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Abstract: The current research endeavors to explore the mechanical properties of recycled concrete
cubic specimens, predominantly concentrating on macroscopic attributes such as compressive
strength and splitting tensile strength. However, at the mesoscopic scale, the internal structure of
recycled concrete becomes increasingly intricate due to the adherence of substantial mortar on the
surface of recycled coarse aggregates, ultimately influencing its macroscopic mechanical behavior
and crack propagation trajectories. To address this complexity, Digital Image Correlation (DIC)
technology is harnessed to quantitatively analyze crack tip displacement fields and crack propaga-
tion behavior in recycled concrete, considering variations in aggregate replacement ratios and par-
ticle sizes. This analysis encompasses quantitative assessments of pre-cracking damage, post-crack-
ing crack morphology characteristics, and size. Utilizing the advanced 3D-DIC algorithmic tech-
nique, this study delves into the evolution of crack propagation patterns in recycled concrete during
the loading process, evaluating the impact of both aggregate replacement ratios and particle sizes
on crack propagation behavior. Ultimately, fractal theory is employed to provide a quantitative
analysis of the crack morphology on the surface of recycled concrete.
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1. Introduction

The production of construction waste is substantial, and its disposal poses significant
challenges [1-3]. In response, scholars have attempted to address this issue by crushing
and screening construction waste to produce recycled aggregates (RAs) for the prepara-
tion of recycled aggregate concrete (RAC) [4,5]. To accurately assess the impact of differ-
ent RA replacement rates and aggregate sizes on crack propagation behavior, and to pre-
cisely measure their effects on the compressive and flexural properties of RAC, various
methods for testing the strain of cementitious materials have been employed, including
radiography, extensometers, resistance strain gauges, and strain gauges [6-8]. These test-
ing methods can characterize both local and global deformations in concrete, yet their
precision is influenced by the scope of the test. Furthermore, reflecting the deformation of
concrete at the mesoscale using these methods is difficult, due to the highly heterogeneous
and elastoplastic nature of concrete. Local deformations in concrete are influenced by nu-
merous factors, and the size of the instruments used to measure strain is limited by the
dimensions of the structure being tested, preventing the acquisition of deformation at the
mesoscale with fine resolution and sensitivity.
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Significant strides in digital imaging systems and computer technology have trans-
formed Digital Image Correlation (DIC) technology into a powerful and practical tool for
assessing cracks and deformations in concrete components across a wide range of sizes in
recent decades [9]. Thanks to these advancements, DIC has emerged as a reliable and ver-
satile method, enabling researchers to gain a comprehensive understanding of various
parameters related to concrete mechanics. Consequently, there has been a surge in the
utilization of this technology by the research community. Researchers are now leveraging
DIC to meticulously measure crack size, propagation rate, and propagation morphology,
offering detailed insights into the fracture behavior of concrete [10,11]. Furthermore, DIC
enables the precise determination of full-field displacement and strain within concrete
structures, providing a wealth of data on the deformation patterns and stress distributions
under various loading conditions. This comprehensive dataset allows for a deeper analy-
sis of the mechanical properties and failure mechanisms of concrete, ultimately contrib-
uting to the development of more resilient and durable construction materials.

At the macroscopic level, concrete is a composite material composed of aggregates
and a cement matrix. The Interface Transition Zone (ITZ) between the matrix and aggre-
gates, along with the pore structure, is a crucial component that affects the mechanical
properties of concrete. Stress first arises in a transition zone of a portion of the aggregates
and propagates along this zone [12], subsequently transferring to the transition zones of
surrounding aggregates within the mortar. Vertical cracks caused by environmental influ-
ences (compression and drying shrinkage) damage concrete structures. When the aggre-
gate content is low and the spacing between aggregates is large, crack propagation under
compression can damage the concrete structure [13]. The mortar surrounding coarse ag-
gregates undergoes shrinkage under external forces. Due to the minimal deformation of
aggregates, shear stress parallel to the aggregate surface is imparted to the mortar, leading
to the formation of cracks in the mortar.

