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damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.
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Abstract—In our previous experiments, the tensile net fracture stress of double-edge-notched
carbon–carbon composite (C/C) specimens has been in some cases much higher than that of smooth
specimens. To optimally utilize this phenomenon, the tensile fracture behaviour of multi-holed C/Cs
with cross-ply lamination was examined. Multi-holed specimens with different numbers of holes and
different distances between the holes were prepared and tensile fracture tests were conducted. FEM
calculations were performed in order to study the stress distributions during the tensile tests. Higher
tensile strength than that of smooth specimenswas obtained in an optimal case on the basis of averaged
net stress. The strength dependency on the specimen geometry could be explained mainly by the load
sharing effect among the ligaments.

Keywords: Carbon/ carbon composite; multi-holed specimen; stress concentration; fracture criterion.

1. INTRODUCTION

In our recent papers [1, 2], we have discussed the notch sensitive / insensitive
behaviour of carbon–carbon (C/C) composites using double-edge-notched (DEN)
specimens. In these tests, we observed anomalous fracture behaviour when the
specimen width was narrow, as shown in Fig. 1. This � gure was obtained by � xing
the ratio of the notch length, a, and the specimen width, W , to 2a=W D 0:5,
and by systematically changing W . When a is small, the net fracture stress ¾f;net

of the notched specimens was much higher than that of smooth specimens, ¾0,
as shown by the hatched region. In ordinary materials, this behaviour might be
dif� cult to understand. However, in the case of C/C composites, high strength
can be explained easily on some occasions. The ultimate tensile strain of C/C
composites (about 0.2%) is usually much lower than that of the reinforcing carbon

¤To whom correspondence should be addressed. E-mail: hatta@pub.isas.ac.jp
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108 L. Denk et al.

Figure 1. Net fracture stress of double-edge-notched (DEN) C/C composite compared with tensile
strength obtained by using smooth specimens (hatched region) and constant toughness line at 7.5
MPa m¡1=2 (solid line).

� bres (0.65–1.2%). This strain degradation of the C/C composites is believed to
be caused by the constraint of the matrix [3]. Hence, if this constraint is relaxed,
the ultimate strain of C/C composites can be recovered towards the original higher
value of the reinforcing � bres. We considered that the high strength shown in Fig. 1
was produced when the damage zones extending from both notch roots united, thus
covering the whole ligament. The damage in the C/C composite in this situation
possibly relieved the matrix constraint to the � bres.

The present study was motivated by the above observation and was carried out for
two purposes. The � rst aim was to determine the optimum arrangement of holes
in multi-holed specimens under tensile loading. The second was to discuss the
origin of this high strength behaviour in relation to the damage zone formation at
the notch tips and the weak shear strength characteristics of C/C composites. Since
the mechanical response in the damage zone near the holes seems to dictate the
notch sensitive / insensitive behavior of C/C composites, it is quite important for the
design of actual C/C structures to understand the behavior in the damage zone.

2. EXPERIMENTAL PROCEDURE

2.1. Material

The carbon– carbon composite used in the present study was produced by means of
the preformed yarn process [4], and supplied by Across Co. Ltd. It consisted of 16
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Fracture behaviour of multi-holed C/C composites 109

Figure 2. Shapes and dimensions of tensile test specimens.

layers of unidirectionally reinforced laminae arranged into a symmetrical 0± /90±

stacking sequence with a total thickness of 3 mm. The reinforcing � bres were
polyacrylonitrile (PAN)-based high modulus type TORAYCA®M40. The nominal
total volume fraction of the � ber was 0.5.

2.2. Base line data acquisitions

In order to understand the mechanical responses of the C/C and to obtain the
necessary data for stress analyses, the tensile and shear properties of the C/C
were � rst obtained. All tests were performed using a screw-driven mechanical
testing machine (Shimadzu Co. model AG-5000A) under a crosshead speed of 0.1
mm/min.

2.2.1. Tensile properties. The tensile tests were carried out using coupon and
dog-bone-shaped specimens as shown in Fig. 2. In order to determine the
optimum geometry, the gage length was varied from 20 mm to 150 mm in the
coupon (smooth) specimens, and the shoulder radius was changed in the dog-
bone specimens up to 100 mm. Strain gages were attached to both surfaces of
a specimen parallel and normal to the loading direction in order to calculate the
Young’s modulus and Poisson’s ratio.

