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Abstract

The aim of this paper was to assess the suitability of the sandwiched beam in three-point bending as a technique for determining frac-
ture toughness and R-curve behaviour of nuclear graphite using small beam specimens. Surface displacements of the cracked beam spec-
imen were measured using Electronic Speckle Pattern Interferometry (ESPI) and Image Correlation in order to accurately monitor crack
propagation and frictional contact between the test specimen and the sandwiching beams. The results confirmed that solutions based on
the simple beam theory could overestimate the fracture toughness of graphite. Finite element analysis using a Continuum Damage
Mechanics failure model indicated that both friction and shape of the notch played an important part in providing resistance to crack
growth. Inclusion of these factors and the use of more accurate load vs. crack length curves derived from the FE model would provide a
satisfactory measure of fracture toughness in small beam specimens under such a loading configuration. The particular graphite tested,
IG-110, showed a decrease in fracture toughness with increasing crack length.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Graphite is used for the construction of structural com-
ponents as well as neutron moderators in nuclear reactors.
As graphite is a brittle material, cracking of these compo-
nents can occur under the influence of thermal and
mechanical stresses, especially those in relation to the
dimensional and property changes induced by irradiation.
The potential for using fracture mechanics to assess the
structural integrity of nuclear graphite components has
therefore become increasingly important and many
attempts have been made to measure the fracture tough-
ness of graphite [1–4,6].

Strictly speaking, standard methods of fracture tough-
ness measurement only apply to homogeneous specimens
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containing a sharp crack, which in metals is typically pro-
duced by fatigue crack propagation from a machined
notch. Crack branching often occurs when attempts are
made to fatigue a sharp crack into brittle materials which
have an inhomogeneous structure. Because of this diffi-
culty, no standard fracture toughness test for brittle mate-
rials such as graphite has been established yet.

The first attempt to apply fracture mechanics principles
to the fracture of nuclear graphite was probably that due to
Corum [1]. He performed notched beam bend tests on an
extruded graphite, used for the Experimental Gas-Cooled
Reactor (EGCR), and evaluated the critical strain energy
release rates based on linear elastic fracture mechanics.
Calcined Continental-Lake Charles petroleum coke was
used for this graphite, with a coal-tar pitch as the binder.
The coke had needle-type particles, with a maximum parti-
cle size of �0.8 mm. A typical beam specimen was 305 mm
long, 31.7 mm wide and 31.7 mm deep. Notches of different
depths were placed in the specimens using a 0.24 mm thick
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jeweller’s saw. Both the compliance measurement method
and an analytical solution for the stress intensity factor
were used to calculate the mode-I critical strain energy
release rates (GIC), and the two sets of results were reported
to be in good agreement. However, there were uncertainties
in measuring the compliance due to the nonlinear stress–
strain behaviour of the graphite. GIC values of about 70
and 50 J/m2 for specimens whose axes are parallel and
transverse to the direction of extrusion, respectively, were
reported. The propagation of cracks was reported to be
predominantly inter-granular. Lower GIC values were
observed for notch length-to-beam depth ratios (a/W) less
than 0.2, for which the attributed causes included the
occurrence of slow crack growth prior to unstable crack
propagation, a sizable zone of inelastic deformation at
the notch tip or pre-existing cracks or flaws. For example,
if the shorter notches were assumed to have effective
lengths equal to one or two maximum grain sizes (equiva-
lent to the particle size) larger than the initial saw cut, the
GIC values recalculated with the adjusted lengths were
roughly constant for all notch lengths.

Rose [2] measured the fracture toughness of virgin pitch
coke graphite using curved notched beams cut from sleeves
and subjected to bending. All tests were such that the direc-
tion of stressing was perpendicular to the extrusion direc-
tion of the graphite components. The notches had a root
radius of about 0.5 mm and depth of 0.5–7.9 mm, giving
notch depth to beam depth ratios between 0.03 and 0.52.
By measuring acoustic emission, he demonstrated that
micro-cracking took place prior to the main failure, with
the quantity of micro-cracking decreasing with increasing
notch depth. A modified solution based on Linear Elastic
Fracture Mechanics (LEFM) was used to estimate KIC.
Similar to Corum [1], Rose found that consistent values
of KIC (1.2 MPa m1/2) were obtained using the analytical
method if an additional crack length of 0.6 mm was added
to the original notch depth to account for the presence of
inherent flaws. This applied also to unnotched specimens.
However, the results from the compliance method to
obtain the critical strain energy release rate showed a
decrease in the measured fracture toughness with increas-
ing notch depth.