Fractal dimension theory, a sophisticated mathematical framework, offers an inno-
vative way to quantify the complexity and irregularity of geometric shapes, transcending
traditional Euclidean geometry. Fractal dimension theory, a cornerstone within the ad-
vanced domain of fractal geometry, offers a profound methodology for quantifying the
intricate complexity and irregularity of shapes and patterns in nature. Originating from
the late 19th and early 20th centuries through the pioneering contributions of mathemati-
cians such as Weierstrass, Cantor, Peano, Koch, and Sierpinski, this theory has evolved
through the work of Hausdorff, Bouligand, Pontryagin, and Besicovitch, leading to the
introduction of fractional dimensions that transcend traditional integer-based geometric
concepts. The Hausdorff dimension, in particular, measures the size of a set by analyzing
how its measure changes with scale, while the box-counting dimension, a more pragmatic
approach, estimates fractal dimension by counting the number of small boxes required to
cover the fractal object at a specified scale. Other dimensions, including modified box-
counting dimensions, packing dimensions, and filling dimensions, provide alternative
metrics for assessing fractal complexity. Fractal dimension theory finds extensive applica-
tion across mathematics, geography, biology, and engineering, where it is utilized to
study irregular shapes of coastlines, complex biological structures, and crack propagation
in materials [14-16]. Calculating fractal dimension necessitates sophisticated mathemati-
cal techniques and computational algorithms, often involving iterative methods, numeri-
cal simulations, and statistical analyses. By embracing fractional dimensions, fractal di-
mension theory expands our comprehension of natural phenomena beyond the confines
of traditional integer dimensions, revealing a richer tapestry of geometric and topological
intricacies across a wide range of interdisciplinary fields, including engineering.

This theory is particularly relevant in fields where natural and engineered systems
exhibit intricate and non-linear patterns, such as in the study of concrete cracks. In the
realm of concrete crack research, fractal dimension theory has emerged as a potent tool
for describing and analyzing the complex morphologies of cracks. The interplay between
fractal geometry and crack propagation can be elucidated through a series of sophisticated
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concepts that underscore the pivotal role of fractal dimensions in elucidating and antici-
pating crack dynamics within materials.

Initially, the intricate and non-uniform patterns of cracks frequently exhibit fractal
attributes. Fractal geometry furnishes a robust analytical framework for quantifying and
dissecting these irregular shapes and patterns. Metrics such as the box-counting dimen-
sion and the Hausdorff dimension offer precise numerical indices of the complexity and
ruggedness of crack surfaces. By harnessing these fractal dimensions, researchers can ac-
quire profound insights into the fractal nature of cracks, which are indispensable for com-
prehending their growth mechanisms and potential failure modalities within materials.
Moreover, fractal geometry can be employed to simulate crack propagation processes.
Fractal-based models can replicate the branching and self-similarity characteristics of
cracks, capturing their elaborate patterns and growth trajectories over time. These models
can integrate various influencing factors, including material properties, stress distribu-
tions, and environmental impacts, to forecast crack growth and ultimate failure [17,18].
The utilization of fractal models can enhance the precision and reliability of crack propa-
gation predictions, thereby facilitating superior design methodologies and safety assess-
ments of engineered structures [19-23].

Additionally, fractal dimensions can serve as indicators of damage severity and fa-
tigue life in materials. By measuring the fractal dimension of crack surfaces, researchers
can quantify the degree of roughness and irregularity, which can serve as a proxy for ma-
terial degradation and impending failure. This information is indispensable for monitor-
ing the structural integrity and performance of engineered systems, enabling timely
maintenance and repair interventions to mitigate catastrophic failures. Fractal geometry
thereby offers a potent analytical tool for dissecting and modeling crack propagation in
materials. By leveraging fractal dimensions and models, researchers can gain profound
insights into crack behavior, predict failure mechanisms, and enhance the design integrity
and safety of engineered structures [24-26]. The fractal perspective provides a novel and
invaluable lens through which to view and comprehend the complex and often unpredict-
able nature of crack propagation.

Concrete cracks often exhibit fractal-like characteristics, with rough and irregular
surfaces that defy simple geometric descriptions. By applying fractal dimension theory,
researchers can objectively measure the roughness and complexity of these crack surfaces,
capturing fine details that might be overlooked with traditional methods [27,28]. This an-
alytical approach provides valuable insights into the crack initiation, propagation, and
overall failure mechanisms of concrete structures. By understanding the fractal properties
of cracks, researchers can gain a deeper understanding of how cracks form and evolve
within concrete, and how they impact the mechanical properties and durability of the ma-
terial. This, in turn, enables the development of advanced materials and methodologies
for mitigating crack formation and propagation, thereby enhancing the safety and longev-
ity of concrete infrastructures. Moreover, fractal dimension theory allows for the compar-
ison and categorization of different crack patterns, facilitating a more systematic and rig-
orous approach to crack analysis. This can lead to the identification of common crack mor-
phologies and their underlying causes, enabling researchers to develop more targeted and
effective strategies for crack prevention and repair. Fractal dimension theory thereby rep-
resents a significant advancement in the field of concrete crack research, offering a pow-
erful tool for analyzing and mitigating the complex and often unpredictable behaviors of
cracks in concrete structures [29-32].

