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Abstract	
Purpose	 To	 address	 the	 issue	 that	 current	 dynamic	models	 of	 drill	 strings	 typically	
simplify	the	mathematical	modeling	of	the	interaction	between	the	drill	bit	and	the	rock,	
thus	failing	to	accurately	reflect	the	actual	behavior	of	the	drill	bit,	this	study	aims	to	
investigate	the	dynamic	behavior	of	the	horizontal	well	drill	string	system	equipped	with	
a	 cone	 bit	 under	 different	 drilling	 parameters.	 Methods	 In	 this	 work,	 a	 dynamic	
mathematical	model	of	the	coupled	nonlinear	system	of	drillstring‐cone	bit‐rock	under	
the	wellbore	trajectory	of	a	three‐dimensional	curved	well	is	established.	The	drillstring	
is	 spatially	 discretized	 into	multiple	 Euler–Bernoulli	 beam	 elements	 using	 the	 finite	
element	method.	 The	 cone	 bit	model	 is	 established,	which	 fully	 accounts	 for	 state‐
dependent	 delay	 effects,	 and	 multiple	 cutters	 interactions.	 The	 interaction	 forces	
between	the	bit	and	the	rock	were	introduced	as	boundary	conditions	for	the	drillstring	
model,	while	the	displacement	of	the	drillstring's	terminal	node	is	used	as	an	input	to	
the	bit	model,	achieving	a	nonlinear	coupling	between	the	bit	and	the	drillstring.	The	
coupled	nonlinear	dynamic	system	is	solved	using	the	Newmark	method	combined	with	
an	improved	Newton–Raphson	iteration	scheme.	Results	The	numerical	results	indicate	
that	 increasing	 the	 rotational	 speed	 and	 the	weight	 on	 bit	 (WOB)	will	 intensify	 the	
vibration	of	the	drill	string,	but	it	will	improve	the	drilling	efficiency.	A	higher	rotational	
speed	helps	 to	 suppress	 the	 sliding	 vibration	 of	 stuck	pipe,	while	 a	 larger	WOB	 can	
effectively	alleviate	 the	axial	stuck	pipe	sliding	phenomenon.	An	 increase	 in	 the	 local	
curvature	of	the	wellbore	trajectory	will	lead	to	an	increase	in	the	vibration	intensity	of	
the	drill	string	at	that	 location.	An	 increase	 in	the	strength	of	the	 formation	rock	will	
cause	an	increase	in	the	vibration	intensity	of	the	drill	bit	and	a	greater	increase	in	the	
axial	strength	 than	 the	 torsional	strength.	Conclusion	These	 findings	establish	a	solid	
theoretical	 foundation	 for	 controlling	 drillstring	 vibrations	 and	 offer	 guidance	 for	
optimizing	 drilling	 parameters	 and	 designing	 suitable	 bottom‐hole	 assembly	
configurations.	
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1. Introduction	