2.2.2. Shear properties. The shear stress–strain relation was measured using the
Iosipescu type testing procedure [5]. As shown in Fig. 3, v-notches 6 mm in depth
were engraved from both sides of a specimen. Shear strain was determined based
on tensile strains measured using gages attached to both surfaces under angles of
§45± with respect to the loading axes.

2.3. Tensile fracture tests of multi-holed specimens

In previous experiments involving single-holed specimens [2], particularly high net
fracture stresses were observed when a diameter of hole was 2 mm, and ligament
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110 L. Denk et al.

Figure 3. Shape and dimensions of Iosipescu-type specimen.

Figure 4. Schematic drawing for multi-holed tensile specimen.

length was short. Thus, similar con� gurations were also examined in the present
experiments as shown in Fig. 4. The geometrical features of the specimens are
summarised in Table 1, where lh, le, and n denote the distance between adjacent
holes, the distance between the most outer hole and the free edge, and the number
of holes, respectively. Hereafter, the series of three � gures, n= lh= le, and assigned
symbols will be used to identify the specimen geometry. During drilling the holes,
the surfaces of the specimens were protected by wood layers in order to avoid
delamination. Aluminium tabs were attached on both surfaces of the specimens in
order to reduce the stress concentrations and to avoid damage caused by gripping.
The prepared specimens were then inspected by a microscope, and delaminated
specimens were rejected. Three to seven samples in each con� guration were
fractured.
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Fracture behaviour of multi-holed C/C composites 111

Table 1.
Specimen geometry

Specimens Number of Hole distance Edge distance Width Symbol
.n= lh=le/ holes n lh (mm) le W (mm)

Non-holed 0 — — 20
Single-holed 1 — 11 24 £
3=1=1 3 1 1 10 �
3=4=2 3 4 2 18 u

3=4=5 3 4 5 24 {
5=1=1 5 1 1 10 Ñ
5=2=1 5 2 1 20 s

5=2=3 5 2 3 24 n
7=1=0:5 7 1 0.5 21 f
7=1=1 7 1 1 22 e
7=1=2 7 1 2 24 E
7=1=4 7 1 4 28 F

Figure 5. Tensile test specimen used to evaluate the in� uence of shear damage on tensile strength.

2.4. Tensile fracture tests of unholed specimen after shear predamage

The shear strength of the cross-ply laminated C/C composites is extremely low
and the stress– strain relation exhibits strong non-linearity. Thus, even at a low
applied load, the shear damage may occur near the stress concentration points of
the multi-holed specimens. Accordingly, it is important to identify a damage type
as a function of shear stress, especially whether � bre damage accompanies it or not.
In order to clarify the initiation point of � bre damage in the shear tests, various loads
of shear were preloaded on specimens that were then fractured under tension.

The experimental procedure was as follows. In a calibration step, seven Iosipescu
specimens were fractured under shear and the peak shear stress was measured. The
results were averaged, and the remaining shear experiments were stopped at up to
200% of the strain at peak stress. In this process, Iosipescu specimens of 120 mm
in length were used. The residual tensile strength of all shear-preloaded specimens
was then measured. Before the tensile tests, specimens were formed into the shape
shown in Fig. 5. This changing con� guration was made in order to minimize the
effect of stress concentration by the sharp notch of the Iosipescu specimen.
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112 L. Denk et al.

3. FINITE ELEMENT ANALYSES

Finite element calculations of the stress distributions during the tensile tests of the
multi-holed specimens were carried out using ABAQUS® with two-dimensional
anisotropic models assuming plane stress. The models consisted of between
1200 and 5600 8-node-point isoparametric elements. Tensile and shear stress
distributions near the hole tip regions in linear elastic cases were determined using
the orthotropic material constants;

Exx D Eyy D 96:465 GPa; ºxy D 0:026; Gxy D 5:4 Gpa; (1)

where E, º, and G denote the Young’s modulus, Poisson’s ratio, and shear modulus,
respectively. The material constants were obtained from the above mentioned
experiments, and Gxy was determined based on the initial slope of the shear
stress– strain curve.

In order to evaluate the in� uence of the extremely low strength and strongly
non-linear shear behaviour on the fracture of multi-holed specimens, a non-
linear stress –strain analysis was conducted as well. The details of the non-linear
calculation procedure will be discussed with the results of shear property tests.

