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Abstract

Four point bending end notched flexure (4ENF) tests were used to evaluate the mode II fracture toughness
(Gre) of glass fibre reinforced vinyl-ester (GFRP) specimens in order to expose the sensitivity of Gyic to
loading rate. Tests were carried out at load displacement rates ranging from 1 to 6000 mm/minute. Finite
element models were used to evaluate the correction factors that are required during data reduction in order
to compensate for geometrical non-linearity in the test. A high speed video camera was used in conjunction
with the digital image correlation technique to measure crack propagation during the tests. It was found
that, for short crack lengths, Giic tended to increase as loading rate was increased.
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Figure 1: Cut-away view of a co-bonded perforated steel-
GFRP double-lap joint [1].

GFRP matrix is the material property that dom-
inates the tensile strength of the perforated joints.
We therefore speculate that Giic of the vinyl-ester
polymer resin used in the joint specimens is greater
at impact loading rates than at quasi-static loading

rates.

There is limited data in the literature regarding
the effect that changes in loading rate have on the
value of Gri¢ for vinyl-ester composites. Compston
et al [2] investigated loading rate effects on Gy
for unidirectional vinyl-ester GFRP. They gener-
ated data for specimens that used five different res-
ins, one un-toughened resin and four toughened res-
ins. They reported that loading rate had no signi-
ficant effect on Gpic. However, it is worth noting
that Compston et al attributed greater significance
to their results for maximum toughness (Gric.max)
than they did to their results for crack initiation
toughness (Giic.init). Their results suggest that
Gric-init increases as loading rate increases for four
of the five resins that they tested, including the un-
toughened Derakane 411-45 resin. There is signific-
antly more literature regarding the effect of loading
rate on Gyic for epoxy-resin composites, although

the majority of this covers carbon-fibre rather than

glass-fibre composites. The bulk of this literature
suggests that Gic for carbon-fibre epoxy compos-
ites (epoxy CFRP) reduces as loading rate increases
[3, 4]. An extensive review of the literature was re-
ported by Jacob et al [5] in 2005, they concluded
that there appears to be a lack of consensus regard-
ing the influence of loading rate on fracture tough-

ness properties of composite materials.

A more recent study by Guimard et al [6] used
physical test results for Gy over a range of loading
rates to show that it is not possible for numerical
models to replicate their experimental results unless
the cohesive interface used in the numerical model
incorporates a rate effect. Guimard et al attrib-
ute the apparent increase in Gric to an increase in
microcracks at the crack tip as crack velocity in-

creases.

Verdiere et al [7] studied un-tufted and tufted
epoxy CFRP material at various loading rates up
to approximately 7 m/s, this is a significantly higher
loading rate than the maximum rate used here.
They found that there was a significant rate effect
on Gyc for the tufted material while there was little

rate effect for the un-tufted material.

Marzi et al [8] used reinforced double cantilever
beam specimens and reinforced end notched flex-
ure specimens to study the loading rate effect on
Gic and Gy respectively for epoxy CFRP ma-
terial. They found that for Gic (mode I fracture
toughness) there was a strong loading rate effect,

while for Gric no rate effect was detected.



The lack of consensus in the literature regarding
the effect of loading rate on G prompted us to
carry out the experimental study reported here, in
which we perform mode II fracture tests at a range

of load displacement rates.

2. Materials and specimen fabrication

The resin, reinforcement and reinforcement ori-
entation used in this study were chosen in order to
match those used in the hybrid joints being tested
as part of the overall project [1]. The polymer mat-
rix was Dow Derakane 510A-40, an epoxy vinyl es-
ter resin designed to offer a high degree of fire re-
tardance combined with good chemical resistance
and toughness [9]. The reinforcement consisted of
four plies of Owens Corning TTX1330 fabric, this
is a stitch bonded non-crimp tri-axial E-CR glass
fabric with areal weights of 520 g/m? in the 0° dir-
ection and 401 g/m? in both the +45° and -45°
directions.