Sakai et al. [3] used the compact tensile test with a chev-
ron notch under loading and unloading to determine non-
linear elastic–plastic fracture parameters for an isotropic
fine grain size polycrystalline graphite, IG-11, produced
by Toyo Tanso Co. Ltd., Japan. These included the nonlin-
ear critical strain energy release rate, the crack growth
resistance, the J integral and the plastic energy dissipation
rate. They found that about 38% of the total fracture
energy was consumed as plastic energy. All of the fracture
parameters decreased with increasing crack length for
crack length to specimen width ratios (a/W) between 0.6
and 0.9. For zero plastic energy dissipation, i.e. as the crack
length approaches the specimen width, the other three frac-
ture parameters converge to give a lower limit of 73 J/m2,
which equates to a fracture toughness of 0.95 MPa m1/2
for Young’s modulus of 9.8 GPa and Poisson’s ratio of
0.2.

In a separate paper [4], Sakai et al. examined the R-
curve or crack growth resistance behaviour of another
fine-grain polycrystalline graphite, IG-110, using the com-
pact tensile test, ASTM E399 [5], with different notch
depths (0.3 < a/W < 0.9). They showed that the R-curves
rose sharply at first, then reached a plateau before falling
off gradually for a/W ratios > 0.6. The initial sharp rise
of the R-curves was attributed to grain bridging of the
crack surfaces behind the primary crack tip, which had
an initial root radius less than 10 lm, much smaller than
those used in the other works mentioned. The final fall
was attributed to the diminishing of material to sustain
the micro-cracking process zone in front of the crack tip
as the latter approaches the end face of the specimen. Note
that the range of a/W values over which the R-curves fell
off was the same as that for the IG-11 graphite mentioned
above. The fracture toughness for stable crack propagation
within the plateau region for this graphite was found to be
1.2 MPa m1/2. Similar R-curve behaviour was found by
Ouagne et al. [6] for PGA and IM1-24 graphites which
are used as moderators in British Magnox and AGR
nuclear reactors, respectively.

IG-110 was also investigated by Fazluddin using
notched beams in three-point bend tests [7]. The crack
lengths were monitored using the compliance method.
Fig. 1 shows the resulting KR curve reported in [7]. As
can be seen from the figure, the KR value of IG-110 changes
very little over the range of crack lengths (0.35 <
a/W < 0.9) examined, which is in contrast to the results
reported by Sakai et al. [4] for this graphite using the com-
pact tensile test.

From the above discussion, it is clear that the fracture
toughness of graphite is �1 MPa m1/2, with KR�KIC, but
the actual value measured seems to be sensitive to the test
configuration, notch depth to specimen depth ratio, the
geometry of the notch tip as well as the method of analysis.
Similar observations on the same graphite have been made
by Burchell et al. [8] who compared data from six different
test geometries.

The sandwich beam bend test has been proposed by
Pancheri et al. [9] as a method for pre-cracking brittle spec-
imens since it is capable of producing sharp cracks with a
certain length in a controlled manner. In this method, a
rectangular beam with a saw cut of the material being
tested is put between two sandwiching steel beams; see
Fig. 2. The sandwich is then loaded in three-point bending.
As the load increases, the crack would start to extend and,
as it does so, the stiffness of the cracked beam would
decrease and loading would be shed to the two sandwiching
steel beams. The propagating crack would then slow down
and arrest unless further load is applied. The test was
applied to two different types of alumina, one with and
one without significant R-curve behaviour, i.e. increase in
fracture toughness with crack length. Using toughness data
obtained from other tests, good agreement between theory
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Fig. 1. KR curve for IG-110 from three-point bend tests [7].
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Fig. 2. Schematic of the sandwich beam bend test [8].
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and experiments was reported in terms of the loads
required to produce cracks of a certain length. Because of
its simplicity, the authors went on to suggest the possibility
of using such a test for measuring fracture toughness and
R-curve behaviour directly.

The same test was used by Sglavo et al. [10] to pre-crack
beam specimens of a wider range of brittle materials,
including graphite. However, the apparent fracture tough-
ness values based on simple beam theory were much higher
than those measured subsequently by subjecting the pre-
cracked beams, without sandwiching, to four-point bend-
ing. The authors attributed the discrepancy to friction
between the beams and the initial finite notch root radius.

