
Academic Editor: Shengwen Tang

Received: 5 February 2026

Revised: 9 March 2026

Accepted: 10 March 2026

Published: 11 March 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

A Review on Fractal Technology Applications in Cementitious
Materials: Theory and Limitations
Yi Zhao 1,2 and Junjie Wang 2,*

1 Beijing No. 4 Municipal Construction Engineering Co., Ltd., Beijing 101113, China; m13811403000@163.com
2 Department of Civil Engineering, Tsinghua University, Beijing 100084, China
* Correspondence: junjie-wang@live.cn

Abstract

This comprehensive review examines the application of fractal theory and technology in
the study of cementitious materials, with a focus on cement and concrete. We begin by in-
troducing the fundamental concepts of fractal geometry and the various fractal dimensions
used to quantify material features. We then explore how fractal analysis has been applied
to key aspects of cementitious materials, including pore structure, particle size distribu-
tion, fracture surfaces, and crack propagation. Each section highlights the methodologies
employed, the insights gained, and the implications for material design and performance.
Additionally, we discuss the use of fractal-based techniques in the non-destructive testing
and monitoring of structures. Finally, we address the challenges and limitations of fractal
approaches and propose future directions for research in this interdisciplinary field. Fractal
theory can become a useful tool in the study of cementitious materials, aiding a deeper
understanding of their physical properties and long-term durability, and guiding the de-
sign of more durable and efficient construction materials by giving engineers the required
knowledge on the technology and its limitations.

Keywords: fractal theory; cementitious materials; concrete; structure–property relationship;
long-term durability

1. Introduction
Cementitious materials, such as cement and concrete, are inherently complex and

heterogeneous. Their internal structures, from the nano-scale hydration products to the
macro-scale aggregate distribution, exhibit irregular and seemingly random features that
defy description by traditional Euclidean geometry [1,2]. This complexity is not merely
academic; it underpins the material’s mechanical properties, durability, and performance
under various conditions. In recent decades, researchers have increasingly turned to
fractal theory as a powerful tool to quantify and understand these complex structures [3,4].
Fractal geometry provides a mathematical framework for describing self-similar, scale-
invariant patterns that are common in nature and in engineered materials [5,6]. By applying
fractal analysis, scientists and engineers can characterize the roughness, irregularity, and
complexity of cementitious materials at multiple scales [7,8], bridging the gap between
microstructure and macroscopic behavior [9,10].

Fractal theory is a branch of mathematics that deals with complex geometric shapes
exhibiting self-similarity and scale invariance [11,12]. Unlike classical Euclidean shapes
such as lines, squares, and cubes, fractals have fractional dimensions that quantify their
complexity. The core idea is that many natural and man-made structures, when viewed at
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different magnifications, reveal similar patterns, a property known as self-similarity [13,14].
In cementitious materials, features like pore surfaces or fracture profiles are similarly rough
and detailed at all scales, making fractal analysis a natural fit (Figure 1).

 

 

Figure 1. Actual fractal in concrete and generated shape [15].

Central to fractal analysis is the fractal dimension, a numerical value that quantifies
the space-filling capacity of a pattern. Unlike a one-dimensional smooth line or a flat
surface dimension, a fractal curve or surface can have a non-integer dimension, indicating
a higher degree of complexity. The most well-known fractal dimension is the Hausdorff
dimension [14], which rigorously defines the dimension of a set in terms of coverage
by balls of diminishing size. In practice, researchers often use computationally simpler
dimensions such as the box-counting dimension or capacity dimension, which estimate
the Hausdorff dimension by counting the number of boxes needed to cover the fractal
at different scales. Other common fractal dimensions include the information dimension
which considers the probability of box occupation and the correlation dimension used for
analyzing point distributions. Each has its own mathematical definition and interpretation,
but all serve to capture the complexity and irregularity of the object under study. The
box-counting method estimates the fractal dimension by systematically covering a complex
object with grids of decreasing box size and counting how many boxes contain any part
of the object, with the slope of log(box count) versus log(1/box size) yielding the fractal
dimension D; schematically, one would first overlay a coarse grid (e.g., 4 × 4 boxes) on a
jagged crack profile and count N = 12 occupied boxes, then repeat with finer grids (8 × 8,
16 × 16, 32 × 32) obtaining N = 28, 65, and 152 respectively, then plot these four (log(1/s),
logN) points, and fit a straight line whose slope D ≈ 1.26 indicates the crack’s roughness
exceeds a smooth line (D = 1) but remains below a space-filling curve (D = 2).

It is important to note that while the Hausdorff dimension is considered the gold
standard, it can be difficult to apply to concrete, which is a complex material. In many
“well-behaved” fractals, the Hausdorff dimension equals the box-counting dimension, but
there are pathological cases where they differ. For most practical applications in materials
science, the box-counting dimension or its variants provides a robust and reproducible
measure of fractality. Fractal theory also encompasses multifractal analysis, which extends
the concept to cases where different regions of a structure exhibit different scaling behav-
iors [16]. In multifractals, a spectrum of generalized dimensions are often denoted to be
used to characterize the heterogeneity of the measure, e.g., pore size distribution or mass
distribution across scales [17].
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While fractal theory has been extensively documented across physics, mathematics,
and materials science, its application to cementitious materials requires careful attention
since cementitious materials are very complex. In cement-based systems, the fractal char-
acteristics emerge from distinct physical processes at multiple scales: at the nanoscale,
calcium–silicate-hydrate (C-S-H) gel exhibits surface fractal dimensions reflecting its col-
loidal packing density and gel-pore connectivity, which directly correlates with strength
development and permeability; at the microscale, the interfacial transition zone (ITZ) sur-
rounding aggregates displays self-similar roughness due to the wall effect and particle
segregation, with its fractal dimension serving as a possible indicator for mechanical prop-
erties; and at the mesoscale, crack paths through hardened cement paste and aggregates
follow fractal patterns dictated by the competition between brittle matrix failure and tortu-
ous deflection around aggregates. The aggregate phase itself contributes to this complexity
through its own surface fractality which modifies the effective ITZ thickness and interlock-
ing efficiency. Thus, rather than treating the fractal dimension as a standalone descriptive
parameter, researchers must establish explicit mechanistic links between different types of
cementitious materials and this parameter. Without such material-specific interpretation,
fractal analysis could not be useful for assessing and predicting concrete durability and
performance engineering. Thus, this review is necessary for providing engineers with a
basic understanding of this field.

