
Academic Editor: Humberto Varum

Received: 7 April 2025

Revised: 15 May 2025

Accepted: 29 May 2025

Published: 31 May 2025

Citation: Tian, X.; Song, Z.; Lun, K.;

Xie, J.; Ma, P. A Prediction Method for

Frictional Resistance in Long-Distance

Rectangular Pipe Jacking Considering

Complex Contact States. Buildings

2025, 15, 1904. https://doi.org/

10.3390/buildings15111904

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

A Prediction Method for Frictional Resistance in Long-Distance
Rectangular Pipe Jacking Considering Complex Contact States
Xiaoxu Tian 1,2 , Zhanping Song 1,2,* , Kangbao Lun 2,3, Jiangsheng Xie 4 and Peng Ma 1,2

1 School of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China;
tianxiaoxu@xauat.edu.cn (X.T.); mply@xauat.edu.cn (P.M.)

2 Shaanxi Key Laboratory of Geotechnical and Underground Space Engineering, Xi’an 710055, China;
lunkangbao@xauat.edu.cn

3 School of Resources Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China
4 China Railway 20th Bureau Group Corporation Limited, Xi’an 710016, China; x177@163.com
* Correspondence: songzhpyt@xauat.edu.cn

Abstract: In long-distance, large-section rectangular pipe jacking operations, machine
deviation is an inevitable factor that poses substantial challenges to the accurate prediction
of frictional resistance. To address this issue, a novel methodology is proposed to analyze
the dynamic interactions at the pipe–soil–slurry interfaces. This approach integrates real-
time alignment monitoring with the Winkler elastic foundation theory to enhance predictive
accuracy. A comprehensive predictive framework is developed for excavation profiles and
pipeline deflection curves under varying thrust distances, enabling the quantification of
complex contact states. By applying Newton’s law of friction and the Navier–Stokes fluid
mechanics equations, calculation methods for the frictional resistance of pipe–soil contact
and pipe–mud contact are systematically derived. Furthermore, a predictive model for
the jacking force in long-distance rectangular pipe jacking, accounting for complex contact
conditions, is successfully established. The jacking force monitoring data from the 233.6-m
utility tunnel pipe jacking project case is utilized to validate the reliability of the proposed
theoretical prediction method. Parametric analyses demonstrate that doubling the subgrade
reaction coefficient enhances peak resistance by 80%, while deviation amplitude exerts
a 70% greater influence on performance compared to cycle parameters. Slurry viscosity
emerges as a critical factor governing pipe–slurry interaction resistance, with each doubling
of viscosity causing up to a 56% increase in resistance. The developed methodology proves
adaptable across five distinct operational phases—machine advancement, initial jacking,
stable jacking, deviation accumulation, and final jacking—establishing a robust theoretical
framework for the design and precision control of ultra-long pipe jacking projects.

Keywords: long-distance rectangular pipe jacking; frictional resistance prediction; complex
contact states; pipe jacking machine deviation

1. Introduction
In the context of global urbanization, the development and utilization of urban un-

derground space are increasingly oriented toward intensification and deep-level con-
struction [1,2]. Utility tunnels, as critical infrastructures for the centralized installation
of municipal pipelines, demonstrate 40–60% higher spatial efficiency compared to tradi-
tional direct-buried pipelines [3,4], positioning them as strategic priorities in smart city
underground infrastructure development. Compared to open-cut methods, pipe jacking
technology enables non-disruptive tunneling through sensitive areas with deformation
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control precision of 3–5 mm [5,6], exhibiting significant technical advantages in utility tun-
nel engineering [7]. However, when jacking distances exceed 100 m, cumulative frictional
resistance induces nonlinear surges in thrust forces [8], while existing predictive models
exhibit errors as high as 50% in complex strata [9], posing critical challenges to the safety
and cost-effectiveness of ultralong pipe jacking projects.

Frictional resistance during pipe jacking involves intricate multi-physics coupling
mechanisms. While face resistance is predominantly governed by cutterhead excavation
parameters [10,11], the contribution of lateral frictional resistance can exceed 85% in long-
distance drives [12]. Classical theoretical frameworks require comprehensive integration of
critical factors such as soil pressure redistribution [13], grouting time-dependency [14–16],
and interface contact evolution [17,18]. Nevertheless, the Terzaghi soil arching model
demonstrates discrepancies in shallow sandy strata due to oversimplification of soil rhe-
ological behavior [19], while cohesive effects in rock layers invalidate interface negative
pressure calculations [20]. Recent advancements, including improved contact coefficient
methods [21], time-dependent slurry constitutive models, and thermo-mechanical coupling
analyses [22], have reduced prediction errors to below 10% under specific conditions [23,24].
Prior studies reveal the dynamic evolution of pipe–soil–slurry interfaces during jacking,
where tunnel deflection and alignment deviations form a positive feedback mechanism.
However, prevailing models relying on rigid contact assumptions fail to accurately charac-
terize the dynamic evolution of interfacial interactions during construction.

