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Abstract. This paper proposed a numerical modeling method for constructing concrete model through the point-
volume-element aggregate interference discrimination method based on sub-region retrieval. Firstly, the conventional
concrete modeling method was enhanced by optimizing the interference discrimination logic between aggregates and
the aggregate retrieval approach. Subsequently, a series of concrete models with varied aggregate geometric shapes,
interfacial transition zone (ITZ) thicknesses, aggregate volume fractions, and aggregate gradations were generated,
validating the reliability of the proposed method. Finally, the efficiency of the proposed method was validated by
comparing the number of iterations and modeling time required with those of the conventional method. The results
indicate that the proposed method can control the aggregate geometric shape and ITZ thickness by adjusting the
number of vertices and the scaling distance. Compared to the conventional method, the proposed method
significantly reduced the number of iterations and modeling time, thereby enhancing modeling efficiency. The
advantage of the proposed method became more pronounced as the number of aggregates increased. When the
number of generated aggregates reaches 100, the required number of iterations is reduced by 83.6%, and the
modeling time is reduced by 66.2%.

Keywords: aggregate packing algorithm; aggregate shape control; computational efficiency; interfacial
transition zone (ITZ); mesoscale concrete modeling

1. Introduction

Concrete is one of the most widely used construction materials, whose performance directly
determines the safety and durability of structures [1-4]. The macroscopic mechanical performance
of concrete is closely related to its complex internal structure, which primarily consists of
aggregates, mortar matrix, and their interfacial transition zones (ITZ) [5-7]. Due to the complex
internal structure of concrete, the investigation of its failure mechanisms, such as crack initiation
and propagation, must be conducted at a meso-scale capable of characterizing the structural
features of these components [8, 9]. Therefore, developing mesoscopic numerical models capable
of accurately characterizing this heterogeneous internal structure of concrete is crucial for
analyzing and predicting its mechanical performance [10-12].

