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Abstract
The finite element analysis of dynamic fracture in solids and structures is challenging due to the modeling of
arbitrary crack growth in the continuum domain. The well-known mesh size and mesh orientation dependences add
more difficulties into the analysis of this type of problems.
In this presentation, we are going to introduce two numerical methods in modeling the dynamic fracture in brittle
materials for solid and structures in LS-DYNA®. Both methods were developed by Belytschko and his group [1, 14]
and were based on a strong discontinuity approach combined with cohesive forces for the crack initiation and
propagation. In EFG method, a visibility method is utilized to define the cracks in the solids and a fast
transformation method [18] is applied to handle the boundary conditions in the cracked media. The XFEM method
is implemented to model the dynamic fracture in structures. The XFEM method can be viewed as a combination of
level sets method and partition of unity method [15] in the description of cracks.
Both academic benchmarks and industrial applications will be presented using these two methods. Advantages and
disadvantages will also be discussed.

1

Introduction

Brittle and semi-brittle structures often develop complex fracture and fragmentation patterns
during the failure process and the demand for analyzing the fracture pattern and distribution of
fragment size has been the focus in many scientific researches such as hypervelocity impact,
crashworthiness, explosive drilling. Despite a lot of work has been done in the past to study the
physics of fracture and fragmentation patterns, a break-through numerical technology in the
failure simulation is still missing. The main difficulty emanates from the inherent multi-scale
nature of failure process. For example, the crack initiation and propagation are affected by the
presence of flaws at the micro-scale and multiple cracks occur through a complex
communication process of stress-wave interactions between them.
In literatures, there are two main ways to numerically model the material failure in brittle and
semi-brittle materials. The first one is accomplished by assuming the formation of discrete cracks
and zones of local damage in the continuum sense. These damage zones can be represented in a
numerical model by means of smeared crack models, where the discrete crack opening is
represented by strain concentrations. This approach is often referred to as the weak-discontinuity
approach in the continuum damage mechanics (CDM) frameworks. As a result, it leads to the
well-known mesh-dependent problem in rate-independent material and certain type of
“localization limiter” is required to remedy this numerical defect [4]. In fact, the “localization
limiter” forces the localization to occur in a given “volume” instead of a “surface”, maintaining
the usefulness of existent volumetric dissipation model.
More recently, a strong-discontinuity approach in conjunction with cohesive model is gaining
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increasing interest in modeling material failure [9, 10]. This approach is devised to capture the
physical discontinuity, i.e. fractures, cracks etc in specific kinematics within finite element or
meshfree methods. The cohesive failure is introduced to give the explicit representation of cracks
and the ease to handle crack branching and fragmentation. In the creation of new failure surfaces,
each opening cohesive zone dissipates a certain amount of cohesive energy and the total energy
dissipated in the cracking process is therefore related to the crack path and thus minimize the
mesh-dependent problem as seen in CDM.
Meshfree methods are the topic of recent research in many areas of computational science and
engineering. One of the early incentives to develop meshfree method was its ability to handle
crack propagation problem. Other advantages of the meshfree methods can also be found in
many literatures [3, 4, 7]. The first paper utilizes the meshfree technology in the cohesive
fracture analysis was given by Klein et al. [6]. After that, several meshfree formulations were
proposed in the modeling of fracture behaviors. Extended Element Free Galerkin Method
(XEFG) was proposed by Rabczuk et al. [10] to model three-dimensional cohesive cracks in
both statics and dynamics. Zi et al. [13] proposed a new way for the crack closure near the tip
that does not require crack tip enrichment. Park [9] proposed a modified cohesive model in
meshfree fracture analysis.
On the other hand, XFEM is an application of the strong discontinuity approach of the meshfree
fracture method to the traditional finite element method. In the extended finite element method,
the partition of unity is utilized to incorporate the enrichment functions associated with the crack
into the finite elements so that arbitrary cracks can be modeled without remeshing.
Discontinuous partitions of unity enrichments were first used to model cracks by Belytschko and
Black [19], who used the discontinuous near tip field to model the entire crack for elasto-static
problems. In Moes et al. [14] and Dolbow et al. [20], a step function enrichment was developed
for elements completely cut by the crack. The approach was generalized to arbitrary
discontinuities, including discontinuities in derivatives and tangential values of displacement in
Belytschko et al. [21], and was applied to 3-D static problems by Moes and Gravouil [22, 23]. In
this method, the discontinuities are completely independent of the finite element mesh: they can
cross elements in any manner. Across the discontinuity, they imposed a traction-displacement
law, i.e. a cohesive law. The energy dissipation across the discontinuity was chosen to match the
energy of fracture.
In this paper, both the meshfree fracture method for solid and the extended finite element method
for shell structure fracture are reviewed and implemented in LS-DYNA. They both use the
strong discontinuity approach and the cohesive law for the kinematics of the discontinuous crack
surfaces. Some benchmarks and industrial applications are used to demonstrate the advantages
and disadvantages of the methods.

