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A B S T R A C T

Crack branching has important theoretical and practical significance in many natural phenom-
ena and practical engineering problems. At present, the field of crack branching is still at an
exploration stage, lacking a unified explanation of the underlying mechanisms and an effective
method to predict crack branching in practical materials. This paper provides a state-of-the-art
review of crack branching, including experimental observations, physics, fracture models and
associated numerical methods. The experimental observations are first summarized, followed
by the physics of crack branching. Then, the crack models including discrete crack models and
smeared crack models are discussed, highlighting their key features, advantages and limitations.
Next, a number of numerical methods that have been used to simulate crack branching are
reviewed in detail, including the finite element method (FEM), extended finite element method
(XFEM), boundary element method (BEM), meshfree methods (MMs), peridynamics (PD) and
discrete element method (DEM). Finally, based on the information reviewed above, the future
research directions of crack branching modelling are discussed.

. Introduction

Crack branching is encountered in many practical engineering problems, and is particularly common in brittle materials and
etal alloys with stress corrosion cracking [1,2]. As shown in Fig. 1, crack branching can occur symmetrically or asymmetrically.
he study of crack branching phenomena, including branching mechanisms, branching criteria, experimental measurement and
umerical simulation, is of great significance for robust and reliable prediction of crack propagation. A good understanding of
he initiation and propagation of cracks inside structural materials is important for preventing catastrophic failure of engineering
omponents and for developing new materials.

The theory of straight line crack expansion is basically mature, with the help of three main types of investigation techniques,
amely experimental, analytical and numerical techniques. The mechanism for crack propagation is examined using the simple
nergy balance theory: the crack occurs when the energy available for crack growth is sufficient to overcome the resistance of the
aterial [3]. In linear elastic fracture mechanics, the propagation criteria of a single steady crack are mainly based on the concept

f stress intensity factor or energy release rate. While in nonlinear fracture mechanics, the 𝐽 -integral is often applied, which can
e viewed as a nonlinear stress intensity parameter or energy release rate. However, the mechanism for crack branching is more
omplex and still in exploration. The propagation velocity was thought to be a determining factor in crack branching: when the
rack velocity exceeds the critical value, the stress field in front of the crack tip changes and branching occurs. However, it was later
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Nomenclature

𝑎0 - 𝑎7 Parameters in the Newmark method
𝐴 Area
𝐛 Prescribed body-force density field
𝑐 Peridynamic material parameter
𝑐𝑑 Cohesion
𝑐𝑅 Rayleigh wave speed
𝑐𝑆 Shear wave speed
𝐸(𝐮, 𝛤 ) Energy functional
𝐸𝜖(𝐮, 𝛤 ) Regularized energy functional
𝑓 (𝜙) Energetic degradation function in phase field models
𝐟 Pairwise force in peridynamics
𝐹𝑛, 𝐹𝑠 Normal force and shear force
𝐹𝑙𝑚 Dimensionless function of the branching angle coefficient when branching velocity tends to zero
{𝐅} Global vector of nodal load
𝑔1(𝑣) Decreasing function of the crack velocity
𝐺,𝐺′ Energy release rate before and after branching
𝐺𝑑𝑦𝑛 Dynamic energy release rate
𝐺𝑐 Fracture toughness
 Horizon in peridynamics
𝐻𝑙𝑚 Dimensionless function of the branching angle coefficient and crack velocity before and after branching
𝐻(𝐱) Heaviside function
𝐽 (𝐱) Junction function
𝑘(𝑣), 𝑘𝑙(𝑣′) Function of crack velocity and branching velocity
𝑘𝑛, 𝑘𝑠 Normal stiffness and shear stiffness
𝐾𝑐 Initial stiffness in the intrinsic cohesive zone model
𝐾𝐼 , 𝐾𝐼

𝑑𝑦𝑛 Stress intensity factor and dynamic stress intensity factor
𝐾𝐼

0 Instantaneous stress intensity factor
𝐾𝐼𝑏 Critical branching stress intensity factor
𝐾𝐼𝐷 Dynamic crack growth toughness
𝐾 ′

𝑙 Dynamic stress intensity factor after branching
𝐾0𝑚 Rest stress intensity factor before branching
𝐊 Stiffness matrix
𝑙 Crack length
𝑙0 Length scale
𝐌 Mass matrix
𝑁,𝑁𝑐 Set of all nodes and cracked nodes
�̂�𝑖, 𝑁𝑖 Continuous shape function and discontinuous shape function
𝑁𝐻 , 𝑁𝑇 , 𝑁𝐽 Set of nodes to enrich for the crack, the crack tip and the junction
𝐪𝑖 Additional degrees of freedom in cracking particles methods
𝑟𝑐 , 𝑟0 Characteristic distance and instantaneous characteristic distance
𝑠 Stretch of the bond
𝑆 Sign function defined as 1 and −1 on two sides of the crack
𝑡 Time
𝐭 Traction
𝐓𝑐 Cohesive traction
𝐓𝑖𝑗 Fundamental solutions for traction
𝐓𝑚𝑎𝑥 Cohesive strength of the material
𝑢𝑛 Normal displacement
𝐮, �̇�, �̈� Displacement vector, velocity vector, and acceleration vector

found that experimentally observed crack velocities at crack branches were much smaller than the theoretical ones [4]. Therefore,
other mechanisms were considered, including the existence of microcracks, tilting and twisting of the stress vector at the crack front
and dynamic instabilities. If near-tip instabilities are suppressed, then supersonic cracks are also possible [5]. While many studies
2
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{𝐮}, {�̇�}, {�̈�} Global vectors of nodal displacement, nodal velocity and nodal acceleration
[[𝐮]] Displacement jump
𝐮ℎ Displacement approximation
𝐔𝑖𝑗 Fundamental solutions for displacement
𝑣, 𝑣′ Crack velocity and branching velocity
𝑣𝑐 Critical crack velocity
𝑉 Volume of a material point
𝑤 Crack opening
𝑤𝑚𝑎𝑥 Maximum crack opening
𝐱, 𝐱′ Position vectors of point 𝐱 and 𝐱′ in initial configuration
𝐗 Interior point in the boundary element method
𝐲, 𝐲′ Position vectors of point 𝐱 and 𝐱′ in deformed configuration
𝜶𝑗 ,𝜶𝛼

𝑘 ,𝜶𝑚 Nodal enriched degrees of freedom
𝛽 Joint friction angle
𝛾, 𝛾 ′ Fracture energy before and after branching
𝛤 Crack set, or sharp crack surface
𝛤+
𝑛 , 𝛤−

𝑛 Upper and lower crack surfaces
𝛤𝑆 The outer boundary
𝝐(𝐮) The strain field
𝜆 Branching angle coefficient
𝜌 Mass density
𝜙 Damage-like crack phase-field parameter
𝛷𝛼 Near tip asymptotic field function
𝛹 Elastic energy density
𝛺 A domain describing a cracked solid

on the crack branching phenomenon have been performed both experimentally and theoretically, a uniform theory that accounts
for dynamic crack propagation instability and crack branching remains an open question.

In addition to the experimental and analytical techniques, numerical simulations are also employed to study crack branching.
arious crack models and numerical methods have been proposed to simulate crack initiation and propagation including crack
ranching and intersection with reasonable computational cost, and both crack propagation velocity and branching angles have
een correctly predicted. With the development of numerical techniques, the modelling of complex crack propagation processes has
ecome more accurate and robust, while the mechanism of crack branching has been further understood. Crack models essentially
ivide into two categories: discrete crack models and smeared crack models. Popular discrete crack models usually represent the
racture topology explicitly, which include remeshing, element deletion, enrichment, cracking particles, and cohesive zone models.
meared crack models average the crack over a certain width without explicit tracking of fracture surfaces, and they include
onlocal models, gradient models, viscous models and phase field models. Based on whether spatial derivatives are employed in
he controlling equation, the main numerical methods for crack branching can also be summarized in two categories: continuum
ethods and discontinuum methods. The continuum methods model the domain as a continuous body and use partial differential

quations with spatial derivatives to describe the underlying physics. They include the finite element method (FEM), the extended
inite element method (XFEM), the boundary element method (BEM), and the meshfree methods (MMs). Spatial derivatives are
voided in the discontinuum methods. The peridynamic method (PD) and the discrete element method (DEM) are two commonly
sed discontinuum methods. Each numerical method has its advantages and disadvantages, and no consensus has been reached on
standard general numerical simulator for crack branching.

While dynamic crack propagation has been investigated in the literature [6,7], there has been little effort to systematically
xamine crack branching. Therefore, the aim of this work is to summarize the research on crack branching and lead to an improved
nderstanding of branching mechanisms and the study direction in the future. The structure of the paper is arranged as follows. The
xperimental results on crack branching are summarized in Section 2. Based on the experimental results as well as the theoretical
erivations, the physics of crack branching is provided in Section 3, which includes Section 3.1 describing the causes of crack
ranching and Section 3.2 describing commonly used branching criteria. Section 4 summarizes and compares different crack models
nd numerical methods for crack branching. Finally, Section 5 summarizes the existing findings related to crack branching, highlights
ome of the most demanding outstanding questions, and indicates potential directions for future research.

. Experimental observations of crack branching

A number of experimental studies on dynamic crack propagation have been carried out to provide qualitative observations and
uantitative data for the explanation of crack branching phenomena. In this section, the important experimental results are reviewed
3
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Fig. 1. Crack branching photographs from experimental results.

in chronological order and wherever applicable these experiments are summarized: (1) from the observation and measurement
techniques, for example, the high speed photography and electronic timer; (2) from the experimental material, which includes
inorganic glass, Plexiglas, Holmalite-100; (3) with respect to loading conditions such as dynamic loading and quasi-static loading;
(4) from the research objectives, including the conditions under which crack branching occurs (crack tip speed, stress intensity
factor and its rate) and how crack propagation proceeds after branching (e.g. the branching angle).

Schardin [8] performed pioneering work on observing crack branching in inorganic glasses with a multiple spark camera
technique and noted that the crack speed remains at a constant value when crack bifurcation occurs. A significant decrease of crack
speed only occurs when hackle marks appear as a result of surface energy increase. The number of crack branches greatly increases
when increasing loading stress. Kerkhof [9] produced predictable crack surface undulation by imposing stress waves with ultrasonic
transducers to measure the crack speed and proposed that the limiting velocity is highly related to the composition of inorganic
glass. Kobayashi and Mall [10] and Dally [11] determined the dynamic fracture toughness of Homalite-100 and crack propagation
velocity variation with dynamic photoelasticity. Dally [11] further modified the equation describing the relationship between the
number of branches, the arrest toughness and branching toughness based on the experiment data. The number of branches is in
proportion to the ratio of branching toughness to arrest toughness. Ravi-Chandar and Knauss [12,13,14,15] examined the dynamic
crack propagation and branching problem in Homalite-100 comprehensively using high speed photomicrography with the load
triggered by an electrical pulse. A series of important conclusions were obtained: (1) the stress intensity factor increases while crack
velocity remains constant, and there exists a quantitative correlation between the stress intensity factor and the fracture surface
roughness (mirror, mist and hackle); (2) from macroscopic examination of the fracture surface, it is found that a crack dissipates
excess energy supplied to the crack tip by creating a rough surface rather than by changing the velocity of crack propagation; (3)
from microscopic observations of fracture surface roughness, it is found that crack branching is a natural evolution from a ‘‘cloud’’
of microcracks that accompany and lead the main crack; (4) The terminal velocity in Homalite-100 was found to be 0.45𝑐𝑅, about
half of the Rayleigh wave speed 𝑐𝑅.

Following the work by Ravi-Chandar and Knauss [12,13,14,15], Fineberg et al. [16,17],Sharon et al. [18],Sharon and Fineberg
[19],Sharon et al. [20] investigated the micro-branch instabilities with a series of experiments performed on thin sheets of Plexiglas
(PMMA). Fineberg et al. [16] designed an experimental system where the resistance voltage increases as a crack progresses across
a sample and cuts the conductive layer, the crack velocity is measured by detecting the voltage. By plotting the evolution of crack
velocity during crack growth, the existence of dynamic instabilities in a brittle fracture is detected. Fineberg et al. [17] found that
once the crack velocity is greater than a critical value, dynamic instabilities occur and the amplitude of the oscillations depends
linearly on the mean velocity of the crack. To explain the origin of instability, Sharon et al. [18] investigated the presence of
microscopic local crack branching as a possible source for instability in dynamic fractures occurring in thin sheets of brittle PMMA.
The crack micro-branches are observed and measured optically and a connection between microscopic and macroscopic crack
branching is established. Later, with the same experiment system, Sharon et al. [20] measured both the energy flux into the tip
of a moving crack and the total surface area created via the microbranching instability. It is found that a crack does not need to
dissipate increasing amounts of energy by accelerating because it has another option of dissipating energy by creating an increased
fracture surface, which provides an explanation for why the theoretical limiting velocity of a crack is never realized. Readers are
referred to [21] for a comprehensive review of the early work on the micro-branching instability. In recent years, under the help
of brittle poly-acrylamide gel (an aqueous elastomer), which enables probing the fracture process in unprecedented detail by high-
speed cameras, a number of important experiments have been carried out to study the dynamic fracture process [22–25]. Fineberg
and Bouchbinder [26] reviewed these experimental developments. It has been shown that (1) an intrinsic length scale, which is
associated with nonlinear elastic deformation near the crack tip, plays an important role in dynamic instabilities; (2) dynamic
instabilities include micro-branching instabilities and oscillatory instabilities. The micro-branching instability may be closely related
to the oscillatory instability and it appears to be an intrinsically 3D instability instead of a 2D instability. Further discussions about
the physics of crack branching can be found in Section 3.1.

A necessary and sufficient condition for crack branching was proposed by Ramulu and Kobayashi [4] (see further discussions in
Section 3.2). Hawong et al. [27] verified the criteria by using the 16-spark-gap camera to record the dynamic photoelastic patterns
4
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Table 1
Experimental techniques for crack branching.

