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Featured Application: This study presents a new pullback load calculation model from the
perspective of pipe–borehole wall contact.

Abstract: Pipeline pullback load is a crucial basis for drill rig selection and pipeline strength design.
This paper presents a new pullback load calculation model from the perspective of pipe–borehole
wall contact. The pipe–borehole wall contact analysis includes the distribution of contact pressure
and the relationship between the external load and compressive displacement. The friction force
between the pipe and the borehole wall was calculated based on the pipe–borehole wall contact
analysis and adhesion theory without depending on the empirical friction coefficient. The effects of
the eccentricity were also considered when calculating the fluid drag force. Through case studies,
we verified the applicability of the model and discussed the possible reasons for the errors between
the theoretical and field-measured results. This study can provide a helpful tool for analyzing the
pipe–borehole wall contact and pullback loads for horizontal directional drilling.

Keywords: horizontal directional drilling; pullback loads; pipe–borehole wall contact; friction force;
fluid drag force

1. Introduction

Horizontal directional drilling (HDD) is a trenchless pipeline installation technology
that has rapidly developed in recent years. HDD is widely used to install oil and gas
pipelines, power cables, and municipal pipe networks [1,2]. Its advantages of high efficiency,
environmental protection, and reduced ground excavation have made this technology
increasingly crucial for large-scale infrastructure projects [3].

HDD technology is a large-scale project that combines multiple technologies, equip-
ment, and disciplines [4]. The pipeline installation process consisted of pilot boring,
pre-reaming, and pullback [5]. The prediction accuracy of pullback loads affects the drill rig
selection and pipeline strength design, which is essential for ensuring the safe installation
of pipelines [6]. In particular, for an increasing number of large-scale pipeline installation
projects, because of the long length and large diameter of the installed pipelines, if the
pullback load calculation is not accurate, sticking of the pipeline can easily occur, resulting
in substantial economic losses [3].

The forces acting on a pipeline during pullback are complex. Calculating pullback
loads involves knowledge of tribology and fluid, elastic, and soil mechanics. The composi-
tion of the pipeline pullback loads can be summarized into the following four parts [7,8]:
(1) the friction force between the pipeline and ground surface or roller, (2) the friction
force between the pipeline and borehole wall (including the friction force caused by the
net weight of the pipeline and capstan effect), (3) the drag force between the pipeline
and drilling fluid, and (4) the pipeline’s weight. Figure 1 shows the forces acting on a
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pipeline during the pullback process. The resultant of these forces in the pullback direction
constitutes the pullback load.
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To calculate pullback loads in HDD, scholars have conducted extensive research and
proposed practical methods that promote the advancement of HDD technology [8–14]. The
Phillips Driscopipe model [9] considers the pipe–borehole wall friction caused by the net
weight of the pipeline. This friction force is considered to be the pullback load required
for pipeline installation. To maintain the stability of the borehole wall, the HDD borehole
was filled with a drilling fluid. Previous studies have found that drilling fluid drag force is
an essential component of pullback loads. The CNPC method [12] further considers the
drilling fluid drag force, which is calculated by multiplying the outer surface area of the
pipeline in the borehole by the viscosity coefficient ks. The calculation of pipe–borehole
wall friction force in the CNPC method aligns with that of the Phillips Driscopipe model.
The HDD borepath generally comprises straight and curved segments. When the pipeline
crosses the curved segment, owing to the change in the direction of the pilot borehole,
the external load applied to the borehole wall increases, known as the capstan effect.
The increased external load resulted in additional pullback loads. The PRCI model [14]
and ASTM model [11] consider the impact of the capstan effect. In addition, the drilling
fluid drag force in the ASTM model is calculated by considering a balance of the forces
acting on the fluid annulus in the borehole due to the pressure difference and the lateral
shear forces acting on the pipe and borehole walls. The pressure difference is estimated
to be 70 kPa. Polak et al. [13], Cheng et al. [8], and Cai et al. [15] further improved the
calculation of drilling fluid drag force. The pressure difference is no longer estimated as a
specific value. The drilling fluid was assumed as a non-Newtonian fluid. Formulas for the
pressure difference and pipe wall shear stress in a concentric annulus were derived based
on fluid mechanics [8,13,15]. The rheological characteristics have a considerable influence
on drilling fluid drag force. Deng et al. [16] investigated the rheological characteristics
of drilling fluids with varying bentonite concentrations. Their findings indicate that both
the Bingham and Herschel–Bulkley models can describe the behavior of drilling fluids
used in HDD. Faghih et al. [17] conducted a parameter sensitivity analysis on the effect of
rheological parameters on the drilling fluid drag force. The results showed that the ratio of
borehole to pipe radius and rheological characteristics significantly affect the drilling fluid
drag force.

At present, there is a lack of research on the pipe–borehole wall contact in HDD.
The calculation of pipe–borehole wall friction force in engineering practice relies on the
empirical friction coefficient which is determined experimentally rather than predicted
using physical models [18]. As a significant improvement over the classical friction laws, it
is now widely accepted that the friction force is proportional to the real contact area. This
has been confirmed by many experiments [19–21], and much work has been conducted
based on this hypothesis [19–24]. Therefore, the understanding of friction based on the
mechanics of contact [25] can provide a new idea for studying the friction force between
the pipeline and borehole wall during pipeline pullback operation.



