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Abstract

The cohesive law for Mode I delamination in glass fibre Non-Crimped Fabric reinforced vinylester is determined
for use in finite element models. The cohesive law is derived from a delamination test based on DCB specimens
loaded with pure bending moments taking into account the presence of large-scale bridging and the multi-axial
state of stress in the test specimen. The fracture resistance is calculated from the applied moments, the elastic
material properties and the geometry of the test specimen. The cohesive law is then determined in a three step
procedure: 1) Obtain the bridging law by differentiating the fracture resistance with respect to opening
displacement at the initial location of the crack tip, measured at the specimen edge. 2) Extend the bridging law to
a cohesive law by accounting for crack tip fracture energy. 3) Fine-tune the cohesive law through an iterative
modelling approach so that the changing state of stress and deformation across the width of the test specimen is
taken into account. The changing state of stress and deformation across the specimen width is shown to be
significant for small openings (small fracture process zone size). This will also be important for the initial part of
the cohesive law with high stress variation for small openings (a few microns), but the effects are expected to be
smaller for large-scale-bridging where the stress varies slowly over an increase in crack opening of several
millimetres. The accuracy of the proposed approach is assessed by comparing the results of numerical simulation
using the cohesive law derived by the above method, with those of physical testing for the standard DCB Mode |

delamination test (ASTM D 5528).

Key words: Polymer-matrix composites (PMCs); Delamination; Finite element analysis (FEA)
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1 Introduction

The fracture process zone (FPZ) in a delaminating fibre reinforced polymer laminate is
usually long in the plane of fracture in comparison with the smallest specimen dimension, i.e.
the thickness of the laminate. The reason for the large FPZ is the development of fibre
bridging following in the wake of the crack tip. Fibre bridging is beneficial in the sense that it
leads to an increased fracture resistance, and thus increases the damage tolerance. Cohesive
zone models (CZM) [1, 2] are well suited for modelling this kind of FPZ. A CZM can be
implemented by inserting cohesive elements [3] at interfaces where fracture is expected to
propagate. Therefore CZM has become a favoured tool for modelling delamination [4-17]. A
cohesive law that relates separation of the fracturing surfaces to the traction transferred
between them governs the cohesive elements. Since the law relates tractions to separation, it
is often referred to as a traction-separation law. A major challenge in the use of CZM in
structural design of engineering structures is to characterise the cohesive law of the real
fracture process zone of the material or interface. The existing test standards [18, 19]
concerned with interface properties of fibre reinforced polymer composites are designed for
determining the critical energy release rate, i.e. under the premises of linear-elastic fracture
mechanics (small-scale fracture process zone). Within linear-elastic fracture mechanics, the
criterion for crack growth is that the energy release rate is equal to the work per unit area of
the cohesive tractions and represents the fracture energy associated with a fully developed
FPZ [20, 21]. However, linear-elastic fracture mechanics concepts are not applicable for
large-scale bridging problems; instead cohesive laws can be used for representing the
mechanics of fracture, including the energy dissipation at a crack tip and the work of tractions
in a bridging zone behind the crack tip. Crack initiation and arrest, and thus the shape of the
delaminated area in a composite structure are governed not only by the overall geometry, the
loading and the total fracture resistance but also by underlying details of the traction-
separation law [22]. More reliable procedures for determining the underlying details of the

traction-separation law are needed.

The path independent J integral [20] has been adopted to determine the cohesive laws from
experiments [12-14, 23] for plane problems. This has opened for the possibility of measuring
the shape of the cohesive law. For large-scale bridging (LSB) problems, the J integral of the
standard DCB specimen loaded with wedge forces can be determined experimentally by

measuring the rotations where the forces are applied [24, 25], i.e. requiring more
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instrumentation than for the LEFM delamination test. Although with the J integral approach
more instrumentation is needed in a DCB configuration, there is no need to monitor the crack
tip position during the test, which is always difficult. The need to measure rotations can be
avoided by applying pure bending moments to the test specimens instead of forces [17, 21],
since for the DCB loaded with pure bending moments the J integral is given in closed
analytical form, independent of crack length and valid also for LSB-problems. In reality, 3-
dimensional (3D) effects associated with anticlastic bending [26] of the beams in the cracked
region lead to inaccuracy when the crack opening is measured at the edge of the specimen; the
anticlastic curvature makes the crack opening at the edge of the specimen smaller than that at
mid-width, while restraint of the anticlastic bending in the middle region induces variation of
the stress state across the specimen width. These effects also cause the longitudinal position of
the crack tip to vary across the width of a fracture mechanics test specimen. Then the resulting
cohesive tractions will vary across the specimen, in particular in the representation of the
crack tip fracture energy, where the cohesive traction is expected to vary from high to near-

zero over small openings.

