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As a critical material in very/high-temperature gas-cooled reactors, graphite material directly affects the
safety of the reactor core structures. Owing to the complex structures of graphite material in reactors, the
material typically undergoes complex stress states. It is, therefore, necessary to study its mechanical
properties, failure modes, and strength criteria under complex stress states so as to provide guidance for
the core structure design. In this study, compressive failure tests were performed for graphite material
under the condition of different confining pressures, and the effects of confining pressure on the triaxial
compressive strength and Young's modulus of graphite material were studied. More specifically, graphite
material based on the fracture surfaces and fracture angles, the graphite specimens were found to exhibit
four types of failure modes, i.e., tension failure, shear-tension failure, tension-shear failure and shear
failure, with increasing confining pressure. In addition, the Mohr strength envelope of the graphite
material was obtained, and different strength criteria were compared. It showed that the parabolic Mohr-
Coulomb criterion is more suitable for the strength evaluation for the graphite material.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Graphite material in very/high-temperature gas-cooled reactors
(V/HTRs) is a quasi-brittle synthetic material with complex mi-
crostructures comprised of fine petroleum coke particles and coal-
based binder pitch. It is usually manufactured by using special
processes such as isobaric vibration or high-temperature graphiti-
zation [1]. As the neutron moderator, reflector, and structural
support of V/HTRs, graphite material plays a key role in maintaining
normal reactor operation [2,3]. Nearly all of the components in the
V/HTRs core are made of graphite material [4]. For example, the
core of the pebble-bed reactor consists of a large number of
graphite bricks with tenon holes, and the bricks are joined together
by graphite tenons to form a complex structure. A large number of
graphite balls and spherical fuel elements contained in the core are
also wholly or partially made of graphite material. Hence, consid-
ering the extreme safety requirements of nuclear reactors, a safety
evaluation of the reactor structures that considers the mechanical
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properties, failure modes and strength criterion for graphite ma-
terial is crucial to the design and operation of V/HTRs [5,6]. Existing
reports are mainly limited to the mechanical properties and failure
modes of graphite material under simple stress conditions such as
uniaxial tension or uniaxial compression [7—12]. Theories that have
been applied to date include the maximum normal stress theory
(the first strength theory) and maximum shear stress theory (the
third strength theory), which only apply to simple stress states.
However, due to the complex structures, the stress states of
graphite material in a V/HTRs are extremely complex, such as the
stress induced by the line contact between graphite tenon and
graphite brick, and the stress induced by the point contact between
graphite ball and graphite brick, or between graphite balls. In order
to analyze the failure behaviors of graphite material under complex
stress states, it would be very inappropriate to use the strength
theories proposed for simple stress states. Therefore, it is necessary
to study the strength criteria for graphite material under complex
stress conditions, and the corresponding mechanical properties
and failure modes. However, there is still a lack of literature on
relevant studies.

It is well known that the mechanical properties, failure modes
and strength criteria for materials under complex stress states are
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quite different from those under simple stress state, especially for
brittle materials. Taking rock-like brittle materials as an example, it
has been found that their Young's moduli, peak strengths and some
other rock material parameters increase with increasing confining
pressure [13,14]. In addition, rock materials under uniaxial
compression and low confining pressure exhibit a linear elastic
stress-strain relationship and brittle failure characteristics. How-
ever, as the confining pressure increases, the failure modes grad-
ually shift to compression-shear and plastic failure with significant
volume expansion after the peak strength is reached [15,16].
Therefore, it can be inferred that the mechanical properties and
failure modes of graphite material under confining pressure should
also differ from those related to uniaxial loading. In order to predict
the failure of rock materials, a wide variety of strength criteria were
established by scholars based on different understandings of the
strength characteristics of rock materials. Subsequently, in order to
extend the practical applicability, the International Society of Rock
Mechanics (ISRM) established a special research group, which
proposed some famous strength criteria for rock materials and
formulated the applicable conditions for each criterion to stan-
dardize its practical application [17]. These strength criteria include
the Mohr-Coulomb criterion [18], the Hoek-Brown criterion [19],
the 3D Hoek-Brown criterion [20], the Drucker-Prager criterion
[21], the Lade and improved Lade criterion [22] and also failure
criteria based on true triaxial experiments [23]. However, studies
on the strength criteria for graphite material under different
confining pressures are still scarce. With the rapid development of
V/HTRs, there is an urgent need to find a suitable strength criterion
for graphite material.