Appl. Sci. 2024, 14, 8841 3 of 21

Additionally, the pressure difference has a significant impact on the fluid drag force
when using ASTM model. The pressure difference of the annulus is related to the annulus
size, flow rate, and drilling fluid parameters [11]. Taking the pressure difference as a partic-
ular value may cause errors in calculating fluid drag force because the related parameters
differ for various HDD projects. Moreover, pipelines in the borehole are more likely to
contact the borehole wall than to be located at the center of the borehole [6]. The eccentric
characteristics of the annulus are essential for improving the accuracy of fluid drag force.

This study proposes a new theoretical model for calculating pullback loads in HDD.
Based on a large number of finite element method (FEM) analysis results, formulas for the
contact pressure distribution between the pipe and borehole wall and the external load–
displacement relationship were derived to analyze the pipe–borehole wall contact. The
pipe–borehole wall friction force was calculated based on the pipe–borehole wall contact
analysis and adhesion theory without depending on the empirical friction coefficient. The
fluid drag force was calculated based on the ASTM model, and the effects of the annulus
size, flow rate, drilling fluid parameters, and eccentricity were considered. The proposed
model, ASTM model, and PRCI model were used to analyze two HDD installations. The
model predictions were compared with the field-measured results and the applicability of
the proposed method was discussed.

2. Analysis of Pipe–Borehole Wall Contact

During the pullback process, the pipeline contacts the borehole wall under the action
of external load (including the contributions from buoyancy, gravity, and capstan effect).
When the direction of the external load is upward, the pipeline may contact the upper
wall of the borehole. Conversely, the pipeline may have been in contact with the bottom
of the borehole. The pipe–borehole wall contact analysis under the external load is an
axisymmetric mechanical problem because the pipeline and borehole have approximately
circular cross-sections. Figure 2 shows the contact state between the pipeline and borehole
wall by taking an upward external load (often occurring without buoyancy control) as an
example. P signifies the external load per unit length of the pipeline. R1 and R2 denote the
radii of the pipe and borehole, respectively. β represents the angle at which points on the
interface depart from the central line. ε stands for the semi-angle of contact corresponding
to the whole contact arc. l signifies the semi-chord length corresponding to the angle ε.
∆R represents the radial clearance of the pipe and borehole, ∆R = R2 − R1. δ denotes the
compressive displacement.
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2.1. Classical Contact Models

The contact between the pipe and borehole wall shown in Figure 2 is a typical internal
cylinder contact problem. Researchers have developed different methods for determining
the contact pressure distribution and external load–displacement relationship for the
internal cylinder contact problem. It should be noted that, unlike classical contact models,
the HDD pipe–borehole wall contact model needs to consider the effect of drilling fluid
pressure. At this point, the maximum contact pressure between the pipe and the borehole
wall changes. Therefore, in this paper, the maximum contact pressure without drilling
fluid pressure is denoted as q0, while the maximum contact pressure in HDD (considering
the drilling fluid pressure) is denoted as p0. The relationship between q0 and p0 will be
discussed in the following sections.

2.1.1. Hertz Model

Hertz theory is one of the most common methods for internal cylinder contact prob-
lems. In the Hertz model, the contact pressure distribution is assumed as follows [26]:

pc = q0

(
1 − x2

l2

)n

, (1)

where pc signifies the contact pressure, q0 denotes the maximum contact pressure without
drilling fluid pressure, x represents the distance between the point on the interface and
symmetry axis; n signifies the pressure distribution exponent, n = 1/2 in the Hertz model.

The maximum contact pressure between the two cylinders is expressed as follows [26]:

q0 =
E∗

2
δ

l
, (2)

where E* represents the equivalent elastic modulus, which is defined as follows:

1
E∗ =

(
1 − v2

1
)

E1
+

(
1 − v2

2
)

E2
, (3)

where E1 and E2 denote the elastic modulus of the inner and outer cylinders, respectively;
v1 and v2 stand for the Poisson’s ratio of the inner and outer cylinders, respectively.

It is noteworthy that Equation (2) cannot be directly used to calculate the maximum
contact pressure because the compressive displacement δ and the semi-chord length of
contact l are unknown.

The compressive displacement δ can be calculated as follows [27]:

P =
π

4
E∗δ. (4)

The semi-chord length of contact l in the Hertz model can be determined by the geomet-
ric relationship between the semi-chord length of contact l and compressive displacement δ
as follows [27]:

l ≈
√

Rδ, (5)

where R denotes the relative curvature of the contact and is defined as follows:

R =
R1R2

∆R
. (6)

Substituting Equations (4) and (5) into Equation (2), the maximum contact pressure in
the Hertz model can be obtained as follows:

q0 =

(
PE∗

πR

)1/2
. (7)
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2.1.2. Persson Model

Assuming that the radial displacement of the contact area was independent of the
tangential displacement, Persson derived the geometric relationship of the contact area as
follows [28]:

u2 − u1 = δ cos β − (R2 − R1)(1 − cos β), (8)

where u1 and u2 denote the radial displacements of the inner and outer cylinders at the
contact point, respectively.

