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Abstract

An element-failure algorithm is proposed and incorporated into a finite element code for simulating dynamic crack
propagation and impact damage in laminated composite materials. In this algorithm, when a crack is propagating
within a finite element, the element is deemed to have partially failed, but not removed from the computations.
Consequently, only a fraction of the stresses that were computed before the crack tip entered the element contribute to
the nodal forces of the element. When the crack has propagated through the element, the element is completely failed
and therefore can only resist volumetric compression. This treatment of crack propagation in isotropic solids allows
fracture paths within individual elements and is able to accommodate crack growth in any arbitrary direction without
the need for remeshing. However, this concept is especially powerful when extended to the modeling of damage and
delamination in fibre-reinforced composite laminates. This is because the nature of damage in composite laminates is
generally diffused, characterized by multiple matrix cracks, fibre pullout, fibre breakage and delaminations. It is usually
not possible to define or identify crack tips in the tradition of fracture mechanics. Since parts of a damaged composite
structure are often able to partially transmit load despite the presence of some damage, it is advantageous to model the
damaged portions with partially failed elements. The damage may be efficiently modeled and tracked using element-
failure concepts, with the application of appropriate failure criteria and damage evolution laws. The idea is to embody
the effects of damage into the effective nodal forces of the finite element. In this paper, we report the novel use of ele-
ment-failure concepts in the analysis of low-velocity impact damage of composite laminates. The initiation and
propagation of delaminations arising from the impact are predicted and the results show qualitative agreement with
experimental observation of the formation of multiple delaminations in impact-damaged specimens. While such dela-
minations do not permit transmission of tensile stress waves across the cracked surfaces, transmission of compressive
stress waves are allowed in the simulation. It is further shown that, when elements are allowed to fail, the dynamic stress
wave distributions are altered significantly. In the element-failure algorithm, the issue of interpenetration of dela-
mination surfaces in the model does not arise. This is a significant advantage over the conventional method of explicitly
modeling the delamination surfaces and crack front, where generally, much computational time must be spent in
employing contact algorithms to ensure physically admissible solutions. Finally, we also demonstrate the simulation of
crack propagation of pre-notched specimens of an isotropic material under initial conditions of mode II loading using
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the element-failure algorithm. The numerical results showed that the cracks propagated at an angle of about 70° with
respect to the notches, in agreement with the experimental results of Kalthoff.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Computational simulation of dynamic crack propagation using the finite element method is often res-
tricted to cases where the crack path is known a priori. In the traditional Lagrangian finite element
method, once the material is discretized into a fixed set of elements, it is difficult to create new surfaces
within the materials unless the new surface coincides with element boundaries. Hence, crack growth in
arbitrary directions would require some form of remeshing to realign elements around the crack tip to the
direction of crack growth. While remeshing can be carried out easily if the crack path does not change
abruptly (Lim et al., 1996; Samoa, 1981; Murti, 1986), the remapping of variables from original to new
mesh is computationally intensive and always results in the loss of accuracy due to dispersion and dis-
tortion.

In situations where the crack path is known a priori, it is possible to generate a finite element mesh where
the crack path is along element edges to eliminate the need for remeshing. Two classes of finite element
crack propagation technique based on this scheme are the nodal release technique (Rousselier, 1979) and
the nodal splitting technique (Bakuckas et al., 1995). The nodal release technique is useful in cases where
the crack propagates along a plane or line of symmetry. In such cases, the plane of symmetry is modeled as
a symmetric displacement boundary condition in the FE mesh. A node anchored to the boundary initially
represents the crack tip. As the crack propagates the node is “released” from the boundary. When the crack
path does not lie on any symmetric plane the nodal splitting technique is commonly employed. A finite
element mesh is generated with the crack path sandwiched between two rows of elements. Crack growth is
effected by allowing elements on opposite sides of the crack to separate. Nodes common to elements on
either side of crack are ““split” in the process. Instantaneous release and splitting of nodes are equivalent to
sudden release of finite amounts of energy. This results in severe nodal oscillations. To minimize such noise,
nodes that are released or split do not become traction free immediately. Instead, internal nodal forces
acting on the nodes prior to nodal release or nodal splitting are gradually reduced to zero (Bakuckas et al.,
1995; Dexter and O’Donoghue, 1993).

