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Abstract

Measuring rock mechanical parameters is an essential step for support design in an underground project. To quickly obtain the
surrounding rock mechanical parameters at a construction site in real time using a digital drilling rig, a quantitative relationship
between the drilling parameters and rock mechanical parameters should be defined. In this paper, based on the fracture charac-
teristics of rock cutting, a relationship model for the drilling parameters of the digital drilling rig versus the rock mechanical
parameters (DP-RMP model) is created. Based on the multi-function rock drilling test system developed by the authors, rock
drilling tests for different drilling parameters and theoretical results are compared and analysed to prove the validity and accuracy
of the DP-RMP model. Additionally, the influence laws of the cohesion and internal friction angle on the rock cutting drilling
torque are investigated. Drilling parameters from the digital drilling rig-based rock mechanical parameter inversion method is
proposed; the feasibility of this method is verified by rock drilling test results. The study provides a theoretical basis for quickly
obtaining the rock mechanical parameters using drilling parameters on site in real time.

Keywords Digital drilling rig - Rock cutting - Drilling parameter - Rock mechanical parameter - Relationship model - Inversion

method

Introduction

The testing of surrounding rock mechanical parameters such
as the uniaxial compressive strength, cohesion and internal
friction angle of an underground project is the basis for
analysing the stability of surrounding rock and designing the
support scheme. Tests for determination of strength parame-
ters can be classified as the laboratory test method and the
field test method. Currently, a point load test is the primary
method to test rock strength on site; however, it cannot mea-
sure the rock cohesion and internal friction angle. Another
option is to test the rock using a laboratory test, which takes
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a long time and has a high cost. The digital drilling rig (Chen
and Yue 2015; Gui et al. 2002; Kahraman et al. 2003) is a field
survey device that provides accurate control and monitoring
of the drilling parameters during drilling. Study results of nu-
merous researchers show an obvious correlation between the
drilling parameters of the digital drilling rig and rock mechan-
ical parameters in the rock drilling process (Huang and Wang
1997; Patel 2013; Somerton 1959; Schunnesson 1996; Teale
1965). The prediction of rock mechanical parameters using
the drilling parameters of the digital drilling rig has potential.
In addition, the digital drilling rig provides a new way for
quickly obtaining rock mechanical parameters using drilling
parameters on site in real time. The key is to establish the
quantitative relationship between the rock mechanical param-
eters and the drilling parameters.

Numerous researchers have conducted experimental stud-
ies and developed relationships among drilling parameters,
such as the drilling rate, rotational speed and torque and rock
mechanical parameters using statistics (Aalizad and
Rashidinejad 2012; Mostofi et al. 2011; Yasar et al. 2011).
Song et al. (2011) performed a rotary penetration test for a
material such as a wall building block and gypsum using a
corner plate drill bit to investigate the relationship between the
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rotary penetration parameter and the rock mechanical
parameter. Yue et al. (2004) developed the drilling process
monitor (DPM) and deployed it in Hong Kong weathered
volcanic rock; it showed that the drilling rate of an impact
rotary cutting drilling rig for the same homogeneous and
continuous rock mass was fixed. Tan et al. (2008) discovered
by field drilling tests that monitoring parameters such as ef-
fective axial pressure, drilling tool rotational speed and pene-
tration rate had excellent responses to the rock strength varia-
tion at the boundary. Additionally, some researchers conduct-
ed preliminary studies on mechanical parameters during the
rock cutting process using numerical simulations (Rojek et al.
2011; Su and Akcin 2011; Wyk et al. 2014).