The innovation of this research lies in the recognition that the meso-structure serves
as a “bridge” connecting the microstructure and macrostructure. The evolution of cracks
at the mesoscale is an external manifestation of microstructure degradation and the fun-
damental cause of macro performance deterioration. This study quantitatively character-
izes the crack opening displacement, crack length, and the evolution of the strain field at
the crack tip based on the crack propagation morphology changes in RAC captured by
DIC under static loading. It also explores the key factors influencing crack propagation
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behavior in RAC within the fracture process zone. Additionally, fractal dimension theory
is employed to investigate the crack propagation behavior and damage mechanisms of
RAC. By analyzing the fractal dimension of cracks, this research provides deeper insights
into the complexity and irregularity of crack patterns in RAC, further enhancing the un-
derstanding of its mechanical properties and durability.

2. Experimental Details
2.1. Materials

The binding materials utilized consist of OPC 42.5 cement and fly ash, with their re-
spective chemical compositions detailed in Tables 1 and 2. The water reducer employed is
a polycarboxylate superplasticizer, which enhances the workability of the concrete mix.
The natural coarse aggregates (N As) are sourced from natural granite. On the other hand,
the recycled coarse aggregates (RAs) are derived from crushed, recycled concrete sourced
from a local construction site. Their main physical properties are outlined in Table 3. As
for the fine aggregates, natural river sands are used, exhibiting a water absorption rate of
3.4% and a fineness modulus of 2.5.

Table 1. Chemical components of Portland cement (%).

Material SiO2 AlLOs Fe20s CaO MgO SO:s LOI
Cement 22.52 7.24 3.84 60.9 1.52 1.51 247
Note: LOI—lose on ignition.
Table 2. Chemical components of fly ash (%).
Material SiO2 AlL0s Fe20; CaO MgO K20 Na:0 SO:s LOI
Fly ash 42.6 2.10 1.35 47 1.78 1.62 0.61 0.57 2.37
Note: LOI—lose on ignition.
Table 3. Basic physical properties of coarse aggregates.
Type Size (mm) AD (kg/m?) WA (%) MC (%) CV (%) Porosity (%)
NA 5-20 2912 0.56 0.71 6.17 5.41
RA 5-25 2595 6.92 2.92 12.42 7.89

Note: NA —natural aggregates, RA —recycled aggregates, AD—apparent density, WA —water ab-
sorption, MC —moisture content, CV —crush value.

2.2. Sample Preparation

According to the mixing proportions shown in Table 4, the coarse and fine aggregates
are first poured into a horizontal double-shaft mixer and mixed for 2 min. Subsequently,
cement and fly ash are added and mixed for an additional 90 s to ensure thorough blend-
ing of all materials. Half of the water and water reducer are then added and mixed for
approximately 60 s. Finally, the remaining water and water reducer are poured into the
mixer and mixed for 120 s. To accurately characterize the influence of coarse aggregate
size and shape on crack propagation behavior under compressive loading, test specimens
with dimensions of 150 mm x 150 mm x 150 mm are selected. After molding, the specimens
are covered with a layer of plastic film on their surfaces to prevent water evaporation.
Demolding is performed after 24 h, and the specimens are placed in a curing chamber
(temperature: 20 + 2 °C, humidity > 95%) until they reach the testing age.
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Table 4. The mixing proportions of the samples.

