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1. Introduction

Impact damage is a major concern in the design of aircraft structures of
composite laminates as it often severely reduces the strength and stability
performance of the structure [1]. Typically, impact damage zones contain
matrix cracks between the fibers of a ply and delaminations between
plies. Extensive impact damage can also results in fiber fracture.
Furthermore, an impact damage causes normally multiple delaminations
through the thickness of a laminate. The distribution of multiple
delaminations depends in general on several factors, such as the laminate
span-to-thickness ratio and the severity of the damage [2]. As buckling
and post-buckling behavior of thin-walled structures of shell-type are
severely sensitive to any imperfection, impact damage in composite
laminates can therefore be expected to drastically change the behavior of
buckling-driven delamination, both the initiation and growth. This, in
turn, reduces the load-carrying capability of the structure.

Strength reductions are usually observed to be the most critical for
structures loaded in compression [1]. These reductions are normally
associated with buckling induced-delamination growth, which has been
the subject of extensive research for two decades [3-5]. The studies have
progressed from local buckling and growth initiation of one- and two-
dimensional delaminations to simulation of growth without and with
global buckling interaction [6-10]. The presence of fibers frequently
constrains the cracks to interlaminar crack growth (delaminations), which
generally occurs under mixed mode conditions [5]. Mixed mode fracture
is caused both by anisotropy and by the combination of bending and
stretching during buckling. The interlaminar toughness of composites is
strongly dependent on the loading mode [11], which necessitates a
reliable mode separation technique, as well as the use of reliable mixed
mode growth criteria.

Extensive fractographical studies demonstrate that fiber fracture often is
present in the impact damage zones of concern in certification of a
composite structure [2]. Such damage causes significant local stiffness
reductions, which may affect buckling and cause in-plane failure due to
stress concentrations. Stiffness reductions of about 80 % in tension and
50 % in compression have been demonstrated on small coupons cut from
impact damaged zones [12]. Experiments with panels having damage
zones of equal size indicate that decreasing buckling loads are associated
with increasing degrees of fiber damage [13]. Comparisons between
impacted and artificially delaminated specimens have demonstrated that
both types fail by buckling induced delamination growth [14]. The
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impacted panel did, however, fail at a lower load. These results
demonstrate that phenomena such as fiber fracture, multiple
delaminations and initial imperfections need to be included in analysis
models when simulating realistic impact damage.

The present work deals with analysis of the effect of material damage
within the delamination area on buckling and buckling-induced
delamination growth. Based on the fractographical observations in Refs.
2, 12-17, the material damage is modeled as a so-called soft-inclusion, as
suggested in e.g. Ref. 2. In the modeling, a central zone with
considerable fiber breakage is incorporated in the numerical model as a
material with reduced stiffness, i.e. soft-inclusion. The size of the soft-
inclusion zone is assumed to be less than half of the delamination size.
Numerical tests are made using an in-house finite element program for
simulation of buckling induced growth of single delaminations,
DEBUGS [18].

The paper is organized as follows: In Section 2, the program DEBUGS
and its theoretical background are briefly reviewed. In Section 3, the
material impact damage modeling with soft-inclusion is described. In
Section 4, numerical tests are first presented and parametric studies are
carried through to quantitatively estimate the effect of impact damage.
Thereafter, a comparison with experimental results is carried out. Finally
in Section 5, concluding remarks are given.
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2. Program system DEBUGS

DEBUGS is a program system developed specifically for simulation of
buckling and buckling-induced interlaminar crack growth in composite
laminate panels. It uses ADINA, a general-purpose commercial program
provided by ADINA R&D, Inc., USA, as a primary solver, together with
a set of external specialized modules for coping with crack growth with a
so-called r-adaptive algorithm. This r-adaptive algorithm allows a
remeshing during the course of delamination growth, such that the
discretization follows with the development of delamination crack front.
The remeshing is done through keeping the finite element topology
unchanged, but relocating nodes when necessary.

In this section, the theoretical background and its numerical
implementation into DEBUGS are briefly outlined. For a more detailed
description, we refer to Refs. 8, 9 and 19, in particular, Nilsson and
Giannakopoulos [19], and references therein.