To address these limitations, this study first conducts an in-depth analysis of align-
ment deviation monitoring data to establish predictive equations for excavation profiles.
Subsequently, based on the Winkler elastic foundation theory, deflection curves of jacked
pipelines are derived for varying thrust distances. Integrating excavation profiles with
pipeline deflection curves, a quantitative computational framework is proposed to resolve
complex pipe–soil–slurry contact configurations. A dynamic evaluation criterion for in-
terface contact states is established, culminating in a novel frictional resistance prediction
methodology for long-distance rectangular pipe jacking that accounts for intricate contact
dynamics. Validation through real-world engineering case studies confirms the method’s
reliability, providing a robust theoretical foundation for the design and construction of
ultralong pipe jacking projects.

2. Construction Effects and Contact States in Rectangular Pipe Jacking
During pipe jacking construction, axis deviation of the pipe jacking machine is in-

evitable. Particularly in soft soil strata, the heavy cutterhead often induces a “snaking
phenomenon”, causing gradual deviation from the intended jacking direction. The longer
the jacking distance, the more pronounced this offset becomes. In soft soils, the substantial
weight of assembled pipe segments leads to deflection deformation under self-weight
before integral tensioning. As jacking progresses, this deflection intensifies, resulting in a
long-distance pipe deformation effect.

2.1. Deviation Effect of Pipe Jacking Machine

The axis deviation of the pipe jacking gradually increases with advancement distance.
When the deviation exceeds a specific threshold, steering correction measures are typically
implemented to mitigate the axis offset and prevent loss of attitude control, ensuring the
machine reaches the predetermined position of the receiving shaft. The interaction between
axis deviation and steering correction constitutes a dynamic adjustment process, which
explains why the monitored deviation data exhibit distinct variation patterns.

The No. 1 and No. 2 pipe jacking tunnels located on Hongzuan Road have a total
length of 105 m, with an approximate burial depth of 10 m. These tunnels primarily traverse
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a silt soil layer. The cross-sectional dimensions of Tunnel No. 1 are 10.1 m in width by
7.25 m in height, while those of Tunnel No. 2 are 7.50 m in width by 5.40 m in height.
The construction process utilized two earth-pressure balance pipe jacking machines. The
vertical axis deviation monitoring results are illustrated in Figure 1.
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Figure 1. Monitoring data of the vertical axis deviation of the pipe-jacking machine: (a) The
Hongzhuan Road 1# pipe jacking tunnel [25] and (b) the Hongzhuan Road 2# pipe jacking tun-
nel [25].

The axis deviation of the pipe jacking machine exhibits significant periodic character-
istics, along with a persistent upward deviation trend during long-distance jacking. Due to
its heavier weight compared to the pipe segments, the machine’s cutterhead compresses the
underlying soil during jacking, thereby inducing a downward deviation tendency. When
the machine’s deviation reaches a critical distance, upper steering correction is performed
to reduce the downward offset. This dynamic interaction results in a periodic deviation
pattern of the machine’s axis, as shown in Figure 1a,b. The displacement of the machine’s
central axis is expressed by Equation (1), as follows:

f (y) = z0 + A · sin(my + φ0) (1)

where A represents the amplitude of jacking machine deviation, determined by the thresh-
old of the pipe jacking equipment during advancement, and is generally constrained within
50 mm. z0 denotes the initial incision deviation generated during the jacking stage, which
depends on the machine model and the physical properties of the stratum near the launch-
ing shaft, typically around 10 mm. m is the frequency of steering corrections, influenced
by construction conditions and technical specifications m = π/t (when corrections are
applied per t meters of jacking distance). φ0 refers to the initial phase angle of the machine
deviation during the jacking process.

2.2. Longitudinal Deformation Effect of Pipe Jacking

In soft soil strata, as the pipe jacking machine advances and pipe segments are spliced,
the assembled pipe segments undergo downward deflection deformation due to their
substantial weight. To calculate this deflection, the spliced pipe is modeled as a Winkler
elastic foundation beam subjected to overlying soil pressure q and self-weight G. During
construction, the pipe is constrained by two boundary conditions: the launching shaft
constraint at the tail of the pipe segments and the pipe jacking machine constraint at the
front end. Both constraints can restrict horizontal and vertical displacements, thereby
functioning as hinged supports, as illustrated in Figure 2.



Buildings 2025, 15, 1904 4 of 17

Figure 2. Calculation schematic diagram of elastic foundation beam.

According to the elastic foundation beam theory, the differential equation of the
deflection curve for the pipe jacking mechanical model is derived as follows:

EI
d4w
dy4 + P(y) = q(y) (2)

where w(y) denotes the deflection curve equation of the pipe; EI represents the bending
stiffness of the pipe; q(y) corresponds to the external load applied to the pipe, which is
defined as the sum of the overlying soil pressure and the self-weight of the pipe; and p(y)
indicates the subgrade reaction from the foundation.