In order to investigate the relationship between the drilling
parameters and the rock mechanical parameters, a rock cutting
mechanical model should be developed to deeply reveal the
essence of the drill bit rock cutting mechanism and the
relationship between the drilling parameters and rock
mechanical parameters. This can provide a theoretical basis
for obtaining the rock mechanical parameters on site using an
inversion of the drilling parameters. Based on the equilibrium
theory for axial force and torque work and the rock cutting
energy during the drilling process, Karasawa et al. (2002a, b)
derived a formula for rock drill-ability strength and drilling rig
torque and axial force that described the relationship between
the uniaxial compressive strength and drilling parameters.
Based on the Mohr—Coulomb criterion, Nishimatsu (1972) de-
rived a formula for the cutting force and rock mechanical
parameter in the plane. Song et al. (2010) introduced a cutting
rock mechanism to analyse the stress on the corner plate drill bit
cut edge and created a mathematical model for the drill bit axial
load, torque and rock and soil mechanical parameters.
Although a relationship between the drilling parameters and
rock mechanical parameters has been partially studied, the
above models have a specific application range. Additionally,
due to the complexity of the rock cutting process, rock mechan-
ical parameters such as internal friction angle and cohesion
cannot be obtained by inversion of the existing rock cutting
theory of the drill bit for the digital drilling rig.

Based on existing studies, a relationship between the dril-
ling parameters and rock mechanical parameters based on the
fracture characteristics of rock cutting is analysed in this pa-
per. A relationship model for the drilling parameters of the
digital drilling rig versus the rock mechanical parameters
(DP-RMP model) is created. Rock drilling tests are performed
to verify the validity and accuracy of this model. Additionally,
the influence laws of the cohesion and internal friction angle
of rock on the drilling torque are investigated to reveal the
response mechanisms of the drilling parameters to the rock
mechanical parameters. A method to obtain the rock mechan-
ical parameters by inversion of the drilling parameters of the
digital drilling rig is proposed. Based on rock drilling test
results, the feasibility of this method is verified. This method

@ Springer

provides a basis for obtaining the rock mechanical parameters
from the drilling parameters dynamically on site and
optimising the supporting parameters.

Analysis of rock cutting theory of drill bit
for digital drilling rig

Analysis of rock cutting mechanical model

The rock cutting is performed using conventional polycrystal-
line diamond compact (PDC) drill bits, wherein the PDCs are
embedded in a matrix to form cutting edges that crush rock, as
shown in Fig. 1. Jaime et al. (2015) found that the forces
fluctuate about a constant mean value for the shallow cut,
and the cutting induces a plastic failure in the sample.
Therefore, in this paper, aiming at the plastic failure mode of
rock cutting, the rock cutting mechanical model of the drill bit
for the digital drilling rig is created, as shown in Fig. 2. The
assumptions are as follows:

1. The cutting width of the drill bit cutting edges far exceeds
the cutting depth; the rock cutting problem is simplified to
a plane strain problem.

2. Rock fragment cutting is completed instantaneously; the
rock cracking surface reaches the ultimate bearing capac-
ity at the same time.

3. Therock cracking surface is planar and follows the Mohr—
Coulomb criterion; it has a horizontal inclination angle €
and extends to the free surface.

The rock cutting mechanical model of the drill bit for the
digital drilling rig shows that when the drill bit PDC cutting
edge rotates and penetrates into a rock, the front rock is under
pressure, the pressure on the rock cracking surface reaches the
shear strength and then shear failure occurs. In Fig. 2, F is the
ultimate cutting load on the rock fragment from the drill bit
cutting edge; P is a uniformly distributed constraint on the
rock cracking surface, i.e., the resultant force of the ultimate
shear stress 7, and normal stress o,, on the rock fragment along
the cracking surface; 6 is the shear angle; ¢ is the angle be-
tween the cutting edge force on the rock fragment and the
PDC normal, i.e., the ultimate cutting load inclination angle;
~ is the cutting edge inclination angle; and the cutting depth of
a single row cutting edge in one rotation is H.

Based on the rock cutting mechanical model of the drill bit
for the digital drilling rig created in Fig. 2, the stress on an
infinitesimal element of the rock fragment is analysed.
Equilibrium requires that the resultant force from the integra-
tion of the uniformly distributed constraint P along the crack-
ing surface be equal to the ultimate cutting load F§. The ulti-
mate shear stress and normal stress on the cracking surface are
calculated to derive the ultimate cutting load.
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Fig. 1 Three-dimensional
schematic diagram of the PDC
drill bit

The geometrical relationship between the two component
forces o,, and 7, on the rock fragment cracking surface is

