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The rock properties are related to the stress environment and dynamic

disturbance during construction, and the testing-while-drilling-technique

was used for evaluation of rock properties. However, the related research

ignored the influences of stress environment and drilling parameters. In this

study, triaxial compression tests and laboratory drilling tests under different

confining stresses and drilling parameters were conducted for intact granite,

and the numerical changes of drilling parameters were recorded. Then the

static elastic energy and drilling specific energy (dynamic energy) of rock were

calculated by using linear energy storage theory and rock breaking energy

theory, respectively. According to the characteristics of energy variation, an

energy analysis method based on drilling process was proposed, and the sumof

static elastic energy and dynamic elastic energy was defined as the total energy.

The results showed that: 1) the static elastic energy increased with the increase

of confining stress, while the drilling specific energy was opposite. 2) For the

same rock, the total energy was constant under the same drilling parameters. 3)

The influence of drilling parameters on total energy was quantified by dynamic

load influence factor. Finally, the potential application of energy analysis

method in stress estimation was discussed through drilling tests.
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1 Introduction

An engineering rock mass is generally in a state of combined action of static stress

and dynamic load. Self-weight and tectonic stress constitute the static environment of

the rock. Explosive blasting, mechanical drilling, and other construction-related

factors can cause dynamic disturbances to the rock mass. Drilling plays a vital

role in engineering construction and monitoring, energy exploration and

development. In recent years, test-while-drilling (TWD) technology has fully

exploited the advantages of in-situ testing.
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TWD is a typical field test method (Xia et al., 2022) to

evaluate rock properties by collecting and analyzing drilling

parameters (drilling rate, drilling force, bit rotation speed, and

bit torque). Many studies have proved that differences in rock

properties can lead to changes in drilling parameters, and the

hardness, rock integrity and spatial distribution of faults and

holes can be determined by drilling rate (Yang et al., 2012; Chen

and Yue, 2015), bit torque (Gui et al., 2002; VanWyk et al., 2014;

Wang et al., 2018a), and specific energy (Yasar et al., 2011).

Determination of rock grade by drilling energy analysis is a

commonly used method (Tan et al., 2007; Oparin et al., 2018;

Sakiz et al., 2021), and current TWD theory assumes the energy

required to break the same rock is a constant value, and this

energy is only related to the grade and type of rock (Kahraman,

1999; Karasawa et al., 2002; Mostofi et al., 2011; Wang et al.,

2018b; Wang et al., 2019). However, in engineering practice,

drilling parameters vary greatly in the same stress environment.

The strength and stiffness of rock vary with confining stresses

and loading rates (Yang et al., 2006; Liu S. H. et al., 2014).

Compared with other types of rocks, the confining stress and

loading rate have more significant effects on intact, hard and

brittle rocks, implying that the confining stress and drilling

parameters have a greater impact on the drilling specific

energy of intact rock. The drilling specific energy is the

energy required to excavate unit volume of rock by the bit. In

the process of rock failure, it is not only necessary to absorb

energy from the outside, but also to dissipate energy in the form

of plastic properties or kinetic energy (Bai et al., 2019; Bai et al.,

2021; Bai et al., 2022). However, current TWD energy analysis

methods ignore the stress environment, drilling parameters

(Zhang and Gao, 2015; Su et al., 2022; Zhao et al., 2022), and

energy dissipation which leads to limited applicability of energy

analysis results.

In the drilling tests, the authors have found that for the same

rock, the drilling specific energy varies under different confining

stresses and drilling parameters. The tests results cannot be

reasonably explained by the current TWD energy theory,

which indicates that the TWD energy theory needs to be

improved.

In the analysis of rockburst energy in hard rock, considering

the influence of confining stress and construction disturbance, a

coupled static-dynamic loading theory was proposed (Li and Gu,

2002). This theory assumes that rock failure is the result of the

combined action of confining static stress and construction

disturbance, the initial stress condition determines the

intensity and quantity of energy released during failure, and

the dynamic disturbance is only the induced condition (Gong

et al., 2010; Gong et al., 2010, 2014; Gong et al., 2020), this theory

is currently applied to rockburst prediction in tunnel excavation

and underground mining (Liu Q. S. et al., 2014; Luo et al., 2015;

Wang et al., 2015; He et al., 2018; Li et al., 2019). Studies have

shown that when the confining stress is constant, different

dynamic load conditions will affect the absorption and release

of energy by rocks, resulting in changes in its mechanical

properties (Li et al., 2011a). The stronger the dynamic

disturbance, the less energy released during rock failure (Gong

et al., 2011). These findings are consistent with the drilling tests

results performed by the authors.