A 12.7 micron thick Teflon® film was used to gen-
erate an initial debonded region in the specimens as
is required for the end-notched flexure test. The re-
inforcement and debond film were layed up by hand
and the vacuum assisted resin transfer moulding
(VARTM) process was used to fabricate a single
sheet of GFRP material which was then cut into
individual specimens using a water-jet cutter. The
nominal dimensions of the specimens and the rein-
forcement layup are shown in Figure 2. The over-

all length and width of the specimens are as sug-

25 mm long x 0.013mm thick Teflon®
de-bond insert at mid thickness

(a) Nominal dimensions of the specimens.
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(b) Reinforcement layup of the specimens.

Figure 2: Details of the test specimens.

gested by Hodgkinson [10], the overall thickness is
the result of the chosen reinforcement layup, and
the length of debond film is in accordance with the
DoD Composite Materials Handbook [11]. During
fabrication the resin was mixed and cured in ac-
cordance with the recommendations of the manu-

facturer.

3. Physical testing

3.1. Test configuration

A variety of test configurations have been pro-
posed for evaluating Gric of fibre reinforced com-
posite materials [10]. Experimental comparisons of
five of the most commonly used configurations are

provided by Davies et al [12] and Wang et al [13].



The three point bending end notch flexure (ENF)
configuration has the disadvantage of not generat-
ing stable crack growth in the specimen [10, 12]
while the over notched flexure (ONF') configuration
was found to suffer from an increase in frictional
effects as crack length grows [13]. The stabilised
end notched flexure (SENF) configuration relies on
the measurement of crack shear displacement dur-
ing the test, this measurement is used as feedback
to the test machine in such a way as to deliver a con-
stant shear displacement rate during the test [12].
Providing this load control feedback while carrying
out a test at a relatively high load displacement rate
was considered to be a significant added complexity

which made the SENF configurations un-attractive.

The four point bending end notched flexure
(4ENF) and end loaded split (ELS) test methods
have both been shown to deliver repeatable and re-
liable results [12, 13] and do not suffer from the
disadvantages described above for the ENF, SENF
and ONF configurations. However, a standard In-
stron 4ENF fixture was available to the author and
making the necessary modifications to this fixture
was considerably more economical than making an
ELS fixture. Therefore the 4ENF test configuration

was chosen for the tests carried out here.

The 4ENF test was proposed by Martin and Dav-
idson [14] as an improvement on the standard three
point bending end-notched flexure (ENF) test. As
the name suggests a four point bending fixture is

used, see Figures 3 and 4. A 4ENF specimen has a

mid-thickness starter crack at one end. The speci-
men is placed in the test fixture in such a way that
the tip of the pre-crack is positioned just inside the
inner span of the fixture. During the test, flexural
stresses are imposed on the specimen. When these
stresses are sufficiently large, then mode II fracture
occurs at the crack tip and the mid-thickness crack
is forced to propagate further into the specimen.
The compliance of the specimen increases due to
this crack propagation which leads to a reduction
in the flexural stresses and thus crack propagation
is arrested. In the context of the current study a
significant benefit of using the 4ENF test, as op-
posed to the ENF test, is that it readily generates
stable crack growth during the test. Therefore the
rate of crack growth in a 4ENF test tends to be
more closely related to the applied rate of load dis-

placement than is the case for the ENF test [10].

A partially custom made four point bending fix-
ture was used for the tests, this is shown in Fig-
ure 4. The flexural stiffness of the 4ENF specimen
varies along the length of the specimen, this change
in flexural stiffness leads to an un-symmetrical de-
flected shape which must be allowed for by using
a pivoting fixture. The pivoting fixture was de-
signed to provide a small vertical offset between the
pivot point and the loading points while maintain-
ing visual access to the edge of the specimen. A
small vertical offset for the pivot point is required
in order to maintain a balanced load at the two

loading rollers, visual access to the side of the spe-



cimen is required throughout the test in order to
monitor crack propagation.