Un:Tstan(9+7+¢) (1)
Based on the Mohr—Coulomb criterion,
T=c+otanp (2)

where c is the cohesion and ¢ is the internal friction angle.
Let 7=7; and 0 =0, and substitute Eq. (1) into Eq. (2),

which becomes

B c

~ 1-tan(f + v + ¢) tanp

Ts (3)

Based on the geometrical relationship between the uni-
formly distributed constraint P and component force 7, on
the rock fragment cracking surface,

Ts

P:cos(9+7+¢)
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Fig. 2 Rock cutting mechanical model of drill bit for digital drilling rig
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Therefore, the ultimate cutting load F is

s PH _ ,H )
Y sin®  cos(6 + y + 1b)sind
By substituting Eq. (3) into Eq. (5),
cH
(6)

Fy= . . B
cos(0 + v + ¢)sin @ —sin(0 + v + ¢))sin 6 tan ¢

The derivative of # in Eq. (6) is calculated. Let aa? =0, s0
the ultimate shear angle is

™

0= (3-vrv) )

The ultimate shear angle in Eq. (7) is substituted into Eq.
(6) to obtain the cutting edge ultimate cutting load F:

_ 2cH cos ¢ (8)
T Issin(p 4y + )
The horizontal component of the force Fy is
2cH cos ¢ cos(y + 1)

Fo = Fgcos(y + ) = - 9
where

_v

- nN

where Vis the drilling rate, # is the number of drill bit cutting
edge rows and N is the drill bit rotational speed.

Establishment of DP-RMP model

Based on the rock cutting mechanical model of the drill bit for
the digital drilling rig, the drill bit force during the drilling
process when the drill bit interacts with the rock is analysed,
as shown in Fig. 3.
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Fig. 3 Dirill bit force analysis during the rock cutting process

Figure 3 shows that the drilling torque of the drill bit is
divided into two parts:

1. Moment—~>M, generated by the horizontal component
force F, of rock cutting reacting force F; of the PDC
cutting edge and

2. Moment—Mp generated by the friction force F, due to
the cutting edge PDC bottom and rock interaction.

Therefore, the drilling torque M during the rock cutting
process is

M=Ms+ M (10)
(1) Moment M, calculation

Figure 4 shows the section dimension and cutting edge
diagram of the drill bit used in the tests. The distance from a
section of a row of cutting edges to the centre of the drill bit O
is 1, and the length of an infinitesimal segment is dr. The
moment dM, generated by the load from this infinitesimal
segment on the drill bit centre is

dM 4 = Fyrdr (11)

Integration of the infinitesimal segment moment dM, along
the length is calculated. The moments generated by F, from
three rows of cutting edges are summed to obtain moment M:

3 R 3 R
My=Y flerdr =3 | Fordr (12)
=17 =1
_cH cos pcos(y + )

(712 2 2
sin(p 1y +9) PRE+H L+ La)=(Li+ 1 + 13))]
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Fig. 4 Section dimension and cutting edge diagram of drill bit used in
tests

where R is the drill bit radius, L; (i=1, 2, 3) represents the
length of the ith row of the cutting edge and ;= R — L,. Based
on the research results of Huang et al. (2013) and y=15° of
the drill bit used in the tests, 1) was selected as 12°.

(2) Moment M calculation

When the drill bit rotates downward and cuts, the PDC
crushes the rock at the bottom of the hole, and the underside
of the PDC interacts with the rock at the bottom of the hole
and generates sliding friction. In this paper, the compressive
strength at the bottom of the PDC during the drill bit rotational
cutting is the uniaxial compressive strength. According to the
Mohr—Coulomb criterion, the uniaxial compressive strength
of rock is 0. = 2ccosp/(1 — siny). Therefore, F is

_ 2cpecos o(Ly + Ly + L3)

Fy = poje(Ly + Ly + Ls) = g (13)

Therefore, the moment My is

F, Ly F, L,
Mp=—"" LR )+—2 IR
B L+ L+ L ]( 2) L+ 1L, +1Ls 2( 2)

+ LR (R—L3)
Li+L+L; 2\ 2
 F2[Li(2R-Ly) + Ly(2R-Ls) + L3 (2R-L3))]
Z(L] + L, +L3)

clie cosy

where p is the friction coefficient between the PDC and the
rock, based on the research results of Yahiaoui et al. (2016)
and the characteristics of the drill bit used in this paper, letting
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1 =0.21, and e is the thickness of PDC.

