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The split Hopkinson pressure bar (SHPB) technique and various drilling tests were performed on three types of lithologies (granite
and cyan and red sandstone) to understand the variation in energy consumption (EC) of the different methods used for rock
crushing. The dynamic behavior of rocks was analyzed based on the dynamic stress-strain curve, the peak stress, the energy, and
the failure mode for the SHPB test, while the drilling curve, the influence of the drilling pressure (DP) and the revolution speed
(RS) on the drilling speed (DS) were analyzed for the drilling test. Additionally, the EC difference was compared based on the EC
required to break a single unit volume of rock. The obtained results indicate that the sensitivity of the dynamic strength of rocks
with different lithologies to strain rate is different and that the higher the uniaxial compressive strength is, the more sensitive it is.
Additionally, the strengthening of the peak stress is more pronounced with the increase in the strain rate. The energy utilization
efficiency (EUE) of the SHPB test sample has a positive correlation with the strain rate. Moreover, the typical drilling process can
be divided into the initial drilling and stable drilling stages, with the DS during the stable drilling stage being lower than that
during the initial drilling stage. The DP and the RS have a linear positive correlation with the DS, with the influence of the DP on
the DS being more obvious. Finally, the EC during the drilling process is higher than the EC during the SHPB technique.

1. Introduction

The rock mass in deep underground engineering con-
structions is affected by the dynamic load [1-4], which
derives from impact, blasting, drilling, earthquakes, and
other processes [5-10]. Therefore, understanding the
crushing mechanism and the failure behavior of rocks under
dynamic load is of great importance for the stability eval-
uation of rock mass engineering and disaster prevention
[11, 12]. The dynamic mechanical parameters of rocks are
usually determined by the split Hopkinson pressure bar

(SHPB) test device [13-15]. However, in practice, the dy-
namic mechanical parameters of rocks obtained by the
traditional dynamic mechanical test require the preparation
of rock samples, which cannot be applied for the real-time
analysis of rock properties [16-18]. Therefore, real-time
performance is usually poor, the statistical calculation of the
parameters is complex, and the working cycle is lengthy.
Additionally, several studies have shown that there is a good
correlation between the drilling parameters and the rock
mechanical parameters. The drilling test can be used for the
evaluation of rock properties, while the rock mechanical
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parameters can be obtained in real-time during drilling.
Thus, the collected parameters can be visualized on-site
during the drilling operations [19, 20].

In the last years, drilling tests have been widely used in
the quantitative evaluation of rock mechanical parameters
[21, 22]. For example, the properties of rocks were analyzed
by applying two essential drilling parameters: the intrinsic
energy and the drilling rate [23]. A new test system was built
to study the drilling efficiency of the bit to optimize the
accuracy of drilling and obtain more accurate drill bit data
[24]. The field and laboratory drilling tests on rocks were
performed to obtain a preliminary quantitative evaluation of
rock properties [25-27]. In the above studies, the authors
used test parameters that were correlated with the rock
properties and proposed the corresponding characterization
equations. Additionally, a multifunctional digital rock
drilling test system was developed and used to perform
digital drilling tests on intact, broken, and grouted rock
masses with the purpose of accurately measuring the rock
strength parameters for underground constructions [28].

A correlation equation between the drilling parameters
and the rock strength was established using the revolution
speed and the bit weight from drilling test data [29]. Ad-
ditionally, the test results indicate that it is more reliable to
estimate rock strength using the parameters obtained from
the drilling test. The drilling test has been introduced into
practical engineering investigations; the results show a better
and more accurate measurement of rock strength and other
parameters in practical applications [30, 31]. A method to
obtain mechanical indexes of rocks was proposed by
inversing the drilling parameters of the digital drilling rig.
Another method also was proposed to obtain the rock
mechanics parameters by inversing the drilling parameters,
and the effectiveness of the proposed method was verified
[32]. Additionally, the influence of the drilling parameters
(including the borehole diameter and borehole number) on
the behavior of rock mechanics through experiments was
studied, which provided information for optimizing the
drilling parameters [33]. Moreover, the mathematical rela-
tionship between the drilling parameters and the rock mass
mechanical indexes during the process of rotary penetration
was established through the on-site rock mass mechanical
parameters probe and determined the strength of soil and
soft rocks [34].