Beissel et al. (1998) extended the concept of nodal release and nodal splitting along element edges to crack
propagation within elements of an FE mesh and proposed an element-failure algorithm. In this algorithm,
cracks are allowed to propagate through an element. When a crack is propagating within an element, the
element is deemed to have partially failed. Such elements are not removed from the finite element compu-
tations. However, only a fraction of the stresses that were computed before the crack tip entered the element
contribute to the nodal forces of the element. This fraction is dependent on the crack length within the
element. When the crack has propagated through the element, the element is completely failed and can only
resist volumetric compression. This treatment of crack propagation allows fracture paths within individual
elements and hence can accommodate crack growth in arbitrary direction without the need for remeshing.
However, the analysis presented in the paper by Beissel et al. (1998) was essentially that of mode I fracture. In
this paper, we report on the simulation of crack propagation of pre-notched specimens under initial con-
ditions of mode II loading using the element-failure algorithm, and investigate the dependency of results on
fineness of the mesh. Kalthoff (1988) and Kalthoff and Winkler (1988) performed an extensive range of such
experiments and his results will serve to verify the element-failure algorithm.
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The main aim of this paper, however, is to show that the element-failure concept and algorithm is
particularly suited for dynamic failure analysis of composite structures, where certain modes of failure do
not completely preclude the ability of the composite material to sustain stresses. It is well known that
damage in composite materials is generally complicated and consists of multiple failure modes, such as fibre
breakage, fibre pullout, delamination between plies, matrix cracking, fibre-matrix debonding, etc. More
than one of these failure modes are often present in damaged composite structures. They have strong in-
teractions with one another so that usually it is not possible to clearly identify and define a single crack in
the traditional fracture mechanics sense. Even in exceptional situations where a crack may be defined, such
as in the case of a single delamination, other mechanisms such as fibre bridging across the crack surfaces
and crack kinking or branching usually greatly complicate the analysis. In cases involving dynamic loading
such as in ballistic impact, the additional consideration of strain-rate dependency of the material properties
may have to be taken into account. However, despite the increased level of complexity of the analysis, most
of these mechanisms have the advantageous effect of improving the apparent fracture toughness and
damage tolerance of composite structures. Unless there is complete separation of the material, the damaged
part of the structure can often partially sustain stresses. The role of damage mechanics is to provide in-
formation for the evolution of damage modes and their effect on the constitutive relations of the material.
This information can be programmed into the element-failure algorithm in modeling the damage pro-
gression in dynamically loaded composite structures. Through the relatively simple example of initiation
and propagation of delamination damage in low-velocity impact of a composite laminate, the advantages of
employing element-failure concepts in computational analysis of composites can be illustrated. The
methodology used for modeling the Kalthoff specimen is easily extended to the analysis of low-velocity
impact of composites. However, it should be pointed out that a consistent general methodology for in-
corporating damage and fracture mechanics into a three-dimensional element-failure algorithm is not yet
available.

2. Element-failure concepts and algorithm

In this section, the concepts and implementation of the element-failure method are described. Most of
these are common to both the problem of the Kalthoff specimen and analysis of delamination damage in
low-velocity impact of composite laminates. However, in the former, the crack path trajectory is predicted
with the aid of the 7* integral and either the maximum hoop stress or maximum principal stress criteria,
while in the latter, the Tsai-Wu tensor failure criterion is used for predicting both initiation and propa-
gation of the delaminations.

2.1. Concepts

The concept of using failed elements to model crack propagation was first conceived by Mahishi and
Adams (1982). The scheme assumes that when an element of an FE mesh is loaded beyond its maximum
strain energy capacity, it fails and is subsequently removed from the mesh and omitted from further
computation. The stiffness associated with the element is also reduced to zero. Loads that were sustained by
the element prior to failure are then transferred to surrounding elements.

The element-failure algorithm formulated by Beissel et al. (1998) is different from the concept proposed
by Mabhishi and Adams (1982) in that elements are not physically removed from the FE mesh. Beissel’s
definition of a failed element is one with a crack traversing completely across it. New surfaces are created
but material is not removed. The difference between a failed element and a deleted element is that a failed
element can still sustain compressive loads while a deleted element is a complete void in the material.