The maximum loading rate used here is slow
enough to ensure that the level of kinetic energy
in the specimen is small compared with the strain
energy. However, inertial effects do influence the
measurement of applied load due to the combina-
tion of the mass of the hydraulic jaws and the stiff-
ness of the load cell in the test machine. The nat-
ural vibration period of the upper jaws and primary
load cell was found to be approximately 50 ms while
the shortest time between successive steps in the
crack propagation was found to be approximately
8 ms. Thus it was not possible to carry out accur-
ate load measurement using the built-in load cell.
To overcome this problem the test setup was ar-
ranged to place both the low-mass portion of the
fixture and a secondary load cell on the static side
of the load-string. Using this arrangement the nat-
ural vibration period of the load measurement was
reduced to approximately 1.5 ms. A low-pass filter
was applied to the measured load data in order to
attenuate the load oscillations that were caused by
vibration in the fixture and load cell. The low pass
filter was implemented within a Python [15] script,
the effect of applying this filter to the data from a

6000 mm/minute test can be seen in Figure 5.

3.2. Test method
The digital image correlation (DIC) technique
was used to measure the length of the propagat-

ing crack during the 4ENF tests. It was therefore
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Figure 3: Schematic of the test fixture, D=25mm, L=50mm,
a=crack length.

Figure 4: Photo of the fixture in use.
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Figure 5: Load versus displacement plot for a specimen
tested at 6000 mm/minute showing raw load data and load
data after application of a low-pass filter.



necessary to apply a suitable speckle pattern to one
edge of each specimen prior to testing. This speckle
pattern was achieved by first spraying the edge of
each specimen with matte white paint, then using a
blow-pen to apply a random speckle onto the white

edge.

In each specimen, before the 4ENF test was car-
ried out, a three point bending arrangement and
a quasi-static loading rate was used to achieve a
controlled length of initial mode II pre-crack bey-
ond the de-bond insert. It has been reported that
the resin rich region ahead of the de-bond insert
in ENF specimens may cause an artificially high
apparent toughness [10]. The initial mode II pre-
crack overcomes this problem. As indicated in Fig-
ures 6 and 7, the test setup comprises a universal
testing machine (UTM), the four point bending fix-
ture, a high speed video camera and a Windows PC
with a high speed analogue data acquisition card.
The analogue signals from the machine displace-
ment and load transducers are recorded using the
data acquisition card. The video frame clock signal
from the video camera is used as an external clock
for the acquisition card to ensure that the data log-
ging rate is appropriate for the video capture rate.
Video clock frequencies ranged from 40 Hz for the
slowest tests to 50 kHz for the fastest tests. A trig-
ger switch, which is activated by the moving cross-
head of the test machine, is used to trigger the video
camera and data acquisition card. An Instron 8802

servo-hydraulic UTM and 25kN Dynacell dynamic
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Figure 6: Schematic of the test setup and instrumentation.

load cell were used to carry out tests with nominal
displacement rates ranging from 1 mm/minute to
6000 mm/minute. It can be seen in Figure 3 that
the setup is arranged to provide a gap between the
outer rollers and the specimen before the test starts.
This gap allows time for the test machine cross-head
to accelerate up to the required displacement rate
before load is applied to the specimen. At a load
displacement rate of 6000 mm/minute the UTM
cross-head takes approximately 25 ms to accelerate
up to speed, this relates to approximately 1.5 mm of
displacement, typically the first crack propagation

event will occur once the cross-head displacement



Figure 7: Photograph showing the fixture, test machine and
video camera.

has exceed 5 mm. Once the initial gap is closed
and contact is made between the outer rollers and
the specimen, then a small re-alignment of the spe-
cimen and inner rollers takes place. From the high
speed video of a 6000 mm/minute test it can be
seen that some chatter vibration of the specimen
occurs during this re-alignment and evidence of this
vibration can be seen in the plot of raw load data
in Figure 5. After the first few millimetres of dis-
placement the chatter vibration is no longer evident
and the specimen is in constant contact with all four
rollers for the remainder of the test. During the test
the inner rollers rotate slightly around the fixture
pivot point due to changes in the deflected shape of

the specimen as the crack propagates.

(¢) a = 30.6mm

Figure 8: Typical DIC images from a 4ENF test showing
crack growth during the test.