Based on the above calculation and analysis, the moments
M), and Mp in Egs. (12) and (14), respectively, are substituted
into Eq. (10) to create the DP-RMP model:

cpe cos

M= cVeos p cos(y + ©)
~ [3N[I-sin(p + v + )]

[2R(Ly + Lo + L3)—(L} + L3 + L3)]

(15)

1-sin ¢

Rock drilling tests and verification
Test planning
(1) Test instrument

To verify the validity and accuracy of the DP-RMP model and
define a quantitative relationship between the drilling parameters
of the digital drilling rig and rock mechanical parameters, a multi-
function rock drilling test system was developed by the authors,
as shown in Fig. 5. This system includes a drilling system, a
loading system, a pressure chamber device and a monitoring
control system. It can test the correlation between the drilling
parameters and rock mechanical parameters under various con-
trol modes. The drill bit used in the test is a new type of PDC drill
bit, as shown in Fig. 5. A rectangular PDC is embedded into the
cutting edge of this drill bit, which matches the assumptions of
this paper. The drill bit parameters are listed in Table 1.

(2) Test material

Drilling system

Monitoring Control system

e
LT e

l" s Bore B B

Fig. 5 Multi-function rock drilling test system and new type of PDC drill
bit

Table 1 Parameters of the new type of PDC drill bit used in tests
Bit parameters R L, L, Ls ol e
Sizes 30mm 18mm 18mm 27mm 15° 1.5 mm

Granite, limestone and sandstone specimens are used as
test materials, with dimensions of 150 x 150 x 200 mm
(length x width x height). All specimens of the same lithology
are cut and polished from the same batch of rock. Rock spec-
imens before and after the test are shown in Fig. 6.

The rock mechanical triaxial test is performed on the rock
specimens to obtain the basic mechanical parameters, which
are listed in Table 2.

(3) Test schemes
The test mode to control the drilling rate V, rotational speed

N and monitoring torque M is used. Drilling tests on granite,
limestone and sandstone specimens at different drilling rates

Granite

After test

Before test ‘i 2 fy

Fig. 6 Rock specimens before and after the test
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Table 2  Basic mechanical parameters of the rock specimens

Lithology Cohesion, ¢ (MPa) Internal friction Uniaxial compressive

angle, ¢ (°) strength, . (MPa)
Granite 16.5 48.1 86.3
Limestone 14.9 46.7 75.2
Sandstone 11.6 39.5 49.8

and rotational speeds are performed. Eighteen combinations
are designed and numbered as Gi, Si and Ki (i=1-6). The
detailed schemes of the parameter settings are listed in Table
3.

Rock drilling test result selection

The variabilities of drilling torque versus drilling depth in test
Gl are shown in Fig. 7. The graphs show that the drilling
torque during the rock drilling process is divided into three
stages:

1 Initial stage: Before the drill bit reaches the rock, because
of the friction between the drilling rig system components,
drill bit idling will generate stable initial torque.

2 Rising stage: When the drill bit reaches the rock, the dril-
ling torque rises rapidly because of the PDC cutting rock
process.

Table3  Detailed test schemes of drilling tests for the granite, limestone

and sandstone specimens

Lithology No. V (mm/min) N (r/min)

Granite Gl 30 100
G2 30 200
G3 50 200
G4 60 100
G5 80 200
G6 80 300

Limestone S1 30 200
S2 60 200
S3 80 200
S4 80 250
S5 80 300
S6 90 200

Sandstone K1 30 100
K2 30 200
K3 60 200
K4 80 200
K5 110 200
K6 140 200

No. represents the number of the test scheme. V represents the drilling
rate. N represents the rotational speed of the drill bit

@ Springer

140

a2 ®» o
3 38 3 3
: .