558 T.E. Tay et al. | International Journal of Solids and Structures 40 (2003) 555-571

An element in the element fail algorithm is in one of three states—undamaged, partially failed and
completely failed. A completely failed element is one with a crack extending from one edge of the element to
another edge. A partially failed element is one that contains a fracture but is not severed into two, i.e. the
crack tip resides in a partially failed element. Undamaged elements are those that do not contain any
cracks. All elements are able to resist compression. Partially failed elements are only partly able to resist
volumetric expansion. Once a crack propagates into an element, the tensile and shear load bearing capa-
bility of the element is reduced. This reduction is linearly proportional to the crack length within the
element. When the crack has propagated through the entire element, the element is deemed to have
completely failed and can only resist compression.

The element-failure concept has not been widely applied to composite materials and structures, to the
best of the authors’ knowledge. However, here the concept is particularly useful, as partially failed elements
can effectively model the damage in composite structures. The authors are currently investigating a
mechanistic-based failure theory for use with element-failure algorithms, with the aim of analyzing the
evolution of damage in the form of matrix cracks and delaminations. Damage in the form of matrix
cracking has previously been modeled with a constitutive damage law and applied to the problem of a
composite plate with a centrally located hole, loaded under quasi-static monotonically increasing tension
(Tay et al., 1997). The concepts outlined in Tay et al. (1997) may be extended to three-dimensional finite
element stress analysis of damaged composite structures.

2.2. Implementation

Once appropriate criteria governing crack growth, crack tip trajectory and crack tip velocity are
available, the incorporation of the element-failure algorithm into finite element codes is simple. Essentially,
in finite element algorithms for dynamic problems, the following quantities are updated in sequence until
the computation is terminated—nodal displacement; element strains; element stresses; nodal forces;
nodal accelerations; nodal velocities; and back to nodal displacements again. The element-failure algorithm
only affects the portion of the FE code that determines the nodal forces from the element stresses. Un-
damaged elements are not affected by the algorithm and their nodal forces are determined in the usual
manner,

f:L B'edQ. (1)

Here, the integration is performed over the volume of the element; B is the usual matrix of the derivatives of
the element interpolants and ¢ is the Cauchy stress tensor.

For completely failed elements, the nodal forces are non-zero only when the elements are under com-
pression. In such situations, the pressure within the element is computed from constitutive relations be-
tween pressure and volumetric strain. Hydrostatic compression occurs when the elements undergo negative
volumetric strain. The total strain of within each failed element of the mesh is decomposed into the de-
viatoric and volumetric components. By only retaining negative volumetric strains in the determination of
element stresses, the nodal forces of a failed element due purely to hydrostatic compression can be de-
termined without any other special algorithm. The FE routine for determining the forces through Eq. (1)
can be used without modification by considering only the pressure term of the Cauchy stress tensor.

In the case of partially failed elements, only a fraction of the forces computed from Eq. (1) contribute to
the element nodal forces, i.e.

f:oc/ B'edQ, (0<ac<l). (2)
Q.
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The value of o decreases with depth of crack propagation into the element. It has a value of unity just prior
to the crack entering the element and approaches zero when the crack tip exits the element. The gradual
decrease in nodal forces as the crack propagates through an element helps to reduce nodal oscillations, a
result of sudden release of energy from element deletion. The use of a scalar multiplier such as o in the
current form implies isotropic material softening and is probably not appropriate for application to
composite laminates in general. Work is currently in progress to determine a more rational methodology to
directionally modify nodal forces, accounting for the anisotropic state of damage within the element. The
development of a consistent methodology is pursued in parallel with a new micromechanics-based failure
theory recently proposed by Gosse (2002).

3. Governing criteria for fracture trajectory

The implementation of appropriate criteria to determine crack initiation, direction of crack growth and
velocity of crack propagation is critical to successful dynamic crack propagation simulation. The frame-
work for theoretical elastodynamic fracture has been reported by Rose (1976), Kanninen and Poplar (1985)
and Freund (1990) together with some practical applications. Central to the determination of fracture
trajectory is the computation of the dynamic stress intensity factor.