In previous research, the numerical analysis of concrete primarily treated the material as an
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equivalent homogeneous continuum to analyze its macroscopic mechanical performance [13,14].
This geometrically homogeneous concrete model relies primarily on its own material constitutive
model in numerical simulation, such as plastic damage models, fracture mechanics-based models,
and crack propagation models [15, 16]. These constitutive models are further simulated using the
finite element method to analyze the mechanical response of concrete under various loads [17]. On
the one hand, through calibration with experimental data, homogeneous models have been able to
capture certain typical characteristics of concrete mechanical behavior, including nonlinearity,
strain softening, and post-peak ductility [18]. On the other hand, such homogeneous models also
enable the analysis of overall concrete structures. These models have been successfully used to
predict the load-bearing capacity, deformation behavior, and failure modes of reinforced concrete
beams, columns, and slabs. The specific external loading conditions include static, dynamic, and
cyclic loading [19, 20]. Furthermore, the homogeneous models have been extended to analyze
complex mechanical behaviors such as creep, shrinkage, and thermal stress by incorporating time-
dependent behavior and thermo-hygral coupling laws [21]. Currently, equivalent homogeneous
models have demonstrated their capability to simulate and analyze the mechanical behavior of
large-scale concrete structures, offering advantages in computational efficiency. The principle of
those models fundamentally relies on a critical assumption. This assumption states that material
heterogeneity can be sufficiently characterized by averaged homogeneous properties [22].
However, some studies have revealed that this assumption has inherent limitations under specific
conditions. The fracture behavior, stress concentration, and size effects observed in actual
experiments often cannot be fully explained or accurately predicted by homogeneous models alone
[23-25]. Such models inherently smooth over localized stress concentrations and preferential crack
paths, which are influenced by the heterogeneous mesoscopic structure of concrete. The
discrepancies between homogenized simulation results and physical test data indicate that the
internal heterogeneity of concrete is not merely a minor characteristic, but rather a critical factor
affecting the mechanical behavior [26-28]. Based on this, it motivated the need for numerical
modeling techniques of concrete that transcend the homogeneous continuum assumption [29-31].
To directly account for the influence of internal heterogeneity on concrete mechanical
performance, extensive research has been devoted to developing and exploring mesoscopic
modeling techniques that explicitly capture its multi-phase composition. Generally, concrete
mesoscopic models typically treat concrete as a three-phase composite material [32]. Aggregates
are randomly distributed within the mortar matrix and are interconnected through an ITZ with
distinct properties. The ITZ is a thin region that closely surrounds each aggregate [33-35]. The
core of these mesoscopic models is the algorithm for generating random aggregate structures,
which must satisfy preset grading curves, aggregate volume fractions, and geometric constraints,
such as minimum spacing [36]. Currently, many studies have proposed various algorithms for
randomly generating aggregates. Aggregate generation algorithms have evolved from sequential
placement approaches of simple spherical aggregates to advanced approaches. These advanced
approaches can generate irregular polyhedral aggregates that better approximate the morphology
of crushed stones [37, 38]. Based on this, the mesoscopic models deliver simulation fidelity that is
unattainable with homogeneous models. These models have been used to simulate the complex
fracture process of concrete. They reveal that cracks initiate within the weakened ITZ and then
propagate by bypassing or penetrating aggregates within the mortar matrix, ultimately forming a
macroscopic fracture surface [39]. Furthermore, the mesoscopic models have also been used to
elucidate the mechanisms behind the dynamic strength enhancement of concrete, the influence of
aggregate shape and distribution on mechanical performance, as well as the transport processes of
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chloride ions or sulfates within the concrete pore structure [40, 41]. The primary computational
bottleneck in these mesoscopic modeling techniques is interference discrimination between
aggregates, ensuring newly generated aggregates do not overlap with any existing ones [42]. The
fundamental method for aggregate interference discrimination typically involves direct geometric
detection of the aggregate shapes. Some studies have focused on improving detection efficiency
through spatial management techniques, such as using background grid elements to localize
neighbourhood searches or employing advanced data structures [43, 44]. Despite the significant
advantages of three-dimensional mesoscopic models, their practical application remains
constrained by low modeling efficiency. This limitation is particularly pronounced for the concrete
model with aggregate volume fractions exceeding 40% [45]. As the aggregate volume fraction
increases, the probability of successfully generating a new aggregate without interference
decreases. Moreover, the number of attempts required to generate the aggregate and the associated
geometric checks increases exponentially within the algorithm. This results in a time-consuming
process for generating high-fidelity concrete mesoscopic models with high aggregate volume
fractions. It limits the computational efficiency of numerical simulations for concrete models and
restricts the application of mesoscale analysis to larger structural components [46-49]. Therefore,
enhancing the efficiency of interference discrimination between aggregates not only represents an
advancement in methods for concrete models but is also crucial for promoting the practical
application of mesoscopic models in numerical studies of concrete [50-54].

In this study, a numerical method for constructing concrete mesoscopic models with high
aggregate volume fractions was proposed, which achieves high computational efficiency through
modified retrieval and interference discrimination approaches. The core modifications primarily
involve the aggregate sub-region retrieval and point-volume-element aggregate interference
discrimination. The efficiency of the proposed method was validated by comparing the number of
iterations and modeling time required with those of the conventional method.