Despite these shortcomings, because it allows the use of
a significantly smaller sample than the compact tension
test, the sandwich beam bend test is of interest in the mea-
surement of fracture toughness of neutron irradiated sam-
ples which are usually small and limited in numbers. The
aims of this paper were (1) to apply the sandwich beam
bend test to nuclear graphite, (2) to perform a more
detailed assessment of the accuracy of the fracture tough-
ness measured based on the stress intensity factor (SIF)
solution proposed by Pancheri et al. [9], and (3) to derive
more accurate load vs. crack length curves for fracture
toughness measurements. Electronic Speckle Pattern Inter-
ferometry (ESPI) and Image Correlation techniques were
used to measure the surface displacements of the cracked
specimen as a means of monitoring accurately crack prop-
agation. The fracture toughness of graphite thus measured
was compared with data from existing literature. The dis-
crepancy was then explained through the use of the finite
element method, in conjunction with a Continuum Dam-
age Mechanics (CDM) failure model, which examined
quantitatively the effects of some of the factors ignored in
the analytical solution provided by Pancheri et al. [9].

2. Analytical solution for the sandwiched specimen

Referring to Fig. 2, assuming that each beam deflects
with the same curvature and ignoring frictional forces
among the beams, the maximum bending moment, Mi, in
the ith beam depends on its flexural stiffness, (EI)i

Mi ¼ M tot

ðEIÞi
ðEIÞtot

; ð1Þ

where Mtot = Ptot S/4 and ðEIÞtot ¼
P

iðEIÞi, with S being
the loading span and Ptot the total load applied to the
sandwich.



Fig. 4. Illustration of the increase in crack length and strain distribution,
observed by image correlation under increasing load.
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The total load to be applied to the sandwich in order to
obtain a crack to beam depth ratio a/W in a material with
fracture toughness KIC can then be expressed as

P C ¼
BW 3=2

S
KIC

f ða=W ÞUða=W Þ ; ð2Þ

where B is the width of the specimen, W the depth and a

the crack length. The function f(a/W) was reported by
Srawley [11] for the case S = 4W as

f ðaÞ ¼ 3
ffiffiffi
a
p ½1:99� að1� aÞð2:15–3:93aþ 2:7a2Þ�

2ð1þ 2aÞð1� aÞ3=2
; ð3Þ

where a = a/W. The non-dimensional function U(a/W) is
defined as

Uða=W Þ ¼
ðEIÞsample

ðEIÞtot

¼ 1

1þ ðEIÞbeams=ðEIÞsample

; ð4Þ

where (EI)beams is the sum of the flexural stiffness of the
sandwiching steel beams, (EI)sample is the flexural stiffness
of the cracked sample and (EI)tot = (EI)beam + (EI)sample.
(EI)sample depends on the crack length, i.e. on the ratio
a/W, and it can be expressed as [9]

ðEIÞsample

ðEIÞ0sample

¼ ð1� aÞ3=2ð0:992þ 1:639a� 6:225a2

þ 7:063a3 � 3:324a4Þ; ð5Þ

where ðEIÞ0sample is the flexural stiffness evaluated at a/W =
0, i.e. with no crack.

Curves of load versus the relative crack length a/W for
different KIC values can be obtained using Eq. (2); see for
example Fig. 5.

3. Experimental work

The sandwich beam bend test was applied to the fine
grain size (20 lm) nuclear graphite IG-110 to investigate
the crack propagation behaviour of the material under
such a loading configuration. The specimen used in the
experiment is shown in Fig. 3. A rectangular graphite beam
specimen was placed between two supporting steel beams,
Fig. 3. Schematic of the specime
with the beams being able to slide freely against each other.
A V-shape notch of depth a (2 mm) and root radius r

(�0.2 mm) was machined into the graphite sample. The
use of a V-notch instead of one with vertical sides was jus-
tified by Rose who reported no difference in failure loads
between the two types of notches of the same depth and
root radius [2]. However, this would be shown to be untrue
in a sandwich configuration; see later. The dimensions of
the test configuration are B2 = 5 mm, a = 1 mm, W2 =
5 mm, S = 20 mm, W1 = W3 = 2.5 mm and B1 =
5.75 mm. This sandwich was loaded in three-point bending
as shown in Fig. 3.

As the stiffness of the steel beams was much larger than
that of the graphite sample, the displacement of the sand-
wich was controlled by the support beams and increased
very slowly with increasing applied load. Stable crack
propagation was observed. This allowed optical imaging
of the crack path and the crack tip process zone. Direct
measurement of the specimen displacements was made
using Electronic Speckle Pattern Interferometry (ESPI)
and Image Correlation [12], from which strain fields could
be calculated. Image correlation can be used to detect the
crack tip position, whereas the more sensitive technique
of ESPI, by recording a series of speckle patterns as the
sample is loaded, is capable of building up a two-dimen-
sional strain contour map of the surface. For example,
the strain distributions obtained using image correlation
as the crack propagated are shown in Fig. 4. The crack
tip position is clearly identifiable.