Techniques Advantages Disadvantages

High speed
photography

(Photoelasticity [10,11], caustics
[37],
holographic microscopy [29,38])

High temporal and spatial
resolution

High cost

(DIC [32], DGS [33]) High resolution, low cost,
simple experimental setup

Low measurement accuracy
in stress concentrations (DIC)

Wallner lines
(stress wave fractography
[39])

Accurate measurement for
crack speed

low spatial resolution

Electrical resistance
methods [30,40]

High spatial resolution Sensitive to the variation of
film thickness

of curving and branching cracks in Homalite-100 specimens under biaxial loading conditions. Increasing the biaxial stress ratio of
horizontal loading to vertical loading and the stress level increases both the curvature and the number of branching cracks. Hauch
and Marder [28] investigated the modes of energy dissipation in dynamic crack propagation and branching process in Homalite-
100 by using a potential drop technique and made qualitative comparisons with PMMA. Suzuki et al. [29] investigated fast-growing
cracks before and after bifurcation by using high-speed holographic microscopy and obtained the crack branching velocity, branching
angles, and energy release rate in Homalite 100 and Araldite B. In Homalite 100 the crack branching velocity is 0.48𝐶𝑅 with an
verage branching angle of 17 ± 6◦, and in Araldite B the crack branching velocity is 0.46𝐶𝑅 with an average branching angle
f 16 ± 4◦. The energy release rate increases gradually and continuously across the bifurcation point both in Homalite 100 and
n Araldite B and PMMA. Murphy et al. [30] observed the branching patterns of PMMA single edge notched tensile specimens
ith scanning electron and optical microscopes and measured the crack propagation speed by electrical resistance methods. Each
acroscopic branch is accompanied by many small cracks along its length with most crack branches being straight. The experimental

esults indicate that crack branching is a natural outcome of the growth and coalescence with microcracks. Both subsurface damage
nd the frequency of crack speed oscillations increase during the branching process. Fayyad and Lees [31] gave an example of
sing digital image correlation (DIC) to investigate the cracking process and branching mechanisms in lightly reinforced concrete
eams. The DIC can visualize surface displacement by tracking the deformation of a random speckle pattern applied to the surface
hrough digital images acquired at different instances of deformation [32]. Crack branching angles and propagation path are found
o be related to the beam height and ductility. Another technique, called digital gradient sensing (DGS), employs 2D DIC with
n elasto-optic effect to directly quantify both crack-tip fields and crack speeds. Using this technique, Sundaram and Tippur [33]
nvestigated the branching phenomenon in soda-lime glass and proposed that the critical material length scale can be a criterion for
rack branching. This study overcomes measurement challenges such as low fracture toughness and high crack propagation speed.
ompared with normal observation and measurement techniques, the DIC and DGS have advantages of lower cost and simpler
peration.

The advantages and disadvantages of different observation and measurement techniques are summarized in Table 1. In order
o better explore the mechanism of crack propagation and branching, current research on experimental methods is focused on
oth the improvement of experimental technologies to overcome existing shortcomings and the development of new experimental
echnologies. With respect to testing materials, most experiments have adopted inorganic glass, Plexiglas, and Holmalite-100. The
imiting velocity is studied in different materials and it is found that the limiting velocity is 0.5 ∼ 0.65𝑐𝑅 for glass, 0.6 ∼ 0.7𝑐𝑅 for
MMA and 0.35 ∼ 0.45𝑐𝑅 for Homalite-100 [34]. The branching angles are also investigated although they are easily influenced by
he loading conditions, geometry and material properties. From a macroscopic viewpoint, the angle subtended by the new branch
immediately after branching) and the original crack plane typically lies between 10◦ and 45◦ [35]. For different materials, detailed
xperimental results on branching angles can be found in [21,35,36]. The branch shape and branch number are also influenced
y the loading conditions, geometry and material properties. The increasing of loading stress may lead to the increasing of branch
umber of the cracks while the loading conditions, geometry and material properties may have an impact on the branching angle
s well as the branch curvature, thus, the branching shape.

. Physics of crack branching

.1. Causes of crack branching

Many attempts have been made to explain the crack branching phenomenon. One of the classical theories is from Yoffe [41]. On
he assumption that the crack propagates along the direction normal to the maximum stress, when the velocity is lower than the
ritical velocity 0.6𝑐𝑆 , where 𝑐𝑆 is the shear wave speed, the crack propagation process remains at a steady state. When the crack
elocity exceeds this critical value, the propagation process becomes unstable. The stress state at the crack tip will change, and the
oop stress in the vicinity of the crack tip will have a maximum angle of about 60◦ from the propagation direction, which may
ead to crack branching, as shown in Fig. 2. By considering a crack growing from zero initial length at a uniform velocity rather
5
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Fig. 2. Yoffe’s crack branching model [41].

Fig. 3. Ravi-Chandar’s micro crack model [14].

Fig. 4. Typical ‘mirror’, ‘mist’ and ‘hackle’ regions are identified in Homalite-100 [13].

if the velocity exceeds 0.6𝑐𝑆 . The aforementioned studies suggest that the crack propagation become unstable and cracks are more
likely to start branching when the velocity exceeds a critical value. This mechanism is corresponding to the ‘‘velocity criterion’’,
see details in Section 3.2.1. Though this mechanism is not sufficient to explain the branching phenomenon, the velocity criterion
resulted from it is often employed in numerical simulation due to its simplicity.

An alternate attempt to explain crack branching is via the viewpoint of energy. By assuming the energy inputting into the crack
and the energy required to create new branch surfaces is balanced, Eshelby [43] argued that the crack tip velocity should at least be
0.5𝑐𝑅 to allow the energy at the crack tip to be sufficient enough to create new surfaces for crack branches, where 𝑐𝑅 is the Rayleigh
wave speed. However, according to the experimental observations, the crack velocity does not change significantly before and after
crack branching [14]. Gao [44] explained that by proposing a more definitive analytic model called the wavy-crack model, where
two velocities are defined: the macroscopic crack velocity 𝑣𝑎 and the microscopic local velocity 𝑣𝑐 . If the crack speed is above 0.5𝑐𝑅,
the crack propagates along a wavy path and the energy absorbed into the crack is used to increase 𝑣𝑐 while 𝑣𝑎 remains constant.
This explains why the crack speed does not decrease much after branching.

Another possible explanation is given by Ravi-Chandar and Knauss [14], who suggested that there exist many microcracks in
front of the main crack as shown in Fig. 3, and branching is a natural outcome of the growth and coalescence of the microcracks.
In Homalite-100, a varying fracture surface roughness during branching, ‘mirror’, ‘mist’, and ‘hackle’, can be observed [13], see
Fig. 4. The fracture processes that occur over a spatial domain comparable to the surface roughness dominate the dynamics of
crack growth. Initially, a crack propagates with a mirror-like fracture surface. Then, because of the coalescence of microvoids or
preexisting defects ahead of the crack, the crack surface may become rough and subsequently microcracks form. The microcracks
within the fracture process zone interact with each other and form micro-branches, which results in the final crack branching.

Following the work of [12–15], micro-branches and their instability have been studied in great detail recently by Fineberg et al.
[17], Sharon et al. [18],Sharon and Fineberg [19],Sharon et al. [20], Fineberg and Marder [21], Bouchbinder et al. [22,23,24],
Livne et al. [25], Fineberg and Bouchbinder [26], Livne et al. [45]. Using dynamic instabilities, these studies explain a number of
long-standing problems in the dynamic fracture of amorphous including (1) velocity oscillations and limiting velocity, (2) fracture
roughness, (3) the origin of the large increase in the energy dissipation of a crack with its velocity and (4) transition to crack
6
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Fig. 5. Three aspects of the evolution of the branching instability as the crack propagates from left to right [19]. (a) The velocity of the crack is a smooth
function of time when 𝑣 < 𝑣𝑐 , the crack velocity starts to oscillate when 𝑣 ∼ 𝑣𝑐 , the oscillation amplitudes increase when 𝑣 > 𝑣𝑐 . (b) The fracture surface is
smooth when 𝑣 < 𝑣𝑐 , small regions of different texture are distributed along the surface when 𝑣 ∼ 𝑣𝑐 , these regions coalesce, forming a periodic pattern with
wavelength on the order of 1 mm when 𝑣 > 𝑣𝑐 . (c) A single crack is observed when 𝑣 < 𝑣𝑐 , micro-branches appear when 𝑣 ∼ 𝑣𝑐 , and increase in length when
𝑣 > 𝑣𝑐 .

branching. A detailed discussion about velocity oscillations and limiting is given in Section 3.2.1. When the crack velocity exceeds
the critical value (limiting velocity), the velocity begins to oscillate rapidly [17]. A good correlation is demonstrated between the
measured crack velocity and appearance of fracture roughness on the fracture surface [19], see Fig. 5. The initial crack with a
velocity lower than the critical crack velocity 𝑣𝑐 corresponds to a mirror-like fracture surface. After achieving the critical crack
velocity 𝑣𝑐 , the velocity begins to oscillate. As the velocity increases, rib-like patterns observed on the fracture surface become more
apparent. Microscopic branches have also been observed when the velocity exceeds the critical value. These characteristic features
are independent of the brittle material due to the fact that in two extremely different classes of material (poly-acrylamide gel and
soda-lime glass), identical characteristic behaviour is observed [45]. The origin of the large increase in the energy dissipation of
a crack with its velocity can also be explained by the micro-branching instability [20]. When micro-branching instabilities occur,
the energy dissipation of a crack increases because more surfaces are formed by the micro-branches. As the velocity of the crack
increases, transition to crack branching occurs with the branches becoming longer and more numerous. Micro-branches can smoothly
transform to macro-branches with similar characteristic features of crack branching exhibited between the micro-branches and
macro-branches [18]. The onset of the micro-branching instability therefore provides a well-defined criterion for the process that
eventually culminates in macroscopic crack branching. As the crack velocity increases larger than the critical velocity, the branch
width increases and the surface roughness diverges. This transition may be a sufficient condition for macroscopic crack branching
to occur [19]. The dynamic instabilities have been further studied with a series of theoretical work [22–24] and with experiments
in brittle gels [25]. A weakly nonlinear theory of dynamic fracture has been introduced, which implies that the understanding of
crack instabilities requires the introduction of new physical ingredients, e.g. length scales [24]. Intrinsic nonlinear scales in the
near-tip region play a decisive role in dynamic crack instabilities. Fineberg and Bouchbinder [26] gave a comprehensive review of
important experimental and theoretical work in dynamic crack instabilities, which states that the micro-branching instability is an
intrinsically 3D instability and to understand the dynamic instabilities, the framework of fracture mechanics should be extended to
include 3D crack propagation.

Through theoretical analyses, Adda-Bedia and Arias [46],Adda-Bedia [47,48], Katzav et al. [49], Adda-Bedia et al. [50]
systematically studied the crack branching mechanisms including dynamic crack instability and 3D microbranching instability.
Based on the theory of linear elastic fracture mechanics and Eshelby [43]’s energy approach which states that the energy input into
a crack and the energy required to create new branch surfaces must be balanced, the theoretical model for branching instabilities
was established [46]. Dynamic crack branching instability under general antiplane loading [47] and under general loading [48] are
studied and the path and geometry of the branched crack are predicted. It is shown that after branching the in-plane elastic fields
immediately exhibit self-similar properties, and the jump in the energy release rate is maximized. Under this assumption, the crack
7
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single crack propagation would lose its stability at some point dependent on crack velocity [49]. Later, Adda-Bedia et al. [50]
investigated the 3D out-of-plane nature of crack front waves (generated by both the interaction of a crack with a localized material
inhomogeneity and the intrinsic formation of micro-branches [51]) and the microbranching instability with the Willis–Movchan 3D
linear perturbation formalism. It is demonstrated that within a minimal linear elastic fracture mechanics scenario, the existence of
an out-of-plane crack front instability is dependent on critical velocity, which may trigger a 3D microbranching instability and its
fractographic implications.

For materials like inorganic glasses, where microcracks cannot be found in front of the main crack, different mechanisms have
een proposed. Hull [39] suggested micro-scale variations lead to twisting and tilting of the stress vector near the crack tip, cause
ocal instability to the dynamic properties of cracks, and are responsible for the increase of crack surface roughness and crack
ranching. Sharon et al. [51], Bonamy and Ravi-Chandar [52] tried to explain the surface roughening from the interaction of the
hear wave with the tip of the growing crack. The shear wave proves the existence of front waves in dynamic fractures. The front
aves feature an out-of-plane component, which leaves marks on the fracture surfaces and causes surface roughness and crack shape
erturbations [26].

Though crack branching in dynamic fractures has long been observed and investigated in various literatures, up to now, there
as not been a universally agreed-on explanation for crack branching mechanisms. Based on the above work, the mechanisms
f branching can be summarized as: (1) the increase of the velocity may cause unstable crack propagation, which causes crack
ranching; (2) the microvoids and microcracks may increase surface roughness and the growth and coalescence of microcracks
hich form micro-branches resulting in macro-branches with the energy absorbed in the crack relating to the limiting velocity; (3)

he dynamic instability plays an important role. Cracks undergo an oscillatory instability controlled by small-scale, near crack-tip,
lastic nonlinearity, and this oscillatory instability may trigger microbranching instability, which provides a well-defined criterion
or the process that eventually culminates in macroscopic crack branching; (4) the crack front waves and the tilting and twisting
f the stress vector at the crack front may cause local dynamic instability, increasing of crack surface roughness leading to crack
ranching.

.2. Branching criteria

Crack branching criteria tend to be artificially formulated based on physical mechanisms to improve crack branching simulation.
e divide the criteria into two types: external criteria and internal criteria. Here, ‘‘external’’ means that in the numerical simulation

dditional criteria are needed to determine how the crack branching occurs. The criteria required in a whole process for branching
imulation include criteria for crack initiation, criteria for crack propagation, criteria for crack branching time and criteria for
ranching angles. A series of studies on criteria for dynamic crack initiation and crack propagation are summarized in dynamic
racture mechanics [6,7]. The following discussion will focus on criteria for branching time and branching angles, instead of being
xhaustive. In contrast to the ‘‘external’’, ‘‘internal’’ means that no additional criteria are required, and any occurrence of branching
s a natural outcome of the simulation.

.2.1. External criteria
To determine the branching time, three commonly used criteria are introduced, namely the velocity criterion, the stress intensity

actor criterion, and the energy criterion.

elocity criterion. The velocity criterion suggests that once the crack velocity exceeds a critical value, branching occurs. Note that
here exists two branch types, namely micro-branches and macro-branches, which are discussed separately here. Both theoretical
nd experimental approaches have been used to investigate the critical velocity of a fast moving crack.

