
1 
 

A review on Fracture Propagation in Concrete: Fundamentals, 
Experimental Techniques, Modelling and Applications  

 
Salim Barbhuiya1. Bibhuti Bhusan Das2, Fragkoulis Kanavaris3 

 

1. Department of Engineering and Construction, University of East London, UK 

2. Department of Civil Engineering, NIT Karnataka, Surathkal, India 

3. ARUP, London, UK 

 
Corresponding author: Salim Barbhuiya (email: s.barbhuiya@uel.ac.uk) 

 
Abstract:  
 
This paper provides a comprehensive overview of fracture propagation in concrete, covering 
various aspects ranging from fundamentals to applications and future directions. The 
introduction section presents an overview of fracture propagation in concrete, emphasising its 
importance in understanding the behaviour of concrete structures. The fundamentals of 
fracture propagation are explored, including concrete as a composite material, crack initiation 
and propagation mechanisms, types of fractures and factors influencing fracture propagation. 
Experimental techniques for studying fracture propagation are discussed, encompassing both 
non-destructive and destructive testing methods, such as acoustic emission, ultrasonic 
testing, digital image correlation and advanced imaging techniques like X-ray tomography and 
scanning electron microscopy. Modelling approaches, including continuum damage 
mechanics, finite element method, discrete element method, lattice discrete particle model 
and hybrid modelling approaches, are reviewed for simulating and predicting fracture 
propagation behaviour. The applications of fracture propagation in concrete are highlighted, 
including structural health monitoring, design optimisation, failure analysis and repair and 
rehabilitation strategies. The research opportunities for further improvement are addressed. 
The paper serves as a valuable resource for researchers, engineers and professionals in the 
field, providing a comprehensive understanding of fracture propagation in concrete and 
guiding future research endeavours. 
 
Keywords: Fracture propagation, crack initiation, X-ray tomography, discrete element 
method, continuum damage mechanics. 

 
1. Introduction 
 
Fracture propagation in concrete is a complex and critical phenomenon that plays a significant 
role in the behaviour and performance of concrete structures. Understanding how cracks 
initiate, propagate and interact in concrete is essential for ensuring the safety, durability and 
functionality of these structures. Concrete, as a composite material, exhibits unique fracture 
characteristics due to its heterogeneous nature (Ortiz and Popov, 1982; Konsta-Gdoutos et 
al. 2010; Bencardino et al. 2010; Jones, 2018). Fracture propagation in concrete can occur 
through various mechanisms, including microcracking, crack bridging, aggregate interlock and 
matrix failure (Santiago and Hilsdorf, 1973; Shah et al. 1995; Li and Maalej, 1996; Rossi et al. 
2014; Sarfarazi and Haeri, 2016). These mechanisms are influenced by factors such as 
material properties, loading conditions, environmental effects and the presence of 
reinforcement. 
 
The types of fractures encountered in concrete can vary from tensile cracks to shear cracks 
and can occur in different locations, such as near the surface, within the bulk material, or at 
the interface between different materials (Ohno and Ohtsu, 2010; Aldahdooh and Bunnori, 
2013; Nor et al. 2013; Ohno et al. 2014). Understanding the behaviour of these fractures is 
crucial for assessing the structural integrity and predicting the performance of concrete 
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elements. Researchers have developed various experimental techniques to study fracture 
propagation in concrete. Non-destructive testing methods, such as acoustic emission, 
ultrasonic testing, and digital image correlation, allow for real-time monitoring and detection of 
cracks in concrete structures (Aggelis, 2011; Dumoulin et al. 2015; Dong et al. 2017; Nejati et 
al. 2020; Saleem and Gutierrez, 2021; Mukhtar and El-Tohfa, 2023). Destructive testing 
methods, including three-point bending, compact tension and Brazilian tests, provide valuable 
data on fracture toughness and crack growth (Ozbolt et al. 2011; Ozbolt et al. 2013; Huang et 
al. 2018; Yin et al. 2020; Padilla et al. 2022). In addition to experimental techniques, 
computational modelling approaches have been developed to simulate and predict fracture 
propagation in concrete. Continuum damage mechanics, finite element method, discrete 
element method and lattice discrete particle model are some of the modelling techniques used 
to capture the behaviour of cracks and their interactions with the surrounding material (Alfaiate 
et al. 1997; Sancho et al. 2007; Ooi and Yang, 2011; Cusatis et al. 2011; Meza-Lopez et al. 
2020; Xie et al. 2020; Jin et al. 2021; Park et al. 2022). 
 
The knowledge of fracture propagation in concrete finds applications in various fields. 
Structural health monitoring techniques utilise the understanding of crack propagation to 
assess the condition and integrity of concrete structures, allowing for early detection of 
potential failures. Design optimisation of concrete structures takes into account fracture 
propagation behaviour to enhance their performance and resistance to cracking. Failure 
analysis and risk assessment involve studying fracture propagation to identify the causes of 
structural failures and mitigate potential risks. Repair and rehabilitation strategies consider the 
behaviour of cracks to develop effective methods for repairing and strengthening damaged 
concrete structures. 
 
While significant progress has been made in the study of fracture propagation in concrete, 
there are still challenges and areas for improvement. Further research is needed to explore 
the microstructural effects on fracture behaviour, investigate dynamic fracture propagation 
under dynamic loading conditions and develop sustainable and eco-friendly concrete solutions 
with enhanced fracture resistance. Advanced sensing and monitoring techniques, integration 
of artificial intelligence and machine learning and field studies on real-world structures 
experiencing fracture propagation are among the research opportunities that can contribute to 
advancing the understanding of this important phenomenon. 
 
The motivation behind this review paper is to address the critical need for a comprehensive 
and up-to-date synthesis of knowledge in this field. By providing a consolidated overview of 
the fundamentals, experimental techniques, modelling approaches, applications, challenges 
and future directions, the review paper aims to fill the existing gaps and stimulate further 
research. It seeks to motivate researchers, engineers and professionals by emphasising the 
importance of understanding fracture propagation in concrete for ensuring structural safety, 
durability and performance. Ultimately, the review paper aims to contribute to the 
advancement of knowledge and the development of innovative strategies in the field of fracture 
propagation in concrete. 
 
The scope of this paper encompasses a wide range of topics related to the phenomenon. It 
covers the fundamentals of fracture propagation, experimental techniques for studying 
fractures, modelling approaches, applications in structural engineering and future research 
opportunities. However, it is important to note the limitations of the paper, including the 
possibility of not capturing every single research study in the field due to the vastness of the 
topic. Additionally, the paper does not delve deeply into specific subtopics or emerging 
research areas. The scope and limitations should be considered when interpreting the findings 
and applying them to specific contexts. 
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2. Fundamentals of Fracture Propagation in Concrete 
  

2.1 Concrete as a Composite Material 
 
Concrete is commonly referred to as a composite material due to its composition and structural 
characteristics. As a composite material, it exhibits a combination of properties that arise from 
the interaction between its components, namely the matrix, aggregates and additives. This 
composite nature of concrete plays a significant role in its overall performance and has 
implications for its design, construction and durability. One key aspect of concrete as a 
composite material is the matrix, which consists of cement, water and additives. Cement acts 
as a binder, providing cohesion to the mix and enabling it to harden into a solid mass. The 
hydration process of cement, where water reacts with cement particles, forms a matrix that 
binds the aggregates together and transfers loads within the material. The properties of the 
matrix, such as its strength, durability and resistance to chemical attack, greatly influence the 
performance of the concrete (Aıtcin, 2003; Li et al. 2020; Tayeh et al. 2022). 
 
The aggregates in concrete contribute to its mechanical properties, such as strength, stiffness 
and density (Ke et al. 2009; Cachim, 2009). They can be coarse aggregates (e.g., gravel or 
crushed stone) and fine aggregates (e.g., sand), which provide bulk to the material and fill the 
voids in the matrix. The size, shape and distribution of aggregates impact the workability, 
strength and durability of the concrete (Basheer et al. 2005; Medina et al. 2014; Aissoun et al. 
2016; Sokhansefat et al. 2019). Additionally, aggregates can influence other properties like 
thermal conductivity and shrinkage (Kim et al. 2003; Demirboga and Kan, 2012). The 
composite nature of concrete allows for the optimisation of specific characteristics by 
incorporating additives or admixtures. These substances are introduced during the mixing 
process to enhance workability, modify setting time, improve durability, or impart special 
properties like increased water resistance or improved chemical resistance. Admixtures can 
also address specific challenges, such as controlling air content or reducing the potential for 
cracking. The interaction between the matrix and aggregates in concrete is crucial for its 
overall performance. The matrix binds the aggregates together, provides protection against 
environmental factors, and helps distribute the applied loads. By transferring stresses to the 
aggregates, the matrix enhances the strength and load-bearing capacity of the concrete. The 
selection and proportioning of materials can be tailored to optimise the desired properties of 
the composite. 
 
Understanding concrete as a composite material has significant implications for its design and 
construction. Engineers and researchers can study the behaviour of its components to develop 
advanced mix designs, optimise the strength-to-weight ratio, improve durability and explore 
sustainable alternatives. This knowledge also enables the development of innovative 
construction techniques, such as fibre reinforcement or self-healing concrete, which enhance 
the material's performance and extend its service life. However, concrete as a composite 
material also poses challenges and limitations. Its inherent brittleness and susceptibility to 
cracking, especially under tensile loads, require additional measures to enhance its 
performance. Reinforcing materials, such as steel bars or fibres, are often incorporated to 
increase tensile strength and control crack propagation (Olesen, 2001; Yang et al. 2012; 
Ghalehnovi et al. 2019). The long-term durability of concrete can be affected by factors like 
chemical attack, freeze-thaw cycles and moisture ingress, necessitating proper design, 
maintenance and repair strategies. 
 
2.2 Crack Initiation and Propagation Mechanisms  
 
Crack initiation and propagation in concrete are influenced by various factors such as tensile 
stresses, chemical reactions, corrosion, stress concentrations, aggregate interlock, fracture 
toughness, microcracking and environmental effects. Tensile stresses exceeding the 
concrete's strength lead to crack initiation, while stress concentrations and weakened 
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interfaces facilitate crack propagation. Understanding these mechanisms helps in developing 
strategies for crack prevention and control, including improved mix designs, reinforcement 
with fibres, and monitoring techniques. Addressing crack initiation and propagation is crucial 
for ensuring the durability and longevity of concrete structures, enhancing their performance 
and safety. 
 
2.2.1 Crack Initiation Mechanisms 
 
Tensile stresses in concrete can arise from various sources, and when they exceed the tensile 
strength of the material, cracks can initiate (Chen and Yuan, 1980; Erzar and Forquin, 2010). 
External loads, such as applied forces or structural loads, can create tensile stresses that 
exceed the concrete's capacity to resist. Temperature differentials within the structure can also 
induce differential expansion and contraction, leading to tensile stresses and crack formation 
(Emorg and Bernander, 1994; Whittier et al., 2004; Maruyama and Lura, 2019). Additionally, 
restrained volume changes, such as those caused by drying shrinkage or thermal expansion, 
can generate tensile stresses in the concrete. 
 
Chemical reactions can also contribute to crack initiation in concrete. Alkali-aggregate reaction 
(AAR) occurs when reactive minerals in the aggregates react with alkalis from the cement 
paste, resulting in the formation of expansive reaction products (Glasser, 1991; Peng et al., 
2020). The expansion exerted by these reaction products leads to microcracking and the 
initiation of cracks. Similarly, sulphate attack involves the reaction between sulphates from 
external sources, such as groundwater and the cement paste (Lawrence, 1990; Roziere et al. 
2009). This reaction results in the formation of expansive compounds that cause cracking in 
the concrete. 
 
Corrosion of steel reinforcement is another significant factor influencing crack propagation in 
concrete. When steel reinforcement is exposed to moisture and oxygen, it can undergo 
corrosion (Zhang et al. 2009; Al-Harthy et al. 2011; Shaikh, 2018). The formation of rust on 
the steel surface increases its volume, generating expansive forces that exert tensile stresses 
on the surrounding concrete. Over time, these tensile stresses can initiate cracks and 
compromise the structural integrity of the concrete. 
 
2.2.2 Crack Propagation Mechanisms 
 
Stress Concentration: Once a crack initiates, stress concentrations occur at the crack tip due 
to the abrupt change in geometry (Gilabert et al. 2015; Dondeti and Tippur, 2022). The stress 
concentration amplifies the applied stresses, facilitating crack propagation. High-stress 
concentrations can arise at structural discontinuities, such as notches, joints and corners, 
leading to localised crack growth. 
 
Aggregate Interlock: Aggregates in concrete provide mechanical interlocking effects that resist 
crack propagation (Struble et al. 1980; He et al. 2017). The irregular shape and rough surface 
texture of aggregates create interfacial friction, impeding crack growth (Akacoglu, 2017). 
However, under high stress levels, cracks can propagate through weakened interfaces 
between the cement paste and aggregates, resulting in crack progression. 
 
