Int j simul model 19 (2020) 4, 607-618
ISSN 1726-4529 Original scientific paper

ANALYSIS OF ROCK DYNAMIC STRESSES DURING THE
DRILLING BY POLYCRYSTALLINE DIAMOND COMPACT
BITS

Yu,J.P."; Zou, D. Y." & Zhang, Y.”"
*School of Petroleum Engineering, China University of Petroleum (East China), Qingdao, 266580,
China
“ Department of Petroleum Engineering, University of Alaska Fairbanks, Fairbanks, Alaska, 99775,
United States of America

E-Mail: eugene_yujp@126.com

Abstract

In view of shortening the development period of polycrystalline diamond compact (PDC) bits, the finite
element method was adopted to simulate the dynamic stress of rocks. By employing drilling related
theories, the three dynamic principal stresses of rock were analysed and the dynamic rock-breaking
criterion was established. Second, the drilling model of PDC core bit was constructed, and the stress
was simulated and calculated. Finally, laboratory tests were carried out to verify the simulation results.
The analytical results demonstrate that the two obvious stages in the rock-breaking process are the initial
rock-breaking stage and the normal one. The dynamic rock-breaking stress in the normal drilling stage
varies from 66.3 to 99.6 MPa, which is lower than 278.4 MPa in the initial rock-breaking stage. During
spud drilling, the axial force and the tangential force are 1.85 and 1.60 kN, respectively. During normal
drilling, the axial force ranges from 0.2 to 0.9 kN, and the tangential force from 0.15 to 0.6 kN. The load
of normal drilling is lower than the spudding load, and the bit is more likely to be damaged during
spudding. The bit is normally worn during normal drilling.
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1. INTRODUCTION

Polycrystalline diamond compact (PDC), with its merits of good hardness, impact resistance,
and wear resistance, is considered the most ideal material for the cutting teeth of drill bits in the
petroleum industry. In engineering practice, PDC bits have been proven to have high drilling
speed, low bit pressure, long service life, stable performance and high rock-breaking efficiency,
and it is widely used in oil-gas drilling [1]. Considering the excellent performance of PDC
materials, experts and scholars have designed PDC bits with specific characteristics depending
on different formation rock features.

However, with the expansion of drilling areas, higher requirements are raised for the
performance of PDC bits. A variety of influencing factors should be considered in improving
the performance of PDC bits suitable for certain stratum and drilling technology and designing
special types of bits. This higher-level requirement presents a huge problem in the bit design
and production industry.

Scholars attempted to analyse the whole development and production process of bits and
investigated rock-breaking principles via simulation and testing [2-4]. The wear resistance,
mechanical properties, and impact resistance of bits were simulated and evaluated.
Furthermore, the rock-breaking effect was determined by simulating the drilling process. Thus,
knowing how to shorten the design cycle, decrease the cost of R&D and testing, reduce the
links of “multiple models, tests, and optimizations,” and design rapidly the special bits are
urgent research concerns.
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This study determined the dynamic rock-breaking criteria of controlling rock-breaking
conditions. Moreover, the rock-breaking process was simulated by means of the finite element
method (FEM) [5-7], and the position relationship between the blade and the cutter was
analysed. The dynamic rock-breaking stress of bits was analysed to evaluate the rock-breaking
efficiency and wear resistance. The proposed method aims to establish a drilling model and
repeatedly analyse dynamic rock-breaking stress by using different models. The results of this
study offer important reference value and engineering significance in terms of shortening the
development period and enhancing drilling efficiency of PDC bit.