A remaining challenge is to extend the approach for plane problems to 3-dimensional
problems and account for the changing state of stress across the width of the specimen. As

will be shown later, both material properties and specimen geometry affect the result.

The objective of the present study is to demonstrate that a cohesive law for 3D finite element
implementation can be fitted from experimental test results taking into account the changing
crack opening and state of stress across the width of the test specimen. In the study, DCB tests
using pure bending moments have been carried out on a set of laminate specimens. Attempts
have then been made to derive from these tests a cohesive law for Mode I delamination using
a modified iterative modelling approach [27-30]. First, the cohesive law for Mode I
delamination is obtained using the J integral approach for plane problems [12], which
implicitly assumes that the crack opening is the same across the width of the specimen. A
simplified, multi-linear cohesive law is then implemented in a three-dimensional finite
element model where the parameters describing the cohesive law are defined as variables.
These variables are then optimised for the model result to fit the experimental response. The
variation in crack opening across the test specimen is then accounted for. Finally, the

accuracy of the approach is tested by numerically simulating a separate test, namely the
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standardised ASTM double cantilever beam (DCB) specimen [18], using the derived cohesive
law, and comparing the calculated load-displacement response to that from a corresponding
physical test. Note that the standardised DCB specimens and the moment loaded DCB

specimens had different widths and width to height ratios.

A short theoretical background for the use of the J integral and the effect of changing state of

stress is presented in the following section.

2 The path independent J integral approach

The path independent J integral was first applied to crack problems by Rice [20] and can be

used to calculate the fracture resistance, .JJ, , during crack growth.

For a homogeneous DCB specimen loaded by pure bending moments, an evaluation of the J
integral along the external boundaries of the DCB specimen in Figure 1 c¢) gives (assuming

plane stress) [31]

12M*
R,ext: BZH3E ’ (1)
11

where M is the applied moment, B and H are the beam width and height, respectively and £,
is the Young's modulus in the x, direction. In the present paper, the composite laminates are

analysed as homogeneous beams. This is assumed to be acceptable provided the correct

bending stiffness is modelled.

Evaluating the J integral along the edge of the FPZ in Figure 1 a) gives [20, 31]

J, R,FPZ

S

Gy (8)dS+J,,, 2)

where & is the end-opening of the FPZ, Oy (0) is the traction as a function of separation 0

along the FPZ associated with fibre bridging and J, is the J integral evaluated around the

crack tip.

Due to path-independence, Jyg ., = Ji ppz. At low load levels when Jg ., (or equivalently, Jg gp,)

is below a certain value, denoted J,,, no crack growth takes place and 0 =0. When the

external load is increased so that J; ., reaches J|,, the crack will open (6°>0). J, is thus the
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crack tip fracture energy. A bridging zone now forms between the initial and the present crack

tip. The length of the bridging zone is denoted L. With increasing J; .., the length of the active

cohesive zone, L, and the end-opening, o , increase as the crack tip advances. When o
reaches a critical value, ¢, the fracture surfaces are completely separated at the end of the

crack. The FPZ is then fully developed and the fracture resistance attains a constant value,
denoted the steady-state fracture resistance, which represents work of separation per unit area
of the cohesive traction. For steady-state specimens, further crack extension will not cause an
increase in the active cohesive zone length, L, while for other fracture specimens, the active

cohesive zone length may continue to change [30].

In equation (2), the traction-separation law represents a bridging law describing the relation
between traction and separation in the wake of the crack tip. When the FPZ is modelled using
cohesive elements the crack tip energy is included in the traction separation law and equation

(2) becomes [13]
5
Jrrrz = I OcL (5)d J, )
0

where o, (0) represents the cohesive law.

