydration, f-CaO can expand
rapidly, generating additional porosity and microcracks within the concrete. For the same
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replacement ratio, as the aggregate size range increases, the elastic modulus of concrete
with 5–15 mm aggregates is slightly higher than that of the other two size ranges for
replacement ratios between 0% and 50%. This is mainly due to the elevated crushing
strength of aggregates in the 5–15 mm range, which contributes to a higher overall stiffness
of the concrete.

The data in Figure 8c indicate that the peak strain of concrete increases as the SSA
replacement ratio rises. For concrete with an aggregate size range of 5–10 mm, the peak
strain grows approximately linearly with increasing replacement ratio. For the 5–15 mm
range, concrete exhibits the highest peak strain at the same replacement ratio, although the
enhancement effect is relatively gradual. This suggests that these specimens possess better
ductility and are less prone to brittle failure. In this aggregate size range, concrete can
more easily form a dense aggregate skeleton, resulting in higher overall compactness and
improved synergy with the mortar, reducing the likelihood of incomplete mortar encapsu-
lation. The moderate stiffness further facilitates stress transfer, leading to a slower failure
process. In contrast, for the 5–20 mm range, the enhancement of peak strain transitions from
gradual to abrupt. At low SSA replacement ratios, the relatively weak and discontinuous
interfacial transition zones (ITZs) between the steel slag aggregates and the cement paste
may hinder microcrack propagation, thereby suppressing plastic deformation. These weak
and discontinuous ITZs are caused by the high water absorption and rough, porous sur-
faces of SSA, which reduce mortar flowability and coverage during mixing. Additionally, in
concretes with larger aggregate size ranges, local bleeding effects [64] increase the porosity
of the lower ITZ and decrease the content of unhydrated cement particles, resulting in
brittle failure characterized by high strength and low strain at the bottom.

3.2. Mesoscale Model Simulation Results of Steel Slag Coarse Aggregate Concrete
3.2.1. Validation of the Mesoscale Model

The meso-scale models of NAC and SSAC were developed using the approach de-
scribed in Section 2.2.1 and calibrated against the experimental stress–strain curves pre-
sented in Section 3.1.2. In this section, a mesh sensitivity analysis was conducted to identify
an appropriate mesh size for the meso-model.a parametric study was carried out to refine
key parameters, including the aggregate elastic modulus, ITZ strength, and fracture energy.
Finally, based on the findings of Jin [65], the material parameters for the NAC and SSAC
meso-models were proposed, and a back-analysis was performed using the experimental
stress–strain curves to validate the accuracy of the simulations.

Mesh Sensitivity Analysis

The meso-scale concrete models were established with mesh densities of 3 mm, 4 mm,
and 5 mm, using two element shapes: quadrilateral and triangular. The corresponding total
number of elements was 29,800, 24,019, and 20,271 for quadrilateral meshes, and 36,578,
31,064, and 29,162 for triangular meshes. Figure 9 presents the peak stress trends for both
quadrilateral and triangular meshes. It can be observed that the triangular mesh shows a
significant increase in peak stress with increasing mesh size, whereas the quadrilateral mesh
results remain within a 5% error margin and exhibit a relatively smooth and stable trend.
Considering both computational efficiency and simulation accuracy, a 4 mm quadrilateral
mesh was selected for the meso-scale concrete simulations.
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(a) Stress–strain curves under different mesh sizes (b) Strength under different mesh sizes 

Figure 9. Influence of different mesh shapes and sizes on simulation results.

Mesoscale Parameters of Steel Slag Coarse Aggregate

To maintain consistency with the experimental tests, a concrete meso-model with
dimensions of 150 mm × 150 mm × 300 mm and a coarse aggregate volume fraction of 50%
was generated for uniaxial compression. Prior to formal loading simulations, the meso-
scale material parameters needed calibration to establish the coupling mechanisms among
different constituents. The accuracy of the meso-scale concrete model is closely related to
these parameters, which define the interactions between materials and directly influence
the macroscopic mechanical behavior. In this study, an inverse method was employed to
determine the meso-scale parameters of SSA concrete, enabling the model to accurately
simulate various conditions and reveal the intrinsic failure mechanisms. Table 5 presents
the compressive strength of the mortar obtained from experiments, with standard deviation
denoted as u and coefficient of variation as CV. fm represents the mortar compressive
strength, and the mortar elastic modulus Em was calculated using Equation (7). Table 6
lists the material parameters for NA, referencing results from Jin, Chen, and others [65–67].
Parameters marked with “*” were determined through experimental calibration, while
the remaining parameters were obtained via inverse analysis of the experimental stress–
strain curves.