An energy balance equation was given by Freund [6], which considers a crack growing with a nonuniform speed under
ime-independent/dependent loading:

𝐺𝑑𝑦𝑛 ≈ (1 − 𝑣
𝑐𝑅

)𝐾𝐼
0(𝑡, 𝑙(𝑡), 0) = 𝛾 (1)

where 𝐺𝑑𝑦𝑛 is the dynamic energy release rate, 𝑣 the crack velocity, 𝐾𝐼
0(𝑡, 𝑙(𝑡), 0) the instantaneous stress intensity factor at time 𝑡

for a stationary crack of length 𝑙(𝑡) and 𝛾 the fracture energy. Based on Eq. (1), the fracture energy for a moving crack will vanish
when the crack velocity 𝑣 increases to the Rayleigh wave speed 𝑐𝑅. Therefore, from the elastodynamic fracture mechanics theory,
the limiting velocity for crack propagation is no larger than the Rayleigh wave speed. However, from an experimental view, it is
found that only cracks on the cleavage planes in crystalline materials grow at a rate close to Rayleigh wave velocity. For cracks
in noncrystalline materials, the limiting velocity of the crack is significantly smaller than the theoretically predicted limiting crack
velocity [7]. The reason behind this phenomenon can be explained by dynamic instabilities [17]. Indirect evidence to support this
is that when the dynamic instability is suppressed, the crack may propagate at a supersonic speed [5]. Mechanisms behind the
supersonic crack propagation problems are explored by Buehler et al. [53], Abraham and Gao [54].

The critical velocity for micro-branches states that once the velocity exceeds the critical velocity 𝑣𝑐 , crack propagation becomes
unstable with the occurrence of velocity oscillations, and the increase of surface roughening and microbranching [21]. The critical
velocity for instability and micro-branches has been investigated with experimental approaches. Fineberg et al. [16,17] made
detailed measurements indicating that the critical velocity for crack propagation in PMMA is 0.36𝑐𝑅. Hauch and Marder [28]
and Ravi-Chandar and Knauss [13] observed the critical velocity for crack propagation in Homalite is 0.37𝑐𝑅. Gross et al. [55]
8

showed the critical velocity for crack propagation is 0.42𝑐𝑅 in soda-lime glass. Based on the experimental observations above, the
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Fig. 6. Relationship between crack velocity and stress intensity factor in (brittle) Homalite 100 (solid curve). The ‘‘horizontal’’ lines represent measurements of
the tip motion of cracks in large plates as they grow with no or minimal influence of stress waves reflected from the plate boundaries, adopted from [11].

existence of a critical velocity for the instability of brittle fracture may be a universal aspect [17]. Though the micro-branches
instability is seen as one of the reasons for crack branching, the transition from critical velocity criterion for micro-branches to
critical velocity criterion for macro-branches is still unknown [21]. The critical velocity for macro-branches is used to determine
when macro-branches develop. Theoretically, as discussed in Section 3.1, various authors established models to analyse the critical
velocity. The critical velocity is assumed to be 0.6𝑐𝑆 in Yoffe [41]’s model, 0.5𝑐𝑅 in Eshelby [43] and Gao [44]’s model, 0.52𝑐𝑅
in Adda-Bedia [48]’s model. Experimentally, as discussed in Section 2, the limiting velocity is 0.5 ∼ 0.65𝑐𝑅 for glass, 0.6 ∼ 0.7𝑐𝑅 for
PMMA and 0.35 ∼ 0.45𝑐𝑅 for Homalite-100.

In addition, many experimental results show that the crack velocity does not change significantly after branching [14]. These
limitations have challenged or weakened the velocity criterion for crack branching. However, due to its simplicity, the velocity
criterion is widely used in numerical simulation for crack branching. For example, Linder and Armero [56] proposed a branching
model using FEM, where branched elements are added to represent discontinuities if the crack velocity exceeds a given threshold.
The influence of different critical velocities on branching was investigated with the FEM-based model. Using a similar model, Armero
and Linder [57] successfully captured the crack propagation path and branching characteristics. Xu et al. [58] set up the additional
enrichment in XFEM to describe crack branching and adopted the branching time criterion from Yoffe [41], where the crack
branching occurs when the maximum normalized circumferential stress occurs in two symmetrical directions. The critical velocity
during simulation is found to be over 0.74𝑐𝑅. By comparing the numerical result 0.74𝑐𝑅 with the experimental result 0.4𝑐𝑅, they
concluded that the crack velocity error was due to the velocity criterion adopted.

Stress intensity factor (SIF). In elastodynamic fracture mechanics, the theoretical framework is fairly well established through a
series of studies of a dynamically propagating crack in an infinite body by Freund [6,59,60,61]. Taking mode I crack as an example,
the dynamic crack growth criterion is given as:

𝐾𝐼
𝑑𝑦𝑛(𝑡, 𝑣) = 𝐾𝐼𝐷 (2)

where 𝐾𝐼
𝑑𝑦𝑛 is the dynamic SIF, 𝑡 the time, and 𝐾𝐼𝐷 the dynamic crack growth toughness. For the left-hand side of the Eq. (2),

theoretically, the dynamic SIF is related to both the crack velocity and the instantaneous SIF of a stationary crack, which can be
expressed as:

𝐾𝑑𝑦𝑛
𝐼 (𝑡, 𝑣) = 𝑘(𝑣)𝐾𝐼

0(𝑡, 𝑙) (3)

where 𝑘(𝑣) is a function of crack velocity and 𝐾𝐼
0 is the instantaneous SIF of a stationary crack with length 𝑙 at time 𝑡. Numerically,

the dynamic SIF can be calculated through 𝐽 -integral or interaction integral. Unlike the calculation in quasi-static conditions, the
numerical calculation of 𝐽 -integral or interaction integral is no longer path independent in dynamics. The reader is referred to the
book by Anderson [3] for more details. For the right-hand side of Eq. (2), the crack growth toughness 𝐾𝐼𝐷 can be determined
experimentally, and the 𝐾–𝑣 relationship is often employed. Experimentally, the dynamic SIF is related to crack velocity, however,
the relationship is not unique, but an average can be obtained [7,11], see Fig. 6.

By experimental investigations, Kobayashi and Mall [10] and Dally [11] indicated that branching occurs when the SIF reaches a
critical value that is between two and three times the quasi-static fracture toughness of the material. Clark and Irwin [62] suggested
9
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that the dynamic SIF should reach a critical value for branching to occur at terminal velocity. Based on previous theoretical and
experimental studies on crack curving and crack branching, Ramulu and Kobayashi [4] proposed the following necessary and
sufficient conditions for crack branching:

𝐾𝐼 ≥ 𝐾𝐼𝑏 → necessary condition
𝑟0 ≤ 𝑟𝑐 → sufficient condition (4)

where 𝐾𝐼𝑏 is the critical branching SIF, and 𝑟𝑐 is the characteristic distance from the crack tip. With experimental observations, Ravi-
Chandar [7] concluded that a crack will split into two or more branches if it reaches the critical stage identified by its SIF, and
each branch will propagate with the same speed as the parent crack. The SIF criterion is applied to decide crack branching time
when modelling crack propagation [63,64]. Kishen and Singh [63] simulated crack development (crack kinking and branching)
on the rock-concrete interface of a gravity dam using the SIF-based fracture criterion. Using a time-domain BEM approach, Rafiee
et al. [64] examined dynamic crack propagation, where a critical mode I SIF was used for the branching event and the maximum
circumferential stress criterion was employed for determining the branching angle and each branch’s growth rate.

Energy criterion. The energy criterion is applicable to both linear and nonlinear fracture mechanics, e.g. the energy release rate 𝐺
and the 𝐽 -integral. The crack extension occurs when the energy available for crack growth is sufficient to overcome the resistance
of the material [65].

Eshelby [43] proposed the branching criterion theory based on the balance between the energy inputting into the crack and the
energy required to create new branch surfaces. Based on this study, with the help of the Griffith’s energy criterion and the principle
of local symmetry, Adda-Bedia [47,48] presented a series of analytical solutions for crack branching problems. The energy criterion
was assumed to be a necessary condition for a branching configuration, and the stress field in front of the crack tip, the branched
shape and the dynamic branching instability were predicted and analysed. Tchouikov et al. [66] calculated the energy flux per unit
time into the crack tip with a dynamic 𝐽 -integral. Once a given critical energy release rate is surpassed, the branch occurs and
an implicit prediction for branching path is adopted. Xie et al. [67] derived an energy-based fracture mode for the mode-I crack
branching, where branching toughness was proposed, the branching critical energy release rate was derived and the branching angle
was predicted. The criterion shows good agreement with the experimental observations reported in the literature.

Criteria for branching angles. After the branching time is determined, the next step is to determine how the crack propagates with
branching. The branching angle has been studied both experimentally and theoretically. Experimentally, as discussed in Section 2,
the angle subtended by the new branch (immediately after branching) and the original crack plane typically lies between 10◦ and
45◦. Theoretically, the crack propagation direction can be predicted by the maximum circumferential stress theory, the minimum
strain energy density factor theory, the principle of local symmetry and the maximum strain energy release rate theory [4]. A
comprehensive review of earlier analytical research work on elastostatic and elastodynamic self-similar crack branching problems in
homogeneous, isotropic and elastic brittle solids was given by Dempsey [35]. The number of elastodynamic solutions is quite limited
compared with the number of elastostatic solutions. For planar elastodynamic crack propagation, Yoffe [41] attempted to explain
the branching of cracks by analysing a problem in which a crack of constant length moving along a straight line with a uniform
speed in an infinite two-dimensional medium. It is found that the maximum stress moves out of the plane of crack propagation
and acts at an angle of 60◦ to the main crack propagation direction when the velocity is lower than the critical velocity 0.6𝑐𝑆 . For
elastodynamic crack propagation under antiplane loading, Dempsey et al. [68], Burgers [69,70] derived analytical solutions for a
semi-infinite crack that starts to propagate from rest by kinking or branching under the action of a stress pulse loading.

To obtain a more general solution for the dynamical crack kinking or branching problem, a series of studies were conducted
by Adda-Bedia and Arias [46],Adda-Bedia [47,48]. To predict the crack path, the determination of the elastodynamic fields
associated with kinked or branched cracks is required. Adda-Bedia and Arias [46] presented a new method to determine the
elastodynamic stress field/the dynamic SIF associated with the propagation of anti-plane kinked or branched cracks. The theory
was applied to the case of dynamic crack branching under general antiplane loading [47] and later the general antiplane loading
condition was extended to arbitrary loading condition [48]. The SIF just after branching was given as a function of the SIF just
before branching, the branching angle and the branching velocity [48]:

𝐾 ′
𝑙 =

∑

𝑚
𝑘𝑙(𝑣′)𝐻𝑙𝑚(𝜆, 𝑣, 𝑣′)𝐾0𝑚 (5)

where 𝐾 ′
𝑙 and 𝐾0𝑚 are the dynamic SIF just after branching and the rest SIF just before branching, respectively, 𝑙 and 𝑚 =1, 2, 3,

𝑘𝑙(𝑣′) is a universal function of the branching velocity 𝑣′, and 𝐻𝑙𝑚 is a dimensionless function of the branching angle coefficient 𝜆,
and of the crack velocity before and after branching. When 𝑣′ → 0, it can be expressed as:

𝐻𝑙𝑚(𝜆, 𝑣, 𝑣′ → 0) = 𝐹𝑙𝑚(𝜆) (6)

Taking Mode I crack as an example, to get the branching angle, the Griffith energy criterion and the principle of local symmetry
are employed. The Griffith energy criterion states that the energy release rate 𝐺 during crack propagation is equal to the dynamic
fracture energy 𝛾 of the material [71]. For crack branching, the relationship between the energy release rate 𝐺, fracture energy 𝛾
before branching and the energy release rate 𝐺′, fracture energy 𝛤 ′ after branching can be obtained:

𝐺′ = 𝐺
𝛾(𝑣′) (7)
10

𝛾(𝑣)



Engineering Fracture Mechanics 257 (2021) 108036Y. Sun et al.

f

w
c
s
e
a
s
t

3

b
t
M
p
m
m
a

c
r
f
t
d
b
c
b
i
i
o
b
t
b
n
t

4

m
D
n
S
a
u

4

m
r
P
c
w
t
a
o
A
t

According to the principle of local symmetry, which states that the crack always propagates in a direction that the local stress
ield at the crack tip is of mode I type [72], the following conditions are satisfied immediately after branching:

𝑔1(𝑣) = 𝐹 2
11(𝜆) (8)

𝐹21(𝜆) = 0 (9)

here 𝑔1(𝑣) is a decreasing function of the crack velocity 𝑣 with 𝑔1(0) = 1 and 𝑔1(𝑐𝑅) = 0. By solving the equations above, a
ritical velocity for branching and a branching angle can be obtained. When the velocity exceeds a critical value of 0.52𝑐𝑅, a crack
tarts to branch at a branching angle 𝜆𝜋 = 27◦ corresponding to 𝜆 = 0.15. The predicted result agrees well with the available
xperimental results [17,21]. Detailed analytical solutions for other loading modes were given by Adda-Bedia [48]. Based on the
bove work, Katzav et al. [49] further summarized the theory of dynamic crack branching in brittle materials. With the theory, a
ystematic analysis of the branching problem is made, and the critical velocity, the branching angle, the branching velocity, and
he subsequent branch path described by a curvature parameter are successfully predicted.

