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SUMMARY: A new continuum damage mechanics (CDM) constitutive model, UBC-
CODAMZ3Ds, is developed and implemented in the commercial finite element hydrocode LS
DYNA3D. The motivation for model development is to simulate damage progression, and
therefore energy absorption, in composite materials subjected to a variety of loading
conditions. In this paper, results of the application of the model to the prediction of the force-
displacement response and damage growth in a quasi-statically loaded Oversized Compact
Tenson (OCT) specimen are presented. The predictive capability of the model is
demonstrated through successful comparisons between the measured and predicted load-
displacement response as well as the overall damage zone size.
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INTRODUCTION

Rapid growth in the use of composite materials in structural applications has created the need
for a detailed understanding of damage tolerant and damage resistant design. Given the
complexity and multitude of damage mechanisms that can occur in composite materials, their
overall mechanical behaviour is highly nonlinear and extremely difficult to model. From a
practical point of view the only viable approach to modelling the nonlinear response of
composite structures is to quantify damage development on a macroscopic basis. This entails
construction of continuum models that permit accurate quantification of the damage
progression and the resulting loss of stiffness.

Recent research [1,2] indicates that damage growth in a polymeric composite structure
manifestsitself in the form of overall strain softening of the material. Strain-softening models
have recelved a great deal of attention for describing the fracture of concrete and other
heterogeneous brittle materials. In general, a macroscopic description of damage can be
captured by a constitutive model that exhibits a decrease of stress with increasing strain
beyond some critical strain. Computationally, this goal can be achieved through continuum



damage mechanics (CDM) theories [3,4] in which the net effect of fracture is idealized as a
degradation of the elastic modulus of the material. The required homogenization techniques
and the resulting smearing of material properties play a critical role in the response
predictions. Therefore, a close link between experimental and modelling work is essential for
the success of this approach.

MODEL FORMULATION

A physicaly redlistic CDM-based model for laminated composite materials has been
developed and implemented [5,6] into the nonlinear, explicit finite element code, LS
DYNAS3D [7]. In recognition of the fact that the laminate response is driven not only by the
lamina properties but also by the ply interactions through the stacking sequence and damage
growth [8], the formulation is focussed on the behaviour of a sublaminate as the basic
building block. A sublaminate is typically arepeating unit of laminae in alaminate stack (e.g.
[0/45/90/-45] in a[0/45/90/-45] 35 laminate).

All CDM models provide a mathematical description for the dependence of the elastic
coefficients on the damage state and the evolution of damage with the loading state.
However, one of the most difficult tasks associated with applying many of the available CDM
models has been the measurement of the material parameters required for their
characterization. Typically, CDM models have used a simple predefined stiffness reduction
function, for example a linear relation, in conjunction with a more complex damage growth
law such as a Weibull function. The damage laws are frequently complex and the means of
determining the required parameters are often not clear.

In the composite damage model developed at UBC (CODAM3Ds), both the damage growth
function and the modulus reduction functions have been carefully chosen to be representative
of currently available and published experimental observations (e.g. [9,10]). Where thereisa
lack of experimental data, smple analytical tools, such as classical laminate plate theory, and
the ply-discount method, are used to estimate the required constants.

The CODAM3Ds model is based on three behaviour regimes in the material response:
undamaged elastic, damage phase 1 (matrix dominated), and damage phase 2 (fibre and
matrix dominated). Each is characterized by a different relationship between the damage
variables and the loading state. The ssimplest and most flexible approach to capture the
changes in damage growth is to assume a linear relationship within each of these regions
resulting in a bilinear damage growth curve. An example of this curve for a quasi-isotropic
[-45/90/45/0] T300H/F593 CFRP sublaminate is shown in Fig. la, where the damage
(characterized by the fraction of the total area that is damaged) is plotted as a function of the
damage growth potential (characterized by the applied strain). The simulations discussed in
this paper are based on specimens made from T300H/F593.

It is assumed that initial damage in the form of matrix cracking commences in the brittle F593
matrix at »0% strain, while complete rupture of the laminate occurs at 3.2% strain. This latter
value is obtained from quasi-static tests on ligaments of material taken from the process zone
in notched Oversized Compact Tension (OCT) specimens [2]. The rate of matrix damage
growth (the dashed line in Fig. 1a) is determined by the portion of the damage attributed to
matrix cracking at rupture, which depends on the lay-up of the laminate. For the sublaminate
considered here, matrix cracking in al 3 off-axis plies (45, 90 and -45) would amount to
approximately 80% of the total damage. Following the same argument for fibre breakage, a
threshold strain for the onset of fibre damage (for carbon fibres this is roughly between



1.2-1.4% strain) and the proportion of the total damage that can be attributed to fibre failure
can be defined. Since the saturation of matrix cracking in this case corresponds to 80%
damage, the maximum percentage of total damage attributable to fibresis 20%.
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Fig. 1. Strain softening stress-strain curve for T300/593 [-45/90/45/0] CFRP based on
bilinear damage growth and residual stiffness functions.

