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Based on the SHPB device, the dynamic tensile test was carried out on the granite, which is located at the depth 350m∼580m at the
same borehole in TianHu area Xinjiang Province, the preselected site of the high-level radioactive waste geological disposal in
China. Under the loading rate level of 105MPa/s, the dynamic tensile strength is generally between 15MPa∼35MPa, which is of
significant reference for the site selection. No matter whatever the depth, the dynamic tension strength increases with the loading
rate, which shows the loading rate effect of brittle material. Meanwhile, the failure model is also tension pattern, which is the same
as the static tension test. Furthermore, as the physical characteristics of the rock have been changed gradually, the rock strength
and other mechanical properties will increase or decrease with the depth. From the point of physical mechanism, the density,
porosity, and others are different at diverse depths, which lead to the differences of mechanical properties. And the result and the
theoretical knowledge could be applied to the blasting and excavation of deep geoengineering and HLW geodisposal.

1. Introduction

With the development of geotechnical engineering in the
deep construction, including the hydraulic and hydro-
power engineering, underground tunnel construction, even
nuclear waste geological disposal, and so on, as the buried
depth increases, the disasters are also increasing. Rock
mechanics related to deep geotechnical engineering is a
hotspot for scholars at home and abroad, and a large
number of results have been achieved [1–6]. In the field of
geological disposal of high radioactive waste, the me-
chanical properties of rock mass are directly related to
the stability of underground engineering related to the
design, construction, and operation. *e characteristics of
strength, deformation, crack propagation mechanism, and
permeability of rockmass should be researched in detail. As
rock is influenced by the high thermo, high in-site stress,
high seepage pressure, and excavation disturbance under
the deep geological conditions, the deformation and failure

characteristics are obviously different from those of shallow
depth, and the mechanical behavior is more complex and
complicated [7, 8].

*rough the uniaxial and triaxial mechanical tests
of different depth in basalt in Beijing DaTai coal mine by
Zhou et al. [9], it is shown that the density of basalt, uniaxial
compression strength, tensile strength, elastic modulus,
cohesive force, and internal friction angle increased linearly
with the depth, but Poisson’s ratio was opposite. Jiang et al.
[10] also found that the elastic modulus, compressive
strength, and tensile strength increased with the depth
through the laboratory test on granite.

Rock static parameters, such as compressive strength,
tensile strength, deformation, elastic modulus, Poisson’s
ratio, friction coefficient, cohesive force, and so on, plays a
guiding role in the design, construction, support, and
monitoring of rock engineering. However, the dynamic
behavior of rock is also important for the engineering
[11–13].
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Before the project excavation, the rock has been in a
certain crustal stress state, that is, the rock has been under a
static stress state before bearing the dynamic load. Not only
affected by high crustal stress, but also rock is superimposed
by dynamic loads such as mining disturbance and even
earthquakes [14–16]. Rock dynamic parameters also include
the mechanical and physical quantities corresponding to the
static parameters, such as dynamic compressive strength,
dynamic tensile strength, dynamic elastic modulus, and
dynamic Poisson’s ratio and so on. To study the rock en-
gineering, it is not enough to just consider the static load or
the dynamic load [17–20]. *e most important researches
related to rock dynamics are blasting engineering, protective
engineering, and seismic engineering, and the antiseismic
and vibration reduction of engineering are the most im-
portant issues. Sometimes, it can meet the requirements of
engineering reality, but in some cases, it is still insufficient
[11, 21, 22].

Furthermore, when the dynamic properties of rock have
been obtained, the engineering design method could be
modified and improved, such as the empirical criterion on
the rock failure, in which the index of uniaxial compression
strength could be replaced by the dynamic compression
strength, which is much more suitable for the blasting sit-
uation. And during the rock support engineering, the rock
bolt could be calculated using the dynamic strength, espe-
cially for the blot bearing dynamic tension condition
[23–25].