Ciavarella et al. [29,30] developed the Persson theory and proposed a completely
closed-form solution to the contact problem of cylinders with clearance. The maximum
contact pressure was calculated using the following equation:

R2q0

Q
=

2b
π
√

b2 + 1
+

1
π

(
1 − B

2

)
log

√
b2 + 1 + b√
b2 + 1 − b

, (9)

where B = (2b4 + 2b2 − 1)/(b4 + b2), b = tan(ε/2). The auxiliary variable b can be obtained
by solving the following nonlinear equation:

E∗
1 ∆R
P

=
(α0 − 1)

(
log

(
b2 + 1

)
+ 2b4)+ 2

π(1 + α0)(b2 + 1)b2 − 4β0

π(1 + α0)
, (10)

where E∗
1 is the modified Young’s modulus; α0, β0 is Dundurs’s material parameters. The

definitions of the parameters in Equation (10) can be found in the research of Ciavarella
et al. [29]. The contact pressure distribution of the Persson model aligns with that of the
Hertz model (Equation (1)).

2.1.3. Liu Model

The Winkler elastic foundation model is commonly used to describe the outer cylinder
in cylinder contact problems [31–33]. Based on the Winkler elastic foundation model and
the FEM, Liu et al. [31] developed a method for calculating the maximum contact pressure
as follows:

q0 =
E∗δ

2R2
, (11)

where the compressive displacement δ can be calculated by the following formula:

P =
1
2
πδE∗

√
δ

2(∆R + δ)
. (12)

The contact pressure distribution of the Liu model also aligns with that of the Hertz
model (Equation (1)).

Notably, these models are based on different theoretical assumptions and have differ-
ent application scopes. The Hertz model assumes that the pressure distribution exponent
n is 1/2. The shape and size of the bodies and how they are supported must be accounted
for [33]. Liu et al. [31] further examined the applicability of the Hertz model and found that
the Hertz model is only applicable when there is a large clearance between cylinders and the
external load is small. Persson’s model is based on a geometric relationship (Equation (8))
of the contact area. When ∆R is large, this relationship also has significant errors at the
edge of the contact area (β = ε). Liu’s model assumes that the displacement of the elastic
foundation at the vertex of the wedge is half the compressive displacement; however, this
ratio may change when the cylinder size or external load changes [34].

Unlike common internal cylinder contact problems (such as friction pairs) in mechan-
ical systems, the pipe–borehole wall contact in HDD has a large clearance (the order of
magnitude is typically 10–102 mm), and the borehole wall is subjected to drilling fluid
pressure. Therefore, it is necessary to find a method for determining the contact pressure
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distribution and external load–displacement relationship suitable for HDD. This topic will
be discussed in the following section.

2.2. HDD Pipe–Borehole Wall Contact Model

The contact pressure distribution can be expressed as follows [33]:

pc = p0

(
1 − x2

l2

)n

. (13)

There are two parameters that need to be determined in Equation (13): the maximum
contact pressure p0 and the pressure distribution exponent n. The following sections will
explain how to determine these two parameters.

2.2.1. Maximum Contact Pressure in HDD

Compared to analytical methods, FEM is not limited by the assumptions of con-
tact pressure distribution and geometric relationships and is widely used in contact
analysis [31,34–39]. This study used FEM to investigate the pressure distribution and
external load–compressive displacement relationship for the pipe–borehole wall contact
in HDD projects. The details of the FEM model are provided in Appendix A. The calcu-
lation parameters are listed in Table 1, and the range of parameters is based on the HDD
operating conditions.

Table 1. Parameters values used for FEM simulations.

Test
No.

E1
/MPa

E2
/MPa v1 v2

R1
/mm

R2
/mm Overcut Ratio 1/2P

/N·mm−1

Drilling Fluid
Pressure

/MPa

1–7 750 10–70 (with an
interval of 10) 0.3 0.3 600 900 1.5 2.11 0.1

8–11 2.1 × 105 10, 30, 50, 70 0.3 0.3 600 900 1.5 2.19 0.1

12–22 750 10 0.3 0.3 600
360–510 (with

an interval
of 15)

1.2–1.7 (with an
interval of 0.05) 2.11 0.1

23–26 750 10 0.25, 0.3,
0.35, 0.4 0.3 600 900 1.5 2.11 0.1

27–30 750 10 0.3 0.25, 0.3,
0.35, 0.4 600 900 1.5 2.11 0.1

31 750 10 0.3 0.3 220 330 1.5 0.99 0.1
32 750 10 0.3 0.3 260 390 1.5 1.50 0.1
33 750 10 0.3 0.3 300 450 1.5 2.11 0.1
34 750 10 0.3 0.3 340 510 1.5 2.82 0.1

35–39 750 10 0.3 0.3 600 900 1.5
1.40–3.00 (with
an interval of

0.4)
0.1

40–51 750 10 0.3 0.3 600 900 1.5 2.11 0.1–1.2 (with an
interval of 0.1)

52 750 10 0.3 0.3 600 900 1.5 2.11 0

Hu et al. [34] showed no significant difference between the elastic and elastic–plastic
analysis results when the external load P was small. Taking the 900 mm diameter HDPE
pipe as an example, the order of magnitude of the external load, P, was approximately
1 N/mm. In addition, we conducted an elastic–plastic analysis for No. 1–3 test conditions
(Table 1). These results were consistent with those of the elastic analysis, and no plastic
deformation occurred. Therefore, this contact analysis assumes that the pipe and borehole
walls are isotropic elastic bodies.