Em = 1000(7.7In( fm)− 5.5) (7)

Table 5. Compressive strength of mortar at 28 days.

Item
Compressive Strength (MPa)

u CV (%)
Test Value Average Value

Mortar
53

54.1 1.05 1.94%54.2
55.1

Experimental findings demonstrate that incorporating SSA in place of NA increases
the concrete’s compressive capacity and stiffness, primarily because SSA possesses higher
intrinsic strength than NA (as reflected in crushing value differences) and forms stronger
bonds with the cement matrix. In this study, 5–20 mm NAC is taken as an example to
investigate the effects of aggregate elastic modulus, interface properties (ratio of interface
to mortar mechanical properties), and ITZ fracture energy on the stress–strain curve, while
all other parameters are kept constant.
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Table 6. Material parameters of the mesoscale structure.

Aggregate Size Material Parameters Mortar NA ITZ-NA SSA ITZ-SSA

5–20 mm

Compressive strength (MPa) 54.1 * / 32.5 / 56
Tensile strength (MPa) 5.4 3.2 / 5.6
Elastic modulus (GPa) 25.2 * 60 15.1 90 22.7
Poisson’s ratio (%) 0.2 0.22 0.2 0.22 0.2
Fracture energy (J/m2) / / 50 / 87.5

5–15 mm

Compressive strength (MPa) 54.1 * / 40.5 / 82.4
Tensile strength (MPa) 5.4 / 4 / 8.24
Elastic modulus (GPa) 25.2 * 60 27.11 90 32.9
Poisson’s ratio (%) 0.2 0.22 0.2 0.22 0.2
Fracture energy (J/m2) / / 80 / 165

5–10 mm

Compressive strength (MPa) 54.1 * / 36 / 69.1
Tensile strength (MPa) 5.4 / 3.6 / 6.91
Elastic modulus (GPa) 25.2 * 60 26.8 90 31.6
Poisson’s ratio (%) 0.2 0.22 0.2 0.2 0.2
Fracture energy (J/m2) / / 65 / 125

Note: Parameters marked with “*” were determined through experimental calibration, while the remaining
parameters were obtained via inverse analysis of the experimental stress–strain curves.

As shown in Figure 10a, modifying the aggregate elastic modulus influences the
stress–strain curve’s characteristic parameters in the mesoscopic concrete model. A higher
aggregate elastic modulus increases the model’s overall elastic modulus, but decreases both
the maximum stress and strain at peak points. When the mesoscopic model experiences
the same average axial deformation, aggregates with stiffer elastic properties exhibit less
deformation, leading to greater strain in the mortar matrix. This reduction in peak stress
is due to the mortar matrix failing earlier under lower average axial strain. Setting the
elastic moduli of NA and SSA to 60 GPa and 90 GPa, respectively, results in the mesoscopic
concrete model’s elastic modulus correlating well with the experimental data.

 
(a) Aggregate modulus elasticity (b) Interface strength ratio (c) Fracture energy 

Figure 10. Stress–strain curves of the model under different aggregate elastic moduli, ITZ strengths,
and fracture energies.

The simulation outcomes in Figure 10b,c demonstrate that the strength and fracture
energy of the ITZ significantly influence the peak stress and the post-peak behavior of
the mesoscopic concrete model. Specifically, higher ITZ strength and fracture energy
lead to increased peak stress in the model. Moreover, as the ITZ strength increases, the
post-peak region of the stress–strain curve becomes steeper, whereas increasing the ITZ
fracture energy results in a fuller descending branch. Accordingly, Wang [68] suggests
strengthening the ITZ around SSA to achieve a notable increment in concrete strength. The
inversion analysis indicates the cohesive properties around SSA, including the ITZ tensile
strength and fracture energy. are enhanced by 75%, 106%, and 92% compared to concrete
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around NA as the SSA particle size range decreases. These results further confirm that the
strength-enhancing effect of SSA can be fully realized across different particle size ranges
in concrete.