2.1 Kinematical and constitutive modeling
The laminate composite panel under consideration consists of a plate
with a thickness t+T, in which a single in-plane delamination of a smooth
but otherwise arbitrary front ΓD, enclosing a delaminated domain ΩD, is
initially embedded at depth t. The thickness of the delaminated member
and the total thickness of the plate are assumed to be small as compared
to other dimensions of the panel.

The panel is modeled by two plates, i.e. upper and lower plates, with
mid-surfaces at x3 = t/2 and x3 = -T/2, respectively, see a one-
dimensional sketch in Fig.1. Both the upper and lower plates are assumed
to follow Reissner-Mindlin assumptions, i.e.

),(),(),,( 212121 xxzxxuzxxu ααα θ+= (1)
),(),,( 21213 xxuzxxu α=                                        (2)

where the subscripts 1 and 2 refer to in-plane quantities, the subscript 3
to quantities in the direction normal to the mid-surface, and z is the
distance from the mid-surface, respectively. Greek indices run from 1 to
2 and θα denotes the rotation of a transverse material fiber. An overbar
refers to the quantities associated with the mid-surface.
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Fig. 1 Composite panel with an artificial delamination in one-dimension.
a) Undeformed panel; b) Deformed panel when thin film condition
assumed for the lower-plate; and c) Deformed panel when global
bending allowed.

Small strains and moderate rotations are assumed. Hence, the strain
tensor is defined as follows

αβαβαβ κzee += 0 (3)

2/)( ,33 αα θ+= aue (4)

where the membrane strain tensor eαβ  is given by

2/)( ,3,3,,
0

βααββααβ uuuue ++= (5)

and  καβ  is the curvature tensor given by

2/)( ,, αββαβ θθκ += a (6)

The generalized sectional forces conjugate to the membrane strain and
curvature tensors are given for elastic plates by

0/ αβαβ eWN ∂∂=  ,    αβαβ κ∂∂= /WM ,    )2/( 3αα eWQ ∂∂= (7)

where W is the strain energy function.

a)

b)

c)
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Fig. 2 Illustration of the structural model for an undelaminated domain (left)
and a delaminated domain with contact (right).

In the un-delaminated domain the displacement continuity is prescribed
along the ‘interface’ as illustrated in Figure 2, with rigid constraints
linking the upper and lower plates, i.e.

)()()()(
22

LLUU Tutu αααα θθ −=− (8a)

)(
3

)(
3

LU uu = (8b)

where u(U) and u(L) denote the displacements of upper- and lower-plates.

In the delaminated domain a contact condition is enforced as follows

0for   2 <
+

= d
tT

dSNσ (9a)

0for   0 ≥= dNσ (9b)

)
2

()()(
2

)()()()( tTuxuxd
l

L
i

L
i

U
i

U
i

+−+−+= (9c)

where σN denotes the resulting contact pressure, d the elongation of a line
segment linking two points of a contact pair on the mid-surfaces of the
upper- and lower-plates with initially identical in-plane coordinates, see
also Fig. 2,  and S a selected transverse stiffness, respectively. The
contact pressure becomes non-zero when the distance between two points
of a contact-pair in the upper and lower plate is less than their initial
distance. The conditions (9a,b,c) assume that the out-of-plane
components of the relative displacements are substantially larger than
those of the in-plane components.

The constraint conditions (9a,b,c) introduces an additional nonlinearity to
the problem. The contact region as well as the contact pressure for a
given load are determined by an iterative procedure with the following
convergence criteria
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where εd and εR denote the associated convergence tolerances, N is the
number of nodes in the delaminated region and Nc the number of nodes
with active contact springs, respectively. Nc is unknown and must be
determined iteratively for a given load.

2.2 Energy release rate and delamination
growth

Linear elastic fracture mechanics will be used as the base for modeling of
delamination growth. Hence, energy release rates and stress intensity
factors are parameters to be determined along the crack front ΓD during a
loading process. The total energy release rate at local crack growth G can
be computed as the discontinuity in field variables across the crack front
of an energy momentum tensor Pnn

nnPG = (10)

where x  denote the “jump” of variable x across the crack front, see
Figure 3(a).