Code Cement - RCA RCA, wt.% Sand FA Water WR
Size (mm) Content
R-5-10% 105 10%
R-5-20% 210 20%
R-5-30% 300 5-10 315 30% 595 60 165 0
R-5-40% 420 40%
R-5-50% 525 50%
R-5-100% 300 5-10 1050 100% 595 60 165 3.607
R-10-10% 105 10%
R-10-20% 210 20%
R-10-30% 300 10-16 315 30% 595 60 165 0
R-10-40% 420 40%
R-10-50% 525 50%
R-10-100% 300 10-16 1050 100% 595 60 165 3.607
R-16-10% 105 10%
R-16-20% 210 20%
R-16-30% 300 16-20 315 30% 595 60 165 0
R-16-40% 420 40%
R-16-50% 525 50%
R-16-100% 300 16-20 1050 100% 595 60 165 3.607
R-20-10% 105 10%
R-20-20% 210 20%
R-20-30% 300 20-25 315 30% 595 60 165 0
R-20-40% 420 40%
R-20-50% 525 50%
R-20-100% 300 20-25 1050 100% 595 60 165 3.607

Note: R-5-10%: R indicates the recycled coarse aggregate; 5 indicates the aggregate size of 5-10 mm;
10% indicates the replacement ratio of recycled coarse aggregate of 10%; RCA —recycled coarse ag-
gregate; FA —fly ash; WR —water reducer.

2.3. Testing
2.3.1. D-DIC System

The relevant testing equipment required for Digital Image Correlation (DIC) technol-
ogy is illustrated in Figure 1. This measurement system primarily consists of an image
capture system and an image-processing and computing system. The image-capture sys-
tem comprises a high-resolution digital camera (1024 x 1024 pixels) mounted on a rigid
stand and an illumination source (blue light), with an infrared lamp positioned at the cen-
ter between the horizontal rigid stands. The speckle pattern captured by the camera is
input into the image analysis system (PMLAB DIC-3D system) for corresponding calcula-
tions, thereby obtaining the displacement and strain field distributions throughout the
loading process on the surface of the specimen. Prior to measuring the deformation infor-
mation on the surface of the specimen using DIC technology, the preprocessing of the
tested specimen is required. The well-cured concrete is cut into specimens with dimen-
sions of 150 mm x 150 mm x 75 mm from the middle, exposing the outlines of recycled
coarse aggregates and mortar (Figure 2a), to facilitate the quantitative characterization of
the influence of recycled aggregate size on crack propagation behavior. The algorithmic
technology of DIC is closely related to the quality of the speckle pattern, which determines
the accuracy of the deformation on the surface of the specimen.
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Figure 2. Surface treatment process of specimens.

Once the concrete reaches a saturated surface-dry state, the dust on the surface of the
specimen is cleaned with alcohol. Subsequently, a uniform white primer is sprayed onto
the surface to form a base (Figure 2b). After the primer has fully dried, black spray paint
is applied to create a densely distributed black speckle pattern (Figure 2c). After the paint
has dried, the specimen should be stored properly to avoid direct sunlight, moisture on
the paint, and contamination of the speckles. The size of the artificial speckles is approxi-
mately 5-7 pixels.

2.3.2. Fractal Theory and Box-Counting Dimension Algorithm

Fractal image-processing techniques can be employed to quantify the degree of dam-
age and the complexity of cracks in concrete structures. In this methodology, the degree
of damage is represented by a numerical value between 0 and 2, known as the fractal
dimension D. The fractal dimension, a cornerstone concept in fractal geometry, serves as
a bridge between micro- and macro-scales by describing the spatial disorder and density.
To quantitatively analyze the fractal dimension, the Fractalyse software (3.0) is utilized to
analyze concrete surface images in BMP format before and after crack formation, compar-
ing the fractal dimensions to assess the damage level of the specimens.

In this experiment, the box-counting dimension algorithm is adopted to characterize
the features of cracks on the concrete surface [28,33]. Initially, a grid of small squares is
used to cover the entire area of the concrete surface. Subsequently, the grids containing
cracks are counted and accumulated, and the fractal dimension D is calculated based on
the proportion of cracked grids to the total number of grids (see Figure 3).



Fractal Fract. 2024, 8, 686

7 of 17

/

Figure 3. Box-counting method —different sizes of grids for covering concrete surfaces: N(L) = 6
when L = 1/3 (left); L approaches 1/9, N(L) is 24 (middle); L tends to 1/21, N(L) is 47 (right).

The calculation steps are as follows:
A geometric form K with a certain dimension can be represented by Equation (1).

K=€i_1:r(}N><LD 1)

where N is the number of grids containing cracks, L is the metric unit of the basic grid,
and D is the Hausdorff fractal dimension. N can be derived from Equation (2).

