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Abstract: G105 drill pipe has been widely used in drilling construction, such as mine exploration, water
exploration, and gas extraction. However, the service life of the drill pipe is lower than its de-sign life.
The drill pipe is the most vulnerable component within the overall structure of the drilling tool due to its
exposure to cyclic axial tension, torsion, and bending forces. Taking the G105 drill pipe as the research
object, the mechanical property parameters and fatigue S-N curve of drill pipe material were tested by
tensile test and tension-torsion multi-axis fatigue test. The geometric expression of the cross-section
profile perpendicular to the drill pipe is derived, and a parametric three-dimensional finite element
modeling method for the drill pipe is proposed. According to the relationship between the element and
the node, a parametric three-dimensional hexahedral mesh modeling program for the drill pipe is
developed. In con-clusion, an examination is conducted on the mechanical characteristics of the drill
pipe when subjected to various loads, including make-up torque, compression-torsion, and compres-
sion-bending-torsion. Additionally, a prediction is made regarding the fatigue life of the drill pipe under
these multi-axial conditions. The results show that the maximum stress of the drill pipe under the
combined load appears on the inner and outer surfaces of the drill pipe, and is most significant at the
intersection of the transition section and the pipe body under the influ-ence of stress concentration. The
fatigue life of the pipe body is positively correlated with the wall thickness, and the minimum value of
the multi-axial fatigue life of the drill pipe occurs in the vicinity of the interface between the transition
section and the pipe body, so in order to im-prove the fatigue life of the drill pipe, it is preferred to give
priority to the optimization of the structure or the surface reinforcement treatment in this place.
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1. Introduction

As an important means of "entering the earth", drilling is known as the "telescope ex-tending into the
earth". Due to its lightweight, disintegration, simple operation, and relia-ble use, drill pipe is the main
component in the construction of geological exploration, oil and gas exploitation, mine water drainage,
and gas drainage ['?]. However, due to the cyclic action of composite loads, such as axial stress, torsion,
and bending moment on the drill pipe during the drilling process, a large number of premature fracture
accidents of the drill pipe have occurred in both domestic and foreign drilling constructions, resulting in
huge economic losses [># Statistically, fatigue and brittle fracture account for the larg-est proportion of
failure types, reaching more than 80% 1. Therefore, it holds immense importance to investigate the
mechanical properties of drill pipe materials under various working conditions and achieve fatigue life
prediction in order to enhance the design methodology and life of drill pipe.

To enhance the operational efficiency of drill pipe and mitigate the occurrence of drill pipe failures,
measures need to be implemented. Domestic and foreign scholars have car-ried out in-depth research on
the mechanical properties and fatigue failure behavior of drill pipes [*°1. The main research methods are
the analytical method ['%!!1, the exper-imental method ['>!3], and the finite unit method ['413), L1 et al. [1%]
systematically an-alyzed the drill pipe from two aspects of material quality and stress, which mainly in-
cluded testing and inspection of the morphology, chemical composition, mechanical properties, and
metallographic and microfracture of the drill pipe material. GUO et al. "7 analyzed the fatigue failure
behaviour of the drill pipe joint under extreme conditions. They found that the fatigue life of the drill
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pipe can be prolonged by reasonably adjusting the rotation speed and drilling pressure. Zhu et al. [!31°]
designed a high torsional dou-ble shoulder drill pipe joint, calculated the bearing capacity and fatigue
performance of the joint, and obtained that the borehole curvature had a significant effect on the stress
re-sults of the thread.

The G105 drill pipe (material is 26CrMo) is taken as the research object in this paper. The material's
performance parameters and fatigue curves are obtained by universal ten-sile test and multiracial fatigue
test. A hexahedral mesh generation method for drill pipe body is proposed, and the joint thread node
coordinates, node number automatic genera-tion, and hexahedral mesh parametric modeling are realized
by MATLAB software. Com-bined with elastic-plastic finite element technology, the distribution law of
mechanical properties of drill pipe materials under different working conditions is analyzed and its life
prediction is carried out. It provides a theoretical basis for the design and safety evalu-ation of drill pipe
joints.