2. Fractal Characteristics of Cementitious Materials
Cementitious materials, particularly concrete, are prime examples of natural fractals

in engineering [18,19]. Their formation processes—from the hydration of cement grains
to the curing of concrete—involve the gradual growth of complex structures that exhibit
self-similarity across a range of scales [20,21]. X-ray scattering can be used to demonstrate
that the internal pore structure of hardened cement paste is fractal, and a wealth of re-
search has confirmed that many features of cementitious materials can be described as
fractals [22]. For instance, the pore network in concrete, which consists of capillary pores,
gel pores, and microcracks, is highly irregular and exhibits scale-invariant properties. The
aggregate particles and their size distribution in concrete also follow fractal scaling in their
distribution [23]. Aggregate size distribution often obeys a power law, indicating that
the mixture of coarse and fine aggregates has a fractal character [24]. Even the fracture
surfaces of concrete and other brittle materials are rough and jagged at all magnifications, a
classic signature of fractal geometry [25]. These observations have led to the widespread
adoption of fractal analysis in the study of cementitious materials [26], as it provides a
way to quantify features that were previously only qualitatively described as “rough” or
“irregular” [27].

The fractal characteristics of cementitious materials manifest in several key areas:

(1) Pore Structure: The voids within a material, pores, cracks, and voids between aggre-
gate and paste, form a complex network that is often fractal [28–30]. MIP and nitrogen
adsorption tests on cement paste and mortar have revealed that the cumulative pore
volume follows a power law with respect to pore size, indicating a fractal pore size
distribution [31]. The surface of the pores, the solid–void interface, is also a “rough”
surface in Euclidean terms and can be characterized by a surface fractal dimension.
This fractal pore structure influences properties like permeability and strength, as will
be discussed later.

(2) Particle Size Distribution (PSD): The particles that make up a building material,
cement grains, fine and coarse aggregates [29], supplementary cementitious materials,
etc., often have a size distribution that can be described by a fractal model. For
example, the mass of particles smaller than a certain size in a concrete mix may follow
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a power-law distribution, reflecting a self-similar pattern of particle sizes. This is
not surprising, since natural aggregates and crushed materials often have fractal
size distributions, and even industrial by-products like fly ash or slag exhibit fractal
characteristics in their particle morphology [24,28]. Fractal analysis of particle size
distribution is useful for optimizing mix designs, as the fractal dimension of the PSD
can influence workability and packing density [29].

(3) Fracture Surfaces and Cracks: When concrete or other brittle cementitious materials
fail, the resulting fracture surfaces are extremely rough. These surfaces exhibit similar
views of a small region which looks like the entire fracture surface [32]. This has been
confirmed by the fractal analysis of crack profiles and 3D fracture surfaces [33], which
yield fractal dimensions greater than two for a 3D surface. The fractal dimension of
a fracture surface is related to the material’s toughness and the energy dissipated
during fracture—a higher fractal dimension generally indicates a more tortuous
crack path and higher fracture energy [34]. Similarly, the propagation of cracks in
concrete can be studied using fractal techniques; for example, acoustic emission events
during cracking have been analyzed in a fractal framework to understand the damage
evolution [15].

Recognizing these fractal characteristics is crucial because it allows researchers to
apply fractal geometry to quantify and model the material’s behavior [35,36]. In essence,
the fractal nature of cementitious materials provides a common language to link their
structure across scales [37–39]. The relationships between these fractal dimensions of
cementitious materials and their physical properties will be reported in the subsequent
sections of this review.

3. Fractal Analysis of Pore Structure in Cement-Based Materials
The pore structure of cement-based materials is a critical determinant of their strength,

durability, and transport properties. It encompasses pores ranging from nanometer gel
pores in the C-S-H to millimeter capillary pores and entrained air voids. Traditional
methods of characterizing pore structure, such as mercury intrusion porosimetry (MIP)
or nitrogen adsorption [3], provide pore size distributions, but they do not fully capture
the geometric complexity of the pore network. Figure 2 clearly shows a strong correlation
between fractal dimension and porosity. Fractal analysis has emerged as a complementary
approach to quantify this complexity and link to the physical properties of materials [21]. By
treating the pore network as a fractal object, researchers can assign a fractal dimension that
describes how the pore surface or volume scales with size [23]. This has led to significant
insights into the relationship between pore structure and material performance [14,30,40]
(Figures 3 and 4). It can be seen from Figure 3 that a higher pore surface fractal dimension
indicates a higher compressive strength for cement paste and mortar. Sometimes, the con-
tradiction in the relationship between fractal dimension and concrete properties stems from
the fact that the fractal dimension quantifies complexity without distinguishing between
beneficial and detrimental microstructural features, so its interpretation depends entirely
on which specific attribute is being analyzed. A higher fractal dimension of C-S-H gel
indicates a more intricate, space-filling nanostructure with a higher surface area and denser
packing, which enhances strength and durability by providing more bonding sites and
reducing permeability; conversely, a higher fractal dimension of cracks or pores signifies
more tortuous, branched damage networks that increase stress concentrations, facilitate
aggressive ion transport pathways, and reduce fracture toughness. Thus, while the elevated
fractal dimension reflects improved performance when describing the hydration product
morphology, it signals degradation when characterizing defect geometries, necessitating
careful contextual specification in multiscale concrete analysis.
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Figure 2. Pore surface fractal dimension (Ds) and porosity of concrete [41]. CF: Concrete with fly ash;
0, 10, 20, 30, 40: 0%, 10%, 20%, 30%, 40% replacement of PC with fly ash.