Drilling engineering is fundamental to oil and gas exploration and development, and its 
expenditures typically account for approximately 50% to 80% of the total project cost. 
Therefore, improving drilling efficiency is an effective way to reduce overall expenses and 
enhance economic performance in hydrocarbon production.As illustrated in Figure 1, a 
conventional drilling system consists of surface facilities and a downhole drillstring assembly. 
The downhole drillstring is mainly composed of drill pipes and the bottom-hole assembly 
(BHA), which includes the bit, drill collars, and various auxiliary drilling tools[1][2]. During 
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rotary drilling operations, the winch and rotary drive system are responsible for hoisting, 
lowering, and rotating the drillstring. By transmitting weight on bit (WOB) and torque to the 
drill bit, the BHA enables rock fragmentation and progressive well deepening.Throughout the 
drilling process, the drillstring is subjected to axial, torsional, and lateral vibrations. These 
dynamic responses are primarily induced by bending deformation under combined WOB and 
torque, nonlinear frictional contact and impact between the drillstring and the borehole wall, 
as well as the complex nonlinear interaction between the bit and the formation. Under such 
complicated downhole conditions, different vibration modes may develop, including lateral 
whirl, torsional stick–slip, and axial bit bounce. These vibration modes can occur individually 
or in coupled forms [3], and they significantly threaten drilling tool integrity, shorten 
equipment service life, increase operational time and cost, and are recognized as major 
contributors to drillstring and bit failures. Consequently, to mitigate vibration-related damage 
and reduce drilling expenditures, it is essential to investigate the underlying mechanisms of 
vibration and optimize drilling parameters accordingly [4][6]. 
Many scholars have established numerous mature theoretical models for the study of drillstring 
dynamics. Early research primarily focused on single-mode vibrations. For example, Han[7] 
used an infinitesimal linear analysis method to separately analyze the axial, lateral, and 
torsional vibrations of the drillstring, revealing that vibration frequencies fluctuate with well 
depth. Li Zifeng[8] established classical differential equations and used difference method, 
weighted residual method and finite element method to analyze the longitudinal, lateral and 
torsional vibrations of the drillstring. Similarly, Ren[9], Meng[10], and Fan[11]also contributed 
to the study of single-mode drillstring vibrations from various perspectives. However, the 
anisotropic vibrations of the drillstring do not exist independently, people's research gradually 
deepened to the study of complex coupled vibrations. The simplicity of the lumped mass 
method makes it appealing to many researchers. Gupta et al.[12] developed an axial–torsional 
coupled model of the drillstring using the lumped mass method and introduced the rock surface 
cutting profile to describe the regenerative cutting effect. Their bifurcation analysis revealed a 
supercritical Hopf bifurcation mechanism responsible for bit bounce and stick–slip vibrations. 
However, the model focused only on two-dimensional coupling and adopted a simplified bit–
rock interaction. Yigit[13] established an axial–torsional lumped parameter model with a 
motor-driven top boundary and a non-delayed bit–rock interaction at the bottom to describe 
bit bounce and stick–slip motion. Although the model is simple and computationally efficient, 
it neglects the time-delay effect in the bit penetration process. Their results showed that bit 
speed and rock stiffness are the main factors affecting system dynamics, and changing the 
rotary speed alone cannot eliminate both stick–slip and bit bounce. With the introduction of the 
finite element method, the lumped mass approach has gradually been replaced due to its 
limited accuracy and inability to represent complex downhole conditions. Wang et al.[14] used 
the finite element method to establish a dynamic model of the horizontal well drillstring system. 
The results showed that the fluctuation of the bit angular velocity was positively correlated 
with the driving angular velocity, but the study focused only on torsional responses of the bit. 
Cai et al.[15]also used the finite element method to spatially discretize the drill string in curved 
wells and proposed a nonlinear dynamic model considering axial–lateral–torsional coupling. 
The Generalized-α method was employed to obtain the lateral dynamic response of the system. 
However, Cai only analyzed the influence of drillstring length, driving angular velocity, drill 
pressure, friction coefficient and stabilizer on the lateral vibration of the drillstring, without 
studying the axial and torsional vibrations of the drillstring, and ignored the interaction 
between the bit and the rock. In addition,  
Although the application of finite element methods in the study of drillstring dynamics is 
relatively mature, most existing models employ oversimplified boundary conditions at the 
drillstring bottom—namely, the bit–rock interaction. In many cases, empirical equations for 
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Wob and torque are used to approximate bit–rock contact, which does not accurately reflect 
real downhole conditions. Tobias [16] introduced the regenerative cutting theory, which posits 
that the surface left by the previous cut influences the depth of the current cut, thereby affecting 
the variation in cutting forces. This theory has been widely applied in turning, milling, and 
drilling processes [17]-[19]. E. Detournay [20]developed a PDC bit–rock interaction model that 
is independent of bit rotation speed. He analyzed the mechanics of a single cutters during 
cutting and decomposed both the bit torque and WOB into two components: one associated 
with cutting on the cutters face and the other with friction on the wear flat. A set of force 
calculation equations was derived accordingly. In recent years, researchers have begun 
incorporating this aspect into bit–rock interaction modeling. For instance, in 2020, Tian [21] 
developed a PDC bit–rock interaction model based on the SDD framework using projection 
principles and polygon clipping techniques. This model effectively captured the cutters layout 
and geometry, and analyzed how bit design parameters influence system stability. However, 
the drillstring model in Tian’s work was limited to two degrees of freedom and did not explore 
how the bit model affects the dynamic behavior of the drillstring system.  
In summary, there are still several deficiencies in the mathematical modeling of the bit–rock 
interaction when establishing a drillstring dynamic model. Specifically, the bit model does not 
reflect the geometric parameters of the bit, the bit model is not coupled with the drillstring 
model, and the degrees of freedom of the drillstring system are not fully considered. To address 
these shortcomings, the main contributions of this study are as follows:(1) A bit–rock 
interaction model is developed that explicitly accounts for the bit cutter layout and geometric 
parameters. (2) The loading method of the hook load (top boundary of the drillstring system) 
is optimized to better reflect the actual motion of the drillstring. (4) Appropriate drilling 
parameters are recommended for common operating conditions. 
This study aims to establish a drillstring dynamic model that better reflects real drilling 
conditions, thereby providing theoretical support for the optimization of drilling parameters. 