Therefore, in order to reasonably explain the impact of

confining stress and drilling parameters on rock drilling

energy and better evaluate rock properties through TWD,

triaxial compression tests under different confining stresses

and drilling tests under different confining stresses and

drilling parameters were conducted on intact granite. The

influence of stress conditions and drilling parameters on

drilling specific energy was analyzed. Referring to the coupled

static-dynamic loading theory for rockburst, a new energy

analysis method based on drilling process was proposed to

evaluate rock properties.

2 Energy of intact granite under static
load

2.1 Linear energy storage theory

The confining stress can be regarded as static load, and the

energy generated is referred to as static load energy Us. Rock

loading and unloading tests are conducted on a mechanical

testing machine. During the loading process, the testing

machine continues to work on the rock; during the unloading

process, the energy stored in the rock is gradually released. The

loading and unloading test results show that when the rock is

FIGURE 1
Stress-strain whole-process curves.
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compressed, the internal energy can be stored. Typical stress-

strain curves of rock are shown in Figure 1.Us can be divided into

static elastic energy Ue
s and static plastic energy Up

s . The area

between the unloading curve and the x-axis is the static elastic

energy per unit volume of rock ues . u
e
s can be completely released

during the unloading process, and the elastic deformation is

restored. The area between the unloading process curve and

loading curve is the static plastic energy per unit volume of rock

ups . During loading, ups dissipates in the form of plastic

deformation and microcracks and is not stored in the rock.

Herein, the elastic energy is taken as the static load energy storage

index affected by confining stress σc (Gong et al., 2018). The sum

of ues and u
p
s is the static energy per unit volume of rock us. us, ues ,

and ups can be calculated by graphical integration (Figure 1):

us � ue
s + up

s

us � ∫εp

0
σdε

ue
s � ∫εp

ε0

σdε

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(1)

where ε0 is the plastic strain value after unloading; εp is the peak

strain; σp is the peak stress. Gong et al. (2018) conducted uniaxial

compression single loading unloading tests on various rocks

under different stress levels, and found that the proportion of

ues in us under different stress levels is a constant value. It is called

linear energy storage theory which assumed that us and ues were

linearly related. Many loading and unloading tests suggest that

the linear energy storage is as given by Eq. 2 (Gong et al., 2018):

ue
s � Aus + B (2)

where A is the static load energy storage coefficient, which is the

slope of the linear fitting formula of us and ues , representing the

proportion of ues in us. A can be obtained through the laws

summarized by the linear energy storage theory. Brittle rock can

store a large amount of energy, so A is close to 1. For intact

granite, A is .8542 (Gong et al., 2018). B represents the intercept

of the linear fitting formula for us and ues , which has little

influence on the result and can be ignored. The static elastic

energy in rock can be calculated by using linear energy storage

theory with triaxial compression results. The us can be calculated

through the graphical integration of the stress-strain curve of the

triaxial compression test, and the static elastic energy ues are

finally obtained.

2.2 Rock compression tests

Granite is a common engineering rock mass. Many

hydropower stations and pumped storage dam foundations

are based on intact granite, and some underground power

plants are built in intact granite rock mass. The natural intact

granite from Changtai County, Quanzhou, Fujian, China, was

sampled. The average compressive strength obtained by the

uniaxial compression test is 251 MPa, the tensile strength is

13.57 MPa, the cohesion is 39.49 MPa, and the internal

friction angle is 56.95°. The granite was processed into a

standard triaxial sample with a diameter of 50 mm and a

height of 100 mm. Since the depth of most underground

power plants is usually less than 1 km, and the confining

stress at this depth is about 25 MPa. The confining stresses in

the compression test were set to 0, 5, 10, 15, 20 and 25 MPa.

According to “DZ/T 0276.19-2015 Rock Physical and

Mechanical Property Test Specification Part 19: Rock Uniaxial

Compression Deformation Test”, China, “DZ/T 0276.20-

2015 Rock Physical and Mechanical Property Test

Specification Part 20: Rock Triaxial Compression Strength

Test,” China, confining and axial stresses were applied at a

rate of .05 MPa/s. When the confining stress was increased to

a predetermined value, the variation therein should not exceed

2%. The axial load was controlled by displacement, and the cross-

head displacement rate was .001 mm/s until the sample breaks.

The compression test under each confining stress is repeated five

times (error less than 1 MPa). The average value of five tests is

FIGURE 2
Typical failure modes of samples. (A) 0 MPa (B) 5 MPa (C)
10 MPa (D) 15 MPa (E) 20 MPa (F) 25 MPa.
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taken as the compressive strength of rock under this confining

stress. Figures 2, 3 show the rock failure mode and stress-strain

curve of only one of the five tests. Axial and confining stress were

recorded during the compression process, and the stress-strain

curve of rock was plotted. Test design and stress-strain data are

displayed in Table 1.