Fracture Toughness: Fracture toughness characterises a material's resistance to crack 
propagation. In concrete, fracture toughness depends on factors such as the properties of the 
cementitious matrix, aggregate characteristics and the presence of supplementary materials 
like fibres or additives (Prokopski and Langier, 2000; Lin and Karadelis, 2019; Dehestani et 
al. 2020). Higher fracture toughness reduces the susceptibility of concrete to crack 
propagation. 
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Microcracking and Microstructural Damage: Concrete experiences microcracking at different 
length scales due to various mechanisms. These microcracks can form between cement 
particles, within the cement paste, and at interfaces between the cement paste and 
aggregates (Ringot and Bascoul, 2001; Mac et al. 2021). Over time, these microcracks can 
coalesce and propagate, leading to visible cracks. Microstructural damage, such as aggregate 
debonding, matrix cracking and interface degradation, can also contribute to crack 
propagation. 
 
Environmental Effects: Environmental factors play a significant role in crack propagation. 
Freeze-thaw cycles subject concrete to repeated cycles of expansion and contraction, 
inducing internal stresses and microcracking (Yang et al. 2006; Pilehvar et al. 2019). Chemical 
exposure from substances like de-icing salts or aggressive chemicals can degrade the 
concrete matrix, reducing its resistance to crack growth. Additionally, cyclic loading, such as 
repeated traffic loads on pavements, can gradually propagate existing cracks or initiate new 
ones. 
 
Understanding crack initiation and propagation mechanisms in concrete allows engineers and 
researchers to develop strategies for crack prevention and control. Improved mix designs, the 
addition of reinforcing fibres or supplementary materials, proper curing techniques and 
structural design considerations can enhance crack resistance and prolong the service life of 
concrete structures. Advanced monitoring techniques, such as acoustic emission testing and 
digital image correlation, enable the real-time assessment of crack development and 
behaviour, facilitating proactive maintenance and repair. 
 
2.3 Types of Fracture in Concrete 
 
Fractures in concrete can exhibit various characteristics and mechanisms, reflecting the 
complex behaviour of the material under different loading conditions. Understanding the types 
of fracture in concrete is crucial for assessing the structural integrity, identifying potential 
failure modes and implementing appropriate preventive measures. 
 
Tensile fractures in concrete occur when the tensile stresses exceed the concrete's tensile 
strength. These fractures can take the form of localised cracks, such as surface cracks or 
cracks near stress concentrations, or distributed cracks that propagate throughout the 
structure (Van Mier et al. 2003; Guo et al. 2022). The initiation and propagation of tensile 
fractures are influenced by various factors. The material properties of concrete, such as its 
tensile strength and fracture toughness, play a crucial role in determining the susceptibility to 
fracture (Kang et al. 2010; Dutler et al. 2018). The loading conditions, including the magnitude 
and distribution of applied loads, can also affect the initiation and propagation of cracks. 
Additionally, the presence of reinforcing elements, such as steel reinforcement or fibre 
reinforcement, can significantly influence the behaviour of tensile fractures in concrete. 
 
Shear fractures in concrete result from the sliding or tearing of the material along planes of 
weakness due to shear forces. These fractures commonly occur near supports, joints, or other 
areas of structural discontinuity where shear stresses are concentrated. The occurrence and 
propagation of shear fractures depend on several factors. The shear span-to-depth ratio of 
the structural member plays a significant role, with higher ratios generally leading to increased 
vulnerability to shear failure (Sanal, 2020; Mak and Lees, 2023). The detailing and spacing of 
shear reinforcement, such as stirrups or shear links, can also influence the behaviour of shear 
fractures (Monney et al. 2023; Sarkar et al. 2023). Furthermore, the presence of construction 
joints, cracks, or other structural irregularities can provide potential paths for shear failure 
(Wang, 2010). 
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Flexural fractures occur in structural elements subjected to bending moments, such as beams 
or slabs. These fractures typically develop along the tension side of the member due to the 
tensile stresses induced by bending. The formation and propagation of flexural fractures are 
influenced by several factors. The loading conditions, including the magnitude and distribution 
of bending moments, can affect the development and extent of flexural cracks (Cesar Bastos 
et al. 2017; Zhu et al. 2020). The geometry of the member, such as its depth, width, and span 
length, can also influence the behaviour of flexural fractures (Borosnyói and Balázs, 2005; 
Nguyen et al. 2013). Additionally, the presence and detailing of reinforcement, such as tension 
reinforcement at the bottom of beams or slabs, can contribute to the resistance against flexural 
cracking. 
 
Compression fractures in concrete are characterised by the crushing or spalling of the material 
under excessive compressive forces. These fractures often occur in columns, footings, or 
other elements subjected to high compressive loads. The occurrence and behaviour of 
compression fractures depend on various factors. The compressive strength of the concrete 
is a critical parameter, as higher strength concrete exhibits greater resistance to compression 
fractures. The confinement of the concrete, either through confinement reinforcement or 
structural confinement provided by adjacent elements, can also influence the resistance to 
compression failure (Cusatos et el. 2006; Wang et al. 2021). Furthermore, the presence of 
reinforcement, such as vertical reinforcement in columns, can contribute to the overall strength 
and stability of the element. 
 
Impact fractures in concrete are a result of sudden and high-energy loads, such as collisions 
or dynamic events. These fractures often lead to localised cracks and fragmentation of the 
concrete due to the rapid and intense forces involved. The behaviour of concrete under impact 
loading depends on various factors. The compressive strength, tensile strength and fracture 
toughness of the concrete play significant roles in determining its response to impact loads. 
The strain rate at which the impact occurs can also influence the behaviour, with higher strain 
rates often leading to increased brittleness and reduced energy absorption capacity (Mindess 
and Bentur, 1985; Guo et al. 1995; Shin et al. 2022). Additionally, the presence of 
reinforcement or other energy-absorbing mechanisms, such as fibre reinforcement or damping 
devices, can enhance the impact resistance of concrete structures. 
 
Fatigue fractures in concrete develop over time under repeated or cyclic loading. These 
fractures typically initiate from microscopic cracks and gradually propagate, leading to 
structural failure if not properly addressed. The occurrence and progression of fatigue cracks 
are influenced by several factors (Bazant and Xu, 1991; Subramaniam et al. 2002; Jia et al. 
2023). The loading frequency, or the number of loading cycles applied over a given time 
period, can affect the rate of crack initiation and propagation (Keerthana and Kishen, 2021). 
The stress amplitude, which represents the range of stresses experienced by the structure 
during each loading cycle, is a critical factor in fatigue crack growth. Material properties, such 
as the fatigue strength and crack growth resistance of the concrete, also play significant roles 
in determining the susceptibility to fatigue failure (Li and Matsumoto, 1998). Additionally, the 
presence of stress concentrations, such as notches, joints, or irregularities in the structure, 
can promote the initiation and growth of fatigue cracks. 
 
Understanding the different types of fractures in concrete and their underlying mechanisms is 
essential for engineers to mitigate cracking, enhance durability and optimise the design and 
construction of concrete structures. This knowledge helps in selecting appropriate materials, 
reinforcement strategies, and maintenance practices to ensure long-term performance and 
safety. By controlling crack formation and propagation, engineers can improve the overall 
performance of concrete structures, minimise the ingress of harmful agents and optimise the 
design for effective load-carrying capacity. Additionally, understanding fracture mechanisms 
aids in the development of maintenance practices and repair strategies, ensuring the longevity 
and safety of existing concrete structures. 
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2.4 Factors Influencing Fracture Propagation 
 
Fracture propagation in concrete is influenced by various factors that can significantly impact 
the behaviour and integrity of the material. Understanding these factors is crucial for predicting 
and managing crack growth in concrete structures. Some key factors influencing fracture 
propagation in concrete include: 
 
1. Material Properties: The mechanical properties of concrete, such as its tensile strength, 

modulus of elasticity, fracture toughness and stiffness, play a vital role in fracture 
propagation. Concrete with higher tensile strength and fracture toughness tends to exhibit 
better resistance to crack propagation (Kim et al. 2015; Dastgerdi et al. 2019). 
Additionally, the presence of aggregates, admixtures and other additives can affect the 
fracture behaviour of concrete by altering its mechanical properties. 

 
2. Loading Conditions: The magnitude, type and duration of applied loads have a significant 

influence on crack propagation in concrete (Dzik and Lajtai, 1996). Different loading 
conditions, such as static, cyclic, impact, or dynamic loading, induce varying stress states 
that affect crack initiation and growth (Yang et al. 2020). High-stress concentrations and 
rapid loadings can accelerate crack propagation, leading to sudden failures. Fatigue 
loading, in particular, can cause progressive crack growth over time. 

 
3. Structural Design: The design of concrete structures, including the arrangement and 

detailing of reinforcement, can influence crack propagation. Proper reinforcement 
placement and detailing can help distribute loads and reduce localised stress 
concentrations, thereby inhibiting crack growth. On the other hand, inadequate 
reinforcement, improper joint design, or inadequate structural connections can promote 
crack initiation and propagation (Słowik, 2019). 

 
4. Environmental Conditions: Environmental factors, such as temperature variations, 

moisture, chemical exposure and freeze-thaw cycles, can impact fracture propagation in 
concrete (Larosche, 2009). Temperature changes can induce thermal stresses, while 
exposure to aggressive chemicals or moisture can lead to chemical reactions and 
degradation of the material, making it more susceptible to cracking. Freeze-thaw cycles 
can cause internal pressure build-up and microcracking (Rhardane et al. 2021). 

 
5. Construction Practices: The quality of construction practices significantly affects the 

resistance of concrete to crack propagation. Adequate curing, consolidation and 
compaction of concrete are essential to ensure proper bonding and minimise voids and 
weak zones. Inadequate curing or improper construction techniques can result in weak 
regions, poor bonding, or voids, which can serve as sites for crack initiation and 
propagation (Laefer et al. 2010; Dao et al. 2014). 
 

6. Age and Degradation: The age of the concrete and its long-term exposure to 
environmental and loading conditions can influence fracture propagation (Wittmann, 
1985; Giaccio et al. 2008). Concrete undergoes aging and degradation processes, such 
as shrinkage, creep, carbonation and alkali-silica reaction, which can weaken the material 
and increase its susceptibility to cracking. Aging can lead to changes in material 
properties and the formation of microcracks, facilitating crack propagation. 

 
7. Size and Shape of Specimen: The size and shape of the concrete specimen or structural 

element can impact fracture propagation (Wittmann et al. 1990; Kim et al. 2009; Kumar 
and Barai, 2012). Larger or thicker sections tend to experience higher stress 
concentrations, leading to more pronounced crack propagation. The presence of notches, 
corners, or other stress concentrators can also promote crack initiation and growth. 
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8. Stress Concentrations: The presence of stress concentrators, such as notches, joints, or 
irregularities, can significantly affect crack propagation (Gao et al. 2020; Zhang et al. 
2023). Stress concentrations amplify the local stresses, making those regions more prone 
to crack initiation and subsequent propagation. It is crucial to consider stress 
concentration factors and mitigate their effects during the design and construction stages 
to minimise crack propagation risks. 

 
By considering and analysing factors such as concrete mix components, proportioning, 
compressive strength, fibre reinforcement and environmental conditions, engineers can 
design and implement strategies to control crack propagation in concrete structures. They can 
select suitable materials, optimise reinforcement design and employ effective construction 
practices to enhance the structural integrity and durability. Understanding the fracture 
parameters and behaviour of concrete under different loading conditions enables engineers 
to develop techniques for crack prevention and mitigation. Moreover, considering 
environmental conditions throughout the service life of the structure helps in identifying 
potential risks and implementing appropriate maintenance practices to minimise crack 
formation and ensure long-term performance and safety. 
 
3. Experimental Techniques for Studying Fracture Propagation  

 
Experimental techniques play a crucial role in studying fracture propagation in concrete, 
allowing researchers to gain insights into the behaviour and mechanics of cracks. Several 
techniques are employed to investigate crack initiation, propagation and associated 
parameters. 
 
3.1 Non-Destructive Testing Methods 
 
Non-destructive testing methods are valuable for studying fracture propagation in concrete 
without causing damage. Techniques such as Acoustic Emission (AE) Technique, Ultrasonic 
Testing and Digital Image Correlation (DIC) provide valuable insights into crack detection, 
localisation and monitoring. These methods enable the evaluation of fracture behaviour and 
structural integrity in a non-invasive manner. 
 
3.1.1 Acoustic Emission (AE) Technique 
 
Scientifically defined, acoustic emission is a phenomenon of sound and ultrasound wave 
generation by materials that undergo deformation and fracture processes (Fig. 1). The 
Acoustic Emission (AE) technique is a valuable tool for studying fracture propagation in 
concrete structures. AE involves the detection and analysis of transient stress waves or 
acoustic signals generated by the microcracking and fracture processes within the material. It 
provides real-time information on the initiation, growth and propagation of cracks, offering 
insights into the structural behaviour and integrity of concrete. The AE technique is non-
destructive and can be applied during the testing of concrete specimens or in-service 
monitoring of existing structures. It involves the use of sensitive sensors or transducers that 
detect and record the high-frequency acoustic signals generated by crack formation and 
propagation. These signals are then processed and analysed to characterise the fracture 
behaviour of the concrete. 
 
