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From the standard test method suggested by ISRM and GB/T50266-2013, the uniaxial static tensile strength, dynamic tensile
strength, and dynamic fracture toughness of the same basalt at different depths have been measured, respectively. It is observed
that there may be an empirical relation between dynamic fracture toughness and dynamic tensile strength. The testing data show
that both the dynamic fracture toughness and dynamic tensile strength increase with the loading rate and the dynamic tensile
strength increases a little bit more quickly than the dynamic fracture toughness. With an increasing depth, the dynamic tensile
strength has much more influence on the dynamic fracture toughness, as which it is much liable to bring out the unexpected
catastrophes in the engineering projects, especially during the excavation at deep mining. From the rock failure mechanisms, it is
pointed out that the essential reason of the rock failure is the microcrack unstable propagation. The crack processes growth,
propagation, and coalescence are induced by tensile stress, not shear stress or compressive stress. The paper provides estimation of

the dynamic fracture toughness from the dynamic tensile strength value, which can be measured more easily.

1. Introduction

Rock failure results from the propagation of one or more
cracks and thus can be considered as a fracture mechanics
problem [1-6]. The cracks processes growth, propagation,
and coalescence and the LEFM (linear elastic fracture me-
chanics) can be widely used to describe the procession
[7-10]. It follows that the fracture toughness of rock is
important in theoretical studies and engineering applica-
tions related to rock failure. Three methods for measuring
the fracture toughness have been suggested by ISRM so far
[11, 12]. Though these testing methods are standard, ap-
plication for describing rock mechanics properties is not
widespread. As specimen preparation needs a long time [13],
a simple and easy method for determining fracture tough-
ness of rock would be helpful.

Whittaker et al. [14] obtained the relation between Mode
I fracture toughness and the tensile strength, as follows:

0, = 9.35Kc — 2.53, (1)

where 0, and K| are the tensile strength and Mode I fracture
toughness of rock, respectively, with a coefficient of de-
termination r* = 0.62. For o, = 0, K| is equal to 0.27. It
means that rock with a zero tensile strength can resist crack
propagation to a certain extent. However, as we know, it is
impossible for any rock materials. As for o, = 0, K should
also be zero.

Zhang [15] has obtained another relation between Mode
I fracture toughness and tensile strength by using a lot of
experiment data. The relation can be expressed as

Ut = 6.88ch, (2)

where the coefficient of determination 2 is 0.94. For this
equation, when the o, is zero, K¢ is also zero.

Xie and Wang et al. [16, 17] have already tested the clay
and obtained another equation between the fracture
toughness and tensile strength:
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K¢ = 0.35460,, (3)

where the coefficient of determination r? is 0.88.

Above references have shown that the Mode I fracture
toughness has a relation with the tensile strength. However,
the papers dealing with the dynamic fracture toughness and
strength of rock have still been few so far. Therefore, this
paper considers the relation between dynamic fracture
toughness and dynamic tensile strength of the same basalt
obtained from different depths and attempts to discuss the
reason why the relation exists.

2. Measurement of Uniaxial Tensile Strength

2.1. Sampling and Rock Specimen Preparation. The tested
rock is basalt, from the Nandaling group Mentougou area,
derived from Datai well field VII, and the basalt explored
from the heights +190m, +90m, and —10 m, respectively.
Corresponding to the heights, the depths are 410 m, 510 m,
and 610 m from the surface, respectively.

According to “Standard for test methods of engineering
rock masses: GB/T50266-2013” [18], the tensile strength of
the basalt can be measured by the Brazilian split method.
And the specimen size is ®50 mm x H25 mm.

2.2. Testing Equipment and Measuring Principle. Brazilian
split test was carried out by using the servo-controlled rock
mechanics testing system RMTS150 in Sichuan University.
The testing equipment is shown in Figure 1, and the pa-
rameters of the equipment are expressed in Table 1.

