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Abstract


Current methods for designing three-dimensional trajectories rarely account for complex formation constraints, focusing primarily on geometric relationships. However, trajectory adjustments are often necessary during drilling operations. These field adjustments typically lack systematic optimization, resulting in suboptimal trajectories. This study introduces a novel trajectory optimization framework that integrates formation fitness for curve construction and proactive anti-collision trajectory adjustment (PACTA). The framework begins by incorporating PACTA and optimizing the initial trajectory to minimize total measured depth (TMD) using a genetic algorithm. Subsequently, a second optimization phase identifies curve sections passing through formations with low build-up fitness, automatically splitting them into combinations of curves and straight lines. Dynamic trajectory equations are then constructed based on these adjustments, and the final trajectory is optimized accordingly. Case studies demonstrate that the proposed method effectively adjusts curve positions in the presence of multiple formations with low build-up fitness while avoiding wellbore collisions. The approach achieves an average 10% reduction in total drilling time when minimizing TMD and an average 19.7% reduction in drillstring torque when torque minimization is prioritized. This new trajectory design method is expected to significantly reduce well construction costs.
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1. Introduction


The well trajectory is a spatial channel connecting the wellhead to the reservoir, serving as a pathway for oil and gas flow. Its design is crucial for drilling efficiency, safety, and cost. An ideal trajectory should be short, easy to construct, and avoid risky geological formations. Designing well trajectories is a multidisciplinary task involving drilling and geological engineering, often requiring close collaboration and multiple revisions. Enhancing design efficiency, increasing automation, and reducing communication costs is therefore of great importance.



The most recent studies on well trajectory design and optimization mainly focuses on two key areas: enhancing solution efficiency and integrating complex engineering and geological constraints. These optimization problems often involve three to over a dozen variables and are highly nonlinear, making heuristic algorithms the preferred approach. Various methods have been introduced, including conventional genetic algorithms (GAs) [1,2], particle swarm optimization [3,4], cuckoo search algorithms [5], and Fibonacci sequence-based quantum genetic algorithms [6]. In related studies, GAs are the most frequently used. Their flexibility in adapting to diverse optimization problems through simple modifications to chromosome encoding and evaluation functions makes them particularly suited for drilling optimization [7].



In well trajectory optimization, engineering and geological constraints are typically applied through the design of objective functions, restricting variable ranges, or imposing penalty functions. The most common objective is to minimize the total trajectory length [3,8,9], as it directly impacts drilling costs. The second most common objective is to minimize drillstring torque [10,11,12], which helps reduce construction difficulty. Some studies have also aimed to minimize total drilling time by assuming different rates of penetration across formations [13,14]. Mansouri et al. [10] employed a multi-objective genetic algorithm (MOGA) to optimize both trajectory length and drillstring torque simultaneously.



Wang and Gao [15] optimized the range of inclination and azimuth angles from the perspective of wellbore stability. Zhang et al. [16] developed a shale gas horizontal well trajectory design method that accounts for trajectory drift caused by formation properties and anti-collision constraints. Zhong et al. [17] proposed a trajectory optimization method for slide drilling systems to reduce drilling time by replacing long circular-arc sections with shorter straight-line and circular-arc segments. Liu et al. [18] were the first to introduce Dubins curves into well trajectory optimization. Pathan et al. [19] developed a cluster well trajectory design method that incorporates anti-collision constraints based on predefined trajectory profiles.



For slide drilling, formation build-up fitness plays a critical role in drilling safety and efficiency. However, existing trajectory design methods seldom consider this factor. This work presents a design method that integrates formation build-up suitability with proactive anti-collision trajectory adjustment (PACTA), bridging this gap. The approach is effective for both pre-drilling planning and real-time trajectory adjustments.




2. Components of the Trajectory Optimization Framework


This section introduces the fundamental trajectory equations for trajectory optimization, the drillstring torque model, the anti-collision model, and various constraints applied in the optimization framework.



2.1. Fundamental Trajectory Equations


The six-section trajectory is one of the most basic three-dimensional (3D) wellbore trajectories. Most other 3D trajectories, such as seven-section and eight-section trajectories, can be derived from this model through modifications. Figure 1 shows the 3D profile of the six-section trajectory. OA is the vertical section, AB is the first build section, BC is the hold section, CD is the build and turn section, and DT1 is the second build section. T1T2 is the horizontal section. This study follows this model for initial designs, using the radius of curvature method for the build and turn section and the minimum curvature method for the build sections.