2. Mechanical Properties of Drill Pipe Materials and Tension-Torsion Fatigue Test

2.1. Experiments on Mechanical Properties of Drill Pipe Materials

The G105 drill pipe material 26CrMo was tested on a microcomputer-controlled elec-tronic universal
testing machine according to the international tensile test standard. The test temperature was 25 °C and
the tensile rate was 0.2mm/min %1, The test specimens and test equipment are shown in Figure 1.

|

Figure 1: Experimental specimen size and experimental equipment diagram.

Table 1: Mechanical performance parameters of drill pipe materials

Mechanical Parameter Value

Young’s Modulus, £ (MPa) 208000
Poisson’s ratio, v 0.28
Yield strength, 60 (MPa) 816
Tensile strength ob 896

Figure 2 shows the engineering stress-strain curve of the material of the drill pipe. Considering the
geometry of the material, the processing precision, and the randomness of the experimental process, the
average value of the experimental results of the six groups of specimens is taken as the mechanical

property data of the material, and the tensile me-chanical property parameters of the drill pipe joint
material are shown in Table 1.
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Figure 2: Engineering stress-strain curve of pipe body material.
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2.2. Drill Pipe Material Tension-Torsion Fatigue Test

The tensile and torsional fatigue test of drill pipe material was carried out on a 250kN tensile and
torsional fatigue test system. The loaded tensile stress ratio is -1, the loaded shear stress ratio is -1, the
loading frequency is 3 Hz, the loading waveform is a triangular wave, and the test environment
temperature is 34°C. The results of the tensile and torsion-al fatigue tests are shown in Table 2.

Table 2: Tension-torsion fatigue test results

No. | Pma/kN | So/MPa | Mma/N'm | 1, /MPa | N¢/Cycles
Gl 11.44 444.5 33.47 311.15 1319
G2 10.29 400.05 30.12 280.04 2792
G3 9.72 377.8 28.45 264.48 17821
G4 9.15 355.6 26.78 248.92 51297
G5 8.58 3334 25.10 233.36 125232
G6 8.01 311.15 23.43 217.81 251941
G7 6.86 266.7 20.08 186.69 1x10°

3. Three-dimensional Parametric Modeling of Drill Pipe
3.1. Drill pipe body and joint transition section profiles and expressions
Figure 3 displays the outer contour of the transition section in the drill pipe. Where AB segment is

the length of the transition section of the drill pipe, D is the outer diameter of the joint, d is the outer
diameter of the pipe body, and Rk is the distance from a point on the transition section to the central axis.

[
i
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|
Figure 3: Outline of the transition section of the drill pipe.

Assuming that the transition section of the drill pipe is divided into ¢ equal parts along the axial
direction, the expression for the outer contour of the transition section of the drill pipe Rk (k=1, 2, ......

c+1) can be expressed as follows.
D k-1{D d
R, :———(———j (1)

Similarly, the expression rk can be obtained for the inner profile of the transition sec-tion of the drill
pipe.

3.2. Construction of Parametric Model of Drill Pipe Transition Section.

Assuming that the inner diameter of the cross-section of the drill pipe transition sec-tion is 1, a circle
is established with the inner diameter r as the radius, and the outer diam-ecter of the cross-section of the
drill pipe transition section and the circle forms a ring. To partition the finite element mesh, the ring is
subdivided into p equal segments along the circumferential direction and v equal segments along the
radial direction. As shown in Figure 4.
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Figure 4: Diagram of the mesh division of the cross-section of the drill pipe (where yt = 96 and v = 7).

Assuming i=1, 2, ...... , 1L, the angle between the nodes distributed along the circumfer-ence and the
starting node is:
0= 272'(1 - 1) (2)
Y7
Assuming j=1, 2, ...... , vt+1, the distance from any node within the cross-section to the center axis of
the drill pipe can be expressed as:
r/.:R;rx(j—l)+r 3)

Assuming that the length of the transition section of the drill pipe is 1, the coordinates of the nth node
can be expressed as:

“

X cosd 0
y|=r,x|sind |+| 0
z 0 l(k-l)/c

The node number can be expressed as:
N =pux(v+1)x(k=1)+pux(j—1)+i Q)

According to Equation (4) and Equation (5), the node number and node coordinates required for the
finite element mesh of the drill pipe can be obtained. Then, the adjacent 8 nodes are connected to obtain
the hexahedral element.