In this paper, the 7" integral introduced by Atluri (1982) and Atluri et al. (1984) will be used to charac-
terize the crack tip fields. This integral essentially reflects the flow of energy into the crack tip region and is a
measure of energy release associated with a unit area of crack surface extension in dynamic fracture. Its
expression in incremental form is given by

AT* = rhr—r}o . (AW + AT)n, — (0;; + Aoy)n;Au; y — Aoynu; ) dT, (3)
where I'* is a contour around the crack tip; AW and AT are the incremental internal energy density and
kinetic energy respectively; n; is the jth component of the unit normal to the contour I'*; n, is the com-
ponent of the unit normal in the direction of crack propagation; and u; and ¢;; are the usual notations for
components of the displacement and stress tensor.

The T* energy integral is only locally path independent in the sense that path independence is achieved
only when the radius I'* approaches zero. However, as errors in finite element analyses of fracture are
greatest near the crack tip because of the steep gradients in stresses, Eq. (3) is not used in the computation
of the 7* integral. The divergence theorem is invoked to equate Eq. (3) to a domain plus contour integral in
the computation to give

1
AT = /F[(AW =+ AT)np — (O-ij + AO',:,-)njAu,-‘p — Aoijnju,«‘p] dar + /Q |:Ao-ij <8ij,p + zAgij’p)

_ Agij <Jij,p =+ ;Aaij,p>:| dQ -+ / p[(u, -+ Aii,—)Au,-,p — (M, —+ Ail,‘)Ail,‘,p + Aii,-u,—tp — Al:{l'il[’p] dQ.
Q

)

Here, I' is a contour round the crack tip that is sufficiently far from the tip to avoid steep gradients in
stresses and Q is the domain between I'* and I" as shown in Fig. 1.
Several criteria have been proposed for the prediction of the direction of crack propagation, namely,

(1) minimum strain energy density by Sih (1974),
(i) maximum energy release rate by Hussain et al. (1974),
(i) maximum tensile circumferential stress by Erdogan and Sih (1963), and
(iv) ratio of stress intensity factors of mode I and II by Taha and Swartz (1989).
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Fig. 1. Domain and boundaries of the 7* energy integral.

Since the value of the T* integral is dependent upon the direction of crack propagation, the direction which
gives the maximum value of 7* can also be used to indicate the direction of crack growth.

For the numerical analyses reported in this paper, the velocity of crack propagation is determined from
empirical data which relates the 7* integral to the crack tip velocity (Rosakis and Freund, 1982; Dally et al.,
1985), while two criteria for crack propagation direction are investigated—maximum principal stress and
maximum hoop stress around the crack tip.

4. Dynamic fracture under in-plane shear loading

Kalthoff and Winkler (1988) performed a series of dynamic fracture tests to understand crack propa-
gation under pure mode II loading. These tests serve as good benchmarks for the simulation of dynamic
fracture because it was observed that crack propagation might occur in directions different from the pre-
cracks of the test specimens. Two types of steels were investigated—high strength maraging steel and
chromium-molybdenum steel. The schematic of their experimental set up is shown in Fig. 2. The specimen
to be tested contains two parallel edge pre-cracks of equal length and crack tip radius. A cylindrical
projectile with diameter equivalent to the distance between the cracks hits the edge squarely between the
pre-cracks. This generates a compressive pulse that propagates to the crack tips causing an initial mode II
loading.

recrack length a=h
Vo
_

t t
d h=d
' .
a
projectile A
specimen

Fig. 2. Schematic of set up for mode II loading in dynamic fracture tests.
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The important parameters of the tests are the impact velocity, ¥, and the crack tip radius. High impact
velocities and low tip radii increases the strain rate experienced by the material around the crack tip. Unlike
cracks subjected to pure mode I loading where the cracks propagate in the direction of perpendicular to the
load, the tests performed by Kalthoff and Wrinkler showed that different failure mechanisms occur under
different loading conditions. Low impact velocities coupled with large tip radii does not result in any crack
propagation because the strain rate is not high enough, hence, pre-cracks remain stable. When either the
impact velocity or tip acuity exceeds a certain threshold, the crack will start to propagate. The crack
trajectory deviates from the initial direction and propagates at an angle of about 70° outwards to the di-
rection of the original notches. At even higher impact velocities and crack tip acuities, a different failure
mechanism occurs; a large amount of the impact energy is expended in the formation localized shear bands.
These bands are almost in the same direction of the pre-cracks and are of limited length.