According to the assumption of the elastic foundation beam, p(y) = kbw(y), where k
is the subgrade reaction coefficient of the soil layer at the lower surface of the pipe jacking.
As described in the literature [19], the value of the subgrade reaction coefficient k is related
to the burial depth, pipe section stiffness, and soil properties, and can be determined
according to the following formula:

k =
3.08E

η(1 − ν2)
8

√
EB4

Eb I
(3)

where η is the depth influence factor, whose value is calculated by the following formula:

η =

{
2.18(h/B < 0.5)(

1 + 1
1.7h/B

)
(h/B ≥ 0.5)

(4)

where h is the burial depth of the pipe section, and B is the width of the pipe section.
With the origin O set at the launching shaft, and considering the deviation of the pipe

jacking machine by a distance n,

y0 = 0; M0 = 0; yl = n; Ml = 0 (5)

Hence, the equation describing the centerline of the pipe segment, accounting for the
deflection caused by the pipe jacking machine, is given by the following equation:

y(y) = y0R1(y) +
θ0
ρ R2(y)− M0

EIρ2 R3(y)

− Q0
EIρ3 R4(y) + 1

EIρ3

∫ y
0 qR4(y)(y − ε)dε

(6)

where R1(y) = ch(ρy) cos(ρy)/2; R2(y) = [ch(ρy) sin(ρy) + sh(ρy) cos(ρy)]/2;
R3(y) = sh(ρy) sin(ρy)/2; R4(y) = [ch(ρy) sin(ρy)− sh(ρy) cos(ρy)]/4; ρ 4

√
k/EI; ε is the

section where the distance between the left end of the y section and the endpoint O is
measured when the deflection w(y) is solved for any x section, ε ∈ [0, y].



Buildings 2025, 15, 1904 5 of 17

Subsequently, the deflection equation yS(x, y) for the upper side of the pipe, is given
by the following equation:

yS(y) = y0R1(y) +
θ0
ρ R2(y)− M0

EIρ2 R3(y)

− Q0
EIρ3 R4(y) + 1

EIρ3

∫ x
0 qR4(x)(x − ε)dε + H

2
(7)

The deflection equation yX(x, y) for the lower side of the pipe, is given by the follow-
ing equation:

yX(y) = y0R1(y) +
θ0
ρ R2(y)− M0

EIρ2 R3(y)

− Q0
EIρ3 R4(y) + 1

EIρ3

∫ y
0 qR4(y)(y − ε)dε − H

2
(8)

Combining the analysis of the central axis of the pipe jacking machine in Equation (1),
the upper excavation profile fS(y) is as follows:

fS(y) = y0 + A · sin(my + φ) +
H
2

(9)

The lower excavation profile fX(y) is as follows:

fX(y) = y0 + A · sin(mx + φ)− H
2

(10)

2.3. Determining Method for Contact States Considering Pipe Jacking Construction Effects

With the increase in jacking distance, the influence of angular deviation caused by the
attitude of the pipe jacking machine on the jacking force gradually diminishes, while the
deflection of pipe segments becomes increasingly pronounced. Concurrently, the control
difficulty of machine deviation surges exponentially with advancing distance, leading
to alterations in the excavation face geometry of the jacking machine. These changes
significantly amplify the complexity of pipe–soil/slurry interactions, necessitating the
establishment of the coordinate system illustrated in Figure 3.

 
Figure 3. Diagram of coordinate system during rectangular pipe jacking.

Based on the established coordinate system, the complex contact forms of the pipe
jacking are analyzed, as shown in Figure 4. The upper, lower, left, and right excavation
profiles after the pipe jacking machine excavates are fS(x, y), fX(x, y), fZ(x, y), and fY(x, y)
respectively. In the yoz plane, the pipe segment will have a certain deflection under the
action of the upper soil pressure Fs and its own gravity G. In the xoy plane, the pipe segment
is affected by the soil pressure on both sides, but lateral deformation of the pipe segment
can be ignored. The upper, lower, left, and right curves of the pipe segment are yS(x, y),
yX(x, y), yZ(x, y), and yY(x, y), respectively.
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Figure 4. Diagram of long-distance rectangular pipe jacking contact state analysis: (a) yoz plane and
(b) xoy plane.

In the process of pipe jacking, it is necessary to consider not only the change of the
excavation surface caused by the deviation of the jacking machine but also the deflection
changes of the jacking. Under the joint action of the two, the constant change of pipe–
soil/slurry contact form in the long-distance jacking process is formed. The excavation
contour line left by the pipe jacking machine deviation is f (x, y), and the curve around
the pipe jacking segment is y(x, y). When the geometric profile of the pipe segment lies
entirely within the excavation contour, an annular gap exists between the outer pipe wall
and the excavation boundary, which is filled with pressurized slurry. In this scenario, the
interaction between the pipe and the surrounding medium is classified as a pipe–slurry
contact state. Conversely, if the pipe profile extends beyond the excavation contour, no
such gap exists, resulting in direct contact between the pipe exterior and undisturbed soil.
This condition is defined as a pipe–soil contact state. Therefore, the following criteria for
determining pipe–soil/slurry contact are formed:

(1) In the yoz plane, the upper and lower sides of the pipe jacking joint are affected by the
upper side soil pressure q and its own gravity G.