In consideration of the above-mentioned problems, a series of
compressive failure tests were conducted by subjecting graphite
material to different confining pressures in order to study the
mechanical properties, failure modes and strength criteria for
graphite material. In Section 2, the confining pressure tests are
described in detail. In Section 3, the effects of confining pressure on
the triaxial strength and Young's modulus of graphite material are
discussed. The failure modes under different confining pressures
were investigated by analyzing the fracture angles of the failed
specimens, and further verified by evaluating the roughness of the
fracture surfaces. In Section 4, different strength criteria are
compared and a suitable one is identified for graphite material
under different confining pressures. The concluding remarks are
summarized in Section 5.

2. Experimental details

An isotropic graphite material, IG11, was selected as the exper-
imental material in this study. IG11 is non-purified nuclear graphite
IG110 and these two materials have quite similar mechanical
properties. The specimens were 50 mm in diameter and 100 mm in
height (Fig. 1). The confining pressures applied in this study were 0,
5, 10, 20, 30, and 40 MPa, with two specimens for each confining
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Fig. 1. Graphite specimens: (a) Specimen geometry, (b) Picture of specimens.

Table 1
Confining pressures and specimen sizes.

Specimen Confining pressure (MPa) Specimen size (mm)
#1 0 ¢$50.02 x 100.04
#2 $50.04 x 100.00
#3 5 ¢$50.00 x 100.00
#4 $¢50.01 x 100.01
#5 10 $50.00 x 100.00
#6 $50.02 x 100.01
#7 20 $50.01 x 100.02
#8 $50.06 x 100.02
#9 30 $50.05 x 99.99
#10 $50.01 x 100.00
#11 40 $50.06 x 100.00
#12 ¢$50.00 x 100.00

pressure. The confining pressures and detailed dimensions of all
specimens are provided in Table 1.

The tests were carried out by using a RLJW-2000 computer-
controlled rock triaxial testing machine. The radial loading on the
specimens was stress controlled, and the axial loading was
displacement controlled. The radial and axial displacements were
recorded by using a deformation sensor matching with the testing
machine (Fig. 2). The deformation sensor is composed of eight
cantilever beam extensometers, four long ones for axial displace-
ment measurement and four short ones for radial displacement
measurement. The upper ladder head of the deformation sensor is
fixed to the upper indenter of the testing machine by bolts and the
lower base is fixed to the lower indenter. The upper indenter always
contacts with the top surface of the specimen. During the loading
process, the upper indenter keeps fixed and the lower indenter
moves upward. This will cause the long cantilever beams to deflect
along the upper ladder head and the deflections can be obtained by
the strain gauges located near to the roots of the cantilever beams.
After averaging the four deflection values, the axial displacement of
the specimen can be calculated according to the relationship be-
tween the deflection of the cantilever beam and the axial
displacement of the specimen. Similarly for the radial displacement
measurement, the bolts on the radial deformation extensometers
are in close contact with the specimen. When the specimen de-
forms in radial direction, the bolts will move outward and cause the
cantilever beams to deflect. Based on the strains measured by the
strain gauges, the deflections of the cantilever beams and then the
radial displacement of the specimen can be obtained.

Before the experiments, the surfaces of each specimen were
cleaned by alcohol and then air-dried. The testing procedure in-
cludes four steps (Fig. 3). Firstly, the top and bottom surfaces of the
specimen were connected to the upper and lower indenters,

Bolt
Upper ladder head
Specimen

Radial deformation extensometer

Axial deformation extensometer

Strain gauge

B— ower base

Fig. 2. Deformation sensor for axial and radial displacement measurements.
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respectively. Two layers of heat-shrinkable tubes were baked onto
the specimen by a hot air gun (Fig. 3 (a)) and the purpose of putting
the second layer is to prevent the specimen from being immersed
in the hydraulic oil in case the first layer was damaged by the failed
specimen. Secondly, the deformation sensor was installed on the
specimen (Fig. 3 (b)). Thirdly, the assembled components including
the specimen, the heat-shrinkable tubes, the deformation sensor
and the indenters were properly placed on the triaxial testing
machine (Fig. 3 (c)). Finally, a closed pressure chamber was
installed (Fig. 3 (d)). The confining pressure and the axial pressure
were synchronously increased to the desired pressure at a loading
rate of 0.05 MPa/s to make the specimen in a hydrostatic pressure
state. In other words, the hydrostatic pressure is preloaded to the
specimen. After the confining pressure was stabilized, the axial
loading was increased at a loading rate of 0.1 mm/min until the
specimen failed. During the experiment, the amount of oil in the
pressure chamber was slightly adjusted to keep the confining
pressure constant.

