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This paper establishes a longitudinal, transverse, and torsional dynamic 

analysis model for deepwater drilling strings, considering the bit-rock in-

teraction, and performs calculations to obtain the dynamic response behav-

ior. Miner’s linear cumulative damage theory is used to calculate the fatigue 

damage of the drilling string.The results indicate that the overall stress of 

the drilling strings decreases with increasing depth, reaching its maximum 

value at the top of the string. Increasing drillbit, rotational speed, and torque 

will increase the vibration of the string, with drill bit being the primary fac-

tor affecting the vibration. Finally, this paper has engineering guidance sig-

nificance for ensuring the safety of the string in long horizontal wells in deep 

water. 
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Introduction 

Scholars both domestically and internationally have conducted extensive theoretical and ap-

plied research on the dynamics of drill strings and the fatigue life analysis of drill strings in deepwater 

drilling. Professor Gaoresearched deepwater drilling without riser technology, establishing a longitu-

dinal and transverse bending mechanical model of the drill string [1]. Tsukano Y optimized the struc-

tural dimensions and curvature radius of the transition areas for both the internal and external thick-

ened sections of the 127mm G105 drill pipe[2]. Professor Ling analyzed the lateral deformation char-

acteristics of the riser under different working conditions[3].Zhao Ke analyzed the temperature varia-

tion of the entire well section and the changes in the physical property parameters of drilling fluids in 

deep formations[4].Liu Wei proposed an intelligent stick-slip vibration recognition method based on 

downhole data[5].ProfessorZhang established a drill string mechanical model to analyze the forces 

acting on the drill string [6].Robello Samuel modeled and analyzed drill string vibrations in an un-

cased wellbore environment and examined how these factors affect drill string vibration and stabil-

ity[7].Kovalyshenfound that the attenuation effect of bit rotational speed during rock-breaking can 

lead to self-excited stick-slip vibrations of the drill string[8].Abdo established and solved the coupled 

lateral–torsional vibration equations of the drill string using the Lagrangian method and obtained the 
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system response[9].Professor Wangproposed that appropriately configured single stabilizers and flex 

joints can reduce bit vibration and wear, thereby improving drilling efficiency and bit life[10]. 

Mechanical model 

The entire drill string is divided into two parts: the seawater section and the formation sec-

tion. Different dynamic analysis models for the drill string are established for each section of the well. 

When analyzing the drill string in the seawater section, the total energy of the riser pipe over one cycle 

is first obtained. 
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where r rE I isthe Bending stiffness; rT istop tension; rm is the unit length casing pipe mass;
fm is the 

unit length annular drilling fluid mass; v is flow velocity of the annular drilling fluid; ( , )F z t
 is marine 

environmental load; ( , )drF z t is the drill string collision force; c is viscous damping coefficient; t is time, 

in s ; r is vibration period of the drilling riser; rL is total length of the riser.The dynamic differential 

equation for the deepwater drilling riser is derived using the principle of minimum potential energy, 

Based on the total energy of the drill string over one vibration period, the dynamic differential equa-

tion for the drill string is obtained: 
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where d dE I
 is the Bending stiffness; z  is axial coordinate; dT

 is axial tension of the drill string; 

dm
 is drill-string mass per unit length. The load calculation of wave force and current force can be 

expressed using the Morrison equation, where the combined wave-current force is given as:  
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where DC
 is drag coefficient; MC is inertia force coefficient; w isseawater density; D  is outer diam-

eter of the deepwater drilling riser; wV
 is wave horizontal velocity; cV is current velocity. The boundary 

conditions are as follows: 
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where x  is lateral displacement; L  is total length of the structure; dk is rotational spring stiffness at 

the lower end; dk is rotational spring stiffness at the upper end; s is prescribed end displacement; S  is 

prescribed displacement at the other end; A  is amplitude of harmonic excitation displacement;  is 

excitation circular frequency. The longitudinal vibration dynamic equation is given as  
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The boundary conditions at the suspended end, 
1x = 0 is suggested as:  
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The boundary conditions at the connection between the drill pipe and drill collar,
1 1x L  

and 
2 0x  , is given as  
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The boundary conditions (at the bottom of the drill string:
2 2x L ) is presented as  
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The transverse vibration dynamic equation is written as:  
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The contact force between the drill string in the formation section and the wellbore is given 

as: 
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The boundary conditions for the drill string with hinged boundary is 

 
2 2

0 02 2
0    0    0    0x x x l x l

y y
y y

x x
   

 
   

 
  (11) 

The torsional vibration dynamic equation reads  
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The boundary conditions are given as  
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where G is the shear elastic modulus; pJ is the polar moment of inertia of the cross-section;
fT
 

is the 

frictional torque acting on the drill bit; is torsional angular displacement. 

The prediction of drilling string fatigue life: 

The single-slope S N curve is as follows:  

 lg lg lgN a m S 
  (14) 

where S  is the stress amplitude; N is the number of stress cycles at which material failure occurs. 