3.8. Calibration of DIC crack length measurement

As previously discussed, the DIC technique was
used to measure crack propagation during the
4ENF tests. The DIC analysis was carried out us-
ing the DaVis software package [16]. Shear strain
plots from these DIC analyses were used to identify
the mid-thickness crack in the 4ENF specimen, see
Figure 8. The DaVis software was used to determ-
ine the spatial coordinates of the start, middle and
end of the crack, the length of the crack was calcu-
lated using these spatial coordinates. The accuracy
of this crack measurement technique was checked

as follows:

e A previously tested specimen was placed in the
fixture.

e A pair of digital vernier calipers were used to
accurately determine the position of the speci-
men relative to the fixture, see Figure 9.

e The video camera was used to capture images
of the specimen while a small vertical displace-
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Figure 9: Crack length measurement calibration.

ment was applied.

e This process was repeated for six different
measured specimen positions.

The DIC technique was then used to measure the
crack tip position for each of the six calibration
videos and these crack tip position results were
compared with the specimen positions that were
measured using the vernier calipers. Thus the ac-
curacy of the DIC measurement technique could be
determined. It is worth noting that, as indicated
in Equation 1, we are interested in the change in
crack length as the test proceeds rather than the
absolute crack length. Therefore, during calibra-
tion, it is adequate to know the change in crack tip
position rather than absolute crack tip position. If
we ensure that the displacement applied to the spe-
cimen during calibration is too small to increase the
length of the crack in the specimen, then the ver-
nier caliper measurements can be used to determine
the change in crack tip position. Using this calib-
ration method it was found that the measurement
of relative crack length could be achieved with bet-
ter than +2% accuracy which was considered to be

acceptable.

3.4. Check of fixture compliance

Davidson et al [17] have noted that fixture com-
pliance can be a critical factor for the 4ENF test.
The author used the DIC software to measure roller
displacement during a 4ENF test and compared
these values with the cross-head displacement data
that was logged during the test. It was found that
cross-head displacement matched roller displace-
ment with an accuracy of approximately 41.5%.

Again this was considered to be acceptable.

3.5. Data reduction

It is common to express the mode II fracture
toughness of a composite material in terms of mode
IT critical energy release rate Gric [10]. The crit-
ical energy release rate can be related to the rate
of change of specimen compliance with crack length

[18] using equation 1, where P¢ is the load required

ac

to cause crack propagation, 9= is the rate of change

of specimen compliance with crack length and B is

the width of the specimen.

ac
P(%% (1)
2B

Gric =

The steps required to calculate Gyc from the res-
ults collected during a 4ENF test are: 1) measure
the specimen width, 2) select critical points in the
results data, 3) carry out a DIC analysis of the
video captured during the test, 4) determine the
crack length for each critical point using the DIC
analysis, 5) apply correction to the measured load

at each critical point to allow for the effects of
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Figure 10: Plots of typical experimental data illustrating the 4ENF data reduction method (50 mm/minute loading rate).

large displacements (see Section 3.6), 6) calculate
the specimen compliance at each critical point, 7)
apply linear regression to the compliance results
to determine the slope of compliance versus crack
length and 8) calculate the fracture toughness at
each critical point using equation 1. The critical
points referred to above are those points in the
results data that correspond to peaks in the
measured load. These occur just prior to each
stepwise crack propagation event. A typical set of
plots and numerical data generated during 4ENF
data reduction are shown in Figure 10 and Table 1.
These help to illustrate the data reduction process

and show the drops in applied load that occur at

each stepwise crack propagation event.