➀ When fS(x, y) > yS(x, y), the upper side of the pipe is in pipe–slurry contact;
when fS(x, y) ≤ yS(x, y), the upper side of the pipe is in pipe–soil contact;

➁ When fX(x, y) > yX(x, y), the lower side of the pipe is in pipe–soil contact,
when yX(x, y) ≤ fX(x, y), the lower side of the pipe is in pipe–slurry contact.

(2) In the xoy plane, transverse deformation of the pipe joint is ignored y(x, y) = ±B/2,
and the left and right sides of the pipe joint are straight lines.

➀ When fZ(x, y) > yZ(x, y), the left side of pipe jacking is in pipe–slurry contact;
when yZ(x, y) ≤ fZ(x, y), the left side of pipe jacking is in pipe–soil contact;

➁ When fY(x, y) > yY(x, y), the right side of the pipe is in pipe–soil contact, when
yY(x, y) ≤ fY(x, y), the right side of the pipe is in pipe–slurry contact.

3. Frictional Resistance Calculation Method Accounting for Complex
Contact States

Based on the method for determining complex contact states, a quantitative approach
for distinguishing pipe–soil and pipe–slurry interactions is established. When pipe–soil
contact occurs, the soil directly interacts with the pipe segment. In this case, the frictional
resistance is calculated using Newton’s friction law. When pipe–slurry contact occurs, the
slurry is gelled in the stationary state, and the positive stress between the pipe joint and the
slurry is difficult to determine and the application of Newton’s law of friction is limited. To
address this, the moving mud is modeled as a viscous fluid, and the frictional resistance is
derived from fluid mechanics principles.
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3.1. Friction Resistance Calculation of Pipe–Soil Contact State

When pipe–soil contact occurs, the friction resistance is calculated using the follow-
ing equation:

Fm = µσg−t (11)

where µ is the friction coefficient between the rectangular jacking pipe and soil, and σg−t is
the positive stress of the pipe–soil contact section.

Therefore, the core of frictional resistance calculation for pipe–soil contact lies in
determining the pipe–soil friction coefficient and the interfacial normal stress. Through
systematic analysis of concrete pipe jacking projects, friction coefficients between concrete
pipes and soils with varying geotechnical properties have been statistically derived, as
presented in Table 1.

Table 1. Friction coefficient of different soil bodies after grouting [24].

Contact Form Friction Factor

Concrete–silt/clay 0.07–0.19
Concrete–fine sand 0.03–0.14

Concrete–sandy clay 0.17–0.37
Concrete–sand/gravel 0.17–0.5

Currently, conventional methodologies for calculating pipe–soil interfacial normal
stress predominantly employ Boussinesq theory, Rankine’s earth pressure theory, and limit
equilibrium conditions. However, these approaches neglect the soil pressure increment
induced by pipe-induced radial compression of surrounding soils during jacking operations.
To address this limitation, a computational framework is established through analytical
integration of the excavation face geometry and the longitudinal deflection profile of the
jacked pipeline, explicitly incorporating pipe-induced soil compression effects.

For the upper side of a rectangular pipe jacking structure, the earth pressure induced
by pipe deformation under self-weight and grouting pressure is negligible. However, for
the lower side of the rectangular pipe, as the jacking distance increases, the cumulative
deflection of the pipe under its own weight progressively compresses the underlying soil.
Therefore, by combining the excavation face equation at the lower side of the pipe with the
deflection curve equation of the jacked pipeline, the earth pressure at the lower side of the
pipe can be derived as follows:

σx
g−t(y) = k[ fs(y)− ys(y)], yx(y) ≤ fx(y) (12)

For the sides of the rectangular pipe jacking structure, unlike the upper and lower
sections, there is no significant deflection deformation similar to that of the pipe jacking
machine. Consequently, the degree of soil compression on both sides is far less than that on
the lower side. Therefore, in calculating the lateral earth pressure on the pipe sections, the
contribution of soil compression is neglected to simplify the computation. The soil pressure
on the left side is therefore as follows:

σz
g−t(y) = λPs (13)

The soil pressure on the right side is as follows:

σ
y
g−t(y) = λPs (14)

where λ is the lateral pressure coefficient.
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3.2. Calculation Method of Friction Resistance of Pipe-Slurry Contact State

The existence of grout-reduced mud slurry exhibits fluidity and viscosity. There-
fore, the pipe–mud contact resistance during the jacking process is calculated based on
the viscous fluid mechanics Navier–Stokes (N–S) equations. The following assumptions
are made:

(1) Changes in the groundwater level of the stratum and the influence of the surrounding
environment are not considered.