N« LP(D-0) ()
By taking the logarithm of the equation, D can be obtained as per Equation (3).
i InN(L)
=lim———
L-0 1 ®)
in(7)

Assuming an initial grid size LO of 1, the grid size is reduced to 1/3 of its original size
to more accurately distinguish between the number of cracked grids (N(L)) and uncracked
grids, i.e., Ln/Ln + 1 =1/3. The concrete surface with irregular cracks is covered with grids
of different sizes. As illustrated in Figure 1 (left), N(L) = 6 when L =1/3. When L approaches
1/9, N(L) is 24 (Figure 1 (middle)); when L tends to 1/21, N(L) is 47, and so on (Figure 1
(right)). In other words, using smaller grids results in more precise calculations of the
cracked and uncracked areas.

3. Results and Discussion

3.1. Influence of Aggregate Volume Fraction on Crack Propagation Behavior in Recycled
Concrete

Figure 4 presents the load—displacement curves of recycled concrete under axial com-
pressive loading conditions. Throughout the entire stage from initial loading to failure,
Digital Image Correlation (DIC) technology was employed to capture the variations in
full-field displacement on the surface of the specimens. To accurately characterize the evo-
lution of crack propagation behavior using DIC technology, four distinct loading stages
were selected as the focus of this analysis. As illustrated in the figure, Fmax represents the
ultimate bearing capacity of the specimens, while letters Al to A4 denote four loading
points, corresponding to 40%, 60%, 80%, and 100% of the peak load in the pre-peak inter-
val, respectively. For a comparative analysis of strain field variations, a unified color scale
(blue, cyan, orange, red) was adopted: cyan and blue hues signify low-strain regions
(-1.45% to 2.15%); orange and red hues indicate high-strain areas (2.15% to 4.5%). Further-
more, blank regions in the strain maps represent strain values exceeding the range defined
by the color scale. Additionally, factors such as painting errors or excessively bright am-
bient lighting may impair DICs ability to identify certain areas.
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Figure 4. Crack propagation pattern of RAC under different compressive loading conditions.

Figure 5 illustrates the evolution of crack propagation in recycled concrete with var-
ying volumes of recycled aggregate during loading. At 40% of the maximum load (Fmax),
when the volume fraction of recycled aggregate is less than 20%, only minor areas on the
specimen surface exhibit a matrix—aggregate slip. However, as the volume fraction of re-
cycled aggregate exceeds 30%, the probability of slip between the aggregate and matrix
increases. Even at the initial loading stage, the strain distribution within the specimen is
uneven. This is primarily attributed to the heterogeneity of concrete materials, including
differences in mechanical properties —particularly stiffness and hardness —between recy-
cled aggregates, the matrix, and the interfacial transition zone (ITZ) [12], as well as the
geometrical asymmetry of these components.

As the external load increases from 60% to 80% of Fmax, the color intensity in sus-
ceptible deformation regions deepens, indicating an increase in principal strain values.
This signifies higher strains within the ITZ and the occurrence of stress concentration,
particularly evident in specimens with recycled aggregate sizes of 5-10 mm and volume
fractions of 10%, 20%, and 50%. In the first principal strain field, strain concentration pri-
marily occurs on the sides of aggregates, suggesting that the fracture behavior of concrete
is closely related to the composition, strength, and spatial distribution of its internal
phases. This phenomenon arises due to significant stiffness differences between aggre-
gates and the matrix, leading to the generation of high tensile and shear stresses at the
interface. An increase in the volume fraction of recycled aggregate reduces the spacing
between aggregates and increases the likelihood of their mutual contact, thereby enhanc-
ing the area of weak zones within the concrete. Compared to specimens with a 30% vol-
ume fraction of recycled aggregate, those with 5-10 mm aggregate sizes and volume frac-
tions of 40%, 50%, and 100% are more prone to stress concentration under lower stress
conditions. Conversely, specimens with lower volume fractions of recycled aggregate
(£20%) exhibit smaller areas of stress concentration due to their reduced weak zones.
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Series 40% Frmax 60% Fmax 80% Frmax 100% Fmax

R-5-
20%

R-5-
30%

R-5-
40%

R-5-
100%

Figure 5. Crack patterns and strain distribution of RAC with different aggregate content under dif-
ferent loads.