The Brazilian split test is a more general method for
measuring rock tensile strength. It is an indirect method.
Firstly, by forcing the disc at the two edges, ensure the stress
of disc along the center line under uniform tensile stress
condition. Secondly, obtain the tensile strength from the
pressure corresponding to the failure point. And the cal-
culation is as follows:

2P
o, = —, 4
' aDt )
where P is the maximum load during the Brazilian split test
and D and ¢ are the diameter and thickness of the rock
specimen, respectively.

2.3. Testing Process. The specimens were manufactured
under air-dry condition; meanwhile, the test was carried out
at room temperature. The testing process is described as
follows: firstly, through the disc edges of the diameter,
scratch one pair loading parallel line on the disc edge surface.
Secondly, modify the filler strip station of the testing system
and place the specimen on the filler strip along the loading
line. Thirdly, preforce the specimen several kN to fix the
specimen and ensure the filler strip and specimen were kept
in the same loading direction. Then, stop the preforcing until
the specimen is fixed and steady, and close the bulletproof
door.

The next step is the loading, which means that the force-
control program is applied to with a loading rate of 5
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kN/min. And the loading process stops when the specimen is
totally cracked. Afterwards, the tensile strength can be ob-
tained through the maximum pressure load, corresponding to
the failure point during the press procession.

3. Measurement of Dynamic Tensile Strength

3.1. Sampling and Rock Specimen Preparation. The samples
used in dynamic testing were cored from basalt blocks
obtained from Datai well field VII. The cored diameter is
50 mm and the designed ratio of length to diameter (L = D) is
0.5. A number of samples were cut into two series for in-
vestigating the influence of dynamic tensile strength and
dynamic fracture toughness on the rock. Especially, the same
cores could be divided into two series of specimens: one is
for the dynamic tensile strength measurement and the other
is for the dynamic fracture toughness measurement. The
surfaces of all the samples were then ground to achieve good
contact on the surfaces with the pressure bars.

Prior to conducting the tests, all the test samples were la-
belled and weighed and their dimensions measured. The se-
quence of cutting the samples from each core was recorded.

3.2. Testing Equipment and Measuring Principle. The SHPB
(Split Hopkinson pressure bar) is a common experimental
technique nowadays for testing the dynamic performance of
solid media. It consists of four components as follows:

(1) The power supply component, which is made up of
nitrogen bottle and chamber.

(2) The components for generating and transferring
loads, consisting of the rock specimen, striking bar,
input bar, and output bar.

(3) The striking velocity measuring component, consisting
of spotlight, photoelectric diode, amplifier, and counter.

(4) The strain measuring component, including strain
gauges and ultradynamic apparatus as well as the
dynamic test and analysis equipment.

The dynamic parameter has been achieved using SHPB
system with 75 mm diameter (Figure 2), which is designed
by Central South University [19]. Meanwhile, the parameters
of the SHPB are illustrated in Table 2.

During the SHPB experiments, high-pressure gas pro-
vided by a nitrogen bottle expands in a chamber and pushes
and accelerates a striking bar which moves forward to strike
the input bar at a certain speed and produces an input wave
g (t) in the input bar. When the wave ¢ () reaches the
interface (Figure 3), two waves are produced, among which
one part is reflected back along the input bar and produces
the reflected wave ¢ (¢) and the other wave moves forward
and reaches the output bar through the specimen and
produces the transmission wave & (¢). The strain pulse
signals are collected via strain gauges and transformed into
electric signals through ultradynamic strain equipment and
then transferred into dispersed signals and stored in
recorded form. All these recorded dispersed signals are
analyzed all together after completing the tests.
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FIGURE 1: Rock mechanics testing system RMTS150 and specimen.

Based on the wave propagation theory and one-
dimensional stress hypothesis, as well as the continuity
demands of displacement, the stress and displacement of the
rock specimen are calculated as follows:

pi(t) = EA[e (1) + & (1)], (5)
P, (t) = EAer (1), (6)
t
u, (1) = ¢, jo [, () + g (8)] dt, (7)
t
w5 = ¢, JO er (1) dt, (8)

where A, E, and ¢, refer to the sectional area, elastic
modulus, and longitudinal wave velocity of the input bar or
output bar, respectively.