The amount of damage sustained by the sublaminate will affect each of the material moduli to
varying degrees. Clearly, the modulus reduction is afunction of both matrix and fibre damage
and one would expect the rate of stiffness loss associated with each damage mode to be
different. Therefore, the modulus reduction is also assumed to be a bilinear function of the
damage parameter as shown in Fig. 1b. In constructing this curve it is assumed that at
saturation of matrix cracking the off-axis plies do not contribute to the stiffness of the
sublaminate, which leads to a complete decoupling of the plies. Using the ply-discount
method, the residua <tiffness in this case will be approximately 65% of the original
undamaged value. Fibre breakage is considered to be the major driver of the stiffness loss
with the sublaminate losing its entire stiffness at rupture. The net result of using bilinear
curves to represent both the damage growth and stiffness reduction curves is a strain-softening
type stress-strain curve as shown in Fig. 1c.

NUMERICAL SIMULATIONS

Kongshavn and Poursartip [2] carried out an experimental investigation with the goa of
characterizing damage growth in notched composite laminates. Results included force-
displacement curves, displacement field analyses, and damage growth characterizations for an
OCT specimen, which was specially designed to achieve stable growth of damage. The
geometry of the OCT specimen is shown in Fig. 2. The specimen was loaded quasi-statically
in an Instron testing machine. Lateral support for the specimen was provided by two Teflon
coated steel bars loosely clamped on either side of the specimen at the edge opposite to the
notch. These supports were intended to inhibit through-thickness deformation and warping of
the specimen under |oad.



A number of measurement techniques were employed during the test series in order to
characterize the growth of damage in the notched specimens. First, the force-displacement
curve was measured by recording the applied load and the displacements at the pinhole
(hereafter referred to as the cross-head displacement) and ahead of the notch tip using a clip
gauge (see Fig. 2). A unique feature of these tests was the measurement of the displacement
field on either side of the crack and growing zone of damage. A series of lines were inscribed
on some of the specimens (highlighted in Fig. 2). Through digita photographic analysis,
Kongshavn and Poursartip were able to measure changes in the displacement field caused by
damage growth. Post-test non-destructive and destructive characterizations of damage
included pulse-echo ultrasonic (PEUS) scans, deplies, and micrographical cross-sectional
analyses.
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Fig. 2: Overheight compact tension (OCT) specimen geometry. (Adapted from Ref. 2)

(All dimensions are in mm)

Of the specimen geometry and material combinations investigated by Kongshavn and
Poursartip, a T300H/F593 [-45/90/45/0],s quasi-isotropic CFRP panel (r = 1543 kg/m®,
Ex = Ey = 38.98 GPa, G,y = 14.85 GPa, n,y = 0.313, tgpian = 0.809 mm) with an a/W ratio (i.e.
notch length-to-specimen width ratio) of 0.29 was used as the basis for the modelling work
presented here. The elastic constants quoted above were derived from the available lamina
values [11] using classical laminated plate theory. The characterization of the damage growth
and stiffness reduction functions for this material has aready been presented as the examplein
the Model Formulation section above.

The OCT specimen investigated by Kongshavn and Poursartip offers a good test case of the
CODAM3Ds model as the impetus for the experimental study was the characterization of the
strain softening behaviour in laminated composites. This behaviour forms the basis for the
theoretical development of the model. In effect, by modelling these tests we come full circle
with the experimental evidence for progressive damage growth in laminated composites. This
is not the first attempt at modelling the OCT test resultss. Work published by
Williams et a. [12] outlines a similar numerical study based on the implicit finite element
code, ABAQUS. The results of their work demonstrated the need to incorporate a strain
softening material model in order to obtain the overall material response observed
experimentally. However, the material model used in the study was an adaptation of a ssmple
orthotropic plasticity model with plastic softening instead of plastic hardening. The study
described here represents a significant advance over the ABAQUS model.