By monitoring the AE signals, engineers can gain information on the crack initiation threshold, 
crack growth rates, and the spatial distribution of cracks within the concrete. This data can 
help in understanding the mechanisms of fracture propagation, identifying critical regions 
prone to cracking, and assessing the structural performance under different loading 
conditions. The AE technique is particularly useful for evaluating the behaviour of concrete 
under dynamic or cyclic loading, such as impact or fatigue loading. It allows for the detection 
of crack initiation at an early stage, enabling timely preventive measures and maintenance 
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interventions to avoid catastrophic failures. Moreover, AE can be used to assess the 
effectiveness of crack repair techniques or the performance of fibre reinforcement in inhibiting 
crack propagation. It provides a means to validate the efficacy of these interventions and 
optimises their design for enhanced structural performance. 
 
The use of acoustic emission (AE) technique in studying the fracture of concrete has been 
explored in several research studies. Rossi et al. (1990) highlighted the applicability of AE in 
fracture mechanics applied to concrete. They discussed the relationship between AE 
parameters and crack propagation, emphasizing the potential of AE in monitoring crack growth 
in concrete structures. Grosse et al. (1997) focused on the localization and classification of 
fracture types in concrete using quantitative AE measurement techniques. They demonstrated 
the ability of AE to identify different fracture modes and distinguish between different types of 
cracks, enhancing the understanding of concrete fracture mechanisms.  
 
Landis and Baillon (2002) conducted experiments to correlate AE energy with fracture energy 
of concrete. Their findings provided insights into the relationship between AE energy and the 
mechanical properties of concrete, contributing to the development of AE-based fracture 
energy evaluation methods. Grosse and Finck (2006) proposed a quantitative evaluation 
method for fracture processes in concrete using signal-based AE techniques. They discussed 
the potential of AE to characterize crack evolution and quantitatively assess the damage 
progression in concrete structures. Shah and Kishen (2010) investigated the fracture 
behaviour of the concrete-concrete interface using the AE technique. Their study 
demonstrated the effectiveness of AE in monitoring crack initiation, propagation, and closure 
at the interface, providing valuable information for interfacial bond strength assessment. Hu et 
al. (2013) evaluated concrete fracture procedures based on AE parameters. They discussed 
the correlation between AE signals and crack growth stages, suggesting that AE monitoring 
can be used to assess the fracture process and estimate the remaining life of concrete 
structures. 
 
Other studies, such as Ohno and Ohtsu (2010), Aggelis et al. (2011), Sagar and Prasad (2011) 
explored crack classification, specific fracture energy measurement, cracking evolution 
analysis and classification of cracking modes using AE parameters. These studies 
demonstrated the potential of AE in characterizing different aspects of concrete fracture 
behaviour. Furthermore, Alam et al. (2014), Farnam et al. (2015), and Chen et al. (2020) 
investigated various aspects of AE waveform characterisation, such as crack origin, mode 
identification and loading rate effects on concrete fracture behaviour. These studies 
highlighted the capabilities of AE in providing detailed information on crack characteristics and 
behaviour. The study by Banjara et al. (2019) delves into the experimental exploration of 
cracking evolution in concrete and cement mortar through the application of the Acoustic 
Emission (AE) technique. Their research specifically focuses on understanding AE 
parameters throughout the damage progression in both shear deficient and Glass Fiber 
Reinforced Polymer (GFRP) strengthened reinforced concrete components. The investigation 
provides valuable insights into the dynamic nature of cracking in these materials, contributing 
to advancements in structural health monitoring and maintenance strategies. 
 
One aspect to consider is the interpretation and analysis of AE signals. AE signals can be 
influenced by various factors, including background noise, sensor placement, and signal 
attenuation. These factors can introduce uncertainties and affect the accuracy of crack 
detection, localisation and characterisation. Standardised methodologies and signal 
processing techniques are essential for consistent and reliable interpretation of AE data. 
Further research is needed to develop robust analysis procedures that minimise the impact of 
noise and enhance the accuracy of AE-based fracture assessment. Additionally, the 
relationship between AE parameters and fracture properties of concrete is complex and may 
vary depending on several factors, such as concrete mix composition, specimen size, and 
loading conditions. While some studies have attempted to correlate AE energy with fracture 
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energy or crack size, there is still a need for a deeper understanding of the fundamental 
relationships and the influence of confounding variables. Improved methodologies for 
calibrating AE parameters and establishing reliable correlations with fracture properties would 
enhance the accuracy and applicability of AE technique in concrete fracture analysis. 
 
Furthermore, the applicability of AE technique to different types of concrete structures and 
real-world scenarios needs to be thoroughly examined. Most of the cited studies focus on 
laboratory-scale specimens or simplified configurations, which may not fully capture the 
complexities of concrete structures in the field. Investigating the practicality and reliability of 
AE technique in real-world settings, such as large-scale structures or complex geometries, 
would strengthen the confidence in its applicability and effectiveness. Another consideration 
is the integration of AE with other non-destructive testing (NDT) techniques or imaging 
methods. Combining AE with techniques like digital image correlation or ultrasonic testing can 
provide complementary information on crack evolution, propagation patterns, and internal 
damage. The integration of multiple NDT techniques could enhance the accuracy and 
comprehensive understanding of concrete fracture behaviour. Moreover, the potential impact 
of environmental conditions on AE measurements and the long-term performance of AE 
sensors should be carefully evaluated. Factors such as temperature, humidity and aging of 
sensors can influence AE data quality and the reliability of long-term monitoring. Adequate 
sensor calibration, sensor maintenance and monitoring protocols are crucial to ensure the 
accuracy and consistency of AE measurements over time. 
 
3.1.2 Ultrasonic Testing  
 
Ultrasonic testing is a widely used NDT technique for studying fractures in concrete. This 
technique involves the propagation of high-frequency sound waves through the material and 
analysing their interaction with internal defects, such as cracks or voids. By measuring the 
time it takes for the sound waves to travel through the concrete and analysing the reflected or 
transmitted signals, valuable information about the presence, location and extent of fractures 
can be obtained. 
 
Ultrasonic testing allows for the assessment of both the size and orientation of cracks, as well 
as the determination of their depth within the concrete. The technique is particularly effective 
in detecting fine cracks that may not be visible to the naked eye, enabling early detection of 
potential structural issues and preventing further deterioration. Moreover, by monitoring 
changes in the ultrasonic signals over time, engineers can assess the stability and progression 
of fractures, facilitating proactive maintenance and repair strategies. The advantages of 
ultrasonic testing for fracture evaluation in concrete include its non-destructive nature, high 
sensitivity to small cracks, and ability to provide quantitative measurements. Additionally, it 
can be performed on-site, making it a convenient tool for field inspections and structural 
assessments. However, it is important to consider factors such as concrete composition, 
moisture content, and surface conditions, as they can affect the accuracy and reliability of the 
results. 
 
Ultrasonic testing has been widely used to study fractures in concrete, and several research 
studies have explored its effectiveness and limitations. Prassianakis and Giokas (2003) 
examined the mechanical properties of old concrete using destructive and non-destructive 
ultrasonic testing methods. Their findings highlighted the potential of ultrasonic testing in 
assessing concrete quality and identifying internal flaws. Similarly, Prassianakis and 
Prassianakis (2004) focused on ultrasonic testing of non-metallic materials, including concrete 
and marble, emphasizing its applicability in fracture mechanics. Stauffer et al. (2005) 
investigated nonlinear ultrasonic testing for early damage detection in concrete. They explored 
resonant and pulse velocity parameters and concluded that nonlinear ultrasonic methods offer 
valuable insights into concrete deterioration. Zhao et al. (2006) conducted an experimental 
study on ultrasonic wave attenuation across parallel fractures, shedding light on fracture 
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characterization using ultrasonic techniques. Shiotani et al. (2009) presented a case study on 
the global monitoring of large concrete structures using acoustic emission and ultrasonic 
techniques. Their research demonstrated the effectiveness of combining these methods for 
structural health assessment. Shah and Ribakov (2010) evaluated the effectiveness of 
nonlinear ultrasonic and acoustic emission evaluation in concrete with distributed damages, 
emphasizing the advantages of nonlinear ultrasonic testing in detecting and assessing 
damage in concrete structures. 
 
Iyer et al. (2012) focused on the evaluation of ultrasonic inspection and imaging systems for 
concrete pipes. Their research highlighted the potential of these systems in providing accurate 
and reliable information on concrete pipe conditions. More recently, Rucka et al. (2021) 
investigated the characterization of the fracture process in polyolefin fibre-reinforced concrete 
using ultrasonic waves and digital image correlation. Their study demonstrated the 
applicability of ultrasonic testing in assessing fracture behaviour and monitoring the crack 
propagation process. The study conducted by Kaur et al. (2019) focused on the application of 
ultrasound testing for studying fractures in concrete. The research explores the concept of 
healing and simultaneous ultrasonic monitoring of cracks in concrete. The authors 
investigated the effectiveness of ultrasound techniques in detecting and monitoring cracks in 
real-time, with a particular emphasis on the healing process. The findings of the study provide 
insights into the potential of ultrasound testing as a non-destructive method for assessing 
crack propagation and healing in concrete structures. The results are summarised in Fig. 3 
 
The critical analysis of the use of ultrasonic testing to study fractures in concrete reveals both 
strengths and limitations in its application. Ultrasonic testing offers several advantages, 
including its non-destructive nature, ability to assess mechanical properties, detect damage, 
and characterise fracture behaviour in concrete structures. One strength is its potential for 
evaluating the mechanical properties of old concrete and non-metallic materials, as 
demonstrated in some studies. This can provide valuable insights into the quality and condition 
of existing structures. Additionally, the use of nonlinear ultrasonic testing shows promises for 
early damage detection in concrete. However, there are limitations to consider. The practical 
implementation and reliability of nonlinear ultrasonic testing require further investigation and 
validation in real-world scenarios. The generalisability of findings may also be limited due to 
the focus on specific fracture configurations or concrete structures. 
 
The combination of ultrasonic testing with other techniques, such as acoustic emission or 
digital image correlation, shows potential for global monitoring or fracture characterisation. 
However, scalability, practical implementation and broader applicability need to be carefully 
assessed and validated. Furthermore, the effectiveness of ultrasonic inspection and imaging 
systems for concrete pipes may be subject to limitations, such as potential false positives or 
the requirement for skilled operators. These limitations should be addressed to enhance the 
reliability and practicality of ultrasonic testing in concrete pipe inspection. 
 
Overall, while ultrasonic testing offers significant potential for studying fractures in concrete, it 
is essential to acknowledge its limitations, including limited penetration depth, potential 
interference from heterogeneous materials and the need for further research, standardisation, 
and validation. Addressing these challenges will enhance the reliability and practical utilisation 
of ultrasonic testing for fracture analysis in concrete structures. 
 
3.1.3 Digital Image Correlation (DIC)  
 
Digital Image Correlation (DIC) has become an increasingly popular technique for analysing 
fracture behaviour in concrete structures. DIC allows for non-contact, full-field measurements 
of surface deformations and strain fields, providing valuable insights into crack initiation, 
propagation, and failure mechanisms (Corr et al., 2007; Wu et al., 2011). One significant 
advantage of DIC is its ability to capture the complete displacement and strain fields over the 
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concrete surface, enabling researchers to observe and quantify local deformations with high 
spatial resolution (Fayyad & Lees, 2014). This capability allows for a comprehensive 
understanding of crack development, including crack nucleation, growth and interaction 
(Fayyad & Lees, 2017). 
 
Several studies have utilized DIC to investigate specific aspects of fracture behaviour in 
concrete. For instance, Corr et al. (2007) employed DIC to analyse interfacial debonding 
properties in concrete, providing valuable insights into crack initiation and propagation at the 
interfaces. Wu et al. (2011) conducted an experimental investigation on fracture process 
zones (FPZ) in concrete using DIC, examining the size and evolution of the FPZ under 
different loading conditions. These studies highlight the usefulness of DIC in understanding 
fundamental fracture phenomena in concrete. DIC has also been applied to study the fracture 
properties of various types of concrete, such as reinforced concrete (Fayyad & Lees, 2014), 
geopolymer concrete (Xie et al., 2017) and fibre-reinforced concrete (Bhosale & Prakash, 
2020). These studies have provided valuable insights into the influence of different materials 
and reinforcement configurations on crack initiation and propagation, contributing to the 
development of more durable and resilient concrete structures. 
 