The relation between the tractions and the opening separation at the crack end can then be
obtained by differentiating the external J integral with respect to the end opening of the
cohesive zone [23, 31]. By assuming this is representative for the rest of the interface, the
cohesive law for the interfaces is given:

a‘]R,ext (4)

O-CL (5*) = 85*

In equation (4), o, (0 ") can be understood as the traction acting at the position of the end
opening of the cohesive zone. However, assuming the cohesive law is a material property,
independent of position, the general cohesive law is the same as the one found at the end-

opening, so that in the functional form for the cohesive law we can replace & with 6.

3 Test specimen, experimental setup, data analysis and results

The mechanical properties of the non-crimp fabric glass-fibre vinylester composite material
and dimensions of the DCB test samples are presented in Table 1 and illustrated in Figure 2.
The lay-up is [(90/0),]s, and the weight distribution within each ply is 95% in the 0° direction

and 5% in the 90° direction, so that the laminate does not possess bend-twist coupling. The
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end-opening & was measured using an extensometer attached to the side of the upper and
lower beams at the initial prefabricated crack tip at (x,,x,)=(0,+ H/2). Mode I
delamination was promoted by applying equal moments in the opposite directions in a
progressive manner by increasing the rotations of the specimen beam ends [17]. The fracture

resistance was calculated from the measured applied moments, equation (1).

An exponential decay function of the following form was fitted to the fracture resistance:

To(8)=J, (1= )+ 7, (1= )+, (5)
where the fitting parameters J,, 0,, J, and 0, are presented in Table 1. The resulting fracture

resistance curves are plotted in Figure 3 a). In Figure 3 b) it can be seen that the fracture

resistance increases before any opening displacement is observed. The fracture resistance at
which the opening displacement starts is associated with the crack tip fracture energy, J .
The crack tip fracture energy is the base for the fitted function plotted in Figure 3 a) and b). A

bridging law is obtained by differentiating the fitted function analytically with respect to the

end-opening in accordance with equation (4). The result is (see Figure 3 c):

O =06, +8,7,e (6)
The derived bridging law is highly non-linear. The peak stress is approximately 0.9 MPa and

the critical separation, 9, is about 3 mm. The bridging law does not include the deformations
(separation) associated with the crack tip that gives rise to J|,, see equation (2). As seen in

Figure 3 b), J,, is dissipated within a small opening displacement (assumed to be in the order

of 0.01 mm).

A cohesive law should prescribe a traction-separation relation that dissipates the total energy
associated with both the cracking at the crack tip and fibre bridging in the bridging zone.

Figure 3 d) presents a cohesive law that has a cohesive traction that increases to a peak value,

6 , stays constant for a small opening, 5 , and then decays rapidly within small openings
added to the initial part of the bridging law such that the cohesive law includes work of
cohesive tractions corresponding to the crack tip fracture energy. The value of & represents
the interface strength and S needs to be fitted so the area under the traction-separation law
equals the critical crack tip energy. In reality only J,, determined by acoustic emission and

initiation of crack end opening, can be determined from experiments; the chosen peak stress
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therefore affects the associated separations and vice versa. Accurate determination of the peak

stress and separation parameters is a key issue in the remainder of this paper.

It is well known that for wide specimens the crack front often has a “thumb-nail” shape, i.e.
the crack is somewhat shorter at the free edges and longest half way across the specimen
width [32]. The opening displacement at a given x, position within the active cohesive zone is

thus not constant across the specimen width.

Therefore, the opening displacement & measured at the side of the specimen does not
accurately represent the behaviour for the whole delamination front. Furthermore, partial
restriction of anticlastic bending leads to deviation from a state of plane stress. Consequently,
the interface traction obtained with the plane stress assumption through equation (4) will not
be accurate. In the next section it will be shown that the opening tractions are non-uniform
across the specimen width and that the non-uniformity is affected by the Poisson's ratio. This
is of particular importance for small openings where the value of the cohesive traction is
expected to vary significantly, such as in the description of cohesive laws representing the

crack tip fracture energy J,, .

