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Abstract
The Brazilian disc test has been used widely to measure the tensile strength of brittle materials, such as rock and ceramic.
However, the Brazilian disc method developed for rock has not been applicable for nuclear graphite due to the large ratio
of tensile to compressive strength in the material. According to the results of stress analysis and Griffith’s strength criteria,
the graphite compressive stress near the contact area must be decreased for the Brazilian tensile strength method. In this
paper, the Brazilian disc test has been modified by using a newly developed anvil with a V-shaped cavity. According to
finite element analysis, the stress concentration around the contact area between graphite samples and anvils was significantly reduced by the new design of anvils. The design has been proved to be effective by comparing with the direct
methods. The method also has been proved to be valid for different samples sizes considered in this study, which indicates
that it has a wide applicability.
Keywords Brazilian disc . Tensile strength . Nuclear graphite . Finite element analysis

Introduction
Due to the high moderating ratio, high temperature resistance, chemically inert and low in cost, graphite has been
used as a moderator/reflector and structural component in
types of nuclear reactors [1–5]. The stability and the integrity of graphite structural component are extremely important for the safe operation of nuclear reactor [6, 7]. The
tensile strength of graphite is important in safety assessment, and it is usually obtained by direct tensile tests.
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Nuclear graphite [8] is a typical quasi-brittle material,
and the direct tensile test usually requires sample size up
to several hundred millimeters and a large sample quantity
[9, 10], which make the test high cost for routine application. In addition, uncertain factors such as damage and
eccentric loading during the direct tensile test easily lead
to unexpected failure or deviation. In some cases, such as
in graphite irradiation program, the direct tensile strength
test is almost unfeasible due to the limitation in space inside a material testing reactor.
The tensile strength of brittle materials, such as rock and
ceramic materials, is usually measured using some indirect
methods such as the Brazilian disc test [11–14]. The
Brazilian disc test, also called the splitting tensile test,
has been used extensively to measure the tensile strength,
fracture toughness and mixed mode breakage process in
the un-cracked and pre-cracked disc specimens of various
brittle materials under compressive line loadings [15–20].
The Brazilian disc test has also been adopted as ISRM
suggested method for dynamic tensile test rock materials
[21]. Based on Griffith’s work [22], when cracking occurs,
then the tensile strength of specimens can be determined
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Fig. 1 Illustration of the BDMR.
θ is the angle of arc; D is internal
diameter; L is chord length; T is
the thickness of the anvil

from the applied load. For a successful Brazilian disc test,
the crack must be initiated by tensile stress at the center
Table 1
Anvil

CD-12
CD-14
CA-15
CA-25
CA-30

Dimensions of anvils used in the BDMR
Dimension
D (mm)

θ (rad)

L (mm)

T (mm)

12.0
14.0
10.0
10.0
10.0

1.97
1.59
π/12
5π/36
π/6

10.0
10.0
1.30
2.16
2.59

5.0
5.0
5.0
5.0
5.0

and not by compressive stress near the contact area between the specimen and the anvils. Many experiments have
been devoted to studying the crack initiation, propagation
path, and eventual coalescence of the pre-cracks in specimens made of various materials, including natural rocks or
rock-like materials under compressive loadings [23, 24].
Several authors had noticed that failure often occurred at
the contact area, which led to early cracking and then invalidation of the test [25, 26]. Also, different types of anvils, such as flattened Brazilian disc and curved anvils
were used to evaluate the indirect tensile strength of rocks
and the influence of anvil’s curvature on the results were
studied, and it found that standard anvils should be used
carefully to determine the tensile strength values of rocks
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Fig. 2 Illustration of GSTM. θ is
the angle of arc; D is internal
diameter; L is chord length; T is
thickness

by considering the specimen material, deformation characteristics (ductility and brittleness), toughness, and failure
shape [27–30].
Table 2 Anvil dimensions for
GSTM

It is well known that the ratio of the tensile strength to
the compressive strength (γ) of nuclear graphite (approximately 1/3) is comparatively larger than that of some brittle