Figure 3 shows the change in the maximum contact pressure when only the drilling
fluid pressure σ0 is changed (No. 40–52 tests in Table 1). It can be observed that the drilling
fluid pressure affects the maximum contact pressure; the greater the drilling fluid pressure,
the more significant the impact. Therefore, it is necessary to consider the influence of the
drilling fluid pressure in HDD pipe–borehole wall contact analysis. Figure 3 also shows
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that the drilling fluid pressure σ0 results in a maximum contact pressure increment ∆p of q0
(the maximum contact pressure without the drilling fluid pressure). The maximum contact
pressure p0 in HDD pipe–borehole wall contact can be represented as follows:

p0 = q0 + ∆p, (14)

where ∆p stands for the maximum contact pressure increment caused by the effect of
drilling fluid pressure.
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According to Equations (14) and (15), the maximum contact pressure p0 is related to
the external load P, equivalent elastic modulus E*, equivalent radius R, and drilling fluid
pressure σ0. To study the relationship between the maximum contact pressure increment
∆p and the above parameters, the maximum contact pressure increment ∆p under different
parameters was calculated using FEM. The results are shown in Figure 5.
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As illustrated in Figure 5, a second-order polynomial effectively describes the rela-
tionship between the maximum contact pressure increment ∆p and each of the related
parameters (P, E*, R, σ0). Additionally, compared to linear polynomials, the second-order
polynomial fitting results exhibit smaller residuals and a higher R-squared value. Although
higher-order polynomials may provide a better fit, they often lead to overfitting. Therefore,
the second-order polynomial offers an optimal balance between fitting accuracy and model
simplicity. In this study, the second-order polynomial was used to describe the relationship
between the maximum contact pressure increment ∆p and each of the related parameters.
The equation is as follows:

∆p = A0 + A1E∗ + A2E∗2 + A3R + A4R2 + A5σ0 + A6σ2
0 + A7P + A8P2, (16)

where Ai (i = 1, 2 . . . 8) is the coefficient required to be determined/fitted, A0 represents
the theoretical baseline of the system, which is used to adjust and calibrate the overall
level of the model; A1, A3, A5, and A7 indicate the linear influence of E, R, σ0, and P on the
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maximum contact pressure increment, respectively; A2, A4, A6, and A8 reflect the nonlinear
quadratic effect of E, R, σ0, and P on the maximum contact pressure increment, respectively.

Using data shown in Figure 5 and applying the nonlinear regression analysis method,
it was found that, for most materials, geometric dimensions, and loads in HDD projects,
the values of Ai (i = 1, 2, . . . 8) listed in Table 2 fit the results well. The mean squared error
of this fitting is 2 × 10−4. The confidence interval is also shown in Table 2.

Table 2. Ai values and 95% confidence interval.

Ai Values Confidence Interval

A0/MPa −3.85 × 10−3 [−4.87 × 10−3, −2.84 × 10−3]
A1/1 −1.01 × 10−4 [−1.10 × 10−4, −9.19 × 10−5]

A2/MPa−1 7.60 × 10−7 [6.38 × 10−7, 8.81 × 10−7]
A3/N·mm−3 6.21 × 10−6 [5.21 × 10−6, 7.22 × 10−6]
A4/N·mm−4 −1.15 × 10−9 [−1.56 × 10−9, −7.49 × 10−10]

A5/1 1.52 × 10−2 [1.48 × 10−2, 1.55 × 10−2]
A6/MPa−1 −2.11 × 10−3 [−2.40 × 10−3, −1.82 × 10−3]
A7/mm−1 6.59 × 10−4 [2.89 × 10−4, 1.03 × 10−3]
A8/N−1 −2.20 × 10−5 [−6.29 × 10−5, 1.90 × 10−5]

The maximum contact pressure p0 can be obtained by substituting Equations (15) and
(16) into Equation (14):

p0 =

(
PE∗

πR

)1/2
+ A0 + A1E∗ + A2E∗2 + A3R + A4R2 + A5σ0 + A6σ2

0 + A7P + A8P2, (17)

where P can be calculated by subtracting the gravity from the buoyancy acting on the pipe
per unit volume, E* can be obtained by Equation (3), R can be calculated by Equation (6),
and the values of Ai (i = 1, 2 . . . 8) are listed in Table 2.

