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Abstract
The dynamic fracture characteristics of rock specimens play an important role in
analyzing the fracture issues such as blasting, hydraulic fracturing, and design of supports.
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toughness Several experimental methods have been developed for determining the dynamic fracture
properties of the rock samples. However, many used setups have been manufactured for
Drop weight metal specimens, and are not suitable and efficient for rocks. In this work, a new technique

is developed to measure the dynamic fracture toughness of rock samples and fracture
energy by modifying the drop weight test machine. The idea of wave transmission bar
from the Hopkinson pressure bar test is applied to drop weight test. The intact samples of
limestone are tested using the modified machine, and the results obtained are analyzed.
The results indicate that the dynamic fracture toughness and dynamic fracture energy have
a direct linear relationship with the loading rate. The dynamic fracture toughness and
dynamic fracture energy of limestone core specimens under the loading rates of 0.12-
0.56kN/uS are measured between 9.6-18.51MPaVm and 1249.73-4646.08J/m2,
respectively. In order to verify the experimental results, a series of numerical simulation
are conducted in the ABAQUS software. Comparison of the results show a good
agreement where the difference between the numerical and experimental outputs is less
than 4%. It can be concluded that the new technique on modifying the drop weight test
can be applicable for measurement of the dynamic behavior of rock samples. However,
more tests on different rock types are recommended for confirmation of the application of
the developed technique for a wider range of rocks.

Numerical simulation

Limestone

1. Introduction

Fracture mechanics has been applied for a variety
of rock engineering issues such as rock cutting,
explosive fracturing, seismic events, and hydro
fracturing, which is based on the Griffith theory
and the Irvin’s modification for cracked medium
under the static or dynamic conditions [1].
Understanding the behavior of the materials under
static or dynamic fracturing is essential. This
behavior is described by the fracture parameters
such as the dynamic fracture energy and dynamic
fracture toughness, indicating the resistance of
materials against the propagation of the pre-
existing cracks [2]. Earlier measurements of the
stress intensity factor (SIF) followed the ASTM-
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E399 standard method for static load. Due to the
fact that most of the rocks are brittle with pre-
cracking fatigue properties, the above-mentioned
ASTM standard method is not so efficient [3].
Therefore, the International Society for Rock
Mechanics (ISRM) recommended three methods
for determination of the static fracture parameters
of core-based rock specimens [4]. ISRM suggested
the Short Rod (SR) and the Chevron Bending (CB)
tests for fracture test in 1988 [5] and the Cracked
Chevron Notched Brazilian Disc (CCNBD) in
1995 [6]. In addition to the methods suggested by
ISRM for the static condition, many researchers
have used different sample geometries to measure
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dynamic fracture parameters; for example, Chunan
and Xiaohe (1990) used cubic-shaped samples of a
marble specimen [7]. Wang et al. (2011-2009)
have determined this property using the holed-
cracked flattened Brazilian discs and cracked
straight-through flattened Brazilian discs [8, 9].
Nikita et al. (2009) have examined the static and
dynamic SIF of a few different rock types [10].
Chen et al. (2009) used NSCB and Dai et al. (2010-
2011) tested CCNBD to determine the dynamic
fracture toughness of granites [11, 12]. Recently,
some researchers have used the notched semi-
circle bend specimens in order to specify the rock
dynamic fracture features under different loading
rates [13, 14]. Liu et al. (2019) have investigate the
effects of two elliptical holes and four fissures on
the mechanical behavior of sandstone using the
acoustic emission (AE) monitoring and digital
image correlation (DIC) techniques [15]. Among
the experimental methods proposed by ISRM and
ASTM for measurement of the dynamic fracture
parameters, the Charpy impact test, the drop weight
test, and the Hopkinson pressure bar are the most
common experimental techniques illustrated in
Figure 1, and the advantages and disadvantages of
those techniques are summarized in Table 1.