A finite element simulation of mode II loading of pre-notch specimen similar to the tests carried out by
Kalthoff was performed using the element-failure algorithm to gauge the capability of the method in
predicting crack propagation. The pre-notched specimen is a steel 4340 plate of dimensions 200 x 100 mm.
The notch lengths are 50 mm and the crack tip radii are 0.85 mm. The cylindrical impactor has a diameter
of 50 mm. It hits the steel specimen with an impact velocity of 39.3 m/s. The plate is discretized into plane
stress linear triangle elements with single Gauss points. We have found that square or rectangular elements
are not suitable because they tend to over-constrain the crack path such that the prediction is forced to
conform to the grid pattern of the mesh. The steel is modeled as an elastic material with Young’s modulus
of 210 GPa and density of 7860 kg/m*. Only half the plate is modeled because of symmetry. The mesh
around the crack tip is shown in Fig. 3. The entire mesh contains 7081 nodes and 13,924 elements.

In the simulation, the direction of crack propagation is determined by either the maximum principal
stress or the maximum hoop stress around the crack tip. Crack growth and crack tip velocity are deter-
mined from experimental data reported by Rosakis and Freund (1982) and Dally et al. (1985), which gives a
relationship between crack speed and the stress intensity factor as shown in Fig. 4. To utilize this data, the
relationship between the stress intensity factor and the 7 integral computed during the computational
analysis is used, i.e.

failed
elements

T*

Fig. 3. Linear triangle elements of FE mesh around crack tip.
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Fig. 4. Stress intensity factor K, against crack tip velocity Vjp,.

It can be seen from Fig. 4 that the crack tip speed increases exponentially with K, and that the dynamic
fracture toughness of the material is about 57 MPam'/?, i.e. crack growth is arrested at stress intensity
factors less than 57 MPam'/?. The experimental data is fitted with a polynomial given by

Vi = 0.0001K2 — 0.0375K + 56.0, (6)

where the units of V;;, and K are (m/s) and (MPam!'/?), respectively.

Although the maximum principal or maximum hoop stress criteria together with the data in Fig. 4 can
be used to determine the direction and incremental crack extension at each computational time step and
thus predict the entire crack trajectory, this is not implemented because it is computationally expensive. The
merits of knowing the exact crack path is also not apparent in the element fail algorithm because all failed
elements are treated in the same fashion regardless of the crack orientation within them. Instead of tracing
the actual fracture path, two simplifications are adopted. Firstly, the crack propagates in a straight path
within elements and hence the trajectory only changes whenever the crack tip leaves an element and enters
another. The next simplification is that the distance the crack needs to travel within an element before it
exits it is not calculated, instead, an “average” distance is applied to all elements. For our simulation, where
triangular elements are used, this distance is reported to be

D = /24, (7)

where A is the area of the element.

As the crack is propagating within an element, the 7* integral is calculated at each time step and the
relation between crack tip velocity and stress intensity factor is used to update the crack length, d, within
the element using a central difference integration scheme

dmD =d" 1 At x V. (8)

A linear relationship is assumed to exist between the crack length within a partially failed element, d, and
the element’s ability to sustain tensile and shear loads. Thus, o in equation is determined from

. dm
o) — . 9)

The crack is deemed to have completely propagated through the element when

s = g+ — p > 0. (10)
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An adjustment is then made to the time step to correct for the overshoot of the crack tip. Instead of the
usual time step A¢, a reduced time step Atequcea 18 Used to update all variables in the current time step,

5(n+1)

AZLreduced = V_ . (1 1)
tip

Eq. (4) is used in the evaluation of the 7™ integral. The expression requires the domain integral of deriv-
atives of strains and stresses which are singular at element boundaries in displacement-based finite element
methods. The common remedy of averaging the stresses and strains at the nodes is adopted. The stresses
and strains are then interpolated from the nodal values in the same manner as displacements.