2. STATE OF THE ART

Scholars at present have studied PDC bits suitable for various formations from different
perspectives [8-18]. Miyazaki et al. [8] investigated the performance of a PDC bit for different
rocks and the relationship between wear resistance and drilling parameters via laboratory testing
and proposed the efficient use of PDC bits. However, their study did not involve the design and
evaluation of PDC bits. Mazen et al. [9] proposed a new mathematical model to predict PDC
bit performance, investigated the influences of constructure, hydraulics, and rock strength on
PDC bit performance, and predicted bit wear. Although they attempted to relate the drilling
parameters to bit performance and wear, their findings mainly focused on bit wear. Agostini
and Sampaio [10], who used the Bayesian probabilistic neural network, proposed a method of
monitoring the wear of PDC bits in a hard rock layer of an ultra-deep well in real time to prolong
the service life of bits, but they did not conduct a rock-breaking simulation of it. Abbas and
Musa [11] reported that specific PDC bits were needed for different formations, and the
performance could be evaluated according to wear resistance. Additionally, the rationality of
analysing the wear performance by using Raman shift and Fourier transform infrared
spectroscopy was proved. They also evaluated the performance of engineering bits instead of
that of a new bit. Agawani et al. [12] introduced a multifunctional bit by combining PDC and
tungsten carbide insert, which is applicable to heterogeneous carbonate formations owing to
good impact resistance characteristic and found that the rate of penetration (ROP) was twice
that of a conventional drill bit. However, they failed to introduce a design and evaluation
process for t bit. Abbas [13] reviewed the literature about bit wear and used finite element
analysis and the discrete element method to simulate and calculate bit wear. The author also
studied PDC bits from the perspective of service life but focused on application rather than
design. Saksala et al. [14] numerical simulated and experimentally studied an impact drill and
dynamically simulated rock breaking based on a bit-rock interaction model. Their study
emphasized the relationship between impact velocity and rock breaking, but bit design and
evaluation were not implemented. Wang et al. [15] experimentally studied the optimal tooth
arrangement mode of a PDC bit suitable for granite and hard sandstone and examined the
relationship between tooth arrangement mode and service life and ROP. Although the designed
bit showed strong pertinence, the design and moulding process was long and complex,
suggesting a weakness in meeting the engineering requirements of rapid bit design. Wang et al.
[16] established a three-dimensional dynamic rock-breaking model by using a three-
dimensional finite element software to measure the mechanical properties of a rock and
subsequently studied the rock-breaking rule. Nevertheless, they failed to evaluate the
performance of the bit because of the bit-rock coupling. Zou et al. [17] designed a special PDC
bit for a special stratum and obtained the power function law of rock-breaking efficiency via
experimentation. The bit design and moulding process derived in their work was the same as
that of Wang et al. [15]. Despite the focus on personalized design, they did not propose a method
to shorten the personalized design cycle. Niu et al. [18] analysed the structural characteristics
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and rock-breaking mechanism of a bit and evaluated the service life of a PDC bit via
experimentation but failed to propose a new design method.

The abovementioned past studies mainly concentrated on the service performance,
mechanical properties, and wear resistance of PDC bits, but the bit design process entailing
simulation was seldom considered, especially in terms of designing bits using a computer
program to shorten its design cycle by means of simulating the process of drilling rock breaking.
Consequently, the present study simulated the drilling process to analyse the dynamic stress of
rock breaking. A drilling model was established on the basis of a dynamic rock-breaking
criterion, and drilling parameters were employed to calculate the dynamic stress of rocks by
using different PDC bits. The proposed method can lay a foundation for bit structure design and
bit performance and wear resistance evaluation. The simulation was implemented on a
computer instead of using a production model for laboratory testing. In this manner, the
intermediate links of bit design could be reduced and the design cycle of bits could be shortened.

The remainder of this study is organized as follows. Section 3 describes the dynamic rock-
breaking criterion for controlling rock breaking and presents the constructed drilling model
used to calculate dynamic stress when the rock is breaking with a PDC bit. Section 4 presents
the FEM adopted for the structural analysis to calculate the dynamic stress of broken rocks and
analyse the rock-breaking process. The variation characteristics of the dynamic stress of broken
rocks over time during drilling and the influence of the position relationship between the bit
blade and cutter on rock-breaking efficiency are also discussed. Section 5 summarizes the
current study and draws the relevant conclusions.

3. METHODOLOGY

The dynamic stress of a breaking rock was analysed via simulation and calculation to determine
the performance and wear resistance of different PDC bits. The method is described in the
succeeding subsections.