Suppose that the node label of the mth unit is n, and the node numbering order is shown in Figure 5.
The 8 node numbers of the unit are shown in Table 3. The hexahedral mesh of the drill pipe transition
section is shown in Figure 6.
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Figure 5: Schematic diagram of node number of unit m.
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Figure 6: Hexahedral meshing of drill pipe transition section.

Table 3: Node number of element m

i
INode number L2, -1 #
n n n
n; ntu ntu
n3 ntu+l n+l
4 n+l n-u+l
ns ntux(v+1) ntux(v+1)
ne ntux(v+2) n+ux(v+2)
ny ntux(v+2)+1 ntux(v+2)+1
ng ntux(v+)+1 n+ux(v+1)+1

Similarly, all node numbers, node coordinates, and node number information of each unit of the drill
pipe body can be obtained by referring to the 3D finite element modeling method of the transition section.
With the help of MATLAB software, the parametric mod-eling of the drill pipe body and the transition
section is realized, and the inp file is gener-ated. The inp file is loaded into the ABAQUS program, and
the 3D finite element model of the drill pipe body is finally obtained by Boolean operation and
compression of coinci-dence nodes.

3.3. Establishment of Finite Element Model of Drill Pipe

Taking the directional drilling pipe of a company as the research object, the constitu-tive model of
the material is based on the mechanical performance test results, and the structural parameters are shown
in Table 4. The 3D finite element mesh model of the drill pipe transition section and the pipe section can
be obtained by using the parametric mod-eling process. According to the geometric data of the inner
diameter and outer diameter of the Pin and the length of the transition section, according to the parametric
modeling pro-cess of Section 3.2, the MATLAB program is written to obtain the three-dimensional grid
node information and unit information, and the inp file is automatically generated. The inp file is loaded
into the ABAQUS program for the merge operation, and the three-dimensional finite element grid model
of the drill pipe is obtained, as shown in Fig-ure 7. In order to improve the calculation accuracy and
efficiency, fine meshing is used in the transition section, and sparse meshing is used in other parts, and
the number of drill pipe mesh units is 169920.

Figure 7: Parameterized grid model of drill pipe.
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Table 4: Thread parameters of drill pipe.

Parameter Value
Outer diameter of the joint (mm) 76
Joint wall thickness (mm) 10
Joint length (mm) 110
Outer diameter of pipe body (mm) 73
Wall Thickness of Pipe body (mm) 5.51
Pipe body length (mm) 3000
Length of transition section (mm) 10

3.4. Calculation and Application of Drill Pipe Loads

In the context of drilling activities, it is common for the drill pipe to undergo bending, resulting in the
generation of bending moments due to the applied bending force. In engi-neering practice, the degree of
bending of the borehole is characterized by the borehole curvature, which can be expressed as the
curvature of the drill pipe according to the pla-nar elastic beam theory [19]:

1 M
;:E (6)

Where p is the radius of curvature of the drill pipe, M is the bending moment borne by the drill pipe,
E is the modulus of elasticity of the drill pipe material, and I is the moment of inertia of the drill pipe.
When the length of the drill pipe is 3 m, the relationship be-tween the borehole curvature f§ and the radius
of curvature is:

3
=g ™)
M= %sin B ®)

If the outer diameter Dm and inner diameter dm of the drill pipe are known, I can be expressed as:

4 4
(4]

According to the structure and material parameters of the drill pipe, the joint bending load at different
borehole curvatures can be obtained as shown in Table 5.