 

Figure 3. Pore surface fractal dimension (Ds) and compressive strength [7,22–24].
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Figure 4. Fractal dimension of pores in concrete (Y-axis) after different temperature exposure (X-
axis) [42].

One of the earliest applications of fractal theory in cement-based materials was to
analyze the pore surface fractal dimension [43]. The idea is that the solid–void interface in a
porous material is a rough surface that can be characterized by a fractal dimension for a 3D
material [44]. Beyond MIP, other techniques like X-ray computed tomography (CT) [28] and
scanning electron microscopy (SEM) have been combined with fractal analysis to visualize
and quantify pore networks in 3D. CT scans of concrete can be processed to extract the pore
phase, and then box-counting methods are applied to determine the fractal dimension of
the pore network in 3D. These studies [28,42] often find that the 3D pore fractal dimension
is quite high for normal concrete (Figure 4), reflecting a highly complex, space-filling pore
structure. Such high-dimensional pore networks are consistent with the percolating nature
of pores in concrete. Fractal analysis can also be used to study the evolution of the pore
structure under different conditions. In general, processes that refine the pore structure
such as pozzolanic reactions or prolonged curing tend to increase the fractal dimension
by creating a more intricate pore network, whereas degradation that coarsens the pores
like leaching or freeze–thaw damage can decrease the fractal dimension by simplifying the
pore geometry.

The practical implications of fractal pore analysis are significant. By quantifying
the pore structure’s complexity, engineers can better predict properties like permeability,
diffusivity, and mechanical strength [45]. For instance, a higher pore surface fractal di-
mension often correlates with lower permeability as seen above [46], which is desirable
for durability. On the other hand, a very high fractal dimension might also indicate a
highly tortuous pore network that could trap moisture and affect freeze–thaw resistance.
Thus, fractal analysis provides a nuanced view of pore structure that goes beyond total
porosity. It has been used to optimize mix designs—for example, by adjusting the fine
aggregate content or using supplementary cementitious materials to achieve a target fractal
dimension that balances strength and permeability. In summary, the application of fractal
theory to pore structure has deepened our understanding of how the geometry of pores
controls the macroscopic behavior of cement-based materials, guiding the development of
more durable and high-performance concretes.
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4. Fractal Characterization of Particle Distribution and
Particle Morphology

Cementitious materials are often composed of a mixture of particles of various sizes,
from fine cement grains to coarse aggregates. The particle size distribution (PSD) of
these components plays a crucial role in properties like workability, packing density, and
strength. The PSD and particle morphology of the particles will influence the hydration and
the packing microstructure of cementitious materials. Fractal theory has been applied to
characterize PSDs and the morphology of particles [47,48], revealing that many construction
materials follow fractal scaling in their particle populations [14]. This is particularly true
for materials like aggregate, sand, and even industrial by-products used as admixtures [49].

A key observation is that the mass or number distribution of particles in many con-
struction materials obeys a power law over a range of sizes, which is a signature of fractal
behavior [50]. This relationship implies that the particle sizes are self-similar—the ratio
of fine to coarse particles remains constant across different size scales [51]. Such fractal
PSDs are common in natural soils and rock fragmentation processes often yield fractal
size distributions, and they are also found in crushed stone and gravel used in concrete.
Researchers have used this concept to model and optimize aggregate gradation. By fitting
a fractal PSD model, one can determine the fractal dimension D that best describes the
aggregate blend. A higher D closer to three indicates a broader distribution with more fine
particles, whereas a lower D closer to two indicates a more uniform, coarse gradation. This
fractal dimension can be linked to physical properties [52]: for instance, in a higher D more
fines might improve the packing density and strength of the concrete, but could reduce
workability. Thus, fractal analysis provides a quantitative tool to balance these trade-offs in
mix design.

Beyond aggregates, the morphology of individual particles can also be fractal. Many
binders used in construction, such as cement, fly ash, silica fume, and ground, granulated
blast-furnace slag, have highly irregular particle shapes [14]. These shapes exhibit self-
similarity when magnified, meaning the surface roughness or angularity of a particle looks
similar at different scales [53]. Fractal analysis has been employed to quantify the surface
texture of these particles. For example, the surface fractal dimension of cement particles
can be measured using image analysis or nitrogen adsorption, and it has been related to the
reactivity of the cement [53]. A rougher particle surface typically has a larger surface area,
which can enhance the rate of hydration and thus the early strength development. Similarly,
the fractal dimension of fly ash particles has been correlated with their pozzolanic activity;
more fractal, rougher fly ash particles tend to react more readily with calcium hydroxide,
improving the strength and durability of the concrete (Figure 5) [41]. From Figure 5, it can
be seen that the increasing fly ash content reduced the Ds at earlier periods (3 and 28 days)
but increased the Ds at a longer period (180 days).

