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Abstract
An experimental approach of 5-harness satin woven silicon carbide modi�cation carbon/carbon
composites arranged in various geometrical con�guration is presented in this paper. Seven types of
samples divided into three groups were tested under pin-loading to examine the effects of width-to-hole
diameter ratio (W/D), edge distance -to- hole diameter ratio (E/D) and hole diameter-to- thickness ratio
(D/t) on the failure mode. To further enhance the understanding of failure propagation, damage
mechanism was observed and assessed combining acoustic emission monitoring. From the
experimental results and observations, it follows that the net tension and shearing out failure respectively
switch to the bearing failure with the increasing ratio of W/D and E/D, while D/t hardly affect the failure
mode. Major features of damage mechanism include matrix cracking, �ber buckling and pulling-out,
interface debonding, delamination and �ber fracture corresponding to different acoustic emission signal
ranges.

1. Introduction
With the development of current technology and productivity, composite materials are widely employed
and gradually becoming a critical composing for structures in the aerospace �eld [1,2]. Most structures
consist of assembly of individual components, and mechanical bolted joints are required to transfer
loads between lots of parts to meet engineering applications. However, composites mechanical bolted
joints are generally regarded as a source of weakness on account of brittleness, anisotropy and stress
concentration attributed to drilling and bolting. Therefore, the failure analysis of composites joints has
been experimentally and numerically performed [3-5]. Double-lap bolted joints eliminating the effect of
load eccentricity can visually present failure modes, namely, net tension, shearing out, cleavage, and
bearing. These failure modes refer to �ber bundle orientation, material properties, geometries, etc. Among
these affecting factors, the �ber bundle orientation and material properties principally depend upon
preparation process of materials, while the geometric dimension has larger designability.

Scholars have investigated the in�uence of geometry on strength of composite mechanical fastened
joints. In early research, Collings [6] found the conversion from net tension failure to bearing failure is
mainly in�uenced by the width-to- hole diameter ratio W/D and shearing out failure to bearing failure by
the edge distance -to- hole diameter ratio E/D. Chang et al. [7] have developed a computer code which can
be applied to joints involving �ber-reinforced laminates with different ply orientations, different material
properties, and different con�gurations including hole sizes, hole positions and thickness. Aktas et al. [8]
have investigated bearing strength and failure modes of a mechanically fastened carbon-epoxy
composite plate of arbitrary orientation by experimental and numerical method. They found that full
bearing strength is developed when E/ D and W/ D ratios are equal to or greater than 4, and the failure
mode was shearing out when the above parameters were less than 4. Okutan [9] determined the failure of
mechanically fastened E/glass–epoxy laminated composite joints. The results manifested that the
failure mode change to bearing for [0/90/0]s and [90/0/90]s laminate with W/D and E/D became higher.
Furthermore, for the [0/90/0]s laminate, failure mode is bearing when the E/D is larger than 3, and is
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shear-out that is a weak type of failure for the small value of 3. A similar result was obtained for the
critical W/D ratio. To the [90/0/90]s laminate, it was found that the critical E/D ratio was 4 for W/D = 2
and 3 and the critical E/D ratio was about 2 for W/D = 3 and 4.

In consideration of stability of composite materials damage process, bearing is caused by local
compression and generally regarded as a progressive and preferable failure mode, while net tension,
shear-out or cleavage are transient and catastrophic ones which should be averted as far as possible in
connection structure design. Accordingly, relevant research concerned with bearing behavior of pin-loaded
composites has been conducted. Camanho [10] et al. showed that bearing failure occurs by the process
of local damage accumulation acting on the contact surface of the hole, where the damage mechanisms
are �ber fracture and micro-buckling, matrix cracks, delamination at the loaded hole. Xiao [11] stated that
bearing initial damage is triggered by kink-bands and delamination in 0° plies. Eriksson [12] reported that
several important parameters including ply orientations and lateral constraint conditions have a marked
effect on the bearing strength.