3.6. Load linearisation

Large displacements occur during the 4ENF test
as illustrated in Figure 8. As shown in Figure 11

this large displacement causes geometrical non-

Crack  Corrected Displace- Compli Toughness
Length Load -ment -ance GIIC

mm N mm mm/N 10 J/m?
4 698 4.9 0.007 3.33
10 664 5.6 0.008 3.01
15 630 6.1 0.010 2.71
21 626 7.0 0.011 2.68
25 637 7.9 0.012 2.77
31 639 8.8 0.014 2.79
36 647 10.2 0.016 2.86

Table 1: Tabulated experimental data illustrating the 4ENF
data reduction method.
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Figure 11: Large displacements during a 4ENF test generate
changes in geometry and loading direction.



linearity in the test setup, the effective roller spa-
cing changes and the direction of loading does not
remain vertical. The non-linear load displacement
behaviour of the 4ENF test is illustrated in the load
versus displacement plot given in Figure 10a, the
measured behaviour and the theoretical linear be-
haviour are both plotted. The change in effective
roller spacing causes an apparent increase in stiff-
ness. As the load applied by the rollers rotates
away from vertical, the horizontal component of
load tends to increase the bending moment in the
specimen and, due to the fact that only vertical
load is recorded, the apparent stiffness begins to re-
duce. This effect is illustrated in the fixed crack FE
results shown in Figure 12, once deflection exceeds
approximately 10 mm the horizontal component of
applied load begins to dominate the behaviour caus-
ing the apparent stiffness to drop. This geometrical
non-linearity must be corrected in order to use the
linear elastic fracture toughness equation for Gyic,
Equation 1. The load correction factor that must
be applied to the experimental data is a function of
both displacement and crack length. The load cor-
rection factor, shown in Figure 13, is derived from
a set of fixed crack length FE models, details of
the FE models are given in the following section.
Load versus displacement results are generated for
six of these fixed crack length models using crack
lengths of 0 mm, 7 mm, 14 mm, 21 mm, 28 mm
and 35 mm. The method for generating the load

correction curve for each fixed crack length model
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Figure 12: Typical load versus displacement curve for a

fixed crack FE model, showing the calculated load correc-
tion factor and linearised (corrected) load.

is as follows. Regression analysis is used to fit a
quadratic curve to the load versus displacement res-
ults from the fixed crack length FE analysis. We
know that there should be zero displacement at
zero load so this curve is forced to pass through
the origin. The regression analysis generates the
two polynomial coefficients (A and B) for the curve
P = AA + BA2?, where P is the applied load and
A is the corresponding displacement. The coeffi-
cient A gives the initial slope of the curve, this is
the small displacement flexural stiffness so we take
this to be the flexural stiffness of a specimen with
the given crack length. We can now define the load
correction curve as Cr, = %, where O, is the cor-

rection factor for crack length L and the remaining
terms are as previously defined.

The load correction curve for a crack length of
21 mm is shown on Figure 12. The curve is given

for the full range of A, but we do not use the por-
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tion for A < 4 mm due to the fact that cracks in
the physical tests do not begin to propagate un-
til the displacement exceeds approximately 5 mm.
Load correction curves are determined for each of
the six fixed crack length models and the result-
ing correction curves are used to generate the con-
tinuous correction surface shown in Figure 13. Re-
gression analysis is used to fit a set of third order
polynomials in order to develop the surface along
the crack-length axis. The crack propagation data
points for a physical 4ENF test are also shown on
Figure 13 in order to indicate the path of a typical

set of results across the correction surface.

The load correction surface is used to determine
the load correction factor that is required for each
critical point of a 4ENF test. The displacement
and crack length corresponding to the given critical
point define the required location on the correction
factor surface and thus the required load correction

factor. Once the corrected loads are calculated

11

for each data point then these can be used with
Equation 1 in the standard manner [10]. This
load linearisation method has been tested on crack
propagation FE models for crack propagation
lengths from 0 mm to 35 mm. The calculated value
of Gjjc over this range is within approximately

+2% of the value used in the corresponding Abaqus

cohesive traction-separation material definition.

4. Numerical modelling of the 4ENF test

4.1. Crack propagation FE models

A 2D plane strain FE analysis of the 4ENF test
was carried out using the dynamic explicit proced-
ure within Abaqus 6.12 [19]. The overall specimen
thickness of 4.1 mm comprises 2 mm thick upper
and lower GFRP regions and a 0.1 mm thick co-
hesive region as illustrated in Figure 14. The thick-
ness of both the cohesive and pre-crack regions in
Figure 14 have been artificially exaggerated to aid
clarity. The pre-cracked region of the specimen was
modelled using a 0.1 mm thick layer of GFRP ma-
terial which had frictionless surface-to-surface con-
tact with the upper and lower GFRP regions. The
0.1 mm thick pre-crack layer was kept in position by
applying a rigid tie between the node at one corner
and the adjacent node in the lower GFRP region.