4 Numerical approach and results

A three-dimensional finite element model of the DCB specimen was made using the LS-
DYNA finite element code. The specimen material and geometric properties are presented in
Table 1 and Figure 2. The beams in the moment loaded DCB specimen were modelled using
8-node solid elements with an isotropic material description fitted to resemble the flexural
stiffness of the composite beams. The beams were modelled using volume elements with all
sides having lengths of approximately 0.5 mm. An orthotropic material description with a full
lay-up description based on unidirectional plies did not produce significantly different results
from an isotropic one as long at the bending stiffness was unchanged. Due to symmetry, only
one-half of the width of the specimen was modelled. The model is illustrated in Figure 4. The
surfaces at the beam-ends in Figure 4 are modelled as rigid bodies. The simulations were
executed in a nonlinear dynamic analysis with implicit time integration. The reason for using
a dynamic analysis was to introduce the mass-matrix to ease the convergence in each load

step. Monotonically increasing equal moments, acting in opposite directions, are prescribed to



222
223
224
225
226
227
228
229
230
231
232
233

234

235
236
237

238
239
240
241
242
243
244

245
246
247
248
249
250
251
252
253
254

these rigid bodies. The contact area between fixture and beam is the same as in the

experiments [17].

The fracture interface was modelled with 8-noded finite-thickness cohesive elements with a
general cohesive material formulation referred to as *MAT_186 in the LS-DYNA material

library [33]. The cohesive elements had the dimensions: 0.5 mm, 0.5 mm, and 0.001 mm in
width, length and thickness respectively. The constitutive model is a cohesive law that

includes both crack tip and fibre bridging behaviour.

As a preliminary investigation, to evaluate the effect of the above mentioned stress and crack
opening variations across the width [32], a simple bi-linear cohesive law was used as model
input. The cohesive law parameters are given in terms of the peak stress (set to 20 MPa) and

the critical separation, J,, was set to 0.1 mm. These parameters are chosen for illustration

purpose. The bi-linear shape is chosen because this is the shape most commonly used in FEM
when delamination is included [4, 7, 34-37]. The value of the critical separation used in these

simulations is much smaller than the value determined earlier from the experiments (here J|,

was about 3 mm), but is of the order of magnitude corresponding to the parameters describing
the crack tip fracture energy. The J integral approach described in section 2 was applied to see
if changing the Poisson's ratio or specimen width affected the calculated cohesive law. The
aim of this preliminary investigation was to see if the cohesive law used in the model input
can be determined from post processing the results of a delamination simulation, and what
might affect the outcome. The end-opening displacement was extracted from the simulations

for (x,,x,)=(0,= H/2) and the resulting cohesive law was calculated using equation (4).

First, a DCB specimen with the width of 30 mm was modelled with four different Poisson's
ratios. Then the Poisson's ratio was fixed at 0.30 and the cohesive law was calculated from

four models with different widths.

The calculated cohesive laws are plotted in Figure 5 a) and b). Both figures illustrate that the
results are affected by both material properties and specimen geometry. The peak cohesive
traction is significantly affected. Critical cohesive traction, as seen from the input cohesive
law curve, is 20 MPa. Hence, all tractions above 20 MPa are in error. The reason tractions
appear to exceed the critical cohesive traction is simply that the tractions are calculated based

on the assumption that the crack tip opening displacement is equal across the width of the
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sample. Due to the variation of stress state (and deformations) across the width of the beams,
the crack will start to develop in the centre of the specimen before it is visible at the side of
the specimen where the crack tip opening displacement is recorded. The calculated cohesive
law is equal to the law used as model input when the Poisson's ratio is set to zero. The stress
state is then reduced to plane stress throughout the specimen, with no anticlastic bending, and

the crack front remains straight.

With respect to delamination problems, the effect of Poisson’s ratio is thus very important for

small separations corresponding to the part of the cohesive law that is associated with the
crack tip fracture energy, J, , which occurs in the range of separation of the order of tens of
microns. The effect of the Poisson's ratio is likely to be much less significant for openings

corresponding to the crack bridging regime, where the traction value is much lower and

decreases to zero over an increase of 3 mm in the crack opening.