Table 5: The relationship between hole curvature and bending load.
Curvature (°/3 m) 1 2 3 4 5

Bending moment || 35015 79514 191 [5.586 |6.979
(KN-m)

4. Results and discussion
4.1. Mechanical Characterization of Drill Pipe Materials under Torsion

The elastic-plastic finite element method was used to simulate the mechanical prop-erties of the drill
pipe under torque, and Fig. 8 shows the stress state of the drill pipe mate-rial when the torque is 4000
Nem. From the figure, it can be seen that the stress distribution on the equal-wall section of the drill pipe
is very uniform, the stress increases along the radial direction, and the maximum value of the stress
appears on the outer surface of the drill pipe body, with the maximum value of 194.1 MPa. The stress on
the transition sec-tion decreases in the axial direction with the increase of the wall thickness.
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Figure 8: Stress distribution cloud of drill pipe under torsional loads

Torque loads of T1=4000 Nem, T2= 5000 Nem, T3= 6000 Nem, T4= 7000 Nem, and T5= 8000 Nem
were applied to the drill pipe, and Figure 9(a) and (b) show the stress distribu-tion characteristics of the
drill pipe under the effect of different torques from axial (Pathl) and radial (Path2) directions,
respectively. It can be seen that the stress distribution along the axial direction of the drill pipe is related
to the wall thickness and torsional load, the smaller the wall thickness, the higher the stress on the surface
of the drill pipe, and the higher the torsional load, the higher the stress on the surface of the drill pipe.
There is a sudden change of stress in the cross-section of the transition section in contact with the pipe
body, and the stress generated here is the largest, which should be taken into account in the design process
of the pipe body.
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Figure 9: Stress distribution of drill pipe under different torque: (a) Distribution along pathl (b)
Distribution along path2

4.2. Mechanical Characterization of Drill Pipe under Compound Load of Compression and Torsion

The drill pipe was subjected to compression-torsion composite loads to replicate the stress conditions.
These loads included compression forces of 100 kN, 200 kN, 210 kN, 250 kN, and 300 kN, with a torque
of 4000 N-m. When the compression load is 100 kN, the working stress distribution of the drill pipe is
shown in Figure 10. It can be seen that the stress distribution characteristics of the drill pipe under
compression-torsion compo-site loading are similar to those of the drill pipe when only the upper
buckling torque is applied: the stresses are distributed more uniformly in the equal-wall section and
increase along the radial direction, and the stress distribution along the axial direction in the tran-sition
section decreases with the increase of the wall thickness. However, under the com-pression-torsion
composite load, the maximum stress of the drill pipe appeared on the inner surface of the drill pipe body
with a maximum value of 217.4 MPa.

S, Mises
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Figure 10: Stress distribution of drill pipe body under compressive-torsional composite loads

Figures 11(a) and (b) show the stress distribution characteristics along the axial (Pathl) and radial
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(Path2) directions of the drill pipe under the same torque with different compressive loads applied,
respectively. The stress distribution of the drill pipe is influ-enced by both the compression load and the
wall thickness. Notably, the highest stress is always seen at the minimal wall thickness during the
transition section. With the increase of compression load, the stress distribution along the radial direction
of the drill pipe shows that the state of the two sides is big, the middle is small, and the inner surface
stress is gradually higher than the outer surface stress. Therefore, in order to enhance the longevity of the
pipe body, it is important to strengthen its surface.
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Figure 11: Stress distribution in drill pipe under compressive-torsional composite loads: (a) Dis-
tribution along pathl (b) Distribution along path?2

4.3. Mechanical Characterization of Drill Pipe under Compression-Torsion-Bending Composite
Loading

The working stress distribution characteristics of the G105 drill pipe are investigated under torque
T=4000 N-m, axial pressure F=100 kN, and borehole curvature is taken as 0 °/3m, 1 °/3m, 2 °/3m, 3 °/3m,
4 °/3m, and 5 °/3m, respectively. Figure 12 illustrates the stress distribution of the drill pipe material
when subjected to a borehole curvature of 1°/3 m. It can be seen that the stresses of the drill pipe under
the composite load of compression, torsion, and bending show asymmetric distribution. Due to the
bending moment, the bent drill pipe shows a state of tension on one side and compression on the other
side, and the maximum stress value of 240 MPa appears on the compression side.