2. Method for constructing concrete mesoscopic numerical model

2.1 Mesoscopic structure of concrete

As a highly heterogeneous material, concrete consists of three distinct phases, which are coarse
aggregate particles, the surrounding mortar matrix, and the ITZ that binds them together. Fig. 1

Figure 1. Mesoscopic structure of concrete (after Kumar et al. [55], and Lu et al. [56])
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Figure 2. Flowchart for constructing the concrete numerical model

illustrates the fundamental mesoscale composition of concrete. At this mesoscale, concrete
functions as a composite where the aggregates characterized by random shapes, sizes, and spatial
distributions, serve as the primary stiff inclusions. These aggregates are embedded within the
mortar matrix and exhibit a randomly distributed characteristic throughout the mortar matrix. The
ITZ is a thin and microscopically porous region encircling each aggregate, which forms due to
water accumulation and differential packing during hydration. This region typically exhibits higher
porosity and weaker mechanical performance compared to the mortar, making it the primary
pathway for microcrack initiation and propagation under stress. The macroscopic mechanical
behavior of concrete, including its strength and fracture patterns, is fundamentally determined by
the properties, volume fractions, and complex interactions of these three constituent phases.
Therefore, constructing a mesoscopic numerical model of concrete must precisely capture the
critical structural characteristics of these three constituent phases within concrete.

2.2 Modeling procedure

A method for constructing concrete mesoscopic models that precisely capture the internal
structural characteristics is proposed, which offers higher modeling efficiency. Fig. 2 illustrates the
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algorithmic flowchart for constructing the concrete mesoscopic numerical model proposed in this
paper. The modeling procedure begins with the definition of the geometric space of the target
model, followed by the core stage of sequentially generating and placing coarse aggregates. For
each aggregate, its shape and size are determined based on the type of predefined polyhedral
geometric morphology and particle size. Subsequently, aggregates with geometrically
unreasonable shapes are filtered out through a shape validity check. A candidate location for the
aggregate is randomly determined within the model space, and interference discrimination is
performed on the newly generated candidate aggregates. This includes the core algorithm for
aggregate interference discrimination in numerical methods. The core of the proposed method lies
in optimizing the interference discrimination process for aggregates. It abandons the global
interference discrimination, which consumes substantial computational resources by checking
against all placed aggregates. Instead, this method adopts a sub-region retrieval strategy combined
with a multi-level discrimination logic. This allows for rapid and efficient retrieval of only those
existing aggregates in the vicinity of the candidate location that could potentially cause overlap,
and quickly determines whether interference occurs. If interference is detected, the polyhedral
aggregate will not be placed, and a new candidate location will be attempted. This process iterates
cyclically until a non-interfering location is found, at which point the aggregate is successfully
added to the model, and its information is recorded. This cycle repeats until the target aggregate
volume fraction is achieved. The remaining space not occupied by aggregates is filled with mortar
matrix and ITZ, thereby completing the generation of the concrete mesoscopic numerical model.
This optimized aggregate generation algorithm, which is centered on sub-region retrieval and
multi-level interference discrimination, significantly reduces computational cyclic iterations.

The generation and placement of aggregates is the core stage in constructing the mesoscopic
numerical model of concrete. Fig. 3 visually illustrates the sequential generation and placement of
aggregates with different shapes and sizes within the model space, providing an intuitive overview
of the entire procedure. This procedure initiates from a predefined aggregate library, which
contains pre-generated aggregates with specific morphological characteristics. Individual
aggregates are sequentially generated from this aggregate library and placed into the model space.
Each newly generated aggregate is subjected to an interference discrimination check against
nearby previously placed ones. This ensures that no spatial overlap occurs. The non-interfering
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Figure 3. Aggregate placement process in concrete numerical models
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Figure 4. Generation and control of the polyhedral aggregate

aggregates are successfully placed into the model, and their spatial information is recorded. The
iterative cycle of generation, interference discrimination, and placement continues until the target
aggregate volume fraction is reached. Through this procedure, the aggregates are randomly
distributed within the mesoscopic model. Moreover, as a critical model parameter, the aggregate
volume fraction can be precisely controlled.

3. Core algorithms for control and discrimination in numerical models

Throughout the entire modeling procedure of aggregate generation and placement, several core
control and discrimination algorithms are employed. These include the geometric shape control of
aggregates and the ITZ, and the spatial interference discrimination of aggregates.