Compared to unidirectional composite laminates, less attention was paid to woven composites. Okutan
[13] et al. examined the in�uence of W/D and E/D on the bearing strength of woven-glass-�ber reinforced
epoxy laminated composites. The experimental results showed that the ultimate load capacity of the
laminates with pin connections was increased by increasing W and E. However, increasing the E/D ratio
beyond 2 and increasing the W/D ratio beyond 3 have an insigni�cant effect on the ultimate load
capability of the connection. Karakuzu [14] et al. performed a study to deal with the bearing strength in
woven laminated glass–vinylester composites and concluded that when W/D and E/D are increased, the
bearing strength reaches higher values.

However, most previous research was limited to connecting structures of �ber reinforced composites
including unidirectional laminated composites [6-12] and plain woven laminated composites [13,14].
Thereinto, unidirectional composites show excellent performance in a certain direction but weakness in
others. In spite of stacking in different directions, delamination is apt to occur in the formed composites.
For plain woven laminated composites, many interlacing points of warp and weft yarns lead to bending
of �ber bundles, weakening excessively the material performance. Satin woven composites, especially
the 5-harness satin (5HS) woven composites, are widespreadly applied in industry due to better
resistance to impact and manufacturing �exibility compared to unidirectional composites. The warp and
weft yarns are woven together with a certain regularity in 5HS. Since the �oat of yarns is longer and the
interlacing points are fewer compared to plain woven architecture, the 5HS framework can still maintain a
certain degree of �ber bundle straightness at the same time. On the other hand, reports of mechanical
bolted joints almost referred to the materials with poor temperature tolerance (generally below 200℃),
and rarely concerned with high-temperature-resistant materials. Carbon/carbon (C/C) composites are all-
carbon materials with carbon �ber woven fabric as the reinforcement and resin carbon, asphalt carbon, or
deposited carbon as matrix [15,16]. It is one of the few materials that can maintain high mechanical
performance above 2000℃. Due to low density, low thermal expansion coe�cient, high speci�c strength,
high speci�c stiffness and excellent ablation and thermal shock resistance, C/C composites are key
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thermal structural materials for aircraft design [17-19]. Whereas, the high temperature resistance of C/C
composites is obtained mainly in a nonoxidizing atmosphere and materials oxidation begins at
approximately 400℃ in the air, which results in a sharp attenuation of mechanical properties, limiting its
in-depth application as temperature structural components. Silicon carbide matrix modi�cation
carbon/carbon composites (C/C-SiC) combining the excellent mechanical properties of carbon �ber and
the high temperature properties of silicon carbide are being considered as one of the primary materials of
launch vehicles. Hence, this paper presents an experimental investigation on the failure of 5HS woven
C/C-SiC composites under pin-loading, which is the representative loaded mode in mechanical bolt joints,
and focuses on achieving the following research objectives:

1. Provide the basic mechanical performance data of satin woven C/C-SiC composites including
ultimate load, stiffness, for joints design and strength prediction, and evaluate the switching process
of failure modes depending on the width-to-diameter ratio W/D, edge distance -to-diameter ratio E/D,
diameter-to-thickness ratio t/D.

2. Combining acoustic emission (AE) monitoring, reveal the damage mechanisms by means of
comparing the damage morphologies of several typical failure modes, and initially set up the
matchup between AE signals of different levels and damage mechanisms.

2. Materials And Methods
The material preparation included forming of the carbon �ber woven preform, chemical vapor deposition
(CVD) with pyrolytic carbon and silicon carbide matrix followed by densi�cation cycles, and
graphitization leading to C/C-SiC composites as show in Fig. 1(a). The preform architecture consisted of
stacking 16 layers of 5HS woven �bers together. The �ber volume fraction of the �nished composites
was approximately 46%, and the resulting fabric micro-texture is shown in Fig. 1(b). In order to avoid the
density inhomogeneity caused by traditional isothermal CVD process, the thermal gradient CVD was used
in this research, which generated a temperature difference in the furnace forcing the deposited carbon to
move through the preform.