Figure 6 shows a comparison of the maximum contact pressure p0 between the the-
oretical result calculated by Equation (17) and the FEM results. It can be seen that the
theoretical results are very close to the FEM results when considering the effect of drilling
fluid pressure. The average absolute and relative errors for the 51 tests were 0.001 MPa and
0.6%, respectively.
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2.2.2. Pressure Distribution Exponent in HDD

The pressure distribution exponent n determines the distribution form of contact
pressure. For internal cylinder contact, Hertz distribution, which has an elliptic form
(n = 1/2), is widely used. The pressure distribution exponent n can also be obtained
through numerical fitting [39]. Considering the limitations of the Hertz model and the
complexity of the contact in HDD, using numerical fitting to obtain n is more suitable
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for HDD pipe–borehole wall contact analysis. The distribution of the contact pressure
for 51 different tests is shown in Figure 7. It is evident that the exponential function
(Equation (13)) can better describe the distribution of the contact pressure. The value range
of the exponent n in HDD is generally between 0.6 and 0.75.
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2.2.3. External Load–Displacement Relationship

A relationship between the external load P, maximum contact pressure p0, and the
semi-chord length of contact l can be obtained by integrating the contact pressure distribu-
tion formula (Equation (13)):

P = 2
∫ l

0
p0

(
1 − x2

l2

)n

dx. (18)

Substituting Equation (14) into Equation (18) yields

P = 2Bl

[(
PE∗

πR

)1/2
+ ∆p

]
, (19)

where

B =

√
πΓ(n + 1)

2Γ(n + 3/2)
, (20)
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Here, Γ denotes the gamma function, particularly if n = 1/2, B = π/4.
The analysis of the FEM results reveals that for the HDD pipe–borehole wall contact

problem, there are significant errors (see Figure 8) when using the Hertz model (Equation
(5)) or Persson model (Equation (8)) to describe the geometric relationship between the
semi-chord length l and the compressive displacement δ. Notably, both the FEM and Hertz
model results showed a linear relationship. Therefore, the Hertz model was modified to
express the geometric relationship of the HDD pipe–borehole wall contact as follows:

l = k
√

Rδ, (21)

where k is a dimensionless coefficient fitted in Figure 8 with a value of 0.5663.

Figure 8. Relationship between semi-chord length and compressive displacement.

Figure 8 shows the geometric relationship between the semi-chord length l and the
compressive displacement δ. It can be seen that Equation (21) fits the FEM results well.
Substituting Equation (21) into Equation (19), the relationship between the external load P
and the compressive displacement δ is obtained as follows:

δ =
P2

4B2k2R
[(

PE∗
πR

)1/2
+ ∆p

]2 . (22)

This section establishes the HDD pipe–borehole wall contact model, which forms the
basis for calculating pipe–soil friction from a contact perspective.

3. Analytical Model for Calculating Pipe Pullback Loads
3.1. Pipe–Borehole Wall Friction Force

According to the adhesion theory developed by Bowden and Tabor, friction is primarily
caused by adhesive interactions in the actual contact area [40]. The pipe–borehole wall
friction force per unit length of pipe Ts can be expressed as follows [19]:

Ts = τs Ar, (23)

where τs is the shear (or friction) stress to break the junction (or adhesion), and Ar is the
real contact area.

The shear stress τs can be expressed as [41]

τs = τf , (24)

where τf is the shear strength of the borehole wall.
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The real contact area ratio α can be defined as [25]

α =
Ar

Ap
=

l
R1

=
k
√

Rδ

R1
, (25)

where Ap is the projected area of the pipe–borehole wall contact area.
Correspondingly, the real contact area per unit length of the pipe is

Ar = 2αR1 = 2k
√

Rδ. (26)

According to the Mohr–Coulomb criterion, the shear strength of the borehole wall is
defined as

τf = c + σa tan φ, (27)

where c denotes the cohesion; φ represents the internal friction angle; σa signifies the
normal stress, and σa = P/Ar. It should be noted that the drilling fluid will generate a
bentonite mud film on the borehole wall. As the part comes into contact with the pipeline,
the cohesion and internal friction angle of the bentonite mud film are used when calculating
the pipe–borehole wall friction force.

By substituting Equations (22), (24)–(27) into Equation (23), the formula for the pipe–
borehole wall friction force per unit pipe length Ts can be obtained as follows:

Ts = 2ck
√

Rδ + P tan φ. (28)

It can be seen that the pipe–borehole wall friction force calculated through Equation (28)
does not require an empirical friction coefficient.

3.2. Drilling Fluid Drag Force

The ASTM model calculates the drilling fluid drag force Tif by considering a balance
of the forces acting on the fluid annulus in the borehole due to the pressure difference and
the lateral shear forces acting on the pipe and borehole walls [11]:

Ti f = ∆Pf
π

2

(
R2

2 − R2
1

)
. (29)

The pressure difference ∆Pf is estimated to be a constant value (70 kPa), which may
cause errors in calculating fluid drag force because the related parameters differ for various
HDD projects.