In the study conducted by Bhosale and Prakash (2020), DIC was employed to analyse crack 
propagation in different types of concrete beams: synthetic, steel-reinforced, and hybrid fibre-
reinforced. DIC allowed for the measurement of full-field displacements and strains on the 
beam surfaces, providing valuable insights into crack initiation, growth and propagation 
patterns. The use of DIC enabled the researchers to quantify crack widths and accurately track 
crack propagation paths, facilitating a comprehensive understanding of the fracture behaviour 
and performance of the different concrete beam types. This study exemplifies the utility of DIC 
in investigating crack propagation and its variation in different concrete materials and 
reinforcement configurations. The Comparison of DIC results with experimental results from 
clip gauge readings for CTOD: (a) HB75 beam, (b) PO75 beam is shown in Fig. 4. 
 
Despite its benefits, DIC does have some limitations that must be considered. One crucial 
aspect is the surface preparation and the application of contrasting patterns or markers on the 
concrete surface. Inaccurate or unstable patterns can lead to measurement errors and affect 
the reliability of the results (Huang et al., 2019). The complexity of concrete materials, 
including their heterogeneity, anisotropy, and time-dependent behaviour, poses challenges for 
accurately interpreting DIC data. It requires careful consideration of material models and the 
incorporation of appropriate constitutive relationships (Golewski, 2019). It is important to note 
that DIC primarily captures surface deformations and may not fully represent internal crack 
development. While it provides valuable information about surface displacements and strain 
fields, complementary techniques such as X-ray computed tomography or acoustic emission 
may be necessary to investigate the internal crack behaviour and its influence on the overall 
fracture process (Fayyad & Lees, 2014). Another consideration is the influence of 
environmental conditions and loading configurations on concrete behaviour and DIC 
measurements. Factors such as temperature, humidity and loading rate can affect the material 
response and the accuracy of DIC measurements. Therefore, careful control and monitoring 
of these parameters are crucial to ensure the validity of the experimental results (Wu et al., 
2011).  
 
In summary, DIC is a valuable tool for studying fracture behaviour in concrete structures. It 
provides full-field measurements of surface deformations and strain fields, allowing for a 
comprehensive understanding of crack development and failure mechanisms. However, the 
limitations associated with surface preparation, material complexity, internal crack monitoring 
and environmental influences should be carefully considered to ensure accurate and reliable 
analysis of fracture in concrete. 
 
3.2 Destructive Testing Methods 
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Destructive testing methods play a crucial role in studying fracture behaviour in concrete. 
These methods involve subjecting concrete specimens to controlled loading conditions until 
failure occurs, allowing researchers to analyse fracture mechanics and understand the 
material's response to external forces. Techniques such as three-point bending, four-point 
bending, and direct tension tests are commonly employed to evaluate properties like flexural 
strength, fracture toughness, and crack propagation behaviour. Destructive testing provides 
valuable information on the critical crack size, energy absorption capacity and failure modes 
of concrete. By assessing the fracture characteristics through destructive tests, engineers and 
researchers can enhance concrete design, develop more durable structures and improve 
construction practices. 

 
3.2.1 Three-Point Bending Test  
 
The Three-Point Bending Test is a commonly employed method for investigating fracture 
behaviour in concrete materials. Several studies have utilized this test to gain insights into the 
fracture properties and mechanical behaviour of concrete. One of the key advantages of the 
Three-Point Bending Test is its simplicity and ease of implementation. The test involves 
applying a load to a notched or unnotched concrete specimen supported at two points while 
measuring the resulting deflection and load. This provides valuable information on the crack 
initiation and propagation, fracture toughness and energy absorption capacity of concrete 
(Qiao & Xu, 2004; Sun et al., 2019; Li et al., 2019). The studies reviewed demonstrate the 
versatility and applicability of the Three-Point Bending Test in various contexts. For instance, 
researchers have used this test to evaluate the fracture energy of composite-concrete 
interfaces (Qiao & Xu, 2004), assess the performance of fibre-reinforced concrete (Sun et al., 
2019), and investigate the influence of recycled aggregates on fracture behaviour (Li et al., 
2019).  
 
However, it is important to acknowledge certain limitations associated with the Three-Point 
Bending Test. The test primarily provides information on the fracture behaviour under specific 
loading conditions and specimen geometries. The simplified test setup may not fully capture 
the complex stress state present in real-world structural elements, potentially leading to 
discrepancies between laboratory results and field performance (Abdalla & Karihaloo, 2003). 
Furthermore, the interpretation of Three-Point Bending Test results requires careful 
consideration of factors such as specimen size, shape and boundary conditions. The 
assumptions made in the analysis, such as linear elastic behaviour and plane stress 
conditions, may not always reflect the true response of concrete structures under complex 
loading conditions (Yin et al., 2020; Tang et al., 2022).  
 
Overall, the Three-Point Bending Test serves as a valuable tool for studying fracture in 
concrete. It offers a practical and accessible approach to evaluate fracture properties and 
understand the mechanical behaviour of concrete materials. However, researchers should be 
aware of the inherent limitations and ensure that test conditions align with the intended 
application to obtain reliable and meaningful results (Zhang et al., 2022; Chen et al., 2014; 
Ohno et al., 2014) 
 
3.2.2 Compact Tension Test 
 
The Compact Tension Test has been widely adopted as a valuable method for investigating 
fracture behaviour in concrete materials. In a Compact Tension Test (CTT), a small, 
standardized specimen of concrete is subjected to controlled loading in a way that induces a 
crack to propagate through the material. This test allows researchers and engineers to analyse 
key fracture parameters, such as critical stress intensity factors and crack growth rates, which 
are essential for understanding the material's resistance to fracture and its overall durability. 
The CTT involves applying a load to a notched specimen, typically in the form of a compact 
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tension (CT) geometry. The specimen's response to the applied load, particularly the initiation 
and propagation of cracks, is carefully monitored and analysed. The data obtained from the 
test can be used to characterize the material's fracture toughness, a critical property that 
influences its structural performance and reliability. 
 
It offers a controlled and standardized approach to studying crack propagation, fracture 
toughness, and other fracture parameters. Xu and Reinhardt (1999) focused on determining 
the double-K criterion for crack propagation in quasi-brittle fracture using compact tension and 
wedge splitting specimens. By analysing the experimental results, they provided insights into 
the relationship between crack growth and applied load, as well as the influence of specimen 
geometry and loading conditions. This research contributed to the understanding of fracture 
criteria in concrete. Kumar and Barai (2009) expanded on the determination of double-K 
fracture parameters for concrete using weight function methods. Their study explored the 
application of these methods to both compact tension and wedge splitting tests, enabling a 
more comprehensive understanding of fracture behaviour. By considering the weight 
functions, they were able to accurately assess the fracture parameters, enhancing the 
reliability of the test results. 
 
Ožbolt, Sharma, and Reinhardt (2011) delved into the dynamic fracture behaviour of concrete 
in compact tension specimens. They conducted experiments to investigate the effect of strain 
rate on crack propagation and fracture toughness. The dynamic nature of concrete fracture is 
an important consideration, especially in situations where high strain rates are involved, such 
as in impact or seismic events. This research provided valuable insights into the behaviour of 
concrete under dynamic loading conditions. Building upon the work of Ožbolt et al. (2011), 
Ožbolt, Bošnjak, and Sola (2013) carried out a combined experimental and numerical study 
on dynamic fracture behaviour in concrete compact tension specimens. Their research 
provided a comprehensive analysis of crack propagation, including the effects of loading rate 
and specimen size. By integrating experimental data with numerical simulations, they 
enhanced the understanding of dynamic fracture behaviour and its applicability to real-world 
situations. Cifuentes et al. (2017) introduced a modified disk-shaped compact tension test to 
measure concrete fracture properties. Recognising the limitations of traditional compact 
tension specimens, they proposed a modified specimen geometry that aimed to improve the 
accuracy and reliability of fracture data. This innovation highlights the ongoing efforts to refine 
and optimise testing techniques to better capture the fracture behaviour of concrete. 
 
While the Compact Tension Test offers numerous advantages, it is crucial to acknowledge 
certain limitations. The interpretation of test results requires careful consideration of factors 
such as specimen size, shape, boundary conditions and loading rates. The dynamic behaviour 
of concrete, which may significantly differ from its quasi-static behaviour, needs to be 
addressed to better understand fracture under high strain rates. Additionally, the transferability 
of test results to real-world structural elements should be approached with caution, as the 
simplified laboratory conditions may not fully capture the complexities of field applications. 
 
3.2.3 Brazilian Test  
 
The Brazilian Test is a widely utilised method for studying fracture behaviour in concrete 
materials. It involves applying compressive loads to a disc-shaped specimen and measuring 
the resulting tensile stresses along the diametrical plane. This test provides valuable insights 
into the tensile strength, fracture toughness, and other fracture properties of concrete. Several 
studies have focused on investigating various aspects of the Brazilian Test and its application 
in understanding concrete fracture. Rocco et al. (1999) conducted experimental investigations 
to verify the size effect and boundary conditions in the Brazilian Test. Their research 
highlighted the importance of specimen size and loading geometry on the measured fracture 
properties. 
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López et al. (2008) conducted a meso-structural study using interface elements to analyse 
concrete fracture in the Brazilian Test under compression, biaxial and uniaxial loading 
conditions. Their research provided insights into the crack propagation mechanisms and the 
influence of loading configurations on fracture behaviour. García et al. (2017) reviewed and 
provided new insights into the Brazilian Test for concrete specimens subjected to different 
loading geometries. Their study explored the effects of specimen geometry, loading rate and 
boundary conditions on fracture behaviour, highlighting the importance of considering these 
factors in test design and interpretation. Khosravani et al. (2018) focused on fracture studies 
of ultra-high-performance concrete using dynamic Brazilian tests. They investigated the 
dynamic response of concrete under high strain rates and explored the fracture behaviour of 
this advanced material. Their research demonstrated the applicability of the Brazilian Test in 
characterizing the fracture properties of high-performance concretes. 
 
Other studies have also investigated specific aspects of the Brazilian Test. Rastiello et al. 
(2018) studied the effect of crack opening on the intrinsic permeability of localized macro-
cracks in concrete samples, while Sun and Wu (2021) analysed crack initiation and source 
mechanisms based on moment tensor analysis. Ren et al. (2022) investigated the damage 
mechanism of concrete in both the Brazilian Test and the flattened Brazilian Test, utilising 
moment tensor analysis to gain insights into the fracture process. Furthermore, Padilla et al. 
(2022) focused on monitoring post-peak crack propagation in concrete during the Brazilian 
Tension Test. They proposed a monitoring technique to capture crack growth behaviour and 
assessed its potential for evaluating fracture properties and structural performance. 
 
The Brazilian Test offers several advantages for studying concrete fracture, including its 
simplicity, applicability to various concrete types, and controlled stress distribution. However, 
it is essential to consider certain limitations, such as the influence of specimen geometry, size 
effect and loading rate. Additionally, the interpretation of test results should account for the 
inherent complexities of concrete behaviour and the specific conditions under which the test 
is conducted. 
 
3.3 Novel Experimental Techniques  
 
The use of novel experimental techniques such as X-ray tomography, digital volume 
correlation (DVC) and scanning electron microscopy (SEM) has significantly advanced the 
understanding of fracture behaviour in concrete. These techniques have revolutionised the 
ability to study concrete fracture at the microstructural level, leading to improved knowledge 

of fracture mechanisms and paving the way for enhanced design and construction practices. 
 
3.3.1 X-ray Tomography 
 
The use of X-ray tomography has emerged as a valuable tool for studying fracture behaviour 
in concrete, attracting considerable attention from researchers in recent years. This non-
destructive imaging technique has been employed in numerous studies, aiming to explore 
various aspects of concrete fracture, such as crack propagation, damage evolution and 
fracture mechanics parameters. X-ray tomography enables researchers to visualise the 
internal structure of concrete and track the development of cracks with exceptional detail and 
precision (De Wolski et al., 2014; Ren et al., 2015). By capturing three-dimensional images of 
the fracture process, it provides valuable insights into fundamental aspects such as crack 
initiation, propagation paths, and interactions with aggregate particles and other constituents 
of the material (Huang et al., 2015; Skarżyński & Tejchman, 2016). 
 
The study by Ríos et al. (2019) highlights the use of X-ray tomography in analysing the tensile 
fracture properties of ultra-high-strength fibre-reinforced concrete (UHSFRC) with different 
types of steel fibres. By employing X-ray tomography, the researchers were able to visualise 
the internal structure of the UHSFRC specimens and track the progression of cracks during 
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tensile testing. This non-destructive imaging technique provided valuable insights into the 
fracture behaviour, crack initiation, and crack propagation mechanisms in UHSFRC. The 
findings from this study demonstrate the effectiveness of X-ray tomography in characterizing 
the fracture properties of advanced concrete materials, facilitating a deeper understanding of 
their mechanical performance. Figure 5 shows some images obtained with the X-ray CT for 
each mix. The red spherical shaped volumes represent the pores and the golden lines 
represent the steel fibres. 
 