Drilling torque /N'm
'
S

—Gl

[
=]

00 20 40 60 80 100 120 140 160 180

Drilling depth /mm

Fig. 7 The variation of drilling torque versus drilling depth in test G1

3 Steady stage: When the drill bit penetrates the rock and
reaches a certain depth, the drilling torque rises to the
required rock cutting torque. As the drill bit progresses
further, the torque gradually stabilises. Due to the non-
uniformity of the rock specimen material, the torque fluc-
tuates in a narrow range until the test is ended.

The average torque of the steady stage minus the initial
torque is the drilling torque M of this specimen. The average
torque of the three specimens in each plan is defined as the
drilling torque for this combination. Using plan G1 in Fig. 7 as
an example, the specimen torque in the steady stage is
120.37 N m, and the initial torque is 15.72 N m. Therefore,
the drilling torque of this specimen is 104.65 N m. The overall
torques for the other two specimens in this test are 106.86 and
106.28 N m. Therefore, the drilling torque for this test is
105.93 Nm.

Comparison of results from theoretical calculation
and drilling tests

To verify the validity and accuracy of the DP-RMP model,
rock drilling tests and theoretical results for schemes G1, G3,
G5, S1, S3, S5, K1, K3 and K5 are compared and analysed.
The statistics of the monitored drilling parameters and theo-
retical drilling torque of the above nine groups of tests are
shown in Table 4. Additionally, the drilling torque theoretical
result deviation rate (TDR) index A is established.

_ MM
E

A x 100%

where Mg is the experimental drilling torque and M7 is the
theoretical drilling torque.

Figure 8 shows the comparison and analysis of the theoret-
ical and experimental drilling torque. An analysis of the dia-
grams reveals that the theoretical drilling torque versus the
experimental results for the granite, limestone and sandstone
are consistent. The average and standard deviations of TDR
indexes are 7.16 and 2.91%, respectively. This shows that the
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Table 4  Statistics of rock drilling experimental and theoretical results

No. V(mm/min) N (@/min) MyWNm) M;(Nm) \(%)
Gl 30.26 100.10 105.93 103.33 245
G3 48.72 198.73 84.05 89.96 7.03
G5 76.35 198.74 109.71 122.48 11.64
S1 33.97 198.73 65.93 59.43 9.86
S3 82.47 198.80 98.26 103.68 5.52
S5 84.04 297.22 82.99 79.72 3.94
K1 33.52 100.26 40.75 44.37 8.88
K3 60.84 198.87 38.41 42.18 9.82
K5 113.86 199.03 59.55 62.68 5.26

No. represents the number of the test scheme. V represents the drilling
rate. N represents the rotational speed of the drill bit. M represents the
experimental drilling torque. Mrrepresents the theoretical drilling torque.
A represents the drilling torque theoretical result deviation rate (TDR)
index

theoretical drilling torque calculated from the DP-RMP model
is close to the experimental result. The deviation rate fluctua-
tion is small, and the theoretical result deviation for each
scheme is relatively stable. This comparison of the theoretical
and experimental results proves the validity and accuracy of
the DP-RMP model.

Investigation of influence of rock mechanical
parameters on drilling torque

To obtain the drilling parameter variation laws for different
rock mechanical parameters, the drilling torques for different
cohesion ¢ and internal friction angles ¢ are calculated based
on the DP-RMP model, and the results are analysed. The
response mechanisms of the drilling parameter to rock me-
chanical parameters are revealed.

The cohesion c is set to 5, 10, 15, 20 and 25 MPa, and the
internal friction angle ¢ is set to 10, 20, 30, 40 and 50°. The
drilling rate is set to V=30 mm/min, and the rotational speed
is set to N =100 r/min. The relationships between the drilling

140 L X M, A M, —-— 1 . 100
| e e e e e e - 1
120 A122.48 9%
105.93 X 103.68 20
E 109.71 i
> 1007103338996 2 82.99 0 ¥
< 98.26 0 3
S 80 X 2
& 84.05 65.93 62.68 | g
] 79.72 50 2
@ 60 140 2
£ 59.43 4437 4218 5955 k:
= | 130
E 40 e L3541 a
20 705 g8 986 S5 Lo, 888 0m 20
2.45 . : <6110
0 X . . ; . . Y 1o
Gl G3 G5 Sl S$3 S5 KI K3 K5

No. of drilling test

Fig. 8 Comparison and analysis of theoretical and experimental drilling
torque

torque and the internal friction angle for different cohesion
values and the drilling torque and cohesion for different inter-
nal friction angles are calculated, as shown in Figs. 9 and 10,
respectively.