.2.2. Internal criteria
Internal criteria are combined with numerical methods and embedded in the specific crack models, which leads to crack

ranching as a natural outcome of the simulation. A simple way to judge whether a model or a method contains internal criteria is
o check whether branching angle criteria are required during simulation. If not, cracks are allowed to form freely in the simulation.
odels and methods containing internal branching criteria include, but are not limited to, the cracking particles method, the

eridynamics, the phase field model, the element deletion model, the cohesive zone model, the enrichment models and nonlocal
odels/gradient models/viscous models. Among them, the cohesive zone model, the cracking particles method, the phase field
odel, and the peridynamics, which are representative, are briefly introduced in this section, while more detailed information

bout all these models and methods can be found in Section 4.
In the cohesive zone model, the traction–separation law defines the relationship between the crack width (distance between the

rack surfaces) and the cohesive traction in the process zone. The crack surfaces begin to separate when the cohesive strength is
eached, and when the separation reaches a critical value, the traction decreases to zero and failure occurs. Crack branching naturally
orms in the solution of the initial–boundary value problem without any branching criteria [73,74]. In the cracking particles method,
he crack is described by the set of cracked particles [75–77]. A cracking criterion is employed to crack the particle and create a
iscrete crack. The crack is modelled by a set of discrete cracks. During simulation, no external criteria are required to determine the
ranching time and branching angles, and the crack develops by breaking particles in a sequence. In the peridynamics, the material
an be considered as a collection of points [78]. If as a result of various forces, two points of the material are separated by a distance
eyond a critical value, the interaction (bond) between the two points will vanish (break). Only one critical value for a bond break
s needed. Once the stretch exceeds the critical value, failure starts to occur and under certain boundary conditions, crack branching
s observed without additional criteria for branching [78]. The phase field model is developed in the form of a variational theory
f fractures based on the principle of minimum total potential energy. Through defining the total potential energy of a material
ody with cracks, it turns the crack propagation problem into an energy minimization problem. By giving boundary conditions,
he unknown displacements and the crack path can be solved via global minimization. Thus, in theory, there is no need of external
ranching criteria, and the only rule required for crack initiation or propagation is that: compared to the previous configuration, the
ew configuration leads to the lower total energy. Similarly, crack branching is allowed if lower potential energy can be obtained
han a simple extension.

. Crack models and numerical methods

Crack models are used to describe how to represent the fracture, including the geometry and the stress concentration. Numerical
ethods are employed to solve equations, describe the bulk material behaviour, and capture the fracture propagation process.
ifferent models can be combined with each other and they can be integrated with multiple numerical methods. Likewise, different
umerical methods can be combined to form hybrid methods, and they can also work with different fracture models, see Fig. 7.
mear crack models can account for the crack tip nonlinearity. While discrete fracture models integrated with notable methods such
s finite element method, extended finite element method, boundary element method often do not account for crack tip nonlinearity
nless the cohesive zone model is employed.

.1. Crack models

Crack models are used to describe how to represent the crack, and they can be roughly divided into two categories: discrete crack
odels and smeared crack models. Based on how the crack is represented, the ‘‘discrete’’ means the crack topology is explicitly

epresented while the ‘‘smeared’’ means the crack is smeared over a certain width without explicit tracking of crack surfaces.
opular discrete crack models include remeshing, element deletion, cracking particles, and enrichment models. Popular smeared
rack models include phase field, nonlocal, gradient and viscous models. Note that different from the models mentioned above
hich describe how to represent cracks, the cohesive zone model describes the nonlinear behaviour in the process zone ahead of

he crack tip with a traction–separation law and it is essentially a discrete concept. Therefore, we describe the cohesive zone model
s part of the discrete crack models. However, it can also be implemented in smeared context by distributing the work of separation
r fracture energy over the width of an element [79]. See [80] for various smeared representations of cohesive-zone type behaviour.
s a summary, Table 2 lists the advantages and limitations of different crack models, and their details are separately discussed in

he following subsections.
11
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Fig. 7. Crack models and numerical methods.

Table 2
Advantages and limitations of different crack models for crack branching.
Crack Models Advantages Limitations

Remeshing models [2,66] Flexible in dealing with complex
geometries and boundary conditions

Awkward in dealing with complex
three-dimensional geometries

Element deletion models [81–83] Easy implementation special treatment is required to solve
the mesh dependency

Enrichment models [84–86] Solve parts of difficulties associated
with the mesh

Rely on different types of enrichment
adopted, see more detail in Section 4.2

Cracking particles methods
[75–77]

Suitable for complex crack patterns,
straightforward implementation in 3D

Special treatment is required to solve
the ‘‘spurious cracking’’ problems and
reduce the computational cost

Cohesive zone models [73,74] Suitable for complex crack patterns,
removes singularity in the crack tip

Special treatment is required to solve
the mesh dependency and bias

Phase field models [87,88] Suitable for complex crack patterns,
straightforward implementation in 3D

Fine mesh is required to obtain more
accurate results

Nonlocal models/gradient
models/viscous models [89,90]

Solve the ill-posed boundary value
problem, suitable for modelling failure
caused by progressive damage

Physical inconsistencies may appear,
fine mesh is required to obtain more
accurate results

4.1.1. Discrete crack models
Remeshing models. As the crack propagates and branches, new discontinuities form across the crack, therefore, crack surfaces need
to be redefined as boundaries and the mesh needs to be updated. Remeshing models update the crack surface with remeshing
techniques, where an explicit representation of crack surfaces and a crack tracking algorithm are usually required. During the
simulation process, external criteria including the crack initiation, propagation, branching time and angle criterion are employed,
which increases the difficulty of computational simulation. The reasons are manifold: (1) until now, there is no universally agreed
explanation for branching time and branching angles; (2) the formula to calculate the associated parameters under dynamic situation
remains a challenge; (3) a remeshing rule including the selection of element type, mesh generation method, data transfer during
remeshing is required for which computation efficiency needs to be considered.

The remeshing models can be combined with such numerical methods as FEM and BEM to simulate crack branching. A schematic
illustration of crack branching with remeshing models based on FEM is shown in Fig. 8. Compared with remeshing models based on
FEM, remeshing models based on BEM is much simpler due to the reduced dimensional features of BEM. Details will be explained in
Section 4.2. Both methods assume that the crack surface is generally determined by the separation between elements, which makes
it difficult to capture crack surface roughness relating to dynamic brittle fracture. Note that another commonly used application of
the remeshing models is its combination with cohesive zone models by actively inserting cohesive interface elements into the finite
element mesh, which will be discussed separately later.

Element deletion models. Element deletion models are often integrated with FEM, where the crack is represented by a set of
deleted/deactivated elements, as shown in Fig. 9. There is no need for explicit representation of the crack’s topology by remeshing.
The deactivation of elements can be achieved through two approaches: (1) complete element deletion technique, in which deleted
elements are replaced by rigid masses and (2) setting the stress of the deactivated elements to zero [81,91]. The elements, which
are deactivated or deleted, have no material resistance or stress for the rest of the simulation process [92].

However, unless the constitutive equation is properly scaled or adjusted, the released energy due to deleting an element will
depend on the element size, which can cause spurious mesh dependency and lead to high computational cost in dynamic crack
12
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Fig. 8. A schematic illustration of crack branching with remeshing models based on FEM.

Fig. 9. A schematic illustration of crack branching with element deletion models.

simulations [93]. To reduce the spurious mesh dependency, the softening curve slope should be scaled so that fracture energy is
independent of the element size [81]. The mesh dependency problem is also handled with variational formulations [82]. Schmidt
et al. [94] proposed a promising approximation scheme named ‘‘eigenfracture’’, in which the deformation is seen as an eigen-
deformation in the eroded element and a nonlocal regularized fracture energy is introduced to eliminate the mesh dependence.
Derived from the eigenfracture, Pandolfi and Ortiz [82] developed a method called ‘‘eigenerosion’’, which is characterized by the
restriction of element erosion in a binary sense: it can be equal to 0 if the element is eroded or 1 in case of fully elastic behaviour. The
fracture propagation is then treated as failing elements when the elastic energy release is higher than the corresponding dissipated
fracture energy. Compared with the original element deletion model, the eigenerosion, as an extension version, is more suitable for
crack branching problems for its accuracy and convergence in complex crack simulations [81–83,94].

Song et al. [81] checked the performance of the element deletion model for dynamic crack propagation in brittle materials
and found that the element deletion model gives a very irregular crack velocity and performs poorly for the accurate prediction
of crack branching. Based on the eigenerosion, Stochino et al. [83] introduced a modified formulation of eigenfracture, where the
compression and tension loaded state is distinguished. The efficacy of the approach is proved by a dynamic crack branching example.
It is found that the crack branching time depends on the fracture resistance of the structure related to the critical energy release rate
and numerical parameter settings. To reduce the high computational cost caused by a relatively fine mesh during modelling, Fan et al.
[95] presented a dynamic adaptive eigenfracture scheme by combining the eigenfracture scheme and the adaptive mesh refinement
algorithm, which reduces the element size locally while improving the Griffith fracture convergence property. The ability of the
dynamic adaptive eigenfracture scheme in predicting crack propagation was proved by numerical examples of crack branching,
see Fig. 10. It is found that the crack pattern, the crack branching velocity and crack instabilities in the simulation are in good
agreement with the experimental observations.

The element deletion model deletes elements that satisfy a certain criterion explicitly and no additional criteria are required
to determine the branching time and branching angles. However, special treatment is required to solve the mesh dependency
problem [93]. The mesh needs to be fine enough to obtain accurate crack path prediction in dynamic crack simulations, which may
in turn cause high computational cost. To the best of the author’s knowledge, till now, the number of studies on the performance of
the element deletion model in dynamic crack branching simulation is limited [81,83,95], and no 3D examples are provided. Though
its ability in modelling the crack pattern and the crack branching velocity has been proved in 2D [95], more investigations such as
multiple crack branches, crack branching in 3D are yet to be demonstrated.

Enrichment models. The enrichment models use the so-called ‘‘enrichment approaches’’ to account for the discontinuous displacement
fields in the crack. The enrichment approach is to enrich a polynomial approximation space so that the crack can be modelled
independently of the mesh. There are commonly two types of enrichment, namely, the intrinsic enrichment and the extrinsic
13
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Fig. 10. A numerical example of crack branching with element deletion models [95].

Fig. 11. A schematic illustration of crack branching with enrichment models combined with XFEM.

enrichment. The intrinsic enrichment is to replace (at least some of) the shape functions in the polynomial approximation space
with special shape functions. The number of shape functions and unknowns is unchanged during simulation. While the extrinsic
enrichment can be achieved by adding special shape functions to the polynomial approximation space, where more shape functions
and unknowns result in the approximation [96].

The enrichment model can be combined with XFEM or MMs. Fries and Belytschko [96] summarized important features about
enrichment in XFEM: (1) the enrichment is extrinsic and realized by the partition of unity (PU) concept; (2) the enrichment is local
because only a subset of the nodes is enriched; (3) the enrichment is mesh-based, i.e. the PU is constructed using standard FE shape
functions; (4) enrichments for arbitrary discontinuities in the function and their gradients are available. A schematic illustration of
crack branching with enrichment models combined with XFEM is shown in Fig. 11. Compared with the enrichment in XFEM, the
enrichment in MMs can be both intrinsic and extrinsic. The extrinsic enrichment can be further classified into an extrinsic moving
least-square (MLS) enrichment and an extrinsic PU enrichment. The ability of the model in capturing crack branching differs with
the methods it combines, detailed explanations will be given in Section 4.2.

Cracking particles methods. In the cracking particles method (CPM), the crack is modelled by a set of discrete cracks. As shown
in Fig. 12, the discrete crack is restricted to lie on the particles. Since the crack is described by the set of cracked particles, no
representation of the crack’s topology is needed [75–77]. The method was first developed by Rabczuk and Belytschko [75]. In the
model implemented with the cracking particles method, the displacement approximation is given by:

𝐮ℎ(𝐱) =
∑

𝑖∈𝑁
�̂�𝑖(𝐱)𝐮𝑖 +

∑

𝑖∈𝑁𝑐

𝑁𝑖(𝐱)𝑆(𝑓𝑖(𝐱))𝐪𝑖 (10)

where 𝐮𝑖 is the displacement vector, 𝑁 and 𝑁𝑐 are the total set of nodes in the model and the set of cracked nodes respectively; �̂�𝑖
and 𝑁𝑖 are the continuous and discontinuous shape functions, respectively; 𝑆(𝑓𝑖(𝐱)) is the sign function defined as 1 and −1 on two
sides of the crack parametrized by 𝐪𝑖. Therefore, the displacement jump across the crack can be obtained from Eq. (10):

[[𝐮]] = 2
∑

𝑖∈𝑁𝑐

𝑁𝑖(𝐱)𝑆(𝑓𝑖(𝐱))𝐪𝑖 (11)

A discrete crack is introduced whenever a cracking criterion is met at a particle [75]. The cracking criteria differ with different
material properties, e.g. loss of hyperbolicity is used for a rate independent material while loss of material stability is used for a
rate dependent material [97]. The reader is referred to [86] for a more detailed description of commonly used cracking criteria.

Based on the original model, Rabczuk and Belytschko [76] extended its application to three dimensional problems, where a
continuous crack is represented by a contiguous set of cracked particles. The sphere particles are separated by a crack plane that
14
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Fig. 12. A schematic illustration of crack branching with CPMs.

Fig. 13. A 3D example of crack branching with CPMs [76].

passes through the centre of the particle. The method proves its capability in large deformations and arbitrary nonlinear and rate-
dependent materials with different examples. A crack branching example in 3D with CPM is given, see Fig. 13. The crack front
line is almost linear without capturing the fracture tunnelling feature. The reason may be the use of brittle materials while fracture
tunnelling is often observed in ductile materials. Since the crack pattern along the out-of-plane direction is uniform, this example
can be considered as a ‘‘2.5D’’ example. To further prove the ability of the method to simulate a real 3D problem, a non-planar
crack growth example is given in [76], which is not shown here since this non-planar crack growth example does not include the
crack branching phenomenon. Later, Rabczuk et al. [77] further developed the model avoiding the requirement of the enrichment.
By splitting particles where the cracking criteria are met into two particles on opposite sides of the associated crack segments,
the crack is modelled with no additional degrees of freedom being added in the formulation. By various benchmark examples,
the model proves its capability in modelling complex crack patterns in statics and dynamics. Using the CPM, Rabczuk et al. [98]
studied the instability in dynamic fracture and reproduced the experimentally observed results, including the limiting velocity,
microcrack branching and increase of energy dissipation. It is found that the existence of voids in the model has little effect on
the occurrence of microcrack branching. To solve the spurious cracking problems which appear in the original CPM [75], Ai and
Augarde [99] improved the crack path curvature modelling through bilinear segments with consideration of cracking angle changes
at particles, which allows crack kinks inside a particle. The model was further improved by the so-called ‘‘multi-cracked particle
method’’ [100], which can deal with branched cracks (tree-shaped cracks) by splitting a cracking particle multiply. However, all the
numerical examples in Ai and Augarde [100]’s work are limited in linear elastic fracture mechanics problems and no dynamic crack
branching example is provided. Though solving the spurious cracking problem, the methodology only proves its ability in modelling
branched crack (tree-shaped cracks), not the dynamic crack branching process. This is due to the cracking rule it adopted prevents
crack branching. The spurious cracking problem was also solved by Xu [101], where a stable CPM based on nodal integration and
updated Lagrangian kernels are proposed and a set of simple cracking rules are suggested. Crack branching examples are studied
and the existence of limiting velocity observed in dynamic crack branching experiments is proved with the simulation results.