The loads required to achieve stable cracks of different
a/W ratios were calculated for KIC values of 2.0 MPa m1/2,
1.5 MPa m1/2, 1.0 MPa m1/2 and 0.5 MPa m1/2 using
n used in experimental work.
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Eq. (2). These were then compared with the experimental
data, as shown in Fig. 5.

According to Fig. 5, IG-110 seems to exhibit typical R-
curve behaviour with KR showing an initial increase in
value with increasing crack lengths before reaching a stable
value. There is, however, no apparent decrease in KR value
with long crack lengths. Fig. 5 indicates a fracture tough-
ness of 2.0 MPa m1/2 for a/W values above 0.3. This is
much higher than the values of 1.0–1.2 MPa m1/2 reported
in Refs. [4,7]; see also Fig. 2. Similar over estimations of
fracture toughness have been reported by Sglavo et al.
[10] who used the sandwich beam bend test to pre-crack
specimens of a range of brittle materials, including
graphite.

As pointed out by Pancheri et al. [9] and later by Sglavo
et al. [10], the analytical solution used to construct the load
versus crack extension curves contains some simplifica-
tions, which may lead to an overestimate of the crack tip
stress intensity factor and hence the fracture toughness.
First, friction at the boundaries between the steel beams
and the specimen is expected to have a significant effect
on the results of these tests. Second, the initial notch tip
is not geometrically sharp. Third, the stresses experienced
by the sandwiched specimen may be rather different from
those of a standalone beam under three-point bending.

To address the first of these issues and to provide data
on the friction coefficient for subsequent numerical analy-
sis, bigger samples (Fig. 6) of a medium-grain graphite,
Gilsocarbon, were loaded continuously, at a rate of
0.05 mm/min, until crack initiation occurred. ESPI was
6010

10

2

Fig. 6. Dimensions of the SENB specimen used to measure friction co-
efficient. All dimensions are in mm.
used to measure the displacements in the graphite and
the steel sandwiching beams with increasing load (Fig. 7).
The strain contour maps are obtained by differentiation
of the displacements, averaged within a small sampling
box of the order of 25 lm. Shear strains in the graphite
and steel close to the interface are observed. These are illus-
trated in Fig. 8, which shows the strains immediately prior
to the onset of sliding. The strains in the steel are clearly
lower than the strains in the graphite. There was no signif-
icant strain measured in the vertical direction in either steel
or graphite.

Fig. 9 shows the calculated static friction coefficient at
the interface as a function of load. Slipping was detected,
using ESPI, above a load of approximately 400 N. The fric-
tion co-efficient was estimated to be around 0.09–0.11,
which is close to the values reported in the literature [13].

To assess the effects of friction between the beams and
the discrepancy between the actual bending moment expe-
rienced by the specimen and that assumed in the analytical
solution on the estimated fracture toughness, a detailed
investigation using finite element (FE) analysis was
undertaken.

A continuum damage mechanics (CDM) failure model
for nuclear graphite has recently been developed and
implemented into the commercial FE software, ABAQUS,
in the form of interface elements [14]. In this model, both
stress-based and fracture-mechanics-based failure criteria
are used to construct a damage surface. The stiffness of
the interface element is controlled by a damage factor (x)
which is a function of the interfacial displacements. The
model can predict both the initiation and propagation of
cracks in brittle components under mechanical loading.
Fig. 10 shows schematically the creation of crack surfaces
following material damage and the corresponding trac-
tion–displacement curve applied to the interface elements.
A more detailed description of the model can be found in
Refs. [14,15].

Much work has been carried out to verify the CDM
model’s accuracy and the results have indicated that the



Fig. 7. Sandwiched SENB specimen (On the right is the region from the centre where ESPI was used to determine the static friction co-efficient (a). The
area over which the load was distributed is highlighted in red in (b)). (For interpretation of the references in colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. Measured shear strain at the boundary between the specimen and the two sandwiching beams.
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146 L. Shi et al. / Journal of Nuclear Materials 372 (2008) 141–151
model is appropriate for fracture analysis of brittle materi-
als [14–16]. In the present paper, crack propagation in the
sandwiched beam under bend test is simulated using the
CDM model and the results are used to provide more accu-
rate load vs. crack length curves for fracture toughness
measurement.