The calculation formula for the radius of curvature method [20,21] is as follows:


        Δ N = r ( sin  ϕ  d o w n   − sin  ϕ  u p   )       Δ E = r ( cos  ϕ  u p   − cos  ϕ  d o w n   )       Δ H = R ( sin  α  d o w n   − sin  α  u p   )        



(1)






        r =    180  π     R   ϕ  d o w n   −  ϕ  u p      ( cos  α  u p   − cos  α  d o w n   )       R =    180  π       L  d o w n   −  L  u p      α  d o w n   −  α  u p             



(2)




where ΔN, ΔE, and ΔH represent increments in northing, easting, and true vertical depth, respectively, m. ϕup and ϕdown are the azimuth angles at the upper and lower endpoints, rad. αup and αdown are the inclination angles at the upper and lower endpoints, rad. Lup and Ldown are the MD at the upper and lower endpoints, m. R is the radius of curvature in the vertical profile, m, and r is the radius of curvature in the horizontal projection, m.



The calculation formula for the minimum curvature method [22,23] is as follows:


        Δ N = λ ( sin  α  u p   cos  ϕ  u p   + sin  α  d o w n   cos  ϕ  d o w n   )       Δ E = λ ( sin  α  u p   sin  ϕ  u p   + sin  α  d o w n   sin  ϕ  d o w n   )       Δ H = λ ( cos  α  u p   + cos  α  d o w n   )        



(3)






        λ =    180  π       L  d o w n   −  L  u p    ε   tan   ε 2         cos ε = cos  α  u p   cos  α  d o w n   + sin  α  u p   sin  α  d o w n   cos (  ϕ  d o w n   −  ϕ  u p   )        



(4)




where λ is the tangential length, m. ε is the dogleg angle, rad.




2.2. Torque Model


The torque and drag acting on the drillstring significantly influence drilling safety, difficulty, and speed. A well trajectory with lower torque is preferable. For torque calculation, this study employs the soft-string model [24,25,26], which offers satisfactory accuracy for low-curvature wellbores and flexible drillstrings while maintaining relatively low computational complexity. Drag is likely to be significantly influenced by drillstring buckling, which increases the nonlinearity of the optimization problem. In contrast, torque during rotary drilling is less susceptible to buckling effects, making it a more suitable optimization condition. Therefore, using torque instead of drag as the objective enhances optimization reliability.



The main soft-string model’s equations are as follows:


   W c  = 2     (  W t  s i n ( α ) + T    d ϕ   d s    )  2  +  T 2  s i  n 2  ( α )   (    d ϕ   d s    )  2     



(5)






   T  up   =  T  down   ±  W c   μ a   



(6)






   M  up   =  M  down   ±  W c   μ t      D  jo    2    



(7)




where Wc is the contact force between the drillstring and borehole wall, N. Wt represents the buoyant weight component of the drillstring in the axial direction of the wellbore, N. s is the length of drillstring, m. Tup and Tdown represent the upper and lower end axial forces of each drillstring segment, respectively, N. μa and μt represent axial and tangential friction coefficient, respectively. Mup and Mdown represent the upper and lower end torque of each drillstring segment, N∙m. Djo is the diameter of drillstring joint, m.



The model calculation results are compared with the internationally recognized WELLPLAN 5000.14 software using a real drilled well as a case study. Figure 2 presents the 3D profile of the well.



The example well has a total length of 2715 m, with the surface casing set at 367 m. The casing friction coefficient is 0.25, and the open-hole friction coefficient is 0.3. The drilling fluid density is 1.16 g/cm3, the bottomhole torque is 3000 N m, and the weight on bit (WOB) is 30 kN. Figure 3 compares the torque model calculation results with those obtained from WELLPLAN, focusing on the torque distribution along the well depth and the prediction accuracy at critical points. The results indicate strong agreement between the model predictions and the software calculations, with an error of 1.5% in the cased section, an error of 1.8% in the open-hole section, and an average deviation of less than 2% for the entire well. Thus, the model’s accuracy meets the requirements of actual drilling operations.




2.3. Anti-Collision Model


The ISCWSA model, developed by the Industry Steering Committee on Wellbore Survey Accuracy, evaluates wellbore position uncertainty and is widely applied in anti-collision calculations [27,28,29].



In the ISCWSA model, the impact of a single error source on position uncertainty can be expressed as:


   e i  =  σ i     d r   d p       ∂ p   ∂  ε i      



(8)






     ∂ p   ∂  ε i     =      ∂ D   ∂  ε i     ,    ∂ I   ∂  ε i     ,    ∂ A   ∂  ε i        



(9)




where ei is the error in the NEV axis caused by error source i. σi is the uncertainty of error source i. ∂p/(∂εi) is the weighting function for this source, and dr/(dp) is the influence of measurement errors on the wellbore position in the NEV axis.