The energy momentum tensor can be written as follows

nnnnnannn MuQuNWP ,,3, ααα θ−−−= (11)

where n is the direction normal to the crack front. This expression was
first derived by Storåkers and Andersson [20] for von Karman's nonlinear
plate theory and later extended to Reissner-Mindlin plate theory by
Nilsson and Storåkers [21].
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Fig. 3 Split beam element with section forces prior to superposition (upper)
and after superposition (lower).

The nonlinear plate problem may locally be approximated by a "linear
beam" problem by superposing a homogeneous strain field such that the
undelaminated region becomes undeformed. Referring to Fig. 3 and the
notations defined in the figure we have

1,3for )1()()( =+= +°
hh

ij
h

ij
h

ij εεε (12a)

1,3for )1()()( =+= +°
hh

ij
h

ij
h

ij θθθ (12b)

2,4for 0)()( =≡=
°

hh
ij

h
ij εθ (12c)

and from the equilibrium
°°

= )1()3(
αα nn

NN (13a)

2
)1()1()3( TtNMM

nnn

++=
°°°

ααα
(13b)

°°
= )1()3(

nn
QQ (13c)
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where the superscript "o" denote corresponding variables after the
superposition. Hence, the number of unknown variables can be reduced
to 5, i.e. ),,( nnn QMN αα  and Eq. (11) can be reformulated in terms of
the "beam-sectional forces" after the superposition as follows

�
�
��

�
� +++=

°°°°°°°°° )(
3

)()()()()()()()(

2
1 h

n
h

n
h

nn
h

nn
h

nt
h

nt
h

nn
h

nn
h

nn QMNNP εκεε (14)

for the upper plate (h=1) and the lower plate (h=3), where the subscript t
is the tangential direction. The total energy release rate at local crack
growth G can then be computed by

°°
+== )3()1(

nnnnnn PPPG (15)

Delamination growth takes place when the energy release rate G reaches
the critical fracture toughness Gc. Experiments show that the critical
fracture toughness depends strongly on the relative amount of the
fundamental fracture modes. The mode-dependent fracture toughness

)(ΨcG  may be expressed as

)()( Ψ=Ψ fGG ICc (16)

where GIc is a reference critical fracture toughness for curve-fitting, see
e.g. Nilsson et al. [19], f(ψ) a function describing the mixed mode-
dependency, and ψ is the phase angle defined by

)/arctan( III KK=Ψ (17)

where KI and KII are stress intensity factors for the modes I and II,
respectively. In DEBUGS an approximate fracture mode separation is
performed. The mode separation is based on an assumption that the stress
intensity factors vary linearly with the sectional force resultants.

2.3 Failure criteria

In the current version of DEBUGS, the composite material is limited to
be isotropic or anisotropic linear elastic. To predict the onset of material
damage in a complex stress state, e.g. fibre breakage and/or matrix
cracking, Hashin's failure criteria for composite materials can be used.
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Assuming that fibers are aligned with the first material principal
direction, a-direction, thus making the material transversely isotropic
about a-direction, the Hashin criteria reads as follows:

( )

( ) ( ) ( ) ( )

( ) ( )[ ] ( ) ( )
( ) 0for                1

221

0for 1

0for 1

0for    1

22222

2222

2222222

22

22222

<+≥++−+

+++−+

>+≥++−++

<≥

>≥++

�
�
�

�
�
�

�
�
�

�
�
�

cbabacabtrcbbc

trcbctrccb

cbabacabtrcbbctcb

aca

aabacabta

SS

SYSY

SSY

X

SX

ττττττ

ττττ

τττττττττ

ττ

ττττ

τ

where Xt and Xc are the tensile and compressive ply strengths in the fiber
direction, i.e. a-direction, Yt and Yc are the tensile and compressive ply
strengths in the direction perpendicular to the fibers, or b-direction, and
Sab and Str are the shear strengths on the a-b plane (in-plane of ply) and
on b-c plane (out-of-plane of ply), τ with various subscript are stress
components, respectively.