 

Figure 5. Ds and fly ash content in concrete at (a) 3 days, (b) 28 days and (c) 180 days [41].
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Fractal characterization is not limited to the particles themselves but can also be
extended to the arrangement and packing of particles. The way particles pack together in a
mix, for example, the distribution of voids between aggregate particles, can be analyzed
using fractal geometry. Researchers have used box-counting on cross-sectional images of
concrete to measure the fractal dimension of the aggregate–paste interface and the overall
spatial distribution of the aggregates [28]. These studies often find that the aggregate
distribution in concrete is fractal over the normal particle size (0.16–25 mm) reflecting the
random placement of different size particles, and that the fractal dimension can influence
properties like permeability and strength [42]. For instance, a higher fractal dimension of
the aggregate distribution, indicating a more uniform dispersion of aggregate sizes and
better packing, might lead to higher strength and lower permeability, given the condition
that the same type of material is used and all testing conditions are the same [42].

In summary, the fractal characterization of particles in cementitious materials has
provided valuable insights into how particle size and shape influence material properties.
It has enabled engineers to describe and optimize aggregate gradations, to evaluate the
quality of cementitious powders, and to understand the microstructure of packed particle
beds. By assigning a fractal dimension to a particle size distribution or surface texture, one
can compare different materials on a common scale and predict their performance. For
example, a concrete mix with a certain fractal PSD might be designed to achieve a target
strength, or fly ash with a known fractal dimension might be selected for its reactivity.
These applications underscore the importance of fractal theory in bridging the gap between
microscale particle features and the macroscale behavior of cementitious materials.

5. Fractal Analysis of Fracture Surfaces and Crack Propagation
The fracture behavior of cementitious materials, particularly brittle materials like

concrete, is a complex process involving the initiation and growth of cracks. Traditional
fracture mechanics uses parameters like fracture toughness and fracture energy to quantify
a material’s resistance to crack propagation [54,55]. However, these parameters do not
directly describe the geometry of the fracture surface itself. Fractal analysis has been
introduced in this context to characterize the roughness and tortuosity of fracture surfaces,
providing a new perspective on material toughness and damage mechanisms [32,56].

When a material like concrete fractures, the resulting crack path is highly irregular [57].
The fracture surface is not a smooth plane but a rough, jagged interface that can be described
as a fractal [58]. The fractal dimension of a fracture surface of a 3D material is typically
greater than a 2D material, reflecting a surface that is so convoluted it begins to fill space.
A higher fractal dimension indicates a more complex, tortuous crack path [59]. This has
important implications: a more tortuous crack means the crack had to deviate and twist
more to advance, which usually requires more energy. Indeed, studies have shown a strong
correlation between the fractal dimension of a fracture surface and the material’s fracture
energy, and the energy absorbed per unit area of new surface created [60].

The fractal dimension fundamentally differs from conventional fracture mechanics by
characterizing geometric complexity and scale-invariant self-similarity rather than treating
cracks as idealized smooth surfaces with single-valued parameters like the stress intensity
factor or energy release rate, thereby capturing the hierarchical roughness and irregularity
that classical Linear Elastic Fracture Mechanics assumes as negligible; indeed, a fractal de-
scription directly corresponds to identifiable physical processes—lower fractal dimensions
near D ≈ 1.0 indicate straight, unstable crack initiation at stress concentrators, while an
increasing D reflects tortuous propagation around aggregates and through the ITZ, with
peak complexity at an even higher D value marking extensive branching and microcrack
coalescence prior to catastrophic failure, and post-peak D reduction signaling macro-crack
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localization. The physical mechanism driving fractal characteristics in concrete arises from
the material’s intrinsic heterogeneity at multiple scales—random aggregate distribution
creates self-affine crack surfaces where local arrest at stiff inclusions generates branch-
ing, while the quasi-brittle nature of cement paste produces scale-free energy dissipation
through microcracking cascades, with the resulting fractal geometry emerging as a natural
consequence of energy minimization in disordered media, analogous to diffusion-limited
aggregation processes where the competition between elastic energy release and surface
energy creation selects for roughness that is statistically similar across magnification scales
from micrometers to meters.

Fractal analysis of fracture surfaces is typically done using profilometry or imaging
techniques [56]. A common approach is to take a profile of the fracture surface with either a
2D cut or a 3D scan and apply the box-counting method to determine the fractal dimension.
In 2D, one might analyze the line profile of the crack—the length of the profile will increase
with finer resolution, and the slope of the log–log plot of length vs. resolution gives the
fractal dimension. In 3D, one can use laser scanning or CT to reconstruct the surface and
then apply box-counting in 3D. These analyses have been applied to concrete, mortar, rocks,
and even fiber-reinforced composites [61,62]. In concrete, researchers have found that
the fracture surface fractal dimension can be higher, depending on the mix and loading
conditions. For instance, the addition of fibers to concrete often increases DS as the fibers
introduce more interfaces, bridge cracks and force them to follow a more tortuous path,
which is reflected in a rougher fracture surface [63]. This is consistent with the observed
increase in fracture energy and toughness of fiber-reinforced concrete. Beyond just the final
fracture surface, fractal concepts have been used to study the process of crack propagation
itself. The growth of a crack can be viewed as a fractal process in space and time [54]. One
innovative application is the use of acoustic emission (AE) monitoring during the loading
of concrete.