It is assumed that the mean value of stresses from the two
ends of the rock specimen can be regarded as the stress in the
whole specimen, as the rock specimen is much shorter than
the striking bar. Therefore, it can be expressed as follows:

:Pl (t)+p2(t) (9)

p(0) 5

The inertial effects are eliminated because there is no
global force difference in the specimen to induce inertial
forces (discussed in the following sections). Therefore, we
propose a similar equation for calculating the stress intensity
factor for Mode I fracture in the current specimen. The
dynamic tensile strength using the Brazilian split test
method is measured for obtaining rock dynamic tensile
strength. And the calculation is as follows:

04 =—— 10

Y Dt (10)
where P is the maximum load during the impact test and D
and t are the diameter and thickness of the rock specimen,
respectively.

TABLE 1: Parameters of RMTS150.

Maximum axial direction load

1500 kN (pressure)
900 kN (tensile)

Axial displacement

0~150 mm
(75 mm)

FIGURE 2: Schematics of SHPB equipment.

3.3. Testing Process. The specimens are also under 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 impacted. Sec-
ondly, the input bar has been monitored to connect the
output bar closely, and then the impact waves coincide with
the SHPB principle. Thirdly, 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. Then, the strain and stress
of the specimen could be obtained by the above 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.

The pulse shaper technique is employed to achieve dy-
namic force balance in the specimen during the experiment,
that is, P, = P,. In a traditional SHPB test, the incident wave
with a sharp rising edge may initiate undesired damage to the
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TABLE 2: Parameters of SHPB.

Diameter of the  Length of the input Length of the output Elastic Longitudinal Poisson  Pressure  Density
bar (mm) bar (mm) bar (mm) modulus (GPa)  wave velocity ratio (MPa) (kg-m_3)
75 2000 2000 250 5400 0.285 0~10 7810
l = o —
Emitter cavity Incident bar Rock specimen Transmission bar
Gas gun Spindle punch Strain gauge Strain gauge Absorption bar

FIGURE 3: Schematics of SHPB setup.

sample upon impact. Consequently, the forces on both sides of
the specimen are not the same, likely resulting in mis-
interpretation of data. We use a C11000 copper disc to shape
the incident wave from the rectangular shape to a ramped
wave. In addition, a rubber disc is placed in front of the copper
shaper to reduce the rising slope of the incident pulse. This
combined pulse shaping technique was also used by other
researchers.

Figure 4 shows the forces on both ends of the specimen
in a typical test. From Equation (5), the dynamic force on the
one side of the specimen P, is proportional to the sum of the
incident (In) and reflected (Re) stress waves, and the dy-
namic force on the other side P, is proportional to the
transmitted (Tr) stress wave. It can be seen from Figure 4
that the dynamic forces on both sides of the specimens are
almost identical during the whole dynamic loading period.
The 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. Measurement of Dynamic
Fracture Toughness

4.1. Sampling and Rock Specimen Preparation. As the pur-
pose of this paper is to research the relationship between the
dynamic fracture toughness and dynamic tensile strength of
the rock, the rock specimen with the same lithology has been
measured to ensure these toughness and strength tests are
under the same rock properties. For the fracture toughness
measurement of brittle rocks, core-based samples are pre-
ferred because they can be easily obtained from natural rock
blocks. As a result, the developed standard method of
fracture toughness tests on metals [20] and ceramics [21] is
rarely utilized. ISRM recommended two methods with three
types of core-based specimens for determining the fracture
toughness of rocks: chevron bend (CB) and short rod (SR)
specimens in 1988 [22] and cracked chevron notched Brazilian
disk (CCNBD) specimen in 1995 [23-25]. According to
“Suggested method for determining mode I fracture toughness
using Cracked Chevron Notched Brazilian Disc (CCNBD)
specimens” suggested by ISRM in 1995 [11], the CCNBD

300 T T T T

200

100

Stress (MPa)

-100 A

-200 T T T T
0 50 100 150 200 250
Time (us)
—a— In —&— Re
—@— Tr —w— In + Re

FIGURE 4: Dynamic force balance verified during a typical SHPB
test.

specimen is prepared. In order to get a more accurate
toughness, the flattened CCNBD specimen has been finally
manufactured [26-28]. The specimen is expressed in Figure 5,
while the geometry is detailed in Table 3.