According to Table 1, the peak stress and peak strain increase

with the increase of confining stress. The failure mode of intact

granite is a typical brittle failure; especially in unconfined

compression tests, rock failure is accompanied by a

tremendous release of energy, a loud sound, and ejection of

debris. This finding indicates that granite is an elastic brittle rock

that stores a significant amount of energy before failure. Typical

failure modes are shown in Figure 2. The stress-strain curves are

depicted in Figure 3, and each curve only truncates before the

peak stress.

The stress-strain curves of each group accord with the typical

characteristics of elastic materials. Upon initiation of loading, the

pores and micro-cracks in the granite are gradually closed, and

the stress-strain curve is slightly concave. Then it enters the

elastic stage, and the stress-strain relationship is linear. When

failure is imminent, the curve is concave, and the micro-cracks in

the granite are in the state of branching and expansion. At peak

stress, the fissures are connected to form a failure surface, and the

granite breaks. The linear part accounts for a large proportion of

the whole stress-strain curve, which indicates that the mechanical

properties of granite are elastic when the confining stress is

within 25 MPa.

2.3 Static elastic energy

The values of us under different confining stresses can be

obtained by graphical integration of the stress-strain curve

(Figure 3). We then substitute us into Eq. 2 to calculate the ues
of intact granite, as shown in Table 2. It can be observed that the

greater the confining stress, the greater the ues within the rock

(Figure 4). Using linear fitting, the relationship between ues and

confining stress is shown in Eq. 3:

ue
s � 0.082σc + 0.65 (3)

In the elastic stage, ues increases by about .082 mJ/mm3

when the confining stress increases by 1 MPa. The higher the

confining stress in the elastic stage, the more energy is stored

in the rock. When rock energy reaches its energy storage limit

under the action of axial load, the energy released increases

accordingly.

FIGURE 3
Stress-strain curves of rock under different confining
stresses.

TABLE 1 Results of rock compression testing.

Number σc MPa Height mm Diameter mm Quality g σp MPa εp 10−3

1 0 99.87 49.67 506.0 251.15 6.60

2 5 99.96 49.94 511.5 313.72 7.51

3 10 99.98 49.82 507.0 373.82 8.89

4 15 99.99 49.67 504.0 424.29 9.83

5 20 99.99 49.64 504.5 482.23 11.21

6 25 99.89 49.90 510.0 529.10 11.83

TABLE 2 Static load energy and static elastic energy under different
confining stresses.

σc MPa us mJ/mm3 ues mJ/mm3

0 .84 .72

5 1.18 1.01

10 1.67 1.42

15 2.16 1.84

20 2.78 2.38

25 3.16 2.70
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3 Energy of intact granite under
dynamic load

3.1 Laboratory drilling test design

According to the working characteristics of a drilling rig in

engineering practice, a laboratory drilling test platform that can

simulate the stress environment of surrounding rock was developed.

The test platform comprises a servo-motor control system, drilling

acquisition system, propulsion acquisition system, and confining

stress system. The four systems control and collect drilling

parameters, including drilling rate, drilling force, bit rotation

speed, bit torque, and confining stress. The platform allows

controllable drilling under different confining stresses. The

internal structure of the confining stress system is shown in

Figure 5. The main technical parameters of the test platform are

listed in Table 3.

Three-edge, three-water way flat-tooth diamond-impregnated

core bits were used in drilling tests. The outer diameter of the bit is

32 mm, the inner diameter is 24 mm, and the water way spacing is

6 mm (Figure 6). The granite sample used in the drilling test is the

same as that used in the compression test. The sample size is

100 mm × 100 mm ×100 mm.

The granite sample is put into the confining stress system,

and the hydraulic servo-motor controlled jack exerts and

maintains the confining stress in two directions. The bit

FIGURE 4
Diagram of static elastic energy and confining stress.

FIGURE 5
Internal structure of confining stress system.

TABLE 3 Main technical parameters of the test platform.

Parameter (unit) Value

Diameter (mm) 0–50

Drilling rate (mm/s) 0–500

Drilling depth (mm) 200

Bit torque (N·m) 0–±100

Drilling force (kN) 0–300

Bit rotation speed (rpm) 0–1,500

Confining stress (MPa) 0–30

Mass (kg) 500

Length × width × height (m × m × m) 1.4 × 0.8 × 1.5

FIGURE 6
Diamond impregnated bit.
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rotates from the free face, as shown in Figure 7. The test adopts

the working mode of adjusting drilling rate and bit rotation

speed, monitoring drilling depth, drilling force, and bit torque.