In summary, extra attention has been paid to the rela-
tionship between the drilling parameters and the rock
mechanics parameters, and less consideration has been given
to the difference in energy consumption characteristics
between the drilling and the dynamic impact of rocks.
However, for bench blasting operations in open-pit mines, it
is preferable to obtain the energy dissipation characteristics
of the rock mass through the drilling parameters because the
mechanism of rock crushing by drilling and dynamic impact
is quite different. Therefore, it is necessary to study the
energy dissipation characteristics of the previously men-
tioned methods used for rock crushing. In this article, the
dynamic impact and drilling tests were performed on three
types of rocks with different lithologies, and the energy
dissipation characteristics during these processes were
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discussed. This study aims to provide information for
guiding and optimizing the blasting operations design by
analyzing the bench borehole drilling data from an open-pit
mine.

2. Materials and Methods

2.1. Materials. Dynamic impact and drilling tests were
performed on three types of lithologies (granite, cyan
sandstone, and red sandstone). The samples were col-
lected in the Shandong province, China, and processed
into cylinders (the diameter and the height are both equal
to 50mm), as shown in Figure 1(a). Additionally,
Figure 1(b) indicates the mineralogical composition
deduced from the X-ray diffraction of the three types of
samples. Among these, the quartz content in the red
sandstone has the highest value (77.8%). The P-wave
velocity, the uniaxial compressive strength (UCS), and
the elastic modulus of the three types of samples were
measured before the dynamic impact tests. In terms of
strength, the granite sample has the highest strength. The
red sandstone shows the lowest strength, which is ap-
proximately 43.3% of the cyan sandstone strength. Table 1
highlights the specific values of the basic mechanical
parameters.

2.2. Experimental System

2.2.1. SHPB Apparatus. Figure 2(a) illustrates the SHPB test
system, and Figure 2(b) reveals the schematic diagram of the
system. The system is equipped with an axial prepressure and
a confining pressure loading device to perform a dynamic-
static combined loading test. The sample failure process is
captured by a high-speed photography system. The cylin-
drical punch (diameter is equal to 50 mm), the incident bar,
the transmission bar, and the absorption bar of the test
device are made up of 50Cr steel, Young’s modulus is
240 GPa, the density is 7800 kg/m?, the P-wave velocity in
the bar is 5580m/s, and the wave impedance is
4.35x10” MPa/s. The rock strain signals were obtained by an
LK2109A superdynamic strain gauge and an LK2400 high-
speed data collector. During the test, the BC-202 dual-
channel detonation velocity meter was used to measure the
velocity of the punch. The constant velocity impact was
carried out by controlling the pressure of the high-pressure
chamber, and the velocity of the punch was modified by
adjusting the impact pressure or by reducing the depth of the
punch into the chamber to achieve the required impact
velocity.

2.2.2. Drilling Test Device. Figure 3 shows the drilling test
device, which includes the revolution speed (RS) control, the
pressure measurement, and the drilling depth measurement
systems. The instrument can register the dynamic control of
the drilling pressure (DP) and the speed (DS). The pressure
measurement device can display the pressure variation on
the sample and the drilling depth of the bit in real-time. In
this article, a 6 mm alloy triangular twist bit was used; in
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FiGure 1: Photographs of (a) the test samples (granite, cyan sandstone, and red sandstone) and (b) their mineralogical composition.

TaBLE 1: Physical and mechanical parameters of specimen.

