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Abstract: Static and dynamic splitting tests were conducted on ring marble specimens with different internal diameters to study the
tensile strength and failure modes with the change of the ratio of internal radius to external radius (p) under different loading rates.
The results show that the dynamic tensile strength of disc rock specimen is approximately five times its static tensile strength. The
failure modes of ring specimens are related to the dimension of the internal hole and loading rate. Under static loading tests, when the
ratio of internal radius to external radius of the rock ring is small enough (p<0.3), specimens mostly split along the diametral loading
line. With the increase of the ratio, the secondary cracks are formed in the direction perpendicular to the loading line. Under dynamic
loading tests, specimens usually break up into four pieces. When the ratio p reaches 0.5, the secondary cracks are formed near the
input bar. The tensile strength calculated by Hobbs’ formula is greater than the Brazilian splitting strength. The peak load and the
radius ratio show a negative exponential relationship under static test. Using ring specimen to determine tensile strength of rock

material is more like a test indicator rather than the material properties.
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1 Introduction

The splitting test, also called the Brazilian test, is a
simple and convenient method to obtain the indirect
tensile strength of rock and rock-like materials. This
method was firstly introduced by CARNEIRO [1] and
AKAZAWA [2] in 1943. Over the past several decades,
the Brazilian splitting test has received considerable
attention. Although the splitting test was officially
recommended by the International Society for Rock
Mechanics (ISRM) as a method to determine the tensile
strength of rock and rock-like materials in 1978 [3], the
validity of the test has been always debated even until
nowadays [4].

In 1965, the splitting test of a circular ring, disc
with a small central hole, for determining the tensile
strength of rock was proposed by HOBBS [5]. In his
work, the distribution of the stress in a circular ring
subjected to a splitting load was studied and a formula
was provided to calculate the tensile strength. Since then,

the splitting test of a circular ring specimen to determine
the indirect tensile strength of brittle material has
received considerable attention. The distribution of stress
and displacement in a circular ring under diametral
compression has already been studied in the range of p
values (the ratio of ring’s radii) [6—8]. CHEN and
HSU [9] studied the indirect tensile strength of
anisotropic rock by the ring test through numerical
methods. The results showed that the tensile strength of
anisotropic rocks determined by ring test was not a
constant, which depended on various factors. ZHU
et al [10] and LIU et al [11] simultaneously considered
the influence of p value on the tensile strength through
numerical methods. The cracking load to determine the
indirect tensile strength of rock was proposed [10] and
the relation between the indirect tensile strength and the
p value was obtained [11]. YOU et al [12] experimentally
studied the influence of water condition on the tensile
strength of rocks. It showed that the water condition
could influence the tensile strength when the dimension
of the internal hole reached a certain value and an
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exponential equation was proposed to describe the
relation between the maximum force and its internal
diameter. Moreover, the ring test was proposed as a
convenient method to determine the fracture toughness
without pre-cracked specimens [13]. ZHANG and
LIANG [14] calibrated the maximum dimensionless
stress intensity factor for a holed flattened ring specimen.

The dynamic tensile strength of rocks is usually
determined by the dynamic splitting test in split
Hopkinson pressure bars (SHPB). ZHU et al [15,16]
carried out the dynamic splitting test of disc specimen
with SHPB driven by pendulum hammer, in order to
determine the indirect tensile strength of rock under an
intermediate strain rate. The strain rate dependency of
tensile strength and the failure pattern of the Brazilian
disc specimen under the intermediate strain rate were
numerically simulated with RFPA-Dynamic. ZHOU
et al [17,18] investigated the stress evolution and failure
process of Brazilian disc with SHPB device. It was found
that the stress distribution in specimen after equilibrium
was similar to its static loading case, and the crack
initiated at the disc center and propagated along the
loading direction. DAI et al [19] used a SHPB system to
quantify the dynamic tensile strength of rocks by the
Brazilian disc (BD) specimen. It showed that with proper
experimental design, the dynamic tensile strengths of
rocks measured by using SHPB were valid and reliable.
WANG et al [20,21] measured the dynamic tensile stress
of rock by flattened Brazilian disc (FBD) specimens in a
pulse shaping SHPB system, and drew a conclusion that
the pattern of dynamic stress distribution in the specimen
was symmetric and similar to that of the counterpart
static loading. However, the dynamic ring test has not
been reported in the available literatures.