According to “DZ/T 0227-2010 geological core drilling

regulations,” China, in the rotary core drilling mode, the

recommended drilling rate of 32 mm diameter-impregnated

bit in granite is 13.33–35.00 mm/min, and the recommended

bit rotation speed is about 800 rpm. Drilling test parameters are

designed as follows: the drilling rate is 15 mm/min, the bit speed

is 600 rpm, and the confining stresses are 0, 5, 10, 15, 20, and

25 MPa, respectively, corresponding depth 0–1,000 m from the

ground. To study the influences of different drilling parameter

combinations and confining stress conditions on the test results,

the drilling test design is as follows: the bit rotation speed is

800 rpm, drilling velocities are 15 mm/min and 25 mm/min, and

the confining stresses are 0, 5, 15, 25, and 35 MPa, corresponding

depth 0–1,400 m from the ground. To ensure the reliability of the

test data, the drilling test was repeated three times under the same

conditions. The results show that the corresponding

characteristics of the three tests are consistent. For illustrative

purposes, only one test result is shown for each test condition.

Results are summarized in Table 4. Drilling tests are

numbered from A to P. There are three combinations of

drilling parameters: 15 mm/min-600 rpm (drilling parameter

combination 1); 15 mm/min-800 rpm (drilling parameter

combination 2); 25 mm/min-800 rpm (drilling parameter

combination 3), as listed in Table 4. The sample after drilling

test is shown in Figure 8.

3.2 Drilling specific energy analysis

Rapid loading rate is deemed to be dynamic, and the energy

generated is called dynamic load energy Ud. In the drilling

process, Ud mainly comes from the work done by the drilling

tool. Teale proposed the concept of specific energy in rock

FIGURE 7
Schematic diagram of drilling test.

TABLE 4 Drilling test parameters.

Parameter combination Number v mm/min N rpm σc MPa

1 A 15 600 0

B 5

C 10

D 15

E 20

F 25

2 G 15 800 0

H 5

I 15

J 25

K 35

3 L 25 800 0

M 5

N 15

O 25

P 35
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drilling (Teale, 1965; Lu et al., 2007; Niu et al., 2009), which can

be used to determine the energy required for drilling. The drilling

specific energy is the energy required to excavate unit volume

rock based on the energy conservation theorem and the working

characteristics of the drilling rig. The drilling specific energy um
can be calculated by Eq. 4 (Teale, 1965):

um � Fv + 120πMN

Sv
(4)

Where F is the drilling force; v is the drilling rate; M is the bit

torque; N is the bit rotation speed; S is the bit area. Equation 4

can be divided into two parts, the drilling force energy per unit

volume of rock ufs and the bit torque energy per unit volume of

rock utd.

uf
s �

F

S
(5)

ut
d �

120πMN

Sv
(6)

The curves of drilling force and bit torque for 16 groups of tests

are as shown in Figures 9, 10. To better display the data, the drilling

force and bit torque results for each drilling parameter combination

are divided into two parts. The results of A, C, and E are shown in

Figures 9A, 10A and results of B, D, and F are shown in Figures 9B,

10B. The drilling force and bit torque results for drilling parameter

combination 2 (tests G–K) are shown in Figures 9C, 10C,

respectively. The drilling force and bit torque for drilling

parameter combination 3 (tests L–P) are shown in Figures 9D,

10D, respectively. As shown in Figures 9, 10, the drilling force and

bit torque fluctuate throughout the drilling process, but the

fluctuation range is small. Although there are some overlaps

between the data among different test groups, there are

significant differences in the distribution domains. The higher the

confining stress, the lower the drilling force and bit torque.

The average (AVG) and standard deviation (STD) of drilling

force and bit torque in each test were calculated as shown in

Table 5.With the increase of confining stress, the AVG of drilling

force and bit torque decrease, and the STDs of each group are

similar, suggesting that the drilling force and bit torque fluctuate

regularly around the average. The fluctuation range of each test is

consistent. ufs and utd were calculated by substituting the drilling

test data into Eqs 5, 6. As the confining stress increases, both ufs
and utd decrease. utd is much larger than ufs , so um � utd.