(2) During the jacking process, the mud slurry fully fills the gap between the pipes and
the soil, without infiltrating the soil matrix.

(3) The grouting pressure equals the surrounding soil pressure, and the mud slurry is
treated as an incompressible fluid.

(4) The soil remains stationary, and the movement of soil in contact with the mud slurry
caused by jacking is ignored.

(5) The entire jacking process is performed at a uniform speed.

Under these assumptions, a differential element of the slurry body at any point G(x,
y, z), with volume dxdydz, is subjected to body forces and surface forces during jacking.
Due to the viscous nature of the mud slurry, both shear stresses and normal-direction shear
stresses exist. The stress components vary across different directional planes of the element.
To simplify the analysis, a simplified analytical model is adopted, as illustrated in Figure 5.

Figure 5. Surface force differential unit in the x direction.

Based on hypothesis (2), the mechanical equation of the slurry unit in the jacking
process can be simplified as follows:

∂Ux
∂t + Ux

∂Ux
∂x + Uy

∂Ux
∂y + Uz

∂Ux
∂t

= fzx − 1
ρ

∂p
∂x + υ( ∂2Ux

∂x2 + ∂2Ux
∂y2 + ∂2Ux

∂z2 )
(15)

∂Uy
∂t + Ux

∂Uy
∂x + Uy

∂Uy
∂y + Uz

∂Uy
∂t

= fzy − 1
ρ

∂p
∂y + υ(

∂2Uy
∂x2 +

∂2Uy
∂y2 +

∂2Uy
∂z2 )

(16)

∂Ux
∂t + Ux

∂Uz
∂x + Uy

∂Uz
∂y + Uz

∂Uz
∂t

= fzz − 1
ρ

∂p
∂z + υ( ∂2Uz

∂x2 + ∂2Uz
∂y2 + ∂2Uz

∂z2 )
(17)

As shown in Figure 5, the jacking speed of the pipe jacking machine along the jacking
direction is denoted as U. At position dy, the filling height of the slurry between the pipe
and the surrounding soil is h. Since the jacking speed remains constant along the pipe
segment length direction and the process operates under uniform-speed conditions, then

∂Uy

∂y
= 0;

∂Uy

∂t
= 0; fzy = 0; Ux = 0; Uz = 0 (18)
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Under conditions where the slurry is unaffected by earth pressure, the flow velocity of
the slurry within the same z-plane remains uniform. Therefore, ∂Uy/∂x = 0, there is:

∂2Uy

∂z2 =
C
µ

(19)

The above equation is a second-order linear differential equation with constant coeffi-
cients. To solve the equation, boundary conditions must be established. By incorporating
assumptions (3) and (4), the boundary conditions can be derived as follows:

z = ys(y), U = u; z = fs(y), U = 0 (20)

By combining Equations (15)–(20), the distribution function of the slurry at any cross-
section in the y-direction is obtained as follows:

U(y) = Cz2

2υ + z 2υu−C[ys(y)2− fs(y)2]
2υ(ys(y)− fs(y))

+
Cys(y) fs(y)(ys(y)−(1+2υu) fs(y))

2υ(ys(y)− fs(y))

(21)

The shear stress of the upper slurry layer on the rectangular pipe jacking and the shear
stress exerted by the slurry on the pipe jacking form a pair of interaction forces. Therefore,
the upper side frictional resistance of the rectangular pipe is as follows:

τS(y) =
C( fs(y)− ys(y))

2
+

υu
fs(y)− ys(y)

(22)

Similarly, the calculation formula for the lower side frictional resistance is as follows:

τX(y) =
C(yx(y)− fx(y))

2
+

υu
yx(y)− fx(y)

(23)

The left-side frictional resistance calculation formula is as follows:

τZ(y) =
C( fz(y)− yz(y))

2
+

υu
fz(y)− yz(y)

(24)

The calculation formula for the right-side frictional resistance is as follows:

τY(y) =
C(yY(y)− fY(y))

2
+

υu
yY(y)− fY(y)

(25)

3.3. The Calculation Method of Friction Resistance

Based on the relationship between the excavation face curve and the pipe segment
curve, the pipe–soil/mud contact patterns were quantitatively determined. Newton’s
friction law and the Navier–Stokes (N–S) equations were employed to calculate the frictional
resistance for pipe–soil and pipe–mud contact modes, respectively. Ultimately, a calculation
method for frictional resistance in long-distance rectangular pipe jacking, considering
complex contact patterns, was proposed.