3.1 Geometric shape control of aggregates and ITZ

In the algorithm for the geometric shape control of aggregates and ITZ, this algorithm can
produce more realistic polyhedral aggregates compared to simple spherical aggregates, which
better approximate the angular characteristics of coarse aggregates. Fig. 4 illustrates the procedure
for generating the polyhedral aggregate and controlling its morphology. The generation procedure
begins by creating the sphere with a specified diameter. Its diameter corresponds to the target
particle size of the aggregate, and the center point serves as the geometric center of the aggregate.
Points are randomly selected on the surface of sphere to serve as the vertices for the polyhedral
aggregate. Every point on the sphere surface has an equal probability of being selected. A validity
assessment of the selected vertices is conducted to ensure the geometric stability of the generated
aggregate and to avoid degenerate shapes, such as those with excessively sharp edges.
Specifically, the distance between any two vertices should not be less than a prescribed threshold.
If a vertex fails to meet this condition, the vertex selection process is repeated. Then, the
polyhedral wireframe is created based on the selected vertices. The polyhedral wireframe is
ultimately converted into an entity, which serves as the polyhedral aggregate. In this procedure, the
algorithm controls the particle size of aggregates by adjusting the sphere diameter. The numbers of
vertices, faces, and edges for aggregates are altered by adjusting the number of random points on
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the surface of sphere. This enables precise control over the morphology of aggregates, providing a
library of realistically shaped aggregates for subsequent placement.

In the algorithm for the generation and morphological control of ITZ, interfaces with
controllable thickness that separate the aggregate from the mortar matrix can be generated
separately for aggregates with different geometric morphologies. Fig. 5 illustrates the procedure
for generating the ITZ and controlling its morphology. The generation procedure begins with the
previously generated polyhedral aggregate, which has been created as an entity. For any initial
polyhedral aggregate with different geometric morphology, each aggregate is uniformly scaled.
Each vertex of the polyhedral is expanded outward along the direction from the geometric center
by a specified thickness, which is defined as the ITZ thickness. This forms a scaled polyhedron
that concentrically encloses the initial polyhedral aggregate. The ITZ is obtained by performing a
Boolean subtraction operation on the scaled polyhedron, which removes the internal initial
polyhedral aggregate. This operation removes the internal initial polyhedral aggregate, forming a
hollow, shell entity that conforms to the surface morphology of the aggregate, which is the ITZ.
The cross-section visually confirms that a uniform and continuous ITZ envelops the aggregate.
The ITZ thickness is precisely controlled by the scaling distance parameter, ensuring the accuracy
of the geometric morphology.

3.2 Spatial interference discrimination of aggregates

With the algorithms for generating and controlling aggregate and ITZ geometries established,
the efficient spatial placement of these non-overlapping components within the model becomes
critical. The proposed sub-region interference discrimination algorithm optimizes conventional
aggregate interference discrimination methods by enhancing discrimination logic and retrieval
approach. Fig. 6 illustrates the sub-region retrieval method, which substantially reduces the
number of necessary retrievals through spatial partitioning. The principle of this algorithm lies in
dividing the entire model space into uniformly sized small sub-regions. Each placed aggregate is
registered to the specific sub-region it occupies based on its geometric center and shape. When
placing a new candidate aggregate, the sub-region it will occupy is first identified. Only aggregates
within this identified sub-region are retrieved for subsequent interference discrimination, rather
than retrieving all previously placed aggregates. For instance, in case 1, a newly placed aggregate
1 is entirely located within a single region, such as region 3. Only the aggregates registered within
this sub-region, such as aggregate 2 and aggregate 3, need to be retrieved. Aggregates in region 1
or region 2 do not need to be retrieved, as the spatial division inherently ensures their spatial
isolation. In case 2, the newly placed aggregate 1 spans multiple regions due to its geometric size,
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such as occupying both region 3 and region 4. All aggregates registered within all the sub-regions
it occupies must be retrieved, such as aggregate 2 and aggregate 3. This sub-region retrieval
strategy transforms a global retrieval into a localized retrieval, thereby significantly reducing the
number of subsequent interference discriminations.