Miner's cumulative fatigue damage calculation is given as: 
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When the cumulative damage degree D reaches 1, the drill string will experience fatigue 

failure. The fatigue life is calculated as follows: 
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Case study 
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Taking a certain deepwater ultra-deep long horizontal well as an example, its well depth is 

6660m, water depth is 1368m, and the wellbore structure consists of: 36-inch conductor casing, 

20-inch surface casing, 13-3/8-inch intermediate casing, 9-5/8-inch production casing, and 8-1/2-inch 

wellbore., The drilling parameters are shown in Table 1. 

Table 1. Drilling Parameter Data 

Parameters Values 

Water depth 1368m 

Well depth 6660m 

Outer diameter of conductor pipe 21m 

Inner diameter of conductor pipe 19.75m 

Steel grade of conductor pipe X80 

Density of conductor pipe 7850kg/m3 

Density of seawater 1025kg/m3 

6-5/8 in drill pipe 2205m 

5-7/8 in drill pipe 6660m 

Outer diameter of heavy drill pipe 5-7/8in 

Length of heavy drill pipe 14.055m 

Outer diameter of drill collar 6-1/2in 

Length of drill collar 9.15in 

Bit size 8-1/2in 

Weight on bit 80-180kN 

Rotational speed 100-250r/min 

Torque 20-40kN·m 

As shown in Figures 1, 2, and 3, the results indicate that at 1368m, the maximum Mises 

stress of the drill string is 270.14 MPa, with an amplitude of approximately 26.43 MPa; at 2310m, the 

maximum Mises stress of the drill string is 168.52 MPa, with an amplitude of approximately 26.43 

MPa; at 4840m, the maximum Mises stress of the drill string is 110.33 MPa, with an amplitude of ap-

proximately 27.04 MPa. This indicates that as the drill string depth increases, the stress on the drill 

string decreases. 

   

Fig.1.Drill String Stress-Time 

Curve at 1368 m 

Fig.2.Drill String Stress-Time 

Curve at 2310 m 

Fig.3.Drill String Stress-Time 

Curve at 4840 m 

As shown in Figures 4, 5, and 6, when the drill bit weight increases from 130kN to 180 kN, 

the maximum Mises stress of the drill string increases from 328 MPa to 360 MPa. When the rotational 

speed increases from 150 r/min to 200 r/min, the maximum Mises stress of the drill string increases 

from 306 MPa to 315 MPa. If the torque increases from 30kN·m to 40kN·m, the maximum Mises 

stress of the drill string increases from 311 MPa to 328 MPa. This indicates that, compared to rota-
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tional speed and torque, the drill bit weight is the primary factor affecting the vibration behavior of the 

drill string. 

   

Fig.4.Drill String Vibration 

Stress at 8m with Changing 

Drill Bit Weight 

Fig.5. Drill String Vibration 

Stress at 8m with Changing 

Rotational Speed 

Fig.6.Drill String Vibration 

Stress at 8m with Changing 

Drill Bit Torque 

Figure 7 shows that the cumulative fatigue damage is 1.5×10⁻5, The regions with the most 

severe cumulative fatigue damage are mainly at the top and bottom of the drill string. Figure 8 indi-

cates that the calculated minimum fatigue life of the drill string is 1.8 years. 

  

Fig.7.Cumulative Fatigue Damage of the 

Drill String 

Fig.8.Fatigue Life Distribution of the Drill 

String 

Conclusions 

The results show that the overall stress value of the drill string decreases gradually with in-

creasing depth, with the maximum value occurring at the top of the drill string. Drill bit weight is the 

primary factor affecting the vibration behavior of the drill string. Based on the fatigue analysis of the 

drill string, it was found that the maximum fatigue damage mainly occurs at the top and bottom of the 

drill string. Therefore, extra attention should be paid to the fatigue damage at the top and bottom of the 

drill string during drilling operations. 

Nomenclature 

r rE I -Bending stiffness, [
4kPa m ] ( , )drF z t - The drill string collision force, [ kN ] 

rm -Theunit length casing pipe mass, 

[ /kg m ] 

fm - Theunit length annular drilling fluid mass,  

[ /kg m ] 

v - Flow velocity of the annular drill-

ing 

fluid, [ /m s ] 

( , )F z t - Marine environmental load, [ kN ] 

rT - Top tension, [ kN ] t - Time, [ s ] 

r - Vibration period of the drilling 
rL - Total length of the riser, [ m ] 
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riser,[ s ] 

c - Viscous damping coefficient, 

[ /kN s m ] 
DC - Drag coefficient,[ ] 

MC - Inertia force coefficient,[ ] 
w - Seawater density, [

3/kg m ] 

D - Outer diameter of the deepwater  

drilling riser, [ m ] 

wV - Wave horizontal velocity, [ /m s ] 

 
cV - Current velocity, [ /m s ] S - The stress amplitude, [ kPa ] 

E - The elastic modulus of the drill 

string, [ kPa ] 

A - The cross-sectional area of the drill string, 

[
2m ] 

G - The shear elastic modulus, [ kPa ] pJ
 - The polar moment of inertia of the  

cross-section, [
4m ] 

fT - The frictional torque acting on the 

drill bit, [ kN m ] 

N - The number of stress cycles at which  

material failure occurs,[ ] 
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