Under the condition of high in-site stress, rock burst in
deep mine is still a difficulty to be solved urgently, which is
considered to be monitored by the blasting vibration,
advanced detection, and so on [26]. *e vibration char-
acteristics of various experimental equipment in the
chamber of high-level radioactive waste geological disposal
at different depth, as well as their durability and safety, are
also urgently needed to be solved. At present, the basic
dynamic characteristics, such as dynamic tensile strength,
dynamic compression strength, dynamic elastic modulus,
and dynamic fracture toughness of rock with different
depth have not been studied systematically [27]. *erefore,
it is of great significance to study the dynamic behavior of
rock under deep depth.

Tianhu area, Xinjiang Province, as one of the preferred
areas for the geological disposal of high-level radioactive
waste in China, is gradually carrying out the mechanical tests
of granite in this area. *e static and dynamic mechanical
properties were studied by Man et al. [28], and it is found
that the dynamic mechanical strength and the coupled static
and dynamic tensile strength shown the loading effect.

However, the specimens are selected at the same depth
(360m or so), and the rock dynamic characteristics of
different depths are not studied. Particularly, the tensile
property of rock is an important characteristic, as the rock
failure is often caused by tensile stress. *erefore, in view of
the drilling borehole in Tianhu area, this paper further
implemented the dynamic tensile tests of different depth.
*rough the analysis and discussion of the experimental
data, it can be supported to the design, construction and
monitoring of the geotechnical engineering.

2. Testing Schemes

2.1. Impact Testing Equipment. *e dynamic parameter
has been achieved using SHPB system with a 75mm di-
ameter (Figure 1), which is designed by Central South
University.

In order to eliminate the P-C oscillation, a stable sem-
isinusoidal wave is required, which means that the rising
segment of the loading wave should be settled in about
100 μs. And the spindle type impact bullet is used in the
emitter. *e material and the maximum diameter of the
bullet are the same as that corresponding to the incident and
transmission bars, and the constant strain rate can be re-
alized by the produced semisinusoidal stress wave. Mean-
while, the parameters of the SHPB are illustrated in Table 1.

2.2. Specimen Preparation. Granite with better integrity and
homogeneity is selected. *e core is drilled in a depth ranges
from 350m to 580m, and the specimen numbers are uni-
formly numbered in order of H(depth)-X(No.). Totally, the
buried depth is 350m, 360m, 380m, 420m, 510m, 520m,
530m, 540m, and 580m separately. According to the
conventional specimen requirement for rock mechanics, the
samples are manufactured.

*e rock core drilling machine, the cutting machine and
the grinding machine should be used for fine processing to
prepare the specimen to meet the testing standard.
According to the standard of the rock testing method GB/T
50266-2013 [29]. All the test specimens are uniformly
processed into a cylinder with a standard size. *e specimen
is Brazilian disc, which the size is aboutΦ50mm × H25mm,
corresponding to the Diameter × Height. *e deviation of
the roughness of the specimen at both ends is 0.05mm, the
allowable deviation of height and diameter is 0.3mm, and
the section should be perpendicular to the axis while the
allowable deviation is 0.25 degrees [30].

*e geometric size, density, and longitudinal wave ve-
locity of the processed specimens were measured. A part of
the rock specimen is shown in Figure 2.

3. Dynamic Tensile Testing

Damage caused by excavation becomes more and more
obvious, so the study on dynamic mechanical properties of
rock is important. It should be noticed that the mechanical
response of rock under the dynamic load is completely
different from that under the static load, which is caused by
the inertia effect and the dynamic rate effect of the rock.
Under the dynamic impact or blasting, the internal particles
of the rock can be destroyed by the external force. Because of
the inertia effect, the particles are damaged by different
mechanical properties. *at is to say, different loading rates
cause different failure forms. *e phenomenon has a strong
guiding significance for practical projects.*us, the dynamic
tensile tests have been applied to the specimen under dif-
ferent depths.

*e control parameters and test procedures in the dy-
namic tensile test are as follows: *e specimens are under
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air-dry condition, and the test was carried out at room
temperature. Firstly, in order to verify the stability of the
system, the testing system without specimen has been im-
pacted. Secondly, whether the input bar connects with the
output bar closely and the impact waves coincides with the
SHPB principle is monitored. *irdly, the specimen with
different loading speeds has been stricken using the SHPB. It
should be noticed that the initial impact velocity is calculated
using the static tensile strength data. *en, the strain and
stress of the specimen could be obtained by the dynamic
stress wave equations, and the testing data should be checked
using the dynamic force balance method. In the end, the
dynamic tensile strength of the specimen tested has been
calculated by means of the dynamic stress at the failure
point.