4.1 Fitting the cohesive law
In the following, we develop a cohesive law that incorporates the crack tip fracture energy,
J, . The cohesive law is modelled as multi-linear and an iterative approach is applied to

determine the cohesive law parameters. First, a bridging law is calculated from equation (6).
Then an area is added to the bridging law so that it becomes a complete cohesive law that
includes the critical crack tip energy. The area added to the bridging law is based on the

assumption that the interface behaviour is linearly elastic up to the critical interface strength.
The shape presented in Figure 3 d) is chosen. By this approach J, will be dissipated within the
shortest possible opening displacement without exceeding the assumed interface strength. At

some opening displacement, &, the crack tip energy is fully dissipated. The cohesive law

should here include both the work of the bridging traction and the crack tip fracture energy J,
at the end-opening §, . This point can be seen in Figure 3 d) where the Adjusted CL aligns

with the Calculated BL. The area under the cohesive law at this point is (see equation (2))

(5;)=TO'FB(5*)d5*+JO (7)

JR,FPZ

For openings larger than 5: , the cohesive law should follow the bridging law, see Figure 3 d).

However, in the present paper, the cohesive law is defined as a multi-linear law with linear

interpolation between tractions defined for six opening displacements. The reason for using
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such a multi-linear law is not based on a physical interpretation of the actual material
behaviour, but rather the limitations of the constitutive model used for the numerical

implementation [33].

Finally, the defined tractions and opening displacements are fitted to the experimental results
using the optimisation tool LS-OPT [38]. The optimisation processes in LS-OPT are based on
the response surface methodology [39]. The aim is to minimize the residual between a
response from the model and a response from experimental test results. The opening
displacement at the initial crack tip and the applied moments from the experimental results are
used as objective for the optimization process. The response surface is created from a series of
FEM simulations where the variables have been given different values. Upper and lower
limits are defined for each variable, e.g. the opening displacement J, has to have a value
higher than d, but lower than 0. The process of setting the values of the variables within the
prescribed range is organised by the optimisation scheme used in LS-OPT. Here, an ASA
hybrid optimization scheme with a D-optimal sampling procedure of linear order [38] is used.
Each sampling point is produced from one FEM simulation of the complete delamination.

One iteration includes a minimum number of sampling points defined by i=1.5(n+1)+1,

where i is the number of sampling points (complete finite element analyses of the entire test)
and 7 is the number of variables. Each FEM simulation has a CPU time of 6-8 hours. The
initial cohesive stiffness defined by 0, and o, is chosen with respect to the finite thickness of
the cohesive element and the stiffness of the bulk material. The traction plateau defined by o,
and o, is kept flat by setting 0, = g;. To further reduce the number of variables, 05 = 0.5 J.
The total number of variables is thus 6 and the number of sampling points therefore becomes

12.

The solution converged after seven iterations. The total CPU time for the optimisation process
was approximately 550 hours. Figure 6 shows a selection of iteration results. The cohesive
law parameters used as first guess (first sampling point in first iteration) are listed in Table 3,
along with the resulting cohesive law after seven iterations. Both of the cohesive laws are

plotted together with the measured bridging law in Figure 7. The cohesive law parameters

with the greatest changes were 0, and Os.

10
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A propagating delamination modelled using cohesive elements can have difficulties with
convergence if the mesh is coarse [16]. In the present FE model the element dimensions in the
plane of delamination were 0.5 x 0.5 mm, i.e. 30 elements across the modelled width of half
the specimen. The fully developed failure process zone (FPZ) was more than 40 mm long and
thus covered by more than 80 cohesive elements in the direction of crack propagation. The
evolution of the crack tip, i.e. the development of J,, was covered by approximately 5-10
elements as the crack propagated. The actual number of elements that cover the complete FPZ
depends on the shape of the cohesive law. It is important to adjust the loading steps in the
analysis so that the separation parameters describing the development of J, are captured.
Figure 8 shows the distribution of normal opening traction in the cohesive elements used in
the optimisation process as the delamination propagates towards the left. The crack tip does
not follow a straight line through the width of the specimen. The plot illustrates that the crack
opening displacement observed at the side of the specimen may not relate directly to the
observed fracture resistance. It can be seen in Figure 8 that the interface tractions in the centre
elements start to decrease from the critical traction level before the elements at the edge reach
the critical traction level. In Table 3 it can be seen that the opening displacement (after
fitting) is 0.001 mm when the cohesive tractions reaches 20 MPa and 0.013 mm when the
tractions start to decrease. This indicates a difference in opening displacement across the

width of at least 0.012 mm at a given position x;.