4. RESULTS

4.1. Experimental results

4.1.1. Tensile behaviour. Tensile strength was compared with tensile fracture
stresses in multi-holed specimens. Owing to the importance of tensile strength,
the in� uence of specimen geometry on tensile fracture stress was � rst studied.
The tensile fracture stresses obtained using ‘dog bone’ specimens with a changing
shoulder radius, R, and smooth specimens with a changing gage length, l, were
compared in Fig. 6. It was concluded from this � gure that the tensile fracture
stresses obtained using the various specimens were almost identical. Thus, the
effects of the gripping and stress concentration from the curvature of the shoulder
are negligibly small. The fracture stresses of all the specimens ranged from152 and
206 MPa with an average fracture stress of 186 MPa. This geometry insensitivity
in tensile fracture might be caused by the same mechanism as that in the multi-
holed specimens discussed below. In spite of the notch insensitivity, all the tensile
stress– strain curves were almost linear up to fracture. This tendency is a well known
characteristic of C/C composites [2, 6] and differs greatly from that of ceramics
matrix composites [7, 8].

4.1.2. Shear test results. C/C composites exhibit a strong non-linear
stress– strain curve in shear [7, 9, 10] as typically shown by the solid curve in Fig. 7.
Right after the peak shear stress, ¿max, the strain increased rapidly and signi� cantly
for a short time, as shown in the lower � gure of Fig. 8, where the horizontal axis is
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Fracture behaviour of multi-holed C/C composites 113

Figure 6. Tensile fracture stress as a function of shoulder angle for dog-bone specimens and gage
length for smooth specimens.

Figure 7. Measured and estimated shear stress-straincurve, simulated Young’s modulus as a function
of shear strain, and experimentally obtained tensile fracture stress as a function of shear pre-loading.

shear pre-loading time, t . Thus, severe damage was presumed at this point. In order
to identify the � ber fracture stress, shear stress was � rst preloaded on specimens,
and the ultimate tensile stress was then measured. The results are depicted in the
upper half of Fig. 8, where residual tensile fracture stress (RTS) is plotted against t .
As this � gure clearly shows, the RTS of shear-preloaded specimen up to ¿max, was
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114 L. Denk et al.

Figure 8. Residual tensile strength (RTS) of C/C after shear damage.

found to be signi� cantly above the RTS of not shear-preloaded specimens as shown
by the dotted line in this � gure. This result suggests that:

(1) The non-linear shear stress–strain behaviour prior to peak load is not related to
� bre failure.

(2) Shear damage eventually produces a higher ultimate tensile strength.

(3) The peak shear stress might coincide with the beginning of � bre failure.

In the � nite element calculations, the shear stress–strain curve was modelled by
equation (2).

¿xy D 5:4°xy ¡ 2:3° 2
xy ; (2)

where ¿xy (GPa) and °xy (%) represent the shear stress and the shear strain,
respectively. The relation between the � tting curve and the actual measured
stress– strain data is given in Fig. 7.

On the other hand, even with the shear damage, the tensile stress– strain relation
in FEM calculations was assumed to be linear unless shear stress exceeded ¿max.
However, once it surpassed ¿max, the Young’s modulus was reduced to one-tenth
to simulate the � bre fracture by shear. This reduction rate of Young’s modulus
was based on the ratio of the average residual strength just after ¿max and strength
determined by smooth specimens. In the non-linear � nite element calculations, the
tensile load was increased in 20 steps and the shear modulus Gxy changed depending
on the local shear strain of the previous step.
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Fracture behaviour of multi-holed C/C composites 115

Figure 9. Tensile net fracture stress ¾f;net of multi-holed specimens.

4.1.3. Tensile test results of multi-holed specimen. The tensile fracture test
results of the multi-holed specimens are shown in Fig. 9 in terms of net fracture
stresses ¾f;net D Ff=Anet, with Ff and Anet denoting the fracture load and the net
sectional area, respectively. The data is arranged as a function of lh= le. As shown in
Fig. 9, ¾f;net reached a maximum at lh= le D 1 and at this point signi� cantly exceeded
the strength of the smooth specimens (186 MPa). Hence, the optimum arrangement
is located in this area. It follows from this � gure that ¾f;net approximately depends
only on the ratio lh=le, which implies that ¾f;net is insensitive to the hole number n

and to the individual ligament length, lh, or le.

4.2. Average tensile stress in the multiholed body

Prior to discussion of the stress distribution in a multiholed body, let us focus
on the average stresses in each ligament. It has already been reported that the
linear fracture mechanics approach is effective for the discussion of the fracture
propagation of C/C used in the present study [1, 2]. This suggests that stress
distributions around sharp notches in the C/Cs deviate from those of linear elastic
responses only in the vicinity of the notches. Thus, the average stresses were
discussed on the basis of orthotropic elastic constants.