width W, and a circular hole of diameter D, which was placed centrally with respect to the width and at an
end distance E from the free edge, as shown in Fig. 2. All test pieces were machined by wire-electrode
from a large plate with aforesaid material system. To consider in�uences of the geometric, the
dimensions of plates designed respectively corresponded to three groups of experiments: variation of
W/D, E/D and D/t. The �rst group was composed of varying W/D, while remaining E/D, D/t the same. The
second group was composed of varying E/D, while remaining E/D, D/t the same. The third group was
composed of varying D/t, while remaining W/D, E/D the same. Four samples were tested for each type
with a geometric con�guration and the seven types of samples as shown in Fig. 3, which were divided
into three groups are detailed in Table 1. Before the tests, all samples were subjected to ultrasonic C-scan
detection, which indicated specimens used no internal defects ascribed to the manufacturing. Compared
to single-lap setup, double-lap setup in accordance with procedure A of ASTM Standard D5961 [20] was
adopted to exclude secondary bending, as depicted in Fig. 2. The lower edge of the specimen was
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clamped, and loading was applied on the pin in the warp bundles of the composites plate and
symmetrical with respect to the centerline. In order to avoid compression damage, aluminum
strengthening plate was pasted on the clamping area of test pieces. The high-strength steel alloy setup
was much stiffer than the composites so that the deformation of the pin could be ignored. Experiment
was performed in tension mode on a Zwick/Roell testing machine with 50 kN of maximum load capacity
under displacement controlled at a rate of 0.1 mm/min to allow the time possible for observation of
damage. Acoustic emission (AE) detection apparatus (Physical Acoustics Corporation PCI-2) was
employed to monitor the local damage evolution and failure process of composites. The test set-up is
shown in Fig. 4. To remove machine and ambient noises, the threshold for the AE was set to 45 dB.
Corresponding cross-head load-displacement and AE events data were automatically recorded.

Table 1 Geometrical dimensions of test pieces.

Group number Type

number

W/D E/D D/t Count

Group 1 Type A 2 3.5 1.2 4

Type B 3.5

Type C 5

Group 2 Type D 5 1.5 1.2

Type E 2.5

Type C 3.5

Group 3 Type C 5 3.5 1.2

Type F 1.6

Type G 2

3. Results And Discussion
3.1 Failure modes and global behavior

Detailed information of the failure patterns and typical load–displacement responses of three groups of
specimens with different W/D, E/D and D/t obtained from experiments is illustrated in Fig. 5. For Group 1,
distinct fracture surface roughly perpendicular to the loading direction can be observed for type A with the
W/D of 2. Moreover, a hardly visible hole bearing deformation accompanying with �at surface around the
hole illustrates almost no bearing failure occurred. Besides, no cracking is seen on the end face of the
plate, which excludes shearing out and cleavage failure. Thus, net tension failure is diagnosed for type A.
In respect of type B, except for the fracture surface along the width direction of the plate, an ovality
resulting from a larger hole deformation and a small amount of matrix fragments and fractured �bers
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near the edge of the hole are able to be observed, which indicates a combination of net tension and slight
bearing failure occurred. As regards type C, massively local destructions adjacent to the hole and a
serious hole deformation induced by bearing can be obviously observed. The local damage includes
matrix crushing, transverse �bers bending, longitudinal �bers micro-buckling and a piece of material out-
of-plane bulging. In addition, a fracture surface approximately along the center line of the plate and
starting from the end face and extending into the plate can be found. It follows that remarkable bearing
resulting in secondary cleavage is the �nal failure mode. For Group 2, representative shearing out failure
mode characterized by evident two fracture surfaces roughly parallel the loading direction, materials
pushed-out from the end face and a small deformation can be observed in type D. When E/D increases to
2.5 for type E, compared to type D, a smaller hole deformation occurred and a cleavage rather than
shearing surface almost from the end face to the hole edge is apparent, which derives that cleavage led
to the �nal failure. With the E/D increases to 3.5, the largest hole deformation and most severe local
damage appeared for type C and, consequently, as mentioned above, full enough bearing failure
happened. As to Group 3, hole deformations in the same extent and similar bearing failure modes leading
to secondary cleavage can be found, which reveals D/t has little effect on the failure mode.