LS-OPT was initially also used to do a sensitivity analysis. It was confirmed that the residual

between the model and the experimental results was more sensitive to the changes in 0, than
in 0, ;. The traction was then given upper and lower bound values of 28 and 15 MPa,

respectively. The reason for the choice of upper bound value is that the bulk material has a
measured elastic limit at 28 MPa transverse to the fibre orientation [40]. The interface should
be the weakest link for normal stresses in the thickness direction of the laminate and should
therefore be lower than the damage threshold for the bulk material. The choice of lower limit

was set to a low value based on the observed behaviour of the bulk material.

5 Evaluating the fitted cohesive law

Experimental results from standardised force-loaded double cantilever beam (DCB)
delamination tests [18] were compared with numerical predictions based on the fitted
cohesive law. The standardised test specimens were produced with the same constituents and

procedures as the specimens for the moment based delamination tests. Loads were measured

11
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with a load cell and the opening displacement at the end of the specimen was measured using
an extensometer. However, an interpretation using linear-elastic fracture mechanics would be

inappropriate due to large-scale bridging.

The numerical model had the same element dimensions as those used for modelling the
moment based delamination tests. Implicit time integration with adaptive time step control
was used. Material and geometrical properties are presented in Table 2. The FEM results
based on the two cohesive laws, presented in Figure 7 and Table 3, are compared with the
experimental DCB test results in Figure 9. It is clear that the cohesive law that was optimised
using LS-OPT gives significantly better results than the multi-linear cohesive law used as a

starting point for the optimisation.

6 Discussion

The success of the optimization process depends on the choices made during the optimization
setup. The choice of sampling point selection scheme, number of sampling points and
possible interaction between variables and optimization algorithm are choices that affect the
computational cost of completing the necessary number of iterations. More important are the
choices and assumptions made regarding the cohesive law. It is computationally favourable to
choose few but well placed variables in the cohesive law and keep as many properties as
possible constant. The number of simulations per iteration is governed by the sampling
selection scheme used and the number of variables evaluated. Adding an additional variable
can cause the number of simulations per iteration to increase significantly. It is therefore
important to have an approximate idea of what the actual cohesive law should look like and
use as few variables as possible. If the initial value is chosen poorly, it may be difficult for the

optimization process to produce acceptable results within reasonable computational costs.

The need for adjusting the multi-linear cohesive law based on the J integral approach can be
seen in Figure 6. The J integral approach implicitly assumes the crack opening is the same
across the width of the specimen. A 3D FE model will include the anticlastic bending effects
and the associated variations in stress state and crack opening across the width. A cohesive
law that is determined based on plane assumptions will then fail to capture the response from
the experiment when used in a 3D FE model. This is the reason why the blue curve in Figure

6 is very different from the experimental results.
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The choice of using a multi-linear shape for the cohesive law is based on the limitations of the
constitutive model used in the finite element implementation. The reason for defining only six
points on the multi-linear cohesive law is found in the optimisation process. Every sampling
point is based on the result of a complete FEM simulation of the DCB test. Each FEM
simulation has a CPU-time of approximately 6-8 CPU hours. Increasing the number of
variables therefore significantly increases the CPU time of the total optimisation procedure.
The number of sampling points used here was 12 and acceptable results were found after 7

iterations. The total CPU time for the optimisation process was approximately 550 hours.

In Figure 9, the resulting fitted cohesive law produced significantly better results than the
multi-linear cohesive law used as a starting point for the optimisation procedure. However,
neither of the simulated models completely captured the stiffness shown by the experimental
results. The simulated stiffness is in both cases higher than that of the experimental result. The
discrepancy is partially attributed to the compliance of the test fixture and is considered
acceptable since the beams are modelled with the same isotropic material model as used for
the DCB samples. The resin, fabric, sizing, curing procedure and fibre volume fraction are
equal for both types of DCB samples. In Figure 9 a plateau is observed in the applied load at
an opening of about 7-8 mm on the FEM results from the fitted cohesive law. This may have
been caused by the restrictions made on the variables during the optimisation setup. The drop
in interface stiffness going from the crack-tip dominated region to the fibre bridging
dominated region of the cohesive law might be too steep. Dissipating the crack tip energy
within a short opening displacement (i.e. a high peak stress over a small opening), still seems

to be an appropriate approach without causing numerical instability.