It should be noticed that the rock sample is vertically
placed between the incident bar and the transmit bar when
the dynamic tensile test is carried out [31]. *at is to say, the
two sides of rock sample are contacted with the incident bar
and the transmit bar, respectively, and then the line to
surface contact is achieved. *is method of placing speci-
mens here is based on the loading method adopted in the
static Brazilian splitting tensile test. By using the line to
surface contact loading way, the splitting failure of brittle
materials can be realized, and the tensile strength of rock
materials can be obtained by elastic mechanics.

*e calculation method of dynamic tensile strength can
be referred to the static Brazil splitting tensile test. *e
following formula is used here:

σd �
2Pmax

πDL
, (1)

where, L and D are the length and the diameter of the
specimen separately and Pmax is the maximum force value
between the two side of the specimen, which can be cal-
culated as follows:

P(t) �
P1(t) + P2(t)

2
� EA

εI(t) + εR(t) + εT(t) 

2
, (2)

where A and E refer to the sectional area and elastic modulus
of the input bar or output bar, respectively; P1(t) and P2(t)

refer to the force on the two sides of the specimen; εI(t),
εR(t), and εT(t) are the strain of the incident wave, reflected
wave and transmitted wave separately.

*e pulse shaper technique is employed to achieve
dynamic force balance in the specimen during the experi-
ment, i.e., P1 � P2. *e inertial effects are thus eliminated
because there is no global force difference in the specimen to
induce inertial force. Consequently, the inertial effects are
negligible in such cases and we can then perform quasistatic
analysis.

4. Mechanical Analysis of the Rock Strength

*e dynamic tensile impact test was carried out to obtain the
dynamic tensile strength and the relationship between the
strength and the strain rate. *e test is also one of the basic
test methods for rock dynamic characteristics.

4.1. Characteristic of the Dynamic Tensile Strength. *e
tensile strength is of great significance for the engineering.
From the microscopic point, the failure modes of rock are
mostly caused by the tensile.

*rough a series of dynamic tensile tests, testing data of
rock samples with different depths under diverse loading
rates can be obtained, as shown in Tables 2–10.

It should be noticed that the particularity of the high-
level radioactive waste geological disposal must be consid-
ered, which means that the disposal safety cycle is long, the
engineering stability demands a high level, and the exca-
vation damaged zone should be small, so all the experi-
mental data are listed here and are analyzed.

Gas gun Spindle punch

Emitter cavity Incident bar

Strain gauge Strain gauge

Rock specimen
Transmission

bar

Absorption bar

Figure 1: Schematics of SHPB setup.

Table 1: Parameters of SHPB.

Diameter of
the bar (mm)

Length of the
input bar (mm)

Length of the
output bar (mm)

Elastic modulus
(GPa)

Longitudinal
wave velocity

Poisson
ratio

Pressure
(MPa)

Density
(kg·m−3)

75 2000 2000 250 5400 0.285 0∼10 7810

50mm

Figure 2: Rock specimen.
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Among them, the serial number, diameter, thickness,
density, wave velocity, dynamic tensile strength, and specific
loading rate of rock samples at a certain depth are all shown
in Tables 2–9. According to the test results, the loading rate

of the granite is generally in the order of 105MPa/s, which is
a middle and high loading rate level.

*e dynamic tensile strength is generally between
15MPa∼35MPa. Furthermore, at the different loading rates,

Table 2: Testing result of the dynamic tension test at depth 350m.

No. D (mm) B (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
350-1 47.95 26.75 2661.54 4385.25 33.19 0.72
350-2 48.05 26.69 2646.09 4601.72 26.11 0.32
350-3 48.02 26.50 2657.97 4907.41 20.99 0.24
350-4 48.00 26.70 2629.91 5037.74 17.25 0.10
350-5 48.01 26.84 2635.69 4627.59 23.16 0.26
350-6 47.98 26.92 2641.42 4894.55 27.14 0.30
350-7 48.05 27.04 2622.04 4662.07 33.35 0.62

Table 3: Testing result of the dynamic tension test at depth 360m.