2

Review of Meshfree Cohesive Fracture Approximation

In contrast to cohesive element method [8] in the fracture analysis where the cohesive surface is
defined along the element edge, the representation of crack in the meshfree method is depicted
by the so-called “visibility” criterion [2]. The mid-plane cohesive surface in meshfree domain is
shown in Figure 1 and is given by
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where domains on the upper and lower part of the crack are denoted by Ω 0+ and Ω 0− , and are
defined in the initial configuration. Eq. (2) is the Jacobian of the cohesive surface
parameterization along the mid-plane.

Figure 1: Cohesive surface is defined by meshfree visibility.

3

Review of XFEM Fracture Approximation

In the extended finite element fracture analysis, the cracks are defined by the level set method.
The surfaces of discontinuity Γα are described by a signed distance function
f (x) = min x − x sign(n ⋅ (x − x))
x∈Γα

(3)

where x is a point on the surface of discontinuity Γα and n is a unit normal to the surface of
discontinuity. The point x is the closest point to x and the orthogonal projection of x on Γα .
The discontinuity corresponds to f (x) = 0 and the two areas with different signs of f (x)
correspond to two domains across the discontinuity, as shown in Figure 2. The approximation
close to the discontinuity (the shaded area in Figure 2) consists of two parts: the standard finite
element approximation and the enrichment, as in Eq. (4). Eq. (5) shows the enrichment of a step
function for cracks cut through the element.

u h (X ) = ∑ Φ FEM
(ξ )u I + ∑ ΨI (X)q I
I

(4)

ΨI (X ) = Φ IFEM (ξ )(H ( f (X )) − H ( f (X I )))

(5)
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Figure 2: Cohesive surface is defined by level set in XFEM.

4

Initially-rigid Cohesive Law

Many cohesive models belong to the type of initially-elastic cohesive law where the effective
Young’s modulus is dependent of model refinement and the results are not convergent. In the
initially-rigid cohesive law, the cohesive surface is only introduced as needed. Therefore, correct
wave speeds can be captured before any crack occurs. In this study, we adopted a modified
cohesive law [11] for the crack initiation and propagation in both EFG and XFEM method. A
linear initially-rigid cohesive law is shown as in Figure 3.
T Tmax

1

λmax

0

1

λ

Figure 3: Initially rigid cohesive law.
The displacement jump λ is defined by
2

λ = ⎛⎜ u n (δ + δ ) ⎞⎟ + β 2 ⎛⎜ u t (δ + δ ) ⎞⎟
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0n
⎝
⎝
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where u n and u t are crack opening displacements in normal and tangential directions obtaining
from Eq. (1) in EFG and Eq. (4) in XFEM. The material constants involved in Eq. (6) include:
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δ n and δ n are critical values at which crack takes place in normal and tangential directions
respectively, δ 0 n and δ 0t are regularization parameters that are introduced to prevent the timediscontinuity and thus eliminate the numerically instability [11]. α is the parameter coupling
normal and shear tractions and λcr is the critical displacement jump. The corresponding normal
traction and tangential traction are obtained by the standard cohesive relationships by following
2

⎛β ⎞
Tefs ≡ Tn2 + ⎜ ⎟ Tt 2 = Tmax
⎝α ⎠

Tn =

1 − λ u n Tmax
λ δ n 1 − λcr

and

(7)

Tt =

1 − λ u t αTmax
λ δ t 1 − λcr

(8)

where Tn is the normal traction, Tt is the tangential traction and Tmax is the maximum normal
traction that the crack surface can bear before failure. Note that the cohesive tractions are defined
on an un-deformed area per unit.
Accordingly, the nodal forces follow from the tractions can be obtained by the surface
integration along the crack surface. The implementation flow chart of the initially-rigid cohesive
law is shown in Figure 4.

Figure 4: Flow chart for crack initiation and propagation using initially-rigid cohesive law.
The final discrete equations can be derived in a standard fashion and given by
f

kin

= f int − f ext + f coh

(9)
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5
5.1

Numerical Examples

Edge-cracked plate under impulsive loading

Next we simulate an experiment reported by Kalthoff and Winkler [16] in which a plate with two
initial edge notches is impacted by a projectile. The experiment is shown in Figure 5. In the
experiment at low strain rate, brittle failure with a crack propagation angle of about 70D is
observed [16].