Specimen P-wave velocity (m/s) UCS (MPa) Elastic modulus (GPa)
Granite (G) 103.8 83.5
Cyan sandstone (S1) 73.0 23.7
Red sandstone (S2) 31.6 15.6
order to reduce the influence of bit wear on the test results, a AyE,
new bit was used for each test. The drilling tests on granite, 9= A, (e + ep +er),
cyan sandstone, and red sandstone under different DPs and
different RSs were carried out by control variable method. .
The variation process of the DS with the DP and the RS was le = G I (¢, — e — €7)dt, (1)
measured. I Jo
. Gy

2.3. Data Processing for the SHPB Test. For the SHPB test, the &=7 (e —er —er),

L N

three-wave method [35] is one of the most used methods for

processing test data. The following equation is the calcu-
lation formula of stress, strain, and strain rate in the sample:

where o, &, and & are the dynamic compressive stress, the
strain, and the strain rate, respectively; A, Ey, and C, are the
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FIGURE 2: The SHPB test system: (a) a photograph of the SHPB device and (b) a schematic diagram of the SHPB system.

cross-sectional area, the elastic modulus, and the P-wave
velocity of the elastic bars, respectively; A, and [; are the
cross-sectional area and the length of the specimen; and ¢/,
ep> and ¢ are incident, reflected, and transmitted wave
signals, respectively.

2.3.1. Dynamic Stress Equilibrium. Whether the dynamic
stress is balanced or not is an important premise to measure
the effectiveness of the dynamic impact test, which can be
verified by the time-history curves of the waveform. It can be

observed from Figure 4 that the transmitted wave has a high
degree of concordance with the sum of the incident and
reflected waves; thus, it satisfies the premise of dynamic
stress balance, which means that the dynamic impact test of
the rock is effective.

2.3.2. Calculation of Energy. For the test data, the dynamic
strength of the rock represents the peak stress. Additionally,
the incident energy (W), the reflected energy (W,), and the
transmitted energy (W,) of the stress waves can be
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FIGURE 3: Rock drilling test device.
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FIGURE 4: Dynamic stresses on both ends of the granite specimen.

determined using equations (2)-(4) [36]. Moreover, based
on the conservation of energy, the absorbed energy (W) by
rock specimens during impact can also be determined using
equation (5). Figure 5 shows the variation of the four types of
energies for the specimen G-2-0.45 during the impact test.
The variation process of all energies is the same, which
initially increases uniformly and then becomes stable.
Overall, the generated energies decrease in the following
order: from W, to W, and W, respectively. Additionally, the
parameter (W,/W;) can be used to evaluate the energy
utilization efficiency. In general, the energy absorbed by the
brittle material mainly consists of three parts: the fracture
energy (which produces new cracks), the heat and acoustic
energy, and the kinetic energy of the blocks. The last two
parts have a small contribution and can be ignored in
calculations.
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FIGURE 5: Energy evolution of the granite sample (G-2-0.45).
'y
W, = COAOEOJ &d, 2)
0
'y
W, = CyA E, J dt, 3)
0
)
W, =CyAE, J epdt, (4)
0
W, =W, -Wg-Wr. (5

2.4. Experimental Design. In this study, SHPB dynamic
impact and drilling tests were performed on three common
rock lithologies (granite, cyan sandstone, and red sand-
stone). The impact failure at different strain rates was



registered by setting different gas pressures for the SHPB
tests, and the specific values of each test sample are shown in
Table 2.

Four different pressures were set for each lithology, and
the specific pressure gradient was determined by performing
measurements before the official analyses. Regarding the
drilling tests, the drilling parameters were obtained by
drilling without any lateral constraints. Four groups of
drilling tests with different RSs were set up based on different
lithologies. Additionally, four different DPs were selected for
each group. Table 3 illustrates the specific values in detail.
Since the granite samples are characterized by high strength
values, the RSs and the DPs values are larger accordingly,
while the drilling parameters of the cyan and the red
sandstones are consistent. Additionally, the DS was obtained
by recording the bit footage data during the drilling process.