No. D (mm) B (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
360-1 48.21 26.90 2638.60 5274.51 27.20 0.37
360-2 48.25 26.96 2628.36 5502.04 32.23 0.42
360-3 48.23 26.79 2626.80 5581.25 30.94 0.43
360-4 48.26 26.81 2631.77 5362.00 25.23 0.34
360-5 48.22 26.90 2596.77 5274.51 34.96 0.51
360-6 48.31 26.32 2633.75 5371.43 32.18 0.45
360-7 48.15 27.76 2662.20 5237.74 27.80 0.35

Table 4: Testing result of the dynamic tension test at depth 380m.

No. D (mm) H (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
380-5 48.12 22.95 2640 4026 23.78 0.26
380-6 48.12 25.48 2656 4633 32.28 0.70
380-7 48.13 25.42 2636 3852 29.89 0.39
380-8 48.25 24.94 2624 3614 35.55 0.88
380-9 48.11 24.19 2640 3902 29.01 0.53
380-10 48.26 24.62 2612 3847 30.77 0.45
380-11 48.17 24.71 2628 3802 36.61 1.0
380-16 48.30 24.48 2594 4080 34.98 0.85

Table 5: Testing result of the dynamic tension test at depth 420m.

No. D (mm) H (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
420-5 48.32 25.87 2610 4385 30.89 0.49
420-6 48.31 27.78 2419 4630 29.32 0.40
420-7 48.30 25.70 2630 4283 28.29 0.34
420-8 48.30 28.71 2356 4557 21.91 0.27
420-13 48.30 24.46 2616 4447 39.18 0.59
420-14 48.33 27.06 2562 4436 31.65 0.42
420-15 48.31 25.08 2623 4400 26.16 0.26
420-17 48.32 25.56 2630 4564 29.32 0.45

Table 6: Testing result of the dynamic tension test at depth 510m.

No. D (mm) B (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
510-1 48.24 26.64 2650.77 5223.53 37.55 0.52
510-2 48.30 26.73 2645.49 5043.40 31.10 0.41
510-3 48.26 26.67 2625.08 5229.41 12.95 0.13
510-5 48.26 26.63 2649.56 5547.92 32.15 0.40
510-6 48.27 27.03 2599.16 5198.08 36.74 0.64
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the dynamic tensile strength with diverse depth shows the
same change rule, that is, the dynamic tensile strength in-
creases with the loading rate.*us, the dynamic rate effect of
brittle materials has been further verified.

A typical waveform is shown in Figure 3. *e re-
lationship between dynamic tensile strength and loading rate
of granite samples with depth of 350m is shown in Figure 4.
It can be seen that the dynamic tensile strength increases
with the loading rate, and basically it shows a tendency of
linear growth.

*e relationship between dynamic tensile strength and
loading rate with buried depth of 360m, 380m, 420m,
510m, 520m, 530m, 540m, and 580m is shown in
Figures 5–12. And the same experimental rule was found,
that is, with the increase of loading rates, the dynamic tensile
strengths also show an increasing trend.

All those tests are carried out under a similar condition.
*e position of the projectile is fixed, and the loading

pressure is slightly changed. *erefore, the loading rate is
basically maintained at the same level.

As it is well known, the failure mode of rock reflects its
stress state.*e Brazilian disc specimen is split into two parts
along the middle direction during the static indirect tensile
test.

*rough the observation of the failure mode after dy-
namic tensile test, it is found that at the initial stage of
loading, somemicrocracks were produced, mainly located in
the middle of the specimen. With the loading process, the
stress wave reflects back and forth inside the specimen,
which leads to the expansion of the initial crack, and then
propagates rapidly. *e extension direction is always along
the central part of the specimen and crack extends to the two
ends. As the loading continued, it is eventually ruptured into
two halves.

*rough the dynamic tensile test, it is found that the
failure patterns of rock samples are as follows: when the

Table 7: Testing result of the dynamic tension test at depth 520m.