S, Mises
(Avg: 75%)

Figure 12: Stress distribution of drill pipe under compression-torsion-bending composite loads

Figures 13(a) and (b) show the stress distribution characteristics of the drill pipe along the axial (Path1)
and circumferential (Path3) directions under the same torque and axial pressure, respectively, for different
borehole curvatures. Figure 13(a) shows that un-der compression-torsion-bending composite loading also
exhibits that the smaller the wall thickness, the higher the stress on the surface of the drill pipe. With the
increase of borehole curvature, the gradient of stress growth along the radial direction of the drill pipe is
increasing, so it can be seen that compared with the compression and torsion load, the bending moment
load has the greatest influence on the stress distribution of the drill pipe. According to Figure 13(b), the
stress distribution along the circumferential direction of the drill pipe exhibits symmetry when the
borehole curvature is 0°/3 m. The stresses in the drill pipe are distributed symmetrically in the
circumferential direction. As the bending moment load increases, the drill pipe's circumferential stress
distribution becomes in-creasingly asymmetric, with the compression edge experiencing much greater
stress.
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Figure 13: Stress distribution in drill pipe under compression-torsion-bending composite loads: (a)
Distribution along pathl (b) Distribution along path3

4.4. Effect of Different Wall Thicknesses on The Mechanical Properties of Drill Pipe Materials.

The mechanical properties of the drill pipe material are closely related to the wall thickness. In order
to realize the lightweight design of the drill pipe, under the conditions of torque T= 6000 Nem, axial
pressure F= 210 kN, and borehole curvature of 3 °/3m, differ-ent drill pipe thicknesses D1=3.01, D2=
3.51, D3=4.01, D4=4.51, D5=5.01, D6= 5.51 are taken respectively. The analysis of the mechanical
properties of the drill pipe material is depict-ed in Figure 14. The relationship between the wall thickness
of the drill pipe and the stresses can be observed, indicating that as the wall thickness increases, the
stresses de-crease. To provide an adequate safety margin for the drill pipe, it is advisable to maximize
the wall thickness of the drill pipe to a value more than 5 mm.
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Figure 14: Stress distribution along Path3 for drill pipe with different wall thicknesses
4.5. Fatigue Life Prediction of Drill Pipe Materials.

According to the actual operation data of a company's drill pipe, the range of drilling pressure is set
to 100 kN~300 kN, the range of torsional load is set to 4000 kN~8000 kN, and the range of borehole
curvature is set to 1 °/3m~3 °/3m. Based on the stress of the drill pipe, the S-N curve of the 26CrMo
material is defined, and the load time history is input to obtain the fatigue life distribution characteristics
of the G105 drill pipe. As shown in Fig-ure 15. It can be seen that the minimum fatigue life of the drill
pipe occurs at the intersec-tion of the transition section and the pipe body, and the minimum value of
fatigue life is 2.1x106 cycles. Therefore, in order to improve the life of the drill pipe, the surface of the
drill pipe here needs to be strengthened.
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Figure 15: Fatigue life nephogram of drill pipe

The longevity of drill pipe is intricately linked to the thickness of its pipe body. When the thickness
of the drill pipe is D1=3.01, D2=3.51, D3=4.01, D4=4.51, D5=5.01, D6=5.51, the relationship between
the fatigue life of the drill pipe and the wall thickness is shown in Figure 16. It can be seen that the fatigue
life of the drill pipe is positively correlated with the wall thickness: the service life of the drill pipe
increases proportionally with the increased wall thickness of the pipe body.
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Figure 16: Relationship between fatigue life and wall thickness of drill pipe

5. Conclusions

1) A novel parametric modeling approach is introduced in this study, which takes into ac-count the
transition section of the drill pipe body. This technique is based on the design principles of rotation,
lifting, and connecting nodes, and it utilizes the geometric expres-sion of the cross-section profile
perpendicular to the drill pipe axis.

2) The stress distribution on the G105 steel drill pipe body is related to the wall thickness under the
combined loads of torque, tension torsion and tension-bending-torsion. The smaller the wall thickness is,
the greater the stress on the surface of the drill pipe is. The increase of the torque will increase the stress
on the outer surface of the pipe, and the in-crease of the compression load will increase the surface stress
at the junction of the transi-tion section and the pipe body.

3) The fatigue life of the drill pipe is positively correlated with the wall thickness: the greater the wall
thickness of the pipe body, the longer the life of the drill pipe. The point of mini-mal multiaxial fatigue
life for drill pipe is often found at the junction of the transition sec-tion and the pipe body. To enhance
the fatigue life of the drill pipe, it is advisable to focus on optimizing the structure of this particular area
or consider using surface strengthening treatments.
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