The direction of crack propagation is determined based on either the maximum principal stress or hoop
stress around the crack tip. Since the actual crack path is not tracked in the simulation, it is not necessary to
search for the maximum stress at all points around the crack tip; only the stresses at the Gauss points of
elements immediately around the element containing the crack tip are checked, i.e. the crack will propagate
towards the element with the largest principal or hoop stress. It should be noted that the crack tip is only
permitted to propagate into an element which shares a common edge as the existing crack tip element.

The results of the element-failure algorithm simulation are shown in Figs. 5-8. Figs. 5 and 7 are the
predictions when the maximum principal stress around the crack tip is used to guide the direction of crack
propagation, while Figs. 6 and 8 are the results when the crack is made to propagate in the direction of the
maximum hoop stress.

N
o

T* integral (MN/m)
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Fig. 5. History of predicted 7* integral using maximum principal stress to determine direction of crack propagation.
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Fig. 6. History of predicted 7* integral using maximum hoop stress to determine direction of crack propagation.
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Fig. 7. Predicted fracture trajectory using maximum principal stress to determine direction of crack propagation.

Fig. 8. Predicted fracture trajectory using maximum hoop stress to determine direction of crack propagation.

Figs. 5 and 6 show the T* integral values driving the crack propagation computed from the simulation.
In the simulation, the outer boundary of the 7 integral, I', is 6 element lengths, i.e. 6 x 1.7 mm, from the
crack tip. This outer radius is deemed sufficiently far from the crack tip so that it does not suffer from
the numerical errors expected near the tip. The inner radius of the T* domain, I'*, is often a concern as the
integral is only path independent for a sufficiently small radius. However, too small a radius does not give
converging results due to the inherently large errors in stresses near the crack tip. Three inner radii are
reported in both Figs. 5 and 6—1I' (1 element length), I', (2 element lengths) and I'; (3 element lengths).
The close agreement of the 7* integral values for the three different inner radii verifies that the computed
integral is convergent and path independent.

The oscillations of the 7* integral observed in the simulations occur whenever the crack tip leaves an
element and enters another. Beissel et al. (1998) also reported such oscillations in their simulation and
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suggested the fluctuations can be reduced by increasing the average fracture length within triangular ele-
ments to a maximum of

D = 2+/244.. (12)

Figs. 7 and 8 show the predicted fracture paths when the different criteria are used in determining crack
growth direction. The bold lines are the predicted crack trajectories while the dotted lines are the fracture
lines observed by Kalthoff and Winkler (1988) in actual tests on different steel specimens under similar
conditions. Since the fine details of the crack path are not tracked during the simulation and fracture is
approximated by a trail of failed elements, the crack trajectories in the computational simulation resemble
more closely a winding path through the centers of failed elements rather than a smooth fracture line.
Errors arising from the discretization will definitely have some effects in dynamic fracture problems which
are sensitive to small perturbations in crack trajectories. Nevertheless, the predicted fracture paths are close
to experimental observations, especially when the maximum hoop stress criterion is used in determining
crack growth direction.

Currently, the element-failure algorithm does not trace fracture trajectories but only approximates them.
The incorporation of a tracking algorithm can be included in future work so that the actual fracture length
of each element can be used in the computation instead of an average value. More directions can also be
checked for the determination of crack growth direction other than limiting the search to the directions of
neighboring elements around the crack tip.

5. Stress waves and delamination in impact of composites

The preceding element-failure code was applied to study stress wave propagation and delamination
initiation and growth in a laminated composite plate under low-velocity impact. The problem consists of a
unidirectional laminated composite plate of thickness 5 mm and height 100 mm, fully clamped at the top
and bottom edges, impacted in the thickness direction at the center of the plate by a rigid circular cylin-
drical projectile of radius 2.5 mm, with an incident velocity of 6.5 m/s (Fig. 9). The elastic and strength
properties of the unidirectional composite are obtained from Choi et al. (1991), and are reproduced in
Table 1. The transverse wave speed w may be estimated by the formula

Ex
w= \/_: (13)

and has a value of 2.43 x 10° m/s. Hence the incident stress wave arising out of initial impact will take
about 2.06 ps to travel from the impacted face to the back face.