3. Results and Discussion
3.1. Dynamic Properties

3.1.1. Mechanical Behavior. According to the data pro-
cessing method described in Section 2.3, the maximum
strain rate and the peak stress of all the test samples were
calculated by processing the impact test data of granite, cyan
sandstone, and red sandstone samples under different strain
rates, as shown in Table 2. After that, three test samples with
similar strain rates were selected to analyze the character-
istics of dynamic stress-strain curves. Figure 6 illustrates the
typical stress-strain curves of the analyzed samples. It is
observed that when the strain rates are almost similar, the
overall form of the dynamic stress-strain curves of the three
types of samples is rather different. The granite samples are
characterized by the highest peak stress values and a curve
before the peak stress, which resembles the form of an
inverted parabola. The turning point between the elastic
stage and the plastic stage is not clear. Additionally, the
overall variation process (which belongs to the typical class
IT curve) can be divided into four stages: elastic stage, strain
hardening stage, strain softening stage, and rebound stage.
Among these, the stress in stage III decreases with the in-
crease of the strain and corresponds to the absorption of
energy. Moreover, stage IV corresponds to the release of the
elastic energy, and the elastic modulus of the rebound stage
is basically the same as that of the elastic stage.

Compared with the granite, the stress-strain curves of
the cyan sandstone and the red sandstone have closer values.
However, the curve of the cyan sandstone before the elastic
stage is concave, with an obvious pore closure process, while
the red sandstone enters directly into the elastic stage.
Opverall, the plastic deformation of the cyan sandstone and
the red sandstone before the peak stress is more distinct. The
strain strengthening effect is weak, which means that the
larger strain increment corresponds to the smaller stress
increment. For the cyan sandstone, the postpeak stress
softening stage has a short duration, and the elastic modulus
of the elastic stage is almost the same as that of the plastic
stage. The rebound strain is also large, which returns to the
strain corresponding to the peak stress. Finally, for the red
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sandstone with the lowest strength values, the postpeak
strain weakening stage has a longer duration and the peak
strain is the largest. Additionally, the rebound deformation
is smaller during the rebound stage, which points out that its
plastic deformation is the most pronounced.

Figure 7 shows the various processes of the peak stress of
all the test samples based on the strain rate. For the samples
with similar lithologies, the peak stress has a linear corre-
lation with the strain rate, and the appropriate degree of the
linear fitting is greater than 0.8. The dynamic strength of the
granite samples indicates the biggest increase with the in-
crease of the strain rate.

Additionally, the positive steepness of the slope has the
greatest value compared to the other slopes, while that of the
red sandstone is the lowest. Although the gas pressure de-
rived from the impact test for the granite samples is relatively
high, the variation range of the strain rate is small, while the
strain rate distribution range of the cyan sandstone is rel-
atively wide. Overall, the strength of the red sandstone has
the lowest values, while the strength of the granite indicates
the highest values. However, when the strain rate of the cyan
sandstone is large enough, the peak stress can reach values
close to those of the granite. The ratios (dynamic increase
factor, DIF, as listed in Table 2) of the dynamic strength of
the rock to the UCS can be used to characterize the strain
rate strengthening effect. It can be observed from Table 2
that the DIF values of the granite are low, with an average
value equal to 3.0, while those of the cyan sandstone and the
red sandstone are 9.1 and 8.8, respectively. Thus, the granite
sample has the lowest sensitivity to the strain rate effect,
while the other two lithologies with lower strength values
have the closest response to the strain rate effect, which is
strong in both cases.

3.1.2. Energy Dissipation. According to the energy calcu-
lation formula in subchapter 2.3.2, the W;, W,, W,, and W,
parameters were calculated, as listed in Table 2. Overall, for
the samples with the same lithology, the larger strain rate
corresponds to larger W; values. Additionally, there is no
direct relationship between the values of the W, and the W,
with the strain rate. When the strain rate is larger, W, may
also be smaller, as is the case for S1-1-0.4 and S2-1-0.3.
Moreover, the relationship between W; and the sum of W,
and W, can reflect the energy absorption state of the sample.
Figure 8 represents the scatter plot of the (W,+ W,) sum
versus W;. The diagonal line is considered as the dividing
line of energy absorption, which means that the sample has
energy absorption if it is located under this line, while the
distance between the scatter points and the diagonal line
represents how much of the energy is being absorbed. That
is, the closer the distance, the weaker the energy absorption.
Therefore, the three types of test samples will absorb energy
under dynamic loading, while the energy absorption ca-
pacity of the red sandstone, the granite, and the cyan
sandstone is improved.