In equations (18), four types of failure are defined: tensile fiber failure
(18a), compressive fiber failure (18b), tensile matrix failure (18c) and
compressive failure (18c). Failure will initiate when any of these
conditions is violated.

(18a)

(18b)

(18c)

(18d)
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3. Soft-inclusion modeling of impact damage

Experiments show that the impact of polymer matrix composites often
leads to matrix cracking, delamination and fiber breakage. The damage
structure can be very complex and depends on several factors, such as ply
layup, type of impact and so on. It has, however, been found that fiber
breakage is fairly uniform through the thickness and concentrates to a
small region, say less than one half of delamination width, see Fig. 4
from [2].

                                                             

Fig. 4 Fiber breakage and delamination (a) and matrix cracking and
delamination (b) observed in a typical impact damage test

0 10 (mm) 0 10 20 (mm)

48 plies16 pliesa)

b)
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Fig. 5 Soft-inclusion modeling of material impact damage

Based on these observations, it has been suggested, see e.g. Sjögren et al.
[12], that impact damage may be modeled through a so-called soft
inclusion, i.e. by incorporation of a small region within the delamination
area, where reduced material stiffness, e.g. elastic moduli of plies, is
used, see Fig. 5.

Such a modeling concept is not new and has been used in many other
engineering applications in connection with empirical design or
calculations using handbooks or so. In our attempt, a circular area with
radius R is created in the middle of the initially delaminated area, see
Figs. 1 and 8, such that different elastic moduli can be assigned to
elements in this area. In the following presentation, the relative stiffness
inclusion, ξ, is introduced such that the elastic moduli used in this
circular area, Esoft, are given by

Esoft = ξEundamaged                                                           (19)

where Eundamaged is the elastic moduli of the undamaged composite
laminate. Parametric studies will be carried below with varying ξ and R.

DelaminationSoft inclusion
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4. Numerical tests

The influence of a soft inclusion is studied through a series of finite
element analyses of a test specimen of which various laboratory test
results are available. The test case has also earlier been analyzed with the
previous version of DEBUGS.

4.1 Test specimen

The test specimen considered is a composite laminate panel of 150x
150x4.55 mm cross-ply laminate with the loaded edges clamped and the
unloaded edges free. In Fig. 6, the test setup is shown. Based on previous
FE-studies [9] a free length of 154 mm was used in the model to account
for the flexibility of the end clamps. The 35 ply layup is (90º/0º)17/90º,
where the 0º coincides with the load direction. The ply thickness is 0.130
mm. This specimen type has been tested with 30 mm radius artificial
delamination [9, 14] and with 30 J impact damage [14]. The panels were
made of Hexcel HTA/6376C carbon/epoxy prepared with the ply
properties in compression given in Tab. 1 and failure stresses for
Hashin's criteria given in Tab. 2.

Tab. 1 Elastic constants of plies in compression

E11 E22=E33 G12=G13 G23 ν12=ν13 ν23

131 GPa 11.7 GPa 5.2 GPa 3.9 GPa 0.30
Note: iijjijji EEνν =  for orthotropic material

Tab. 2 Failure stresses for Hashin's criteria [MPa]

σB11 σB22 τB12 τB13=τB23

Tension Compr. Tension Compr. Shear Shear
2090 1720 112 346 131 131
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The impacted specimens contained delaminations in an elliptical region
with axis lengths 58x30mm, where the minor axis coincides with the load
direction. Delamination growth usually initiated in the third interface
from the surface. For simplicity all modeling was done using a circular
delamination with radius 30 mm. The fiber damage of these specimens
was not measured but previous studies of similar specimens with the
layup (0º/90º)17/0º have shown fiber damage in all plies within a 30x17
mm central region [15]. We note that in Fig. 6 the length 154 mm is used
to account for the flexibility of the end clamps and the length of the
laboratory test specimen is 150 mm.