In this work, the splitting test was used to
investigate the static and dynamic properties of ring
specimens for marble. The tensile strengths of the
circular rock rings under static and dynamic loads were
experimentally studied, and the failure patterns of the
specimens under different loading rates were discussed.

2 Experimental

2.1 Specimen preparation

The specimens were firstly drilled from a single
marble block with good geometrical integrity and
petrographic uniformity. The cylindrical specimens were
prepared with a diameter (D) of 50 mm and a
length/diameter ratio (/D) of 0.5. Then, most of the discs
were taken to prepare circular ring specimens with
internal diameters varying from 5 to 25 mm with an
interval of 5 mm by water jet cutting technology. It
means the ratio of internal radius to external radius of

rock ring (p) varies from 0.1 to 0.5 with an interval of
0.1.

The specimens were numbered after preparation.
The number of the specimen reflected the testing
method, the ratio of internal radius to external radius of
rock ring and the sequence of preparing. Such as, S0.2-2
indicates that this specimen is the second specimen of the
circular ring with an inner diameter of 10 mm and the
ratio of 0.2, which is conducted under static compression.
While D0-3 indicates that this specimen is the third one
of the intact marble disc, which is conducted under
dynamic impact test.

2.2 Test apparatus and scheme

The static tests were conducted on an Instron1342
system. Specimens were put directly between the platens.
The displacement rate was set at 1.5 mm/min during the
splitting test. The dynamic tests were performed on the
SHPB system. The cylindrical elastic bars are made of
steel with a density of 7.8 g/cm’, an elastic modulus of
240 GPa and a P-wave velocity of 5400 m/s. Dynamic
loads came from the impact of a striker driven by
high-pressure gas. Specimens were sandwiched between
the incident bar and the transmitted bar during the test.
The failure progress of the specimen was monitored by a
high-speed camera (FASTCAM SAl.1). The tensile
strength of the intact disc specimen was calculated by

P
TRt

Orsm = (1
where 0,5 and o,p are tensile strengths under the static
and dynamic loads, respectively; P is the maximum force
applied on the specimen for the static test or the
equivalent maximum force applied on the specimen for
the dynamic one; R and ¢ are the radius and the thickness
of the specimen, respectively. The equivalent maximum

force in the dynamic test can be obtained and calculated
by [22]

P(t)=EA&1(f) (2)

where E is the elastic modulus of the bar, 4. is the
cross-sectional area of the bar, and er(?) is the transmitted
pulse captured by the strain gauge on the transmitted bar.
According to Hobbs [5] equation, the formula for
calculating the tensile strength O'tR in a circular ring is

R P 1”2
01 S/D =E(6+38?) 3)

where R and r are the external and internal radii,
respectively; o-,lfs represents the tensile strength under
the static load and o-fD represents the tensile strength
under the dynamic load for rock ring specimens.
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3 Results and discussion

3.1 Tensile strength and failure progress of Brazilian
disc

The average static and dynamic tensile strengths of
the marble were obtained as 3.60 MPa and 18.11MPa,
respectively. Table 1 shows the basic physic-mechanical
parameters and the static and dynamic tensile strengths
of disc specimens. It can be found that the average
dynamic tensile strength is about five times the static one
for marble disc.

Table 1 Testing results of disc specimens

Specimen Diameter/mm Thickness/mm Tensile strength/MPa

S0-1 49.95 25.94 2.72
S0-2 49.84 25.06 3.40
S0-3 49.91 24.88 4.68
Average 49.90 25.29 3.60

Specimen Diameter/mm Thickness/mm Tensile strength/MPa

DO-1 49.86 25.07 17.10
DO0-2 49.72 24.86 24.40
DO0-3 49.86 25.07 12.83
Average 49.81 25.00 18.11

Figure 1 shows the failure mode and progress of
typical disc specimen under static and dynamic loads. As
shown in Fig. 1, the failure progress of the two discs can
be classified into five periods. With the increase of load,
there are some white patches appearing along the loading
line, where the tensile stress reaches the tensile strength
of the rock. Finally, both of two discs are split into two
semicircular fragments.

3.2 Tensile strength of ring specimen
3.2.1 Static tensile strength
Testing results of ring specimens under static loads

(ii)

(i)

(XX ]

(111)

(iii)
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are shown in Table 2. It can be seen that the maximum
force of circular ring decreases with the increase of the
internal diameter. Figure 2 shows the relationship
between the peak force and the ratio of p. The average
peak force decreases exponentially with the increase of p
value.