One significant application of X-ray tomography in the field of concrete fracture research is the 
development of meso-scale fracture models. By integrating X-ray computed tomography (CT) 
data with numerical simulations and damage models, researchers can accurately predict crack 
patterns and analyse fracture behaviour (Huang et al., 2015; Huang et al., 2016; Trawiński et 
al., 2018). This integration facilitates a deeper understanding of fracture mechanisms and 
assists in the design of more durable and resilient concrete structures. However, it is essential 
to acknowledge the limitations of X-ray tomography. Factors such as resolution and imaging 
capabilities can vary, influencing the level of detail that can be captured (du Plessis & Boshoff, 
2019). Moreover, interpreting X-ray CT images requires expertise in image analysis and 
processing techniques (Suzuki et al., 2017). 
 
Despite the challenges, the use of X-ray tomography has significantly contributed to advancing 
the understanding of concrete fracture behaviour. By providing experimental data and 
visualizing the internal structure, this technique has shed light on the mechanisms of crack 
propagation and the influence of material properties on fracture (De Wolski et al., 2014; Ren 
et al., 2015; Yang et al., 2017). Continued advancements in X-ray tomography technology and 
analysis techniques hold promise for further expanding its potential in studying fracture 
phenomena in concrete (Kong et al., 2020). 
 
3.3.2 Digital Volume Correlation (DVC)  
 
Digital Volume Correlation (DVC) has emerged as a valuable technique for studying fracture 
in concrete, particularly when combined with X-ray computed tomography (CT) imaging. The 
use of DVC in analysing interior fracture behaviour of rubber-cement composites (Hong et al., 
2020) and cement-based materials subjected to loading (Lorenzoni et al., 2022) has provided 
valuable insights into the deformation and strain fields within the materials. One advantage of 
DVC is its ability to capture full-field displacements and strains within a volume of interest, 
enabling a detailed understanding of crack initiation, propagation and interaction with the 
surrounding material. This information is crucial for assessing the structural integrity and 
performance of concrete under different loading conditions. Li et al. (2023) conducted a study 
focusing on localised damage analysis of cement mortar using in-situ compressive loading 
and DVC. By capturing detailed three-dimensional images (Fig. 6) and quantifying 
displacement and strain fields, the researchers gained insights into microstructural changes 
and damage evolution. The study highlights the potential of DVC for understanding fracture 
mechanisms and aiding in the development of predictive tools. 
 
However, the application of DVC to study concrete fracture is not without challenges. The 
accuracy of DVC results relies heavily on the quality of the image data and the selection of 
appropriate correlation algorithms. The complex microstructure of concrete, including the 
presence of aggregates and cracks, can pose difficulties in achieving accurate and reliable 
displacement and strain measurements. Additionally, the computational requirements for 
processing large datasets generated by DVC analysis can be significant, making it time-
consuming and computationally demanding. Furthermore, the interpretation of DVC results 
requires careful consideration and validation, as the accuracy of the obtained displacement 
and strain fields is influenced by factors such as noise, image resolution and boundary 
conditions. 
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Despite these challenges, the use of DVC in combination with X-ray CT imaging has 
demonstrated its potential for enhancing the understanding of concrete fracture mechanisms. 
By providing detailed and quantitative information on crack evolution and deformation, DVC 
contributes to the development and validation of fracture models, improving the prediction and 
design of concrete structures. 
 
3.3.3 Scanning Electron Microscopy (SEM) 
 
Scanning Electron Microscopy (SEM) has been widely used as a valuable tool for studying 
the fracture behaviour of concrete. Researchers have employed SEM techniques to 
investigate various aspects of concrete fracture, providing insights into microstructural 
features, crack propagation and failure mechanisms. One of the key advantages of SEM is its 
high-resolution imaging capability, which allows for the visualisation of microcracks and the 
examination of fracture surfaces at a detailed level (Ollivier, 1985; Nemati, 1997). By using 
SEM, researchers can observe the microcracks and defects in the concrete matrix, providing 
valuable information about the initiation and propagation of cracks (Bisschop & Van Mier, 
2002). SEM analysis also enables the characterisation of the interfacial transition zone (ITZ) 
microcracking and its influence on the overall failure behaviour of concrete (Akçaoğlu et al., 
2005). Furthermore, SEM allows for the investigation of the fracture process zone (FPZ), 
which refers to the region surrounding a crack tip where significant deformation and damage 
occur (Hadjab et al., 2007). By utilizing SEM in conjunction with the non-local isotropic damage 
model, researchers can gain a better understanding of the FPZ in concrete beams, 
contributing to the development of more accurate fracture models. 
 
In the study conducted by Yu et al. (2022), SEM (Fig. 7) was employed to investigate the 
fracture behaviour of metakaolin and steel fibre modified concrete with high fluidity. In Fig. 7 
(a) MK0-SF0 curing at 7 days; (b) MK15-SF0 curing at 7 days; (c) MK0-SF0 curing at 28 days; 
(d) MK15-SF0 curing at 28 days. SEM analysis allowed for the examination of micro-facial 
characteristics, providing valuable insights into the microstructural features of the concrete 
and the distribution of reinforcing fibres. The high-resolution imaging capability of SEM 
enabled the observation of crack propagation and damage mechanisms within the concrete 
matrix. 
 
In addition to fracture analysis, SEM has also been used in conjunction with other techniques, 
such as acoustic emission, to provide a comprehensive understanding of the fracture 
behaviour of concrete (Hadjab et al., 2010). By combining SEM imaging with acoustic 
emission data, researchers can correlate the observed microcracks with the associated 
acoustic signals, enhancing the characterization and interpretation of the fracture process. 
However, it is important to acknowledge the limitations of SEM. The preparation of concrete 
samples for SEM analysis can be challenging, requiring careful sample preparation 
techniques to ensure accurate results. Additionally, SEM imaging is typically conducted under 
vacuum conditions, which may affect the moisture content and chemical composition of the 
concrete surface. 
 
Nevertheless, SEM has significantly contributed to the understanding of the fracture behaviour 
of concrete. Its high-resolution imaging capability and ability to reveal microstructural details 
have provided valuable insights into crack initiation, propagation and the influence of various 
factors on fracture mechanisms. Continued advancements in SEM technology and sample 
preparation techniques are expected to further enhance its potential for studying fracture 
phenomena in concrete and contribute to the development of more resilient and durable 
concrete structures. 
 
4. Modelling Approaches for Fracture Propagation in Concrete 
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Modelling approaches for fracture propagation in concrete have seen significant progress, 
utilizing various techniques to simulate and predict crack behaviour. One widely used 
approach is Continuum Damage Mechanics (CDM), which describes the progressive 
deterioration of the material through damage variables. The Finite Element Method (FEM) is 
another commonly employed technique, discretizing the concrete structure into small 
elements and solving governing equations to analyse crack propagation. Discrete Element 
Method (DEM) models concrete as an assembly of discrete particles interacting with each 
other, capturing the granular behaviour of the material. Lattice Discrete Particle Model (LDPM) 
combines the advantages of DEM and lattice-based models to simulate crack initiation, 
propagation, and coalescence. Hybrid modelling approaches integrate multiple methods, such 
as FEM and DEM, to capture different aspects of fracture behaviour. These modelling 
techniques play a crucial role in enhancing the understanding of fracture. 
 
4.1 Continuum Damage Mechanics (CDM) 
 
Continuum Damage Mechanics (CDM) has gained significant attention in the study of fracture 
behaviour in concrete due to its ability to capture the progressive damage and failure process 
of the material. CDM-based models have been utilized in various applications, demonstrating 
their versatility and effectiveness in analysing different aspects of concrete fracture. One area 
where CDM has been successfully applied is in fatigue modelling of asphalt concrete (Lee et 
al., 2000). By incorporating damage evolution laws and fatigue criteria, CDM allows for the 
prediction of fatigue life and the assessment of the material's durability under cyclic loading 
conditions. This has significant implications for the design and maintenance of asphalt 
pavements. 
 
Darabi, et al. (2012) presented a study on the use of continuum damage mechanics (CDM) in 
studying fracture behaviour in concrete (Fig. 8). They proposed a CDM framework that 
incorporates micro-damage healing phenomena, aiming to enhance the predictive capabilities 
of fracture models. The researchers focused on the healing process at the microscale and 
developed a set of damage evolution equations based on experimental observations. By 
considering the healing mechanisms, the CDM model could capture the recovery of damaged 
material properties and the closure of microcracks. The study demonstrated the effectiveness 
of the CDM approach in modelling fracture behaviour, providing insights into the healing 
process and its influence on the overall mechanical response of concrete structures. 
 
In the case of fibre-reinforced concrete, CDM has been employed to model the tension 
behaviour of these composites (Li and Li, 2001). By considering the interaction between the 
fibres and the matrix, CDM-based models can accurately predict the cracking and failure 
mechanisms in fibre-reinforced concrete, providing valuable insights for optimising the 
material's performance in structural applications. To enhance the capabilities of CDM, 
researchers have integrated it with other numerical methods. For instance, the combination of 
CDM with the eXtended Finite Element Method (XFEM) allows for the simulation of crack 
propagation in concrete structures (Roth et al., 2015). By incorporating enriched finite element 
formulations, XFEM-CDM models can accurately capture crack initiation, growth and 
branching, enabling detailed analysis of fracture behaviour. 
 
It is important to address the challenges associated with CDM, such as the calibration of 
material parameters. Obtaining accurate and representative input parameters for damage 
evolution laws and constitutive models can be complex and requires careful experimental 
characterization. Additionally, capturing the complex nature of concrete, including 
heterogeneity and multi-scale behaviour, poses a challenge for CDM-based models. 
Nonetheless, the development of advanced CDM models has continued to improve their 
predictive capabilities. For instance, considering the influence of crack direction under quasi-
static load has been shown to enhance the accuracy of fracture predictions (Yun et al., 2017). 
Furthermore, the incorporation of mechanical damage models, such as the Density-Driven 
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Damage Mechanics (D3-M) model, allows for a more comprehensive assessment of concrete 
behaviour (Murru et al., 2022). 
 
4.2 Finite Element Method (FEM)  
 
The Finite Element Method (FEM) has emerged as a powerful numerical tool for studying 
fracture behaviour in concrete structures. This method allows for the simulation of crack 
propagation and fracture processes, providing valuable insights into the mechanical response 
and failure mechanisms of concrete. The use of FEM in analysing non-prescribed crack 
propagation in concrete has been investigated (Alfaiate et al., 1997). By modelling crack 
growth as a discrete process, FEM can accurately capture the evolution of cracks and their 
influence on the structural response. Similarly, the modelling of crack closure in FEM 
simulations has been explored, enhancing the accuracy of stress distribution predictions 
(Kotsovos & Spiliopoulos, 1998). 
 
To address the challenges associated with mesh-dependent crack propagation simulations, 
the Extended Finite Element Method (XFEM) has been introduced (Moës & Belytschko, 2002). 
XFEM allows for the representation of crack surfaces within finite elements, enabling the 
simulation of complex crack growth patterns and interactions. This approach has shown 
promise in capturing cohesive crack growth in concrete structures. The development of 
embedded crack models has further advanced the capabilities of FEM in analysing concrete 
fracture (Sancho et al., 2007). By embedding cohesive elements along potential crack paths, 
FEM can simulate crack initiation, propagation and branching. This approach facilitates the 
investigation of fracture behaviour under different loading conditions and provides valuable 
insights into crack patterns and energy dissipation. FEM has been applied to study the failure 
of plain concrete beams under impact loading (Travaš et al., 2009). By incorporating material 
nonlinearity and dynamic effects, FEM simulations can accurately predict the structural 
response and failure mechanisms. Similarly, FEM has been employed to analyse crack 
propagation in prestressed concrete pipes (Alavinasab et al., 2011). The simulations provide 
crucial information for assessing the structural integrity and safety of such infrastructure. 
 
Hybrid approaches, combining FEM with other numerical methods, have been explored to 
improve the accuracy and efficiency of fracture modelling in concrete. For instance, the hybrid 
FEM-scaled boundary finite element method has been utilised to model crack propagation in 
reinforced concrete (Ooi & Yang, 2011). This approach combines the advantages of both 
methods, enabling detailed analysis of crack paths and stress distributions. Furthermore, the 
integration of X-ray CT imaging with FEM has enabled the characterization of asphalt concrete 
fracture performance (Wang et al., 2018). By incorporating realistic material properties derived 
from imaging data, FEM simulations can accurately predict crack initiation and propagation, 
aiding in the optimisation of asphalt concrete mixes. 
 