This model calculates the drilling fluid drag force based on the ASTM model, but the
pressure difference is not estimated to be a constant value. The pressure difference of the
annulus is related to the annulus size, flow rate, and drilling fluid parameters. Previous
studies have demonstrated that drilling fluid typically behaves as a non-Newtonian fluid
with a yield point. The Bingham model effectively describes the rheological characteristics
of drilling fluids [16]. Therefore, the Bingham model was used to describe the drilling fluid
in this study. The pressure difference ∆Pf required for the laminar flow of Bingham fluid in
an eccentric annulus can be expressed as follows [42,43]:

∆Pf = C∆Pf c = C

[
12µvS

(R2 − R1)
2 +

3τ0S
R2 − R1

]
, (30)

where ∆Pfc represents the pressure difference in the concentric annulus; µ denotes the
dynamic viscosity of drilling fluid; v stands for the flow velocity of drilling fluid; τ0
signifies the yield point of drilling fluid; S represents the length of the pipeline entering the
borehole; and C denotes the correction factor, which is related to the eccentricity e and the
overcut ratio R2/R1.
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The correction factor C can be calculated by the following formula [43]:

C = 1 − 0.072e
(

R1

R2

)0.8454
− 1.5e2

(
R1

R2

)0.1852
+ 0.96e3

(
R1

R2

)0.2527
. (31)

A schematic of the eccentric annulus is presented in Figure 9. Eccentricity e is defined
as follows:

e =
λ

R2 − R1
, (32)

where λ is the distance between the centers of the pipe and the borehole.
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The drilling fluid drag force Tif can be obtained by substituting Equation (30) into
Equation (29):

Ti f = ∆Pf
π

2

(
R2

2 − R2
1

)
= Cπ

(
6µvS

R2 − R1
+

3τ0S
2

)
(R2 + R1). (33)

The calculation of the drilling fluid drag force in this model considers the effects of the
annulus size, flow rate, drilling fluid parameters, and eccentricity.

3.3. Pipeline Pullback Loads

During pipeline pullback operation, the pipeline is subjected to the friction force
between the pipeline and ground surface or roller Tig, friction force between the pipeline
and borehole wall Tis, drilling fluid drag force Tif, and pipeline’s weight Tiw [7,8]. Consid-
ering that the drilling fluid pressure at different positions of the borehole may differ, the
borehole is divided into N linear calculation units when calculating Tis (Figure 10). The
drilling fluid pressure at the midpoint of the calculation unit was used when calculating
the pullback loads.
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When the pipeline is pulled to the end of calculation unit i, the friction force between
the pipeline and borehole wall Tis can be obtained by summing the pipe–borehole wall
friction force (calculated using Equation (28)) of the previous i calculation units:

Tis =
i

∑
k=1

[
2ck

√
RδkSk + PkSk tan φ

]
, (34)

where δk represents the compressive displacement of the calculation unit k; Pk denotes the
external load per unit length of the calculation unit k; and Sk signifies the length of the
calculation unit k.

Directional changes in the borehole lead to an increase in the external load, called the
capstan effect [44]. Therefore, before calculating the external load, Pk, it is necessary to
determine whether the direction of the borehole has changed. When the inclination angle
of calculation unit k is the same as that of calculation unit k − 1, the external load Pk (per
unit length) is calculated as follows:

Pk = wg cos θk, (35)

where w denotes the net weight of the unit length of the pipe; θk represents the inclination
angle of the calculation unit k (the angle between the axis of the calculation unit and
the horizontal).

When the inclination angle of the calculation unit k is different from that of the
calculation unit k − 1, the external load Pk is also related to the pullback force Tk−1 and the
inclination angle of the calculation unit k − 1. The external load increment ∆Pk caused by
the capstan effect can be calculated by the following equation [44]:

∆Pk = Tk−1|θk − θk−1|, (36)

where Tk−1 represents the pullback loads for the pipeline to be pulled back to the calculation
unit k − 1; θk−1 denotes the inclination angle of the calculation unit k − 1.

It should be noted that if the pipeline has high stiffness and undergoes significant
bending when there are directional changes in the borehole, it will also lead to an addi-
tional increment of external load, ∆Psti. In this case, when calculating ∆Pk, this additional
increment, ∆Psti, should be included. The calculation of ∆Psti has been addressed by Cheng
and Polak [8]. Due to the complexity of the calculation method for ∆Psti, it is not listed here
to save space. For details, please refer to reference [8].

The external load Pk of the calculation unit k can be estimated by considering an even
distribution of ∆Pk (because ∆Pk is much smaller than Pk, the effect of this estimation on
∆Pk is considered to be negligible and the shorter the length of the calculation unit, the
smaller the error):

Pk = wg cos θk +
∆Pk
Sk

= wg cos θk +
Tk−1|θk − θk−1|

Sk
. (37)

The drilling fluid drag force Tif is calculated using Equation (33), and the friction force
between the pipeline and the ground surface of the roller Tig can be calculated by

Tig = wµaS0 cos θ0, (38)

where µa denotes the coefficient of friction applicable at the surface before the pipe enters
the borehole; S0 signifies the length of the pipeline at the ground; and θ0 represents the
angle between the ground and the horizontal.