The two-dimensional finite element model of the plate consists of 32,000 triangular elements, with 20
elements in the thickness direction. The impact due to the projectile is represented and approximated by a
short constant pulse of 6.5 m/s applied over a period of 2.5 ps. The results of the finite element analysis
without damage are compared to and verified with the results of a separate but identical analysis using the
commercial software ABAQUS with the same mesh. For example, in Fig. 10, the stress wave distributions
at 2.0 ps after impact using the element-failure code and ABAQUS are shown to be identical.

The Tsai-Wu tensor failure criterion (Tsai, 1992) is used to determine delamination initiation and
propagation in the composite laminate. The choice of a general criterion like the Tsai-Wu theory, rather
than a more specific but restrictive interlaminar normal stress failure criterion, is intended to illustrate the
generality of the approach for modeling damage in composites. Figs. 11-14 show the stress wave distri-
butions and the development of delamination in the laminate for times 3.55, 4.23, 4.36 and 5.01 pus res-
pectively after initial application of the impact pulse. All the stress wave contours shown are for the
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Fig. 9. Low-velocity impact of a composite laminate.

Table 1

Material properties used in the FE simulation, reproduced from Choi et al. (1991)
Property
Longitudinal (fibre direction) modulus Ey 156 GPa
Transverse modulus E>» 9.09 GPa
Out-of-plane shear modulus Gy 3.24 GPa
Out-of-plane Poisson’s ratio v12 0.228
Density p 1540 kg/m?
Longitudinal strength (tension) Xt 1520 MPa
Longitudinal strength (compression) Xc 1590 MPa
Transverse strength (tension) Yr 45 MPa
Transverse strength (compression) Ye 252 MPa
Shear strength S 105 MPa

normal stress component in the laminate thickness (i.e. impact) direction, and the values are in Pa. The
dark shaded areas in Figs. 11(a), 12(a), 13(a), 14(a) represent failed elements.

Fig. 11(a) shows the initiation of delamination in the laminate at 3.55 ps after initial impact. It shows
that the first delaminations appear when the stress wave front is returning from the back face, but has not
yet reached the front (impacted) face. The stress wave interactions produce localized tensile stress con-
centrations with magnitudes large enough to initiate delamination, according to the Tsai-Wu criterion. At
this stage, the stress contours for the analysis without element-failure (Fig. 11(b)) and the analysis including
element-failure (Fig. 11(c)) are almost identical, as expected, since the size of the delaminations is quite
small. At 4.23 ps after impact, the stress wave front has just undergone two reflections, one from the back
face, and the other from the front face. The stress interactions produce further tensile stress fields in the
immediate wake of the stress wave, causing the two existing delaminations to grow, and two other dela-
minations near the center of the laminate to initiate (Fig. 12(a)). Comparison between Fig. 12(b) and (c)
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Fig. 10. Verification of element-failure code with ABAQUS, for stress contours 2.0 ps after initial impact and without damage.
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Fig. 11. Damage initiation and stress wave distribution at 3.55 ps after initial impact.

suggests that there are now significant differences in the distribution of stresses. The presence of the failed
elements (representing delaminations) causes considerable interference of the interacting stress waves. The
failed elements permit transmission of compressive stress waves across the delaminated surfaces, but tensile
stress waves incident to the surface of the failed elements are subsequently reflected as compressive waves.
In this sense, the elements modeling the delaminated surfaces can be considered as having partially failed,
since a delamination crack with compressive normal stresses across its faces would be closed (sometimes
referred to as a “kissing”” delamination), but an open delamination crack would not sustain tensile stresses
at its surfaces. In this work, all the elements failed in the tensile mode, although the Tsai-Wu failure cri-
terion allows for the possibility of shear failure. The question of whether a delamination allows for shear
transfer is more complicated to answer. In this work, for the sake of simplicity, we have chosen to disallow
shear stress transfer after an element has failed. This is a reasonable assumption if the delamination crack is
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open, but may not be true for a closed delamination, where friction or contact may allow limited shear
stress transfer across the surfaces. There is, of course, no guarantee that the delamination will remain open
throughout the history of the impact event. On the other hand, there is no possibility in the element-failure
method for interpenetration of delamination surfaces in the event of a closing delamination. This is a
significant advantage over the modeling of delamination by the use of conventional finite element tech-
niques because local interpenetration of delamination surfaces will cause non-physical solutions and much
computational time must be spent on contact iterations (Shen et al., 2001). The element-failure code may be
modified to allow for shear stress transfer whenever the delamination is closed, but this was not done in the
present work.