Table 2 Physic-mechanical parameters and peak force of
circular ring specimens under static loads

Specimen iz:}s::r]’ dlirzl:rflrerlaeﬂr, Thickness, ; k’ Average Failure

Dimm  d/mm t/mm PN P/KN  mode
S0.1-1  49.74 5.84 2498 5.62 I
S0.1-2  49.76 5.92 2531 543 551 I
S0.1-3  49.77 5.82 2512 547 I
S0.2-1  49.83 10.81 2497 4.02 I
S0.2-2  49.82 10.69 2454 424 413 I
S0.2-3  49.85 10.77 25.08 4.14 I
S0.3-1  49.76 15.49 2624 2.3 I
S0.3-2  49.79 15.53 2489 270 2.70 I
S0.3-3  49.55 15.39 25.03  2.66 I
S0.4-1  49.82  20.67 2376 1.59 I
S0.4-2  49.63  20.15 2535 179 1.71 I
S0.4-3  49.83  20.36 2532 175 I
S0.5-1  49.76  25.74 26.70  0.96 11
S0.5-2  49.85  25.76 2475  0.82  0.90 11
S0.5-3 49.85  25.64 2472 0.92 11

Figure 3 shows the typical force—time curves of
specimens under static loads with different internal
diameters. It can be seen from the force—time curves that
the curves are obviously different from each other. The
force—time curves of the circular rings with small
internal diameters have two peaks before the breakage of
specimens, then the curves drop rapidly. However, the
curves of circular ring with large internal diameters have

(1]

(iv)

0-0-0-0-O

(iv)

Fig. 1 Failure progress of Brazilian discs under static (a) and dynamic (b) loads: (i) Loading contact of specimen; (ii) White patches

appearing; (iii) Initial fracture; (iv) Macro fracture appearing; (v) Final failure mode
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Fig. 3 Force—time curves of circular ring specimens under
static loads

a flat period before the breakage, and the curves cannot
reach the coordinate axis when the samples have
breakage due to the configuration of the devices.

The static tensile strengths calculated by Eq. (3) are
listed in Table 3. Compared with the Brazilian tensile
strength, the calculated tensile strengths of circular ring
specimens overestimate this material property. The ratio
of afs/ 0,5 varies from 5.08 to 2.03 when p increases
from 0.1 to 0.5.

Table 3 Calculated static tensile strengths of circular ring

specimens
p 0.1 0.2 0.3 04 05
oy /MPa 1830 16.51  13.17 1091 730

3.2.2 Dynamic tensile strength

The stress waves, particularly the transmitted stress
waves of the ring specimens, are obviously influenced by
the dimension of the internal hole. With the increase of
the internal diameter, the transmitted wave becomes
almost a flat linear line. Figure 4 shows the comparison
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Fig. 4 Typical original electrical pulse signals of ring
specimens under dynamic tests: (a) Specimen DO0.1-3;
(b) Specimen D0.5-2

of original electrical pulse signals of two typical ring
specimens. It means that for the ring specimen with a
large internal diameter, most of the incident stress is
reflected to the incident bar and only a very little part is
transmitted to the transmitted bar. The failure of the large
internal diameter ring specimens needs much less energy
compared with the small internal hole ring specimens.

Testing results of ring specimens under dynamic
loads are shown in Table 4. The calculated tensile
strength th,{D is affected by the dimension of the
internal hole and decreases with the increase of the
internal diameter. The o-,l,{D/O',,D ratio varies from 5.28
to 2.08.

Theoretically, when the maximum tensile stress
reaches the tensile strength of the marble, the tensile
fracture will initiate from the surface of the internal hole
along the diametral loading line in the ring specimen.
However, the ring specimen still has loading capacity
before the final failure of the specimen and the calculated
tensile stress may still increase with the increase of the
loads. Therefore, the tensile strength calculated by
Eq. (3) using the maximum load or transmitted pulse
may lead to a higher value than that using the fracture
initiation load or pulse.
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Table 4 Physic-mechanical parameters and o, of circular ring specimens under dynamic loads