3. Results and analysis
3.1. Mechanical properties

The experimental results for graphite material are outlined in
Table 2 for various confining pressures. o3 is the confining pressure,
namely, the second and third principal stresses; ¢ is the triaxial
compressive strength; ¢{ is the average triaxial compressive
strength; ¢f - o3 is the average critical deviatoric stress; ¢ is the
axial failure strain, which does not include the axial strain gener-

ated by the hydraulic pressure; a is the average axial failure strain;

Table 2
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Fig. 3. Experimental procedure: (a) Cover heat-shrinkable tubes, (b) Install and adjust deformation sensors, (c) Place the specimen on the testing machine, and (d) Start the test.

€5 is the radial failure strain, which does not include the radial
strain generated by the hydraulic pressure; & is the average radial
failure strain. It can be seen from Table 2 that increasing the
confining pressure from 0 to 40 MPa resulted in increases of the
average triaxial compressive strength from 67.0 to 128.0 MPa (1.9
times), the average axial failure strain from 0.024 to 0.097 (4.0
times) and the absolute average of radial failure strain from 0.006 to
0.019 (3.2 times). This means that the triaxial compressive strength
and failure strain of graphite material were remarkably enhanced
by increasing the confining pressure.

The deviatoric stress-strain curves are shown in Fig. 4 for all
graphite specimens. It can be seen that, when the axial strain and
radial strain were small, the deviatoric stress-strain curves were
nearly linear. With the increase of the axial or radial strain, the
curves deviated from linearity. The specimens failed suddenly and
the stresses dropped abruptly after the peak strengths were
reached. For cases with the confining pressure in the range of
5—40 MPa, the graphite specimens did not exhibit any obvious
ductile flow characteristics. This phenomenon is different from
those of rocks [24,25]. With the increase of confining pressure, rock
specimens do not show obvious failure precursors, and present
obvious ductile flow characteristics. Rock materials usually show
softening after the peak strengths in their deviatoric stress-strain
curves, and the larger the confining pressure, the smaller the ab-
solute value of the softening slope. When the confining pressure is
high enough, the softening curve may even flatten. Further study
on the relationship between the triaxial compressive strength and
confining pressure of the graphite material (Fig. 5) showed that the
triaxial compressive strength gradually increased as the confining
pressure was increased.

Failure strength and strain values for graphite specimens under different confining pressures.

Specimen o3 (MPa) o§ (MPa) a5 (MPa)

C _
7

a3 (MPa) €§ & e <
#1 0 65.5 67.0 67.0 0.022 0.024 —0.005 —0.006
#2 68.4 0.026 —0.006
#3 5 79.9 80.1 75.1 0.033 0.034 —0.007 —0.008
#4 80.3 0.035 —0.008
#5 10 88.0 87.6 77.6 0.043 0.042 —0.009 —0.009
#6 87.1 0.041 —0.009
#7 20 103.6 104.1 84.1 0.067 0.067 -0.013 -0.014
#8 104.6 0.066 -0.015
#9 30 112.8 1134 834 0.071 0.077 -0.014 -0.016
#10 114.0 0.083 -0.018
#11 40 1279 128.0 88.0 0.097 0.097 -0.019 -0.019
#12 128.1 0.096 -0.018
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Fig. 4. The deviatoric stress-strain curves: (a) Deviatoric stress versus axial strain, (b) Deviatoric stress versus radial strain.
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Fig. 5. Triaxial compressive strength versus confining pressure.