Upon reaching the peak load (100% of Fmax), macroscopic cracks interconnect to
form a cohesive failure surface. The regions traversed by these cracks correspond to the
stress concentration zones observed during the small stress stage. As the load increases,
these stress concentration zones expand and extend into the mortar and adjacent interfa-
cial transition zones. When the volume fraction of recycled aggregate is low, crack prop-
agation paths are unable to extend into distant interfacial transition zones and instead
develop within nearby mortar phases, resulting in simpler crack morphologies. As the
volume fraction of recycled aggregate increases from 10% to 30%, crack propagation paths
become more tortuous. However, when the volume fraction (the volume of recycled ag-
gregate as a proportion of natural aggregate) increases to 40%, 50%, and 100%, the



Fractal Fract. 2024, 8, 686

10 of 17

Series

R-5-30%

R-10-30%

R-16-30%

R-20-30%

40% Frmax

complexity of cracks decreases. The number and area of cracks represent the energy re-
leased during concrete failure. Combined with an analysis of compressive strength, it is
concluded that the mechanical properties of recycled concrete are determined by the
bonding strength between aggregates and the matrix. An increase in the volume fraction
of recycled aggregate not only increases the bonding area between old and new mortar,
leading to an increase in porosity, but ultimately results in a decrease in the strength of
recycled aggregate concrete (RAC). Additionally, the microcracks resulting from the
crushing process of recycled aggregate also lead to an elevated porosity, which adversely
impacts its strength.

3.2. Influence of Recycled Aggregate Size on Crack Propagation Behavior in RAC.

Figure 6 depicts the strain and crack evolution stages of RAC with different aggregate
sizes under uniaxial compression. At 40% of the maximum load (Fmax), RAC with aggre-
gate sizes of 5-10 mm exhibits a broader range of detachment between aggregates and
mortar, resulting in higher localized stresses. In contrast, specimens R-16-30% and R-20-
30% display only mild aggregate slip in localized regions. As the load increases to 60%
and 80% of Fmax, strain concentration zones emerge in areas with lower elastic moduli
(i.e., the interfacial transition zone, ITZ), characterized by numerous microcracks, partic-
ularly in RAC with aggregate sizes ranging from 5 to 10 mm and 10-16 mm.

60% Fmax 800/0 Fmax 100% Fmax
. - N ¥

7

Figure 6. Strain field of RAC with different aggregate sizes in loading stage.

Upon reaching the peak load (100% of Fmax), all specimens exhibit complex crack
morphologies with tortuous propagation paths. Compared to RAC with aggregate sizes
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of 5-16 mm, specimens R-16-30% and R-20-30% display red hues near the macroscopic
cracks, especially at the crack tips, indicating high strains and the presence of numerous
microcracks. These regions store significant amounts of energy, leading to further crack
propagation and energy release towards the red zones. Smaller recycled coarse aggregate
sizes result in a denser distribution of aggregates with smaller spacing and a higher vol-
ume fraction of adhered mortar. Consequently, numerous weak zones prone to stress con-
centration form in the concrete prior to reaching the peak load. This explains the occur-
rence of numerous aggregate slip zones and large stress concentration areas within spec-
imen R-5-30%, facilitating the development and interconnection of microcracks near these
weak zones. In contrast, crack propagation and extension in other regions are relatively
slower. As the aggregate size increases, the volume fraction of adhered mortar decreases,
and the supporting role of aggregates becomes more significant in enhancing the com-
pressive strength of RAC [34-36]. However, when the aggregate size increases to 20-25
mm, due to the high elastic modulus of the aggregates, the crack propagation direction
shifts along the aggregate perimeter, requiring more energy and slowing down the crack
development speed. Additionally, compared to smaller aggregates, larger aggregates ex-
hibit poorer distribution uniformity, exacerbating the internal stress imbalance in the con-
crete, and ultimately leading to a decrease in compressive strength.

3.3. Quantifying the Impact of Recycled Aggregates on Concrete Crack Morphology Using
Fractal Dimension

Figure 7 illustrates the morphology of surface cracks in recycled aggregate concrete
(RAC) with various aggregate volume fractions and particle sizes under axial compressive
loading. The complexity of these cracks is quantified using the fractal dimension (D). A
combined analysis of Figures 1 and 2 reveals that, regardless of aggregate particle size, an
increase in the volume fraction (the volume of recycled aggregate as a proportion of nat-
ural aggregate) of recycled aggregates (from 10% to 30%) leads to an expansion in the
overall surface crack area and a more intricate crack propagation path. Among the differ-
ent RACs, those with aggregate sizes of 10-16 mm exhibited the most significant increase
in complexity (D = 1.24 ~ 1.56), followed by those with 5-10 mm aggregates (D = 1.27 ~
1.53), and finally, those with 16-20 mm aggregates (D = 1.40 ~ 1.64). Notably, the RAC
with 16-20 mm aggregates had the highest fractal dimension (D = 1.64), indicating the
most complex crack propagation path and the largest extension range, which effectively
dissipates the accumulated elastic potential energy within the concrete.