 

 
Fig	1. Drilling Column System Model  
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2. Drillstring	Finite	Element	Dynamic	Model	

2.1. Coordinate	System	Establishment	
In this paper, three coordinate systems are established: the global coordinate system, the 
borehole coordinate system, and the local coordinate system to describe the coordinates, 
deformation, and movement of the drillstring in three-dimensional space. The coordinate 
establishment is shown in Figure 2. The global coordinate system (OXYZ) starts from the 
wellhead O, with north as the X-axis, east as the Y-axis, and the direction of gravity as the Z-axis. 
The borehle coordinate system (O1xyz) takes the tangential direction of the wellbore axis as the 
x-axis, the y-axis is perpendicular to the x-axis pointing to the higher side of the wellbore, and 
the z-axis is determined by the right-hand rule. The local coordinate system (O2x1y1z1) takes the 
tangential line of the drillstring axis as the x1 axis, and the determination method of the y1 and	
z1 axes is the same as that of the wellbore coordinate system y and z	axes 

 
Fig	2. The drillstring coordinate system:(a) Global coordinate system (b) Borehole 

coordinate system (c) Local coordinate system 

2.2. Dynamic	Model	
The control equation of the drillstring system in local coordinates can be derived through the 
Lagrange equation. Then, the dynamic response equation of the drillstring system is: 
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where, Te is the kinetic energy of the beam element; Ve	represents the potential energy of the 
beam element; Fe represents the external force applied to the node, qe is the displacement of 
the beam element, and 𝑞ሶ௘ represents the derivative of the displacement with respect to time 
The total kinetic energy of the beam element includes translational kinetic energy and 
rotational kinetic energy, and its expression is: 
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where, 𝑢ሶ  ,	𝑣ሶ , and 𝑤ሶ  respectively represent the translational velocities of the beam element 
along the x-axis, y-axis, and z-axis, m/s; 𝜃௫, 𝜃௬and 𝜃௭ are respectively the rotation angles of the 
beam element around the x-axis, y-axis, and z-axis, rad; 𝜃ሶ௫ ,	𝜃ሶ௬ and 𝜃ሶ௭  are respectively the 
rotational angular velocities of the beam element around the x-axis, y-axis, and z-axis, rad/s; ρ 
is the density of the beam element, kg/m3; 𝑙௘ represents the length of the beam element, m; A 
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is the cross-sectional area of the beam unit, m2; 𝐼௣ is the polar moment of inertia of the cross-
section of the beam element, with the element of m4. 𝐼௫௬is the moment of inertia of the cross-
section of the beam element, m4. e	is the offset caused by the center of mass of the beam element 
and the rotation center of the beam, m; Ω௥௧ is the wellhead drive speed, rad/s; Ω is the actual 
rotating speed underground, rad/s; β is the angular position of the center of mass, rad.  
The total potential energy expression of the beam element is: 
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where, E represents the elastic modulus of the beam element, pa; G is the shear modulus of the 
beam element, pa.  

2.3. External	Force	Model	
2.3.1. Gravity,	Buoyancy,	Unbalanced	Force	
In Equation (1), 𝐹௘ is the external force acting on the system. Due to the complex underground 
environment, the composition of 𝐹௘ is also very complex. Firstly, the distributed forces (gravity, 
buoyancy and unbalanced forces) related to their own properties can be derived from the 
principle of virtual work[22] and be equivalent to acting on the element nodes. The equivalent 
node force expressions of gravity 𝐹௚௥௔, buoyancy 𝐹௕௨௢ and unbalanced force 𝐹௜௠௕ are: 
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2.3.2. Model	of	the	contact	between	the	drillstring	and	the	wellbore	wall	
When the radial displacement of the drillstring exceeds the gap between it and the wellbore, 
the drillstring will collide with the wellbore wall. The collision node will be subjected to the 
radial reaction force 𝐹௡ , the tangential reaction force 𝐹௧  and the frictional torque 𝑇௙ . The 
drillstring-wellbore collision model is established by using the Hertz contact theory [23]-[24] 
as shown in Figure 3. The expressions of the radial reaction force 𝐹௡ tangential reaction force 
𝐹௧ and friction torque 𝑇௙ are: 
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where, 𝑘௖ represents the contact stiffness of the rock, N/m; 𝑑௪ is the wellbore diameter, m; 𝑑௘ 
is the outer diameter length of the drillstring, m; 𝑟 ൌ √𝑣ଶ ൅ 𝑤ଶ , representing the radial 
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displacement of the drillstring, m; 𝜇ሺΩ௥௘௟ሻ represent the speed-dependent nonlinear equivalent 
friction coefficient 

 
Fig	3. Model of the contact between the drillstring and the well wall 

3. Model	of	the	Contact	between	the	Bit	and	the	Rock	

As shown in Figure 4, it is the bit-rock interaction model. The instantaneous cutting depth 𝑑௜௝ሺ𝑡ሻ 
of the cone bit and the torsion angle relationship of the two interacting cutters in the twist 
direction of the bit are respectively expressed as 

 d (t) = u (t) - u (t - t )ij b b ij                                                                          (6) 