Fig. 10. (a) Interface, damage zone and fully formed crack (b) Interfacial
traction (ti)-displacement (di) curve and damage evolution curve.
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4. Finite element simulation for sandwiched specimen

with a slit

A finite element analysis with 2 D quadrilateral plane-
strain elements was first carried out for the same geometry
as that adopted in [9], i.e. with a slit in the graphite beam.
The corresponding finite element mesh is shown in Fig. 11.

Frictional contact was defined at the interfaces between
the beams, with the coefficient of friction set at the mea-
sured value of 0.1. The displacements in the vertical direc-
tion at the support points a and b were restricted, and a
prescribed displacement was applied at point c at the mid-
section. To capture the stress concentration in the vicinity
of the crack tip, the mesh around the crack path was made
much finer than that in the main region. In the present
work, the crack was assumed to propagate along a prede-
fined path AA in the middle (Fig. 11). There were dual
coincident nodes along this assumed crack path for the
introduction of interface elements to simulate the fracture
process. Models with different numbers of interface ele-
ments along the assumed crack path were analysed and
Fig. 11. FE mesh for sandw
the results were compared with each other. It was found
that 40 or more interface elements would provide a con-
verged failure load. The final model used 50 interface
elements.

In the CDM model, the properties of the graphite mate-
rial were assumed to be [17]

E ¼ 10:0 GPa; m ¼ 0:2; t1C ¼ 25 MPa; ð6Þ

where E is Young’s modulus, m is Poisson’s ratio and t1C is
the tensile strength. Further, it was assumed that the shear
strength has the same value as the tensile strength, i.e.
t1C = t2C, but since the crack propagation in this case
was mainly that of mode-I, the choice of shear strength
was expected to have a negligible effect on the results.
The critical strain energy release rate GIC is related to the
fracture toughness via

GIC ¼ K2
ICð1� m2Þ=E: ð7Þ

Different fracture toughness values can be defined by
changing the critical strain energy release rate GIC. In the
present analysis, models with KIC equal to 1.5 MPa m1/2,
1.0 MPa m1/2 and 0.5 MPa m1/2 were simulated. These
have equivalent GIC values of 216, 96 and 24 J m�2, respec-
tively. Similar to the fracture strengths, it was assumed that
the fracture toughness for mode-I and mode-II were the
same, i.e. GIC = GIIC.

The prescribed displacement (see Fig. 11) was increased
from 0 to 0.15 mm in a step-by-step manner, using about
200 increments. At every increment, the reaction force at
the loading point and the extent of damage of each inter-
face element was recorded. When the damage factor x, a
measure of the percentage of micro-cracking, reached 1.0,
the damaged interface element would be fully opened and
become part of the extending crack. The predicted crack
length was simply obtained from the total number of fully
damaged elements.

The results prior to the onset of crack propagation were
examined first to investigate the actual bending moment in
the midsection of each beam and the frictional forces
between the contact surfaces.

As can be seen from Fig. 12, the stress distribution of the
graphite specimen in the sandwich configuration (the steel
beams are not shown for clarity) is very different from that
of the standalone beam under three-point bending, which
was assumed for the theoretical calculation of the stress
iched beam with a slit.



Fig. 12. Stress (rxx) contours of graphite beams under three-point bending: (a) sandwich configuration and (b) standalone (For clarity, the steel beams in
(a) are not shown).
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intensity factor. Loading in the sandwich configuration is
more distributed; therefore, the bending moment produced
is expected to be lower than that of a standalone beam.

Under a total load of 100 N, the frictional forces on the
upper and lower contact surfaces of one half of the sand-
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theoretical analysis, the bending moment of each beam
depends on their relative flexural stiffness only. According
to Eq. (1), the bending moments of the upper steel beam,
the graphite beam and the lower steel beam are 229.5
Nmm, 41.0 Nmm and 229.5 Nmm, respectively, for a load
of 100 N. However, according to the FE analysis, the cor-
responding values are 208.8 Nmm, 26.2 Nmm and 228.5
Nmm, i.e. the analytical solution, by neglecting friction
and the more distributed nature of loading, overestimates
the bending moment for the graphite specimen by over
50%.

The above preliminary FE analysis indicates that the
simplifications made in the analytical work may have led
to an overestimate of KIC for the IG-110 graphite tested.
This justified the performance of more rigorous stress anal-
ysis using FE which could provide more accurate load vs.
crack length curves for fracture toughness measurement.