In studying the cracking of drying shrinkage [41,61,62] in concrete (Figure 6), one can
map the network of cracks and calculate the fractal dimension of the network based on the
box method. From Figure 6, it can be seen that the relationship between drying shrinkage
and Ds is not consistent at different ages of concrete. A higher fractal dimension of the
crack network indicates a more pervasive, interconnected cracking pattern [15]. This has
been used to compare the effectiveness of different crack-control measures like shrinkage-
reducing admixtures or curing compounds—a lower crack network fractal dimension
would suggest fewer or less connected cracks, which is desirable. Similarly, in the context
of fracture mechanics testing, fractal analysis has been used to quantify the so-called fractal
process zone—the region of microcracking and damage ahead of the crack tip. The size
and fractal dimension of this process zone can influence the apparent fracture toughness of
the material.

In summary, the application of fractal theory to fracture in cementitious materials
could provide a deeper understanding of the cracking properties of concrete. Fractal
analysis provides a practical bridge between microscopic crack patterns and macroscopic
material performance in cementitious systems. By measuring the roughness of fracture
surfaces through fractal dimension, engineers can quantify how tortuous or irregular a
crack path is higher values indicating more energy absorption and toughness, lower values
signaling brittleness and easy crack propagation. This enables deliberate material design:
adding fibers, selecting rough aggregates, or using specific admixtures can all increase
surface fractality and tailor fracture resistance. It also serves as a quality control tool,
where rough fracture surfaces in tests indicate good toughness while smooth surfaces may
reveal construction problems. Overall, fractal analysis complements traditional fracture
mechanics by capturing geometric complexity that standard parameters miss, offering a
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straightforward framework for designing better concrete and evaluating its real-world
performance.

 

Figure 6. Correlations between drying shrinkage and Ds at (a) 3 days, (b) 28 days and (c) 180 days [41].

6. Fractal Approaches in Mixed and Composite Cementitious Materials
Modern construction often involves the use of mixed and composite materials, such

as fiber-reinforced concrete, polymer-modified mortars, or high-performance concretes
with multiple admixtures [63]. These materials combine different phases, e.g., cement
paste, aggregate, fibers, and polymers to achieve superior properties. The presence of
multiple phases introduces additional complexity in the microstructure, which can be
fruitfully analyzed using fractal theory [64]. Researchers have applied fractal analysis to
understand how the different components interact and how the overall composite structure
behaves [65].

One area of interest is the interfacial transition zone (ITZ) in concrete—the thin layer of
cement paste surrounding each aggregate particle, which is often weaker and more porous
than the bulk paste [66]. The ITZ is a critical factor in concrete’s strength and durability.
Fractal analysis has been used to characterize the ITZ’s structure. For example, by imaging
the ITZ at high magnification and applying box-counting, researchers have measured the
fractal dimension of the ITZ’s pore structure and microcracks. These studies often find that
the ITZ has a higher porosity and a more complex pore structure higher fractal dimension
than the bulk paste, which explains its lower strength. Understanding the ITZ’s fractal
nature has guided improvements—for instance, using mineral admixtures or fine particles
to fill the ITZ and reduce its fractal dimension making it less porous and more like the bulk
paste, in other words, more compact, thereby enhancing the composite’s performance.

Another application is in fiber-reinforced composites [67]. The addition of fibers
to cement or mortar creates a composite with improved toughness and crack resistance
by introducing more interfaces and bridgingi different phases. Fractal analysis can help
quantify how the fibers influence the microstructure. For example, the distribution of
fibers in the matrix can be analyzed using fractal geometry; a uniform, well-dispersed fiber
network might have a certain fractal dimension, whereas clustering of fibers would change
that dimension [63]. Additionally, the presence of fibers affects the fracture surface, as
mentioned earlier [67].

In summary, fractal approaches in mixed and composite cementitious materials pro-
vide a way to quantify and optimize the complex microstructures that arise from combining
different materials. Whether it is the ITZ in concrete, the fiber network in a composite, or
the nanostructure of a high-performance paste, fractal analysis offers a common metric to
compare and evaluate these features. This has practical implications for material design; for
example, by adjusting the mix to achieve a desired fractal dimension in a certain phase, one
can tailor the composite’s properties. As cementitious materials become more advanced
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with fibers, polymers, nanomaterials, etc., the role of fractal theory in understanding and
engineering these materials will only grow.

7. Fractal Theory in Durability and Long-Term Performance
The durability of cementitious materials—their ability to withstand environmental

exposure and maintain performance over time—is a critical concern in construction [68].
Many durability-related processes, such as corrosion of reinforcement [69], freeze–thaw
damage [70], sulfate attack, and carbonation, are influenced by the material’s microstructure.
Fractal theory has been applied to study these processes by linking the fractal characteristics
of the material’s structure to its durability [3]. This section highlights how fractal analysis
has provided insights into various durability mechanisms and how it can be used to predict
or improve long-term performance.

Two of the most studied durability aspects are permeability and transport proper-
ties [71,72], which are directly related to the pore structure [14]. As discussed earlier, the
fractal dimension of the pore network can indicate how tortuous the flow paths are [46]. A
more tortuous higher fractal dimension pore structure generally leads to lower permeability,
which is beneficial for durability because it slows down the ingress of harmful agents such
as water, chlorides, sulfates, etc., [73]. Researchers have used fractal analysis to correlate
pore structure with transport coefficients. Different fractal dimensions from the pore struc-
ture, particle distribution, etc., can be used to evaluate and predict permeability [46] and
other durability metrics. In practice, this means one could use a fractal model to estimate
the diffusion coefficient of chloride ions in concrete based on its pore fractal dimension, or
to predict the rate of carbonation penetration. Such predictions are valuable for the service
life modeling of structures.