Validation of Simulation Results

Figure 11 illustrates the failure process under uniaxial compression at 0%, 25%, 50%,
75%, and 100% of the maximum load, using 5–20 mm SSAC100 as an example. Figure 12
shows the stress–strain curves and corresponding failure modes obtained from the sim-
ulations. The crack propagation paths and oblique shear failure zones in the mesoscopic
concrete models closely resemble the experimentally observed failure patterns. observed in
the laboratory tests described in Section 3.1.1, indicating that the developed mesoscopic
concrete models are capable of qualitatively reproducing the uniaxial compression behavior
of concrete. In addition, the predicted elastic modulus and peak stress, and peak strain
are generally consistent with the experimental results, with discrepancies within ±5%.
The ascending branch of the simulated stress–strain curve shows only minor differences
compared to the laboratory results, which can be neglected. Some differences exist in the
descending branch, and these discrepancies increase with higher SSA replacement rates.
Nevertheless, numerical simulations maintain a constant loading rate, and the observed
differences in the post-peak branch are acceptable. The good overall agreement demon-
strates the feasibility of the modeling approach and the reasonableness of the material
parameters. Additionally, the scatter among the results of different simulated models is
minimal, indicating that the effect of aggregate distribution can be neglected. Therefore,
in the subsequent analyses of this study, for each condition, only one mesoscopic model
was developed.

(a) 0% (b) 25% (c) 50% (d) 75% (e) 100% 

Figure 11. Uniaxial compression failure process of 5–20 mm SSAC100 under different
maximum loads.

Mesoscale finite element simulations further indicate that the spatially random distri-
bution of steel slag coarse aggregates and their relatively high elastic modulus can locally
influence the stress–strain response and crack propagation patterns of the model. Even
under the same aggregate size range and volume fraction, different aggregate arrangements
can cause slight variations in peak strain, initial stiffness, and crack propagation paths.
For instance, in the “5–20 mm NAC” case shown in Figure 12, adjusting the positions of
steel slag aggregates did not significantly alter the peak strength or overall shape of the
stress–strain curve, but minor differences were observed in local curve fluctuations and
crack initiation locations. This is mainly attributed to the markedly higher stiffness of steel
slag aggregates compared to the surrounding matrix, whereby their relative positions to
the ITZ substantially regulate local stress concentrations and crack deflection behavior.
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However, repeated simulations indicate that these local differences do not affect the overall
mechanical trends or the final failure mode of the model. Therefore, the mesoscale finite ele-
ment model established in this study demonstrates good robustness and representativeness
in capturing the mechanical behavior of concrete containing steel slag aggregates.

 

Figure 12. Simulation results: stress–strain curves and failure modes.

3.2.2. Effect of Coarse Aggregate Volume Fraction on the Strengthening Effect of SSA

In this study, mesoscopic concrete models were employed to investigate the effect of
coarse aggregate volume fraction on the strengthening performance of SSA. Four meso-
scopic concrete models were established with coarse aggregate volume fractions of 35%,
38%, 41%, and 45%, respectively, with coarse aggregate grading curves consistent with
those used in the laboratory tests.

As illustrated in Figure 13, the simulated compressive strength and elastic modulus
of 36 groups of concrete with different coarse aggregate volume fractions are presented.
For NAC, both compressive strength and elastic modulus decrease with increasing coarse
aggregate content. Specifically, when the coarse aggregate volume fraction increases from
35% to 45%, the compressive strength of NAC with aggregate size ranges of 5–20 mm,
5–15 mm, and 5–10 mm decreases by 5.21%, 3.55%, and 5.05%, respectively, while the
elastic modulus decreases by 2.8%, 2.16%, and 2.67%, primarily as a result of he higher
volume fraction of weak ITZ in concrete models incorporating SSA, the ITZ is no longer
the weakest region, exhibiting greater strength than the ordinary natural aggregate matrix.
The results indicate that as the coarse aggregate volume fraction rises from 35% to 45%,
the compressive strength of SSAC100 with different aggregate sizes increases by 0.68%,
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1.2%, and 0.86%, respectively, with the elastic modulus increases by 1.53%, 1.69%, and
1.57%, respectively. For SSAC50, decreasing the aggregate size range from 5–20 mm to
5–15 mm and 5–10 mm results in compressive strength reductions of 1.8%, 1.5%, and 1.62%,
respectively, this is attributed to the combined influence of the ITZ surrounding NA and
SSA. The enhancement in elastic modulus is minimal, remaining below 1.5%.