4.2. Testing Equipment and Measuring Principle. As we
aimed at studying the relationship between the dynamic
tensile strength and dynamic fracture toughness, the SHPB
with a same size of 75 mm diameter was used in this study.
According to the fracture mechanics principle [9, 10], it
could be regarded that the failure point of the dynamic fracture
toughness is under the maximum load condition, as a result of
the crack propagation unstably when the load decreases
suddenly [9]. So, the failure point can be expressed as:

do 0

dt
Based on the ISRM standard for CCNBD specimen
[11, 29-31], we used a similar equation for calculating the

stress intensity factor for Mode I fracture in the current
specimen:

(11)
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(a)

(b)

FIGURE 5: Geometry of the CCNBD specimen recommended (a) and the flattened CCNBD specimen (b).

TaBLE 3: Geometry of the standard CCNBD.

Descriptions Values Dimensionless expression
Diameter D (mm) 75 —

Thickness B (mm) 30 ag=B/R=0.8
Initial chevron notched crack length aq (mm) 9.89 a=ag/R=0.2637
Final chevron notched crack length a; (mm) 24.37 a;=a;/R=0.65

Saw radius Ry (mm) 26 as=R/R=0.6933
Dimensionless stress intensity factor 0.84 —

Ky = ;)L\/%Yr*nin’ (12)
where Ky is the dynamic fracture toughness and Y. ,
a dimensionless geometry factor, is a function of the crack
geometry, which can be calculated easily. And P, B, and R
refer, respectively, to the maximum load during the testing
process, thickness, and radius of the specimen.

Compared with Equations (11) and (12), it can be drawn
that both these specimen rupture criterions are under the
maximum load. It has been showed that the failure criterions
are uniform. Meanwhile, it also explains that the purpose of
the fracture testing is to search the maximum load corre-
sponding to the crack propagation unsteadily.

4.3. Testing Process. The testing principle and the testing
progress are also nearly the same to the dynamic tensile
strength measurement. Obviously, the CCNBD specimen
with different loading speeds has been stricken using the
SHPB. Then, the strain and stress of the specimen could be
obtained by the above equations. And the dynamic fracture
toughness of the specimen tested has been calculated by
means of the dynamic stress at the failure point.

5. Result and Analysis

Through the above testing and measurement, the dynamic
tensile strength, dynamic fracture toughness data, and
loading rate are shown in Tables 4-6, respectively. For the
static tensile testing, the effective data are chosen only if the
specimens are split into two parts from the central axes after

TaBLE 4: Dynamic fracture toughness and dynamic tensile strength
of 410 m.

Ky (MPam'?s7") K4 (MPa-m'?) 0,4 (MPa)
111089 12.8 9.3
141265 14.7 9.8
150903 15.5 103
163611 15.5 10.7
165121 16.2 12.8
212652 16.8 13.9
170339 17.0 14.9
235937 175 16.4

TaBLE 5: Dynamic fracture toughness and dynamic tensile strength
of 510 m.

Ky (MPa-m'?s7") Kyy (MPa-m'’?) 04 (MPa)
115945 11.7 5.7
122839 12.8 6.6
139858 14.3 6.9
159310 221 7.4
230667 22.1 7.9
240101 22.6 10.8
162295 23.2 10.8
207318 23.6 11.4

the test [26, 27], or else the data should be omitted.
According to the static tensile data, the initial dynamic
impact velocity for the SHPB testing was determined. For the
SHPB testing, the specimen usually ruptures into two or
more fractions. It could be transformed from the electric
signals on the strain gauge into strain data and then the



TaBLE 6: Dynamic fracture toughness and dynamic tensile strength

of 610 m.