The load–displacement response of type A present a simple linear elastic shape signifying almost no
damage occurred until the ultimate load. Then the load-bearing capacity dropped sharply, which
manifests typical brittle failure characteristics. Except for type A, the curves for other types can be
seemed as a three-phase variation as depicted on the curves of type C. Phase I: After initial contact
leading to assembly clearance elimination accompanied by a short nonlinear form, the curves of all
specimens are nearly linear until a knee point and no damage occurred. Similar stiffness can be obtained
at this stage for all specimens since it was primarily dominated by the elastic hole deformation and
dependent on the local bearing between the pin and hole contact surface, while hardly in�uenced by the
geometry. Phase II: Stiffness decrease was followed with the plastic deformation of hole and composites
initial damage occurred at the knee point where stiffness changed abruptly. In most samples, before
stiffness and load recovery, evident load decline forming the �rst peak can be observed. Compared to the
�rst phase, the curves ascend at a smaller slope accompanied with intermittent �uctuations indicating
material damage occurring. It can be found that, with the increasing of W/D, E/D and D/t, the magnitude
of the slope �uctuations augmented. This change can be mainly explained by that the single net tension,
shearing out or cleavage failure mode show a stable load rising for type A, type D or type E, whereas
bearing or multiple failure modes exhibit labile load variation for larger geometries. Phase III: The load
gradually increased up to peak then suddenly drop, which reveals the joints lost the load carrying
capability. It is can be seen respectively from the three groups of test results that the larger the geometry
is, the larger ultimate load and longer the second phase can be obtained. For group 3, similar bearing
failure modes and global shapes of the curves can be found, which reveals D/t has little effect on the
failure mode. However, it is worth noting that, as the increase of D/t, the slope of curves in phase II and
critical load rose obviously. This is mainly ascribed to the fact: the damaged material corresponding to
the same degree of hole deformation increased. Furthermore, after the bearing initial failure, stiffness
recovery observed is also related to the out-of-plane expansion of the damaged materials near the pin.
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With the increase of D/t, more damaged materials quickly �lled the gap between the composite plate and
the �xture plates, which is known to lead to signi�cant increase in bearing strength for laminates [21].

3.2 Damage mechanism

There are, in general, four basic joint failure patterns involving net-tension, shearing out, cleavage, and
bearing referred to the composites in this research, although, sometimes combinations of these patterns
occurred. The damage behavior in failure of pin-loaded satin woven C/C-SiC composites is complicated,
particularly in the bearing failure including multiple damage mechanisms. Thus, further exploration of the
occurrence and growth of the failure is obbligato to the damage tolerance evaluation of composite
structures. To examine the accumulation and evolution of internal damage in detail during the
experiments, microscopic images and AE signals including three features: amplitude, counting and
energy of events were applied. The following discussion concentrates on the damage mechanism of
representative failure modes in type A, C, D and E.

3.2.1 Net tension failure

Evolution of the amplitude, normalized cumulated counts and normalized cumulated energy of AE events
for the type A together with the load-displacement curve and fractographic images were shown in Fig. 6
(a). In the beginning, besides noise seemed to be the in�uence of friction between the contact surfaces,
AE signals are small, corresponding to an approximately linear elastic deformation with the stable
mechanical performance of materials until the ultimate load. Accompanied by simple shapes of curves
and small hole deformation, almost no damage near the hole and a �at and smooth hole edge can be
observed for this type as shown in Fig. 6 (b). At the point of peak load, the energy and the counting
increase dramatically, revealing serious damage including the most remarkable longitudinal �ber fracture
with the amplitude close to 100dB, �ber/matrix interface debonding with the amplitude of 60-70dB, �ber
pulling-out with the amplitude of 70-80dB and matrix cracking with the amplitude below 60dB, which
resulting in the net tension failure.