3.1 Dynamic rock-breaking criteria

Drilling is an interaction process between a bit and a rock, in which the rock is broken by bit.
The chosen appreciate theory plays an important role in simulating and calculating rock
breaking. Rocks are a brittle material. The commonly used rock-breaking criteria in the
petroleum engineering field include the von Mises, Mohr—Coulomb, and Mogi—Coulomb
criterion [19]. These criteria have the commonality of being applicable only to rock breaking
under static load. The criteria should be properly adjusted prior simulating and calculating
dynamic conditions. The stress working conditions of the rock-breaking were considered in this
study, and a rock-breaking criterion during the drilling of a six-cutter core PDC bit was
established by employing relevant basic theories.

The structural diagram of the six-cutter core PDC bit is shown in Fig. 1, and the
corresponding simulation calculation model is presented in Fig. 2.

Figure 1: Structural diagram of a six-cutter core PDC bit. Figure 2: Model of bit.
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In an actual drilling process in which an infinite rock is drilled, the hollow position of the
drill bit is considered the rock core. In a rock-breaking process, the drill bit breaks the annular
rock below it. The annular micro-segment (AMS) below the drill bit was analysed in this study.
The schematic depicting the stress analysis is shown in Fig. 3.

| <P -

Figure 3: Pressure of an AMS.

As the inside of a rock is cylindrical and the outside part is huge, the WOB on top of the
rock acts on the annular rock. Rocks inside and outside the ring can be regarded the rigid bodies.
Surface pressure pz is generated on top of the annular micro-segment by WOB. According to
elasticity theory, the external rock generates confining pressure p. on the AMS under the
condition that external and internal rocks are regarded the rigid constraints, and the internal
rock generates internal pressure pz on the AMS (Fig. 3). The stress state of the element by WOB
inside the AMS was analysed in this work (Fig. 4 a). Under the action of the three pressures,
the three normal stresses acting on the unit body are able to meet the following conditions:

o,=f(P,S)
Oy :O-t:LO-z 1)
1-p

where:

e 0; is normal stress (MPa) at a certain point on the ring in the direction of WOB. Pressure
stress, which is positive, is a function of WOB P and bit structure parameter S.

 or and ot represent normal stress (MPa) at the point in two other directions (circumferential
and radial directions). Pressure stress, which is positive, is a function of o;, and rock
properties.

e u 1s the Poisson’s ratio of the rock.

During the drilling process, the bit moves constantly and has a cutting effect on the rock
(i.e., related to the effect of the torque on the bit). Shear stress 7 is generated on the rock
contacting with the bit teeth, and the direction of the shear stress is consistent with the rotation
direction of the bit. Therefore, shear stress 7 acts on the stress element surface where o; and ot
are loaded. The unit entails the four stress components of o, at, ; and z shown in Fig. 4 b.

o,

a) b)

Figure 4: Element’s stress state.

The three dynamic principal stresses [20] on the rock are calculated as follows:
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ol-J,02+3,0,-3,=0

J,=—(0,+0,+0,)
J,=0,0,+00,+0,0,—1° @
J, =(0,0,-1%)0,
where:
e o4 denotes the dynamic principal stress during drilling (MPa);
« Ji1, J2 and Js represent the first, second, and third stress tensor invariants; and oq1, od2 and ods
are three principal stresses during drilling (MPa).

On the basis of Eqg. (2), three dynamic principal stresses can be obtained. When the
maximum stress among three principal stresses is greater than the tensile fracture limit of the
rock, the rock will be broken. This phenomenon accords with the strength theory. The three
principal stresses are dynamic principal stresses comprising WOB, bit structure parameters, bit
torque, friction coefficient between bit and rock, and rock properties. The factors influencing
rock breaking can thus be determined. Different from the von Mises, Mohr—Coulomb, and
Mogi—Coulomb criterion that only comprise static indexes, the rock-breaking criterion
proposed in this study can reflect the actual rock-breaking process. Moreover, the rock-breaking
criterion conforms with actual drilling conditions.

Here, the dynamic rock-breaking criterion corresponds to the control condition for
simulating rock breaking.