No. D (mm) B (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
520-1 48.31 26.40 2615.43 5387.76 20.53 0.16
520-2 48.28 26.72 2658.90 5138.46 21.52 0.16
520-3 48.32 26.78 2638.37 5465.31 27.21 0.32
520-4 48.63 26.54 2567.51 5007.55 27.04 0.38
520-5 48.33 26.38 2635.92 5073.08 28.22 0.35
520-6 48.35 26.45 2657.67 5290.00 29.05 0.59
520-7 48.34 26.36 2636.83 5272.00 29.64 0.46

Table 8: Testing result of the dynamic tension test at depth 530m.

No. D (mm) B (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
530-1 48.24 27.15 2711.87 5323.53 20.67 0.12
530-2 48.31 26.04 2641.11 5208.00 27.39 0.37
530-3 48.29 26.42 2625.95 5284.00 27.57 0.35
530-4 48.27 27.39 2664.80 5167.92 28.04 0.41
530-5 48.50 27.43 2635.74 5175.47 28.55 0.37
530-6 48.41 26.49 2616.31 5094.23 25.80 0.44
530-7 48.15 27.50 2697.36 5392.16 35.87 0.54

Table 9: Testing result of the dynamic tension test at depth 540m.

No. D (mm) B (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
540-2 48.33 26.86 2598.97 4069.70 20.34 0.26
540-3 48.22 26.95 2571.63 4990.74 22.54 0.29
540-4 48.27 26.24 2646.16 4100.00 23.09 0.30
540-5 48.39 27.10 2609.72 3871.43 25.93 0.33
540-8 48.12 26.74 2623.18 5142.31 27.38 0.40

Table 10: Testing result of the dynamic tension test at depth 580m.

No. D (mm) B (mm) ρ (kg/m3) Vp (m/s) σd (MPa) Loading rate (106MPa/s)
580-2 48.28 26.74 2656.92 4383.61 24.05 0.23
580-3 48.27 26.90 2642.21 4138.46 28.50 0.35
580-4 48.26 26.74 2638.66 4312.90 24.80 0.25
580-5 48.23 26.43 2631.49 4066.15 27.63 0.38
580-7 48.17 26.65 2657.48 4164.06 31.68 0.43

Advances in Civil Engineering 5



0.30
0.25
0.20
0.15
0.10
0.05
0.00

V
ol

ta
ge

 am
pl

itu
de

 (v
)

–0.05
–0.10
–0.15
–0.20

0.0000 0.0005 0.0010
Time (s)

0.0015 0.0020

Incident bar
Transmission bar

Figure 3: Typical waveform of rock specimen under dynamic
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impact load is not large, the rock often breaks into two
halves. With the increase of the impact load, the number of
rock fragments increases and the fractal size is generally
uniform, as shown in Figure 13. It also confirms that the
dynamic loading strength is higher than the static loading
strength. Under the action of dynamic load, the number of
cracks which can withstand the damage is more than that
under static load, so the dynamic strength is higher than the
static strength. In short, the failure mode of rock under
dynamic tensile condition is basically tensile pattern.

4.2. Characteristic of theDynamic Tensile Strength atDifferent
Depths. As a brittle material, the tensile strength of rock is
much lower than the compressive strength, which has been
widely applied in engineering blasting. Taking the tunnel
blasting excavation as an example, not only the fracture
surface after blasting should be considered, but also the
contour lines should be conformed to the design re-
quirements and the reasonable distribution of rock frag-
mentation should also be considered.

When the explosive is detonated, the rock should be
mainly in the tensile stress by the propagation of the ex-
plosion wave. And if the ultimate tensile strength of the rock
mass is lower than the maximum shear stress, the rock is
broken and crushed. *erefore, the presplitting blasting
method is used to release the original stress in the rock
partly, which is beneficial to achieve a good cutting blasting
effect, and thus to obtain a higher blasting hole utilization
rate. Under the action of blasting, the loading rate is different
from that of the static load, generally 105∼106MPa/s.

Furthermore, it is necessary to investigate the tensile
properties of the areas at this loading rate. A specific loading
rate 0.4 × 106MPa/s is selected for the rock samples with
different depth, and the dynamic tensile strength changed
with the depth is shown in Figure 14.