The friction resistance at any point on the upper side can be expressed as follows:

F
′
1(y) =

{
µ1PS, ys(y) ≥ fs(y)

C( fs(y)−ys(y))
2 + υu

fs(y)−ys(y)
, ys(y) ≤ fs(y)

(26)
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The friction resistance at any point on the lower side can be expressed as follows:

F
′
2(y) =

{
kµ2

∫ xn+1
xn

fs(y)− ys(y)dy, yx(y) ≤ fx(y)
C(yx(y)− fx(y))

2 + υu
yx(y)− fx(y)

, yx(x) ≥ fx(y)
(27)

The friction resistance at any point on the left side can be expressed as follows:

F
′
3(y) =

{
µ3λPs, yz(y) ≤ fz(y)

C( fz(y)−yz(y))
2 + υu

fz(y)−yz(y)
, yz(y) ≥ fz(y)

(28)

The friction resistance at any point on the right side can be expressed as follows:

F
′
4(y) =

{
C( fz(y)−yz(y))

2 + υu
fz(y)−yz(y)

, yy(y) ≤ fy(y)

µ3λPs, yy(y) ≥ fy(y)
(29)

The jacking force of the rectangular pipe jacking is mainly composed of friction
resistance Fm and head-on resistance Fz. Therefore, the jacking force prediction formula is
proposed as follows:

F = Fm + FZ =
∫ l

0
(F

′
1(y) + F

′
2(y) + F

′
3(y) + F

′
4(y))dy + Fz (30)

where µ1, µ2, µ3 is the friction coefficient for pipe–soil contact on different sides, considering
the grouting effect; υ is the coefficient of slurry viscosity; u is the jacking speed; and Fz is
the head-on resistance.

4. Case Verification and Parameter Analysis
4.1. Case Verification

The Suzhou Chengbei Road Utility Tunnel Project involves the construction of a main
utility tunnel with a length of approximately 1365.08 m. The ground surface along the
alignment contains critical structures such as rivers, gas stations, residential buildings,
and the Qimen Overpass, as shown in Figure 6. Due to spatial constraints, the pipe
jacking requires a single continuous thrust over a long distance of 233.6 m. The average
overburden thickness in the jacking section is 9.1 m, with a cross-sectional dimension of
9.1 m (width) × 5.5 m (height).

 

Figure 6. Pipe jacking tunnel and its surroundings.

Given the extended jacking distance and large cross-sectional size, multiple friction
reduction measures have been implemented to ensure safety, including grouting lubrication
and wax coating on pipe segments, as shown in Figure 7. The jacking passes through highly
porous silty sand and silt layers in water-rich areas, where conventional low-fluid-loss
grout tends to dissipate rapidly. Therefore, a thixotropic slurry with high fluid loss and
low viscosity has been adopted to meet the requirements of filtration control in silty
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strata, viscosity adaptation in water-rich zones, and long-distance friction reduction. Key
parameters of the slurry and soil are detailed in Tables 2 and 3.

Figure 7. Pipe jacking construction site of Chengbei Road, Suzhou: (a) pipe segment grouting layout,
(b) pipe segment waxing, and (c) pipe jacking.

Table 2. Slurry properties.

Slurry Type Bentonite CMC Sodium Hydroxide PHP Viscosity/s Fluid Loss/mL/30 min

Special Slurry 7.5% 1.5% 1.0% 0.6% 62 10

Table 3. Physical and mechanical parameters of the strata.

Weighted Average Weight
γ/(kN·m−3)

Poisson Ratio
ν

Internal Friction Angle,
φ/(◦)

Elastic Modulus
E/MPa

19.1 0.3 27.2 28.9

The lateral deviation amplitude during jacking exerts a more significant influence
on frictional resistance than the deviation period. Consequently, a stringent deviation
threshold (±50 mm) has been set. A laser theodolite is employed to monitor real-time
deviations by projecting a laser beam onto the jacking machine. When deviations reach the
±50 mm threshold, corrective measures are immediately initiated by adjusting the thrust
of hydraulic jacks to control the advancement speed until the target distance is achieved.
The total thrust force is continuously monitored through pressure sensors on the jacks.

The calculated jacking force is compared with the monitoring data, as shown in
Figure 8. The total jacking force exhibits an overall increasing trend with advancing distance.
Considering the development pattern of pipe jacking machine deviation and jacking force
during the jacking process, the following analytical approach was adopted: during the
initial 5 m jacking stage, where the jacking machine directly contacts the soil, Newton’s
friction law was employed for frictional resistance calculation, with pipe–soil pressure
determined using the Beerbower theory, and a friction coefficient of 0.4—corresponding to
the ungrouted pipe–soil contact—was applied.

In the approach section, as the injected grout permeates through the soil, this condition
deviates from assumption (2) of pipe–slurry contact. Therefore, a modified Newtonian
friction law was applied, where the friction coefficient was determined through linear
interpolation between the ungrouted coefficient (0.4) and the fully formed lubricant slurry
sheath coefficient (0.08). During the stable and deviation sections, where complete lubricant
slurry sheath formation was achieved, the jacking friction formula was implemented. The
calculated jacking forces are shown in Figure 8.
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Figure 8. Comparison between theoretical calculation and monitoring data.