(a) Compressive strength (b) Modulus elasticity 

Figure 13. Simulation results of compressive strength and elastic modulus of concrete with different
coarse aggregate volume fractions.

3.3. Research Limitations and Reliability

In this study, several necessary assumptions were made during the experimental tests
and numerical simulations, which may influence the interpretation of the results. In the
experimental phase, concrete specimens were regarded as macroscopically homogeneous
materials, and the potential fluctuations in internal moisture content and curing tempera-
ture were not fully considered. Although the loading rate complied with the requirements
of relevant standards, its influence on the post-peak mechanical behavior cannot be com-
pletely excluded. It should also be noted that the active components on the surface of steel
slag aggregates may enhance the performance of the interfacial transition zone (ITZ) in
actual conditions, whereas this effect was not separately quantified in the present tests.

In the numerical simulations, coarse aggregates were simplified as rigid or linear
elastic materials, and the ITZ was modeled as a uniform layer with constant thickness and
mechanical properties. Thus, the potential strengthening effect of the steel slag aggregates’
high stiffness and surface activity on the ITZ was not fully captured. Furthermore, the
spatial distribution of aggregates was generated using a random algorithm, which cannot
perfectly replicate the actual arrangement but still effectively represents the influence of
aggregate packing on local stress development and crack propagation. The mesh size and
element type may also affect the representation of failure patterns to some extent.

Despite these limitations, the predicted stress–strain response, peak strength, and
crack evolution agree well with the experimental observations, indicating that the proposed
model exhibits high reliability. The conclusions derived in this study remain valid under
the adopted assumptions and provide valuable insights into the mechanical behavior and
strengthening mechanisms of steel slag coarse aggregate concrete.

4. Conclusions
This study systematically investigated the effects of SSA particle size and replacement

ratio on the mechanical properties of concrete under uniaxial compression, and further
explored the influence of coarse aggregate volume content on the strengthening effect of
SSAC. The main conclusions are as follows.
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1. The failure modes of SSAC and NAC are fundamentally similar, with both evolving
from the propagation of internal microcracks to the formation of macroscopic diagonal
cracks. However, compared with NAC, SSAC with a 5–20 mm aggregate size exhibits
faster macroscopic crack development and more pronounced acoustic effects during
failure. In terms of mechanical response, the stress–strain curve of SSAC is steeper
with a more abrupt descending branch; as the aggregate size range decreases, the
descending branch becomes gentler, whereas a rise in the SSA replacement ratio
results in a steeper descending branch.

2. The incorporation of SSA can effectively enhance the peak stress, peak strain, and
elastic modulus of concrete. The peak stress increases continuously with the SSA
replacement ratio; for a given aggregate size range, the elastic modulus first increases
and then decreases with increasing replacement, reaching an optimum at a 50% re-
placement ratio. At this replacement level, the peak stress of concrete with 5–10 mm,
5–15 mm, and 5–20 mm aggregate ranges increased by 32.26%, 35.73%, and 45.74%,
respectively, while the elastic modulus increased by 66.7%, 71.4%, and 70.1%, respec-
tively. In addition, the variation in peak strain with replacement ratio differs with
aggregate size, showing linear growth, gradual growth, and a trend from gradual to
rapid increase, respectively.

3. Mesoscale numerical simulation results indicate that as the cohesive strength of the
ITZ around SSA is increased relative to NA by 75% (5–20 mm), 106% (5–15 mm), and
92% (5–10 mm), the simulated stress–strain curves are in good agreement with the
experimental results. The validated model and parameters can serve as a reference
for structural simulations of SSAC under different service conditions.

4. Increasing the coarse aggregate volume fraction from 35% to 45% has an adverse
impact on the mechanical properties of NAC, but exhibits a beneficial strengthen-
ing effect on SSAC100 (full replacement), with the enhancement becoming more
pronounced at higher coarse aggregate contents.
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