Once the neighboring aggregates are retrieved through the sub-region retrieval method, a
precise geometric check is required to confirm non-interference. Fig. 7 illustrates the point-
volume-element interference discrimination method between aggregates, which employs a
hierarchical logic for the interference check. The interference discrimination involves three
sequentially discriminating conditions, forming a coarse-to-fine filtering mechanism. Condition 1
(point-to-point) performs a rapid discrimination between two polyhedral aggregates using their
bounding spheres, which calculates the distance L between their geometric centers. If the distance
L exceeds the sum of the radii of the bounding spheres, the aggregates are determined to be non-
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interfering, and the discrimination terminates. This condition efficiently filters out clearly non-
interfering aggregates. Otherwise, the process proceeds to condition 2 (volume-to-volume). This
condition evaluates the spatial relationship between the vertices of the candidate aggregate and the
bounding sphere of the existing aggregate. If all vertices of the candidate aggregate are located
outside the bounding sphere of the existing aggregate, the aggregates are determined to be non-
interfering, and the discrimination terminates. Finally, if both previous conditions are
inconclusive, a more refined discrimination is executed. Condition 3 (element-to-element)
evaluates the precise positional relationship between the two polyhedral elements, specifically
checking for edge-to-edge and face-to-face interference between the polyhedral elements. This
hierarchical discrimination strategy rapidly excludes clearly non-interfering aggregates through
simple preliminary checks, reserving complex geometric calculations for only the necessary
conditions, which significantly accelerates the overall discrimination process. Local retrieval and
interference discrimination that progresses from simple to complex can reduce unnecessary
computations while ensuring geometric accuracy.

4. Model application and validation
4.1 Model with different geometric morphology

Based on the core algorithm for multi-phase components generation and efficient aggregate
interference discrimination, mesoscopic numerical models of concrete with different morphologies
can be constructed. Fig. 8 presents a series of concrete mesoscopic numerical models, with
geometric morphology controlled through parameters. As shown in Fig. 8(a), the concrete
mesoscopic numerical model is clearly composed of coarse aggregates, the ITZ, and the mortar
matrix that fills the remaining space. These components are mutually independent and exhibit no
spatial interference. Fig. 8(b) presents the geometric morphology of concrete numerical models
with different control parameters. The model control parameters include the number of polyhedral
aggregate vertices, the ITZ thickness, and the aggregate volume fraction. Specifically, the
geometric shape of the aggregates can be controlled by the number of vertices, enabling a
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morphological transition from nearly spherical to highly angular polyhedra. Aggregates with
different numbers of vertices exhibit distinct levels of surface complexity. The geometric shape of
the ITZ can be precisely controlled by adjusting its thickness, enabling the generation of ITZ with
specific thicknesses for aggregates of different shapes. Furthermore, the aggregate volume fraction
within the model can be controlled by adjusting the number and size of placed aggregates. The
comparison of models under different control parameter combinations confirms that the proposed
method can generate concrete models with realistic mesoscopic structures.

In addition to the geometric shape of aggregates, ITZ thickness, and aggregates volume
fraction, the gradation of aggregates is another critical characteristic of the concrete mesoscopic
structure. Fig. 9 presents concrete mesoscopic numerical models with two different aggregate
gradations. The first concrete mesoscopic model is generated using a single grain grading. All
aggregates in this model have a particle size within the range of 8§ mm-9 mm, accounting for
100%. The second concrete mesoscopic model is generated using a more realistic four grain
grading, incorporating aggregates of four distinct particle sizes. The aggregate sizes include 5 mm-
6 mm, 8 mm-9 mm, 11 mm-12 mm, and 14 mm-15 mm, which account for 6.5%, 17.5%, 21.7%,
and 54.3% of the total aggregate volume, respectively. Comparing the two models reveals that the
concrete mesoscopic model constructed with four grain grading exhibits greater heterogeneity.
This indicates that the proposed aggregate generation and interference discrimination algorithms
are not only applicable to single grain grading but are also capable of effectively placing
aggregates with a predetermined size gradation. This capability is significant for practical concrete
mesoscale modeling, where aggregate size distributions typically follow grading standards such as
Fuller gradation.