The pipeline’s weight Tiw can be expressed as follows:

Tiw =
i

∑
k=1

w sin θkSk, (39)
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where Tiw takes a negative value when the angle between the net weight w and the pullback
direction of the calculation unit is less than 90◦; otherwise, it takes a positive value.

The pullback loads (Ti) for the pipeline to be pulled back to the end of the calculation
unit i can be obtained by summing the friction force between the pipeline and ground or
roller Tig, the friction force between the pipeline and borehole wall Tis, drilling fluid drag
force Tif, and pipeline’s weight Tiw:

Ti = Tig + Ti f + Tis + Tiw (40)

4. Case Studies

The analytical model proposed in the previous section was used to analyze two
pipeline crossing projects ( 1⃝ HD3-3, HDPE pipe; 2⃝ Pull 9, steel pipe). Borehole geome-
tries were obtained from the profiles recorded for each project. The coefficient of friction
applicable at the surface before the pipe enters borehole µa was inversely obtained from the
measured pipe pullback loads. The values of the other parameters used for the analyses
were either obtained from field measurements or were approximately based on typical
values published in the literature [5,45]. The pullback loads of the two crossing projects
were measured by using a load unit attached to the pullback head. Further details can be
found in references [5,45].

Figure 11 compares the theoretical results (including the proposed model, ASTM
method, and PRCI method), field-measured results, and the linear trend line of the
field-measured results for projects HD3-3 (Figure 11a) and Pull-9 (Figure 11b). Con-
sidering the applicability of existing methods, the ASTM method was used to calcu-
late the pullback loads of project HD3-3 (HDPE pipe), and the PRCI method was used
to calculate the pullback loads of project Pull 9 (steel pipe). The results are shown in
Figures 11a and 11b, respectively.
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As depicted in Figure 11, the spikes in the field-measured results reflected the pullback
process, which consisted of a series of pullback and stopping (disassembly of drill rods)
operations. Because the analysis assumed a continuous pullback process, the trend lines
of the measured results were better suited for comparison with the theoretical results [5].
It can be seen that compared to existing methods, the calculation results of the proposed
model are closer to the measured results. Moreover, the rates of change of the trend lines
and calculated curves were similar. The minimum and maximum relative errors between
the trend line of the measured results and the proposed model for project HD3-3 (HDPE
pipe) are 0.54% and 13.01%, respectively. For project Pull-9 (steel pipe), the minimum and
maximum relative errors between the trend line of the measured results and the proposed
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model are 0.26% and 1.24%, respectively. The calculation results of the proposed model
for the HDPE and steel pipes indicate that the proposed model has broader applicability.
This is because the pipe–borehole wall friction force in the proposed model is based on the
pipe–borehole wall contact model rather than the prescribed friction coefficient, which is
not limited by the type of pipe used.

Several factors may have contributed to the differences between the theoretical and
field-measured results. The first condition was that the resistance resulted from the pressure
difference force at the front of the reamer. A lack of sufficient data makes it challenging
to implement reasonable values in the model [46]. In the second condition, a series of
recording points approximated the borehole used for the calculation. An approximate may
differ from an actual borepath. The third condition was that specific material parameters
used for the analysis (such as the elastic modulus, cohesion, and pressure distribution
exponent n) were approximate, and even small changes in their values could affect the
calculation results. Otherwise, the model provides a reasonable and widely applicable
method for calculating pullback loads.

The rheological parameters τ0 and µ have a considerable influence on drilling fluid
drag force. To illustrate the influence of the rheological parameters, an analysis was
conducted using the HD3-3 condition. The results are shown in Figure 12. It can be
seen that as τ0 and µ increase, the drilling fluid drag force also increases. However,
compared to that of the yield point, the influence of viscosity on the drilling fluid drag
force is minimal. This is because the shear rate of drilling fluid flow is low, and the effect
of viscosity on shear stress is much smaller than that of the yield point. Moreover, the
influence of temperature and time on rheological characteristics is intricate and varies based
on factors such as composition and testing conditions [47–49]. It is essential to monitor the
flow characteristics of drilling fluid in real-time during pullback operations to ensure the
accuracy of the parameters used in the calculations.
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5. Conclusions

A method for examining pipe–borehole wall contact was presented in this paper. The
contact pressure distribution and external load–displacement relationship, considering
the effect of drilling fluid pressure, were derived. Compared to the Liu and Persson
models, the Hertz model has the highest accuracy in calculating the maximum contact
pressure when the drilling fluid pressure is not considered in HDD projects. The maximum
contact pressure considering the effect of drilling fluid pressure was obtained using FEM
and nonlinear regression methods. The calculation results of maximum contact pressure
considering the drilling fluid pressure were very close to the FEM results, with average
absolute and relative errors of 0.001 MPa and 0.6%, respectively, under the 51 test conditions.
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For HDD projects, the value range of the pressure distribution exponent n is generally
between 0.6 and 0.75.