In this study, the Young's modulus E* of the graphite material
under confining pressure was specifically defined as the ratio of the
deviatoric stress to the axial strain as follows:

o
E =0'1-U3/€1 (1)
15 T T i
x  #1-0OMPa o #9-30MPa Linear fitting
A #2-0MPa > #10-30MPa
1l *  #3-5MPa i #11-40MPa ]
< #4-5MPa v #12-40MPa
¢  #5-10MPa
K + #6-10MPa
= 97 il
= O  #7-20MPa
= |* #8-20MPa
© 5
L6t y 1
N
3l ]
0 1 1 1 1
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€1 x107
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Fig. 6. The Young's modulus fitting results for graphite material subjected to different

confining pressures.

This modulus can be considered as a mechanical property of the
graphite material under a specific confining pressure. In this study,
the data for the deviatoric stress-strain curves in the early loading
stage (i.e., axial strain range of 0.0005—0.0018) were selected for
linear curve fitting (Fig. 6). The fitted results are shown in Table 3, in
which E* is the average Young's modulus for the two specimens
under the same confining pressure. It can be seen from the Young's
modulus-confining pressure curves in Fig. 7 that the Young's
modulus of the graphite material gradually decreased with the
increase of the confining pressure. This experimental result is
contrary to those of rocks, whose Young's modulus increased with
the increase of the confining pressure [25—27]. The exact reason for
this contradiction needs to be elucidated by a future research work.

3.2. Failure modes

The failed graphite specimens under different confining pres-
sures are shown in Fig. 8. Each failure diagram shows the front and
back of a specimen with the main cracks parallel to the out-of-plane
direction. The failure diagrams were processed to highlight the
characteristics of the fracture planes. It can be seen that the failure
modes of the graphite specimens under confining pressure signif-
icantly differ from that of the specimen under uniaxial compression
(Fig. 8 (a)). Without confining pressure, the graphite specimens
were failed by severe fragmentation and multiple cracks. Since the
main cracks are nearly parallel to the loading direction, the failure
mode is considered to be tension dominated. When the confining

Table 3

Young's modulus for different confining pressures.
Specimen o3 (MPa) E* (GPa) E* (GPa)
#1 0 7.19 7.1
#2 6.94
#3 5 6.62 6.7
#4 6.79
#5 10 6.10 6.4
#6 6.61
#7 20 5.32 5.6
#8 5.96
#9 30 4.60 4.5
#10 4.44
#11 40 242 2.6
#12 2.79
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Fig. 7. Young's modulus versus confining pressure.

pressure was increased to 5 MPa, the number of cracks and the
degree of fragmentation of the graphite specimens significantly
decreased, and a cone was formed by the main cracks (Fig. 8 (b)).
Basically, the specimens exhibited a shear-tension failure mode
with tension failure as the main factor and shear failure as the
auxiliary one. As the confining pressure continued to increase, the
number of cracks decreased until there is only a single and neat
fracture plane (Fig. 8 (c—f)). When the confining pressure was 10 or
20 MPa, the main crack passed through the upper and lower sur-
faces of the specimens, which implies a tension-shear failure mode
that is dominated by shear failure and supplemented by tension
failure (Fig. 8 (c) and (d)). When the confining pressure was 30 or
40 MPa, the crack propagated from one end to the side of the
specimens, and the specimens failed by a shear failure mode (Fig. 8
(e) and (f)). The fracture angle (f), which is defined as the angle
between the fracture and horizontal planes, was also calculated for
each specimen. It can be seen from Table 4 that the average fracture
angle () decreased from 86.1° to 59.4° as the confining pressure
was increased and there was a linear relationship between the
fracture angle and the confining pressures within the range of
5—40 MPa (Fig. 9).

The change of failure modes of graphite specimens with
increasing confining pressures can be verified by the roughness of
the fracture surfaces. In this study, a micron-scale laser measuring
system was used to evaluate the fracture surface morphology
(Fig. 10 (a)). For each specimen, a proper scanning area
(10 mm x 10 mm) in the middle of the fracture surface was scanned
(Fig. 10 (b)). The sampling was performed along x direction (slip
direction) on the fracture surface at a speed of 0.2 mm/s and
sampling frequency of 784 Hz. The scanning step size in y direction
(perpendicular to the slip direction) was 0.2 mm and there were
totally 51 samples for each specimen (Fig. 11 (a)). Four steps were
used to process the data for each sample and calculate the rough-
ness of the fracture surface. Firstly, each sample (Fig. 11 (b)) was