According to study by Liu Xianbo et al[17], the time delay term t௜௝ is not only related to the 
previous state of the cutters, but also to the previous 𝑁௥ states. Therefore, after considering the 
multiple regenerative cutting effects, the torsional angle relationship of the cutters is expressed 
as: 

 , ,( ) ( ) , 1, 2j ,3, ,b ij i b i b ij ij rt i t t t i N                                                            (7) 

 
Fig	4. Schematic Diagram of Drill Cutting Depth 

 
where, t represents time, s; t௜௝ represents the time delay of cutters i and j (the time required for 
cutter i to rotate Φji to cutters j), s. Equation (7) is an implicit equation related to t௜௝, indicating 
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that the time delay term t௜௝ (state-dependent time delay) is not only related to the current state 
but also to the previous state of the cutters. Solving the equation can yield the time delay t௜௝ at 
any moment. However, according to study by Liu Xianbo et al[17], the time delay term t௜௝ is not 
only related to the previous state of the cutters, but also to the previous 𝑁௥ states. 

 
Therefore, as long as the implicit Equation (7) is solved and the time-delay variable t௜௝  is 
substituted into equation (6), the cutting depth di of the cutter 𝐶௜ can be obtained: 
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where, min(.)for the minimum value function, after the solution is completed, the cutting depth 
di	of all cutters is denoted as the set D	
Therefore, the weight on bit and torque of the cone bit can be expressed as: 

 b bd b bf  W (t)= W + K sin(2πn f t)                                                                (9) 

Where, Wb is the weight on bit (WOB), N; Wbd is the average weight on bit, N; Kf is the formation 
stiffness, N/m; d is the cutting depth of the bit per revolution, in m; nb denotes the number of 
blades (for a PDC bit) or the number of cones (for a roller-cone bit); f is the fluctuation 
frequency of the weight on bit, Hz. 

                         (10) 

Where, Tb(t) is the frictional torque acting on the bit at time t, N·m; rh is the borehole radius, in 
m; μf is the coefficient of dynamic friction between the bit and the borehole wall. 

4. Numerical	analysis	methods	

4.1. Numerical	Solution	of	the	Dynamic	Equations	
4.1.1. Newmark	Method	
the dynamic equation of the unit beam element in the local coordinate system can be expressed 
as 

 e e e e ee eM q C q K q F                                                                            (11) 

The dynamic model in this paper is solved by using the Newmark method and the improved 
Newton-Raphson method[25]. The Newmark method can transform the second-order ordinary 
differential equations of displacement with respect to time into a set of algebraic equations 
about displacement at discrete time points to obtain approximate solutions. Then, the 
improved Newton-Raphson method is used to iteratively calculate the approximate solutions 
at each moment to obtain the exact solutions at that moment. 
In the Newmark method, the velocity and displacement at the discrete time point k+1 can be 
expressed as: 
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where,  and  are weighting coefficients; k represents the kth time step. Further, from 
Equations (11) and (11), it can be obtained that: 
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Substituting equations (14) - (15) into equation (11), the drilling column motion control 
equation can be expressed using the Newmark method as: 
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In conclusion, based on the displacement q, the velocity 𝑞ሶ , the acceleration 𝑞ሷ  at time k, and the 
external force at time 𝑘 ൅ 1, the displacement q, velocity 𝑞ሶ , and acceleration 𝑞ሷ  at time 𝑘 ൅ 1 can 
be obtained. The initial configuration of the drillstring is known, and the motion state at any 
time can be derived from the initial configuration. 
4.1.2. Improved	Newton‐Raphson	Method	
After discretizing the control equation in the time domain using the Newmark method, in order 
to ensure the convergence of the solution for the drillstring dynamics equation, the improved 
Newton-Raphson method is used to iteratively calculate the approximate solutions obtained by 
Newmark for each time step. The final iterative value obtained at each time is taken as the exact 
solution at that time. Unlike the conventional Newmark method, in which iterations are 
performed at each time step until a convergence criterion is satisfied, the improved Newton–
Raphson algorithm prescribes a fixed number of iterations N (for the Newmark integrator, N=3 
is found to be optimal). After completing N iterations, the current solution is accepted 
regardless of the residual magnitude, and the procedure proceeds to the next time step. In 
addition, within each time step, the Jacobian matrix is fixed: it is computed only once during the 
first iteration, and subsequently reused in the remaining iterations. This avoids repeated 
assembly and factorization of the matrix. Since in nonlinear dynamic problems the tangent 
stiffness typically does not change significantly between successive iterations, employing a 
fixed Jacobian is sufficient to drive convergence while achieving a significant improvement in 
computational efficiency. According to Equation (41), the residual stress (residual) Rk+1 can be 
expressed as: 