Finally, Figs. 13 and 14 show the delamination profiles and stress wave distributions for 4.36 and 5.01 ps
respectively after initial application of the impact pulse. In Fig. 13(a), the two largest delaminations have
joined together to form a single large delamination, while other delaminations have also increased in size.
The final damage pattern is shown in Fig. 14(a) for 5.01 ps after impact. Subsequent to this, there are no
further propagation of the existing delaminations and no formation of new delaminations, although the
simulation was carried out until 8.0 ps.

6. Conclusion

A novel finite element method for analyzing initiation and propagation of delaminations in low-velocity
impact-damaged composite laminates is presented. The method employs an element-failure algorithm in
which the delamination crack surfaces are not explicitly modeled, but are simulated by a series of partially
failed elements. Naturally, the approximation to a true crack or delamination becomes better with in-
creasing mesh density and decreasing element sizes. When applied to analysis of fracture, delamination and
damage in composites, the method has a few advantages which have not yet been fully explored. Since
damage in composites often involve a multiplicity of modes such as matrix cracking, delamination, fibre
breakage and so forth, generally the conventional fracture mechanics approach of explicitly modeling
multiple cracks is not feasible due to its overwhelming complexity. Furthermore, the presence of some
damage does not necessarily cause the composite structure to completely lose its ability to sustain loads.
The element-failure concept therefore seeks to model this partial ability to sustain loads by incorporating
the effects of the damage through modifying the nodal forces of the finite element containing the damage.
This effective nodal forces approach eliminates the need to reduce the values of the elastic properties of the
material, a process that can cause computational problems. In this paper, the element-failure method is
demonstrated by an example of delamination initiation and propagation in low-velocity impact of a
composite laminate. The delaminations are modeled by a series of failed elements, which permit trans-
mission of compressive but not tensile stress waves across the delaminated surfaces. The results show a
considerable difference in the distributions of stress waves if delamination damage is modeled. The issue of
possible interpenetration of delamination surfaces does not arise when the element-failure method is used in
this case. This is because the failed elements are still able to resist compressive loads across the delamination
surfaces at any moment in the loading history, ensuring no spurious solutions involving interpenetrating
surfaces. This is another advantage over the conventional method of explicitly modeling the delaminated
surfaces, where considerable computational time is generally required to check for interpenetration. If
interpenetration has occurred, then contact iterations must be performed to obtain physically admissible
solutions. The element-failure code in this work has been validated by comparing the computed results of
the stress wave distributions for a laminate with no damage, with those obtained using the commercial finite
element software ABAQUS. A further demonstration of the developed element-failure code is the simu-
lation of crack propagation of pre-notched specimens of an isotropic material under initial conditions of
mode II loading. The numerical results showed that the cracks propagated at an angle of about 70° with
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respect to the notches, in agreement with the experimental results of Kalthoff, who performed actual tests
under similar loading conditions. Of the two criteria used to guide crack propagation direction, the
maximum hoop stress criterion gave a better prediction of the fracture trajectory than the maximum
principal stress criterion. In both cases, the 7* energy integral was used to determine the crack tip velocity
from experiment data on the correlation between crack tip velocity and stress intensity factor. Finally, it
should be noted that the element-failure algorithm could be extended to the prediction of fracture
propagation in three-dimensional problems, both in isotropic and anisotropic materials. A consistent
methodology for this has not yet been developed, but it is interesting to note that in three-dimensions, it
may be relatively easier to predict certain types of damage such as delamination in laminated composites
than to predict the general development of crack planes in isotropic materials. This is because in the former,
fibre reinforcements generally provide more constraints to crack path propagation.
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