Finite Element M odel

The finite element model of the OCT specimen is shown in Fig. 3. The deformable specimen
was modelled using the four-noded, Belytschko-Tsal plane-stress shell elements. A segment
of the loading pin was also modelled using the same plane-stress elements. Only half of the
OCT specimen was modelled with symmetry enforced by appropriate translational and
rotational displacement boundary conditions placed along the notch mid-plane starting at the
location of the notch tip. An additional out-of-plane translational constraint was applied to all
nodes in the model to mimic the experimental constraint on through-thickness bending and
twisting. The shape of the mesh was constrained by the requirement that elements in the
damage growth zone must be of uniform size and shape (i.e. square). Outside of this zone, the
mesh size sensitivity of the damage model is not an issue and it is possible to use mesh
grading to optimize the mesh.
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Fig. 3: Schematic of the OCT finite e ement model.

Note that the local notch tip geometry was not modelled explicitly. Results of the work by
Williams et al. [12] showed that the omission of a detailed description of the notch tip did not
affect the overall results of the numerical work carried out as part of that investigation. In the
experiments, the notch was blunt so as to give a less localized stress distribution, and thus a
large damage zone.

Loading of the specimen was achieved by applying a monotonically increasing y-displacement
to the loading pin. A number of preliminary runs were performed to ensure that the loading
rate used was low enough to eliminate rate effects in the predicted plate stiffness. The force-
displacement history was obtained by tracking the total reaction force at the symmetry line.
The displacement-time histories of the series of nodes, which correspond to the location of
one of the inscribed lines (line 1, 5 mm from the notch mid-plane) were also collected.

RESULTSAND DISCUSSION

Before proceeding with an overview of theresultsit is helpful to define afew terms. First, the
notch refers to the pre-formed through-thickness saw cut in the specimen. A crack is a zone
of damage ahead of the notch which contains a combination of fibre damage, matrix cracking,
and delamination which cause a through-thickness discontinuity in the material (i.e. a through



crack, with no load carrying capability across the damaged zone). In contrast, the process
zone, which leads the crack, contains some matrix and/or fibre damage, and/or delaminations
but only in some of the plies (i.e. there is still a continuous load path across the damaged
zone).

For ce-Displacement Response

An example of the force-displacement response measured experimentally is shown in Fig. 4.
The initial elastic response is followed by damage growth (indicated by the saw-tooth
response), and ultimately crack growth with the corresponding sudden load drop. The inset
figure in the upper right corner of Fig. 4 summarizes the results of the deplies and
micrographical analyses and shows the extent of the damage zone which had developed at
each of the points labelled on the experimental curvein Fig. 4.

4 5 4 Process
zone
10000
9000 + c
P e CTI T I | "ULSIY Notch
8000 + B D mid-plane
7000 - Numerical \
. 4
~ 6000 + . 5mm
é EXpen mental /// 25 mm Z mm
g 5000 + AN £
o A //
— 4000 -+ \ P , =
2 :
3000 -+ / . G
2000 / 1 '/I/
1000 + /° 5 5
A 1 1 1 1 1 1 1

0.0 05 10 15 20 25 3.0 35 4.0
Cross head displacement (mm)

Fig. 4: Experimentally measured and predicted cross-head for ce-displacement curves and
corresponding experimentally measured extent of damage growth. The reference points are
used to compar e the measured and predicted displacement fields and damage growth in
Figs. 7 and 8 below. (Adapted from Ref. 2)

It is interesting to note that up to State 4, damage growth consists of the development of a
wider and wider zone of damage but not extension of the notch in the form of a crack. From
State 4 to State 5, the micrographical analysis confirms the sudden extension of the crack.
This crack growth is stable. That is, the crack is arrested and another process zone develops
ahead of the crack (i.e. State 5). Thisis followed by further extension of the crack (State 7).
The width of the damage zone is consistent along the length of the crack and was found to be
S mm.

Fig. 5 shows the comparison of measured and predicted cross-head force-displacement curves.
The three experimental results shown (designated Al, A2, and A3) are repeats of the same
geometry and material. Note that the displacements shown in the graph are the total
displacements (e.g. the total displacement of one loading pin relative to the other). The
predicted peak force and displacement at the onset of crack growth are extremely close to
those measured in specimen A1l. The change in the slope observed in the predicted force-



displacement curve (i.e. the change in the plate stiffness), is indicative of the initiation of a
significant damage growth (i.e. significant stiffness reduction). This damage occurs at
roughly the same displacement as the first small load drops (i.e. initiation of significant
damage growth) that are observed in the A1 and A2 specimens.
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Fig. 5: Comparison of experimentally measured force-displacement curves with the
corresponding numerical prediction. Note the range of responses measured from the different
experimental specimens, all of which have the same geometry.