The results of the drilling test are shown in Figure 11. The

theory of specific energy in rock drilling assumes that the drilling

specific energy of the same rock is similar, and the rock properties

can be inferred based thereon. He (2017) found that the drilling

specific energy of the same kind of rock remains near a constant

value under different drilling parameters. Based on the research

results and the classification of rock hardness in “GB/T 50,218-

2014 Engineering Rock Mass Classification Standard,” China, they

established a rock hardness evaluation criterion as shown in

Table 6; however, their drilling tests did not take into account

confining stress. The drilling test results undertaken in the present

work show that the confining stress condition and the drilling

parameter combinations greatly influences the drilling specific

energy. E.g., in drilling parameter combination 1, the drilling

specific energy is 2,783.78 mJ/mm3 when the confining stress is

0 MPa, and the drilling specific energy is 2,011.32 mJ/mm3 when

the confining stress is 25MPa. In drilling parameter combination

2, the drilling specific energy is 5,410.00 mJ/mm3 when the

confining stress is 0 MPa, and the drilling specific energy is

2016.40 mJ/mm3 when the confining stress is 35 MPa. In

drilling parameter combination 3, the drilling specific energy is

2,664.54 mJ/mm3 when the confining stress is 0 MPa, and the

drilling specific energy is 1,508.41 mJ/mm3 when the confining

stress is 35MPa. Under the same confining stress, the drilling

specific energy of drilling parameter combination 1 is less than that

of drilling parameter combination 2, and the drilling specific

energy of drilling parameter combination 2 is greater than that

of drilling parameter combination 3. The drilling specific energy

decreases with the acceleration of drilling rate and increases with

the acceleration of bit rotation speed. The drilling specific energy is

related to the confining stress conditions and the drilling

parameter combinations. The drilling specific energy is

inversely proportional to the confining stress, showing a linear

relationship therewith. This is contrary to popular perception. The

drilling specific energy is directly proportional to the bit rotation

speed and inversely proportional to the drilling rate.

According to “GB/T 50,218-2014 Engineering Rock Mass

Classification Standard,” China, the intact granite used in these

tests is a hard rock. In this paper, the drilling specific energy

range of intact granite under different confining stresses is

FIGURE 8
Post-test view of the granite block.
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1,508.41–5,410.00 mJ/mm3. If the rock hardness is predicted

according to Table 6, the results are as listed in Table 7.

Except for tests G and H, the other prediction results are

inconsistent with the actual situation, and the misjudgement rate

is as high as 87.5%. This shows that although the evaluation

criteria has certain applicability under low confining stress, it is

easy to misjudge the rock properties by the drilling specific

energy without considering the confining stress conditions. In

drilling parameter combination 1, when the confining stress is

0 MPa, hard rock can be predicted only when the drilling specific

energy reaches 2,783.78 mJ/mm3. When the confining stress is

25 MPa, hard rock can be predicted when the drilling specific

energy reaches 2,011.32 mJ/mm3. The drilling specific energy

difference between the two confining stresses is 38.45%. This

difference is even more significant in drilling parameter

combination 2, and the drilling specific energy under a 35-

MPa confining stress is only 50% of that with no confining

stress. As shown in Table 7, according to the evaluation criteria in

Table 6, the rock properties cannot be accurately predicted by the

drilling specific energy. This indicates that it is unreliable to

predict the rock properties by the drilling specific energy,

ignoring the confining stress conditions and the drilling

parameter combinations.

For a particular site, the confining stress conditions are

similar, and it is feasible to use the drilling specific energy to

predict the rock properties, however, such conclusions have

significant limitations when applied to different confining

stress and drilling conditions. The results of the test in this

paper confirm this.

4 Energy analysis of intact granite
under different confining stresses and
drilling parameters

The test results of intact granite under different confining

stresses and drilling parameters cannot be explained by the

existing drilling specific energy theory. Based on the

FIGURE 9
Drilling force v. drilling depth. (A)Drilling force: tests A, C, and E (B)Drilling force: tests B, D, and F. (C)Drilling force: tests G–K (D)Drilling force:
tests L–P.
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characteristics of the drilling process and the coupled static-

dynamic loading theory, a rock energy analysis method based on

drilling process is proposed.

Both the original rock mass and the engineering rock mass

exchange energy with the external environment (Li et al.,

2011b). The energy in the rock mainly comes from the self-

weight stress and tectonic stress. According to the coupled

static-dynamic loading theory, the engineering rock mass is

generally in the combined stress state of “static and dynamic

load” (Li et al., 2019). The totale energy required for rock

failure remains unchanged and is mainly controlled by the

initial static stress.

In the drilling tests, the static load energy Us of rock comes

from the work done by the confining stress, while the dynamic

load energy Ud comes from the work done by the drilling tool,

called drilling specific energy um. The dynamic load energy Ud

can be divided into dynamic load dissipation energy Up
d and

dynamic elastic energy Ue
d. The dynamic load energy releases to

the outside in the form of surface energy, acoustic emissions, and

heat during the loading process, and this part of dynamic load

energy per unit volume of rock is called upd. Another part of the

dynamic load energy accumulated in the rock in the form of

elastic energy is defined as ued (Zhao et al., 2022).