Alongside many published papers in the field of
rock fracture toughness estimation, the Hopkinson
pressure bar has been used to conduct the fracture
tests in order to measure the dynamic stress
intensity factor (DSIF). This test is useful for
metallic materials and small piece of rock
specimens [20]. The Charpy test is used to measure
the K, values [21]. The ASTM standard E208 has

a) Charpy Impact Test [16]
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been introduced the drop weight machine as a
standard laboratory setup, which is able to test a
variety of large specimens including the edge-
notched specimens under the 3-point bending
(3PB) mechanism. There are some limitations for
using the drop weight test. Those limitations are
due to a sudden impact in the drop weight test,
which leads to a jump of the specimen from its
supports. It may result in a lack of recording of the
reflected wave from the interface of the specimen
and the tub head, therefore, the stress equilibrium
during the test may not be achieved. The rate and
the form of the compressive load depend on both
the specimen and the features of the machine.
Moreover, great care should be taken in
interpreting experimental data due to the coupling
effects between the machine vibration and the
wave propagation. In this situation, the loading rate
cannot be well controlled; thus, multi-axial
loadings are unreliable [22].

Due to the limitations of the above-mentioned
common experimental setups for measurement of
dynamic fracture toughness of rock samples, it has
been decided to develop a new experimental
technique for measurement of the rock dynamic
fracture based on the drop weight test. In this paper,
the rock dynamic fracture is studied
experimentally. In the first step, the modified setup
is introduced, and then the way of determination
dynamic fracture toughness is described. Finally,
the test results of core specimens with the straight
notch crack in 3PB for the limestone are presented
and the comparison with the numerical results is
discussed.
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Figure 1. Most common experimental dynamic fracture tests.
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Table 1. Advantages and disadvantages of most common experimental dynamic fracture tests [18, 19].

Name Advantages Disadvantages
-Specimen jumped off the supports
Charpy - Simple setu -Extreme fluctuations in the recorded force
Impact Test P P -A lack of understanding of the inertia force due to stress
wave propagation in Charpy specimen
. o - Specimen jumped off the supports
Dropr\é\slslght - Usina a IarSIen;,pI:c?r?}:rr: for testin - Not satisfaction of the stress equilibrium
9 gesp 9 - Not justifying inertia force
- Inertia can be ignored
Hopkinson - Specimen reaches stress equilibrium

before failure
-Loading sample with constant rate
before failure point

Pressure Bar

-Using a small piece of rock specimen

2. Modified drop weight test

In order to solve the above-mentioned limitations
of the common tests, the idea of wave transmission
bar was borrowed from the Hopkinson pressure bar
test and applied to the drop weight test and a
modified drop weight test setup was developed.
The modified drop weight test apparatus is
illustrated in Figure 2.

By this technique, in the modified drop weight test
setup, the specimen won’t jJump of when the weight
is dropped. Consequently, it will easily achieve
stress equilibrium, and the reflected wave from
interface of specimen and tub head can be
recorded. Furthermore, the rate and form of the
compressive loading is not dependent on the
features of the specimen and machine. As well, the
average energy and the loading rate can be well-
controlled by means of the height and weight of

Tub head

Specimen

falling weight on the transmission bar. Another
advantage of the modified setup system is that the
larger rock specimens could be tested in a variety
of forms including disc-shaped, cylindrical, and
cubic.

In order to measure the dynamic load applying to
the specimen, a strain gauge was mounted at the
end of the transmission bar (Figure 2). The position
of the strain gauge on the transmission bar is
extremely important as we have to deal with two
problems. First, at high rates of loading, the striker
material’s inertia forces are not entirely negligible
in comparison to the contact forces between the
specimen and the striker. Another problem is that
the measured strain is dependent on the distribution
of load over the specimen/striker contact region
[23].

: 3
"
~ Steel plate (1)

" Frame setup

Drop weight tower

Steel plate (2)

Wave transmission bar

Steel plate (3)

Tub head
Specimen
Support
Base plate

Figure 2. A modified drop weight test setup for measurement of dynamic fracture toughness of rock
samples.
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When the strain gauges are moved closer to the
contact surface, the inertia effects become smaller
due to the reduced intervening mass. By contrast,
the contact force distribution effects can be reduced
by moving the strain gauge away from the contact
surface. Therefore, strain gauge should be mounted
on the correct position of the transmission bar to
reduce errors due to inertia forces as well as
decrease force distribution. Also when wave
propagates along the transmission bar, the wave
continually changes its amplitude and shape due to
damping losses and wave dispersion [24]. As a
result, it is better to mount the strain gauge near the
tub head to solve all the problems mentioned
above. Thus by analyzing a considerable number of
the test results, it was concluded that in the
modified drop weight test apparatus, the strain
gauge should be mounted on the transmission bar
in a 10 cm distance from the tub head (Figure 2).