It is particularly interesting to note the range of behaviours observed experimentally. The A1
specimen shows a much more brittle response with a higher peak force than either of the other
two specimens and a more sudden crack growth (i.e. no significant softening before the load
drop). Specimen A3 shows a more gradual development of damage while the response of the
A2 specimen falls between that of A1 and A3. These results show that the differences
observed between the predicted and measured response in Fig. 4 are within the variability
range of the experimental results shownin Fig. 5.

Damage Growth

As mentioned above, a unique feature of these tests is the line analysis used to measure the
displacement field on either side of the crack and growing zone of damage. Experimental line
analysis results were only available for the A3 specimen. Selected experimental results from
the lines inscribed 5 mm from the notch mid-plane are shown in Fig. 6. The experimental and
numerical data line analyses correspond to the states labelled 1, 2, etc., and A, B, etc.,
respectively, in Fig. 4. The difference in the response past the initial load drop complicates
the selection of points based solely on cross-head displacement. However, we are more
interested in the predictions of displacement field at characteristic points (e.g. just before or
just after the load drop). Asaresult, State A is compared to State 1, B to 3, Eto 5, and finally
Gto7.
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displacement curve shown in Fig. 4.
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Fig. 7 shows the corresponding predictions of damage growth through fringe plots of damage
(taken to be an average of damage in two principal directions), again at states corresponding
to the labelled pointsin Fig. 4.

Kongshavn and Poursartip [2] noted that a change in slope of the experimental trend line was
indicative of the growth of the process zone. On the other hand, crack growth was
accompanied by a shift in the displacement field. Through these results, Kongshavn and
Poursartip were able to show that this displacement field analysis can be used as an indication
of the development of damage and the extension of the crack. Further, the results indicate that
the zero intercept of the experimental trend line gives a quantitative measure of the extent of
damage growth (i.e. the location of the leading edge of the process zone). The agreement
between the numerical and experimental results in Figs. 6a and b is extremely good. The



overal trends are captured, as are the magnitudes of the displacements indicating that the
overal plate stiffness reduction is accurately modelled.

The line analysis in Fig. 6a from the numerical model shows a change in the slope of the
displacement field between States A and B but little shift in the zero displacement intercept,
an indication of the growth of a damage zone but not crack growth. The linear portion of the
predicted trends for A and B, when extrapolated to the axis, shows that the zero displacement
occurs at roughly 4 mm, corresponding to a 2 element (3.4 mm) damage zone. This can be
compared to the predicted damage zone size at State C, immediately before the predicted |oad
drop, in Fig. 7. The predicted displacement field in Fig. 6a, shows a shift in the curve
between States B and D (not a change in slope as was observed between A and B) that can be
attributed to crack growth in the experimental results. In Fig. 7 we note the development of a
zone of fully damaged elements behind a smaller, partially damaged zone totalling 8.4 mm in
length. The numerical line analysis predicts a zero displacement occurring at approximately
10 mm. The same is true from States D to E, and E to G. In al cases, a fairly accurate
prediction of the damage growth (Fig. 7) can be made by extrapolating the linear portion of
the displacement field back to a zero-displacement, the same technique that was verified
experimentally by Kongshavn and Poursartip.

As afinal comparison, we return to the experimental damage growth prediction shown in Fig.
4. Experimentally, the process zone size is observed to be approximately 7 mm long. Thisis
roughly the size of the damage zone just before crack growth (labelled as point 4 in Fig. 4).
The numerical prediction from States C and D in Fig. 7 show a damage zone that is 3.4 mm
before and 8.4 mm after crack growth. The initia state (B) is made up of partially damaged
elements only (i.e. a process zone not a crack). After the load drop, the size of the
experimental damage zone (crack and process zone) is 25mm long. The numerical
predictions for States E and F are 21.8 and 25.2 mm, respectively. The overall damage zone
size (point 7 in Fig. 4) is 32 mm. From State G in Fig. 7 it is predicted to be 33.6 mm.
Finaly, the width of the experimental damage is 5 mm. While the width of the predicted
damage zone varies aong its length, the initial process zone at States C and D are predicted to
be between two and three elements in width or 3.36 to 5.04 mm. In all cases, the predicted
damage zone sizes are remarkably similar to the measured values.

CONCLUSIONS

A new congtitutive model, CODAM3Ds, based on CDM has been developed and
implemented into LS-DYNAS3D. The input parameters required to characterize the model are
based on simple physical reasoning and widely available material characterization data. One
of the main features of this model, which makes it advantageous over other CDM based
models, is that it lends itself to physicaly meaningful predictions of damage size and
distribution that can be compared directly with experimental measurements. Results
presented here show the predictive capability of the model in terms of overall damage zone
size and material response for a problem involving quasi-static in-plane loading.
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