An analysis of Figs. 9 and 10 shows the following:

1. The drilling torque increases as the internal friction angle
increases for different cohesion values, and the trend is
consistent. A change in the internal friction angle has a
significant impact on the torque. When the internal fric-
tion angle increases, the torque increases gradually during
the initial stage and then rises rapidly.

2. The drilling torque increases as the cohesion increases for
different internal friction angles, and the trend is consis-
tent. A change in cohesion has a significant impact on the
torque. The torque increases linearly as the cohesion
increases.

3. The difference between the torque values when the cohe-
sion and internal friction angle are both the maximal de-
fined values and the minimal defined values is 179.1 N m.
This difference is significant, which shows that rock hard-
ness has a significant impact on the drilling torque. A
higher level of rock hardness, i.e., higher rock shear
strength and compressive strength, results in higher rock
cutting torque, which matches the actual situation.
Additionally, the results show that the rock mechanical
parameters can be derived effectively from the drilling
parameters of the digital drilling rig by inversion.

Application of the DP-RMP model

A method based on the DP-RMP model is proposed to derive
the rock mechanical parameter from the drilling parameters of
the digital drilling rig by inversion. The feasibility of this
method is evaluated using a laboratory test. This provides

200 -
180 ¢ 5SMPa
10MPa

g 0T ——1smPa
z 140 5 20MPa
2 120 —e—25MPa

=2
g 100
ERY
T 60
[=]
40
O 1 1 1 1 J
10 20 30 40 50 60

Internal friction angle /°

Fig. 9 The variation of drilling torque versus internal friction angle for
different cohesion values
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Fig. 10 The variation of drilling torque versus cohesion for different
internal friction angles

the basis for obtaining the rock mechanical parameters on site
in real time.

Establishment of method to derive rock mechanical
parameters from drilling parameters by inversion

The DP-RMP model defines the quantitative relationship be-
tween the drilling torque and the rock internal friction angle
and cohesion during drilling. A method based on the DP-RMP
model to derive the rock mechanical parameters from the dril-
ling parameters of the digital drilling rig by inversion is pro-
posed in this paper. Based on the DP-RMP model and the
uniaxial compressive strength formula in the Coulomb
strength criterion, the rock internal friction angle and cohesion
are calculated from the drilling torque M obtained from the
rock drilling test and the uniaxial compressive strength o,
obtained from the rock uniaxial test. Simultaneous equations
for deriving the rock mechanical parameters from the drilling
parameters of the digital drilling rig by inversion are shown in
Eq. (16):

[ cVeospeos(y + ¢) cpLecosp
~ [3N[I-sin(p+v+1)] | 1-sing
2ccos ¢
Oc = B
1-singp

[2R(Li + Ly + Ls)~ (L] + L3 + 13)]

(16)

Verification of inversion method

To verify the validity of the method to derive the rock me-
chanical parameters from the drilling parameters by inversion,
the rock mechanical parameter inversion results and triaxial
test results for schemes G2, G4, G6, S2, S4, S6, K2, K4 and
K6 are compared and analysed. The statistics of the monitored
drilling parameters, cohesion and internal friction angle inver-
sion results of the above nine groups of tests are shown in
Table 5, where ¢z denotes the cohesion inversion results and
7 denotes the internal friction angle inversion results.