As the volume fraction of recycled aggregates further increases (to 40%, 50%, and
100%), the degree of concrete damage decreases, with a more pronounced reduction ob-
served at higher aggregate fractions. Stress concentration effects are primarily confined to
the vicinity of macro-cracks and regions of low elastic modulus. For RAC with smaller
aggregate sizes (5-16 mm), the average reduction in fractal dimension as the volume frac-
tion increases from 30% to 50% is 0.28, which is higher than that for RAC with 16-25 mm
aggregates (0.17), corresponding to decreases of 21.88% and 11.49%, respectively (see Fig-
ure 8). This phenomenon can be attributed to the development of non-load-induced cracks
within the concrete during the curing process due to variations in temperature and hu-
midity. Smaller aggregate particles have narrower interstices and increased contact pos-
sibilities, which exacerbate the risk of internal defects [37-40]. Consequently, when RAC
is loaded, micro-cracks rapidly connect with surrounding pores, weakening the concretes
strength. Conversely, larger aggregate particles carry less adherent mortar, exerting a
lesser influence on structural defects in the concrete.

The fractal dimension (D) is a parameter that describes the spatial complexity and
density. In concrete crack analysis, it reflects the complexity and distribution of cracks. As
the incorporation of recycled aggregate increases in concrete, the fractal dimension (D),
which measures the complexity and density of crack patterns on the surface, exhibits a
trend of first increasing and then decreasing. At lower levels of recycled aggregate content,
the introduction of recycled aggregates with attached materials, porosity, and varied
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bonding strength to the new cementitious matrix may lead to uneven stress distribution
within the concrete, enhancing the risk of cracking, particularly at the interfaces between
the recycled aggregates and fresh cement paste. Consequently, as the recycled aggregate
content rises initially, the cracks within the concrete may become more intricate and
dense, resulting in an elevated fractal dimension (D). However, at higher recycled aggre-
gate contents, while porosity and stress concentrations may intensify, the presence of nu-
merous recycled aggregates may somewhat “dilute” or “buffer” the progression of cracks.
Additionally, the decrease in overall concrete strength with increasing recycled aggregate
content may cause cracks, once formed, to propagate and interconnect more readily, form-
ing larger crack areas rather than more intricate and dense crack networks. Therefore, at
higher recycled aggregate contents, although cracks still exist within the concrete, they
may become more sparse and regular, leading to a reduction in the fractal dimension (D).
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20%
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Figure 7. Effect of recycled aggregate on crack patterns of concrete under compressive loads.
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3.4. Influence of Recycled Aggregates on Crack Area and Quantity of Concrete

Figure 9 presents a statistical analysis of the average width and area of surface cracks
in recycled concrete. Similar to the trend observed in crack complexity, as the volume
fraction of recycled aggregates increases from 10% to 30%, the average crack width in-
creases approximately linearly, and the crack area also increases to varying degrees. It can
be seen that when the volume fraction (the volume of recycled aggregate as a proportion
of natural aggregate) of recycled aggregates is 10%, their impact on concrete cracking be-
havior is relatively minor, resulting in fluctuations in the corresponding crack area within
the range of 60-90 mm?. In specimens containing 30% recycled aggregates, the difference
between the maximum average crack width (1.09 mm) and the minimum (0.92 mm) is
18.49%, and the corresponding crack areas differ by 43.31% (280.07 mm? and 195.43 mm?).
This indicates that specimen R-5-30% exhibits relatively poor crack ductility, and the
larger crack area reflects, to a certain extent, the complexity of the crack propagation path.
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Figure 9. The average width and area of crack on the surface of recycled concrete: (a) average crack
width; (b) average crack area.
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The physical interpretation of the fractal dimension D, in the context of analyzing
concrete surfaces with cracks using fractal theory and box-counting algorithms, is a meas-
ure of the complexity or “roughness” of the crack pattern on the concrete surface. It pro-
vides a quantitative representation of how space is filled or occupied by the cracks, re-
flecting their intricate distribution and density. The fractal dimension D lies between 0
and 2, where a lower D value indicates a smoother or less complex crack pattern, while a
higher D value signifies a more irregular, dense, and complex crack network. In practical
terms, D serves as an indicator of the damage level in concrete, reflecting the extent to
which cracks have developed and interacted with each other. Regarding its relationship
with the aggregate, while the fractal dimension D is directly computed from the crack
pattern on the concrete surface, the aggregate within the concrete can indirectly influence
D. The quality, size, shape, and distribution of aggregates can affect the overall mechanical
properties and durability of concrete, which in turn can impact crack formation and prop-
agation. For instance, aggregates with poor bonding to the cementitious matrix or with
irregular shapes and sizes may contribute to increased stress concentrations and weak-
ened zones in the concrete, facilitating crack initiation and growth. These cracks then con-
tribute to the fractal dimension D, reflecting the aggregates influence on the crack pattern
complexity. The fractal dimension D thereby provides a physical measure of the crack
pattern complexity on a concrete surface, while the aggregate within the concrete, through
its properties and interactions with the cementitious matrix, can indirectly affect this com-
plexity.