The matrix depends on measurement data at both ends of each survey section. Thus, the measurement error at an intermediate location can be expressed as:


   e  i , l , k   =  σ  i , l   (    d Δ  r k    d  p k     +    d Δ  r  k + 1     d  p k     )    ∂  p k    ∂  ε i      



(10)







The measurement result at the final point is:


   e  i , l , K  *  =  σ  i , L   (    d Δ  r K    d  p K     )    ∂  p K    ∂  ε i      



(11)







The model defines four types of error propagation: Random, Systematic, Well by Well, and Global. Their sum can be expressed as:


     C   K  s v y   =   ∑   l   ∈   R      C    i , K   r e n d   +   ∑   l   ∈   S      C    i , K   s y s t   +   ∑   l   ∈   W , G        C    i , K   w e l l    



(12)







The summation results in a 3 × 3 covariance matrix, which describes the error ellipsoid at a specific station. In the NEV axes, the covariance matrix is:


    [ C ]   n o v   =        σ N 2  C o v ( N , E ) C o v ( N , V )       C o v ( N , E )  σ E 2  C o v ( E , V )       C o v ( N , V ) C o v ( E , V )  σ v 2         



(13)







Using a 3D leased distance scan, the distribution of distances between the reference well and the offset wells is obtained. Figure 4 shows the 3D scanning results of distances between adjacent wells.



The separation factor is calculated using the pedal curve method [30], as follows:


  S F =    C C    R 1  +  R 2      



(14)




where SF is the separation factor. CC is the distance between the reference well and offset well, m, and R1 and R2 are the ellipsoid axis lengths of the reference well and offset well, m.



To validate the accuracy of the anti-collision model, the model results are compared with those from the industry-standard COMPASS 5000.14 software using a real drilled well. Figure 5 shows the 3D profile of the reference well and the offset well.



As shown in the figure, the reference well is a sidetrack well with a trajectory direction similar to that of the offset well, necessitating high anti-collision precision. The reference well has a total length of 2308.0 m, while the offset well is 2471.9 m long. The gravitational acceleration is set to 9.8 m/s2, the magnetic inclination is 57.2°, the declination is −6.6°, and the magnetic field strength is 53,659.1 nT. A standard MWD tool is used for survey measurements, and 32 error sources are considered. Figure 6 shows the variation in wellbore separation distance with MD. The results show that after the sidetracked wellbore is drilled, the minimum wellbore separation distance of 11.1 m occurs at a MD of 570 m. Compared to COMPASS, the scanning deviation of the wellbore separation distance is less than 0.01%.



Figure 7 presents the relationship between MD and the SF. The results indicate that the minimum SF also occurs at a MD of 570 m, with a value of 1.61, which is close to the safety threshold of 1.5. Given its proximity to the threshold, this wellbore section requires special attention for collision risk mitigation. Additionally, the deviation between the model and COMPASS calculations remains within 0.5% across the entire wellbore, demonstrating the high accuracy and reliability of the proposed anti-collision model.




2.4. Constraints


2.4.1. Proactive Anti-Collision Trajectory Adjustment


When surface wellhead locations are densely packed, the small spacing between adjacent wells increases the risk of wellbore collisions. Without effective deviation control in the upper well sections, collisions are likely. Therefore, PACTA are required to increase the spacing between wells in the upper wellbore sections, reducing the difficulty of deviation control.



Figure 8 shows the vertical projection of a well with PACTA. An adjustment section is added before the kickoff point (KOP), and it consists of five parts: the first vertical section, the build section, the hold section, the drop section, and the second vertical section. In the adjustment, upon reaching the designated depth, the trajectory builds up to a 5° inclination, holds for a section, and then drops back to vertical.



The true vertical depth (TVD) of the starting point of the build section (SPBS) and ending point of the drop section (EPDS) are optimization variables. These, along with the KOP, must satisfy the following equation:


    TVD   K O P   >   TVD   E P D S   >   TVD   S P B S   + (  r 1  +  r 2  ) × sin ( 5 ° )  



(15)




where r1 and r2 are the radii of curvature for the build and drop sections, m.




2.4.2. Formation Build-Up Fitness Constraints


Some formations include hard rock, resulting in a slow rate of penetration (ROP), while others are prone to wellbore instability and must be drilled through quickly. These formations are unsuitable for slide drilling. Therefore, such constraints should be considered when determining the placement of curved sections in trajectory design. Before initiating trajectory optimization, offset well drilling data should be analyzed to identify formations unsuitable for build-up. The top and bottom depths of these formations must be recorded to ensure that the straight trajectory is maintained passing through them.



The proposed method involves two-round optimization processes, with different handling of formation constraints in each phase. During the first-round optimization, the goal is to avoid the following scenarios: (1) the build and turn section intersects restricted formations; (2) the entire build section is within a restricted formation. Figure 9 illustrates the handling of build sections crossing restricted formations during the second-round optimization phase. Figure 9a shows that when the build section entirely overlaps with the restricted formation, the section is split into a build–hold–build section. Figure 9b demonstrates that when the build section partially overlaps with the restricted formation, the section is adjusted into build–hold or hold–build section.



After splitting the original trajectory, the design no longer follows a fixed trajectory profile, requiring dynamic trajectory equations for recalculation. These equations automatically assemble trajectories based on the number and type of unknown variables, enabling dynamic trajectory adjustments.