Sample size

þ0:05
Φ10þ0:05
−0:05  5−0:05
þ0:05
þ0:05
Φ15−0:05  7:5−0:05
þ0:05
þ0:05
Φ20−0:05  10−0:05

Dimensions
D(mm)

θ
(rad)

β
(rad)

L(mm)

T(mm)

10.0
15.0
20.0

π/6
π/6
π/6

π/12
π/12
π/12

10.0
15.0
20.0

5.0
7.5
10.0
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Table 3 Typical properties of
NG-CT-10 at room temperature

Grade

Bulk density
(g/cm3)

Compress
strength (MPa)

Tensile
strength
(MPa)

γ
(N/A)

Poisson’s
ratio (N/A)

Elastic
modulus
(GPa)

NG-CT-10

1.89

84

23

0.27

0.2

9.9

materials such as ceramic and hard rock materials (approximately 1/10) [31]. The specimen is not easy to split from
the center point, because deformation at the contact area
between the specimen and crosshead is comparatively larger during the loading stage, and the compressive stresses
around the loading areas would be enough to crack the
sample before it reaches tensile limit at the center and the
sample can be failed in compression. Therefore, the features of nuclear graphite materials cannot fulfill the requirements for the Brazilian disc test. Several authors have
used this method to examine graphite fracture [32], and a
ring specimen has been used to replace the disc specimen
during measurement of tensile strength of nuclear graphite
[33]. However, the manufacture of the ring specimen is not
easy.
In this paper, we presented several curved anvils used
for rock, and the experiment showed that most of the specimens using rock-anvils failed in compression around the
contact area. In order to develop an alternative tensile
strength method for small graphite samples, we have
redesigned the anvil. Then we performed stress analysis
and tried to understand the stress distribution within the
samples. Finally, we used the new anvil to determine the
tensile strength of graphite samples and to compare the
results with direct tensile tests.

loads through two diametrical anvils. Under these loading
conditions, the test produced a nearly uniform tensile stress
over a significant portion of the diametral plane in the
sample and the maximum tensile occurred at the disc center. These maximum tensile stresses increased along the
vertical direction of loading and were proportional to the
applied load.
The anvil used in BDMR was shown in Fig. 1, where θ
was the angle of arc; D was internal diameter; L was chord
length; T was the thickness of anvil. For a successful
Brazilian disc test, the crack must be initiated by tensile
stress at the center.
Five anvils were employed in the test and the dimensions
were listed in Table 1.

Graphite Splitting Tensile Method (GSTM)
In order to develop a tensile strength method of small
graphite samples, we have redesigned an anvil used in
Brazilian disc test method. The new design included a Vshaped cavity, as shown in Fig. 2. The radius of the arc was
the same as specimens, and the arc angle was 30°, the arc
extended along the tangential direction, and chord length
was the same as sample’s diameter. The dimensions of the
improved anvil are shown in Table 2.
Loading surface

Methods and Materials
Brazilian Disc Method of Rock (BDMR)
In Brazilian disc method of rock, a circular disc specimen
was used. The specimen was subjected to compressive

Table 4

Symmetric boundary

The dimensions of samples

Sample

Diameter (mm)

Thickness (mm)

A
B
C

10 ± 0.02
15 ± 0.02
20 ± 0.02

5 ± 0.02
7.5 ± 0.02
10 ± 0.02
Fig. 3 A 3D finite element model.

Exp Tech
Fig. 4 Stress analysis of graphite
sample (Φ10 × 5 mm) from
GSTM and BDMR with CA-30
anvil a: X-direction stress on
cross-section from GSTM; b: Xdirection stress on cross-section
from BDMR; c: Y-direction stress
on cross-section from GSTM; d:
Y-direction stress on cross-section
from BDMR; e: X-direction stress
along Y-Z plane from GSTM; f:
X-direction stress along Y-Z
plane from BDMR

Materials
NG-CT-10 graphite was employed in the test, and their mechanical properties were given in Table 3. NG-CT-10 graphite
was a kind of fine-grained graphite with pitch coke raw material from Chengdu Carbon Co., Ltd. Five samples with different dimensions were employed in the test, as shown in
Table 4, and the ratio of thickness to diameter is 0.5, as recommended by ISRM [17].