When the volume fraction (the volume of recycled aggregate as a proportion of nat-
ural aggregate) of recycled aggregates increases to 40% and 50%, there is no clear regular-
ity in the changes in the average width of RAC cracks. Whether increasing or decreasing,
except for RAC with particle sizes of 5-16 mm, the average width of the other cracks
changes insignificantly, with variations below 10%. However, RAC with smaller recycled
aggregate sizes (5-10 mm and 10-16 mm) experiences a significant decrease in crack area,
from 212.90 mm? to 105.43 mm? and from 195.43 mm? to 73.52 mm?, respectively. This
suggests that increasing the volume fraction (the volume of recycled aggregate as a pro-
portion of natural aggregate) of recycled aggregates expands the area of weak zones in
the interfacial transition zone (ITZ). As the loading increases, cracks are more likely to
develop and extend from these zones. Some recycled aggregates and mortar fail before
reaching their ultimate bearing capacity, preventing these materials from exerting their
compressive effects and limiting crack extension into these areas. Therefore, at the instant
of loading to 100% Fmax, there is a significant concentration of stress around the macro-
cracks and in the weak zones.

As the volume fraction (the volume of recycled aggregate as a proportion of natural
aggregate) of recycled aggregates increases to 100%, the average crack width decreases in
all specimens, while the variation in crack area is inconsistent. The average crack width
and area of recycled concrete with aggregate sizes of 5-10 mm and 10-16 mm increase the
most, by 6.5% and 23.34%, respectively. This indicates that small-sized recycled aggre-
gates carry a high content of bonded mortar, and micro-cracks mainly concentrate and
develop in the old ITZ. Additionally, the small gaps between recycled aggregates allow
adjacent micro-cracks to interconnect and form wider cracks that extend before the speci-
men reaches its peak load, releasing the strain energy within the concrete.

4. Conclusions

In a comprehensive analysis, it is observed that the crack propagation characteristics
and damage severity in recycled aggregate concrete (RAC) are significantly influenced by
both the volume fraction and size distribution of the recycled coarse aggregates. Specifi-
cally, as the volume fraction (the volume of recycled aggregate as a proportion of natural
aggregate) of recycled aggregates escalates from 10% to 30%, the crack propagation paths
within the RAC matrix become increasingly intricate, with the most pronounced damage
observed in RAC specimens containing recycled aggregates sized 16-20 mm, exhibiting a
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peak D-value of 1.65. Conversely, a gradual increase in the volume fraction beyond 30%,
up to 40%, 50%, and ultimately 100%, leads to mitigation in damage for RAC with recycled
aggregate sizes ranging from 5 to 20 mm. An exception to this trend is noted at the 100%
volume fraction for RAC with 20-25 mm aggregates, where a slight increase in the D-
value is observed. Additionally, maintaining a constant recycled aggregate size while var-
ying the volume fraction reveals that at 10% incorporation, the crack area approximates
80 mm?. As the volume fraction augments to 30%, both the average crack width and area
augment concurrently. However, further increments to 40% and 50% volume fractions
result in a minor fluctuation in average crack width for RAC with 16-25 mm aggregates,
whereas a substantial decline in crack area is evident for RAC with 5-10 mm and 10-16
mm aggregates. Ultimately, at a 100% volume fraction, a uniform decrease in average
crack width is noted across all specimens, albeit with a non-uniform trend in crack area
variation, highlighting the intricate interplay between recycled aggregate characteristics
and RAC crack morphology.
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