     Fig. 6  Compression test of a composite laminate panel

4.2 Numerical tests

Numerical tests on the composite laminate panel described in the
previous section are carried using DEBUGS with several different
relative stiffness inclusion alternatives, ξ=25%, 50%, 75% and 100%,
and with soft-inclusion sizes R=7.5 mm and R=15 mm, respectively. In
Fig. 7, the finite element mesh used for all analyses and the local
buckling mode for R=15mm and ξ=50% are shown. In the next section,
part of the analysis results will be given and discussed.

0== iiu θ

0=== izy uu θ
x
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Fig. 7  Finite element mesh (lower) and the local buckling mode (uppe)
           for the soft-inclusion alternative ξ=50% and R=15mm.
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4.3 Parametric studies
In this section, parametric studies will be carried out and the effect of the
stiffness reduction degree (R,ξ) on the buckling and buckling-driven
delamination growth will be studied.

In Fig. 8 load-deflection relations for cases with a circular delamination
of radius 30 mm, and a soft-inclusion radius R=15 mm, with relative
stiffness inclusions ξ=25%, 50% and 100%, are plotted. The onset loads
for delamination growth have been indicated by triangles on the vertical
axis through the center. It is noted that the local and global buckling load
decreases with decreasing stiffness of the soft inclusion. It is shown from
the figure that the delamination growth onset is more or less coincident
with global buckling, which is only moderately affected by a reduced
inclusion stiffness.

Fig. 8 Load-deflection curves at the center of the panel obtained with varying
inclusion stiffness for inclusion size R=15 mm

In Fig. 9 load-deflection relations for cases with a circular delamination
of radius 30 mm, and a relative stiffness inclusion ξ=50% for two
different soft-inclusion sizes. It is shown in the figure that the effect of
increasing inclusion size R is moderate and similar to the effect obtained
when reducing the inclusion stiffness.
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Fig. 9      Load-deflection curves at the center of the panel obtained with varying
inclusion size for inclusion stiffness ξ=50%

Fig. 10 Normalized maximum strain energy release rates v.s. the
compression load with varying inclusion stiffness for inclusion size
R=15 mm
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In Fig. 10, the normalized maximum strain energy release rate Gmax/Gc as
a function of load are plotted for different values of the relative inclusion
stiffness when simulating the delamination growth. It is shown that the
value increases gradually after local buckling and increases steeply at the
global buckling load, as observed in previous studies. It may be
concluded that the relative inclusion stiffness ξ affects both the global
buckling load and onset load for delamination growth moderately in a
similar way.

In Fig. 11 the effect of inclusion stiffness on delamination growth is
studied for different soft-inclusion stiffnesses. It shows that the
delamination growth becomes more or less unstable as soon as the global
buckling load has been reached, at least for the present geometry, which
lacks post-buckling stiffness. Moreover, the influence of the relative
inclusion stiffness ξ is small and apparently directly related to the
reduction in global buckling load.

Fig. 11 The effect of relative inclusion stiffness ξ on delamination growth for
inclusion size R=15 mm

In Fig. 12 the applied average strains, i.e. the applied displacement
divided by the specimen length, at the stage when the local delamination
buckling occurs, are studied for different stiffness inclusions. The
buckling strain of a circular sublaminate clamped along its boundary
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seems to be dependent only on the thickness-to-radius ratio. However,
reduced inclusion stiffness reduces the corresponding local buckling
stress, which must be in equilibrium with stresses in the surrounding
material. Thus, reduced inclusion stiffness corresponds to a lower applied
stress and strain in the surrounding material.

Fig. 12 The effect of soft-inclusion of the local delamination buckling

In Fig. 13 the effect of the soft-inclusion stiffness on the global buckling
behavior is studied. The nominal strain at global buckling was found to
be independent of the size and stiffness of the inclusion. Figure 13 shows
the loss in global buckling load, which is more or less proportional to the
stiffness reduction of the section with the inclusion. This observation
may be appreciated by noting that global buckling essentially is identical
to the buckling of a wide Euler beam. Thus, the inclusion merely
corresponds to a loss of the effective beam area.
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Fig. 13  The effect of soft-inclusion on the global buckling behavior