For example, in section AC of Figure 1, if the coordinates of points A and C are known, the number of unknown DLS variables satisfies some rules. When the constrained formation exactly spans point B as shown in Figure 10, according to the splitting method shown in Figure 9b, the section from point C to the top of the formation is a hold section. Since the depth of the restricted formation is fixed, the DLS of the arc between points A and the top of the formation can be calculated. Notably, when a restricted formation crosses the build section AB, additional unknown DLS variables are introduced. For each additional restricted formation, one more unknown DLS variable is added.



The number of unknown variables in this case is calculated using the following formula:


  n v a r s = n  



(16)




where nvars represents the number of unknown variables, and n denotes the number of restricted formations crossing section AB.



When no constrained formations cross point B, section AB contains one fixed DLS variable. In this case, the number of unknown variables satisfies the following formula:


  n v a r s = n + 1  



(17)








2.4.3. Penalty Functions


Well trajectory design is a nonlinear mathematical optimization problem. To handle diverse constraints, penalty functions are often used to convert constrained optimization into an unconstrained problem [31,32]. When combined with heuristic algorithms, penalty functions evaluate each solution during the optimization process and impose penalties on suboptimal results. This method effectively restricts the solution space, guides iteration, and accelerates convergence toward feasible solutions.


    min   {  x c  , u }   f = T (  x  t y p e   ) + P (  x  p 1   ,  x  p 2   )  



(18)




Here, f represents the optimization function’s return value, xc denotes the constraints, u refers to key parameters in 3D horizontal trajectory design, T is the trajectory design output, xtype represents the optimization conditions, P is the penalty function value, xp1 represents the logical penalty function, and xp2 denotes the conditional penalty function.



The first type of penalty function, the logical penalty, ensures that the trajectory forms a continuous curve from the surface to the target—a fundamental requirement for validity. This function imposes significant penalties. The specified condition in this study is that the coordinate deviation between the end point of the generated trajectory and the target must be less than 0.1. Greater deviations result in larger penalties.



The second type, the conditional penalty function, addresses cases to be avoided (as discussed earlier) and ensures that the KOP remains outside restricted formations. It guides the optimization process until the constraints are satisfied.



The penalty functions are illustrated with the following example. The parameters are as follows: The total trajectory length is 3000 m with given design parameters. The final NEV coordinates of the trajectory are (490 405 2000), and the KOP lies within the restricted formation. All other conditions are satisfied. The target NEV coordinates are (500 400 2000). The penalty function values are calculated as follows:


   x  p 1   =     ( 500 − 490 )  2  +   ( 400 − 405 )  2  +   ( 2000 − 2000 )  2    × 100 = 1118.03   m  



(19)






   x  p 2   = 0.2 × 3000 = 600   m  



(20)







Thus, the optimization function’s return value is f = 3000 + 1118.03 + 600 = 4718.03 m. Here, the logical penalty coefficient is 100, and the conditional penalty coefficient is 0.2. The return value of the function increases by 57%, primarily due to the logical penalty function.






3. Trajectory Optimization Framework


Figure 11 shows the trajectory optimization framework. After importing the design parameters, first-round optimization is carried out with the objective of minimizing total measured depth (TMD), yielding the initial trajectory. Penalty Function One includes both logical and conditional penalties. This optimization involves seven unknown variables: the TVD of the KOP, the inclination and azimuth angles of the hold section, the inclination angle at the end of the build and turn section, and the DLS of the two build sections and the build and turn section. If PACTA is applied, four additional unknown variables are introduced: the TVD of the proactive anti-collision build-up start point, the TVD of the drop-off completion point, and the DLS values for the build-up and drop-off sections.



The trajectory result from first-round optimization serves as the initial condition for second optimization. Parameters such as the TVD of the KOP, the DLS of the build and turn section, and the TVD of the PACTA build-up start and drop-off completion points are preserved for second-round optimization. This optimization involves three fundamental variables: the inclination and azimuth angles of the hold section and the inclination angle at the end of the build and turn section. The total number of variables is not fixed, and dynamic trajectory equations are used for solving. Penalty Function Two applies only logical penalties, with the optimization goal set to minimize TMD, torque, or both.



Additionally, incorporating insights from offset wells’ historical drilling data to adjust variable ranges or assign fixed values can effectively enhance the applicability and efficiency of trajectory optimization.



After completing second-round optimization, offset well survey data are imported to calculate the SF. If the requirements are not met, the optimization process is restarted.



The initial parameter input must include all constraints considered in the model. Detailed information is presented in Table 1.




4. Case Studies and Discussion


In this section, three examples are provided based on different types of trajectory optimization. The objective is to validate the practicality of the optimization model and discuss the constraints applied to each example.



4.1. Case 1: Trajectory Optimization Design for Platform Wells


4.1.1. Input Parameters for Case Study Wells


The platform requires trajectory optimization for four wells. According to offset well data, the formations contain fractured layers unsuitable for build-up operations. The close spacing of surface wellhead locations poses additional challenges for trajectory design. A comparison between the original and optimized trajectories was conducted to validate the practicality of the proposed method.