3.2 Drilling model and gridding of the six-cutter core PDC bit

Although the dynamic stress of rock breaking can be analysed according to Egs. (1) and (2),
the application of these formulas is limited by the randomness, complexity, and heavy
calculation burden of drilling. Therefore, simulation calculation is commonly used in
engineering. The ANSYS/LS-DYNA calculation software is an effective tool for analysing
nonlinear contact problems during drilling.

First, a bit model and a rock model were constructed (Fig. 2) according to Macyszyn method
[21]. A 0.0001 m gap was reserved at the bottom surface where the bit model and the rock
model come in contact with each other, i.e., between the bit and the rock, to increase the number
of contact units. The rock-breaking drilling model is shown in Fig. 5.

Figure 5: Drilling model. Figure 6: Hex. elements and coordinates.

According to relevant data [9-18, 22] and Saint-Venant principle, the radial dimension of
the rock calculated by the simulation should be more than three times that of the bit to meet the
accuracy analysis requirement. Moreover, the axial height of the rock should be more than twice
the size of the bit model. According to this guiding principle, a @600 mm x 200 mm cylindrical
rock model was established. Rock breaking corresponds to the contact between the rock and
the bit. Thus, rock breaking involves nonlinear problem and requires a set of rock-breaking
criteria. SOLID164, a solid unit commonly used in LS-DYNA, was employed in this work to
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establish the model and divide the units. SOLID164 is an explicit solid unit structure consisting
of eight nodes, allowing the freedom of translation, velocity, and acceleration in the X, y, and z
directions, as shown in Fig. 6.

In the rock-breaking process, the rock breaking is influenced not only by the load exerted
by the drilling and the geometric model of the bit but also the rock’s mechanical parameters,
such as water content, composition, particle size, and porosity, and whether the rock contains
cracks. Rock is a nonlinear material and undergoes not only elastic deformation but also
complex reconfiguration, such as plastic deformation and brittle fracture. Therefore, an
appropriate material model is needed to accurately simulate the mechanical response of rock
breaking. The material model proposed by Holmquist, Johnson and Cook (HJC), aptly called
the HJC material model, is a brittle material damage model suitable for large-strain, high-strain
rate, and high-pressure conditions. Consequently, this study used the HIC model to simulate
rock breaking during drilling [23].

For the grid division of bit, the annulus grids were uniformly divided, and the grids in the
axial direction were uniformly divided by region, with the dense grids located near the rock and
the uniformly distributed grids located far away from the rock. The method of dividing a rock
as a grid is simple. The contact part with the bit and the central part of the rock were refined,
and the contact with the bit was realized on the basis of the contact condition between the rock
and the bit. The contact between the rock and the bit was set as the erosion contact in the
surface-to-surface contact. The static friction coefficient between the rock and the bit was 0.35,
and the dynamic friction coefficient was 0.3. Except for the contact surface, all points on the
outer surface of rock were completely constrained. The grid division is presented in Fig. 7.

Figure 7: Grid division of the drilling model.

The bit drilled around the central axis and the rock-breaking condition were controlled
according to the criteria given in Section 3.1. The drilling speed was 0.005 m/s and rotational
speed loads was 9 rad/s. LS-PREPOST, a special post-processor for the LS-DYNA software,
was employed for post-processing to obtain the nephogram of the change in dynamic stress and
the expansion diagram of the breaking pit in the breaking process.

This process is simple that it can be completed using a computer. And the bit chosen that
could satisfy the requirements of the formation rock properties is applied in engineering to
complete engineering-type tests. Overall, the method adopted in this work is fairly simple.

3.3 Laboratory verification test

The test system of the XY-2B drilling rig in Fig. 8 is its own test system, which is an integral
part of XY-2B drilling rig. The system can collect WOB, torque, footage, and time data in real
time. The test accuracy of the system is as follows: WOB (axial force) of 0.0001 kN, torque
(tangential force) of 0.0001 kN, and footage of 0.0001 mm. The accuracy meets the requirement
of the drilling parameter test.
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Figure 8: XY-2B drilling rig.