1 4 1 1 2 3 4 5 6))( ( ( )k M              k+1 k k k+ k kk 1 kR M C K q F Cq q q q q q                         (18) 

Combining Equations (12) and (13), performing a Taylor expansion on the displacement 
expression of the residual force expression (18) at the j-th iteration of the k+1th time step and 
ignoring the higher-order expansion terms, the iterative expression of the displacement 
response of the drillstring system is: 

 ( 1) ( ) ( ) 1 ( )
1 1 1 1[ ]j j j j

k k k k
 
    q q J R                                                                          (19) 

where, ( )
1

j
kJ   represents the Jacobian matrix at the k+1th time step and the j-th iteration, which 

can be expressed as 

 
1 1

1 4

( )

j j
k kq q

q
 

 

  
   
 

(j)
k+1

R Kq F
J M C

q
                                                         (20) 

Since in each time-step iteration, only the complete Jacobian matrix is calculated in the first 
iteration, and this matrix is reused in subsequent iterations, therefore ( )

1
j

kJ   can be expressed as: 
 ( ) 1

1 1 ( 1)j
k k j  J J                                                                                 (21) 
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To solve the dynamic equations of the drill string system, the formulas from (11) to (21) need 
to be recalculated. The iteration should be terminated early if the displacement convergence 
criterion is met.  

 ( 1) ( ) ' ( 1)
1 1 1

j j j
k k k 
   q q q                                                                          (22) 

where, 𝜀‘ represents the convergence tolerance,	ε‘=0.00001. 

5. Dynamic	Response	of	the	Drillstring–Bit	Coupled	System	

The wellbore trajectory of the drilling column system simulation model in this paper is shown 
in figure 5. The drillstring system consists of 165 drill pipes, 32 weighted drill pipes, 20 drill 
collars, one stabilizer and one bit. In the built-up and the horizontal sections, the contacts 
between the drill pipe and the wellbore wall is mainly caused by the gravity of the drill pipe. 
Therefore, the drill pipe in the built-up section and the horizontal section is modeled using 
beam elements with a length of 4 meters. The drill pipe in the vertical section is modeled using 
beam elements with a length of 10 meters. 
 

Table	1. Basic parameters of drillstring and rock 

parameter unit value parameter unit value 
Lenth of dril bit m 2 Outer diameter of bit mm 165 

Lenth of dril pipe m 1650 
Outer diameter of drill 

pipe 
mm 101 

Lenth of drill collar m 200 Outer diameter of HWDP mm 101 

Length of HWDP m 320 
Outer diameter of drill 

collar 
mm 121 

Length of stabilizer m 3 
Outer diameter of 

stabilizer 
mm 160 

Density of drill pipe kg/m3 7850 
Inner diameter of drill 

pipe 
mm 82 

Density of drill collar kg/m3 7850 Inner diameter of HWDP mm 65 

Density of Drilling fluid kg/m3 1200 Inner diameter of drill 
collar 

mm 57 

Young’s modulus Pa 210ൈ108 Poisson ratio - 0.3 

Eccentric distance mm 3 Stiffness of the contact N/m 2ൈ108 
Static friction coefficient - 0.3 Kinetic friction coefficient - 0.2 

 
Fig	5. Wellbore trajectory under the global coordinate system 
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5.1. Drillstring	Dynamics	Analysis	
5.1.1. Study	on	the	Turbulent	Trajectory	of	Drillstring	
Maintaining the WOB at 40kN, the vortex trajectories of the drillstring under different rotating 
speeds are shown in Figure 6. In the vertical well section (node 100), the lateral displacement 
of the drillstring is relatively small, and the elliptical motion trajectory is stable. Therefore, the 
main research object is the lateral displacement of the drillstring in the declination section 
(node 200, node 250) and the horizontal section (node 280). As can be seen from Figures (b)-
(c), when the rotating speed is 30 r/min, due to the relatively low applied rotating speed, the 
drillstring is significantly affected by gravity, and the lateral displacement is small. The 
drillstring in the built-up section and the horizontal section all stabilize at the lower edge of the 
wellbore after a brief vortex movement. This indicates that when the rotational speed is low, 
the movement of the drill string is relatively stable. When the rotating speed is 60 r/min, the 
range of upward movement of each node expands further, and the drillstring near node 280 
begins to contact the upper edge of the wellbore, but the drillstring still moves mainly in the 
lower right corner of the wellbore. This is because as the rotating speed gradually increases, 
the centrifugal force and frictional force acting on the drillstring increase, and the drillstring 
gradually jumps away from the lower edge of the wellbore and begins to contact the upper edge 
of the wellbore.  