In summary, the CPM is quite suitable for problems with complex crack patterns, especially crack branching. The CPM has the
following advantages: (1) no representation of the crack’s topology and no crack path continuity are needed; (2) crack branching
can happen automatically, no additional branching criteria are needed, and dynamic instabilities related to micro-branches can be
captured; (3) it is easily implementable in 3D; (4) no mesh orientation problem. On the limitation side, it is noted that: (1) due to
the ‘‘discontinuous’’ representation of the crack surface, special techniques are required to solve the ‘‘spurious cracking’’ problems;
(2) since the crack path is approximated via a collection of cracking particles, a finer node distribution is required to increase the
accuracy of the model, which may increase the computational cost.

Cohesive zone models. The cohesive zone model (CZM) is developed to describe the nonlinear behaviour during material failure.
It assumes a process zone ahead of the real fracture [102,103], where a traction–separation law controls the variation of cohesive
traction with the separation (width) of the crack. When the maximum principal stress reaches the cohesive strength of the material
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Fig. 14. Traction–separation laws for CZMs.

𝐓𝑚𝑎𝑥, the crack initiates. With the crack opening, the cohesive traction will decrease and once it has decreased to zero, the maximum
crack opening 𝑤𝑚𝑎𝑥 is obtained and complete separation is reached. There are many types of traction–separation laws, such as the
exponential form [103], the polynomial form [104], the bi-linear form [105] and the linear form [106]. Park and Paulino [107]
gave a critical review on these laws and theirs physical and numerical properties. Depending on the characteristics of the traction–
separation law, the CZMs can be divided into two groups: the intrinsic and extrinsic CZMs. As shown in Fig. 14. In the intrinsic
CZM, the cohesive traction first increases with the crack opening at an initial stiffness 𝐾𝑐 , while the extrinsic CZM does not have
the initial stiffness.

Since the CZM is generally a concept to describe the nonlinear behaviour in the process zone, it can be incorporated with different
numerical methods and crack models [79]. For example, it can be employed in XFEM and phase field model by introducing a length
scale. For discrete cracks in a finite element context, cohesive interface elements (elements equipped with a traction–separation law)
have been employed extensively. The simulation process of crack branching modelling with CZMs using cohesive interface elements
is further discussed in the following paragraphs.

To model crack branching with the intrinsic CZM, the deformation equation first needs to be given and the domain needs to
be divided into elements. Then, cohesive interface elements need to be assigned on all finite element surfaces before simulation.
Finally, the displacement field is solved with the traction–separation law. During this process, remeshing is not required and the
crack is allowed to propagate along element boundaries. No external criterion is needed for crack branching since the branching
phenomenon emerges as a natural outcome of the initial–boundary value problem solution [73]. However, because the finite initial
slope of the traction–separation law modifies the stiffness of the structure and alters the wave propagation, the intrinsic CZM has
issues such as the artificial softening effect, loss of consistency, spuriously high crack velocity (the lift-off issue) (see [108] for a
complete discussion about these issues). A remedy to reduce the effect of artificial compliance is to increase, if possible, the initial
elastic slope of the traction–separation law, which results in severe stable time step restrictions and may even render the intrinsic
approach unsuitable for explicit dynamic calculations, or in ill-conditioning of the tangent stiffness matrices in static or implicit
dynamics analyses.

The process for modelling crack branching with the extrinsic CZM is similar to the intrinsic CZM. The difference lies in the
cohesive interface elements, which is illustrated in Fig. 15. Instead of inserting all cohesive interface elements first, cohesive interface
elements will be assigned adaptively when the criterion (the cohesive traction reaches the cohesive strength 𝐓𝑚𝑎𝑥) is satisfied [74].
By doing so, it avoids the artificial softening effects, however, additional issues of the efficient parallelization of extrinsic cohesive
interface elements with the change in mesh topology need to be addressed. In addition, the extrinsic CZM has the time discontinuity
issue (the traction before and after insertion/activation of an interface element may not be continuous). This is because before
cracking, the cohesive traction depends on the stress field within the neighbouring continuum elements while in the subsequent
time step following cohesive element insertion, the cohesive traction relies on the cohesive law [108]. The time discontinuity leads
to oscillatory behaviour, non-convergence in time and dependence on nonphysical regularization parameters [109]. To solve this,
different approaches have been proposed to make sure the time continuity condition (the continuity of traction before and after
insertion/activation of an interface element) is satisfied [109–111].

Both intrinsic CZMs and extrinsic CZMs have the problem of mesh dependency and bias since the cracks are only allowed
to propagate along element facets. Arias et al. [112] modelled the macroscopic crack branching with the extrinsic approach and
concluded that the occurrence of branching may be very sensitive to the mesh parameters. Due to the dependence on mesh, the crack
paths predicted tend to be somewhat inaccurate. The problem can be remedied by finer mesh or special mesh operations. Agwai
et al. [113] found that finer and unstructured mesh performs better than coarser and structured mesh in predicting the branching
pattern observed experimentally by investigating the different levels of mesh refinement for both structured and non-structured
meshes. Special operations, such as nodal perturbation and edge-swap topological operation [114], splitting of polygonal finite
elements [115,116], stress recovery and domain integral [117] are also proposed to reduce and remove mesh bias and dependency
in CZMs, by which physical phenomena associated with dynamic crack branching are successfully captured.
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Fig. 15. Crack branching with CZMs.

Fig. 16. A 2D example of crack branching with CZMs [118].

Many successful applications can be found in modelling crack branching using CZMs. With the intrinsic CZM, Xu and Needleman
[73] successfully modelled the crack branching phenomenon. The results show that the branching phenomenon has a close
relationship with the applied loading and the dynamic crack velocity computed by the intrinsic CZM is in good agreement with
experimental observations. By using an advanced topological data structure representation, Zhang et al. [118] presented the extrinsic
cohesive modelling of dynamic fracture and emphasized the importance of adopting the extrinsic CZM for the simulation of
multiple micro-branches where the results yield improved agreement with experimental results compared to Miller et al. [119],
which employs a potential-based intrinsic CZM for the same problem. As shown in Fig. 16, complex crack branching patterns
including both multiple branches and micro-branches are predicted. After investigating the micro-branching process, the numerical
results reveal that the increased energy input leads to increased crack surface roughness, longer micro-branches and higher crack
speed. Paulino et al. [114] proposed an extrinsic cohesive zone model using nodal perturbation and edge-swap operators and
proved the capability of the model in providing consistent results between experiments and computational simulation in terms
of microbranching patterns and crack velocity. Park et al. [120] proposed adaptive mesh refinement and coarsening schemes for
efficient computational simulation of dynamic cohesive fracture, which successfully captures small branches observed experimentally
before the crack branching. It is shown that the formation of micro-branches leads to a lower main crack velocity, which is closer
to experimental observations. Though this work uses an advanced topology-based data structure to store the FE discretization and
realize parallelization, examples in three dimensions are not given due to the complexity of the implementation of the extrinsic
approach. For more complex problems like dynamic fracture propagation in three dimensions, the hybrid discontinuous Galerkin
cohesive element method has been adopted [121]. The cohesive interface elements are assigned first on all element surfaces before
simulation and are not allowed to open by a discontinuous Galerkin formulation. The model is then switched to the extrinsic cohesive
crack model when a failure criterion is met. The method is capable of modelling large-scale dynamic crack propagation in three
dimensions with powerful computers since it saves from the trouble of extensive updating of mesh information and avoids issues that
intrinsic cohesive interface elements bring. Radovitzky et al. [110] presented a scalable 3D fracture and fragmentation algorithm
based on the hybrid discontinuous Galerkin and cohesive element method and demonstrated its ability in capturing intricate patterns
of cracks including branching. Becker and Noels [122] presented a full-Discontinuous Galerkin formulation of nonlinear Kirchhoff–
Love shells and combined it with CZMs to perform thin body fracture simulations. Three-dimensional simulations including crack
branching are given, see Fig. 17. Baek et al. [123] proposed a computational framework for multiscale dynamic fracture analysis,
where micro-scales and macro-scales are integrated by introducing an adaptive microstructure representation. A Park–Paulino–
Roesler (PPR) potential-based CZM was presented in [124,125], which yields a consistent traction–separation relationship for an
arbitrary separation path [126]. The self-interpenetration during dynamic fracture simulation was avoided by employing a simple
penalty method [127] and the nonlinear dynamic fracture behaviour associated with spontaneous multiple microcrack initiation
and branching in conjunction with the microstructure was investigated. The results show that the microstructure should be carefully
considered for dynamic cohesive fracture investigations.
17



Engineering Fracture Mechanics 257 (2021) 108036Y. Sun et al.
Fig. 17. A 3D example of crack branching with CZMs [122].

In summary, the CZM is a good choice for the study of dynamic crack branching and can be combined with different models
and methods to describe the nonlinear behaviour of the crack. With cohesive interface elements, it is easily incorporated into a
finite element framework and has the ability of detecting crack initiation and capturing multiple branches and micro-branches.
The mesh dependency problem it suffers can be solved by refining meshes or other special mesh operations, which in turn, may
increase the computational cost and complexity of implementation procedure, especially in 3D. A promising approach to avoid these
problems is the combination of the cohesive law and the discontinuous Galerkin formulation. Explanations about the approach and
its application in dynamic fractures including branching can be found in [108,110,121–123,128].

4.1.2. Smeared crack models
Phase field models. As a recently emerged model, the phase field model (PFM) smears the crack over a certain domain without
tracking the crack surfaces. Based on the principle of minimum total potential energy, the PFM solves a fracture problem as an
energy minimization problem. The energy functional for simulating crack propagation is first given by Francfort and Marigo [129]:

𝐸(𝐮, 𝛤 ) = ∫𝛺
𝛹 (𝝐(𝐮))𝑑𝛺 + 𝐺𝑐 ∫𝛤

𝑑𝛤 (12)

where 𝛺 is a domain describing a cracked solid, 𝛹 denotes the elastic energy density, 𝝐(𝐮) is the strain field, and 𝐺𝑐 is the fracture
toughness, which yields an admissible crack set 𝛤 ⊂ 𝛺. 𝐮 is the displacement field and is discontinuous across 𝛤 . Bourdin et al.
[87] devised its regularized formulation:

𝐸𝜀(𝐮, 𝜙) = ∫𝛺
𝑓 (𝜙)𝛹 (𝝐(𝐮))𝑑𝛺 + 𝐺𝑐 ∫𝛺

( 1
4𝑙0

(1 − 𝜙)2 + 𝑙0|∇𝜙|
2)𝑑𝛺 (13)

where 𝜙 is damage-like crack phase-field parameter with 1 representing the unbroken part and 0 the totally broken part. 𝑓 (𝜙) is
the energetic degradation function to help prevent numerical difficulties where the material is broken (e.g. 𝜙 = 0). The width of
transition zone is controlled by the length scale 𝑙0. When 𝑙0 is very small, the diffusive crack presented by the phase field would
approximate a sharp crack solved in discrete crack approaches. With the help of Eq. (13), the scalar field (the phase field) turns the
intact material into a broken material smoothly instead of treating cracks as strong discontinuities. This enables PFM to overcome
difficulties in modelling complex crack problems in three dimensions with traditional numerical methods. Because the propagation
of the crack is obtained through the solution of the differential equation, the PFM also avoids the need of additional criteria for
crack propagation and additional work to track the fracture surface algorithmically [88,130].

The ability of PFM to simulate crack propagation and branching in two and three dimensions has been demonstrated [88,131–
135]. Borden et al. [88] extended the quasi-static phase-field crack model to a dynamic model and used both 2D and 3D crack
branching examples to show that the combination of the phase-field model and local refinement strategy is an effective method
for simulating complex crack problems. Hofacker and Miehe [131] established a phase field model based on variational principle
and demonstrated its performance by means of representative 2D and 3D quasi-static and dynamic model problems including
branching. Bleyer and Molinari [132] investigated the microbranching instability occurring in dynamic crack propagation with a
3D variational phase-field model and showed that the microbranching process is a three-dimensional instability and the branching
patterns are strongly influenced by phase-field internal length scale. To overcome the limitations of the strong dependence of crack
branching patterns on internal length scale, a regularized phase field based cohesive model was introduced by Wu and Nguyen
[133],Wu [134], Nguyen and Wu [135], which is insensitive to the length scale and capable of capturing multiple crack branching.

Compared with remeshing models which need the separation between the elements to describe the crack surface, PFMs are
capable of modelling multiple branches, widening of damage zone (fracture roughness) and micro-branches. Regarding multiple
branches, Zhou et al. [136,137] and Ren et al. [138] presented PFMs for simulating complex crack patterns. Multiple crack branches
phenomenon is observed, which demonstrates the advantages of PFM in modelling complex crack propagation in rocks. Regarding
micro-branches, it refers to the branch of which length is in order of length-scale of simulation [34]. Fig. 19 shows a 3D crack
branching example with micro-branches based on PFM. From the figure, a slightly curved crack front (the crack tunnelling feature)
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Fig. 18. A 2D example of crack branching with PFMs [144].

Fig. 19. A 3D example of crack branching with PFMs, showing isosurfaces of phase field at 𝜙 = 0.3 [145].

and slightly rough crack surfaces can be observed. Regarding the widening of the damage zone before branching, it can be seen
as an increase in fracture surface roughness prior to branching, which has been observed in experiments [4]. According to the
branching mechanism proposed by Ravi-Chandar and Knauss [12,13,14], a widening damage process-zone appears before crack
branching due to the increasing fracture roughness (mirror-mist-hackles transition). Then, after branching, as the crack branches go
on propagating, the damage zone become ‘‘thinner’’, indicating that the crack surfaces turn smooth again. If the energy provided
is sufficiently high, the ‘‘widening-thinner process’’ is repeated, and secondary branches can be observed. Fig. 18 shows a 2D crack
branching example, where the widening of the damage zone before branching and multiple branches can be observed.

Given its strong ability in modelling crack branching without remeshing and external criteria, more authors choose to apply PFM
for the study of the dynamic crack branching aiming at providing new analyses of the mechanisms behind this phenomenon. The
crack velocity, the crack branching angle, the crack branching criterion, as well as the sensitivity of numerical simulation parameters
to crack branching are studied.