Freeze–thaw resistance is another area where fractal analysis has been applied. Freeze–
thaw damage in concrete occurs when water in the pores freezes and expands, causing
internal cracking [74]. The air-void system’s entrained air bubbles in concrete are crucial for
accommodating this expansion [75]. The distribution and size of air voids can be analyzed
using fractal geometry. Studies have shown that a well-distributed air-void system which
is more fractal, with a range of bubble sizes, provides better protection against freeze–thaw
damage. Conversely, a non-fractal or poorly distributed air-void system, e.g., mostly large
bubbles, might not effectively relieve pressure. Fractal analysis has been used to quantify
the air-void system’s structure and correlate it with freeze–thaw test results. For instance, a
higher fractal dimension of the air-void distribution might indicate a more optimal spacing
factor and bubble size, leading to higher freeze–thaw resistance. This has guided the use of
air-entraining agents—the goal is to achieve a certain fractal characteristic in the air-void
system for maximum durability.

Corrosion of steel reinforcement in concrete is influenced by the concrete’s pore struc-
ture and permeability, as discussed [76,77]. But fractal theory has also been applied directly
to study corrosion products and the cracking they induce [78]. When steel corrodes, it
forms rust iron oxides which occupy a larger volume than the original steel. This expansion
creates cracks in the concrete [78]. The pattern of these cracks and the morphology of the
rust layer can be fractal. Researchers have used fractal analysis to characterize the rust
layer’s surface and the crack patterns around corroding reinforcement. A higher fractal di-
mension of the rust layer might indicate a more porous, flaky rust that allows easier ingress
of oxygen and moisture, potentially accelerating corrosion [69]. On the other hand, a more
compact rust lower fractal dimension might slow down the process [78]. By understanding
these relationships, engineers can better predict corrosion rates and the effectiveness of
corrosion-inhibiting strategies like concrete cover quality or coating.
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Sulfate attack and other chemical attacks on concrete involve the penetration of sulfate
ions and subsequent chemical reactions that cause expansion and cracking. The penetration
of sulfates is again a transport process influenced by the pore structure’s fractal nature.
Additionally, the microcracking pattern caused by sulfate attack can be analyzed fractally.
Engineers can compare the fractal dimension of crack networks in concrete specimens
exposed to sulfates versus those not exposed. It is easy to understand that the attacked
specimens develop a more extensive and interconnected crack network. A higher fractal
dimension can be used as an indicator of damage level. This approach can be used to
quantify the degree of sulfate attack in field samples, complementing traditional measures
like expansion or strength loss.

Fractal theory has also been applied to shrinkage in concrete [41,61], although to a
lesser extent. The idea is that the microstructure of concrete which is fractal evolves over
time under sustained load or drying conditions. Some researchers have used fractal analysis
to study the development of microcracks during the changes in pore structure during drying
shrinkage [41]. For example, the fractal dimension of the pore structure might increase
as drying progresses due to the formation of more fine pores as water is removed, which
could be related to the material’s increased brittleness over time [61,62]. While this area is
still developing, it shows the potential of fractal analysis to provide a unified framework
for understanding various time-dependent phenomena in cementitious materials.

In summary, fractal theory in durability offers a way to connect the microstructural
characteristics of materials to their long-term performance. By quantifying the fractal
nature of pores, cracks, and other features, researchers can better predict how a material
will behave under aggressive environments. This has practical applications, for instance,
using fractal analysis to select concrete mixes or protective treatments that will result in a
more durable structure. It also enhances our fundamental understanding of degradation
mechanisms, which can lead to new strategies for improving durability such as designing
a concrete mix with a specific pore fractal dimension to resist chloride ingress. As the focus
in construction shifts towards longer service lives and sustainability, the role of fractal
analysis in ensuring and predicting durability will become increasingly important.

8. Fractal Methods in Non-Destructive Testing and Monitoring
Ensuring the safety and integrity of structures requires effective non-destructive testing

(NDT) and monitoring techniques [79]. Fractal theory has found innovative applications
in this domain, particularly in the analysis of data from NDT methods [80]. By treating
the signals or images obtained from NDT as fractal patterns, engineers can extract more
information about the condition of a material or structure [80].

One prominent application is in the analysis of surface cracks using image process-
ing [15,33]. Cracks on the surface of concrete or masonry structures are a primary indicator
of damage. Traditional crack detection often relies on simple thresholding or edge detection
in images, but these methods can be sensitive to noise and lighting conditions. Fractal-
based methods offer a more robust approach [62]. Fractal analysis can also be used in
acoustic emission (AE) monitoring. The sequence of AE hits during loading or environ-
mental exposure can be analyzed in various ways, and fractal theory provides a unique
perspective. For example, the time series of AE amplitudes or the spatial distribution of AE
sources could be examined for fractal patterns.

Another NDT technique where fractal analysis can be applied is infrared thermogra-
phy. In thermography, surface temperature variations are used to detect subsurface defects
like voids or delamination because these affect heat flow. The temperature field on a surface
can be complex and irregular, especially in the presence of defects. Fractal analysis can be
used to quantify the texture of the thermogram images. By calculating the fractal dimension
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of the temperature field, one can detect and even characterize defects. This approach can be
used for detecting subsurface cracks in concrete and voids in masonry walls. It could offer
a way to enhance the interpretation of thermography data beyond simple thresholding,
providing a measure of the complexity of the thermal signature which can be linked to
defect severity.