The energy utilization efficiency (EUE) of different
samples can be measured using the W,/ W; ratio. Figures 9(a)
and 9(b) show the EUE variation with the increase of the
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TaBLE 2: Dynamic mechanical parameters of different specimens for SHPB test.

Specimen no. Strain rate (s™') Peak stress (MPa) DIF* W, () W, ()) W, (J) W, () n (MPa) W W; (%)

G-2-0.35" 78.0 158.0 1.9 368.2 102.7 210.3 32.9 0.084 8.9
G-2-0.38 96.1 244.6 2.9 402.7 163.1 212.3 46.3 0.118 11.5
G-2-0.45 99.6 266.4 3.2 482.9 187.6 222.9 72.4 0.184 15.1
G-2-0.5 107.0 322.6 3.9 519.4 84.2 376.3 117.9 0.300 22.7
S1-1-0.2 62.1 127.5 5.4 177.6 54.0 100.9 25.9 0.066 14.6
S1-1-0.25 118.7 190.1 8.0 235.3 69.8 118.9 46.6 0.119 19.8
S1-1-0.3 159.6 239.0 10.1 289.4 107.9 119.8 61.7 0.157 25.8
S1-1-0.4 194.6 301.4 12.7 407.4 180.5 88.9 140.5 0.358 34.5
$2-1-0.23 69.9 122.3 7.8 206.3 94.9 88.5 22.9 0.058 11.1
$2-1-0.25 86.0 133.0 8.5 243.9 116.6 96.1 31.2 0.079 12.8
$2-1-0.27 111.3 141.5 9.1 250.3 130.8 82.2 37.3 0.095 14.9
$2-1-0.3 133.5 153.3 9.8 265.2 142.6 68.6 54.0 0.138 20.4

“Note: G means granite, S1 means cyan sandstone, S2 means red sandstone, 0.35 means gas pressure; DIF means dynamic increase factor, which is the ratio of
dynamic peak stress to UCS.

TaBLE 3: Drilling test parameters of different samples.

Item R* (r/min) P (N) v (mm/s) Item R (r/min) P (N) v (mm/s) Item R (r/min) P (N) v (mm/s)
250 0.49 30 0.18 30 0.21
300 0.92 40 0.21 40 0.32
1400 350 1.22 700 50 0.28 700 50 0.42
400 1.53 60 0.37 60 0.53
250 0.88 30 0.19 30 0.40
300 1.12 40 0.23 40 0.46
1600 350 1.32 9200 50 0.31 900 50 0.63
. 400 1.64 60 0.39 60 0.80
Granite 250 112 Cyan sandstone 30 021 Red sandstone 30 0.45
300 1.27 40 0.27 40 0.54
1800 350 1.43 1100 50 0.32 1100 50 0.77
400 1.76 60 0.41 60 0.91
250 1.32 30 0.24 30 0.52
300 1.43 40 0.28 40 0.65
2000 350 1.59 1300 50 0.35 1300 50 1.02
400 1.88 60 0.44 60 1.15