3.2.2 Shearing out failure

As to type D, after the linear phase, the �rst sharp rising in the AE signal records at the knee point of the
load-displacement curve reveals the distinct loss of stiffness and initial damage. Due to the small value
of E/D, the stiffness transition is mainly attributed to the large number of matrix shearing cracking of 45-
60 dB and weft yarn bending and debonding of 60-80 dB from hole edge to end surface along the shear-
out planes, other than local bearing failure of hole edge. This can be also characterized the small hole
deformation and relatively �at hole edge as shown in Fig. 7. Subsequently, the previously smooth load-
displacement curve is replaced by an obvious but short �uctuation indicating more and more damage
occurring, and the energy and event counting increase continuously but with the low amplitude. This is
explained as: before the transverse �bers fracture, the main damage of this �uctuation phase is a large
number �ber/matrix debonding and weft yarn bending with amplitude of below 80dB. When reaching the
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ultimate load, drop of load is dominated by transverse �ber fracture with high amplitude beyond 80dB,
accompanied by further interface debonding and �ber bending.

3.2.3 Cleavage failure

For type E, the �at and smooth hole edge can be found, which is similar to type D, but the sudden
dramatic rising of AE signals corresponding to the initial damage reveals a gentle falling of stiffness. The
subsequent �uctuation phase is longer than that of type D and the energy and event counting increase at
a roughly uniform speed. This difference can be interpreted by the fact that, under the pressure of the pin,
bending deformation occurred on the part of the composite plate from hole edge of to end face as shown
in Fig. 8. According to the beam bending theory, the maximum tensile stress appeared at the center of the
end face and the maximum compressive stress at the hole edge, leading to the weft yarn tension fracture
and bulking to compression fracture. Additionally, the bending is featured by a progressive damage
process along the center line of the plate with �ber fracture beyond 80dB and mass of matrix cracking
below 60dB, corresponding to the gradual accumulation of the energy and event counting, until the
cleavage failure is completed.