100mm

75mm

100mm

y
x

100mm

v0

25mm

50mm

Figure 5: Experimental set-up for edge-cracked plate under impulsive loading; only half of the
plate is modeled.
Due to the twofold symmetry of the configuration, only the upper half of the plate is modeled: At
the bottom edge of the finite element model, u y = 0 and t x = 0 . The initial impact velocity is
applied on the left edge on the segment 0 ≤ y ≤ 25mm . We assumed that the projectile has the
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same elastic impedance as the specimen, so we applied one half of the projectile speed, 16.5m/s
for the brittle fracture mode, to the left edge as an initial condition. The initial notch was
modeled by including two lines of nodes separated by 0.3mm. The material is a maraging steel
18Ni1900 and its material properties are ρ = 8000kg/m 3 , E=190GPa and ν = 0.30 [17]. We
used a central difference time integration scheme with a Courant number of 0.1. We found that a
low Courant number is necessary for the elements which contain a discontinuity.
A cohesive crack model with fracture energy GF = 2.213 × 10 4 N/m and δ max = 5.245 × 10 −5 m
and a linear cohesive law was used. For the crack initiation criterion, we used the maximum
tensile stress criterion. Numerical simulation was made with a 50x50 mesh shown in Figure 6.
Both the meshfree method and the XFEM are used to solve the problem.

1
v0
2

{

symmetry
Figure 6: 50x50 mesh with pre-crack.

The result of crack path from XFEM is shown in Figure 7. The average angle from the initial
crack tip to the final crack tip is about 62.5 D and the initial crack angle is about 67.5 D ; the crack
path is nearly straight. This angle is smaller than the observed angle [16] and the angle obtained
by mesh-free methods.
The crack path from EFG fracture method is shown in Figure 8. The average crack angle is
about 69.0 D , very close to the experiment observation. The accurate result is partially because of
the higher approximation order of the meshfree method.
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62.5 D

Figure 7: Crack path by XFEM.

Figure 8: Final crack path by EFG.

5.2

A notched plate under bending test

In this example, a brittle fracture of thick plate under bending is simulated. This classical
problem of a single-edged notched plate supported in two points is shown in Figure 9. The
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problem is simulated using EFG method. The material properties of the plate are given in nondimensional unit, Young’s modulus = 7.16e+04, Poisson’s ratio = 0.23, density = 2.e4-09, mode
I energy release rate = 0.25 and the critical displacement jump = 0.0001 with the corresponding
maximum normal traction = 500.

Figure 9: Single-edged notched plate under bending.
Figure 10 shows the final crack patch in a resultant displacement plot. The result demonstrates
the capability of the presented method to model a curved crack.

Figure 10: Final crack path.

5.3

Cylinder shell under pulling

The last example is a thin cylinder shell with a pre-crack under axial pulling. The right end of the
shell is fixed and the left end is pulled with a velocity of V = 5mm/ μs , as shown in Figure 11.
The material is kinematic plastic with ρ = 7.83 × 10 −6 kg/mm 3 , E=70GPa, ν = 0.30 and
σ y = 0.1GPa , E p = 0.2GPa . The fracture energy release rate is 50kN/m and the cohesive law
parameters are: σ max = 0.2GPa and δ c = 0.5mm .
The problem is solved with two meshes: a coarse mesh with 1860 elements and a fine mesh with
7440 elements. The crack positions at different times with the fine mesh are shown in Figure 12.
Figure 13 shows the comparison of the resultant pulling force obtained using the two meshes.
The fine mesh yields smoother force curve than the coarse mesh.
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Fixed

V

Figure 11: Cylinder shell under pulling.

T=4.0us

T=5.0us

T=6.0us

T=6.5us

Figure 12: Crack propagation at different times.
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Figure 13: Comparison of resultant pulling force using two meshes.

6

Conclusion

The meshfree fracture method for solids and the extended finite element method for shell
structures are presented in this paper and implemented in LS-DYNA. The two methods use the
strong discontinuity approach to model the cracks and the cohesive zone model for the fracture
kinematics. Both methods show their possibilities to model dynamic fracture with arbitrary
cracks and without remeshing. Currently these methods are better fitted to model cracks in brittle
and semi-brittle materials. Several issues which are not addressed in this paper such as the
treatment of multiple cracks, responses from different crack initiation and propagation criteria,
the ability to model contact between debris and crack closure problems will be further
investigated.
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