The energy in a unit volume of rock consists of two parts: that

generated by the stress environment ues , the other generated by

drilling ued. For a rotary drilling rig, the rock breaking process of

the drill bit includes two actions: bit-advance is related to drilling

rate and force; bit-rotation is related to bit torque and rotation

speed. The elastic energy of rock under static and dynamic loads

are plotted in Figure 12. When the confining stress and drilling

rate are the same, the faster the bit rotation speed is, the greater

the drilling specific energy is; When the confining stress and bit

rotation speed are the same, the faster the drilling rate is, the

smaller the drilling specific energy is. As the confining stress

increases, ues linearly increases, and um linearly decreases.

According to the coupled static-dynamic loading theory, the

energy in the rock mass is constant. A new energy analysis

method based on drilling is proposed. It is assumed that total

energy in the rock consists of static elastic energy ues formed by

confining stress and dynamic elastic energy ued created by the

drilling process. Under the same dynamic load conditions, the

sum of ues and ued is constant, this limits how much energy the

FIGURE 10
Torque v. drilling depth. (A) Bit torque: tests A, C, and E (B) Bit torque: tests B, D, and F (C) Bit torque: tests G–K (D) Bit torque: tests L–P.
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rock can store. When the energy storage limit is reached, the rock

breaks down. As the confining stress increases, ues increases, and

the ued required for rock failure decreases, and vice versa. The total

rock energy for failure is a constant value called the energy

storage limit. The formula giving the energy analysis based on

drilling process is as follows:

ue
d + ue

s � δum + ue
s � ue (7)

where δ is the dynamic load influence factor; ue is the total energy

in the rock.

The influences of dynamic load conditions such as drilling

rate must be considered when quantizing ued, and δ is used to

represent the influence of dynamic load conditions on ued. Using

Eq. 7, um can be calculated:

um � −ue
s + ue

δ
(8)

According to Eq. 3, when the confining stress is 35 MPa, ues is

3.52 mJ/mm3. The relationship between um and ues in these

drilling tests is shown in Figure 13. By linear fitting, it can be

obtained that δ is 1/381 and ue is about 8.05 mJ/mm3 under

drilling parameter combination 1. Under drilling parameter

combination 2, δ is 1/1,179, and ue is about 5.21 mJ/mm3.

Under drilling parameter combination 3, δ is 1/404, and ue is

about 7.27 mJ/mm3. Substituting δ into Eq. 7, ue was calculated

for each test (Table 8; Figure 14). The value of ue under different

confining stresses is approximately constant, which is

independent of confining stress. However, the total energy in

the rock varies under different drilling parameter combinations.

TABLE 5 Statistical parameters.

Number AVG of F STD of F AVG of M STD of M ufs um

N N·m mJ/mm3 mJ/mm3

A 1,469.31 82.04 4.00 .22 4.18 2,783.78

B 1,394.38 94.77 3.83 .20 3.96 2,693.23

C 1,298.92 91.46 3.62 .25 3.69 2,525.97

D 1,239.72 91.02 3.39 .22 3.52 2,358.98

E 1,125.11 89.82 3.13 .25 3.20 2,199.01

F 957.32 55.70 2.88 .25 2.72 2,011.32

G 1,745.90 82.15 4.63 .14 6.20 5,410.00

H 1,573.26 68.72 4.17 .12 5.59 4,874.67

I 1,281.39 87.60 3.31 .14 4.55 3,893.33

J 1,027.42 76.78 2.56 .10 3.65 2,990.72

K 884.39 65.46 1.97 .11 3.14 2,016.40

L 1,265.98 66.74 3.80 .14 4.50 2,664.54

M 1,092.59 73.67 3.57 .19 3.88 2,505.48

N 918.97 64.98 3.13 .14 3.26 2,197.53

O 727.18 59.06 2.65 .14 2.58 1,861.74

P 630.76 54.71 2.14 .12 2.24 1,508.41

FIGURE 11
Relationship between drilling specific energy and confining
stress.
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The maximum difference of ue among these tests is 36.9%. This

indicates that dynamic load conditions have a great influence on

the total energy of rock, and the test results herein show that the

total energy that rock can bear varies with drilling conditions.

The drilling parameters controlled herein are drilling rate

and bit rotation speed. Therefore, the relationship between δ,

drilling rate and bit rotation speed should be considered. When

the drilling rate is the same, δ decreases significantly and ue

decreases, with the increase of bit rotation speed. When the bit

rotation speed is the same, δ increases and ue increases, with the

increase of drilling rate. The relationship between drilling rate, bit

rotation speed, and δ is shown in Figure 15. Equation 9 is used to

express the relationship between drilling rate, bit rotation speed

and δ:

αv + βN + γ � δ (9)

where α is the influence factor of drilling force; β is the influence

factor of bit rotation speed; γ is the dynamic load compensation

factor.