The relationships between the applied load and the
crack length for different fracture toughness values as pre-
dicted by the CDM model for the case with no friction are
shown in Fig. 14, together with the analytical solutions. As
can be seen, the FE model predicts higher load values for a
given fracture toughness than the analytical solution, a
clear indication that, when used to analyse the experimen-
tal data, the simple beam theory would overestimate the
fracture toughness, even in the absence of friction. The dif-
Fig. 15. Von-Mises stress contours and
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5. Finite element simulation for sandwiched specimen
with a V-notch

In the course of the numerical analysis, it was found that
specimens with a slit behaved differently from those with a
V-notch. The possible interaction between the cracked
beam and the lower support beam through contact and
friction could mean that a slit is more difficult to open up
than a V-notch even though they behave similarly in a free
beam, as observed by Rose [2]. This is supported by the
results in Fig. 14 which shows that maximum shear forces
occur immediately next to the slit. Therefore, to allow
direct comparison between the experimental and FE
results, the FE model was modified by replacing the slit
with a V-notch in the graphite specimen. All the material
properties and boundary conditions were the same as in
the previous simulation. The analysis was carried out with
and without friction between the graphite and steel. A typ-
ical plot showing the von Mises stress contours in the
deformed beam with an opening crack is shown in Fig. 15.

Fig. 16 compares the FE predicted behaviour without
friction with the experimental data. The results indicate a
fracture toughness of 1–1.5 MPa m1/2 for IG-110, with
crack path from the FE analysis.
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the initial rise for short crack lengths no longer apparent
and the toughness decreasing for crack lengths, a/W,
greater than 0.4. These values are still higher than those
reported elsewhere, pointing to the importance of friction
in the analysis. Note that the curves in Fig. 16 are lower
than those in Fig. 14, which were obtained for specimens
with a slit. This confirms that, unlike a standalone beam,
the shape of the notch, through its interaction with the sup-
port beam, can play an important part in providing resis-
tance to crack growth.

Fig. 17 shows the FE predictions with an interfacial fric-
tional coefficient of 0.1 between graphite and steel. The
results now provide a fracture toughness which is much
closer to existing data reported in the literature, i.e. a KR

value of 1.0 to 1.2 MPa m1/2. Again, the predicted KR val-
ues seemed to decrease as the crack approached the upper
surface, but the a/W value at which this began was now
higher at 0.5. According to Sakai et al. [4], this decrease
in fracture toughness is due to the diminishing of material
to sustain the damage process zone, which provides shield-
ing to the crack tip, as the latter approaches the end face.
The evolution of the damage process zone is schematically
described in Fig. 18.

The ratio between the damage process zone size and the
grain size is of great importance in the design of all
mechanical tests for graphite. Fig. 17 indicates that the
damage process zone size for IG-110, which has a mean
grain size of 20 lm, is approximately half the beam depth,
i.e. �2.5 mm. On the other hand, using the relevant frac-
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Fig. 18. Schematic showing evolution of the crack
ture parameters, it is estimated to be approximately
0.75 mm, or 0.15 of the beam depth. A possible explana-
tion for this discrepancy lies in the fact that only part of
the damage process zone was captured in the finite element
model, since interface elements for modelling damage and
fracture were placed along the midline of the notched beam
only. Had the damage process zone been modelled more
fully, the FE-predicted curves of KIC < 1.2 MPa m1/2

would be expected to become closer to the experimental
data (Fig. 17), with the reduction in fracture toughness tak-
ing place at a higher a/W value. This means the results
would be similar to those reported by Fazluddin [7] who
tested IG-110 using single edge-notched beams in three-
point bending and found no significant reduction in frac-
ture toughness with increasing crack length (Fig. 1).
6. Conclusions

The sandwiched beam in three-point bending has been
applied to IG-110 nuclear graphite to assess its suitability
for determining fracture toughness and R-curve behaviour
of brittle materials. This simple test configuration gave sta-
ble crack propagation, which allowed the use of optical
imaging to accurately determine the length of the extending
crack. However, finite element analysis using a continuum
damage mechanics failure model shows that solutions
based on simple beam theory would overestimate the frac-
ture toughness of materials, especially when frictional
forces among the beams are significant and need to be
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considered in the calculation. Inclusion of these forces,
which can be measured indirectly by observation of the
specimen displacements, and the use of more accurate load
vs. crack length curves derived from the FE model provides
a satisfactory measure of fracture toughness and its depen-
dence on the crack length in small beam specimens.
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