In terms of the crack velocity, since the crack tip is not uniquely defined in PFM [131], a number of approaches are proposed
to measure the crack tip position. Borden et al. [88] proposed to calculate the propagation velocity explicitly by finding the crack
tip with a certain defined phase-field value. Wu et al. [139] computed the crack speed from using the slope of the line that best fits
the three points, in a least square sense. Hofacker and Miehe [140] tried to obtain the velocity implicitly by using the crack surface
velocity to represent the crack speed. All of the approaches are reasonable due to the definition of the crack tip position being
physically implicit in PFM. Regarding the branching angle, similar conclusions are made by Wu et al. [139], Hofacker and Miehe
[140] that with increasing loading amplitude or velocity, the crack branches earlier and the branching angle gets smaller. Various
branching criteria have been examined. Henry [141] studied crack propagation in two dimensions using the PFM and believed
that the branching instability starts with a critical speed of 0.48𝑐𝑆 , where 𝑐𝑆 is the shear wave speed. Wu et al. [139] denied the
validity of the velocity branching criterion by proving that crack speed at the moment of branching is very sensitive to the width
of the sample with a 2D PFM model. Instead of crack velocity, Hofacker and Miehe [140] preferred the phase field velocity and
the crack surface velocity as local and global indicators for branching. Through studying the limiting velocity, crack branching
and velocity-toughening mechanisms with the PFM, Bleyer et al. [34] proposed that the branching occurs when the local energy
release rate exceeds twice the critical energy release rate. By quantifying the energy flux into the crack tip and fracture energy, Tian
et al. [142] confirmed that the crack bifurcation obeys an energy criterion as it is observed that the crack bifurcation of PMMA
always occurs with the energy flux into the crack tip exceeding a critical value. Mandal et al. [143] systematically analysed mesh
convergence and length scale sensitivity in dynamic crack simulation with PFMs. Quantitative evaluation of branching angles and
crack tip velocity and comparison between PFM simulation results and experimental results are provided.

The crack branching phenomenon is very sensitive to numerical simulation parameters. For example, the solution scheme is
influential, e.g. the monolithic scheme and the staggered scheme may lead to different crack patterns [146] and different branching
moment [147]. The mesh size is also a significant factor, e.g. multiple crack branches can only be captured by sufficiently refined
meshes while a different mesh size may result in different branching time [131,139,140,147,148].

The sensitivity of the branching phenomenon to the mesh size leads to limitations of PFM. The computational cost will increase
since the mesh needs to be fine enough for the phase field to represent the accurate position of the crack. However, PFM is a
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Fig. 20. A numerical example of crack branching with nonlocal models [151].

very promising model for crack branching studies with the following advantages: (1) no need for initial crack length settings and
no external criteria for branching since the crack patterns can be automatically captured by solving the equation based on energy
minimization; (2) straightforward implementation in three dimensions; (3) capable of modelling multiple branches, widening of
damage zone (fracture roughness) and micro-branches.

Nonlocal models/gradient models/viscous models. When modelling failure caused by progressive distributed damage, the material
exhibits strain-softening and the governing differential equations may lose ellipticity, which renders the boundary value problem
ill-posed and causes physically meaningless, mesh-dependent finite element results [149]. To solve these problems, non-local models,
gradient models and viscous models are commonly employed. By introducing a characteristic length into the discretization, these
models ‘‘smear’’ the crack over a certain domain involving several elements and avoid representing the crack topology and crack
tracking algorithms [91].

An integral-type nonlocal model is defined as a model in which the constitutive law at a point of a continuum involves
weighted averages of a state variable over a certain neighbourhood of that point [89]. The integral formulation in the model
allows the introduction of a characteristic length that qualifies the neighbourhood over which the parameters/calculated numbers
get ‘‘smeared’’ over. The gradient models can be constructed by including higher-order gradients directly in the damage loading
function [150]. The higher-order gradients can be employed to smooth the non-uniformity or singularities in the strain field when
regularization of singularities or discontinuities is required. The viscosity models can be regarded as introducing higher-order time
derivatives and a length scale associated with the viscosity is employed, which also restore the well-posedness of the BVP or initial
BVP [91]. Detailed explanations of these models are given in literature [89–91], here we mainly focus on the performance of these
models in modelling and investigating dynamic crack branching.

Examples for the application of nonlocal models and gradient models to dynamic crack branching problems can be found
in [151,152]. With an integral-type nonlocal continuum damage model, Wolff et al. [151] conducted simulations of dynamic crack
branching in PMMA and studied the dynamic crack branching instabilities. It is found that the selection of the rate-dependence
damage law and the critical strain for damage initiation are necessary to predict crack patterns, crack tip velocities and dissipated
energies accurately. A figure of crack branching with the integral-type nonlocal continuum damage model is shown in Fig. 20. It
can be observed that just like PFM, the nonlocal models are also capable of capturing the multiple branches, widening of damage
zone (fracture roughness) and micro-branches. Wang et al. [152] proposed a localizing gradient damage model with micro inertia
effect for modelling dynamic fracture propagation in quasi-brittle materials, which resolves the mesh sensitivity issue and spurious
damage growth appeared in conventional gradient damage models and shows good performance in reproducing crack patterns
(from a straight crack to sub-branching, and finally to macro branching), crack velocities, and fracture energies observed in the
experiments.

The advantages of the nonlocal models, gradient models and viscous models are manifold: (1) representation of the crack
topology and crack tracking algorithms are avoided; (2) the issue of mesh dependency and additional criteria to control crack
branching are avoided; (3) they are capable of modelling crack surface roughness and micro-branches. Their limitations lie in that
(1) physical inconsistencies may appear in the characterization of crack kinematics due to the wrong selection of related parameters,
e.g. parameters for rate-dependence damage law; (2) computational cost may significantly increase due to the increase of mesh
density to get a more accurate prediction of the crack.

4.2. Numerical methods

Numerical methods are employed to solve the equations of the bulk material. According to whether spatial derivatives are
employed or not, the numerical methods can be further classified into continuum methods and discontinuum methods. The
simulation of crack branching is a highly challenging problem due to its complexity. Difficulties if classified according to the
simulation process are divided into three aspects: pre-branching, during branching and post branching. In pre-branching moving
singularities at the tips of cracks should be treated accurately and a branching criterion should be detected to decide the branching
time for a crack [153]. During branching a criterion or a mechanism is required to predict the crack path, including the branching
patterns and branching angles. In post-branching, the redistribution of energy and the influence of different branches need
consideration. Until now, numerous methods have been applied to the modelling of crack branching with varying success. A superior
method should have the following characteristics to better capture the phenomenon of crack branching:
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Table 3
Numerical methods for crack branching simulation.
Numerical
methods

Advantages Limitations

FEM Flexible and robust Remeshing is required if the adaptive FEM-
based model is used, which is difficult in 3D

XFEM Independent of mesh Needs special enrichment for junctions and
branches

BEM Reduces dimensions Not well-suited for nonlinear problems
MMs Eliminate difficulties mesh-

based methods brings
Have boundary implementation, instability,
numerical integration of the weak form, high
computational cost issue

PD Avoids remeshing Has relatively high computational cost and
difficulties in dealing with boundary conditions

DEM Well-suited when considering
heterogeneity

Limited in granular materials, awkward in
predicting macroscopic properties and has
relatively high computational cost

• The ability of capturing different crack branching patterns, including macro crack bifurcation, micro-branches, a single crack
with multiple branches and multiple cracks with branches.

• Good agreement with the experimental results and theoretical prediction in branching features, such as branching angles and
the crack velocity.

• Relatively easy and robust implementation process with affordable computational cost.

Specifically from the view of crack branching, this section summarizes and compares different numerical methods. For each
ethod, the physical and mathematical principles are first introduced, followed by the explanation of crack branching simulation,

fter which historical and state-of-the-art applications in crack branching simulation are summarized with discussions of both
dvantages and limitations, see Table 3. The emphasis differs in applications of different methods, for example, focusing more
n verification (using various branching examples to prove the superiority of the models built by the improved numerical methods)
r focusing more on the analysis (analysing the mechanism behind the crack branching phenomenon with these models).

.2.1. The continuum methods
he finite element method. The idea behind the finite element method (FEM) is to break the continuum into a number of simple
eometric elements and estimate the characteristics of the continuous domain by assembling the similar properties of discretized
lements per node [154]. The method is suitable for modelling bulk materials. It has been applied to a wide range of crack
roblems [155] and can be combined with nearly any crack model due to its flexibility and robustness, see Fig. 7.

In this section, depending on how the branching is simulated, a commonly used adaptive FEM-based model (FEM combined with
emeshing models) is discussed. Note that the term ‘‘adaptive FEM-based model’’ in this section does not include the models based
n both finite element method and cohesive elements, which are discussed in Section 4.1. The simulation process of crack branching
sing the adaptive FEM-based model mainly includes the establishment and solution of the deformation equation, the selection of
he propagation criterion, and the meshing strategy. By establishing and solving the deformation equation, the crack footprint can
e obtained. Since the crack branching process is dynamic, the inertial force and the acceleration terms need to be considered. Here
he Newmark method [156] is used to solve the governing equations and the resulting system is given below:

(𝑎0𝐌 +𝐊){𝐮}𝑛+1 = {𝐅}𝑛+1 +𝐌(𝑎0{𝐮}𝑛 + 𝑎2{�̇�}𝑛 + 𝑎3{�̈�}𝑛) (14)

{�̈�}𝑛+1 = 𝑎0({𝐮}𝑛+1 − {𝐮}𝑛) − 𝑎2{�̇�}𝑛 − 𝑎3{�̈�}𝑛 (15)

{�̇�}𝑛+1 = {�̇�}𝑛 + 𝑎6{�̈�}𝑛 + 𝑎7{�̈�}𝑛+1 (16)

where {�̈�}, {�̇�}, {𝐮}, {𝐅} are the global vectors of nodal acceleration, nodal velocity, nodal displacement and nodal load, respectively;
the superscript 𝑛 represents time step, 𝐌 and 𝐊 are the mass matrix and the stiffness matrix, respectively. The coefficients 𝑎0 - 𝑎7
are the parameters in the Newmark method [2].

The next step is to determine whether the crack will branch or not. The branching criterion for the adaptive FEM-based model can
only be an external criterion (see Section 3.2.1), which increases the difficulty of the simulation. The branching time, the branching
angle and the branching velocity need to be determined. Due to the singularity of the crack tip, determination of appropriate physical
mechanisms and formula to calculate the associated parameters remains a challenge.

After obtaining the crack footprint, the mesh needs to be updated. It is possible to model one or two branches, but as more
branches develop, remeshing becomes very complex. Both the singularity at the crack tip and the small angle between crack branches
require a heavily refined mesh and may result in a large increase in computational cost.

To the best of the authors’ knowledge, there do not appear to be many examples using the adaptive FEM-based model to simulate
crack branching due to its implementation complexity. Nishioka et al. [2] modelled the dynamic crack branching phenomenon with
21

a moving FEM (adaptive meshes) based on Delaunay triangulation and a switching method using the dynamic 𝐽 -integral. The moving
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FEM has the advantage of exactly satisfying the boundary conditions in front of and behind the propagating crack tip dynamically.
The switching method using the dynamic 𝐽 -integral provides an accurate way of evaluating the dynamic 𝐽 -integral regardless of
crack path, which is especially applicable when the crack tips are very close to each other after branching. The generation of dynamic
crack branching phenomenon in Homalite-911 is successfully modelled and the numerical results agree well with experiments [2].
However, only examples for a crack with two branches are presented and for more complicated crack branching patterns are not
discussed. Using a further developed remeshing strategy, Tchouikov et al. [66] investigated more complicated crack branching
problems including multiple crack bifurcation. A comparison between numerical and experimental results was provided but the
calculation efficiency was not mentioned. We conclude that the adaptive FEM-based model still faces challenges when dealing with
crack branching as discussed above, especially in three dimensions.

The extended finite element method. In order to solve mesh dependency problems, the extended finite element method (XFEM) was
eveloped [84,85]. Similar to FEM, it is suitable for modelling bulk materials. To simulate crack propagation, XFEM uses the enriched
hape function with discontinuous features to represent the discontinuity [157]. By doing so, the displacement discontinuity can
e captured and the crack can propagate on any surface within one element instead of along element boundaries. Thus, remeshing
nd mesh dependency issues appearing in discontinuous problems with FEM can be overcome. However, the use of enrichment
unctions also brings the issue of incompatibility between accuracy of the solution and conditioning of the system matrix, especially
hen solving large 3-D problems. The condition numbers of the stiffness matrix can be worse if one utilizes enrichment functions,
nd thus it can affect the accuracy of the solution. Several studies have attempted addressing this issue [158–160].

Generally, there are two ways to enrich an approximation: intrinsic enrichment (enriching the basis vector) and extrinsic
nrichment (enriching the approximation) [161]. The idea for intrinsic enrichment is to enhance the approximation space by building
ew basis functions which are derived from a specific problem into the standard approximation space. For instance, the asymptotic
ear tip displacement field can be built into the basis functions so that the singularities at the crack tip can be represented. For
xtrinsic enrichment, the enrichment functions are added to the standard approximation in specific zones, and as a result, the
omputational cost is reduced.

Though the characteristic of XFEM facilitates its application in modelling internal or external boundaries such as holes, inclusions,
r cracks, the simulation process of crack branching with XFEM is not an easy task. First, appropriate enrichment schemes need to
e considered for the element with the crack branch junctions and crack branches. Secondly, though the computational cost is less
xpensive without remeshing, the simulation process still requires external branching criteria, bringing issues such as the decision of
eliable criteria and the calculation of related crack parameters. Thirdly, XFEM typically uses the level set method to track fractures,
ut as fracture branches increase the associated operation becomes increasingly complicated, especially in 3D cases. In the context
f the crack branching problem, the displacement approximation 𝐮ℎ with the partition of unity is expressed as [162]:

𝐮ℎ(𝐱) =
∑

𝑖∈𝑁
𝐮𝑖𝑁𝑖 +

∑

𝑗∈𝑁𝐻

𝜶𝑗𝑁𝑗𝐻(𝐱) +
∑

𝑘∈𝑁𝐶

𝑁𝑘

( 4
∑

𝛼=1
𝜶𝛼
𝑘𝛷𝛼

)

+
∑

𝑚∈𝑁𝐽

𝜶𝑚𝑁𝑚𝐽 (𝐱) (17)

here 𝐮𝑖 is the vector, 𝑁𝑖, 𝑁𝑗 , 𝑁𝑘 and 𝑁𝑚 are the standard finite element shape functions associated with node 𝑖, 𝑗, 𝑘 and 𝑚
espectively; 𝜶𝑗 , 𝜶𝛼

𝑘 and 𝜶𝑚 represent the nodal enriched degrees of freedom associated with the Heaviside function 𝐻(𝐱), near tip
symptotic field function 𝛷𝛼 and junction function 𝐽 (𝐱), respectively; 𝑁𝐻 , 𝑁𝐶 and 𝑁𝐽 are the set of nodes to enrich for the crack,
rack tip and junction.