4.4 Comparison with experiments

In Fig. 14 a comparison between the finite element analysis and
experiments is made for cases with a soft-inclusion R=15 mm and ξ=
25%. We note that the assumed inclusion size is at the upper limit of the
size 30 x 17 mm observed from fractography [15], and that the assumed
stiffness inclusion is lower than the 50% reduction obtained in previous
compression tests on regions with fiber fracture [12]. In spite of this the
failure load of the impacted panel is significantly lower than predicted. It
should be noted that finite element results have shown a good agreement
with tests with artificial single delaminations. Furthermore, it may be
noted that the local buckling is fairly insignificant in the impacted panel.
In fact, it was hardly detectable in the remaining two impacted panels
[14].
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Fig. 14 Load-deflection curves at the center of the composite panel. Finite
element analysis v.s. experiments

It can be seen from Fig. 14 that the finite element analysis, with or
without soft-inclusion, seems to only provide a quantitatively meaningful
estimate for the load-carrying capacity. A rather big discrepancy exists in
the deflection response during the whole loading process. This is not an
unexpected phenomenon. Soon as the local buckling initiates, fibers and
matrices in the delaminating region exhibit a significantly complex
behavior, implying that linear elasticity and a direct treatment of continua
are no more valid for materials in that region. It is evident that a proper
modeling of impact damage must include additional features, such as
material nonlinearity, initial imperfections and multiple delaminations. It
should be noted that “in-phase” buckling of multiple delaminations with
an initial imperfection might act as a severe structural softening of the
damage region. Such a buckling behavior has previously been observed
in compression tests on impacted panels [17]. Another possible
explanation for insignificant local buckling may be nonlinear material
behavior due closure of cracks with fiber fracture.
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4.5 Failure prediction

As the delamination growth occurs, the material damage will progress
and an evolution of the damage will take place during loading. The
damage progress and evolution can not be modeled in the current
simulation using DEBUGS. In Fig. 15 failure areas predicted using
Hashin’s failure criteria are plotted for a soft-inclusion case ξ=50% and
R=15mm, at a stage when 166 crack growth increments are made. The
figure shows the failure on the bottom and top layer, both 90° to loading,
of the thin sublaminate above the delaminated region. A closer study of
the results revealed that both plies fail by matrix compressive failure,
while no fiber fracture is predicted. Thus, differences in failure regions of
the top and bottom plies reflect the shift in the position of peak
compressive strain, associated with the local buckling shape. Similarly,
the regions with equal failure in both plies indicate regions with
negligible bending in the loading direction. It may be concluded that
growth of the softened region due to the progress of fiber damage is
unlikely to happen in the present case. Matrix cracks will, however,
occur but do not present a site for ply jumping in the direction of
delamination growth.
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Fig. 15 Failure regions predicted according to Hanshin’s criteria in the bottom
(upper) and top (lower) plies of the locally buckled sublaminate.
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5. Concluding remarks

In this paper, the effect of material impact damage on buckling-driven
delamination growth in composite laminates under compression is
studied numerically. The initial material damage, e.g. fibre fracture and
matrix cracking due to impact, is modeled through a soft-inclusion, in
which an area with reduced stiffness is introduced in buckling-driven
delamination analysis of the composite laminates using an ADINA-based
program system DEBUGS. Such a modeling concept is definitively not
new and could be found in many engineering applications many years
ago in connection with empirical design or calculations using handbooks
or so. Nevertheless, it is worthwhile to incorporate such a possibility into
DEBUGS.

The numerical tests and parametric studies made in this report have been
focused on a simple, uni-axially loaded panel. It is found that for single
delaminations of moderate size, even significant stiffness reductions in
one half of the delamination diameter have a fairly small influence on the
initiation of delamination growth. Moreover, the local buckling load and
deflection responses during delamination growth, predicted by the finite
element model with severely stiffness reduction, are observed to be
higher than observed experimentally. It is concluded that such a soft-
inclusion model is not sufficiently accurate to model the material
damage, more mathematically elaborated models which are able to cope
with material degradation, multiple delamination, crack closure and so
on, should be developed.
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