The relative locations of the surface and target are provided in Table 2 and Table 3, with their distribution illustrated in Figure 12.



The range of trajectory optimization parameters and other constraints are detailed in Table 4 and Table 5.




4.1.2. Model Optimization Results


Figure 13 compares the results of the original and optimized designs. Green segments represent safe transitions through restricted formations in hold sections, while red segments indicate build-up operations through restricted formations. In the original design, all four wells passed through Restricted Formation Three near the target point using a build-up approach, failing to meet design requirements. Additionally, some build-up sections also cross restricted formations. In the optimized design, build-up operations are completed before reaching restricted formations, ensuring safe transitions and meeting field design requirements.



Figure 14 shows the trajectory of well H3 as it passes through the restricted formation. Detailed parameters for the original design and the optimized design are presented in Table 6 and Table 7. Restricted Formation One is located in the PACTA. In the optimized design, well H3 completes the build-up at a TVD of 561 m and holds until 1042 m. Restricted Formation Two is located below the first build section following the adjustment section. In the original design, the build-up extended to 2471 m with a hold inclination angle of 13.6°, crossing the upper part of the restricted formation. In the optimized design, the hold inclination angle is reduced to 7°, completing the build-up earlier. Restricted Formation Three is near Target Point 1. In the optimized design, the build section is split into three segments to safely pass through the formation.



To validate the effectiveness of PACTA and anti-collision constraints, Figure 15 shows the change in the SF before and after the addition of the proactive anti-collision adjustments. As shown in the figure, without the constraints, there are two regions between well H2 and well H1 where the SF is less than 1.0, located at approximately 500 m and 2500 m measured depth of well H2. After adding PACTA, well H2 starts building inclination before 500 m MD, increasing the wellbore spacing with the upper well section of well H1, resulting in a SF exceeding 1.5 at 500 m. Additionally, the trajectory anti-collision constraint optimizes the wellbore trajectory by adjusting the initial build direction, which increases the SF at 2500 m to over 3.5.



A comparison of three optimization results with the original design was conducted: (1) minimum TMD optimization; (2) minimum torque optimization; and (3) minimum torque optimization with PACTA.



Figure 16 compares the TMD of the original and optimized designs. By analyzing the ROP in the build and hold sections of this block, the total drilling time was predicted. Figure 17 compares the total drilling time of the original and optimized designs. With restricted formation constraints, the TMD may increase, but the total drilling time is significantly reduced. The minimum TMD optimization resulted in an average drill time reduction of 10%, making it the preferred approach when considering time-based cost efficiency.



Figure 18 compares the total torque of the original and optimized designs. Total torque values for all three optimization approaches were significantly reduced. The minimum torque optimization achieved the lowest torque, with an average reduction of 19.7%. When considering drillstring and equipment failure risks, torque constraints should be included. Additionally, in cases of closely spaced surface locations, incorporating PACTA reduces drilling risks.



For conventional optimization methods, without considering the influence of formation fitness of building a curve, the KOP serves as a critical optimization variable and exhibits certain patterns. Based on previous research, this study further investigates the impact of different optimization conditions on the selection of the KOP location. Figure 19 and Figure 20 show the variation in the KOP position under different constraint ranges for the minimum TMD and minimum torque conditions. It can be observed that when the optimization objective is the minimum TMD, the KOP tends to be the shallowest within the allowed range; when minimizing torque, the KOP tends to approach the lower limit of the allowable range.




4.1.3. Impact of Restricted Formation Count


The optimization results discussed above incorporate three restricted formations. Restricted Formation One, located at a TVD of 580–700 m, constrains the positioning of PACTA. Restricted Formation Two, situated at a TVD of 2450–2550 m, primarily limits the length of the hold section. Restricted Formation Three, located at a TVD of 4132–4140 m, divides the second build section. The optimization time per well was approximately 3 min.



Similarly, taking well H3 as an example, Restricted Formation Four was added, located at a TVD of 2000–2300 m, mainly constraining the selection of the KOP location. By keeping other optimization parameters unchanged, a re-optimization was performed, requiring one hour. The detailed parameters of the optimized trajectory are shown in Table 8. The results indicate that the initial azimuth was adjusted from 251.4° to 280.4°, resulting in an additional 29° azimuth change in the build and turn section. The KOP was placed at a TVD of 2308.3 m, just below Restricted Formation Four, while the conditions of the other three restricted formations were also satisfied. The TMD increased by 71.4 m, and the total torque rose by 27.8 N m.



Additionally, optimization was performed for well H3, including only Restricted Formation One and Restricted Formation Two. The optimization process took about 2 min, with the results summarized in Table 9. The initial azimuth was reduced from 251.4° to 242.8°, resulting in a smaller azimuth adjustment toward the target direction. The TMD decreased by 95.4 m, and the total torque showed a slight reduction.