Progress has been made on modelling the crack branching with XFEM. Daux et al. [162] developed a methodology to construct
he enriched approximation based on the interaction of the discontinuous geometric features and calculated the SIF of static cracks
ith multiple branches. This can be used for static cracks, but the propagation of the dynamic crack branching process is not taken

nto consideration. To improve the modelling of dynamic crack propagation by XFEM, Belytschko et al. [163] developed a new
ethodology for treating elements that contain crack tips, which allows the velocity field of the element containing the crack tip

an change smoothly from a partially cut element to a fully cut element. The crack path and velocity can be determined directly by
he loss of hyperbolicity criterion, which facilitates the modelling of dynamic crack growth problems, including crack branching.
owever, only a relatively simple bifurcation phenomenon is captured, while fracture roughness and micro-branches cannot be
aptured, see Fig. 21. To seize the discontinuity around the junction of a branched crack, Xu et al. [58] introduced the enrich scheme
f the element crossed by two separated cracks, the element embedded by a junction, and the way of constructing the diagonal mass
atrix for the branched element, with which the initial branching process of a moving crack (the main crack develops two branches)

s successfully simulated. However, this method requires an increase in additional degrees of freedom. For more complex branching
roblems with increasing degrees of freedom in one element, Chen and Zhou [164] proposed an enhanced XFEM coupling the
hantom node method [165] and proved its robustness and accuracy in handling the complex branched crack problems. To capture
omplicated discontinuity patterns, Song and Belytschko [166] introduced a hybrid discontinuity tracking-fitting method that fits
racks with discrete discontinuities at nodes based on the XFEM. This method is quite similar to the cracking particles method,
hich is capable of modelling complicated fracture patterns since it needs no explicit representation of the crack’s topology.

In summary, the XFEM possesses the following advantages: (1) lower computational cost without the need of remeshing;
2) suitable for cracks with complex geometry or problems with geometric nonlinearities because of mesh independence. These
dvantages make the XFEM become a powerful and promising tool in the simulation of complex crack problems. However, the
FEM has imitations when dealing with multiple interacting and branched cracks and micro-branches, since the computational
ost increases as the number of cracks grows and its formulation becomes increasingly complex. For branches or junctions, special
iscontinuous displacement enrichment needs to be developed and external criteria for the injection of the enrichment are needed.
dditionally, because of the lack of a reliable crack branching criterion, prediction of crack propagation and branching remains a
22

hallenge [91].
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Fig. 21. A numerical example of damage for crack branching with XFEM [163].

Fig. 22. A schematic illustration of crack branching with BEM.

The boundary element method. The boundary element method (BEM) is also widely used in crack simulations due to its ability to
automatically follow the propagation of the crack with limited remeshing and its inherent accuracy [167]. The BEM is designed
for solving boundary value or initial value problems and formulated in terms of boundary integral equations [168]. Similar to the
FEM, the BEM is suitable for modelling bulk materials. Instead of discretizing the whole domain into volume elements, the BEM
only discretizes the domain boundary for interpolation approximation. The basic process of modelling crack propagation with BEM
is slightly different from FEM. The mathematical model needs to be established first, then the boundary integral equations can be
obtained by taking boundary values in the representation formula. After generating the system of discrete equations by collocation,
Galerkin’s method or the least squares method, the displacement field can be solved. During this process, crack parameters related
to the external propagation criteria, such as stress intensity factor and energy release rate, need to be calculated to determine crack
development. The calculation of these parameters is much simpler than FEM due to the reduced dimensional features of BEM. Once
the crack develops, remeshing is needed by adding the elements at the end of the crack tip without changing the remaining mesh.

The displacement integral equation at an interior point 𝐗 in the absence of a body force for linear elastic crack problems is given
by [167]:

𝐮𝑖(𝐗) = ∫𝛤𝑆+𝛤+
𝑛 +𝛤−

𝑛

𝐔𝑖𝑗 (𝐗, 𝐱) ⋅ 𝐭𝑗 (𝐱)𝑑𝛤 − ∫𝛤𝑆+𝛤+
𝑛 +𝛤−

𝑛

𝐓𝑖𝑗 (𝐗, 𝐱) ⋅ 𝐮𝑗 (𝐱)𝑑𝛤 (18)

where 𝛤+
𝑛 and 𝛤−

𝑛 represent the upper and lower crack surfaces, respectively, and 𝛤𝑆 represents the outer boundary, 𝐮𝑗 and 𝐭𝑗 denote
the boundary displacement and the traction, respectively; 𝐔𝑖𝑗 and 𝐓𝑖𝑗 are the fundamental solutions for displacement and traction,
respectively. Fig. 22 shows a schematic illustration of crack branching simulated by BEM.

The difficulties of BEM for fracture problems reside in the coincidence of crack nodes, giving rise to a singular system of algebraic
equations. Different techniques such as the sub-region boundary element method (SBEM), displacement discontinuity methods
(DDM), dual-boundary element method (DBEM) and dual-reciprocity boundary element method have been developed to solve this
problem [92]. Seelig and Gross [169] presented a pioneering work of modelling dynamic crack branching with BEM, where crack
growth and branching criteria were combined and a time-domain boundary integral equation system was established. The crack
propagation speed and the SIF were calculated, showing good agreement with the experimental observations. Since then, examples
for BEM simulation of crack branching have been presented in the literature [64,170–175].

Branching examples are used to verify the improvement and accuracy of the proposed schemes. For example, Rajapakse and
Xu [170] presented a complete set of piezoelectric Green’s functions in closed form and developed a solution scheme based on
the boundary integral equation method to analyse plane cracks in piezoelectric solid. A double-branched crack model is used to
verify this scheme. Yan [171] tried to place the crack-tip displacement discontinuity elements at the corresponding crack tip on top
of the constant displacement discontinuity elements that cover the entire crack surface. By using such elements and the SIF as a
23
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propagation criterion with a known branching angle, complex crack problems including a branched crack example are employed
to demonstrate the efficiency and accuracy of the proposed method. Santana and Portela [173] applied the dual boundary element
method (DBEM) to the analysis of mixed-mode multiple-crack growth including branching cracks, where the SIF was evaluated
via the 𝐽 -integral and the incremental analysis was used to define the direction and the extension of multiple interacting cracks.
Other approaches focus on the study of the physical mechanisms behind the branching phenomenon. Rafiee et al. [64] investigated
fast running cracks branching under different bi-axial loading conditions. It is found that branching depends on the opening mode
SIF, the crack velocity, and the orientation on the maximum circumferential stress in the vicinity of the crack tip. Marji [172]
modelled the crack branching process by using an indirect BEM specially developed to treat the kink points of propagating cracks
in brittle solids and studied the mechanism of secondary crack initiation and propagation. The results show that the formation of
the wing crack and the secondary crack caused by the crack tip and the crack kink point may lead to a quasi-static crack bifurcation
process. Fedelinski [174] applied the BEM to the analysis of the branched and intersecting cracks in statically and dynamically
loaded plates. The influences of angles between branches of the crack and dimensions of the plate for the star-shaped crack on a
dynamic SIF were analysed. Shrivastava et al. [175] presented a hydraulic fracture model with a three-dimensional displacement
discontinuity method and investigated the interaction between multiple cracks and branches. The heterogeneity of solid rocks is
one reason for crack branches, which further results in a complex fracture network.

The BEM offers clear advantages. The stress field in the vicinity of the crack tip can be accurately calculated and the
computational efficiency can be greatly increased due to the reduction of the dimension. Nevertheless, it still suffers from the
inability to model crack propagation and branching autonomously as it needs external criteria. Besides, the application of BEM in
nonlinear problems is limited, as it still requires that the fundamental solution is expressed in terms of Green’s functions [91].

The meshfree methods. When dealing with crack branching problems, the traditional FEM has the limitation of remeshing, which
is time-consuming especially in 3D. The XFEM avoids the need of remeshing, however, it is awkward when dealing with multiple
interacting and branched cracks, since the computational cost increases as the number of cracks grows and its formulation becomes
increasingly complex. Meshfree methods (MMs) were devised with the objective of eliminating part of the difficulties associated
with reliance on a mesh to construct the approximation [176], providing an advantage in dealing with crack growth problems.

In general, MMs refer to numerical techniques that do not require any predefined mesh information for domain discretization,
and they use a set of points scattered within the problem domain as well as on the boundaries of the domain to represent the
problem domain and its boundaries [177]. MMs model the bulk material as continuum. Approaches of modelling discontinuities in
MMs can be classified into two types generally: methods based on the intrinsic and extrinsic enrichment and modification of the
weight function [176]. The second type can be further classified into the visibility method, the diffraction method, the transparency
method, and the ‘‘see through’’ and ‘‘continuous line’’ method [86]. Pioneered by Gingold and Monaghan [178], the smoothed
particle hydrodynamics method (SPH) was developed on a strong form, while other methods were developed later based on a weak
form, among which the element-free Galerkin method (EFGM), reproducing kernel particle method (RKPM), material point method
(MPM) are popular approaches [177]. Compared with MMs based on strong forms, the MMs based on weak forms are more robust
and steady. Detailed descriptions of these MMs and their classifications, advantages, limitations, and computer implementation
aspects can be found in studies by [86,91,176,179–181]. Here, we only give a brief introduction of these MMs and focus more on
their ability of capturing crack branching.

SPH is a pure Lagrangian, meshfree method, which was first developed to model hydrodynamic flows and then extended to
solid mechanics [182,183]. In SPH, the domain is discretized into particles and each particle interacts with its neighbour particles
within its influence domain through a kernel function. Early works on studying crack with SPH can be found in [184–187]. In
most of these work, the SPH is based on Eulerian kernels (kernel functions which are expressed in terms of spatial coordinates)
and the crack can occur naturally due to separating particles. Compared with the traditional mesh-based methods, it avoids the
mesh dependence problem when dealing with cracks. However, it suffers from problems such as spurious instabilities, expensive
computational cost and inaccurate crack path prediction [176,188]. To solve these problems, Lagrangian kernels (kernel functions
in terms of material coordinates) instead of Eulerian kernel functions are employed [189,190]. However, Lagrangian kernels require
specific strategies to deal with fractures since neighbour particles do not change during a simulation. A commonly used strategy
is the visibility method, in which the displacement discontinuity is modelled by excluding the particles on the opposite side of the
crack in the approximation of the displacement field under the assumption of opaque crack boundary [86]. Recently, a strategy
called ‘‘pseudo-spring’’ was developed by Chakraborty and Shaw [191] to facilitate SPH to model crack propagation without any
numerical artefact. The crack path can be tracked automatically by the broken pseudo-springs. Using the Pseudo-Spring smoothed
particle hydrodynamics method (Pseudo-Spring SPH), Islam and Shaw [192] simulated 2D and 3D crack propagation and branching
and studied effects of tensile loading amplitude on crack branching.

The element free Galerkin methods (EFG), first developed by [193], is a method based on moving least-square (MLS) interpolants.
The EFG requires only nodal data without the requirement of element connectivity. Compared with SPH, the EFG avoids the
calculation of nodal volumes and obtains the gradient fields directly by taking the derivatives of the interpolants with respect
to spatial variables, which increases the accuracy and stability [193]. This feature makes it quite suitable for static and dynamic
crack problems. Rabczuk and Zi [97],Rabczuk and Areias [194] proposed the extended element free Galerkin (XEFG) method for
cohesive crack initiation, propagation and branching in two and three-dimensional statics and dynamics. However, the closure of the
crack along the front is ensured through near-tip enrichment, which leads to the difficult selection of near-tip enrichment fields in
large strain or non-linear materials. To simulate crack propagation in non-linear solids including large deformations, Zi et al. [195]
24

proposed an XEFG method which closes the crack tip without near-tip enrichment. The entire crack is enriched by the sign function.
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Fig. 23. A 2D example of crack branching with MMs [195].

Fig. 24. A 3D example of crack branching with MMs [196].

The domain-decrease method is used to remove the branch enrichment from the discontinuous displacement field. The method is
successfully applied to crack branching problems in 2D and the results agree well with the experiment results, see Fig. 23. Later,
the method was extended to 3D by employing an extrinsic discontinuous enrichment and adding a Lagrange multiplier field along
the crack front to close the crack by Bordas et al. [196]. In this way, the computational cost was further decreased. The method
proved to be capable of modelling initiation, branching, growth and coalescence of an arbitrary number of cracks in non-linear
solids by different benchmark examples. Fig. 24 shows the branching example provided in [196], which is a ‘‘2.5D’’ example rather
than a real 3D example. The ability of the method for simulation of real 3D crack growth is demonstrated by another example of
a circular–cylindrical chalk bar under torsion, which is not shown here since this example does not include the crack branching
phenomenon. Rabczuk et al. [197] reviewed different crack tracking techniques in three-dimensions applicable in the context of
partition of unity methods, especially meshfree methods. A crack tracking procedure is proposed and implemented in the context
of XEFG and two possibilities for crack closure are presented: crack closure by crack front enrichments and crack closure without
crack front enrichment by use of Lagrange multipliers. Three-dimensional crack branching examples were given and showed good
agreement with the results from the literature [75].

To develop more accurate and efficient mesh-free interpolation functions, the reproducing kernel particle method (RKPM) was
introduced as an improvement of the continuous SPH approximation by Liu et al. [198]. It maintains the advantages of SPH, however,
because of the addition of a correction function, it gives much more accurate results. Guan et al. [199] studied the dynamic failure
and fragmentation with a semi-Lagrangian RKPM, which successfully alleviated mesh distortion difficulties associated with the
Lagrangian FEM. Klein et al. [200] used the virtual internal bond model with RKPM to model the propagation of cohesive cracks.
The model demonstrates its capabilities of predicting the onset of crack path instabilities. With the model, simulations of crack tip
instabilities and branching are conducted and theoretical analysis of branching is given.