4.2 Validation and comparison of modeling efficiency

The primary advantage of the proposed aggregate generation and interference discrimination
algorithm lies in its high computational efficiency. Fig. 10 presents the comparison of modeling
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Figure 10. The comparison between the modified method and the conventional method

efficiency between the proposed method and the conventional method. Fig. 10(a) illustrates the
relationship between the number of iterations required to generate the concrete model and the
number of placed aggregates using the conventional method and the modified method. For the
conventional method, the number of iterations increases exponentially as the number of aggregates
increases. In contrast, for the modified method, while the number of iterations also increases
exponentially with the number of aggregates, the increase is significantly more gradual. As the
number of placed aggregates exceeds 60, the divergence in efficiency between the conventional
method and the modified method gradually widens. For example, when the number of placed
aggregates reaches 100, the modified method reduces the number of iterations by 83.6% compared
to the conventional method. Fig. 10(b) illustrates the relationship between the modeling time
required to generate the concrete model and the number of placed aggregates using the
conventional method and the modified method. For the conventional method, the modeling time
exhibits an exponential increase trend as the number of aggregates increases. In contrast, the
modeling time for the modified method also increases with an increasing number of aggregates,
but the rate of increase is substantially more gradual. This divergence in time consumption
becomes progressively more pronounced as the number of placed aggregates exceeds 60. For
example, when the number of placed aggregates reaches 100, the modified method reduces the
modeling time by 66.2% compared to the conventional method. This consistent trend validates the
exceptional efficiency of the modified method in generating complex concrete mesoscopic models.
The proposed method provides a solid basis for simulating concrete structural components by
significantly reducing computational costs. However, when applied to full-scale large concrete
structures, such as large bridge piers or dams, further improvements in computational efficiency
may still be required due to the significant increase in the number of aggregates and the size of the
models.

The theoretical implication of this efficiency improvement is that it validates the effectiveness
of local retrieval and hierarchical discrimination in the process of generating high-volume-fraction
aggregates. Practically, the reduced modeling time enables more extensive parametric studies for
concrete structures, thereby providing a scientific basis for material design and structural safety
assessment.
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5. Conclusions

This study proposed an efficient method for constructing the concrete mesoscopic model. The
interference discrimination logic between aggregates and the aggregate retrieval was optimized.
The reliability of the proposed method was validated by generating concrete models with different
geometries and aggregate gradations. The enhanced efficiency of the proposed method was
validated by comparing the modeling efficiency between the proposed method and the
conventional method. The conclusions obtained are as follow:

(1) The proposed method optimizes the aggregate interference discrimination process through a

sub-region retrieval strategy and a point-volume-element interference discrimination logic. The

sub-region retrieval strategy transforms a global retrieval into a localized retrieval, while the
point-volume-element discrimination logic rapidly excludes obviously mnon-interfering
aggregates, reserving complex geometric calculations only for necessary conditions.

(2) The proposed method enables precise control of the aggregate geometric shape and ITZ

thickness by adjusting the number of vertices and the scaling distance, respectively. Moreover,

concrete mesoscopic models with different aggregate gradations can also be constructed by
controlling the placement of aggregates.

(3) The proposed method significantly reduced the number of iterations and modeling time

compared to the conventional method. This advantage of the proposed method became more

pronounced as the number of aggregates increased. When the number of generated aggregates
reaches 100, the required number of iterations is reduced by 83.6%, and the modeling time is

reduced by 66.2%.
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