For simplicity, let us introduce a model separating the whole specimen (multi-
holed body) into single-holed bodies, as shown in Fig. 10. In this model, the edge-
sub-elements are modelled by a single-holed body with free boundaries on the one
side. In contrast, the center-sub-elements are at � rst modelled by the in� nite body.
The in� nite body is then reduced into single-holed bodies with straight boundaries
on the sides [11]. To these reduced models, the same gross average stress, ¾gr;ave,
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116 L. Denk et al.

Figure 10. Single-holed bodies used for approximation of stress distributions in a full multi-holed
body (actual specimen).

was applied, but the net average stresses, ¾net;aves, depend on the ratio of ligament
length, wnet, and the gross width, w, of the individual sub-elements.

The ¾net;ave in the centre and edge ligaments normalized with the ¾gr;ave are
compared between the full multi-holed and the separated bodies in Fig. 11. It is
noted in this � gure that the averaged net stresses in both � gures are nearly the same.
The errors in terms of the average stress were below 5% except for the � lled square,
7=1=0:5. Excluding this kind of narrow edge ligament con� guration, this hypothesis
is quite effective.

In Fig. 12, the stress distributions in the edge and centre portions of the 3=4=2
and 7=1=4 con� gurations are compared. In this � gure, the large dotted and
open symbols describe the stress distribution of the complete multi-holed body
and of the single-holed approximation, respectively. The distributions are nearly
identical. Although the above calculations were made under the assumption of
linear elastic response, above results suggest that the model using the separated
bodies is effective.
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Fracture behaviour of multi-holed C/C composites 117

Figure 11. Average stress levels in the centre and edge ligaments as a function of the ratio lh=le for
multi-holed specimens (a) and approximated single-holedbodies (b).

4.3. Effect of non-linear shear stress –strain behaviour

Several models have been considered to explain the notch/hole-insensitive behav-
iour of C/C composites [7, 12–16] among which shear damage-induced stress re-
laxation [13–15] is one of the most widely discussed. For this case, shear damage
propagating parallel to the loading direction was expected to signi� cantly reduce
the tensile stress concentrations at notches or holes. The shear damage should be
related to the non-linearity of the shear stress–strain curve. Thus, the simulation
was carried out using the separated-single-holed model and taking the non-linear
stress– strain relation into account. A typical result of the non-linear simulation is
illustrated in Fig. 13 for the geometries 3=4=2. The vertical axes in Fig. 13 represent
the maximum stress at the outer hole-edge and its stress concentration factor a, de-
� ned by maximum stress /net average stress, ¾net;ave, as a function of ¾net;ave. In this
� gure, the tensile stress at the hole-edge increases linearly up to 400 MPa until shear

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

03
 1

7 
Fe

br
ua

ry
 2

01
3 



118 L. Denk et al.

Figure 12. Comparison of tensile stress distributions in multi-holed specimens 7=1=0:5 and 7=1=4
and those in approximated single-holed bodies.

Figure 13. Effect of damage on the stress concentration at the hole tip for the specimen 3=4=2.

damage reduces the stress concentration at the hole. However, the stress relaxation
remains too small to explain its fracture in terms of the maximum stress criterion,
about twice higher tensile stress than the strength of the present material.

Next, the average net stress ¾net;ave, of the whole multi-holed 3=4=5 body are
compared with those of separated single models of the centre and edge ligaments in
Fig. 14. In this � gure, in spite of non-linear shear behaviour, the average stresses
in the centre and edge ligaments increase almost linearly under the applied load.
Thus, it can be concluded that though the shear non-linearity changes the stress
concentration at the hole, the average stresses in the individual ligaments is almost
identical to those of the linear elastic solution.
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Fracture behaviour of multi-holed C/C composites 119

Figure 14. Effect of non-linear shear strain on the average stress in the individual ligament for the
specimen 3=4=5.