The initial stiffness of the cohesive law should be chosen with respect to the thickness of the
cohesive elements so that the traction-separation relation of a finite-thickness element
resembles the stress-strain relations of the bulk material. If the stiffness is chosen poorly the
overall bending response of the laminate may be affected and become too soft. Another
challenge is that rapidly changing stiffness in the cohesive elements may cause numerical
instability. Reducing the size of the cohesive elements reduces the rate of change in stiffness
in adjacent elements in the direction of the propagating delamination. Reducing the time step
will of course also reduce the rate of change in stiffness. If the load step in an implicit model
is sufficiently small, an explicit solution might be faster even if the load steps then will be

significantly smaller.
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The varying stress state and crack opening across the width of the specimen (induced by the
Poisson effects) is not taken into account in the experimental J integral approach, eq. (4). The
effects presented in Figure 5 a) and b) show the tendency of over-estimating the tractions of
the cohesive law at small opening displacement, and underestimating them at larger opening
displacements. But the total areas of the cohesive laws are all equal to the steady state fracture
resistance. The stress variations across the width seem to give the impression of more rapid
energy dissipation if evaluated from the opening displacement measured at the side of the
specimen. This is also apparent from the fracture resistance curves from the simulations in
Figure 6. The cohesive tractions associated with crack bridging vary much more slowly over
much larger separations and are not expected to be significantly influenced by the Poisson

effects.

In the experiments, there were some minor discrepancies between initiation of crack end
opening and the first acoustic events. If the crack-end opening displacement first initiates at
the half width across the specimen before it initiates at the side of the specimen, the first
acoustic events should be detected before any crack-end opening displacement is observed at

the side of the specimen.

The presence of anticlastic bending and the effect it has on the relation between fracture
resistance and crack tip opening at small opening displacement might affect the observed
value of the critical crack tip energy, J,. The findings presented in this paper suggest that
beams displaying anticlastic bending might give the appearance of having higher values of J,
than beams with little anticlastic bending. The reason for this apparent higher value of J, is
the delayed opening of the crack at the sides of the specimen where the crack tip opening
displacement used to evaluate J;is measured. This effect could be investigated by checking if

the observed value of J,changes with increasing specimen width.

For materials where the cohesive tractions vary rapidly over small openings it would be
convenient to have a correction function that could account for the effect of having states of
stress and deformation that change across the width of the specimen. A challenge with such a
function is that the difference between measured and actual cohesive law is dependent on the
shape of the actual cohesive law. With this in mind, inverse modelling using the three-step

optimisation scheme presented here seems currently to be the most promising approach. The
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effects of Poisson's ratio on the beam deformation (in the form of anticlastic bending) can be
reduced by increasing the beam height relative to the beam width (increasing H/B) - going
from a plate-like geometry toward a more beam-like geometry. This will not eliminate the
presence of anticlastic bending, but it will make the measurements of the opening
displacements at the side of the specimen closer to the value in the middle of the specimens,

thus making them more relevant for the overall behaviour.

7 Concluding remarks

The object of this study was to show that a cohesive law associated with the crack tip fracture
energy could be obtained from experimental tests for implementation in 3D finite element
models. A procedure to achieve this has been developed and tested. Such a cohesive law for
large scale bridging problems consists of two distinct energy-dissipating phenomena: crack tip
energy and fibre bridging. A bridging law describing the fibre bridging is calculated from the
fracture resistance curve by applying the path independent J integral approach for plane

stress. An approximate multi-linear cohesive law is then obtained by combining tractions and
opening displacements for dissipation of fracture energy within a small opening displacement,

corresponding to the crack tip fracture energy,J, , and a simplified bridging law that operates