The results show that α = 1.63 × 10−4, β = −8.88 × 10−6, and

γ = 5.51 × 10−3, which implies that δ increases with increasing

drilling rate and δ decreases with rising bit rotation speed. The

influence of drilling rate and bit rotation speed on rock dynamic

load energy is just the opposite.

The larger value of ue indicates that more energy is required

to break the rock. The value of ue is about 5.21 mJ/mm3 under

drilling parameter combination 2, but um is much larger than

that under drilling parameter combinations 1 or 3 under the

TABLE 6 Drilling specific energy - rock hardness evaluation criteria [3.3].

Hardness Hard Relatively hard Relatively soft Soft Extremely soft

UCS >60 60–30 30–15 15–5 <5

MPa

um >4,495 4,495–3,358 3,358–937 937–97 <97

mJ/mm3

aUCS, uniaxial compression strength.

TABLE 7 Prediction of rock hardness.

Number v N rpm σc MPa um Hardness

mm/min mJ/mm3

A 15 600 0 2,783.78 Relatively soft

B 5 2,693.23 Relatively soft

C 10 2,525.97 Relatively soft

D 15 2,358.98 Relatively soft

E 20 2,199.01 Relatively soft

F 25 2,011.32 Relatively soft

G 15 800 0 5,410.00 Hard

H 5 4,874.67 Hard

I 15 3,893.33 Relatively hard

J 25 2,990.72 Relatively soft

K 35 2,016.40 Relatively soft

L 25 800 0 2,664.54 Relatively soft

M 5 2,505.48 Relatively soft

N 15 2,197.53 Relatively soft

O 25 1,861.74 Relatively soft

P 35 1,508.41 Relatively soft
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same confining stress. The reason is that δ in the 15 mm/min-

800 rpm drilling parameter combination is very small, and the

ratio of um to ued is small, and more energy is needed to break the

rock. Since it is hard to make a theoretical derivation for the

relationship between δ and ue, Linear fitting, polynomial fitting

and exponential fitting were used to explore the relationship

between δ and ue, as shown in Figure 16. The R2 of exponential

fitting is closer to 1. Therefore, among the three common fitting

functions, it is believed that the relationship between δ and ue is

the exponential type according to the drilling test results. With

the increase of δ, ue increases exponentially.

When the drilling parameters are the same, the total energy of

intact granite equals a certain value. When the drilling parameters

change, the total energy changes accordingly. The total energy is an

energy index considering confining stress and drilling parameters,

which provides a basis for evaluating rock properties. Through

further drilling tests, the relationship between drilling parameters,

dynamic load influence factor and total energy can be established,

and the total energy can be calculated using drilling parameters and

dynamic load influence factor to evaluate rock properties.

FIGURE 12
Static elastic energy and drilling specific energy under
different confining stresses.

FIGURE 13
Drilling specific energy and static elastic energy.

FIGURE 14
Relationship between confining stress and total energy under
different drilling parameter combinations.

FIGURE 15
Relationship between dynamic load influence factors and
drilling rate and bit rotation speed.
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The total energy can also be used to estimate the in-situ stress

of rocks. Taking drilling parameter combination 3 as an example,

the dynamic elastic energy is calculated by using the drilling

parameters of test L, test M, and test N, and the static elastic

energy is calculated by using the compression tests results, and

the total energy is obtained to be about 7.23 mJ/mm3. Taking the

confining stresses in tests O and P as unknown quantities, the

static elastic energy is calculated by substituting the total energy

and dynamic elastic energy into Eq. 7. The confining stresses is

calculated by substituting the static elastic energy into Eq. 3, and

the corresponding confining stresses in tests O and P are

24.39 and 35.03 MPa, respectively. These are very close to the

actual confining stresses of 25 and 35 MPa (the error is less

than 3%).

5 Discussion

According to the tests results herein, when the drilling

parameters are the same, the total energy of intact granite is

constant and independent of the confining stress, when the

drilling parameters change, the total energy varies significantly.

The dynamic load influence factor was proposed to characterize

the influence of drilling parameters on the energy of intact granite.

The tests results show that the total energy of intact granite increases

exponentially with the increase of the dynamic load influence factor.

The dynamic load influence factor depends on the drilling

parameters. Since only 3 drilling parameter combinations were

TABLE 8 Rock energy parameters.