The use of FEM in studying the fracture of concrete has been demonstrated in the work of 
Alrayes et al. (2023). Their study focuses on modelling cyclic crack propagation in concrete 
using the Scaled Boundary Finite Element Method (SBFEM) coupled with the Cumulative 
Damage-Plasticity (CDP) constitutive law. By incorporating the SBFEM, which is 
advantageous for crack modelling, and the CDP constitutive law, which accounts for the 
progressive accumulation of damage, the researchers are able to accurately simulate the 
behaviour of concrete under cyclic loading conditions.  The concept of a cohesive crack model 
using the SBFEM shown in Fig. 9. This approach provides valuable insights into the fracture 
process and aids in the understanding and prediction of concrete fracture behaviour. Despite 
its advantages, the use of FEM in concrete fracture analysis is not without challenges. The 
accuracy of FEM predictions relies on appropriate material models and the calibration of 
parameters, which can be complex and require extensive experimental validation. 
Additionally, the computational cost associated with large-scale FEM simulations may limit 

their application to specific scenarios. 
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4.3 Discrete Element Method (DEM) 
  
The Discrete Element Method (DEM) is a computational technique used to study the fracture 
behaviour of concrete. It provides a numerical approach to analyse the interaction and 
behaviour of individual particles within a concrete material. By considering the discrete nature 
of particles and their interactions, DEM allows for the simulation of crack initiation, 
propagation, and overall fracture processes in concrete. This method offers insights into the 
mechanical response of concrete under various loading conditions, enabling researchers to 
understand the fracture mechanisms, stress distribution, and energy dissipation within the 
material. DEM has proven to be a valuable tool in studying the fracture behaviour of concrete 
and advancing the knowledge of its structural integrity and performance. 
 
One notable contribution in this area is the work by Liu et al. (2020) (Fig. 10), who proposed 
a cohesive fracture model based on polyhedral blocks within the DEM framework. By 
incorporating cohesive elements at the interfaces of the polyhedral blocks, this model enables 
the simulation of crack initiation, propagation, and coalescence. The study demonstrated the 
effectiveness of the proposed model in capturing the fracture behaviour of concrete, including 
crack patterns, energy dissipation and post-failure behaviour. Such advancements in DEM-
based fracture modelling contribute to a better understanding of concrete's fracture mechanics 
and aid in the design and assessment of concrete structures.  
 
The series of studies conducted by Riera et al. (2016), Ren and Sun (2017), Tan et al. (2019), 
Nitka and Tejchman (2020), Dong et al. (2020), Meza-Lopez et al. (2020), and Xie et al. (2020) 
collectively contribute to a nuanced understanding of material behaviour, particularly in 
concrete and asphalt, through the application of DEM. This critical analysis will assess the 
strengths and limitations of these studies and highlight their impact on advancing the 
comprehension of structural mechanics and failure processes. One commendable aspect of 
these studies is their adoption of DEM, a numerical simulation technique that considers the 
discrete nature of particles and their interactions. This approach provides a detailed and 
granular perspective on material behaviour, allowing for the exploration of deformation 
patterns, stress distribution, crack initiation, propagation, and failure mechanisms. The use of 
DEM facilitates a more realistic representation of the materials under investigation, moving 
beyond traditional continuum models to capture the intricacies of particle-level interactions. 
 
Riera et al. (2016) and Ren and Sun (2017) specifically focused on concrete and asphalt, 
respectively, shedding light on their static compression and fracture behaviours. The studies 
emphasize the importance of considering particle-based characteristics in understanding 
these materials' responses to external forces. Tan et al. (2019) extended this line of inquiry to 
recycled aggregate concrete, utilizing DEM to analyse cracking patterns and particle 
displacement, thereby contributing to sustainable construction practices. Nitka and Tejchman 
(2020) took a meso-mechanical approach, incorporating interfacial transition zones (ITZs) to 
capture material heterogeneity in concrete simulations. This novel addition enhances the 
studies by addressing the complexities of real-world materials, emphasizing the role of ITZs 
in crack initiation and propagation. Dong et al. (2020) and Meza-Lopez et al. (2020) broadened 
the scope by investigating the fracture behaviour of cement-treated base materials and asphalt 
concrete, respectively, under different loading conditions. Their use of DEM allows for a 
comprehensive analysis of crack initiation, propagation, and overall failure behaviour, 
providing valuable insights into the materials' structural integrity. Xie et al. (2020) introduced 
acoustic emission into the DEM framework to study the failure mechanism of porous concrete. 
This integration adds an additional layer of sophistication by considering not only particle 
interactions but also acoustic signals, offering a more holistic understanding of the fracture 
process in porous materials. 
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However, despite these strengths, some limitations and challenges are notable. Firstly, the 
accuracy of DEM simulations heavily relies on the calibration of model parameters, and 
uncertainties may arise in translating simulation results to real-world scenarios. Additionally, 
the computational demands of DEM can be substantial, limiting the scale and complexity of 
models that can be practically simulated. The studies utilizing DEM for structural analysis 
present a commendable advancement in understanding material behaviour at the particle 
level. The detailed insights into deformation, stress distribution, and failure mechanisms 
contribute significantly to the field. The incorporation of factors like air voids, recycled 
aggregates, and acoustic emissions further enriches the analyses. However, researchers 
should remain cognizant of the challenges associated with DEM, particularly in terms of 
calibration and computational demands. The collective impact of these studies is evident in 
their potential to inform not only theoretical understanding but also practical applications in the 
field of civil engineering and construction. 
 
The use of the DEM in studying the fracture behaviour of concrete has shown promise in 
providing valuable insights into the mechanical response and failure mechanisms of the 
material. However, there are several critical considerations that need to be addressed. One 
limitation of DEM is its computational cost. The particle-based nature of DEM requires 
modelling a large number of discrete elements, which can be computationally expensive and 
time-consuming, particularly for large-scale simulations. This restricts the application of DEM 
to smaller-scale analyses or simplified models, limiting its ability to capture the full complexity 
of concrete fracture behaviour in real-world scenarios. Another challenge is the representation 
of material properties in DEM simulations. The accurate characterization of concrete material 
behaviour, including strength, stiffness, and fracture properties, is crucial for reliable 
simulations. However, obtaining accurate and representative material properties for each 
discrete element can be challenging, especially when considering the inherent heterogeneity 
of concrete. The use of simplified constitutive models and assumptions in DEM simulations 
may introduce uncertainties and limit the accuracy of the results. 
 
Furthermore, the choice of contact models and parameters in DEM significantly influences the 
predicted fracture behaviour. The selection of appropriate contact laws and parameters to 
represent the interactions between discrete elements and their response to cracking and 
fracture is crucial. However, determining these parameters experimentally can be challenging, 
leading to uncertainties in the simulation results. The calibration of contact models and 
parameters remains an ongoing challenge in DEM-based fracture modelling of concrete. 
Additionally, the validation of DEM results against experimental data is essential to ensure the 
reliability and accuracy of the simulations. However, obtaining comprehensive and reliable 
experimental data for validating complex fracture behaviour in concrete can be difficult. The 
scarcity of experimental data that captures the full range of concrete fracture phenomena limits 
the ability to fully validate and calibrate DEM models. Despite these challenges, DEM offers 
unique advantages in capturing the discrete nature of concrete and its fracture behaviour. It 
allows for the analysis of crack initiation, propagation, and interaction, providing insights into 
localized deformation and failure mechanisms. DEM can also simulate the influence of various 
factors such as air voids, aggregates, and porosity on fracture behaviour, providing a detailed 
understanding of their effects. 

 
4.4 Lattice Discrete Particle Model (LDPM)  
 
The Lattice Discrete Particle Model (LDPM) has emerged as a valuable tool for studying 
fracture behaviour in concrete. This computational method represents the discrete nature of 
concrete by modelling it as an assembly of interacting lattice particles. LDPM allows for the 
simulation of crack initiation, propagation, and coalescence, providing insights into the 
mechanical response and failure mechanisms of concrete. By capturing the complex 
interactions between particles and the evolution of cracks, LDPM enables the analysis of 
fracture processes at various scales, from micro to macro. Its ability to simulate realistic 
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fracture patterns and predict the mechanical behaviour of concrete makes LDPM a promising 
approach for studying fracture in concrete structures. 
 
The series of studies conducted by Cusatis et al. (2011), Schauffert et al. (2012), Fascetti et 
al. (2018), and Rezakhani et al. (2017) collectively contribute to the understanding and 
application of the Lattice Discrete Particle Model (LDPM) in predicting concrete behaviour 
under various loading conditions. Starting with Cusatis et al. (2011), the emphasis on 
calibration and validation of the LDPM for concrete failure behaviour is commendable. 
Accurate determination of model parameters through experimental data is crucial for reliable 
predictions. The study lays a solid foundation for further development, but it falls short in 
providing a comprehensive exploration of potential limitations and challenges associated with 
the LDPM. 
 
Schauffert et al. (2012) built upon the LDPM's capabilities by extending its application to fibre-
reinforced concrete under tensile fracture and multiaxial loading conditions. The study 
successfully demonstrates the LDPM's ability to capture complex behaviours. However, the 
acknowledgment of limitations, such as the representation of fibre-matrix interaction and 
parameter calibration challenges, raises concerns about the model's robustness in real-world 
scenarios. Fascetti et al. (2018) focused on the LDPM's application in modelling concrete 
under compressive loading. The utilization of a multiscale experimental approach for 
parameter determination is a noteworthy advancement. While the study provides valuable 
insights into compressive behaviour, it recognizes ongoing challenges in accurately 
representing the stress-strain response, leaving room for improvement. 
 
The study by Rezakhani et al. (2017) explored the application of the Lattice Discrete Particle 
Model (LDPM) in analysing damage and fracture in concrete through adaptive multiscale 
homogenization. By combining LDPM with strain energy equivalence, the researchers 
successfully captured the evolving behaviour of concrete at different length scales. The LDPM 
accurately simulated crack initiation, propagation and localisation, showing good agreement 
with experimental data and other numerical models. However, limitations such as 
computational costs and parameter sensitivity were acknowledged. Overall, the study 
highlights the potential of LDPM with adaptive multiscale homogenisation for understanding 
concrete fracture behaviour, but further research is needed to refine and validate the model 
for wider engineering applications. Figure 11 illustrates the crack opening evolution in three 
Representative Volume Elements (RVEs) associated with three macroscopic Finite Elements 
(FEs) located within the localization band. The RVE corresponding to macro Element 1 is 
integrated into the computational process between points (a) and (b) on the force-
displacement curve. Damage evolution in this RVE is shown at points (b), (c), (e), and (h). At 
points (b) and (c), the damage is still distributed throughout the RVE volume. However, at 
point (e), two inclined localization bands emerge, which subsequently merge into one at point 
(h), positioned on the softening branch of the force-displacement curve. The RVE assigned to 
Element 2 is incorporated into the multiscale framework between points (d) and (e). The crack 
opening evolution in this RVE is also depicted in Fig. 11 at point (e), where the damage is 
distributed, at point (g) where two inclined localization bands are formed, and at point (h), 
where one of the localization bands propagates through the RVE. Lastly, the crack opening 
contour in the RVE assigned to Element 3, which is inserted before point (h), is illustrated at 
point (h). 
 
The LDPM's capabilities were further extended to simulate concrete thermal spalling by Shen 
et al. (2020). The multi-physics approach accounted for thermal effects on crack initiation and 
propagation, offering a comprehensive understanding of thermal spalling phenomena. 
However, the accuracy of the LDPM in capturing the intricate thermal-mechanical interactions 
and the influence of material heterogeneity warrants further investigation. Del Prete et al. 
(2021) explored the use of the LDPM to simulate the viscoelastic behaviour of macro-synthetic 
fibre-reinforced concrete. This study highlighted the potential of the LDPM in capturing time-
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dependent material response, although challenges in accurately modelling fibre-matrix 
interactions and accounting for the influence of temperature variations persist. Zhu et al. 
(2022) investigated the LDPM's application in simulating cyclic tension-compression 
behaviour with multi-axial confinement. The study contributed to understanding the behaviour 
of concrete under cyclic loading, providing insights into crack growth and energy dissipation. 
However, the model's performance in capturing the complex behaviour of cyclic loading, 
including fatigue life prediction, requires further validation and refinement. 
 
One of the strengths of the LDPM is its ability to model the mesoscale behaviour of concrete, 
considering the interactions between discrete particles. This allows for a more detailed 
representation of the material's response, capturing important phenomena such as crack 
propagation and material heterogeneity. The LDPM has shown good agreement with 
experimental results in various scenarios, demonstrating its potential as a predictive tool. 
However, there are several challenges and limitations associated with the use of the LDPM. 
Calibration and validation of the model parameters can be complex and time-consuming, 
requiring extensive experimental data. The selection of appropriate parameters and their 
accurate representation is crucial for obtaining reliable results. Additionally, the LDPM's 
computational cost can be significant, particularly for large-scale simulations, limiting its 
applicability to practical engineering problems. Another limitation is the inherent simplifications 
and assumptions made in the LDPM. The discrete nature of the model may not fully capture 
the continuous behaviour of concrete, and the representation of complex features such as 
aggregate shape and size distribution may require further refinement. The multiscale nature 
of concrete, with interactions occurring at different length scales, presents a challenge for 
accurately incorporating all relevant phenomena into the LDPM. Furthermore, the LDPM's 
predictive capabilities for certain aspects of concrete fracture, such as crack branching and 
propagation in complex geometries, may still require further development. Improvements in 
modelling techniques and incorporation of advanced fracture mechanics concepts could 
enhance the model's accuracy and applicability in real-world scenarios. 
 