2.1. Strain gauge and recording system

Since dynamic tests are rather expensive and time-
consuming, the sensors and data logger must be
able to record data at an appropriate speed [24]. It
this type of test, strain gauges are often preferred.
Dynamic strain measurement can be carried out by
means of three different types of strain gauges, Foil
Strain Gauge (FSG), Semiconductor Strain Gauge
(SSG) and Polyvinylidene Fluoride strain gauge
(PVDF). FSG is the most common sensor in the

Input: .bmp image

experiment’s analysis [24]. In addition, to save data
detected by strain gauge, a data acquisition system
shown in Figure 3 is used in this work. This
consists of a digital oscilloscope DS 1064 B that
has four-channel with 2Gsa/s sampling precision,
and an electrical circuit includes an amplifier and
Wheatstone bridge and battery (6 volt).

- Wheatstone bridge

Batten

Figure 3. Data acquisition system used in this work.

Dynamic wave, detected by oscilloscope, is
recorded in the .rcd format, which can be processed
and converted to bit map (.bmp) image files by the
Ultra-scope software. For digitizing the .bmp
format of images in Ultra-scope, an algorithm was
written in the Matlab software, as illustrated in the
flowchart of Figure 4.

Output: data with
Xlsx format

i I
Enter pixel Use color filter Designed digit applied | Quantity value
value for pixels on filter pixels are obtained

Figure 4. A flowchart of the algorithm written in MATLAB.

2.2. Calibration of data acquisition system

Since the oscilloscope detects voltage, calibration
is necessary to find out an appropriate relationship
between the impact force and the reported voltage.
There are basically two methods of calibration:

912

direct and indirect. Direct calibration has been
adopted to calibrate and convert voltage of output
of oscilloscope to the equivalent force. Calibration
and force-voltage graph for the Modified Drop
Weight machine is shown in Figure 5.
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Figure 5. Calibration force-voltage relation graph.

The primary output of oscilloscope contains noise,
spectroscopic (peak) data, and sharp. Almost all the
detected signals are noise-contaminated, which is
an unpleasant phenomenon. Hence, the noise
reduction techniques are very essential to
reproduce a more representative signal. In filtering
a signal, if the applied filter is not appropriate, the
filtered signal might be deformed and some parts
of data might be deleted. Amongst different filters,
the Sovitzky-Golay (S-G) filter [25] was selected
because this filter reduced noise and kept the
structure of the original signal. For achieving a
model of output, a curve-fitting tool and S-G filter
was used in the Matlab software. The flowchart of
the data acquisition system used for the modified
drop weight test apparatus is illustrated in Figure 6.

IStrain Gage Outputl

UltraScope Software]

Digitize
+
V-t ————>F-t
Matlab Software]

Force - Time

IFtulal = Fincident + Frcﬂcctedl

Matlab Software
savitzky - Golay Filtering + curve fitting

™~

IF(I.) = Sum Of Sin Functinnsl

Figure 6. A flowchart of the data acquisition system.
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3. Material properties and specimen
preparation

The behavior of material, texture and mineralogical
purity of specimen is important in the fracture tests.
The specimen should have a linear elastic behavior,
a uniform texture, and a high mineralogical purity.
The macroscopic and microscopic studies on the
limestone specimens showed that the specimens
were compact with a uniform texture. They had a
high mineralogical purity, and entirely consisted of
fine  grain bioclastic limestone  with
microcrystalline background texture. Therefore,
the limestone was selected as an appropriate rock
for this work.