(b)

divided into multiple subsamples (Fig. 11 (c)). To capture the tiny
peaks and valleys on the specimen surface, the size of the sub-
samples should be small enough and was chosen as 0.4 mm in this
study. Secondly, the middle line of the contour of each subsample
was determined by using the least square method (Fig. 11 (¢)), and
the perpendicular distance of each point in the subsample to the
middle line was calculated. Thirdly, the arithmetic mean of the
perpendicular distances of all points in the subsample was calcu-
lated by Eq. (2) and taken as the roughness parameter of the
subsample:

Ry= > letx) 2)
i=1

where n is the number of points in the subsample, and z(x;) is the
perpendicular distance of each point to the middle line of the
subsample contour. Finally, the roughness parameters R, of all
subsamples in the scanning area were averaged to obtain the
roughness R, of the fracture surface.

The roughness Ry and standard deviations S, of failed specimens
under different confining pressures are shown in Table 5. Fig. 12
shows the roughness as a function of the confining pressure. The
high roughness at low confining pressure indicates that the failure
was tension dominated, and the low roughness at high confining
pressure indicates that the failure was shear dominated because a
frictional slip resulted in relatively smooth fracture surfaces. In
summary, with the increase of confining pressure, the failure
modes of graphite specimens changed from tension-dominated
failure to shear-dominated failure.

4. Strength criterion

In this paper, the suitable strength criterion for graphite 1G11
was studied by referring to the most famous strength criteria for

Table 4

Fracture angles for different confining pressures.
Specimen o3 (MPa) 0(°) 0(°)
#1 0 87.1 86.1
#2 85.0
#3 5 68.7 67.7
#4 66.7
#5 10 67.2 67.0
#6 66.7
#7 20 63.4 63.5
#8 63.5
#9 30 61.5 62.0
#10 62.5
#11 40 59.5 59.4
#12 59.2

i

A

Fig. 8. Failure diagrams showing the front and back sides of the specimens with the main cracks parallel to the out-of-plane direction: (a) 0 MPa, (b) 5 MPa, (c) 10 MPa, (d) 20 MPa,

(e) 30 MPa, and (f) 40 MPa.
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rock materials proposed by the International Society of Rock Me-
chanics (ISRM) [17]. These strength criteria include the Mohr-
Coulomb criterion [18], the Hoek-Brown criterion [19], the 3D
Hoek-Brown criterion [20] and the Drucker-Prager criterion [21].
The equations of these strength criteria are shown in Table 6. The
parameters in these equations can be determined experimentally
or empirically for the graphite material. According to the Mohr-
Coulomb criterion (Eq. (3)), the internal friction angle (¢) and
cohesive force (c) of the graphite material can be calculated by
using the experimental results given in Table 2, and they are
¢ = 10.64° and ¢ = 29.58 MPa. The uniaxial compressive strength is
g = 67.0 MPa based on the uniaxial compression test (Table 2). The
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Table 5
Roughness of fracture surfaces of specimens for different confining pressures.
a3 (MPa) Rq (pm) Sq (um)
0 7.71 6.90
5 7.00 7.06
10 6.58 6.30
20 5.68 5.71
30 5.20 5.21
40 5.05 5.51
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Fig. 10. Fracture surface roughness measurement: (a) Experimental setup, and (b) Scanning area (Unit: mm).
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Table 6
Equations of strength criteria for rock materials.
Criterion Equation Number
Mohr-Coulomb criterion g1 =Ea3 +ac¢ Eq. (3)
Where £ = 1 +s%n¢ ,and g, = ZC‘C(.)W.
1 - sing 1 - sing
Hoek-Brown criterion o5 a Eq. (4)
g1 =03 +0c (mba— +s)
C
wherea71+1 ex —GSI + ex] -20 my, = m;ex ST 100 and s = ex GSI= 100
“276\"P 15 P\737) ) ™ = Mi®XP\ 35 —1ap ~&P\7g—3p )
3D Hoek-Brown criterion 1 Eq. (5)
1) a
1.2
( a 3Toct> 3mpTocr  My(lh - 03)
SO0c = 0, + - £/
e ( V2 2V2 2
Where a, m, and s are the same as Eq. (4), Toct = % \/(al —03)? + (03 —a3) + (03 —01)® [y =01 + 03 +03.
Drucker-Prager criterion VI = aly +k Eq. (6)
1 2 P 2 2sing 6¢-cosg
where J, = Z[(61 — 02)" + (02 — 03)" + (03 — 01)"], a = and k = .
L2 =gl(e1 = 02)" + (02 = 03)" + (73 — 71)"] V303 - sing) V303 - sing)