4.5 Hybrid Modelling Approaches 
 
Hybrid modelling approaches have emerged as powerful tools to study the fracture behaviour 
of concrete. These approaches combine the strengths of different numerical methods to 
capture the complex nature of concrete fracture. Typically, a combination of continuum 
mechanics and discrete element methods is employed, where the continuum model describes 
the overall behaviour of the structure while the discrete element model focuses on the 
localized fracture phenomena. This allows for a more accurate representation of crack 
initiation, propagation, and interaction with the surrounding material. Hybrid models can also 
incorporate other techniques such as finite element analysis, cohesive zone modelling, or 
lattice models to capture specific aspects of concrete fracture. By integrating multiple 
approaches, hybrid modelling provides a comprehensive understanding of fracture processes 
in concrete and enables more reliable predictions for engineering applications. 
 
Hybrid modelling approaches have gained significant attention for studying fracture in 
concrete, as evidenced by several studies in the field. Ooi and Yang (2011) proposed a hybrid 
finite element-scaled boundary finite element method to model crack propagation in reinforced 
concrete. Gui et al. (2016) employed a hybrid continuum-discrete element method with a 
cohesive fracture model to simulate dynamic failure in brittle rocks. Ooi et al. (2017) utilized 
the scaled boundary finite element method with hybrid polygon-quadtree meshes for crack 
propagation modelling in concrete. These studies demonstrate the versatility of hybrid 
approaches in capturing fracture behaviour. Additionally, Taheri et al. (2020) developed an 
integrated approach for predicting crack width and spacing in flexural fibre-reinforced concrete 
members with hybrid reinforcement. Balzano et al. (2021) investigated enhanced concrete 
crack closure using hybrid shape memory polymer tendons, highlighting the potential for 
hybrid techniques in addressing crack-related issues in concrete structures. Furthermore, 
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Wang et al. (2021) proposed a hybrid potential of mean force approach for simulating fracture 
in heterogeneous media, showcasing the applicability of hybrid models beyond traditional 
concrete materials. Sturm et al. (2022) presented a hybrid deterministic-probabilistic approach 
for characterizing crack widths and spacings in reinforced concrete members. 
 
Althoey et al. (2022) introduced a novel computational approach, leveraging machine learning, 
for detecting crack widths in self-healing concrete. The researchers integrated traditional 
computational methods with machine learning algorithms to improve the accuracy and 
efficiency of crack detection and monitoring. This hybrid methodology harnesses machine 
learning's capabilities to analyse image data and extract crack features, showcasing its 
potential in addressing crack-related issues in concrete structures. The SHC-GEP 1 model 
demonstrated promising results for the testing dataset, with R and R2 values of 0.938 (> 0.8) 
and 0.880 (> 0.7), respectively, affirming its effectiveness. Figure 12 (b) visually illustrates the 
disparity in regression line slopes between the training and testing phases. The comparison 
of experimental and predicted values in Figure 12 (a) highlights a close alignment for the 
majority of data points. The graphical representation of absolute error in Figure 12 (c) indicates 
an average absolute percent error below 14.8%, with approximately 80% of the data exhibiting 
an absolute percent error less than 30%, as depicted in the histogram in Figure 12 (d). This 
analysis underscores the reliability and robustness of the proposed hybrid modelling 
techniques in enhancing the assessment and management of crack-related issues in concrete 
structures. 
 
These studies collectively demonstrate the diverse applications of hybrid modelling 
approaches in analysing fracture behaviour, crack propagation, crack width prediction and 
material heterogeneity in concrete. Hybrid models provide a valuable means of combining 
different numerical techniques, enabling a more comprehensive understanding of concrete 
fracture and facilitating accurate predictions for practical engineering scenarios. However, 
further research is needed to address the challenges associated with model calibration, 
computational efficiency and the integration of different modelling scales to enhance the 
applicability and reliability of hybrid approaches in concrete fracture analysis. 
 
5. Applications of Fracture Propagation in Concrete 
 
Fracture propagation in concrete has various applications across different fields. In the 
construction industry, understanding fracture behaviour is crucial for assessing the structural 
integrity and safety of concrete elements such as beams, columns, and slabs. It helps 
engineers predict crack propagation and failure modes, enabling them to design more robust 
structures. In the field of material science, studying fracture propagation in concrete aids in 
the development of advanced materials with enhanced fracture resistance and durability. 
Moreover, fracture analysis plays a significant role in evaluating the performance of repair 
techniques and evaluating the effectiveness of self-healing mechanisms in concrete. Overall, 
the applications of fracture propagation in concrete contribute to improving structural design, 
material development and maintenance strategies. 
 
5.1 Structural Health Monitoring (SHM) 
 
Fracture propagation analysis in concrete has important applications in the field of structural 
health monitoring (SHM). By studying crack propagation patterns, engineers can assess the 
condition of concrete structures and identify potential areas of concern. This information allows 
for proactive maintenance and repair strategies, reducing the risk of structural failure. Fracture 
propagation analysis helps in detecting and monitoring the growth of cracks, which can be 
indicative of structural deterioration or damage. It aids in determining the severity and extent 
of cracks, enabling timely interventions and targeted repairs. SHM techniques utilising fracture 
propagation analysis contribute to the overall safety and longevity of concrete structures by 
ensuring early detection and appropriate maintenance measures. 
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The application of fracture propagation analysis in concrete structural health monitoring has 
emerged as a valuable approach for assessing the condition and performance of concrete 
structures.  One significant aspect is the utilisation of piezoelectric transducers, as highlighted 
by Saafi and Sayyah (2001). These transducers offer the ability to detect crack initiation and 
growth by measuring changes in electrical properties. This real-time monitoring capability has 
the potential to provide early warning signs of structural damage. However, the practical 
implementation of piezoelectric transducers poses challenges related to their integration into 
existing concrete structures without compromising their structural integrity. Additionally, the 
interpretation and analysis of the collected data require sophisticated algorithms and 
expertise. 
 
Another technique explored in the literature is acoustic emission (AE) monitoring, as discussed 
by Behnia et al. (2014) and Han et al. (2015). AE monitoring involves capturing and analysing 
stress waves generated by crack propagation or structural deformation. This approach 
provides valuable information regarding the location, magnitude, and progression of cracks. 
However, accurate localisation of crack sources and the differentiation of signals from various 
sources remain challenging tasks. Factors such as signal attenuation and background noise 
also limit the effectiveness of AE monitoring. 
 
The application of fracture propagation in concrete structural health monitoring has been 
explored in the study by Dumoulin et al. (2015) (Fig. 13). Their research focused on monitoring 
crack propagation in reinforced concrete beams using embedded piezoelectric transducers. 
By utilizing these transducers, they are able to detect acoustic emissions generated by crack 
growth, allowing for real-time monitoring of structural integrity. This technique provides 
valuable information about crack initiation, propagation and potential structural damage, 
enabling timely interventions and maintenance. The findings presented in the study contribute 
to the development of non-destructive evaluation techniques in the fracture mechanics of 
concrete, enhancing the overall safety and durability of concrete structures. 
 
While these studies have demonstrated the potential of fracture propagation analysis for 
concrete structural health monitoring, there are still several areas that require further research. 
The integration of sensors into existing concrete structures must be addressed to ensure 
compatibility with the structural integrity requirements. Additionally, the development of robust 
algorithms for data analysis and interpretation is crucial for reliable and accurate assessment 
of structural health. Furthermore, advancements in sensor technology and the exploration of 
alternative monitoring techniques are necessary to overcome the limitations of current 
approaches. 
 
In conclusion, fracture propagation analysis has shown promise in concrete structural health 
monitoring, but there are challenges that need to be addressed for practical implementation. 
The studies reviewed have provided valuable insights into the use of piezoelectric transducers 
and AE monitoring for crack detection and evaluation. However, ongoing research efforts are 
needed to enhance the reliability, accuracy and practicality of these techniques. By addressing 
these challenges, fracture propagation analysis can play a significant role in improving the 
safety and durability of concrete structures. 
 
5.2 Design and Optimisation of Concrete Structures 
 
The application of fracture propagation in the design and optimisation of concrete structures 
plays a crucial role in ensuring their structural integrity and performance. By studying fracture 
propagation, engineers can analyse the behaviour of cracks under various loading conditions 
and design structures that can withstand such challenges. Understanding how cracks 
propagate allows for the development of strategies to minimise their impact and improve the 
durability of concrete structures. This knowledge can be utilised to optimize reinforcement 
layouts, select appropriate materials, and design effective crack control measures. By 
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incorporating fracture propagation analysis in the design process, engineers can create more 
resilient and efficient concrete structures that meet safety standards and provide long-term 
performance. 
 
In the field of design and optimisation of concrete structures, the application of fracture 
propagation has been a subject of extensive research and investigation, as evidenced by the 
literature cited. Stang et al. (1995) conducted a study on stress-crack width relations in fibre-
reinforced concrete, aiming to provide practical design guidelines. Their work contributed to 
the understanding of crack behaviour and its implications for the structural performance of 
concrete elements. Van Mier and Van Vliet (1999) emphasised the significance of 
experimentation, numerical simulation, and engineering judgment in comprehending fracture 
mechanics in concrete and concrete structures. Their research highlighted the need for a 
multidisciplinary approach to effectively analyse and design concrete elements. Zhang and Li 
(2004) employed fracture mechanics principles to simulate crack propagation in fibre-
reinforced concrete. Their study provided valuable insights into crack behaviour and aided in 
the development of improved design practices for fibre-reinforced concrete structures. Theiner 
and Hofstetter (2009) focused on numerical prediction methods for crack propagation and 
crack widths in concrete structures. Their research contributed to the development of 
advanced computational techniques for optimising designs and evaluating the structural 
integrity of concrete elements. 
 
The body of research presented by Kumar and Barai (2011) offers a substantial and 
comprehensive overview of concrete fracture models and their practical applications. Their 
work not only delves into the theoretical foundations of fracture analysis in concrete structures 
but also includes valuable insights from real-world case studies. The inclusion of both 
theoretical and empirical aspects makes this research particularly impactful for engineers 
seeking to make informed decisions in the design process. Yang et al.'s (2018) contribution, 
focused on developing a numerical approach to determine concrete crack width in structures 
affected by corrosion, addresses a pressing concern in structural engineering. The research 
acknowledges and tackles the challenges posed by deteriorating concrete due to corrosion, 
providing valuable information that enhances the understanding of crack propagation in such 
environments. By doing so, Yang et al. (2018) contribute significantly to the design of 
corrosion-affected concrete structures. 
 
The stochastic fracture-mechanical parameters proposed by Strauss et al. (2014) for 
performance-based design of concrete structures represent a noteworthy advancement in the 
field. By accounting for uncertainties in crack behaviour, their work empowers engineers to 
create designs that are not only reliable but also robust. This consideration of uncertainties is 
crucial, especially in real-world scenarios where variations and unexpected factors can 
significantly impact structural integrity. Mukhtar and El-Tohfa's (2023) review builds upon the 
existing body of knowledge, providing a comprehensive examination of fracture propagation 
in concrete. Covering various models, methods, and benchmark tests, their research serves 
as a valuable synthesis of the current understanding of fracture mechanics in concrete 
structures. Additionally, by identifying areas for further development and refinement, Mukhtar 
and El-Tohfa (2023) pave the way for future research and improvements in this critical aspect 
of structural engineering. 
 
However, it is important to note that while each of these studies contributes significantly to the 
field, the collective impact of their findings on the practical aspects of structural design and 
construction may vary. Engineers and practitioners must carefully evaluate and integrate 
these research findings into their specific contexts, considering factors such as regional 
variations, material properties, and project requirements. Furthermore, ongoing collaboration 
and interdisciplinary efforts among researchers, engineers, and industry professionals will be 
essential to ensuring that these advancements translate effectively into real-world applications 
and contribute to the continuous improvement of concrete structure design and safety. 
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Collectively, these studies have significantly contributed to the advancement of design and 
optimization in concrete structures. By shedding light on fracture propagation, crack 
behaviour, and numerical prediction techniques, they have enhanced the reliability, durability, 
and overall performance of concrete structures. Future research in this area can build upon 
these foundations to further refine design practices and optimize the structural behaviour of 
concrete elements. 
 
5.3 Failure Analysis and Risk Assessment 
 
The application of fracture propagation in Failure Analysis and risk assessment of concrete 
structures plays a crucial role in identifying potential failure mechanisms and assessing the 
associated risks. By understanding how cracks propagate in concrete, engineers can 
accurately evaluate the structural integrity and predict the failure modes of various 
components. This information enables the identification of critical areas prone to failure, 
allowing for targeted inspections, repairs, or reinforcement measures. Furthermore, the 
analysis of fracture propagation helps in determining the remaining service life of structures, 
informing decisions on maintenance and rehabilitation strategies.  
 