3.2.4 Full bearing failure

The net tension, shearing out and cleavage refer to situation wherein the load carrying capacity of the
joints lost within a short time, while the bearing is widely deemed to be a desirable failure mode since the
capacity to transfer load can be maintained longer. The progressive bearing failure can show a warning
which signi�cantly improves structure safety, and is recommended by designers. Compared with net
tension, shearing out and cleavage, bearing behavior is relatively complicated and characterized by
multiple failure mechanisms. For bearing failure, as shown in Fig. 9, low AE data values have been
recorded in early phase during the experiment. Subsequently, the signi�cant rising in AE signal records
reveals the �rst loss of linearity and the energy and event counting increase with undulation but at a
relatively stable rate, indicating multiple progressive damage occurring. For examining the features of
bearing damage better, micrograph images were taken in corresponding failure morphology of different
views including hole edge, pin contact surface and middle cut plane as shown in Fig. 10 – Fig. 12 (the
white dotted line is the center line of the bolt in Fig. 10 and the green represents the pin in Fig. 12 during
the experiments), and the load levels of type C were divided into about 75%, 85% and 100% of the
maximum load. Bearing damage initiatively occurred at the hole edge and then propagated unstably in
the plate. Due to the brittleness matrix of C/C-SiC composites, partial damaged material was crushed to
fragments and fell off. In Fig. 10 (a), The �rst observation obtained is very localized damage at the
contact surface in front of the loaded hole boundary resulting from micro-damage mainly including warp
and weft yarns micro-buckling and splitting, matrix crushed and slight �ber/matrix interface debonding at
the level of 75%. Thus, high-amplitude AE signals about 80 dB corresponding to the yarns splitting are
mixed with middle-amplitude ones of 60-80 dB representing the yarns buckling and interface damage and
low-amplitude ones of 45-60 dB showing the matrix damage. Thereinto the �ber bundles buckling and
splitting close to the hole primarily accounted for the initial damage at the knee point of load–
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displacement curve. It is can be also noticed that partial damaged materials near the hole edge were
pushed outwards to form bulge as illustrated in Fig. 11 (a). When the load increased to 85% of the
maximum load, the damage region developed more extensively in front of the hole boundary and hole
deformation augmented, but still extended over a limited area in front of the hole edge, which is visibly
found from the middle cut plane view in Fig. 12 (b). Except for the further weft yarns bending to fracture
and warp yarns crushed breakage, the �ber/matrix interface debonding became serious, propagating
transversely and longitudinally and leading to delamination on the layers outside. Therefore, the counts
of middle-amplitude signals of 60-80 dB indicating �ber/matrix and delamination increased. At the level
of the maximum load, yarns failure and delamination aggravated and damaged yarns arrangement
became disorganized. Particularly, the delamination occurred inside of the plate as shown in Fig. 12 (c).
In research [11] on bearing failure of laminate, the aggravation of �ber buckling and through-thickness
shearing action generated angular shear cracks and large-scale delamination through the thickness of
the specimen at this level. However, for the composites in this research, �ber damage was more local and
the delamination occurred gradually from outside to inside along the thickness of the plate. Actually, weft
yarns and warp yarns were forced to break by a combination of compressive and out-of-plane action, so
that for satin woven composites with original �ber bundles bending, yarns crushed buckling and
debonding tended to appear near the pin compared with the laminate. While due to a long hole
deformation, E/D was small enough to meet the secondary cleavage failure mode. Thus, subsequent �ber
and matrix fracture under tension and compression, accompanied by a sudden increase in number of
high-amplitude signals beyond 80 dB and a load drop, was found to begin at the center of the hole edge
and run directly through the end surface, which was similar to the damage mechanisms of type E
mentioned above.

The AE amplitude ranges for the matrix cracking, interface debonding �ber pulling-out and �ber fracture
are respectively about 45–60 dB, 60-70 dB, 70–80 dB, and 80–100 dB, which are basically consistent
with those of the carbon �ber/epoxy composite laminates by Liu et al. [22] and the self-reinforced
polyethylene composites by Zhuang et al. [23] as shown in Fig. 13. The main difference may lie in �brous
preform woven form. In addition, Bohse [24] used release rate of AE events energy and Groot et al. [25]
used AE peak frequency to monitor damage mechanisms. Although AE parameters selected to apply in
the investigation are different, the relative signals ranges corresponding to the damage mechanisms are
generally consistent. However, comprehensive understanding of the damage mechanisms may require
further in-depth insight.

4. Conclusions
This research focuses on the experiment details of failure behavior for 5HS woven C/C-SiC composites
under pin-loading. The effects of geometries on the mechanical response and failure modes were
obtained. Combining AE testing, the evaluation of damage mechanism for four basic failure modes was
discussed. Some conclusions and observations derived from the investigation are summarized as
follows:
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1. Except for type A showing a linear elastic and brittle fracture shape, the load–displacement curve for
each type can be divided into three phases, which represent linear elasticity, damage onset and
growth and �nal structural failure. In each group, the ultimate load and �uctuation of the second
phase increased with the geometry increase. The failure mode was respectively found as net tension,
combination of net tension and slight bearing, and full bearing when W/D was equal to 2, 3.5 and 5.
The failure mode was shearing out, cleavage, and full bearing when W/D was equal to 1.5, 2.5 and
3.5. Full bearing failure modes occurred alike when D/t was equal to 1.2, 1.6 and 2.