4.4. Prediction of fracture behaviour

To the authors’ knowledge, there are presently no established fracture criteria for
brittle matrix composites in regard to rather ‘mild’ stress concentrations, as for
example specimens with holes. Several techniques have been proposed in the
past. Among them, three criteria were frequently examined, namely, the linear-
elastic fracture mechanics [16], the point stress criterion [2, 17], and the net stress
criterion [17]. In the point stress criterion, two parameters, the strength of a smooth
specimen, ¾0, and a characteristic distance, d0, are introduced. Fracture in this
criterion is assumed to occur when the stress reaches ¾0 at a distance d0 from the
hole edge. For some ceramic materials, d0 was shown to be constant [17] and
thus this criterion is effective. On the other hand, Kiuchi et al. [18] showed for
some ceramic matrix composites that the fracture of a notched specimen is simply
determined by a constant net sectional stress. We at � rst examined the applicability
of the point stress criterion, and d0s for multi-holed specimens are plotted in Fig. 15.
It can be seen in Fig. 15, the scattering in d0 is in all cases so large that this criterion
is unsuitable in the present case. Then, approach involving the fracture criteria of
the critical stress intensity factor KIc assuming that the hole was replaced by a centre
crack with its length equal to the diameter of the holes [16]. This criterion was also
con� rmed to be unsuitable in the present case. Besides these criteria, maximum
stress criterion was examined. This criterion was applied to the highest stress
concentration ligaments. However, this criterion was found to be not appropriate.

As shown in Fig. 13, the effect of nonlinear shear deformation at the stress
concentration points is not so slight that the average stress criterion becomes another
possible candidate. Thus, the ligament of a multi-holed body with the highest net
average stress was at � rst identi� ed. The average stress at fracture, ¾net-fr, was then
calculated. The results are shown in Fig. 16 as a function of lh= le. In this � gure, the
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120 L. Denk et al.

Figure 15. Characteristic distance d0 of multiholed specimens.

Figure 16. Highest average fracture stress over the ligament ¾nf for various multi-holed specimens.

data points gather closely around 225 MPa well above the ultimate tensile strength
of smooth specimen, though slightly lower values are resulted for cases of short le.
Thus, the average fracture stress in the ligament ¾net-fr can be successfully used
to predict the failure of this type of multi-holed C/C specimen. However, new
mechanisms must be introduced to explain the net fracture stress higher than the
strength of the material.

5. DISCUSSION

The averaged net fracture stress in the highest stress ligament was in the magnitude
of 215 MPa to 260 MPa as shown in Fig. 16. In addition, stress is distributed in
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Fracture behaviour of multi-holed C/C composites 121

ligaments, and stresses at the hole tips might reach around 400–450 MPa by stress
concentration at the hole tips, as shown in Fig. 13. Thus, we must look for a strength
enhancing mechanism or other source of stress relaxation which can provide load
sustaining capability for such high stresses.

5.1. Strength enhancement

Recently, low interfacial strength was reported to induce high tensile fracture stress
and high ultimate elongation in C/C composites [6, 19]. In addition, Fig. 8 showed
that when the shear damage is slight, the specimens in the experiment yielded about
1.5 times higher tensile fracture stress than that of a specimen without shear damage.
Thus, the strength enhancement in Fig. 16 was speculated to be caused by damage
to the interface between the � ber and matrix. However, in the present multi-holed
cases, shear cannot provide such damage, since, at the most critical region of the
hole tip, shear stress must vanish becase of the symmetrical stress distribution with
respect to geometrical symmetric lines. Accordingly, other mechanisms than shear
damage should be considered. Cook and Gordon [20] demonstrated that a tensile
stress normal to loading direction appears just in front of a crack tip, and this stress
causes � bre–matrix debonding if the interfacial strength is low. By this stress,
the � bres can be released from the constraint of the matrix as in the case of shear
damage. Thus, we can expect that higher loads can be carried in the vicinity of the
notch tip of C/C composites.

5.2. Stress relaxation

The described strength enhancing mechanism explained the 1.5 times high tensile
stress at the hole-tip. This contribution is not suf� cient to explain the high tensile
stress at the hole-tips. As a source other than the interfacial damage, stress
relaxation by the Cook and Gordon mechanism [20] should be considered. By this
mechanism, splitting parallel to the loading direction is expected. The initial splits
followed by shear damage can possibly facilitate further relaxation of the stress
concentrations.

6. CONCLUDING REMARKS

The examined multi-holed C/C composite specimens showed a signi� cant depen-
dency of the net fracture stress ¾net on the two parameters lh and le. The highest
net fracture stress could be obtained for an intermediate value lh=le D 1. For this
con� guration, the maximum net fracture stresses above the fracture stress of smooth
specimens were observed. Traditional mechanisms explain only stress relaxation at
hole-tip but fail to explain a fracture stress higher than that of the smooth speci-
men. Recent results show that the C/C composite strength drastically increases if
the � bre–matrix interface strength is low. This mechanism is believed to contribute
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to the high strength behaviour in the region near the hole observed in the present
study.
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