“Note: R, P, and v represent revolution speed, drilling pressure, and drilling speed, respectively; additionally, the drilling speed was obtained under the bit
wear without counting.
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incident energy and the strain rate, respectively. It can be
seen from Figure 9(a) that for samples with different
lithologies, greater values of the incident energy lead to
higher EUE values. The incident energy of the granite is
primarily high, while the EUE ranges between 8.9% and
22.7%, with an average value of 14.6%. However, the inci-
dent energy of the red sandstone is mainly low, with an
average EUE value equal to 14.8%. Although the maximum
incident energy of the cyan sandstone is lower than the
values of the granite, its EUE has a wider distribution range
(14.6%-34.5%) and contains the highest values, with an
average of 23.7%. The EUE of the granite and the cyan
sandstone shows a linear correlation with the incident en-
ergy, while the red sandstone has values that form a qua-
dratic curve. It can be observed from Figure 9(b) that the
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EUE and the strain rate also indicate a positive correlation,
and this relationship can be characterized in the form of a
quadratic curve. For the granite samples, the variation
process of the quadratic curve has the steepest slope, sug-
gesting that the EUE is associated with the modifications in
strain rate, and the increase of the strain rate in a specific
range will reduce the EUE. On the other hand, the EUE of
the cyan sandstone and the red sandstone is less susceptible
to any modifications of the strain rate, with the EUE of the
cyan sandstone being higher than the values of the red
sandstone. For the three different lithological samples, when
the strain rate is equal to 100 s 1, then the EUE values
decrease in the following order: cyan sandstone, granite, and
red sandstone. However, with the increase of the strain rate
(such as 110s™Y), then the EUE of the granite will increase
above the cyan sandstone values.

3.1.3. Failure Patterns. The failure mode of the sample and
the fragmentation characteristics of the fragments can re-
flect, to some degree, the failure mechanism of the rock. The
impact-derived fragments were sieved through the standard
mesh strainers (including five sizes: 5mm, 2mm, 1 mm,
0.5mm, and 0.075mm), and the classification of specific
particle sizes at different strain rates is illustrated in Fig-
ure 10. Thus, the increment of the strain rate will aggravate
the crushing degree of the sample, which is expressed by the
increase in the number of fragments with particle sizes
greater than 5mm, the decrease in the number of large
blocks, and smaller sized fragments.

For the cyan sandstone, the influence of the strain rate on
the degree of fragmentation is particularly obvious. As
shown in Figure 10(b), when the strain rate has the smallest
values, the specimen (S1-1-0.2) displays minor damage at its
edges. With the increase of the strain rate, the failure area of
the specimen gradually expands, and the influence depth of
the inverted cone failure gradually deepens (S1-1-0.25 and
S1-1-0.3) until it is completely broken. Due to its high-
pressure values, the failure of the whole granite sample is
relatively serious. Thus, the sample G-2-0.5 is mostly entirely
crushed, while the other samples comprise large blocks. At
the same time, the strain rate effect of the red sandstone
failure is also noticeable. When the strain rate is low (S2-1-
0.23), the large blocks are prominent. Specifically, specimen
§2-1-0.25 shows minor local failures, but with the increase of
the strain rate, the specimen becomes almost completely
crushed.

Figure 10 also illustrates the bar chart of the mass
percentage distribution of fragments with different particle
sizes. Most of the mass is represented by fragments with
particle sizes greater than 5 mm. For the cyan sandstone, the
corresponding relationship between the mass proportion of
the fragments and the strain rate is pronounced. The mass
proportion of coarse (larger than 5 mm) fragments decreases
with the increase of the strain rate, while the percentage of
fine fragments (<5 mm) increases with the increment of the
strain rate.

Additionally, the fractal dimension (FD) of the frag-
ments can also reflect the fragmentation characteristics. In
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Figure 10: Continued.
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FIGURE 10: Fragments and the corresponding mass percentage of (a) granite, (b) cyan sandstone, and (c) red sandstone after different strain

rate loadings.

this article, the FD uses the particle size-number calculation
method [37]. The fragments (particle sizes greater than
5mm) were equated with a cube, and based on the measured
length (1), width (w), and thickness (k) of the fragments (the
above three values were the maximum values in the three
directions), the equivalent edge length L., of the cube was
calculated, while the corresponding FD was determined
according to the following equation:

-D
N=N Leq
’ Leqmax ’

where Leq equals (I x w x h)'3; N is the number of fragments

in the selected scale less than L.y; Ny is the number of
fragments corresponding to the Leqmax D is the FD value.
When 1g(Legmax/Leq) and IgN are considered as the hori-
zontal and the vertical coordinates, respectively, the slope of
the fitting straight line is the FD, as illustrated in
Figures 11(a). Figure 11(b) indicates the variation of the FD
with the strain rate. The variation laws of the different
lithological types are consistent; therefore, the FD values
show a positive correlation with the strain rate. Additionally,
the increase process of the FD values for the granite and the
cyan sandstone increases almost linearly, while the values for
red sandstone suggest a nonlinear growth process. Due to
the wide-ranging interval of the strain rate in the case of the
cyan sandstone, the increase of the FD has the smallest
values (2.1-3.1), while the increase in the case of the granite
is the most noticeable, followed by the red sandstone. The
growth rate of the FD values of the red sandstone is slow
within a range of the strain rate, but it rapidly increases after
exceeding a certain critical value. In general, higher FD

(6)

values result in the generation of more small-sized
fragments.

3.2. Drilling Properties

3.2.1. Drilling Characteristics. The drilling curve can be used
to quantitatively evaluate the drilling process under different
values of the DP and the RS. Figure 12 illustrates the drilling
curves of the red sandstone with a DP value equal to 60 N
and different RSs, with the final drilling depth reaching
20 mm. As shown in Figure 12, the drilling processes under
different RSs are similar and can be divided into two stages:
the initial drilling stage and the uniform drilling stage.
During the initial drilling stage, the drilling depth of the bit is
shallow, and the bit is near the initial position. Because the
cuttings produced by the interaction between the bit and the
rock are easier to be discharged, the drilling resistance of the
bit is relatively small, while the DS is faster and less influ-
enced by the RS. During the second uniform drilling stage,
the drilling depth of the boundary point between the two
stages is located at approximately 3 mm for the red sand-
stone sample. After entering the second stage, the resistance
of the cuttings around the bit has an impact on the DS, and
with the increase of the drilling depth, the impact is mostly
consistent. Specifically, the DS remains basically unchanged,
but it is affected by the RS of the drilling rig. Higher RS
values cause higher DS values. Additionally, when the RS is
low, the drilling curves (700 r/min and 900 r/min) indicate
distinct fluctuations and when the drilling depth reaches a
certain value, the fluctuation gradually decreases. Moreover,
for the cyan sandstone and the granite, the curves of the
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FIGURE 12: The variation of the drilling depth with time for the red
sandstone under different RS (DP =60N).

drilling process are generally consistent with those of the red
sandstone, but there is a significant difference in the drilling
time and the drilling rate.

3.2.2. Influence of the Drilling Pressure and the Revolution
Speed. According to the drilling tests of the different lith-
ological samples, the slope of the drilling curve in the stable
drilling stage was selected as the reference DS. The variation
curves of the DS of the granite, cyan sandstone, and red
sandstone samples under the same DP with different RSs and
the same RS with different DPs were plotted in
Figures 13-15, respectively. Table 3 lists the obtained values.

Opverall, the influence of the sample RS and DP of different
lithologies on the DS is consistent, with an increase in the DP
or the RS causing an acceleration of the DS. For the granite,
when the DP has lower values (250 N), the increase of the RS
is more noticeable than the increase in the DS. Hence, in
comparison with the DP increment, the increase of the RS
has a minor effect on the growth of the DS. On the other side,
when the RS is constant, the increase of the DP has an
invariable influence on the improvement of the DS, and the
overall improved efficiency is higher than the one derived
from the RS. Particularly, the influence of the DP on the DS
in the case of the granite is more evident.

For the cyan sandstone characterized by medium strength
values, the increase of the DP is also more efficient than the
increase of the RS. Specifically, when the RS remains constant
and the DP is higher, the increment of the DS with the increase
of the DP is more distinct. For example, when the DP is raised
from 50N to 60N, the DS increases by approximately 25.8%,
while the increment is the same at different RSs. When the DP
has the same values, the increase of the RS has little effect on the
increase of the DS, with an average increment equal to 11.1%.
The values of the DP and the RS selected for the red sandstone
are similar to those used for the cyan sandstone, but because the
strength of the red sandstone is lower, the DS values are generally
higher than the DS values of the cyan sandstone. Specifically,
when the DP is higher (60 N), the increase of the DS (about
26.4%) is more noticeable with the increase of the RS. Similarly,
when the RS is greater, the increase of the DS is also more
evident with the increase of the DP. For example, when the RS is
equal to 1300 r/min, the maximum increment can reach 57%.