Additionally, based on the analysis of pipe–borehole wall contact, a novel pullback
loads model was proposed. The model includes the main mechanisms that contribute to the
pullback loads. The adhesion theory was used to calculate the pipe–borehole wall friction
force, avoiding the influence of empirical factors on the results. The effects of the annulus
size, flow rate, drilling fluid parameters, and eccentricity were considered when calculating
the fluid drag force. Through case studies, the applicability and potential of the model in
HDD projects were verified, and the effect of drilling fluid rheological characteristics on
drilling fluid drag force was analyzed.

Notably, the variability of the construction, material, and borepath parameters will
always make precise theoretical predictions of the field results challenging. A reasonable
model can show the expected range of magnitudes of pipe pullback loads, variation trends
of pullback loads, and influences of specific parameters on pullback loads. Thus, the
proposed model exhibits good application results and prospects for HDD projects. Analysis
from the contact perspective can also provide new ideas for studying pipe pullback loads.
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Abbreviations

Ai (i = 1, 2 . . . 8) dimensionless coefficient required to be determined/fitted
Ap projected area of the pipe–borehole wall contact area
Ar real contact area
B function determined by n and gamma function
B0 function determined by b
b auxiliary variables, b = tan(ε/2)
C correction factor related to the eccentricity e and the overcut ratio R2/R1
c cohesion
E1 elastic modulus of the inner cylinder
E2 elastic modulus of the outer cylinder
E* equivalent elastic modulus
E∗

1 modified Young’s modulus of the inner cylinder
e eccentricity
i number of linear calculation units before calculation point
k dimensionless coefficient
l semi-chord length corresponding to the angle ε

N number of linear calculation units
n pressure distribution exponent
P external load per unit length of the pipeline
Pk external load per unit length of the calculation unit k
p0 maximum contact pressure accounting for the drilling fluid pressure
pc contact pressure
q0 maximum contact pressure without drilling fluid pressure
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R relative curvature of the contact
R1 radius of the pipe
R2 radius of the borehole
S length of the pipeline entering the borehole
S0 length of the pipeline at the ground
Sk length of the calculation unit k
Ti pullback loads for the pipeline to be pulled back to the end of calculation unit i
Tif drilling fluid drag force
Tig friction force between the pipeline and the ground or roller
Tis friction force between the pipeline and the borehole wall
Tiw pipeline’s weight
Tk−1 pullback loads for the pipeline to be pulled back to the end of calculation unit k − 1
Ts Pipe–borehole wall friction force per unit length of the pipe
u1 radial displacement of the inner cylinder at the contact point
u2 radial displacement of the outer cylinder at the contact point
v drilling fluid flow velocity
v1 Poisson’s ratio of the inner cylinder
v2 Poisson’s ratio of the outer cylinder
w net weight of the unit length of the pipe
x distance between the point on the contact surface and the symmetry axis
α real contact area ratio
α0 Dundurs’s material parameters
β angle at which points on the interface depart from the central line
β0 Dundurs’s material parameters
Γ gamma function
∆p maximum contact pressure increment
∆Pfc pressure difference in the concentric annulus
∆Pf pressure difference in HDD borehole
∆Pk external load increment caused by the capstan effect
∆Psti external load increment caused by pipeline stiffness
∆R radial clearance of the pipe and borehole, ∆R = R2 − R1
δ compressive displacement
δk compressive displacement of the calculation unit k
ε semi-angle of contact corresponding to the whole contact arc
θ0 angle between the ground and the horizontal
θk inclination angle of the calculation unit k
θk−1 inclination angle of the calculation unit k − 1
λ distance between centers of pipe and borehole
µ dynamic viscosity of drilling fluid
µa coefficient of friction applicable at the surface before the pipe enters borehole
σ0 drilling fluid pressure
σa normal stress
τ0 yield point
τf shear strength of the borehole wall
τs shear (or friction) stress to break the junction (or adhesion)
φ internal friction angle

Appendix A. FEM Simulations

FEM simulations were performed to obtain the contact pressure distribution and
external load–displacement relationship in HDD pipe–borehole wall contacts. Owing to
the symmetry of the pipe and borehole, 1/2 was modeled, as shown in Figure A1. The
dimensions of the borehole in the horizontal and vertical directions (W and H, respectively)
were set to 100 R1 to eliminate boundary effects. The geometric and material parameters of
the borehole and pipe are shown in Table 1. The bottom and right surfaces of the borehole
are fixed. A symmetric boundary was applied to the middle dashed line in Figure A1.
The pipe was in contact with the borehole wall under the action of 1/2 P. The borehole
was subjected to drilling fluid pressure σ0. The load values are also shown in Table 1.
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The FEM mesh is shown in Figure A2. Element dimensions of 0.1% R1 and 0.04% R1
were tested, and the results showed negligible differences. Thus, the minimum element
size was set to approximately 0.04% R1 in the FEM calculations. The FEM model was
developed using the commercial software Abaqus. The analysis steps included excavation,
application of drilling fluid pressure (if applicable), activation of the pipe, and application of
external loads. The displacements of the pipe and borehole, as well as the contact pressure
distribution, after equilibrium were used to analyze the pipe–borehole wall contact.
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