In the approach section, the observed values exhibited significant deviation from the
theoretically calculated values. During the stable and deviation sections, the observed
values showed smaller deviations from the theoretical values. In the terminal section,
the observed values were consistently higher than the theoretical values. The largest
discrepancies occurred in the approach section and the terminal section, with a maximum
error of 22%. In the steady-state section and deviation section, the differences between the
theoretical and measured values were relatively smaller, with a maximum error of 16%.
The primary sources of these errors can be attributed to the neglect of strata heterogeneity
and fluctuations in groundwater levels. However, the variation laws of the monitoring
data and theoretical calculations with the jacking distance are consistent, indicating that
the frictional resistance calculation method proposed in this paper has certain reliability.

4.2. Parameter Analysis
4.2.1. Influence of Foundation Reaction Coefficient

The subgrade reaction coefficient k significantly influences the deflection deformation
of rectangular pipe jacking, the deformation of the underlying soil, and the earth pressure
beneath the pipe. As indicated by Equation (3), the value of k inherently reflects the physical
properties of the surrounding strata. By establishing computational conditions ranging
from 0.125 k to 8 k, this study analyzes the effects of varying pipe-surrounding soil stiffness
on frictional resistance, as illustrated in Figure 9.
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Figure 9. Lower surface friction resistance distribution for different ground reaction coefficients k:
(a) 150.23 m resistance friction and (b) 233.6 m resistance friction.
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Figure 9 demonstrates that increasing the subgrade coefficient k not only elevates fric-
tional resistance but also extends the pipe–slurry contact distance. As shown in Figure 9a,
doubling the k value results in an approximate 78.6% increase in the peak frictional resis-
tance within the pipe–soil contact segment. In the pipe–slurry interaction zone, the contact
pattern transitions from pipe–soil to pipe–slurry contact with increasing k values. Figure 9b
further reveals a gradual enhancement of frictional resistance in the pipe–slurry contact
segment as k increases.

Notably, Figure 9b indicates that k exerts a significantly greater influence on frictional
resistance in pipe–soil contact than in pipe–slurry contact. During prolonged jacking
processes, the alternating transitions between pipe–soil and pipe–slurry contact modes
gradually reduce the amplification effect of k on total frictional resistance. According to
Equation (3), the k value maintains a proportional relationship with the pipe section width
B. This implies that frictional resistance increases with pipe width B, while maintaining a
constant elastic modulus Eb (soil modulus).

In summary, frictional resistance exhibits an increasing trend with higher k values,
with k demonstrating a stronger influence on pipe–soil contact resistance than on pipe–
slurry interaction. During long-distance jacking operations, the alternating contact modes
between pipe–soil and pipe–slurry interfaces lead to a slight attenuation of k’s overall
impact on total frictional resistance.

4.2.2. The Influence of the Jacking Process Deviation

Based on the analysis of pipe jacking machine deviation in Figure 1, this study investi-
gates the relationship between periodic parameters (amplitude and cycle) and underlying
frictional resistance of rectangular pipe jacking under different jacking lengths. The com-
putational conditions are defined with cutterhead deviation z0 = 0, amplitudes A = a and
A = 2a (where a represents the overcut clearance of the pipe jacking machine), and cycle pa-
rameter m = 2π/l (with l denoting jacking length). Preset calculation cases with amplitudes
a and 2a, combined with cycles ranging from T to T/4, reveal the periodic characteristics of
frictional resistance, as demonstrated in Figure 10.
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Figure 10. Lower surface friction resistance distribution under different deviations: (a) 150.23 m
friction resistance distribution and (b) 233.6 m friction resistance distribution.

Figure 10 illustrates that the variation in deviation during jacking not only alters
frictional resistance but also modifies pipe–soil/slurry contact patterns. The frictional
resistance exhibits periodic characteristics similar to the deviation function f(x), with 1, 2,
and 3 peak resistance values observed at cycles T = m, T = m/2, and T = m/3, respectively.

In multi-peak scenarios, the maximum frictional resistance consistently occurs near
the pipe section center. For the dual-peak case (A = a, T = m/2), the central peak reaches
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144.6 kN, while in the triple-peak configuration (A = a, T = m/3), the maximum central
peak measures 137.5 kN.

Under identical cycle T conditions, increasing amplitude A elevates frictional resis-
tance, as shown in Figure 10b. The peak resistance between A = a (T = m) and A = 2a
(T = m) curves increases by approximately 39.1%. Amplitude enhancement induces a
transition from full pipe–slurry contact to complex pipe–soil/slurry interactions, thereby
amplifying frictional resistance. A twofold increase in deviation threshold corresponds to
approximately 40% growth in peak resistance.

The analysis concludes that amplitude exerts a greater influence on total jacking
force than cycle parameters. Therefore, controlling deviation thresholds during jacking
operations effectively reduces frictional resistance. For long-distance pipe jacking, it is
recommended to implement frequent and minor steering corrections to mitigate resis-
tance accumulation.