over larger openings. The parameters of the multi-linear cohesive law are then fitted to
account for the changing stress state through the width of the test specimen by using the
optimisation tool LS-OPT. The fitted cohesive law is evaluated by comparing FEM and
experimental results for a series of ASTM D 5528 Mode I delamination tests. The FEM result
using the fitted cohesive law is found to agree well with the response observed in the
experimental tests. The three-step procedure presented here is successfully shown to
characterize a Mode I cohesive law. The changing state of stress and deformation across the
width of the specimen is affected by both material properties (Poisson's ratio) and the
geometry of the test specimen. This three dimensional effect is a significant source of error
for small cohesive openings and needs to be taken into account when determining a cohesive
law from the fracture resistance, in particular the traction for small separations corresponding
to the crack tip fracture energy. The effect is expected to be small for problems where the
cohesive tractions represent large-scale bridging for which the tractions are low and decrease

slowly to zero over several millimetres.
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Table 1. Material and geometric properties for moment loaded DCB specimen.

B 30.11 | mm Width

2H 17.40 | mm Thickness

/ 300 | mm Length

ao 59 | mm Initial delamination

E 37 | GPa Flexural modulus

Via 0.29 Poisson's ratio

$7=S33 28 | MPa Transverse ply strength

Olc 20 | MPa Mode I Critical interface strength

) 3 | mm Mode I Critical opening displacement
Jss 1 | kJ/m? Mode I Steady state fracture resistance
Jo 0.21 | kJ/m* Mode I crack tip fracture energy

Ja 0.33 | kJ/m’ Fitting parameter for equation (5)

Jp 0.67 | kJ/m* Fitting parameter for equation (5)

Oa 6.67 | mm Fitting parameter for equation (5)

Op 0.65 | mm Fitting parameter for equation (5)
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Table 2. Geometric properties for standardised DCB specimen.

w 22 | mm Width

2H 4.0 | mm Thickness

/ 150 | mm Length

ao 50 | mm Initial delamination

Table 3. Cohesive law parameters before and after fitting.

Before fitting After fitting
[mm] [MPa] [mm] [MPa]
0= 0.00 | g, = 0.00 | ¢, = 0.00 | g, = 0.00
0,= 0.0010| g,= 20.00| 5,= 0.0010| g, = 20.00
0;= 0.029 | g;= 20.00| g;= 0.0130 | g;= 20.00

d.= 00326 g,= 04000] 5,= 00181 | g,= 0.6200

gs= 15088 | gs= 0.0800| ;= 1.5088 | gs= 0.1568

de= 30176 go= 000] 5,= 3.0176 | go=  0.00

Figure 1. Integration path for the J integral: a) integration path locally around the cohesive zone, b)
interpretation of traction vs. separation in the FPZ, and c) the integration path along the external

boundaries of a DCB specimen loaded with pure bending moments.

Figure 2. Geometry of DCB specimens.

Figure 3. Fracture resistance response from a DCB specimen loaded with pure bending moments.
Fracture resistance and cohesive traction are shown as a function of normalized separation (normalized
by 6,=3 mm). Fitted function on top of experimental scatter a) and b). Details of the calculated bridging
law (BL) c) and the adjusted cohesive law (CL) (adjusted for small separations only) - note different scales

on the axis d).

Figure 4. The FEM model of the DCB specimen for the moment based delamination test.

Figure 5. Comparing a bi-linear cohesive law used in the FE model and the cohesive law (CL) calculated

after post processing the model after a) changing the Poison’s ratio, and b) changing the specimen width.

Figure 6. Fracture resistance during iterative fitting of cohesive law compared to experimental test result

used as fitting objective.
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Figure 7. a) The calculated bridging law with the cohesive law before (blue colour) and after fitting (green
colour). The details of the crack tip relations are presented in b), and the details of the fibre bridging

region is presented in c).

Figure 8. Contour plot illustrating opening tractions in cohesive elements as crack propagates. Several
cohesive elements were deleted after exceeding critical separation in the lower two plots. The total active
cohesive zone length, L, is indicated in the lower two plots. The indicated zone covered by eight elements

represents the crack tip zone.

Figure 9. FEM result before and after fitting of cohesive law compared to experimental results.
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