The GFRP material was modelled using 4 node
plane stress CPS4R elements while the cohesive ma-
terial was modelled using 4 node cohesive COH2D4

elements. The stiffness and progressive failure of



Frictionless GRP material
forming pre-crack

Cohesive layer between
upper and lower GRP

Figure 14: FE model of the 4ENF test.

the cohesive layer was modelled using the Abaqus
traction-separation behaviour with linear stiffness
degradation [19]. The support rollers were mod-
elled as analytical rigid parts using circular arcs of
10 mm diameter to match the rollers used in the
test fixture. The pivoting portion of the 4ENF fix-
ture, which incorporates the load rollers, was mod-
elled as a single analytical rigid part with a central
pivot point and 10 mm diameter rollers. The ma-
terial properties and cohesive parameters used for

the FE model are given in Tables 2 and 3.

A mesh sensitivity analysis was undertaken using
both 4 node linear elements and 6 node quadratic
elements. It was found that the governing factor
for determining the maximum acceptable mesh size
was related to contact discretisation noise rather
than bending stiffness or bending stress, if the ele-
ment size is too large then the load displacement
response tends to become stepped. This is due to
the interaction of the discretised surfaces. The con-
tact stresses between the rollers and GFRP do not
transfer smoothly from one node to the next but
display a stick-slip type of behaviour as contact is

transferred from one node to the next. It is the

12

Flexural modulus  Poisson’s ratio  Density
N/mm? kg/m?
20,000 0.36 2200

Table 2: Properties for the GFRP material used in the FE
models.

avoidance of these stepped load and displacement
responses that drove the element size down, a smal-
ler mesh size leads to smaller steps in the response.
Having established that a mesh size of 0.25 mm x
0.25 mm provided an acceptably low level of dis-
cretisation noise, then a mesh sensitivity analysis
was carried out. This analysis has shown that a
square mesh with 0.25 mm side length using linear

elements provides good accuracy in terms of the

stiffness of the model.

The FE model was used to assess the influence
that specimen inertia has on Gri¢ measurements
carried out using the 4ENF test setup. At a loading
rate of 6000 mm/minute the total kinetic energy in
the FE model varies from 0.5x102 J to 0.8x1073 J
with an average value of 0.7x10"3 J. If we consider
the experimental data given in Table 1, the G¢
crack surface energy related to a 4 mm crack length
in the 20 mm wide specimen is approximately 0.3
J and the Gy surface energy related to a 36 mm
crack length is approximately 1.9 J. Thus we can see
that the kinetic energy in the specimen is negligible
with a value that is approximately 0.2% of the Gyic
crack surface energy for the first critical point in a

typical 4ENF test.

Figure 15 shows results from both the FE model



Mode I Mode II
Ener
107 J/ng) 0.75 2.8
S('i\‘f/f::l‘:rsj’ 10,000 4,000
Initiation
(N /mm?) 10 30

Table 3: Parameters for the cohesive element traction-
separation law used in the FE model.

and one of the physical specimens which was tested
at a load displacement rate of 50 mm/minute. It
can be seen that there is generally good agreement
between the FE and physical results although the
FE model does not predict the high initial tough-
ness of the physical test nor the stepwise crack

propagation.

4.2. Fized crack length FE models

As previously described, a set of fixed crack
length FE models were used to generate the load
correction data that is required in order to cor-
rect for the large displacement non-linearity of the
4ENF setup. The geometry of each of the fixed
crack length FE models is the same as the crack
propagation model except that the length of the
cohesive layer is adjusted in order to mimic crack
lengths ranging from 0 mm up to 35 mm.