 
(a) node 100                                                (b) node 200 

 
(c) node 250                         (d) node 280 

Fig	6. Trajectory diagrams of vortex motion in the inclination-making section under different 
rotating speeds 

 
This indicates that increasing the rotational speed will enhance the vortex effect of the drill 
string. At this point, although there is some vibration in the drill string as the speed increases, 
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it remains within the acceptable range. Until the rotating speed is increased to 120 r/min, the 
vortex trajectories of the drillstring around the entire wellbore are filled, and the drillstring 
frequently collides with the wellbore wall, and the movement trajectory of the node near the 
bit (node 280) is complex and irregular. This indicates that excessively high rotational speed 
will cause the drill string to malfunction. Thus, it can be seen that the lateral vortex intensity of 
the drill string gradually increases with the increase in rotational speed, and it becomes more 
pronounced the closer it is to the drill bit position. This law reveals the critical relationship 
between rotational speed and lateral stability: excessively high rotational speed leads to 
frequent collisions with the well wall, not only intensifying local wear but also possibly causing 
wellbore instability and drill bit eccentric wear. Therefore, from an engineering application 
perspective, when the wellbore stability is poor, the rotational speed should be controlled 
below 60 r/min to avoid the system entering the strong nonlinear vibration zone. 

 
(a) node 100        (b) node 200 

 
(c) node 250                        (d) node 280 

Fig	7. Trajectory diagram of vortex motion in the inclined section under different WOBs 
 
Maintaining the rotating speed at 60 r/min, the trajectory diagrams of the drillstring's vortex 
motion under different WOB are shown in figure 7. When the WOB is relatively low (WOB = 
10kN and WOB = 20kN), the lateral displacement of the drillstring near the three nodes is small, 
and the movement state is stable. After a brief jump, it concentrates on the lower side of the 
wellbore for low-frequency vibration. As the WOB gradually increases, the lateral displacement 
of the drillstring increases, and it begins to deviate from the lower side. When the WOB is 40kN, 
the vortex motion range near nodes 200 and 250 of the drillstring expands, and the drillstring 
near node 280 begins to contact the upper side of the wellbore but the vortex trajectory still 
concentrates on the lower side of the wellbore. When the WOB is increased to 60kN, the 
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drillstring near the three nodes contacts the upper side of the wellbore frequently, and the 
vortex trajectory covers the wellbore. The vortex trajectory near the node close to the bit 
presents a chaotic state, which is due to the drill string undergoes significant lateral 
deformation under high drilling pressure, and the vortex phenomenon is extremely intense. In 
conclusion, excessively high drilling pressure will cause intense vortex effects in the drill string, 
resulting in frequent wellbore collisions and potential fatigue damage. From an engineering 
perspective, when the wellbore stability is poor, the drilling pressure should be controlled 
below 40 kN to avoid the system entering the nonlinear instability zone. 
5.1.2. Lateral	Acceleration	
Maintaining the WOB at 40kN, the variations of the lateral acceleration and its root mean square 
(RMS) values of the drillstring nodes under different rotary speeds are shown in Fig. 8. At low 
rotating speeds (30r/min), the amplitudes of the lateral accelerations at the three nodes are all 
below 5g, indicating that the drillstring is moving stably at this time and has not collided with 
the wellbore wall. This is consistent with the previous results of the vortex trajectory of the 
drillstring. As the rotating speed increases, the collisions between the drillstring and the 
wellbore wall become more frequent, and the normal contact force and tangential friction force 
also increase. The amplitudes of the lateral accelerations in the y and z directions at each node 
increase significantly. Especially when the rotating speed reaches 120r/min, the amplitude of 
the lateral acceleration in the y direction at node 280 reaches 30g, which has a very significant 
impact on the service life of the bit.  

 
(a) node 200                                                       (b) node 250 

 
(c) node 280 

Fig	8. Lateral acceleration and its RMS values diagram of the build-up section under different 
rotating speeds 
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This trend can also be observed from the acceleration RMS values of different nodes under 
various rotary speeds. As the rotary speed increases, the acceleration RMS values in the y- and 
z-directions of all nodes show an upward trend, indicating that the lateral vibration intensity of 
the drillstring increases with speed. It is worth noting that the slope changes of the piecewise 
curves for the y- and z-direction acceleration RMS values at node 280 are larger than those at 
nodes 200 and 250.This indicates that, compared with nodes 200 and 250, the increase in 
rotating speed has a more significant impact on the lateral acceleration of node 280. This is 
because node 280 is close to the bit, and the gap between the drillstring and the wellbore at this 
location is smaller. Once the rotating speed increases, collisions with other nodes are more 
frequent, so the lateral acceleration change at node 280 is more obvious. To increase the service 
life of the drillstring and reduce lateral vibration, the driving rotating speed should be set 
between 30 and 60r/min. 