Ultrasonic testing [79] and impact-echo are other NDT methods that generate signal
wave forms that can be analyzed using fractal techniques. The response of a material to an
impact or ultrasonic pulse can carry information about its internal structure [79]. Fractal
analysis of these signals, for example, the wave form time series or their frequency spectra,
can reveal characteristics of the material’s heterogeneity.

In summary, fractal methods in NDT and monitoring could provide a novel way to
analyze and interpret the complex data these techniques generate. By treating signals,
images, or sensor data as fractal patterns, engineers can detect damage more reliably and
even quantify its nature. This has the potential to improve the safety and maintenance of
infrastructure. As NDT technologies advance with higher resolution sensors and more data,
the role of fractal analysis in making sense of this data will only grow, helping to unlock
the full potential of these techniques for ensuring the longevity of our built environment.

9. Challenges and Future Directions
While fractal theory has proven to be a powerful tool in the study of cementitious

materials, as seen in Table 1, there are several challenges and limitations that researchers
and practitioners must contend with [81]. One of the primary challenges is the choice of
fractal model and dimension. As seen in this review, there are multiple ways to define
and calculate fractal dimensions, Hausdorff, box-counting, information dimension, etc.,
and different models might yield different values for the same material. This can lead to
confusion when comparing results across studies. For instance, the pore fractal dimension
of concrete measured by one researcher using MIP and a certain model might not be directly
comparable to another’s measurement using CT and box-counting. Efforts are needed to
standardize methods or at least to clearly report the techniques used so that results can
be interpreted correctly. However, these measurement technologies all have their own
limitations, such as ink-bottle effects in MIP, segmentation sensitivity in CT, or resolution
constraints that affect fractal scaling ranges. Additionally, the range of scales over which
a structure exhibits fractal behavior is important. Many materials are fractal only over a
limited scale range, for example, from nanometers to micrometers, and beyond that the
structure might become homogeneous or random. Identifying the appropriate scale range
and ensuring that the data covers it is crucial for accurate fractal analysis. Most importantly,
the fundamental and scientific relationships between the fractal dimension and engineering
properties (permeability, strength, fracture energy, etc.) should be investigated in depth in
the future.

Another challenge is the interpretation of fractal dimensions in terms of material
properties. While correlations have been found, e.g., a higher pore fractal dimension means
lower permeability, these relationships are not universal. A higher fractal dimension could
sometimes be detrimental. For example, a very high pore fractal dimension might indicate
a tortuous pore network that traps moisture. Thus, one must be cautious in extrapolating
fractal results to performance without understanding the underlying mechanisms. There is
also the issue of causality—does a certain fractal structure cause a property, or is the fractal
dimension just a manifestation of some other factor? For example, a mix with more fine
particles might have a higher PSD fractal dimension and higher strength, but the strength
is due to the packing density rather than the fractal dimension per se. Researchers are
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working to unravel these relationships and to use fractal analysis in conjunction with other
microstructural characterization to build comprehensive models.

Table 1. Key elements requiring fractal analysis in cementitious materials.

Element Category Specific
Parameter/Feature Fractal Method Relevance for Concrete

Properties
Challenges and Future

Applications

Pore Structure

Total porosity distribution MIP, NMR, µCT with
box-counting

Transport properties,
durability assessment

Scale range limits, surface
chemistry interference,

multifractal analysis for
hierarchical pore networks

Critical pore diameter MIP with fractal
dimension correlation

Surface area roughness BET with fractal dimension

Crack Patterns

Fracture surface
roughness

SEM image analysis with
boundary fractal dimension

Failure mode diagnosis,
service life prediction

3D computational
intensity, dynamic crack

tracking difficulty,
real-time crack monitoring

Crack density Image analysis with
box-counting

Microcrack network
connectivity

Image analysis with fractal
dimension

Particles

Aggregate size
distribution

Laser diffraction with PSD
fractal dimension

Reactivity prediction, mix
design optimization,
mechanical behavior

Nanoparticle dispersion
quality control,

agglomeration control,
aggregate quality grading

Cement particle
morphology

SEM image analysis with
boundary fractal dimension

Fiber distribution and
orientation

µCT with directional
fractal analysis

ITZ

ITZ thickness
and roughness

Nanoindentation mapping;
SEM-EDS line scans Interfacial transition

mechanics, bond strength,
durability enhancement

Engineered ITZ using
fractal-optimized

admixture gradients, in
situ ITZ measurementITZ porosity SEM image analysis with

boundary fractal dimension

Hydration Products

C-S-H gel micro and
nanostructure

SAXS, SANS with surface
fractal dimension Strength development

prediction, shrinkage
control,

rheological properties

Crystal orientation effects,
3D crystal network

complexity, time-resolved
fractal analysis

during hydration

Ettringite/CaCO3
crystal morphology

SEM with crystal boundary
fractal dimension

Portlandite distribution SEM-EDS mapping

Degradation
Phenomena

Sulfate attack
cracking patterns

SEM image analysis with
boundary fractal dimension

Expansion risk assessment,
durability, carbonation

depth prediction, service
life modeling

Automated performance
monitoring using

real-time fractal-based
feedback, overlapping
damage mechanisms

Alkali-silica reaction
gel distribution

µCT with gel network
fractal analysis

Carbonation
front progression

Phenolphthalein imaging with
front roughness fractal

Chloride ion distribution SEM-EDS image analysis with
boundary fractal dimension

From a practical standpoint, the complexity of fractal analysis can be a barrier to
its widespread adoption in industry. Many engineers in construction are not trained
in fractal geometry, and the calculations, especially for 3D data or multifractals, can be
computationally intensive. There is a need for user-friendly software and guidelines that
allow practitioners to apply fractal analysis to their data. Additionally, integrating fractal-
based parameters into design codes or standards is challenging because codes typically
rely on well-established, simple metrics. Convincing code bodies to include something
like a pore fractal dimension would require extensive validation and demonstration of its
benefits over traditional parameters.