Specimen External diameter, Internal diameter, Thickness, O',RD /MPa P;:/erage Failure mode
D/mm d/mm t/mm ’ o, /MPa
DO.1-1 49.76 5.89 25.80 - -
DO.1-2 49.69 5.99 25.78 80.94 95.69 A
DO.1-3 49.71 5.99 25.84 110.44 A
D0.2-1 49.67 10.49 25.70 98.63 A
D0.2-2 49.71 10.53 25.83 93.62 94.27 A
D0.2-3 49.73 10.43 26.15 90.56 A
D0.3-1 49.73 15.33 25.83 75.69 A
D0.3-2 49.60 15.51 25.59 82.63 79.92 A
D0.3-3 49.68 15.62 25.63 81.44 A
D0.4-1 49.74 19.81 25.75 79.12 A
D0.4-2 49.67 20.16 25.84 94.24 80.56 A
D0.4-3 49.76 20.29 25.92 68.33 A
DO.5-1 49.72 25.13 25.64 39.85 B
D0.5-2 49.74 25.16 25.78 46.96 37.67 B
D0.5-3 49.71 24.96 25.64 26.21 A

3.3 Failure modes of ring specimens

The failure modes of ring specimens play an
important role in revealing the failure mechanism of
rocks under diametrical splitting test.
high-speed camera technology, the fracture mode of the
circular ring specimen can be easily identified.

Two types of failure modes are found by collecting
and checking the broken rock pieces after static tests.
Type I is a diametrical splitting. In the previous
researches, the traveling direction of the crack from the
internal to the external diameter was found and
established [5]. The specimen with a lower p value
(p<0.3) is usually split into two fragments, which are
similar with the final failure modes of Brazilian discs.
Type 1I is a four-fun-shaped failure. Besides the cracks
along the loading diameter, there are secondary cracks
formed in each half ring. Most of the specimens with a
higher p value (p>0.3) belong to this type. When the
crack along the loading diameter propagates, the load
falls. Then, the load is supported by the two half rings,
and the stress in the two halves could reach the tensile
strength of the material, similar as the stress in a curved
beam. Finally, the secondary cracks are formed in each
half disk as shown in Fig. 5(b). Figure 6 shows the
typical failure modes of ring specimen with different
internal diameters.

In the dynamic tests, two types of failure modes
were also found by analyzing the high speed images of
ring specimens. Type A is a symmetrical four-fan-shaped
ring. Type B is an asymmetrical four-fan-shaped ring.
The two types of specimens break into four-fan-shaped
rings. The secondary cracks are observed perpendicular

By using

Fig. 5 Failure modes of specimens under static load: (a) Type I,

diametrical split; (b) Type II, four-fan-shaped failure

to the loading diameter in the specimen of the Type A,
while the cracks are observed approaching the incident
bar in the specimen of Type B, as shown in Fig. 7.
Meanwhile, it can be seen in Fig. 8 that with the increase
of the ratio p, the final failure fractures become simpler
and less. Moreover, with the increase of the internal
diameter, the secondary tensile cracks will initiate near
the incident bar. This indicates that the stress balance
may be difficult to be achieved when the internal
diameter increases to a certain value. Under this
condition, the dynamic ring test under load will show
more structural response instead of impact experimental
or material response.

4 Conclusions

1) Experimental analyses have shown that the
calculated tensile strength decreases with the increase of
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Fig. 6 Final failure modes of specimens under static loads (loading direction: vertical)

Secondary
fracture

Transmitted
bar

(a)

Fig. 7 Failure modes of specimens under dynamic load: (a) Type A, symmetrical failure; (b) Type B, asymmetrical failure

Secondary
fracture

Secondary
fracture

(b)

Fig. 8 Final failure modes of specimens under dynamic loads (Loading direction: horizontal)

p value. Otherwise, the strength calculated by Eq. (3)
overestimates the tensile strength, compared with the
tensile strength by the Brazilian splitting test. The ratio
of the two strengths & /o, varies from 5.08 to 2.03
for static tests and from 5.28 to 2.08 for dynamic tests.
The test results indicate that the tensile strength obtained
by ring test may be an experimental property rather than
a material property.

2) Specimens with different internal radii have
different failure patterns. For static splitting test, when
p<0.3, the ring specimen cracks are similar as those of
the disc specimen under static splitting load. When p>0.3,
there are secondary cracks initiating in the specimens
because the stress in the ring specimens has been
changed. For dynamic splitting test, the secondary cracks
can be found in each specimen. However, when p=0.5,
the cracks initiate near the incident bar, while others
initiate at the line perpendicular to the loading line.
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