 

   
(a) node 200                                      (b) node 250 

 
(c) node 280 

Fig	9. Lateral acceleration and its RMS values diagram of the build-up section under different 
WOBs 

 
Maintaining the rotating speed at 60r/min, the lateral acceleration and its RMS values of the 
drillstring nodes under different WOB is shown in Figure 9. The influence of WOB on the lateral 
acceleration of the drillstring is similar to that of rotary speed: under the same WOB, the closer 
the node is to the bit, the higher the frequency and amplitude of lateral vibration, and the larger 
the RMS values of acceleration in the y- and z-directions. This is because the smaller annular 
clearance between the drillstring and the borehole results in more significant changes in 
vibration frequency and amplitude. As WOB increases, the vibration frequency, amplitude, and 
RMS values in the y- and z-directions of the same node also increase. When WOB reaches 60 kN, 
the lateral acceleration of the drillstring is as high as 30g, which adversely affects bit service 
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life. However, the mechanisms of vibration changes induced by WOB and rotary speed differ: 
with higher WOB or at positions closer to the bit, the drillstring is more prone to bending 
deformation, which leads to severe impacts. Therefore, WOB should be maintained below 40 
kN. 

5.2. Bit	Dynamics	Analysis	
5.2.1. Dynamic	Response	of	the	Bit	under	Different	Rotating	Speeds	

 
ሺ𝑎ሻ Ω௥௧=30r/min 

 
ሺ𝑏ሻ Ω௥௧=60r/min 

 
(c) Ω௥௧=90r/min 

 
(d) Ω௥௧=120r/min 

Fig	10. Dynamic response of the bit under different rotating speeds 
 

Maintaining the WOB at 40kN, the angular velocity, axial velocity and cutting depth of the bit 
under different rotating speeds are shown in Figure 10. From the angular velocity graph and 
axial velocity graph of the bit, it can be seen that when the rotating speed is low (30r/min), the 
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bit exhibits stick-slip phenomena in both the torsional and axial directions (angular velocity or 
axial velocity is 0). As the rotary table speed increases, the stick-slip effect gradually weakens. 
When the rotating speed is 60 r/min, the axial stick-slip effect disappears, while the torsional 
stick-slip effect still exists. Until the rotating speed increases to 90r/min and 120r/min, both 
stick-slip effects completely disappear. Analyzing the time-domain variation graph of the 
cutting depth of the bit, when the rotating speed is 60r/min, the sticking phenomenon (cutting 
depth is 0, axial velocity is less than 0) begins to occur. Especially when the rotating speed is 
large (90r/min and 120r/min), the sticking phenomenon occurs frequently, seriously affecting 
the service life of the bit. From the cutting depth graphs in Figures (a)-(d), it can be seen that 
the amplitude of axial velocity and cutting depth increase positively with the increase of 
rotating speed. When the rotational speed is 120 r/min, the amplitude of the axial velocity is 
0.08 m/s, the amplitude of the cutting depth is 0.012 m, and the RMS value is 0.006m. All of 
these exceed those at other rotational speeds. This indicates that increasing the rotary speed 
can improve the rate of penetration (ROP). In conclusion, increasing the rotating speed can 
effectively reduce the stick-slip effect during cutting and increase the feed speed of the bit, but 
a large rotating speed will lead to an intensified sticking effect of the bit. Therefore, a rotary 
speed of 60 r/min is recommended. 
5.2.2. Dynamic	Response	of	the	Bit	under	Different	WOB	
Maintaining the rotating speed at 60r/min, the angular velocity, axial velocity and cutting depth 
of the bit under different WOB are shown in Figure 11. From the angular velocity graph and 
axial velocity graph of the bit, it can be seen that the axial frictional sliding effect occurs under 
the low WOB (10kN) condition, while the torsional direction's frictional sliding effect occurs 
under the high WOB (40kN and 60kN) conditions. This is because the torsional direction's 
frictional sliding effect is mainly caused by the frictional torque, and the larger the WOB, the 
greater the frictional torque, and the more obvious the influence on the torsional direction's 
frictional sliding effect; while the axial frictional sliding effect is mainly caused by the axial 
frictional resistance, and the larger the WOB, the axial frictional resistance remains unchanged, 
and the influence of the axial frictional resistance on the motion becomes smaller and smaller. 
Combining the time-domain change graph of the bit's cutting depth, it can be seen that at low 
WOB, the bit does not exhibit a skipping drill phenomenon. When the WOB increases to 40 kN, 
the skipping drill phenomenon begins to occur and becomes more frequent as the WOB 
increases. From the amplitude of the axial velocity graph and the cutting depth graph, it can be 
seen that as the WOB increases, the amplitude of the axial velocity and the cutting depth both 
increase: the maximum of the axial average velocity and the cutting depth from low pressure of 
10kN is 10×10-3 m/s and 6×10-3 m respectively, increases to 7×10-2 m/s and 16×10-3 m at high 
pressure of 60kN. This indicates that increasing the drilling pressure can also enhance the ROP 
of the drill bit. However, compared with the influence of rotational speed on the ROP of the drill 
bit, the impact of WOB on the axial speed and cutting depth of the drill bit is more significant, 
that is, the amplitude change is more obvious. This suggests that increasing the drilling 
pressure can more effectively improve the feed efficiency of the drill bit. However, when the 
WOB is higher than 40kN, the amplitude change weakens, which is due to the intensification of 
the torsional direction's frictional sliding effect, affecting the feed of the bit. In conclusion, 
increasing the WOB is beneficial to improving the drilling efficiency and reducing the axial 
frictional sliding effect, but an excessively high WOB will intensify the torsional direction's 
frictional sliding effect and reduce the life of the bit. Therefore, a weight on bit (WOB) of 40 kN 
is recommended. 
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(a) WOB=10kN 