Figure 16 shows the 7 mm fixed crack model. It
can be seen that the cohesive layer in this model has
been shortened in order to create the 7 mm gap
between the cohesive material and the pre-crack
filler material. The intensity of flexural stress is

also shown in Figure 16. The changes in flexural
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(a) Load versus displacement plot comparing physical
and FE model results.
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(b) Toughness versus crack length plot comparing phys-
ical and FE model results.

Figure 15: Comparison of the behaviour of the FE model
and a test specimen.

S, S11 N/mm?

(Avg: 75%) Loading roller

Un-cracked portion

Cracked portion

Figure 16: Extract of fixed crack FE model showing the
change in flexural stresses at the crack tip.



stress clearly show the transition from the pre-crack
region, where the upper and lower arms act inde-
pendently, to the un-cracked region, where the co-
hesive layer causes the upper and lower arms to act
monolithically. In order to prevent crack propaga-
tion in the fixed crack models, the cohesive material
is given an artificially high initiation stress. As a
result no cohesive stiffness degradation occurs and

a fixed crack length is achieved.

4.3. Effects of friction

It has been shown [20] that friction within a
4ENF specimen can have a significant effect on the
perceived Gric for some specimen geometries. The
effects of friction on the 4ENF specimens tested
here have been investigated by modifying both the
fixed crack length and the crack propagation FE
models. In each case the Abaqus contact property
definition that defines the interaction between the
pre-crack filler material and the upper and lower
arms of the specimen have been modified to in-
corporate a classical Coulomb friction model [21]
using the penalty friction formulation [19] as out-
lined in Table 4. It is only necessary to incorpor-
ate the friction model within the pre-crack region
because the surfaces of the cracked region do not
come into contact with one another over the load
point displacement range that we have considered
here. The classical friction model is defined using
a constant coeflicient of friction p = 0.35. This
value for p was established by Davidson et al [17]

for carbon/epoxy material with teflon inserts using
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Normal
Behaviour

Tangential
Behaviour

Friction free  Hard contact Frictionless formulation

Frictional Hard contact Penalty formulation

Table 4: Abaqus contact property options used to define
friction free and frictional surfaces in the FE models.

a hinged plate sliding block test set-up.

As expected the fixed crack models that incor-
porated friction were found to be marginally stiffer
than the friction free models. However, when the
frictional models were used to generate a set of load
correction curves, these curves were negligibly dif-
ferent from the correction curves generated using
Therefore friction has a

the friction free models.

negligible effect on the load linearisation curves.

Table 5 shows the relative magnitude of the
external work done, cohesive surface damage en-
ergy and frictional dissipation energy for a crack
propagation FE model in which the load point dis-
placement and crack length have reached values
of 11 mm and 35 mm respectively. Approxim-
ately 11% of the external work has been dissip-
ated as surface friction and this is reflected in the
corresponding apparent fracture toughness value
of Grre = 3.0kJ/m? compared with the cohes-
ive traction-separation energy of Grrc = 2.8kJ/m?
that was defined in the model. This increase in
apparent toughness is similar to that reported by

others [22, 23], the importance of this over estima-

tion on our findings is discussed in Section 6.



External  Crack Propagation  Frictional Dissipation

Work Energy (Damage) Energy, 1 = 0.35
Nmm Nmm Nmm
6216 1992 216

Table 5: External work, damage energy and frictional energy
for a crack propagation FE model incorporating interface
friction.

5. Results

The load versus displacement and toughness
versus displacement results of three typical test spe-
cimens are shown in Figure 17. The specimens were
tested at nominal loading rates of 50 mm/minute,
750 mm/minute and 6000 mm/minute respectively.
The markers in Figure 17a are simply to aid in the
identification of the data, while the markers in Fig-
ure 17b identify the critical data points for each
specimen. Thus, each marker in Figure 17b repres-
ents the start of a crack propagation event. The
plots in Figure 17 exhibit behaviour that is typical
of all specimens, showing a linear response up to an
applied load of approximately 500N and a higher
initial toughness which falls away as crack length
increases.

The initial and average toughness values for each
specimen are given in Table 6 and plotted in Fig-
ure 18. The initial value is the toughness calculated
for the first critical data point, the average value
is the toughness averaged over all the critical data
points for a given specimen.