Kyy (MPa-m'*s™") Kyy (MPa-m'’?) 0q (MPa)
131236 20.9 7.0
141948 21.7 7.7
160777 23.6 7.8
199820 259 7.9
214561 27.9 9.8
290718 30.2 14.1
338431 30.7 15.2

stress is calculated. More importantly, according to the
dynamic force balance [32], the testing data should be
verified whether they coincide with the basic principle of
SHPB. For the satisfied data, the dynamic tensile strength
and dynamic fracture toughness using Equations (10) and
(12) could be obtained through the maximum load. It should
be noticed that the specimens for dynamic tensile strength
measurement and the specimens for dynamic fracture
toughness test are both cored from the same rock. Then, the
two kinds of parameters of the same specimen could be
compared and analyzed together. In the meantime, the
loading rate shows the ratio of the dynamic fracture
toughness to the loading time, corresponding to the fracture
toughness.

The calculated dynamic tensile strength, dynamic frac-
ture toughness, and loading rate of the rock specimens from
the depths 410m, 510m, and 610m are illustrated in
Figures 6-8, respectively.

It can be directly understood that there is an empirical
relation between dynamic tensile strength and dynamic
fracture toughness. Compared with Equation (2), the dy-
namic fracture toughness is higher than the static fracture
toughness, by about one order of magnitude. And there is
a relation between strength and toughness of rock. Fur-
thermore, the dynamic fracture toughness and dynamic
tensile strength increase with the loading rate. It should be
noted that the dynamic tensile strength increases at faster
rate than the dynamic fracture toughness.

6. Discussion

Zhang et al. [33, 34] pointed out that the fracture toughness
and loading rate can be described as Kyy oc Ky, where a is
a constant. And the uniaxial dynamic compressive strength
of rock and the strain rate have a similar relation o4 o< £,
where a is an integer [35]. Furthermore, as we know, the
uniaxial compressive strength of a given rock is usually 8-15
times greater than its uniaxial tensile strength. This means
that the strength and the toughness of rock are likely to be
related to each other. Zhang [15] has obtained the relation
between the static fracture toughness and tensile strength,
while this paper focuses on the relation between dynamic
fracture toughness and dynamic tensile strength of the rock.

Why does the strength have a relation with the toughness
of rock? Which one, strength or toughness, is the more
essential factor to describe the rock failure? Previous studies
[1-6] of compressive microfracture have suggested strongly
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that stress-induced microcracks in rock are caused by the
tensile, rather than shearing, are axial in orientation, and are
responsible for observed dilatant and hysteretic effects. It
indicates that the relation between the strengths, which
includes tensile strength and compressive strength of the
rock, and toughness is due to a similar fracture mechanism.
Rock failure in tensile, shear, and compressive strength
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mainly results from microcracks induced by tensile stress. It
can be considered to be one of the reasons why the tensile,
shear, compressive rock strength, and static and dynamic
fracture toughness are related to each other. And some authors
proposed the crack propagation models [1, 2, 4, 36-39], which
also confirmed the above theory. According to the mechanism,
the toughness value could be calculated through the tensile
strength.

Experimental observations have also shown that there
are some similarities in fracture patterns occurring in the
tensile strength test and fracture toughness test. For the
tensile test, the entire specimen failed along the loading
direction, exactly from the centre of the specimen. For the
toughness test, under a lower loading rate, the specimen
ruptures into two parts similar to the standard tensile test,
especially from the loading direction. The specimen was
shocked into several more fractions when the loading rate is
higher. This phenomenon indicates that the failure of each
specimen results from the extension of a single crack or the
coalescence of a few microcracks in the same plane. Mean-
while, it can be observed that there are considerable clear crack
branches on the fracture surface. From this point, the fracture
surface formation of a specimen tested for tensile strength is
similar to that for the fracture toughness.

7. Conclusions

Mode I dynamic fracture toughness and dynamic tensile
strength of the rock in Beijing Datai well at different depths
have been measured according to the suggested methods by
ISRM and GB/T50266-2013. Two conclusions can be drawn
as follows:

(1) Both the dynamic fracture toughness and dynamic
tensile strength increase with loading rate.

(2) Dynamic tensile strength increases at faster rate than
the dynamic fracture toughness.

Data Availability

The data used to support the findings of this study are in-
cluded in Section 5 (Tables 4-6).
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