4. RESULT ANALYSIS AND DISCUSSION

4.1 Analysis of dynamic stress and breaking depth of the simulated drilling rock-breaking

The property and loading parameters of the rock was inputted into the system. Then, the
maximum dynamic stress at different times and the rock-breaking depth h at the corresponding
position is given in Table I.

Table I: Relationship among o4, h and time during the rock-breaking process.

t (s) 0.02 | 0.04 | 006 | 0.07 0.1 0.35 0.6 0.86
oqs (MPa) | 1741 | 2354 | 274.0 | 2784 | 66.3 | 850 | 70.8 | 99.6
h (mm) 035 | 029 | 031 | 030 | 0.33

As shown in Table I, the dynamic stress of the rock increased sharply from 0 to 278.4 MPa
at 0.07 s of the drilling simulation, but the rock-breaking depth was not given, indicating that
the rock was not broken before 0.07 s. Beginning 0.07 s of the drilling simulation, the rock-
breaking depth fluctuated between 0.29 and 0.35 mm. The rock-breaking process data presented
in Table I can be divided into two stages, namely, the initial rock-breaking stage and the normal
rock-breaking stage. In the initial rock-breaking stage, the rock was broken under the limit value
of the dynamic stress. In the normal drilling rock-breaking stage, the rock started to break
during the normal drilling, although the dynamic stress value of the rock was stable in the lower
dynamic stress range.

The maximum dynamic stress occurred at 0.07 s (Table 1), while the maximum axial force
and tangential force occurred between 0.07 and 0.08 s (Fig. 9). Then, the dynamic stress sharply
decreased to 66.3-99.6 MPa. The changes were relatively stable, as verified by the experiments.
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Figure 9: Change in rock-breaking load of the PDC bit over time.
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4.2 Analysis of dynamic stress at the initial rock-breaking stage

The dynamic stress of the rock changed with time (Table 1). The dynamic stress was 174.1 MPa
when the drilling reached for 0.02 s and increased to 278.4 MPa at 0.07 s shown in Fig. 10. The
stress at the contact part between the rock and the bit was the largest, followed by the stress
between the bit blades. The analysis of the rock-breaking process is given in Section 4.4.

13942408
14166408
8.374e+07
5.590e+07 |
2.8066+07 _
2.249¢+05 _

Figure 10: Maximum stress before rock breaking at 0.07 s.

The simulation results indicate that the dynamic stress is at the maximum when the drilling
reached 0.07 s, and the rock grid of the drilling model was broken (Fig. 11) between 0.07 and
0.08 s, in which the broken grids were distributed at the edge of the outer ring of the blade. The
rock stress was at the maximum and the rock-breaking condition was reached. After the unit
grids were broken, the stress on the upper surface of the rock decreased, in which the maximum
stress was 63.87 MPa. The grid unit with the maximum stress could be found at the edge of the
broken small rock pit. Moreover, the grid was greatly deformed, and the stress was large before
the rock was broken. However, after the rock was broken, the stress markedly decreased. The
stress of the rock increased after it began to come in contact with the rock, which could mean
that the bit was likely damaged in the initial rock-breaking stage. Therefore, the WOB should
be applied smoothly and slowly (i.e., excessive WOB should be avoided) at the initial drilling
stage to avoid the bit damage caused by the sudden breaking of the rock.

2.567e+07

1.931e+07
1.29%¢ 4?7 g
6.574e+06 _
2.079e+05 _

Figure 11: Stress at the moment when the rock was broken by the bit.
4.3 Dynamic stress analysis in the rock-breaking stage of normal drilling

The stress of rock changed with the continuous drilling of the bit. After the drilling reached
0.1 s, the maximum dynamic stress value was only 66.3 MPa in the normal drilling process.
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After the bit was drilled for 0.35 s, the maximum dynamic stress increased to 85 MPa. After
the drilling reached 0.6 s, some parts of the rock were broken anew, and the maximum dynamic
stress decreased to 70.8 MPa. The dynamic stress increased to 99.6 MPa at 0.86 s after the rock
was broken again (Fig. 12). After the initial rock breaking, the maximum dynamic stress
fluctuated with the continuous breaking of the rock, and the maximum fluctuation range was
66.3-99.6 MPa, which was much lower than that at the initial rock-breaking stage. The
nephogram of the rock stress during drilling (Fig. 12) exhibited the same relationship as that
between rock-breaking load and time (Fig. 9).