@ Springer

Table 5 Statistics of monitored drilling parameters and rock
mechanical parameter inversion results

No. V(mm/min) N (@min) MzNm) cr(MPa) ¢r(°)
G2 33.56 198.75 70.57 16.73 47.61
G4 61.34 99.85 161.17 17.11 46.74
G6 80.42 297.11 87.52 17.29 46.33
S2 58.61 198.76 87.97 14.44 4797
S4 81.88 248.02 91.39 14.70 47.29
S6 91.16 198.62 117.09 14.64 47.45
K2 33.56 198.89 30.67 12.40 37.05
K4 85.48 198.80 51.05 11.98 38.62
K6 139.18 199.23 69.25 12.21 37.76

No. represents the number of the test scheme. V represents the drilling
rate. N represents the rotational speed of the drill bit. My represents the
experimental drilling torque. ¢y represents the cohesion inversion results.
(prrepresents the internal friction angle inversion results

(1) Comparison of the rock cohesion inversion results versus
the triaxial test results

A comparison of the cohesion inversion results versus the
triaxial test results for the above nine groups of tests is shown
in Fig. 11, and the rock cohesion drilling test inversion result
deviation rate (CDR) index ¢ is established.

_ ler=|

0 x 100%

c

An analysis of Table 5 and Fig. 11 shows that the granite,
limestone and sandstone test results are consistent, and the
average CDR indexes of the above nine groups of tests are
3.50%. The differences between the cohesion drilling test in-
version results and triaxial test results are small.

(2) Comparison of the rock internal friction angle inversion
results versus the triaxial test results

18 ¢ . 1100
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10 | 370 479 309 6.90 3,6 526 {10
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Fig. 11 Comparison of the rock cohesion inversion results versus the
triaxial test results
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Fig. 12 Comparison of the rock internal friction angle inversion results
versus the triaxial test results

A comparison of the internal friction angle inversion results
versus the triaxial test results for the above nine groups of tests
is shown in Fig. 12, and the rock internal friction angle drilling
test inversion result deviation rate (IDR) index 7 is
established.

n:Mme%
12

An analysis of Table 5 and Fig. 12 shows that, based on the
method to derive the rock mechanical parameters from the
drilling parameters of the digital drilling rig by inversion, the
granite, limestone and sandstone test results are consistent,
and the average IDR indexes of the above nine groups of tests
are 2.88%. The differences between the internal friction angle
drilling test inversion results and triaxial test results are small.

In summary, the CDR index and IDR index are less than
5%. This difference between the rock mechanical parameter
drilling test inversion results and triaxial test results is small,
which proves the feasibility of the method to derive the rock
mechanical parameters from the drilling parameters of the
digital drilling rig by inversion. The method provides a theo-
retical basis for quickly obtaining the rock mechanical param-
eters from the combined application of a digital drilling rig
rock drilling test and a point load test for the actual project in
real time.

Conclusions

(1) In this paper, based on the fracture characteristics of the
rock cutting and characteristics of a new PDC drill bit
developed by the authors, a relationship model for the
drilling parameters from digital drilling rig and rock me-
chanical parameters (DP-RMP model) is established.
Additionally, rock drilling tests and theoretical results
for different drilling parameters are compared and
analysed. The results show that the average TDR indexes
are 7.16%, the standard deviations are 2.91%, the drilling

torque theoretical results are similar to the test results and
the deviation rate fluctuation is small. This proves the
validity and accuracy of the DP-RMP model.

(2) The laws of influence of the cohesion ¢ and internal
friction angle ¢ on the drilling parameter are investigat-
ed. The result shows that the drilling torque is highly
sensitive to rock mechanical parameters. When ¢ in-
creases, the torque increases gradually during the initial
stage and then rises rapidly in a non-linear pattern. When
¢ increases, the torque increases linearly.

(3) A method based on the DP-RMP model to derive the
rock mechanical parameters from the drilling parameters
of the digital drilling rig by inversion is proposed. The
rock drilling tests and rock triaxial tests show that the
CDR and IDR indexes are less than 5% and the differ-
ences between the drilling test inversion results and tri-
axial test results are small, which proves the feasibility of
this method.

(4) The DP-RMP model is established, and a method to
derive the rock mechanical parameters from the drilling
parameters of the digital drilling rig by inversion is pro-
posed, providing a theoretical basis for quickly obtaining
the rock mechanical parameters from the combined ap-
plication of a digital drilling rig rock drilling test and a
point load test for an actual project in real time.
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