While there is significant scatter in the data, a
linear regression analysis of the data suggests a 15%

increase in the initial mode II toughness over the
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Loading Toughness
Specimen rate 10° J/m?
mm/min  Initial  Average
1 1 2.90 251
2 1 2.96 2.57
3 1 3.54 3.25
4 50 3.64 3.31
5 50 3.42 2.90
6 50 3.76 3.17
7 50 3.61 2.88
8 349 3.11 2.82
9 350 3.31 3.01
10 352 3.65 3.15
11 749 3.60 2.96
12 749 4.22 3.80
13 747 3.27 3.13
14 3020 3.10 2.45
15 6033 4.35 3.49
16 6052 3.99 2.72
17 6040 3.44 2.67
18 6055 3.79 3.09

Table 6: Fracture toughness versus loading rate results.
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(b) Mode II toughness versus crack length.

Figure 17: Results for specimens tested at 50 mm/minute,
750 mm/minute & 6000 mm/minute.
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(b) Average toughness versus loading rate.

Figure 18: Fracture toughness versus loading rate results.

loading rate range of 1 mm/min to 6000 mm/min.
In comparison, the values for average mode II
toughness appear to be much less dependent on
loading rate, a linear regression analysis suggests

a 7% increase in average mode II toughness.

6. Discussion and conclusions

The 4ENF test method was used to carry out
measurements of Gyi¢ of a vinyl ester GFRP ma-
terial at load displacement rates ranging from
1 mm/minute to 6000 mm/minute. Finite ele-
ment models of the 4ENF test were used to a)
find the correction coefficients that are required to

compensate for large deflection non-linearity in the

physical tests, b) to assess the importance of in-
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ertial effects at the higher loading rates and c) to
assess the influence of crack face friction on meas-
ured mode IT toughness. By applying the calcu-
lated large deflection correction coefficients to FE
analysis data, it was found that approximately 2%
linearisation accuracy could be achieved. By com-
paring inertial energy with cohesive damage energy
of the FE model that had a load displacement rate

of 6000 mm/min, it was found that the inertial ef-

fects are negligible.

It was found that crack face friction is likely to
have an important effect on the apparent mode II
toughness of the specimens tested here. However,
according to the classical laws of friction [21] the
static coefficient of friction, us, is greater than the
kinetic coefficient of friction, ux, and also uyg is in-
dependent of sliding velocity. If we consider these
two laws in conjunction with the fact that crack face
friction increases the apparent mode II toughness,
we can see that crack face friction is not causing
the rate effect on mode II toughness that has been

observed here.

The results suggest that there is a loading rate
effect on the initial G of Derakane 510A-40 vinyl
ester GFRP. It is likely that this loading rate ef-
fect on Gyic is a significant contributing factor to
the higher tensile strength of perforated double-lap
joints tested at higher rates of loading which has

been observed in previous testing [1].

The cause of the apparent drop in mode II tough-

ness as crack length increases is not known, but it is



apparent from the videos of the physical tests that
the crack tends to open under large displacements
and also that the crack tended to migrate away from
the mid-thickness of the specimen and towards the
tension face. The tendency for the crack to open
may be caused by a combination of debris within
the crack and interference between the rough crack
surfaces above and below the crack itself. The open-
ing of the crack will tend to induce mode I fracture
in addition to the intended mode II fracture. This
mixed mode fracture will modify the measured ap-
parent toughness. The crack opening is only visu-
ally apparent at larger displacements, but the tend-
ency to induce some mode I fracture may also be
occurring at smaller displacements, thus influencing
the apparent toughness.

The use of the high speed video camera and sub-
sequent DIC analysis of the specimens appeared to
provide a reliable, effective and convenient method
for measuring the crack propagation at all displace-
ment rates.

In terms of future specimen design, it would have
been beneficial to use smooth platens for both faces
of the specimens during the VARTM process in or-
der to provide a smooth surface on both the top
and bottom of the specimens. This would reduce
the effects of friction between the specimen and the

fixture rollers.
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