Number ues um ued ue δ

mJ/mm3 mJ/mm3 mJ/mm3 mJ/mm3

A .72 2,783.78 7.30 8.02 1/381

B 1.01 2,693.23 7.07 8.08

C 1.42 2,525.97 6.63 8.05

D 1.84 2,358.98 6.19 8.03

E 2.38 2,199.01 5.77 8.15

F 2.70 2,011.32 5.28 7.98

G .72 5,410.00 4.59 5.31 1/1,179

H 1.01 4,874.67 4.13 5.14

I 1.84 3,893.33 3.30 5.14

J 2.70 2,990.72 2.54 5.24

K 3.52 2,016.40 1.71 5.23

L .72 2,664.54 6.60 7.32 1/404

M 1.01 2,505.48 6.20 7.21

N 1.84 2,197.53 5.44 7.28

O 2.70 1,861.74 4.61 7.31

P 3.52 1,508.41 3.73 7.25

FIGURE 16
Relationship between the total energy in the rock and
dynamic load influence factor.
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considered in the tests, more drilling tests are needed to ascertain a

more accurate relationship between the total energy and the

dynamic load influence factor for intact granite.

With the increase of confining stress, the plastic characteristics

of rock become more apparent, and rock gradually transforms from

brittle to ductile behavior (Yang, 2012). The value of confining stress

that causes brittle rocks to become ductile is generally .33–1.0 times

the uniaxial compressive strength (Yang et al., 2008). For the intact

granite tested in this paper, this stress is not less than 82MPa. The

maximum confining stress in the drilling test of intact granite in this

paper is 35 MPa, and the granite is in a brittle state. Therefore, the

conclusions drawn herein are based on the premise that the granite

is in a brittle state. Since the energy is closely related to the type and

state of rock, it is helpful to improve the energy analysis method

based on the drilling process through experimental research on

more types of rocks. In addition, for simplicity, the confining stress

conditions of the drilling tests in this paper are biaxial, and the

stresses are equal. The energy analysis method of rock under

unequal biaxial and triaxial stress is also worthy of further study.

6 Conclusion

Triaxial compression tests and laboratory drilling tests under

different confining stresses and drilling parameters are conducted on

intact granite specimens. According to the test results, it is found that

the drilling specific energy for same rock is not a constant value but

varies with confining stress and drilling parameters. Subsequently,

an energy analysis method based on drilling process was proposed,

and the main conclusions are drawn as follows:

(1) Based on linear energy storage theory, the static elastic

energy in the rock is calculated according to the triaxial

compression test results. The static elastic energy increases

with the increase of confining stress.

(2) Drilling test results show that when the confining stress is

within the range of 0–35 MPa, the drilling specific energy

decreases with the increase of confining stress, showing a

linear relationship and it varies significantly with drilling

parameters, differing from the current understanding. When

the rotation speed is within the range of 600–800 and the

drilling speed is within the range of 15–25 mm/min as

recommended by “DZ/T 0227-2010 geological core

drilling regulations, China,” the drilling specific energy

increases with the increase of bit rotation speed and

decreases with the increase of drilling rate. The limitation

of using drilling specific energy to evaluate rock properties

without considering confining stress conditions and drilling

parameter combinations was highlighted. In terms of the test

results herein, the rate of misjudgement of rock properties

using drilling specific energy reaches 87.5%.

(3) An energy analysis method based on drilling process was

proposed. A total energy index was defined as the sum of

static elastic energy and dynamic elastic energy, which varies

with drilling parameters and is constant under the same drilling

parameters. The total energy considers the confining stresses

and drilling parameters and provides a new energy index for

evaluating rock properties. A dynamic load influence factor was

proposed to characterize the influence of drilling parameters on

the total energy of intact granite.

(4) The potential application of the energy analysis method in

rock stress estimation was explored, and the error in rock

stress estimation is less than 3% in drilling test.
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Glossary

The following abbreviations are used in
this document:

U s Static load energy

U e
s Static elastic energy

Up
s Static plastic energy

us Static load energy per unit volume of rock

ues Static elastic energy per unit volume of rock

ups Static plastic energy per unit volume of rock

Ud Dynamic load energy

U e
d Dynamic elastic energy

Up
d Dynamic plastic energy

ud Dynamic load energy per unit volume of rock

ued Dynamic elastic energy per unit volume of rock

upd Dynamic plastic energy per unit volume of rock

um Drilling specific energy (energy per unit volume of rock

broken by the bit)

ufs Drilling force energy per unit volume of rock

utd Bit torque energy per unit volume of rock

ue Total rock energy per unit volume of rock

F Drilling force

v Drilling rate

M Bit torque

N Bit rotation speed (number of revolutions per unit time)

S Bit area

L Drilling depth

ε0 Plastic strain value after unloading

εp Peak strain

σc Confining stress

σp Peak stress

A Static load energy storage coefficient

B The intercept of the linear fitting formula for us and ues

δ Dynamic load influence factor

α Drilling force influence factor

β Bit rotation speed influence factor

γ Dynamic load compensation factor
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