For determination of the mechanical properties of
the understudied limestone, the uniaxial
compressive strength (UCS) tests and the Brazilian
tensile strength tests were conducted. Rigid servo
control press 450 tones capacity (MTS) was used
for conducting the uniaxial compressive tests.
During the test, strain gages were used to measure
the axial and lateral deformations of the sample.
The properties of the understudied limestone are
listed in Table 2.

Table 2. Properties of limestone used in this work.
E
(GPa)
73.5

k
p(m_g3) o.(MPa) o,(MPa)

0.057 2700 26.5 9.85

o

a) Some specimens after testing

A total number of 9 core specimens with a diameter
of D =54 mmand a length of L =220 mm (L) were
prepared by means of a coring machine. A 1 mm-
thick initial crack with a height of a = 20 mm was
made in the middle of the length of the specimens,
as illustrated in Figure 7.

1 P
Tub head t

dl

t=notch thickness .J

&) 5

S 1,
v

Vo

Figure 7. Geometric detail of the core specimen.

4. Experimental results

After preparation of the specimen, a weight of 3 kg
was dropped from a height inside the drop weight
tower. The impact of the drop weight was
transferred to the specimen through the
transmission bar (Figure 1). By adjusting the height
of the drop weight, different dynamic loading rates
were applied to the core specimens. The load was
transferred to the specimen, resulting in its fracture,
and was calculated from the deformation recorded
by the strain gauge. The images of some specimens
after failure and the load data recorded for Test 1 is
shown in Figure 8.

Force (kN)

sl A
g,

10 / ’

Op 50 100 150 200

Time (us)
b) The load data recorded in Test 1

Figure 8. Load data recorded and cores specimen with straight notched after test.

A curve with the best fit for the data shown in
Figure 8(b) has the following sinusoidal equation.

F(t) = a,.sin(b,.t + ¢;) + a,.sin(b,.t + c;)
1)
R? =0.9831
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where t is the time and ai, az, by, by, ¢y, C; are
constant coefficients that differ for every test. The
constant coefficients obtained for Test 1 are listed
in Table 3.
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Table 3. Values of constant coefficients for the best sinusoidal curve fit obtained for Test 1.

ai a2 b1

b2 C1 C2

17780 14540

0.001

0.02043

0.6734  -0.9295

The dynamic loading, supplied by Hopkinson
pressure bar, drop weight test has used a far-field
peak load to calculate the fracture toughness that is
locally at the crack tip. In the modified drop weight
test, the dynamic fracture toughness can be
calculated using the following equation [26]:

K2(t) = 0.25 x (§/D) x (P(t)/D*®) x Y,

. 2x% (g) % [450.8531 x (ﬁy x (%)1.5]0.5
I [(%) _ (%)2]0.25

)

©)

where S is the support span (m), a is the crack
length (m), D is the diameter of the core (m), P is
the applied load (N), and Y; is the dimensionless
stress intensity factor.

Having the dynamic fracture toughness and the
elastic modulus (E), the fracture energy (G) can be
calculated using the following equation [27].

(Kie)?
E

The dynamic experimental results are listed in
Table 4.

G = 4)

Table 4. Results of experimental tests.

Height of falling Loading rate

Maximum load

Dynamic fracture Fracture energy

Test No. . toughness J
weight (m) (KN/uS) (kN) (MPaym) (mz)
C1 0.3 0.12 16.7 9.6 1249.73
C2 0.6 0.28 21 12.14 1998.54
C3 0.3 0.15 175 10.12 1388.78
C4 0.6 0.29 22 12.73 2197.51
C5 0.9 0.36 26.5 15.33 3186.83
C6 1.2 0.56 32 18.51 4646.08
Cc7 0.3 0.17 18.6 10.76 1570
C8 0.9 0.37 255 14.75 2950.25
C9 1.2 0.52 31 17.93 4359.48

The measured dynamic fracture toughness and
dynamic fracture energy at different loading rates
are plotted in Figure 9. The results obtained
indicate that the dynamic fracture toughness of the
limestone core specimen for loading rates from
0.12 to 0.56kN/uS was between 9.6 andl18.51
MPa./m, which is linearly growing with increase
in the loading rate. The range of dynamic fracture

energy is from 1249.73 to 4646.08 # in a linear
form when the loading rate increases.