 
(b) WOB=20kN 

 
(c) WOB=40kN 

 
(d) WOB=60kN 

Fig	11. Dynamic response of the bit under different WOBs 

6. Conclusion	

This paper focuses on the study of the downhole dynamics of horizontal wells. Under the 
premise of fully considering the three-dimensional curved wellbore trajectory and the complex 
external force conditions in the well, the finite element method is used to establish a 
mathematical model of the drill string system equipped with a circular cutting tooth PDC drill 
bit. At the same time, a drill bit-rock interaction model that can fully consider the geometric 
parameters and state delay-dependent effects of the drill bit as well as the multiple cutting 
effects is established using polygon clipping technology and projection principles. Finally, 
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through numerical solution of the coupled model of drill string - drill bit - rock, the following 
conclusions are drawn: 
(1) The WOB and rotary speed have a significant impact on the dynamic behavior of the 
drillstring. For the build-up section of the drillstring (nodes 200 and 250) and the horizontal 
section (node 280), both higher weight on bit (40 kN) and higher rotary speed (60 r/min) 
intensify the whirl phenomenon of the drillstring, though the underlying mechanisms differ. 
Excessive weight on bit (60 kN) and high rotary speed (120 r/min) cause frequent collisions 
between the drillstring near the bit in the horizontal section (node 280) and the borehole wall, 
which leads to severe wear of the drillstring and may hinder normal drilling operations. 
Therefore, when only considering the drill string section, the recommended drilling pressure is 
below 40 kN, and the recommended rotational speed is between 30 and 60 r/min.In addition, 
an increase in the local curvature of the wellbore trajectory in the build-up section enhances 
the whirl motion and vibration intensity of the drillstring in that region. Therefore, the wellbore 
trajectory should be reasonably designed based on drillstring dynamic simulation results. 
(2) The drilling parameters and rock properties have a noticeable influence on the dynamic 
response of the drill bit. Under a higher weight on bit (60 kN), the bit exhibits stick–slip in the 
torsional direction and bit bounce in the axial direction, leading to severe axial and torsional 
vibrations that shorten bit service life. Reducing the weight on bit can effectively mitigate stick–
slip and bit bounce; however, it may cause axial stick–slip. At a high rotary speed (120 r/min), 
the stick–slip phenomenon disappears while bit bounce becomes more evident, whereas at a 
low rotary speed, stick–slip is dominant and bit bounce is weakened. Nevertheless, 
appropriately increasing both weight on bit and rotary speed can improve drilling efficiency 
and increase the ROP. In summary, a weight on bit of 40 kN and a rotary speed of 60 r/min are 
recommended, as the drillstring whirl remains stable and the bit vibration intensity and ROP 
are moderate under these conditions. Moreover, higher intrinsic specific energy and contact 
pressure of the rock lead to stronger bit vibrations, with the axial vibration being more sensitive. 
Therefore, when drilling in harder formations, the weight on bit and rotary speed should be 
appropriately reduced. 
(3) This study provides a theoretical basis for the optimization of drilling parameters, bit 
selection, and bottom-hole assembly design, which can effectively suppress the vibration of the 
drillstring system, improve drilling efficiency, and extend the service life of both the drillstring 
and the bit. Based on this model, a coupled dynamic model between the drillstring and drilling 
fluid can be developed in the future to analyze the influence of drilling fluid on the dynamic 
behavior of the drillstring system. Additionally, the model can be extended to the downhole 
dynamic analysis of power drilling tools such as mud motors. 
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