Finite Element Analysis
The stress distribution in the sample has been analyzed by
finite element method. Nuclear graphite is considered to be
an isotropic or near-isotropic material [34], the analysis
assumed that the test material is a continuous, isotropic

and homogeneous elastic body. Because of the symmetry
of the system, only one-eighth of the model has been used
in the analysis. A 3D finite element model for the specimen
and the anvil has been built by using Abaqus 6.13 Version
software, as shown in Fig. 3. The 3D finite element model
with hexahedral mesh was utilized for the graphite sample
and the anvil. In the anvil, there were 874,259 nodes and
413,820 elements. In the graphite sample, there were
232,371 nodes and 109,434 elements. The elasticity modulus of anvil is 450GPa, and the elastic modulus of graphite is 9.9GPa. The static linear response of the materials has
been used to simulate stress statement of the graphite.
Here, x-axis was in the horizontal direction, y -axis was
in the vertical direction and z-axis was through the thickness of the model.
The contour plots of stress in x-direction for GSTM
and BDMR with CA-30 anvil were shown in Fig. 4(a,
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b), and the maximum tensile stress occurred at the centre.
Figure 4(a) showed that the maximum compressive stress
occurred at a small region near the boundary of the contact area. Figure 4 (b) showed that the highest compressive stress occurred at the top of the sample and the high
compressive area for CA-30 anvil was much larger than
the GSTM anvil. The high compressive stress area in the
sample was significantly reduced by the new anvil. The
contour plots of stress in y-direction for GSTM and
BDMR with CA-30 anvil were shown in Fig. 4(c, d).
Figure 4(c) showed that the highest compressive stress

Fig. 5 Photos of Sample A
subjected to the BDMR after
cracking. (a) CD-12; (b) CD-14;
(c) CA-15; (d) CA-25; (e) CA-30.

appeared in a small region near the contact boundary. In
contrast, the highest compressive stress occupied a much
larger region (Colour blue) in the BDMR with CA-30
anvil. Furthermore, the GSTM anvil can significantly reduce the high compressive stress area in the sample and
reduce the chance of samples failed in compression during
the test. The contour plots of stress in x-direction along
the y-z plane for GSTM and BDMR with CA-30 anvil
were shown in Fig. 4(e) and Fig. 4(f) respectively. Fig.
4(f) showed that high compressive stress appeared at the
sample faces. However, there was not any high-stress re-
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Fig. 6 Crack program of graphite
for GSTM; (a) 1 s before crack.
(b)Begin crack. (c)1 s after the
crack. (d) After stop

(a) 1s before crack

(b) Begin crack

(c) 1s after crack

(d) After stop

gion at the top of the sample in GSTM design, as shown
in Fig. 4(e). The finite element analysis results showed
that the GSTM design can significantly reduce the stress
concentration around the contact area.

5. The BDMR results of graphite samples showed that
cracks were initiated by compressive stresses near the
contact area rather than tensile stress at the center. The
cracks in the fractured samples were not vertically across
the sample center, which indicated the tests were not satisfied with the criteria.

Experiments
In order to confirm the applicability of BDMR and
GSTM, anvils with different diameters and angles were
researched. The Brazilian disc tests were carried out by
a universal testing machine (MTS E44.204) at room temperature. For each type of anvils, five specimens were
tested by diametral compression with a loading speed of
6 N/s. Loading was stopped when the force jumped by
10%. A digital camera Nikon Coolpix S4300 was
employed to measure the crack path. The video frames
of the camera are 30fps.

Results and Discussions
The Results of BDMR
BDMR was used to measure the tensile strength of graphite. The cracks of graphite for BDMR were shown in Fig.