From Figure 14, it is found that the dynamic tensile
strength of granite increases first and then decreases with the
depth in the range from 350m to 580m. *e cause for this
phenomenon should be analyzed and discussed in detail
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from the physical and mechanical characteristics of the rock
samples.

It is necessary to point out that the experiment is only for
the specimen of different depth in the same borehole, so it is
suitable to be compared and analyzed together.

5. Discussion

Under the above selected loading rate condition (0.4 ×

106MPa/s), the relationship between the dynamic tensile
strength and its own density and wave velocity is shown in
Figure 15, in which, the black circular data points indicate
the relationship between dynamic tensile strength and wave
velocity and the blue box data points indicate the re-
lationship between dynamic tensile strength and density.

It can be seen from Figure 15 that the dynamic tensile
strength is higher when the density and wave velocity of

granite are both large. *at is to say, the denser the rock is,
the faster the propagation of wave velocity is and the higher
the dynamic tensile strength is. When the density is low and
the wave velocity is relatively low, the dynamic tensile
strength is also low. When the density and wave velocity are
at the middle level, the dynamic tensile strength is also
within the interval range of the middle value. With the
increase of the buried depth, the rock will become denser.
Especially at the depth of 3000m, this phenomenon is much
more significant.

For this test, the density obtained using the specimen is
slightly different, which is confirmed by the identification
and analysis of lithology under microscope, as shown in
Figure 16. *e granite tested is mainly composed of quartz,
potash feldspar, and black mica. *e quartz is granular,
particle size is 1∼2mm, and the content is about 35%∼40%.
*e potash feldspar particle size is mainly in 1∼2mm, with a
localized 1 cm of potassium feldspar, the total content of
potash feldspar is 55%∼65%, and the content of black mica is
about 5%.

(a) (b)

Figure 13: Failure forms of rock under different loading rates.
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It can be further explained that the main reason for the
difference of physical and mechanical characteristics at
depth of the same rock is the diverse geological environ-
ment, especially the in-site stress environment surrounding
the rock. Obviously, the mechanical property of rock in
different depths is determined by the rock heterogeneity.
Especially under the dynamic loading rates, this difference is
shown more significant. And the explanation is consistent
with Zhu et al., who obtained it by numerical calculation
[32].*e RFPA software is used to simulate the rock fracture
process under dynamic load. By comparison with the
fracture theory, it is shown that the heterogeneity of rock
materials is one of the main reasons for the improvement of
the dynamic strength.

*at is to say, rock strength varied with depth is
determined by the properties and external loading con-
ditions. It cannot be simply considered that the rock
strength increases first and then decreases with the depth.
Not only a phenomenal expression of this test, but also the
essential reason for the change of rock strength, is il-
lustrated. It should be noticed that it is not rigorous just
said the rock strength increases or decreases with the
depth.

According to the above research, it is believed that as the
physical characteristics of the rock have been changed
gradually, the rock strength and other mechanical properties
will increase or decrease with the depth. From the point of
physical mechanism, the density, porosity, and others are
different at diverse depths, which lead to the differences of
mechanical properties.

6. Conclusions

(1) Based on the SHPB device, the dynamic tensile test
was carried out on the granite, which is located at the
depth 350m∼580m at the same borehole in TianHu
area Xinjiang Province, the preselected site of the
high-level radioactive waste geological disposal in
China. Under the loading rate level of 105MPa/s, the
dynamic tensile strength is generally between
15MPa∼35MPa, which is of significant reference for
the site selection.

(2) All the tested dynamic tensile strength increases
with the loading rate, which shows the characteristic
of the loading rate effect of the brittle materials.
However, the relationship between the dynamic
tensile strength and the depth is not a single ten-
dency, but presents an increase first and then a
decrease later.

(3) As the physical characteristics of the rock have
been changed gradually, the rock strength and
other mechanical properties will increase or de-
crease with the depth. From the point of physical
mechanism, the density, porosity, and others are
different at diverse depths, which lead to the dif-
ferences of mechanical properties.
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