geological strength index (GSI) is a system of rock-mass charac-
terization that has been developed in engineering rock mechanics,
and the value of GSI = 100 was used in this work based on the
surface conditions of the graphite specimens [28]. Factor D depends
on the degree of disturbance due to blast damage and stress
relaxation, and the value of D = 0 was used in this work because the
graphite material is undisturbed [29]. Factor m; is a material con-
stant which depends upon the rock type (texture and mineralogy)
[30—32], and the value of m; = 1.5 was used for the graphite ma-
terial after a parametric analysis to make the prediction close to the
experimental results.

Fig. 13 shows the curves of the four strength criteria in Table 6
for the graphite material. It can be seen that the prediction by the
Drucker-Prager criterion deviated significantly from the experi-
mental results. Comparatively, the predictions by the Hoek-Brown
criterion, the 3D Hoek-Brown criterion and the Mohr-Coulomb
criterion were in good agreement with the experimental results.
However, the equations of the Hoek-Brown criterion and the 3D
Hoek-Brown criterion contain some unknown parameters which
are difficult to be determined. Therefore, these two criteria are not
recommended and the Mohr-Coulomb criterion is preferred in
strength evaluation for the graphite material.

The Mohr circles for graphite IG11 at failure under different
confining pressures were drawn in Fig. 14. When considering the
tensile strength (27.6 MPa) of graphite IG11 measured from a ring
compression test [12], i.e., the Mohr circle for negative ¢ in Fig. 14,
the linear Mohr-Coulomb criterion may not be adequate for
strength prediction of graphite IG11 and it is necessary to consider

140
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Fig. 13. Results of the four strength criteria.

the non-linear form [33]. According to the experimental results
given in Table 2 and the tensile strength, the parabolic Mohr-
Coulomb criterion can be fitted as follows:

0=0.0572 - 27.60 (7)

In the o-7 coordinate system, the Mohr-Coulomb criterion (Eq.
(3)) can be expressed by the internal friction angle and cohesion as
follows:

7= 0tan10.64° +29.58 (8)

From the Mohr circles, the Mohr strength envelope was ob-
tained (the red dash line I in Fig. 14). The curves for the Mohr-
Coulomb criterion (Eq. (8)) and parabolic Mohr-Coulomb criterion
(Eq. (7)) were also drawn by blue dash dot line II and green solid
line III, respectively. It can be easily seen that the Mohr-Coulomb
criterion significantly deviated from the Mohr strength envelope,
and the parabolic Mohr-Coulomb strength criterion was more
consistent with the Mohr strength envelope.

5. Conclusion

To better understand the mechanical behavior of graphite ma-
terial, the effects of confining pressure on its mechanical properties,
failure modes, and strength criteria were investigated. The me-
chanical behavior under confining pressure was found to be very
different from that under uniaxial compression. The following
conclusions can be made from the test results:

(1) By increasing the confining pressure, the triaxial compres-
sive strength and failure strain of the graphite material
significantly increased. Moreover, higher confining pressure
corresponded to more serious damage within the nuclear
graphite and a smaller Young's modulus, which is contrary to
the phenomenon observed for rock materials.

(2) By increasing the confining pressure, the graphite material
exhibited four types of failure modes in order: tension fail-
ure, shear-tension failure, tension-shear failure and shear
failure, and meanwhile the fracture surface roughness
gradually decreased.

(3) Different strength criteria were compared and the Mohr-
Coulomb strength criterion was found to be more suitable
for the graphite material. Based on the Mohr circles of the
graphite material, the parabolic Mohr-Coulomb criterion is
more consistent with the Mohr strength envelope than the
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Fig. 14. Strength envelope and criteria for graphite IG11.

linear Mohr-Coulomb criterion and should be used for
graphite strength predictions.
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