Results of GSTM
GSTM was used to measure the tensile strength of graphite. The cracking program of graphite for GTSM was
shown in Fig. 6. Figure 6 (a) showed that the specimen
had no crack. With the increase of the loading force, the
crack would appear in the center when the maximum tensile stress reached the critical value, as shown in Fig. 6
(b). With the loading force continuously increased, the
crack propagated along the loading direction, as shown
in Fig. 6 (c, d).
Different samples were tested by GSTM, and the typical
failure mechanisms were shown in Fig. 7. In Fig. 7 (a, b), NGCT-10 graphite samples with 10 mm in diameter cracked at
the center. However, some samples appeared small cracks at
the edge of the load area during the test. The most important is
that the major cracks did not appear at the loading points, as
shown in Fig. 7 (b).
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Fig. 7 Typical failure
mechanisms in GSTM

According to ASTM D3967–08, which is a standard test
method for splitting tensile strength of intact rock core
specimens, the diameter of the sample will be at least 10
times greater than the largest mineral grain constituent
[14]. In order to study the suitability of GSTM, graphite
samples with different diameters were used. NG-CT-10
samples with diameters of 15 mm (Sample B) and 20 mm
(Sample C) were tested, and the main crack initiated at the
center, as shown in Fig. 7 (c, d). In all tests, the main crack
did not initiate at the loading area.
At the center of the specimens, the theoretical horizontal
tensile strength can be calculated as [35–37]


2 F sinθ
σp ¼
−1
ð1Þ
πDT θ=2
Where σP is the tensile strength (MPa), F is the maximum
applied load (N), D is the diameter of radius (mm), θ is the
angle of arc (rad), T is disc thickness (mm).

The experimental set-up for direct tensile strength (such as
ASTM C749–15) was shown in Fig. 8. The results tested by
direct tensile methods were carried out according to ASTM
C749–15 and DIN 51914–2009 [9, 10]. Compared with the
direct tensile results, the statistical results of NG-CT-10 graphite tested by GSTM were shown in Fig. 9.
The tensile strength tested by GSTM in Fig. 9 (a), was
nearly the same with ASTM C749 and slightly smaller than
DIN 51914. The two-parameter Weibull distribution of
tensile strength in Fig. 9 (b), exhibited the shape parameter
of GSTM was greater than the direct tensile methods. It can
be seen that the test results of GSTM were more stable. The
statistical results of NG-CT-10 graphite with different diameters were shown in Fig. 10, which indicated that test
results were slightly influenced by the sample size in
GSTM.
In conclusion, new anvil design significantly reduced the
stress concentration around the contact area between graphite
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Sample A
Sample B
Sample C

Tensile stress (MPa)

32

24

16

8

0

Average

Maximum

Minimum

Sdev

Fig. 10 The results of NG-CT-10 with different dimensions tested by
GSTM

Fig. 8 The experimental set-up for direct tensile strength (ASTM C749–
15)

sample and anvils, and the samples tested by GSTM were
cracked initiated by tensile stress at the center. GSTM was
validated for a range of graphite sample sizes. In order to
evaluate the precise value of GSTM, further study for correction formula is required.

most likely to fail in the contact area. With GSTM, the
crack initiation was at the center of the sample. The results of the Brazilian disc test with different anvils were
compared with the results from finite element analysis. In
this study, the results were as follows:
&
&

Conclusions
The paper presented a modified Brazilian tensile test for
measuring the graphite tensile strength. The results
showed that the BDMR was not suitable for graphite,
because the strength ratio γ of graphite was significantly
larger than the rock. The samples tested by BDMR were

Fig. 9 Comparison between
GSTM and direct tensile
methods. (a) Probability density
curve; (b) Two-parameter Weibull
distribution: σ is the tensile
strength, p(σ) is the failure probability, slope is shape parameter

&

The BDMR results of graphite samples showed that
cracks were initiated by compressive stresses near
the contact area rather than tensile stress at the center.
The results of finite element analysis showed that the
stress concentration around the contact area can be significantly reduced by GSTM. GSTM showed that the crack
was initiated by tensile stress at the center, and the results
tested by GSTM were compared well with the reference
values. GSTM was valid for different samples sizes in this
study.
GSTM provides a new way for measuring the graphite
tensile strength. The new method can also be used at high
temperature and for irradiated graphite samples in graphite
irradiation plan.
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