5. Numerical simulations

The numerical simulations corresponding to the
experimental tests were done by means of the
ABAQUS software. For this purpose, a model of
the core specimen was defined in the software and
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a crack was introduced to the model, as illustrated
in Figure 10.
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Figure 9. Dynamic fracture toughness and dynamic
fracture energy versus loading rate.
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8 node linear brick without redefine sweep path (C3D8)

8 node linear with redefine sweep path (C3D8R)

Crack

6 node linear triangular prism (C3D6)

Figure 10. 3D numerical model of core specimen

To calculate the dynamic fracture parameters by J-
integral, the far field stress caused dynamic force
that has been measured during the experiment is
necessary to be linked to the near filed stress
around the crack tip. In addition, each element has
a feature providing flexibility for modelling of
different geometry and structure including number
of nodes, degree of freedom, and so on. An
element’s number of nodes determines how the
nodal degrees of freedom will be interpolated over
the domain of the element. Near the crack tip, the
mesh should be fine, provide an accurate result,
and be geometrically versatile. Thus 6-node linear
triangular prisms (C3D6) were used with a regular
arrangement in the position of crack tip to simulate
the crack. According to the concept of J-integral, it
is necessary to define several independent paths for
estimation of the fracture parameters to avoid
Hourglass and locking in simulation. Therefore, an
8-node linear brick with redefined sweep path
(C3D8R) was used to create a circular path around
the crack tip to calculate the J-integral.
Furthermore, to adapt the rest of the numerical
model with the used element and reduce the
computation time, an 8-node linear brick without
redefine sweep path (C3D8) was used to complete
the model.

The J-integral method in the ABAQUS software
was verified by exact analytical solution of fracture
mechanics and proved to be authentic for
comparison. In the J-integral method, a number of
independence contour integrals are defined around

the tip according to the theorem of energy
conservation. The form of these integrals can be
written as follows:

d
= $wy -5 ar) ®)

&
sz O-ijdgij (6)
0

where w is the density of the strain energy, I is a
closed counter-clockwise contour presented in
Figure 11, t is the traction vector defined by the
outward drawn normal n and t (t = on), o is the
stress tensor, € is the strain tensor, u is the
displacement vector, and dI” is the element of the
curve along the path T" [27].

Figure 11. J-Integral definition around a crack [27]

The half-sinusoidal dynamic load recorded during
the experimental test was applied to the numerical
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model. To correctly simulate the dynamic response
of an infinite domain with a finite model, the
viscous boundary with a high absorbing capacity is
necessary. Therefore, the infinite element
(CINPES4) in the software was used in the boundary
of the numerical model. This element eliminates
the reflected wave in boundary and the true results
can be achieved. The Rayleigh damping was
specified in the software with a damping ratio of
10%.

By paying attention to the concept of path
independence contour integral and the energy
changes during the crack growth, the J-integral at
the tip of the crack will be equal to the fracture
energy (J = G). Finally, the output of the numerical
model as the dynamic stress intensity factor and the
fracture energy calculated by J-integral function
was recorded. The results of the numerical
calculation are presented in Table 5.

Table 5. Results of the numerical simulation.

Loading rate Maximum load Dynamic fracture J
TestNo. (kN/pS) (kN) toughness (MPaym) | octre eneroy G,a)

C1 0.12 16.7 9.45 1210.32
C2 0.28 21 11.91 1924.1
C3 0.15 175 9.94 1339.06
C4 0.29 22 12.46 2107.02
C5 0.36 26.5 15.01 3056.31
C6 0.56 32 18.18 4481.47
C7 0.17 18.6 10.56 1512.43
C8 0.37 255 14.45 2832

C9 0.52 31 17.62 4207.78

6. Comparison of experimental and numerical
results

The values for the dynamic fracture parameters
obtained from the experimental tests and the
numerical simulations are compared in Table 6 and
Figure 12. According to this table, the difference
between the numerical and experimental results is
less than 4%, which is due to the simplification and
restriction applied to the numerical models.
Therefore, this comparison presents that the new
experimental technique can be an applicable and
reliable method for measurement of the dynamic
fracture parameters.