The material point method (MPM) is a quasi-particle method introduced by Sulsky et al. [201]. In the MPM, a continuum body is
described into a number of material points, which carry all the information of material properties. The material points are surrounded
by a background mesh, which is used only to solve the governing equations. In each time step, the parameters and variables are
transferred back and forth between material points and grids [202]. The MPM successfully eliminates the disadvantages of numerical
difficulties associated with mesh distortion in Lagrangian and with the advected quantities in Eulerian description [203]. Some
examples of the accurate and effective simulation of fracture propagation with MPM can be found in [204–208]. However, only one
of them simulates and studies the crack branching phenomenon [208], where a phase field MPM is introduced for robust simulation
of dynamic fracture in elastic media considering the anisotropic surface energy. With the model, the influence of surface energy
anisotropy and loading conditions on crack patterns including crack branching are evaluated.

The MMs eliminate difficulties of mesh-based methods, such as mesh generation problems for complex 3D models, accuracy
problems due to distorted or low quality meshes, adaptive remeshing resulting from dynamic problems. However, they still suffer
from implementation of boundary conditions, high computational cost, instability and inconsistency problems. In addition, when
modelling crack branching, crack surfaces representation and crack tracking algorithms are usually required, which introduces
additional challenges associated with the numerical integration of the weak form through tracking complex crack geometry,
especially for tracking complex 3D crack geometry.
25
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4.2.2. The discontinuum methods
The peridynamics. Peridynamics (PD) is a new continuum mechanics formulation originally developed by Silling [209] in 2000.

y replacing the partial differential equation with the integral equation, PD avoids the singularity and combines continuous and
iscontinuous descriptions together, which makes it a promising tool for the study of crack problems. There are two types of
heoretical models for PD: the bond-based PD and the state-based PD. The bond-based PD assumes that any pair of particles interact
nly through a central potential that is totally independent of all other local conditions [78]. This assumption results in that for
n isotropic, linear, microelastic material, the Poisson’s ratio is limited to 1∕4 (plain strain) or 1∕3 (plane stress), which makes the

bond-based PD not well suited to model complex material behaviour reliable. To remove the restrictions for Poisson’s ratio, Silling
et al. [210] proposed the state-based PD. In the state-based PD, the interaction between two material points depends both on the
bond between the two points and the deformation of all the other bonds in the horizon. The state-based PD can be further divided
into the ordinary state-based PD and non-ordinary state-based PD. Here, the bond-based PD is given as an example for simplicity
to further explain the crack simulation process.

In PD, a material medium is treated as a composition of individual material points [209]. Each material point 𝐱 is assumed to
interact with the other material points 𝐱′ around it within a local region , which is referred as ‘‘horizon’’. With a volume of 𝑉
and mass density 𝜌, the material point is identified by its coordinates 𝐱 in the initial configuration. The bond-based PD equation of

otion at a reference position 𝐱 and time 𝑡 is given as [209]:

𝜌(𝐱)�̈�(𝐱, 𝑡) = ∫
𝐟 (𝐱′ − 𝐱,𝐮′ − 𝐮)𝑑𝑉 + 𝐛(𝐱, 𝑡) (19)

where 𝐱 and 𝐱′ represent the position vectors of the material point in initial configuration, �̈� is the acceleration vector of material
point 𝐱 at time 𝑡, 𝐮 and 𝐮′ are the displacement of material points 𝐱 and 𝐱′, respectively, 𝐛 is a prescribed body-force density field,

is the pairwise force defined as the force per unit volume squared between two material points 𝐱 and 𝐱′:

𝐟 = 𝑐𝑠
𝐲′ − 𝐲
|𝐲′ − 𝐲|

(20)

in which 𝐲 and 𝐲′ represent the position vectors of the material point 𝐱 and 𝐱′ in the deformed configuration, respectively. 𝑐 is the
PD material parameter and is referred to as the bond-constant and the stretch 𝑠 between the material points is defined as

𝑠 =
|

|

𝐲′ − 𝐲|
|

− |

|

𝐱′ − 𝐱|
|

|𝐱′ − 𝐱|
(21)

No complex criteria are needed during the simulation process for crack initiation and propagation as the crack growth can occur
pontaneously with only one bond-break (interactions) criterion. A simple criterion for a bond-break is that if the elongation of a
ond is greater than a given threshold, the bond breaks and cannot be recovered. The time taken by the bond-break is completely
etermined by the material geometry and loading conditions. When a series of bonds break, the discontinuous space formed by these
roken bonds becomes a macroscopic crack. A variable (value between 0–1, 1 represents total failure while 0 represents no failure)
s often employed to define the local damage at each point, thus, the crack path can be indicated by plotting the local damage.

Due to its intrinsic features, the PD also has the advantages of avoiding complex fracture criteria and remeshing. Applications
f PD for crack branching are discussed from three perspectives in the following paragraphs.

First, by employing or improving the PD, demonstration of capturing complex crack patterns with crack branching and multiple
rack branches examples is given. Ren et al. [211] proposed the dual-horizon peridynamic formulation, which naturally includes
arying horizon sizes and completely solves the ‘‘ghost force’’ issue [212,213]. Zhou et al. [214] proposed the extended non-ordinary
tate-based PD, where the stress-based failure criteria are implemented. The breakage of bonds is determined by the mean stresses
etween the interacting material points rather than the stretch of bonds. Dipasquale et al. [215] proposed adaptive refinement
lgorithms for 2D peridynamic grids and as a consequence, computational resources are efficiently employed. All of the PD methods
bove select crack branching examples to prove their capability.

Secondly, after demonstrating the ability of capturing complex crack patterns, the PD is applied to capture various branching
henomena, including crack surface roughening, successive branching, micro-branches and multiple branches. Then numerical
esults from PD are compared with numerical results from other methods or results from experiments and theories. Ha and Bobaru
216] found that before branching the damage zone becomes thicker through PD simulation, which is similar to the roughening
efore branching observed in the experiments. Later, Ha and Bobaru [217] found that the PD model captures experimentally
bserved successive branching events and secondary cracking. It is found by Agwai et al. [113] that the PD simulation can capture
mall branches in the glass plate before the crack splits into two main branches. The micro-branches are in good agreement with
xperimental results. Bobaru and Zhang [218] observed that as loading increases, multiple branches are observed in soda-lime glass
nder stress on boundaries, see Fig. 25. From the figure, multiple branches and the widening of damage zone before branching can
e observed. With a 3D PD model, Butt and Meschke [219] simulated a local crack front bifurcation grow into a micro-branch, which
rrests soon or grows into a macro-branch. Distinct features on the crack surface due to the localized bifurcations and micro-branches
re also captured with the model, known as ‘‘mirror’’, ‘‘mist’’ and ‘‘hackle’’ fracture surfaces in experimental observations [13], see
ig. 26.

Thirdly, through the observation of various phenomena, influencing factors and the mechanisms of crack branching are discussed
nd analysed. Ha and Bobaru [216] summarized that reflecting stress waves from the boundaries have a strong influence on the
hape and structure of the crack paths in dynamic fractures. Later, Bobaru and Hu [220] explained why in the simulation of [216]
he propagation velocity of a dynamic crack is influenced by the horizon size. This is because the crack propagation velocity, crack
26
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Fig. 25. A 2D example of crack branching with PD [218].

Fig. 26. A 3D example of crack branching with PD [219].

branching angles and branching time are independent of the horizon size only in the condition that the fracture process does not
interact with the stress waves. Chen et al. [221] assumed that the branching moment and velocity are very sensitive to the micro-
modulus function as the branching velocity after the first branching moment can slightly increase or decrease or stay constant
under various micro-modulus functions. Through PD simulations under various conditions, Bobaru and Zhang [218] proposed that
stress waves pile up around the crack tip and lead to ‘‘migration’’ of damage sufficiently large, thus the material in front of the
original crack tip becomes relaxed and the crack branching ensues. Butt and Meschke [219] explained the influence of PD horizon,
dimensionality and specimen size on dynamic fracture propagation with PD analysis. All of them have an influence on the crack
branching patterns.

Generally speaking, the PD has been observed to perform well in modelling branching problems by circumventing difficulties
in remeshing and the requirement of an external branching criterion. In addition, it has the ability of modelling multiple branches,
widening of damage zone (fracture roughness) and micro-branches. However, more research is required to improve existing PD
methods for better computational efficiency compared with traditional methods such as FEM. Though the remeshing process in
FEM is eliminated, they introduce additional challenge associated with the numerical integration through tracking complex 3D
crack geometry/surfaces. In addition, as a nonlocal method, the implementation of boundary conditions needs to be considered.

The discrete element method. Originally developed by Cundall and Strack [222], the discrete element method (DEM) has been used
in the modelling of jointed structures and granular materials. It models the bulk material as discontinuum and can also be applied in
modelling of fracturing and fragmentation, where the discontinuities are the natural outcome of the deformation process [223]. As a
discontinuum method, the DEM treats a material medium as an assembly of distinct particles, the motion of particles is governed by
Newton’s laws, and forces between particles are calculated according to the small overlap between them. In DEM crack simulation,
when the maximum stress exceeds the tensile or shear strength, cracks initiate and propagate [92]:

𝐹𝑛 = 𝑘𝑛𝑢𝑛
𝛥𝐹𝑠 = 𝑘𝑠𝛥𝑢𝑠
|

|

𝐹𝑠
|

|

𝐴
≤ 𝑐𝑑 +

𝐹𝑛 tan 𝛽
𝐴

(22)

where 𝐹𝑛 is the normal force, 𝐴 is the area, 𝑘𝑛 is the normal stiffness, 𝑢𝑛 is the normal displacement, 𝛥𝐹𝑠 is the change in shear
force, 𝑘𝑠 is the shear stiffness, 𝛥𝑢𝑠 is the incremental shear displacement and 𝑐𝑑 and 𝛽 are the cohesion and joint friction angle,
respectively. An example of fracture simulation using the DEM is given in Fig. 27.

DEMs can be classified with various criteria, e.g. the type of contact between bodies, the representation of deformability of solid
bodies, the methodology for detection and revision of contacts, and the solution procedure for the equations of motion [225]. Though
solution procedure for modelling crack propagation with DEM is different with different deformability of solid bodies (the explicit
and implicit one), some steps are indispensable [223]: (1) identification of the unit (rock blocks, material particles, mechanical parts
or fracture systems) system topology; (2) formulation and solution of equations of motion of the individual units; (3) the detection
and updating of varying contacts (or connectivity) between the units as the consequences of their motions and deformations. The
27
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Fig. 27. A schematic illustration of crack branching with DEM.

Fig. 28. A numerical example of crack branching with DEM [224].

DEM differs from other methods based on continuum mechanics e.g. FEM in that the contacts between units are varying with
time and deformation while remaining fixed in other methods. The DEM is most successful in modelling granular materials. Its
applications in modelling continuum materials are being explored, but have various limitations.

Due to the unique nature of DEM, it can model crack branching with taking into account heterogeneities [226]. Some examples
of using DEM to study the crack branching in heterogeneous materials are listed below. Taking into account the effect of local
heterogeneity around the crack tip, Hedjazi et al. [224] modelled crack branching in a vitreous biopolymer material based on DEM,
see Fig. 28. A hole is set in the material to investigate the influence of the position of the hole on crack branching patterns. The results
showed that DEM is more sensitive to stress heterogeneities and has better agreement with experimental results than FEM. Hofmann
et al. [227] studied fracture branching with a grain-based modelling approach and found that complex fracture patterns are governed
by material heterogeneity and model discretization. Chung et al. [228] used DEM to model microcracks initiation and propagation
in different crystal structures, and found that the crack branching pattern varies with different notch inclination angles: the larger
the notch inclination angle is, the more branching occurs.

Though DEM can be applied in the crack branching simulation in heterogeneous materials, its limitations are very obvious: (1)
it is not well suited to model complex material behaviour reliably and its application is mostly limited to granular materials; (2) it
is awkward in predicting a variety of macroscopic properties (e.g. elastic stiffness, strength, critical energy release rate for uni-, bi-
and tri-axial loading, etc.); (3) it usually has high computational cost, which is easily influenced by many factors, such as particle
numbers, particle shapes and contact force models [223].

5. Summary and prospective work

This paper presents an overview of crack branching, including experimental observations, physics of crack branching, and crack
models and numerical methods for simulation of crack branching problems. In terms of experimental observations, high speed
photography is the most commonly used technique to be combined with photoelasticity, caustics, digital image correlation, digital
gradient sensing to study the crack branching. The current focus is on (1) how to combine and improve upon existing shortcomings
with the combination of technology development; (2) how to simplify the operations and reduce operating costs while ensuring high
temporal and spatial resolution. Supported by experimental research, physics of branching including the causes of crack branching
and branching criteria have been investigated and summarized. One explanation suggests the branching occurs once the crack
velocity exceeds a critical value (related to the wave speed). Another explanation assumes branching is a natural outcome of the
growth of microcracks near the crack tip and energy absorbed into the crack is related to the limiting velocity. Dynamic instabilities,
which are related to critical velocity, fracture roughness and micro-branches, are also shown to be a strong mechanism for crack
28
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branching and are investigated. In addition, the crack front waves and the tilting and twisting of the stress vector at the crack front
are responsible for the crack branching. Corresponding to these potential causes to crack branching, different branching criteria
have been proposed, including external and internal criteria. The crack models and numerical methods for crack branching have
been developed and continuously improved according to various crack branching criteria, which are further applied to simulate
crack branching, to shed light on the mechanisms behind branching. These models and methods are reviewed in this paper with
respect to their strengths and limitations.

Several outstanding issues and challenges are identified and need to be resolved for reliable crack branching prediction, these
nclude the limitation of experimental techniques for the observation and measurements of physical parameters in front of the crack
ip; current analytical techniques and existing branching criteria are not sufficient to define the mechanisms driving crack branching
nd associated dynamic instabilities; the limitations of various crack models and numerical methods proposed for simulating complex
racture propagation processes. Moreover, the study of the branching problem is further complicated by considerations such as
eterogeneity of the material, softening behaviour and large fracture networks in which multiple length scale cracks develop.
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