The case study by Swenson and Ingraffea (1991) on the collapse of the Schoharie Creek 
Bridge demonstrates the significance of concrete fracture mechanics in investigating failure 
mechanisms and identifying the factors that contributed to the collapse. By analysing crack 
propagation patterns and fracture characteristics, researchers can gain insights into the 
underlying causes of failure and develop strategies to prevent similar incidents in the future. 
Farnam and Rezaie (2019) focused on the simulation of crack propagation in prestressed 
concrete sleepers, which are critical components of railway tracks. Their study employed 
fracture mechanics principles to assess the risk of crack growth and failure in these structural 
elements. By understanding the behaviour of cracks and their interaction with the prestressing 
tendons, engineers can evaluate the structural integrity of sleepers and implement 
maintenance and repair measures to mitigate the risk of failure. De Maio et al. (2019) 
introduced a refined approach for failure analysis in plain and reinforced concrete structures, 
emphasizing the importance of fracture mechanics in quasi-brittle materials. By considering 
cohesive zone modelling and crack propagation simulations, the researchers provided a 
comprehensive framework for evaluating the performance and failure modes of concrete 
structures. This approach enables engineers to assess the structural safety and durability of 
concrete elements and make informed decisions regarding maintenance, repair and design 
modifications. 
 
Farsi et al. (2020) investigated fracture propagation in fibre-reinforced concrete tunnel linings, 
which are exposed to various loads and environmental conditions. Their study utilised the 
FDEM (Finite-Discrete Element Method) to simulate crack growth and evaluate the structural 
response. By analysing the crack patterns and assessing the influence of fibre reinforcement, 
the researchers contributed to the understanding of fracture behaviour in these critical 
infrastructure components. This knowledge can inform risk assessment and help engineers 
optimize the design and maintenance of tunnel linings to ensure their long-term performance 
and safety. Brandtner-Hafner (2021) focused on the structural safety evaluation of adhesive 
bonds, highlighting the importance of fracture analytical approaches. By considering fracture 
mechanics principles and adhesive bond strength, the study provided insights into the 
behaviour and failure modes of adhesive joints. This knowledge aids in assessing the reliability 
and durability of adhesive-bonded structures, such as composite materials and bonded 
connections, contributing to risk assessment and ensuring the integrity of these structural 
components. 
 
Bui et al. (2021) investigated the failure analysis of masonry wall panels subjected to in-plane 
and out-of-plane loading using the discrete element method. Their study highlighted the role 
of fracture analysis in understanding the failure mechanisms and assessing the risk of 
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structural collapse in masonry structures. By considering crack propagation and failure 
patterns, the researchers provided valuable information for structural assessment, 
maintenance, and retrofitting of masonry walls. Wang et al. (2022) conducted a numerical 
investigation on crack propagation in concrete gravity dams under static and dynamic loads, 
considering the effect of in-crack reservoir pressure. Their study contributed to the 
understanding of crack propagation processes and the evaluation of dam safety. By analysing 
the crack behaviour and assessing the stability of concrete dams, engineers can identify 
potential failure modes and develop risk mitigation strategies. 
 
In summary, the application of fracture propagation analysis in Failure Analysis and risk 
assessment of concrete structures enables engineers to gain insights into failure mechanisms, 
evaluate structural integrity, and develop preventive measures. These studies highlight the 
importance of understanding crack propagation patterns, fracture behaviour and the 
interaction of cracks with various factors such as prestressing, reinforcement, adhesive bonds 
and environmental conditions. By incorporating fracture mechanics principles into failure 
analysis and risk assessment processes, engineers can enhance the safety and reliability of 
concrete structures, contributing to the sustainability of infrastructure systems. 
 
5.4 Repair and Rehabilitation Strategies 
 
The application of fracture propagation analysis in repair and rehabilitation strategies for 
concrete structures, particularly in the context of mitigating reflection cracking, is a critical area 
of study. Dhakal et al. (2016) synthesised various mitigation strategies for reflection cracking 
in rehabilitated pavements. By analysing the behaviour of cracks and their propagation, the 
researchers proposed strategies such as interlayer systems, geosynthetics, and modified 
binders to minimize the occurrence and progression of reflection cracks. This study highlighted 
the importance of fracture mechanics in understanding the mechanisms of reflection cracking 
and developing effective repair techniques. 
 
Wei et al. (2014) focused on evaluating the performance of different materials used for 
concrete pavement joint repair to reduce reflective cracking in asphalt concrete overlays. The 
study assessed the behaviour of cracks and their propagation at the joint interfaces and 
evaluated the effectiveness of repair materials in preventing crack propagation. By considering 
fracture mechanics principles, the researchers provided insights into the durability and long-
term performance of repair strategies and their ability to mitigate reflection cracking. The 
application of fracture propagation analysis in repair and rehabilitation strategies allows 
engineers to assess the behaviour of cracks in concrete structures and develop techniques 
that minimize crack propagation and reduce the occurrence of reflection cracking. By 
understanding the mechanisms of crack formation and propagation, engineers can select 
appropriate repair materials and techniques to ensure the longevity and functionality of 
rehabilitated pavements and concrete structures. 
 
However, it is essential to acknowledge that the effectiveness of fracture propagation-based 
repair and rehabilitation strategies may vary depending on factors such as environmental 
conditions, traffic loads, and the specific characteristics of the structure being repaired. The 
application of fracture mechanics principles in repair and rehabilitation should be accompanied 
by thorough site-specific assessments and considerations of the local conditions and 
requirements. Additionally, the long-term performance and durability of the repair strategies 
should be monitored and evaluated to ensure their effectiveness over the service life of the 
structure. 
 
In summary, the application of fracture propagation analysis in repair and rehabilitation 
strategies for concrete structures offers valuable insights into the behaviour of cracks and their 
propagation. These studies provide guidance for selecting appropriate materials and 
techniques to mitigate reflection cracking and enhance the performance and durability of 
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rehabilitated pavements. However, further research and field validation are necessary to 
optimise and fine-tune these strategies for specific conditions and to ensure their long-term 
effectiveness in repair and rehabilitation applications. 
 
6. Research Opportunities and Areas of Improvement 
 
Research opportunities and areas of improvement in fracture propagation in concrete include 
improved understanding of microstructural effects, sustainable and eco-friendly concrete 
solutions, dynamic fracture propagation, multi-scale modelling and experimental validation, 
durability aspects, advanced sensing and monitoring techniques, integration of artificial 
intelligence and machine learning and field studies and case studies. By investigating these 
areas, researchers can enhance the understanding of fracture behaviour in concrete, develop 
advanced materials and structures, improve predictive models and contribute to the safety, 
durability, and sustainability of concrete infrastructure. 
 
1. Improved Understanding of Microstructural Effects: 

Investigating the influence of concrete's microstructure on fracture propagation is an 
important research opportunity. This includes studying the role of aggregate characteristics, 
cementitious matrix properties and interfacial bonding on crack initiation, propagation path, 
and energy dissipation. Understanding these microstructural effects can lead to the 
development of advanced concrete materials with enhanced fracture resistance. 
 

2. Sustainable and Eco-Friendly Concrete Solutions:  
There is a growing demand for sustainable and eco-friendly construction materials. 
Research in this area can focus on exploring fracture propagation in concrete made with 
alternative binders, recycled aggregates and supplementary cementitious materials. 
Investigating the fracture behaviour of these sustainable concretes will contribute to their 
wider adoption in the construction industry. 
 

3. Dynamic Fracture Propagation: While fracture propagation in concrete under static loading 
conditions has been extensively studied, there is a need for research on dynamic fracture 
propagation. Investigating how cracks propagate in concrete under dynamic loading, such 
as impact and blast loads, is crucial for assessing the structural integrity and safety of 
concrete structures subject to dynamic events. 
 

4. Multi-Scale Modelling and Experimental Validation: 
Integrating multi-scale modelling approaches with experimental validation can significantly 
enhance the understanding of fracture propagation in concrete. Research can focus on 
developing advanced multi-scale models that capture the behaviour of concrete from the 
micro to macro scale. These models can be validated and calibrated using experimental 
data obtained from state-of-the-art imaging and sensing techniques. 
 

5. Durability Aspects: Fracture propagation in concrete is strongly influenced by 
environmental factors and long-term exposure to aggressive conditions. Research can 
investigate the effects of moisture, temperature variations, chemical attacks and freeze-
thaw cycles on fracture initiation and propagation. Understanding the durability aspects of 
fracture propagation will aid in the development of more resilient and durable concrete 
structures. 

6. Advanced Sensing and Monitoring Techniques:  
Research can focus on the development and implementation of advanced sensing and 
monitoring techniques for real-time detection and characterization of fracture propagation 
in concrete structures. This includes the use of wireless sensor networks, embedded 
sensors and remote monitoring systems. Such techniques can provide valuable data for 
structural health monitoring, early warning systems and maintenance strategies. 
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7. Integration of Artificial Intelligence and Machine Learning: The integration of artificial 
intelligence and machine learning techniques can revolutionise the study of fracture 
propagation in concrete. Research can explore the use of AI-based algorithms for fracture 
prediction, optimisation of fracture-resistant designs and automated interpretation of 
experimental data. This can expedite the analysis process and provide valuable insights 
into fracture behaviour. 
 

8. Field Studies and Case Studies: Conducting field studies and case studies on real-world 
concrete structures experiencing fracture propagation can provide valuable insights into 
the behaviour of concrete under practical conditions. This research opportunity involves 
monitoring and analysing existing structures, identifying failure mechanisms and proposing 
retrofitting and repair strategies to mitigate fracture-related issues. 

 
By focusing on these research opportunities and areas of improvement, the understanding of 
fracture propagation can be advanced in concrete and contribute to the development of safer, 

more durable and sustainable concrete structures. 
 

7. Concluding Remarks 
 
The study of fracture propagation in concrete is of significant importance for the understanding 
and management of concrete structures. This review has provided a comprehensive overview 
of the fundamentals, experimental techniques, modelling approaches and applications related 
to fracture propagation in concrete. The review highlighted the complex nature of fracture 
propagation, including the factors influencing crack initiation, propagation mechanisms and 
different types of fractures in concrete. Understanding these fundamental aspects is crucial 
for predicting and controlling the behaviour of concrete structures under various loading 
conditions. 
 
Various experimental techniques, both non-destructive and destructive, were discussed in the 
review. These techniques play a vital role in detecting, monitoring, and characterising fractures 
in concrete. The advancements in imaging techniques, such as acoustic emission, ultrasonic 
testing, and digital image correlation, have enabled researchers to capture and analyse the 
fracture behaviour at different stages. Modelling approaches, including continuum damage 
mechanics, finite element method, discrete element method and lattice discrete particle 
model, were explored in the review. These modelling techniques offer valuable insights into 
the mechanical behaviour of concrete and provide a platform for predicting fracture 
propagation and structural response. The review also highlighted the practical applications of 
studying fracture propagation in concrete. Structural health monitoring, design optimisation, 
failure analysis and rehabilitation strategies are among the key areas where the understanding 
of fracture propagation is crucial. By applying this knowledge, engineers can enhance the 
safety, durability and performance of concrete structures. 
 
In conclusion, this review paper emphasises the importance of fracture propagation in 
concrete and provides a foundation for further research and advancements in the field. By 
exploring the identified research opportunities and areas of improvement, the understanding 
of fracture propagation in concrete can continue to be enhanced, leading to more resilient and 
sustainable concrete structures in the future. 
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Figure captions: 
 
Fig. 1-Acoustic emission due to crack growth in a solid material under stress 
 
Fig. 2- Investigation on AE parameters during Damage Progression in SD and SSD reinforced 
concrete components (Banjara et al. 2019) 
 
Fig. 3- Ultrasound testing for assessing crack propagation and healing in concrete structures 
(Kaur et al. 2019) 
 
Fig. 4- Comparison of DIC results with experimental results from clip gauge readings for 
CTOD- (a) HB75 beam (b) PO75 beam (Bhosale and Prakash 2020) 
 
Fig. 5- X-ray CT image of the no fibre (a) micro-fibre (b) macro-fibre (c) and micro-and macro-
fibres (d) mixes (Rios et al. 2019) 
 
Fig. 6- DVC computing 3D image and distribution of principal strain under different stress 
stages (Li et al. 2023) 
 
Fig. 7- SEM images of paste-aggregate bonding interface (Yu et al. 2022) 
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Fig. 8- Schematic representation (a) damaged partially healed cylinder in tension (b) nominal 
(c) healing and (d) effective (Darabi et al. 2012) 
 
Fig. 9- The concept of a cohesive crack model using the scaled boundary finite element 
method (Alrayes et al. 2023) 
 
Fig. 10- The relation between stress and strain and breakage ratio (Liu et al. 2020) 
 
Fig. 11- Image evolution in RVEs assigned to three macro finite elements within the 
localization band (Rezakhani et al. 2017) 
 
Fig. 12- Statistical assessment of SHC-GEP-1 model (Althoey et al. 2022) 
 
Fig. 13- Monitoring of crack propagation in reinforced concrete beams using embedded 
piezoelectric transducers (Dumoulin et al. 2015) 