Looking to the future, there are several exciting directions for the application of
fractal theory in cementitious materials. One is the increasing use of multifractal analysis.
As materials become more complex, with multi-scale pores, fibers, nanoparticles, etc., a
single fractal dimension might not fully capture their structure. Multifractal analysis can
provide a spectrum of dimensions, offering a richer description. For example, a multifractal
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analysis of a pore structure could reveal not just the overall complexity but also how
the heterogeneity of pore sizes varies across scales. This could be particularly useful for
studying highly heterogeneous materials like recycled aggregate concrete or concrete with
waste materials, where the pore and particle distributions might be very irregular.

Another future direction is the integration of fractal analysis with computational
modeling and simulation. With the rise of digital twins and the computational modeling of
structures, incorporating fractal descriptions of materials into these models could improve
their accuracy. For instance, a finite element model of concrete could use a fractal-based
representation of the pore structure or fracture process zone to better predict cracking.
Similarly, in multiscale modeling, fractal theory can provide the link between scales; one
could use a fractal upscaling technique to relate microstructural properties to macroscopic
behavior. This is an active area of research in materials science, and cementitious materials
stand to benefit greatly from it.

The combination of fractal analysis with machine learning and AI is also a promising
avenue. As we saw with the FTM model for crack detection, fractal features can be used
as inputs to machine learning algorithms to improve classification or prediction. In the
future, we might have AI models that take in microstructural images or other data and,
using fractal analysis among other features, predict the material’s performance or even
suggest optimal mix designs. This could accelerate the development of new materials by
quickly evaluating the fractal characteristics of candidate formulations.

Finally, as the construction industry moves towards sustainability and a circular
economy, fractal theory could play a role in evaluating and designing materials with
recycled or waste content. Many waste materials like crushed glass, recycled concrete
aggregate, or industrial slags have complex particle shapes and size distributions. Fractal
analysis can help characterize these materials and understand how they will behave when
incorporated into concrete or other products. For example, a fractal analysis of recycled
aggregate might reveal a rougher surface texture which could improve bond strength
but also increase water demand—knowledge that can be used to adjust the mix design
accordingly. By quantifying the fractal nature of these alternative materials, engineers
can make more informed decisions about their use, contributing to more sustainable
construction practices.

In conclusion, while challenges remain in terms of standardization and interpretation,
the future of fractal theory in cementitious materials research and practice is bright. It offers
a unique lens through which to view and understand the complexity of materials. As our
computational and analytical tools advance, we will be able to extract even more value
from fractal analysis, leading to smarter material design, better prediction of performance,
and, ultimately, more resilient and sustainable infrastructure.

10. Conclusions
Fractal theory and technology have become deeply intertwined with the study of

cementitious materials, providing a quantitative framework to describe and analyze their
complex structures. From the nanometer-scale pores in cement paste to the macroscopic
cracks in a concrete beam, fractal geometry offers a common language to characterize
features that were once considered too irregular to measure. This review has traversed
the various applications of fractal analysis in cementitious materials, highlighting how it
has been used to: (1) quantify the pore structure of cement-based materials and link it to
properties like permeability and strength; (2) characterize the particle size distribution and
morphology of aggregates, cement, and admixtures, aiding in mix design and material
selection. Through these applications, it is evident that fractal theory is not just an abstract
mathematical concept but a practical tool that has provided tangible benefits. It has allowed
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researchers to uncover relationships between structure and properties that were previously
hidden, and it has guided the development of new materials with improved performance.
For example, by understanding the fractal nature of pores, engineers can design concretes
with optimized pore structures for durability. By analyzing the fractal dimension of fracture
surfaces, materials scientists can develop tougher composites. And by using fractal-based
NDT methods, inspectors can more reliably assess the condition of infrastructure.

However, fractal characteristics alone cannot universally predict physical properties
across different concrete types or composite materials, as pore and crack surface chemistries
vary significantly and strongly influence water ingress and crack propagation. Therefore,
fractal-property correlations should be established only within specific, well-defined mate-
rial classes. The interdisciplinary nature of fractal theory bridging mathematics, materials
science, and civil engineering has enriched our understanding of cementitious materials
and accelerated the adoption of advanced imaging and computational techniques. Its inte-
gration with machine learning and multiscale modeling promises further transformative
advancements.

In summary, fractal theory has become an established and increasingly practical tool
for cementitious materials research. As global infrastructure demands grow, the ability
to understand and control material complexity across scales remains paramount. Fractal
theory, with its emphasis on scale invariance and hierarchical structure, is ideally suited to
this challenge. This review highlights the significant progress to date and points toward a
future where fractal-based approaches will enable safer, more durable, and more sustain-
able construction materials. However, the same fractal characteristics in different types of
concrete or composite materials should not be treated as the same physical properties or
permeabilities, because the surface and chemical compositions of the pores or cracks are
not the same, which could have significant effects on the water ingress or crack propagation
in these materials. Thus, the link between fractal characteristics and physical properties of
concrete should be assumed only in the same type of materials and under the same measur-
ing conditions. In practice, the functional role of fractal complexity is context-dependent
and may vary with connectivity, anisotropy, and percolation thresholds. Important issues
such as limited scaling domains, resolution dependence, non-self-similar behavior in real
materials, and challenges in linking fractal descriptors to predictive constitutive models
should be examined more critically.
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