Figure 21 shows the optimization results for different numbers of restricted formations. The results demonstrate that the optimization model effectively accommodates multiple restricted formations. As the number of restricted formations increases, the required optimization time gradually rises, along with increases in key metrics such as TMD and total torque.





4.2. Case 2: Mid-Drilling Trajectory Adjustment


The well trajectory optimization method proposed in this paper not only optimizes the well trajectory prior to drilling but also allows for trajectory adjustments during drilling. The original design of the drilling well is shown in Table 10. This design includes a six-segment trajectory with PACTA. Upon reaching the KOP and initiating the build-up, the inclination angle was controlled improperly, exceeding the designed hold inclination angle. The remaining wellbore sections include a hold section, a build and turn section, a second build section, and a horizontal section, all of which require optimization and adjustment.



According to the original design, after completing PACTA, the first build section at 2237.9 m was designed to achieve a 25° build-up, followed by a hold section for continued drilling. However, the actual build-up extended to 2305.7 m, and the inclination angle reached 32°. Based on the current trajectory, optimization was performed with the parameters shown in Table 11.



Figure 22 shows the 3D view of the original and adjusted wellbore trajectories. The optimized trajectory connects the actual drilled path to the target, achieving the intended design objectives and validating the feasibility of the model during the mid-drilling phase. The details of the adjusted trajectory are shown in Table 12. The TMD is reduced by 21.1 m, with the length of the build and turn section decreased by 239.7 m, thus reducing the drilling time. However, the length of the build-up section near the target point increases. This is due to the increase in the hold angle, which causes the trajectory to shift upward when reaching the target azimuth, necessitating a longer build-up section to extend to the target point.




4.3. Case 3: Comparison of Optimization Modes


Figure 23 compares the results of single-objective and multi-objective optimization for minimizing torque and well depth. The results indicate that when the minimum torque mode is applied, the trajectory parameters corresponding to the lowest torque can be obtained. Similarly, under the minimum TMD mode, the trajectory parameters with the minimum well depth are achieved, with the objective values being lower than those in multi-objective optimization. This occurs because, in single-objective optimization, fewer parameters are considered, often leading the model to adopt extreme control strategies that push parameters toward constraint boundaries, resulting in overly idealized outputs that are difficult to implement in actual drilling operations.



The parameter values from the iterative process of multi-objective optimization are output in the form of a Pareto front, as shown in Figure 24. The figure demonstrates that during the iterative process of multi-objective optimization, the average TMD and average torque in each iteration continuously decrease. When the Pareto front boundary is reached, the diversity of the solution set significantly increases. At this stage, the multi-objective function can no longer be minimized and gradually converges toward the single-objective minimum results, exhibiting a divergence phenomenon.





5. Conclusions


This study proposes a new method for the fast design of a 3D well path considering multiple constraints. For formation build-up fitness, the model adaptively adjusts the curve section’s location, ensuring stable traversal through restricted formations. With an increasing number of restricted formations, the optimization time for a single well extends, and the optimized objective values also tend to grow.



Employing PACTA and trajectory anti-collision constraints increases inter-well spacing in upper well sections and adjusts the trajectory to maintain the SF above safe thresholds. This model supports both pre-drill trajectory optimization and mid-drilling trajectory adjustments, meeting operational requirements.



When minimizing TMD, the KOP tends to be set at the shallowest permissible depth. Conversely, when minimizing torque, the KOP is usually set at deeper allowable depths.



Compared to multi-objective optimization, single-objective optimization yields smaller objective function values. However, the results are often overly idealized and difficult to implement in actual drilling operations.



For cost efficiency, optimizing for minimal TMD is recommended as it reduces drilling time. When failure risk considerations for the drillstring and equipment are critical, torque constraints should be applied to significantly reduce torque values. Additionally, for closely spaced surface locations, adding PACTA can prevent or reduce surface collision risk.
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Figure 1. Three-dimensional profile diagram of the six-section overshot trajectory. 
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Figure 2. Three-dimensional profile diagram of the example well. 
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Figure 3. Plot of torque vs. MD. 
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Figure 4. Three-dimensional adjacent well scanning visualization. 
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Figure 5. Three-dimensional profile diagram of the reference well and the offset well. 
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Figure 6. Plot of CC vs. MD. 
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Figure 7. Plot of SF vs. MD. 
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Figure 8. Vertical profile of overshot adjustment section. 
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Figure 9. Split of build section crossing restricted formation. (a) Complete overlap with restriction. (b) Partial overlap with restriction. 
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Figure 10. Restricted formation passing through point B. 
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Figure 11. Trajectory optimization framework. 
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Figure 12. Plan view of surface locations and target points. 
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Figure 13. Three-dimensional structural diagrams of the original and optimized designs. (a) 3D structure diagram of the original design. (b) 3D structure diagram of the optimized design. 
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Figure 14. H3 wellbore section view. (a) Section view of Restricted Formation One. (b) Section view of Restricted Formation Two. (c) Section view of Restricted Formation Three. 
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Figure 15. SF vs. MD before and after anti-collision optimization. (a) Optimization without anti-collision constraint. (b) Optimization with anti-collision constraint. 
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Figure 16. Total measured depth comparison chart. 
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Figure 17. Total drill time comparison chart. 
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Figure 18. Total torque comparison chart. 
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Figure 19. Three-dimensional view of various KOP TVD under minimal TMD constraint. 
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Figure 20. Three-dimensional view of various KOP TVD under minimal torque constraint. 