2. The net tension failure for type A was caused by initial slight bearing damage including yarn bending
and breakage, matrix crushed and �nal tensile damage including yarn and matrix fracture. The
shearing out failure for type D was mainly attributed to abundant matrix cracks and weft yarn
debonding and breakage in a short time. The cleavage failure for type E was resulted from bending
damage including the weft yarn tension fracture and bulking to compression fracture. The full
bearing failure for type C was due to more complex but local damage including matrix crushed, yarns
debonding and fracture �ber/matrix interface debonding gradually resulting in delamination.
Correlations between the damage mechanisms and the acoustic emission amplitude ranges were
partially described as that the matrix cracking, interface debonding, �ber pulling-out and �ber
breakage matched respectively about 45–60 dB, 60-70 dB, 70–80 dB, and 80–100 dB.
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Figure 1

(a) Preparation process of C/C- SiC composites. (b) Fabric texture of the preform.
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(a) Preparation process of C/C- SiC composites. (b) Fabric texture of the preform.
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Figure 2

Geometrical con�guration and testing setup of the pin-loaded specimen.
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Geometrical con�guration and testing setup of the pin-loaded specimen.
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Figure 2

Geometrical con�guration and testing setup of the pin-loaded specimen.
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Figure 3

Seven types of the test pieces.
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Seven types of the test pieces.
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Figure 3

Seven types of the test pieces.
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Figure 4

Measurement system of the single-bolt double-lap.



Page 21/46

Figure 4

Measurement system of the single-bolt double-lap.
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Figure 5

Failure modes and load–displacement curves.
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Figure 5

Failure modes and load–displacement curves.
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Figure 5

Failure modes and load–displacement curves.
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Figure 6

(a) Load and AE events vs. displacement curves and (b) morphology of the hole edge and (c) net tension
plane for type A.
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(a) Load and AE events vs. displacement curves and (b) morphology of the hole edge and (c) net tension
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(a) Load and AE events vs. displacement curves and (b) morphology of the hole edge and (c) net tension
plane for type A.
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Figure 7

Load and AE events vs. displacement curves and morphology of the hole edge and shear-out plane for
type D.
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Figure 7

Load and AE events vs. displacement curves and morphology of the hole edge and shear-out plane for
type D.
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Figure 7

Load and AE events vs. displacement curves and morphology of the hole edge and shear-out plane for
type D.
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Figure 8

Load and AE events vs. displacement curves and morphology of the hole edge and cleavage plane for
type E.
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Figure 8

Load and AE events vs. displacement curves and morphology of the hole edge and cleavage plane for
type E.
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Figure 8

Load and AE events vs. displacement curves and morphology of the hole edge and cleavage plane for
type E.
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Figure 9

Load and AE events vs. displacement curves for type C.

Figure 9

Load and AE events vs. displacement curves for type C.
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Figure 9

Load and AE events vs. displacement curves for type C.
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Figure 10

Morphology of the hole edge for type C at the level of (a) 75%, (b) 85% and (c) 100% of the maximum
load.
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Figure 10

Morphology of the hole edge for type C at the level of (a) 75%, (b) 85% and (c) 100% of the maximum
load.
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Figure 11

Morphology of the pin contact surface for type C at the level of (a) 75%, (b) 85% and (c) 100% of the
maximum load.
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Figure 11

Morphology of the pin contact surface for type C at the level of (a) 75%, (b) 85% and (c) 100% of the
maximum load.
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Figure 11

Morphology of the pin contact surface for type C at the level of (a) 75%, (b) 85% and (c) 100% of the
maximum load.
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Figure 12

Morphology of the middle cut plane for type C at the level of (a) 75%, (b) 85% and (c) 100% of the
maximum load.



Page 43/46

Figure 12

Morphology of the middle cut plane for type C at the level of (a) 75%, (b) 85% and (c) 100% of the
maximum load.
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Figure 12

Morphology of the middle cut plane for type C at the level of (a) 75%, (b) 85% and (c) 100% of the
maximum load.
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Figure 13

The amplitude ranges de�ned in Liu et al. [22] and Zhuang et al. [23].
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The amplitude ranges de�ned in Liu et al. [22] and Zhuang et al. [23].