Based on the experimental results, the dynamic
fracture toughness and dynamic fracture energy
increases with the loading rate. This phenomenon
can be explained through the energy of dynamic
wave and crack propagation velocity. On the other
hand, the crack propagation velocity in brittle
specimens limits the maximum velocity below the
Rayleigh wave speed. Thus the maximum speed of
crack propagation in the specimen takes the
minimum time for failure. Regarding this, by
increasing the loading rate, the dynamic energy
exerted to the specimen will be increased.

Table 6. Comparison of the experimental and numerical results.

Loading rate

Dynamic fracture toughness (MPa+/m)

Fracture energy (#)

Difference

(KN/ps) Experimental Numerical ~ Difference (%) Experimental Numerical (%)
C1l 0.12 9.6 9.45 1.6 1249.73 1210.32 32
C2 0.28 12.14 1191 1.9 1998.54 1924.1 37
C3 0.15 10.12 9.94 1.8 1388.78 1339.06 3.6
c4 0.29 12.73 12.46 21 2197.51 2107.02 4.1
C5 0.36 15.33 15.01 21 3186.83 3056.31 4
Cé6 0.56 18.51 18.18 1.8 4646.08 4481.47 3.5
c7 0.17 10.76 10.56 1.9 1570 1512.43 3.7
C8 0.37 14.75 14.45 2 2950.25 2832 4
Cc9 0.52 17.93 17.62 17 4359.48 4207.78 35

917



Khandouzi et al./ Journal of Mining & Environment, Vol. 11, No. 3, 2020

(Mpa.ym')
@ 20 Experimental
g y=20.849x+7.0085
5 18 R? = 0.9842
e 16 3
) Numerical
Z 14 y=20.457x+6.8767
& R? = 0.9845
o 12
a 10
(@)
8
0.1 0.2 0.3 0.4 0.5 0.6

Loading rate (kN/us)

Dynamic fracture energy

(Im?)

5008
Experimental
y=7948 3x+125 87

R?=10.977

4008

3008 Numerical

y=7660.6x+118.61
2008 R? = 0.9764

1008

8
0.1 0.2 03 0.4 0.5 0.6

Loading rate (kN/us)

Figure 12. Comparison between the numerical and experimental results.

7. Conclusions

The conventional drop weight test for
measurement of dynamic fracture toughness of
metals has some limitations in application for
rocks. These limitations are due to a sudden impact
in the drop weight test, which leads to a jump in the
specimen from its supports. It may result in a lack
of recording the reflected wave from interface of
specimen and the tub head, and therefore, no stress
equilibrium during the test. This research work has
introduced the development of a new experimental
technique in the drop weight test machine to
improve the drawbacks of the test. For this
purpose, the idea of wave transmission bar was
borrowed from the Hopkinson pressure bar test and
applied to the drop weight test in order to develop
a modified setup for drop weight test machine. By
this technique, the specimen will not jump of when
the weight is dropped, and consequently, it will
easily achieve the stress equilibrium, and the
reflected wave from interface of specimen and tub
head can be recorded. Furthermore, the rate and
form of the compressive loading is not dependent
on the features of the specimen and the machine.
Another advantage of the modified setup system is
that the larger rock specimens that could be tested
in a variety of forms including disc-shaped,
cylindrical, and cubic. In order to verify the
applicability and reliability of the developed
technique, the dynamic behavior of some limestone
core specimens was studied. The rock samples
were tested using the modified machine and all the
tests were simulated in the ABAQUS software.
The dynamic fracture toughness and dynamic
fracture energy of the limestone core specimens
under the loading rates of 0.12-0.56kN/uS were
measured between 9.6-18.51MPaVm and 1249.73-
4646.08J/m?, respectively. The comparison of the
numerical and experimental results showed a good
agreement, where the difference was less than 4%.

918

Therefore, it can be concluded that the new
experimental  technique can be wused for
measurement of the dynamic fracture parameters
of rocks. It is noticeable that as this work is limited
to a unique type of rock material, limestone, more
tests on different rock materials are essential for
confirmation of the application of the developed
technique for a wider range of rock types.
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