Figure 20. Three-dimensional view of various KOP TVD under minimal torque constraint.



[image: Processes 13 01215 g020]







[image: Processes 13 01215 g021] 





Figure 21. Optimization results for varying numbers of restricted formations. 
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Figure 22. Three-dimensional view of the original and optimized designs. 
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Figure 23. Comparison results of single-objective and multi-objective optimization. 
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Figure 24. Pareto front of multi-objective optimization. 
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Table 1. Detailed description of input parameters.






Table 1. Detailed description of input parameters.









	Parameter
	Description





	Restricted formation
	The top and bottom depths of formations with low build-up fitness



	Target information
	Relative coordinates and alignment direction for each target



	Drillstring assembly
	Single drill pipe



	
	Uniform friction coefficient applied to the entire wellbore



	Design constraints
	DLS range



	
	Proactive anti-collision options allowing specification of DLS values



	
	Minimum inclination at the end of the build and turn section



	Safety requirements
	Minimum allowable SF



	Geomagnetic field
	Three geomagnetic components at the wellsite for anti-collision model input



	Legacy well
	Legacy well data for the surrounding area










 





Table 2. Relative surface locations on the platform.






Table 2. Relative surface locations on the platform.





	Well Name
	North (m)
	East (m)





	H1
	0.0
	0.0



	H2
	−2.5
	4.3



	H3
	−33.8
	−11.4



	H4
	−31.3
	−15.8










 





Table 3. Target point locations of platform wells.






Table 3. Target point locations of platform wells.





	
Well Name

	
T1

	
T2




	
North (m)

	
East (m)

	
TVD (m)

	
North (m)

	
East (m)

	
TVD (m)






	
H1

	
583.5

	
439.9

	
4179.0

	
2322.3

	
905.8

	
4264.0




	
H2

	
185.8

	
538.2

	
4187.0

	
1924.1

	
1004.0

	
4277.0




	
H3

	
−510.9

	
−449.3

	
4151.0

	
−2441.8

	
−965.2

	
4084.0




	
H4

	
−184.0

	
−584.4

	
4150.0

	
−2116.5

	
−1101.5

	
4033.0











 





Table 4. Range of trajectory optimization parameter constraints.
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	Trajectory Parameters
	Variable Constraints





	TVD of KOP (m)
	400–3000



	Proactive anti-collision build-up start point TVD (m)
	100–1500



	Proactive anti-collision build section DLS (°/30 m)
	1.5



	Proactive anti-collision drop-off end point TVD (m)
	200–2500



	Proactive anti-collision drop-off section DLS (°/30 m)
	1.0



	Inclination angle of the hold section (°)
	5–60



	Azimuth angle of the hold section (°)
	0–360



	Inclination angle at the end of the build and turn section (°)
	15–80



	DLS for curve section (°/30 m)
	1.5–5.5










 





Table 5. Other constraint settings.
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	Optimize Parameters
	Settings
	





	Restricted formation
	Formation One
	Top: 580 m



	
	
	Bottom: 750 m



	
	Formation Two
	Top: 2450 m



	
	
	Bottom: 2550 m



	
	Formation Three
	Top: 4132 m



	
	
	Bottom: 4140 m



	Number of individuals per iteration
	500
	



	Number of iterations
	600
	



	Friction coefficient
	0.2
	



	Safety factor threshold
	SF > 1.5
	










 





Table 6. Detailed parameters of the original design.
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	MD (m)
	Inclination (°)
	Azimuth (°)
	TVD (m)
	DLS (°/30 m)





	0.0
	0.0
	0.0
	0.0
	0.0



	500.0
	0.0
	0.0
	500.0
	0.0



	600.0
	5.0
	248.6
	599.9
	1.5



	750.0
	5.0
	248.6
	749.3
	0.0



	900.0
	0.0
	0.0
	899.1
	1.0



	2354.0
	0.0
	248.6
	2353.1
	0.0



	2473.3
	13.6
	248.6
	2471.3
	3.4



	3825.4
	13.6
	248.6
	3785.5
	0.0



	3963.6
	18.1
	195.0
	3919.0
	3.2



	4397.6
	91.9
	195.0
	4151.0
	5.1



	6397.4
	91.9
	195.0
	4084.0
	0.0










 