3.3. Energy Consumption of the SHPB and the Drilling Tests.
For the SHPB test, the energy consumption of the sample
can be quantitatively characterized by the dissipation energy
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density. This describes the dissipation energy per unit of
volume (equation (7)) [38], which in physical meaning terms
represents the energy consumed during the rock crushing
process of one unit of volume. Additionally, the dissipation
energy density (1) values of the samples with different
lithologies are listed in Table 2. For the drilling test, the
mechanical specific energy (MSE) of the drilling process can
be obtained based on the MSE theory (equation (8)), and the
bit torque from the formula can be calculated according to

equation (9). Thus, the MSE represents the energy required
to crush one unit of volume.

w
= a, 7
== )
4W  480rT,
= 2 25 (8)
nD,  D,R
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T, = 0.000333uW D, (9)

where V is the sample volume, mm?; M is the MSE, MPa; W
is the DP, kN; D, is the bit diameter, mm; r is the RS, r/min;
Ty is the bit torque, kN-m; R is the DS, m/h; y is the specific
sliding friction coeflicient of the drill bit, which in this article
is equal to 0.5.

Therefore, # of the SHPB test has the same physical
significance as the MSE of the drilling test. Figure 16 il-
lustrates the scatter plot between # and the MSE derived
from the different lithological samples. Overall, the energy
required to crush one unit of volume during the drilling test
procedure is higher than during the dynamic impact test.

Additionally, the MSE of the samples with different
lithologies is correlated with the strength of the samples,
which means that higher strength values correspond to
higher MSE values. Moreover, in terms of the drilling
process, the broken rock mass mainly uses the extrusion and
the cutting effect of the bit on the rock. The shear resistance
of the rock represents the main source of energy dissipation,
and the frictional heating generated during the drilling
process will also dissipate some of the energy. However, for
the dynamic impact test, the propagation of tensile stress
waves in the sample creates several tensile cracks in the rock,
which eventually leads to the generation of fractures. As it is
known, the tensile performance of rocks is significantly
lower than the shear resistance, so the MSEs values of the
drilling test are high. Therefore, to optimize the blasting
design using the drilling parameters of the bench borehole
drilling process, it is necessary to establish the corresponding
relationship between the energy consumption of drilling and
blasting rock processes according to the field measured data.

4. Conclusion

To analyze the variations in energy consumption of different
rock crushing methods, this study performed SHPB and
drilling tests on three lithologies of rocks. The dynamic
impact crushing characteristics were analyzed based on the
dynamic stress-strain curve, the peak stress, the energy, and
failure mode, while the drilling crushing characteristics were
analyzed based on the drilling curve and the influence of the
DP and the RS on the DS. Finally, the energy consumption
differences between the two methods were compared. The
main conclusions are as follows:

(1) The sensitivity of the dynamic strength of rocks with
different lithologies to strain rate is different. When
the UCS values are higher, the increase of the strain
rate has a prominent contribution to the
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strengthening of the peak stress, while lower UCS
values indicate that the plastic characteristics of the
dynamic stress-strain curves are more evident.

(2) The EUE of the dynamic impact test sample has a
positive correlation with the strain rate. Higher EUE
values are associated with a higher proportion of fine
fragments and an increase of the FD of coarse
fragments.

(3) The typical drilling process can be divided into two
stages: initial drilling and stable drilling. The drilling
speed in the stable drilling stage is lower than in the
initial drilling stage. Additionally, the DP and the RS
indicate a positive linear correlation with the DS, and
the influence of the DP on the DS is more
pronounced.

(4) The energy consumption required to crush one unit
of volume during the drilling process is higher than
the energy consumption during the dynamic impact.
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