4.2.3. The Influence of Pipe Jacking Machine Deviation

A parameterized analysis of the relationship between pipe jacking machine deviation
and frictional resistance was conducted by establishing working conditions with predefined
deviation distances n−i(a), where i = −3, −2, . . ., 3. Here, n represents the field-measured
deviation distance of the machine, and a denotes the overcut clearance (set as 1 cm). As
illustrated in Figure 11, increasing i values correspond to machine deviations along the
positive z-axis direction.
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Figure 11. Friction resistance distribution under different pipe jacking machine deviations:
(a) 150.23 m friction resistance distribution and (b) 233.6 m friction resistance distribution.

Figure 11 demonstrates that progressive z-axis positive deviations not only modify
frictional resistance but also alter contact patterns. As shown in Figure 11a, positive z-
axis deviations amplify frictional resistance in pipe–soil contact segments, with equal
deviation increments inducing equivalent resistance variations. Conversely, negative z-axis
deviations near the excavation face trigger a contact pattern transition from pipe–soil
to pipe–slurry. The resistance variation predominantly occurs within 90 m behind the
excavation face, exhibiting distance-dependent attenuation, where proximity to the face
correlates with greater resistance impacts.

Figure 11b reveals that increasing excavation distances maintain distinguishable zones
of contact pattern modification and frictional resistance variation, confined within 90 m
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from the excavation face. Enhanced negative z-axis deviations extend the pipe–slurry
contact length within this influential zone.

Consequently, machine deviation primarily affects frictional resistance through dual
mechanisms: contact pattern alterations near the excavation face and resistance magnitude
variations. Progressive deviation amplifies near-face frictional resistance, establishing
deviation control as a critical strategy for drag reduction during jacking operations. This
underscores the operational necessity of implementing precise deviation management for
effective frictional resistance mitigation.

4.2.4. Influence of Slurry Viscosity

Slurry viscosity significantly influences pipe–slurry contact resistance. As revealed by
previous analyses, the lower surface of rectangular pipe jacking predominantly maintains
pipe–soil contact. Consequently, this study employs the frictional resistance distribution
on the upper surface to investigate pipe–slurry interaction characteristics, as illustrated in
Figure 12.
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Figure 12. Upper surface friction resistance distribution under different slurry viscosity υ: (a) 150.23 m
upper surface friction resistance and (b) 233.6 m upper surface friction resistance.

Figure 12 demonstrates a positive correlation between slurry viscosity enhancement
and pipe–slurry frictional resistance. As shown in Figure 12a, incremental doubling of the
viscosity coefficient induces respective resistance increases of 11.4%, 23.1%, 37.5%, and
56.1% at the pipe segment tail, indicating an accelerating effect of viscosity elevation on
resistance growth.

Furthermore, Figure 12b reveals that extended jacking distances not only amplify pipe–
slurry resistance but also facilitate contact pattern transitions from pipe–soil to pipe–slurry
interactions, as observed in Figure 12a. Notably, within the convergence zone between the
excavation face and pipe section profiles, a reverse transition from pipe–slurry to pipe–soil
contact occurs, contributing to progressive resistance accumulation during jacking.

Collectively, slurry viscosity predominantly governs pipe–slurry interactions. How-
ever, given that pipe–slurry frictional resistance remains substantially lower than pipe–soil
resistance, slurry selection during jacking operations should prioritize formation-specific
filtration control requirements. This strategic approach ensures optimal grouting per-
formance while maintaining effective frictional resistance management throughout the
jacking process.
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5. Conclusions
Based on the attitude monitoring data of pipe jacking machines, this study establishes

an attitude prediction method for pipe jacking machines, thereby developing a calculation
method for frictional resistance in long-distance rectangular pipe jacking that considers the
contact patterns between the pipe and soil/slurry. The main conclusions are as follows:

(1) Analysis of machine deviation monitoring data reveals that axial deviation follows a
sinusoidal periodic pattern, with cumulative effects of progressive deflection during
prolonged jacking operations leading to sustained positive deviation trends. Short-
distance jacking is dominated by angular deviations caused by machine misalignment,
whereas long-distance operations exhibit complex pipe–soil/slurry contact patterns
arising from the combined effects of machine deviation and pipe segment deflection.

(2) The subgrade reaction coefficient k significantly influences both resistance magnitude
and contact patterns: a twofold increase in k induces approximately an 80% rise
in peak resistance. Machine deviation generates two distinct influence zones span-
ning 90 m behind the excavation face: a resistance variation domain and a contact
pattern transition region. Deviation amplitude exerts a more significant impact on
resistance than cycle parameters—a doubling of the amplitude triggers approximately
a 70% enhancement in peak resistance. Pipe–slurry contact resistance demonstrates
viscosity-dependent growth, with a twofold increase in viscosity coefficients yielding
a maximum resistance increase of approximately 56%.

(3) Although the reliability of the proposed frictional resistance calculation method was
verified by comparing the actual engineering jacking force monitoring data with the
theoretically calculated values, the model does not account for the inhomogeneity
of the stratum or the influence of groundwater level fluctuations. Consequently, the
predictive accuracy of the proposed calculation method for top force in complex,
water-rich strata may be limited.
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