Table 7. Detailed parameters of the optimized design.
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	MD (m)
	Inclination (°)
	Azimuth (°)
	TVD (m)
	DLS (°/30 m)





	0.0
	0.0
	0.0
	0.0
	0.0



	460.9
	0.0
	0.0
	460.9
	0.0



	560.9
	5.0
	251.4
	560.8
	1.5



	1043.8
	5.0
	251.4
	1041.8
	0.0



	1193.8
	0.0
	0.0
	1191.6
	1.0



	2295.4
	0.0
	0.0
	2293.3
	0.0



	2377.6
	7.0
	251.4
	2375.3
	2.6



	3840.4
	7.0
	251.4
	3826.9
	0.0



	4284.8
	78.9
	195.0
	4131.2
	5.5



	4289.2
	79.2
	195.0
	4132.0
	1.7



	4331.7
	79.2
	195.0
	4140.0
	0.0



	4473.5
	91.9
	195.0
	4151.0
	2.7



	6473.3
	91.9
	195.0
	4084.0
	0.0










 





Table 8. Detailed parameters of the optimized design for Restricted Formation Four.
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	MD

(m)
	Inclination

(°)
	Azimuth

(°)
	TVD

(m)
	DLS

(°/30 m)





	0.0
	0.0
	0.0
	0.0
	0.0



	475.8
	0.0
	0.0
	475.8
	0.0



	575.8
	5.0
	280.4
	575.6
	1.5



	1096.9
	5.0
	280.4
	1094.8
	0.0



	1246.9
	0.0
	0.0
	1244.6
	1.0



	2310.6
	0.0
	0.0
	2308.3
	0.0



	2350.1
	5.3
	280.4
	2347.7
	4.0



	3730.9
	5.3
	280.4
	3722.6
	0.0



	4155.2
	65.0
	195.0
	4054.1
	5.5



	4395.0
	77.0
	195.0
	4132.0
	1.5



	4430.6
	77.0
	195.0
	4140.0
	0.0



	4544.9
	91.9
	195.0
	4151.0
	3.9



	6544.7
	91.9
	195.0
	4084.0
	0.0










 





Table 9. Detailed optimized trajectory parameters for two restricted formations.
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	MD

(m)
	Inclination

(°)
	Azimuth

(°)
	TVD

(m)
	DLS

(°/30 m)





	0.0
	0.0
	242.8
	0.0
	0.0



	474.9
	0.0
	242.8
	474.9
	0.0



	574.9
	5.0
	242.8
	574.7
	1.5



	874.7
	5.0
	242.8
	873.4
	0.0



	1024.7
	0.0
	242.8
	1023.2
	1.0



	2185.3
	0.0
	242.8
	2183.8
	0.0



	2276.6
	11.4
	242.8
	2274.6
	3.8



	3901.1
	11.4
	242.8
	3866.7
	0.0



	4090.8
	39.3
	195.0
	4036.4
	5.5



	4378.1
	91.9
	195.0
	4151.0
	5.5



	6377.9
	91.9
	195.0
	4084.0
	0.0










 





Table 10. Well trajectory parameters of the original design.
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	MD (m)
	Inclination (°)
	Azimuth (°)





	0.0
	0.0
	0.0



	700.0
	0.0
	0.0



	800.0
	5.0
	79.5



	1000.0
	5.0
	79.5



	1150.0
	0.0
	0.0



	1996.0
	0.0
	0.0



	2237.9
	25.0
	79.5



	3898.9
	25.0
	79.5



	5018.2
	71.4
	354.8



	5181.8
	87.9
	354.8



	6275.8
	87.9
	354.8










 





Table 11. Settings for trajectory optimization parameter constraints.






Table 11. Settings for trajectory optimization parameter constraints.





	Trajectory Parameters
	Variable Constraints





	TVD of KOP (m)
	1994.9



	Proactive anti-collision build-up start point TVD (m)
	700



	Proactive anti-collision build section DLS (°/30 m)
	1.5



	Proactive anti-collision drop-off end point TVD (m)
	1148.9



	Proactive anti-collision drop-off section DLS (°/30 m)
	1.0



	Inclination angle of the hold section (°)
	32



	Azimuth angle of the hold section (°)
	79.5



	Inclination angle at the end of the build and turn section (°)
	15–80



	DLS for the first build up section (°/30 m)
	3.1










 





Table 12. Adjusted wellbore trajectory parameters.






Table 12. Adjusted wellbore trajectory parameters.





	MD (m)
	Inclination (°)
	Azimuth (°)





	0.0
	0.0
	0.0



	700.0
	0.0
	0.0



	800.0
	5.0
	79.5



	1000.0
	5.0
	79.5



	1150.0
	0.0
	0.0



	1996.0
	0.0
	0.0



	2305.7
	32.0
	79.5



	3835.8
	32.0
	79.5



	4715.4
	39.7
	354.8



	5160.8
	87.9
	354.8



	6254.8
	87.9
	354.8
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