The stress nephogram shown in Fig. 12 demonstrates the fluctuation to a certain extent of
the dynamic stress of rock breaking during normal drilling. However, the fluctuation range was
smaller than the initial dynamic stress. The force exerted by the rock on the bit was stable.
Therefore, we can infer that the bit has been operated stably during normal drilling and is
unlikely to be damaged, which corresponds to a normal wear stage.

2.9960+07

2.0010+07
1.006e+07 _
10560405 _

Figure 12: Rock stress during bit drilling.
4.4 Analysis of the rock-breaking process

The simulation results of rock breaking by the bit indicate that the rock grids at the edge of the
bit blade were first broken, followed by the grids near the broken grid. Eventually, the grids
located directly under the bit blade were completely damaged, that is, the breaking pit was
enlarged. The rock grids located directly under the bit blade were severely deformed during bit
rotation (Fig. 13). At 0.4 s, the rock grid positioned directly under the bit blade was completely
broken, and the grids under the cylindrical hole of the bit were also deformed. However, the
rock grids were only severely deformed, but they were not broken.

13520407 _|
6.8246+06 _
12850405 _

Figure 13: Rock-breaking expansion process.
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The rock-breaking model can be divided into three areas, namely, the rock pit area, damaged
unit area, and undamaged unit area, as shown in Fig. 14. The rock pit area is the breaking pit of
the rock. The damaged unit area is distributed around the breaking pit. The grids of the
undamaged unit area remain in the linear elastic stage, and the rock in this area is not broken.
The position of the rock pit area is related to the spatial position of the blade edge, and the size
of rock pit area influences the rock-breaking efficiency of the damaged area. At a certain range,
the larger is the broken area, the easier it is to break the rock grid unit at the edge of the broken
pit. This phenomenon indicates a relatively good spatial position relationship between the blade
and the cutters. Therefore, in view of improving the rock-breaking efficiency of the bit, the
influence of spatial position on the distribution and size of the breaking pits should be
considered when designing the bit blade and the cutter placement.

Damaged area

Figure 14: Rock-breaking area.

5. CONCLUSION

This study established a drilling model. The dynamic stress of the rock was calculated and
analysed by the finite element method. The following conclusions can be drawn:

(1) The design cycle of a bit can be effectively shortened by simulating the drilling and
analysing the dynamic stress of rock.

(2) The influence of the relative position of the bit blade and cutter on rock-breaking
efficiency can be determined by simulating the dynamic rock-breaking process.

(3) The two obvious stages in the rock-breaking process by a bit are the initial rock-breaking
stage and the rock-breaking stage during normal drilling. The dynamic rock-breaking stress in
the normal drilling stage can vary from 66.3 to 99.6 MPa, a value range lower than 278.4 MPa
in the initial rock-breaking stage.

(4) The laboratory experiments carried out in this study verified the correctness of the
simulation results. In the laboratory drilling process, the axial force and the tangential force of
the spudding bit were 1.85 and 1.60 kN, respectively. During normal drilling, the axial force
and the tangential force of the bit varied from 0.2 to 0.9 kN and from 0.15 to 0.6 kN,
respectively. The change in test load was consistent with that of dynamic stress.

(5) The load and the dynamic stress during normal drilling are lower than those during
spudding. The bit is less likely to be damaged during spudding. During normal drilling, the bit
is normally worn.

By analysing the dynamic rock breaking criterion, this study can economically and
efficiently simulate and calculate the dynamic stress of rock by using FEM. The approach could
quickly and efficiently design the relative positions of the PDC bit blades and cutters. The
findings offer important reference value in designing PDC bits and improving drilling
efficiency.
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