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Abstract

An existing old buried pipe can be replaced with a new pipe by static pipe bursting technique without the conventional
cut and cover method. The pipe bursting method involves less excavation and hence less disturbance on the ground
surface in terms of social activities. However, ground heave is produced during pipe bursting operation, and it may have
significant influence on the surrounding underground structure. In this regard, the present study investigated the impact
of ground movement resulting from static pipe bursting on adjacent buried pipeline through simplified closed-form
analytical solution. For analytical solution, Gaussian error function is used to replicate the ground deformation pattern
induced from pipe bursting. Further, the pipe (Euler beam) is modelled as linear elastic isotropic material, and the soil is
considered as single-parameter linear elastic foundation (Winkler foundation). The proposed closed-form analytical
analysis is validated with the results procured from an earlier full-scale experimental study. From the comparative
study, it is perceived that the analytical formulation provides overestimation in results but within the acceptable limit.
The present analysis will be helpful in the initial design stage to understand the behavior of buried pipeline subjected to
ground deformation induced from pipe bursting underneath. Further, the method involves less time and less complexity
as compared to three-dimensional finite-element-based numerical or rigorous experimental study.
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1. Introduction

The static pipe bursting technique is commonly used for rehabilitation, repairing, or replacing the buried
pipeline. The method involves less excavation compared to the conventional cut and cover method. For
replacement of the existing pipe by static pipe bursting method, the new pipe is attached at the end of the
expander, and the expander is pulled along the existing pipe using a pulling rod. The expander's outer
diameter is larger than the diameter of the existing pipe so that the expander can disintegrate the existing
pipe. During this operation, three-dimensional ground movement will propagate [1], and it may have drastic
influence on surrounding structures [2-4]. The Greenfield ground heave pattern obtained from pipe bursting
can be described analytically using Gaussian function. It has been observed that the ground heave is
symmetric with respect to the axis of the replaced pipe [4, 5]. Cholewa et al. [2] experimentally investigated
the influence of pipe bursting on surrounding polyvinyl chloride (PVC) pipe. Later on, Shi et al. [4]
performed a similar study through simplified numerical analysis. Further, analytical analyses were also
performed to predict the ground deformation and corresponding expansive force during pipe bursting
operation [6, 7]. The influence of ground deformation resulting from seismic landslide and permanent
ground deformation on buried continuous pipeline has also been investigated based on the concept of beam
on elastic foundation [8-10]. The present study is the extension of the prior mentioned studies to examine the
response of buried pipeline subjected to pipe bursting underneath. In the current study, the pipe is considered
as Euler Bernoulli’s beam, and surrounding soil is idealized as single parameter isolated linear elastic
Winkler foundation. The proposed methodology will be helpful in the preliminary design stage as the
method involves fewer input parameters and less time-consuming compared to details experimental study or
three-dimensional continuum analysis.

2. Problem definition

From literature, it is understood that the pattern of Greenfield ground deformation obtained from tunneling or
static pipe bursting is similar. Both upward ground heave patterns induced from static pipe bursting or
downward ground settlement profiles due to tunneling can be well represented by a Gaussian function [4, 11,
12]. Hence, following the existing literature, the present study used the Gaussian error function expression to
represent the ground heave pattern induced by static pipe bursting. The Gaussian function to define the
upward ground heave can be expressed as

2

X
yg =56Xp —? (1)

Where Vg is the profile of upward ground displacement induced by static pipe bursting underneath, O is
the peak ground deformation, and i is the width of the settlement trough.

The following expression is used in the present study to estimate the value of i’ of equation (1) [13].
i =0.175Y, +0.325(Y, - Y) @)

Where Y is the distance from the ground surface to the pipe bursting location, and Y is the distance from the
ground surface to the adjacent buried pipe’s location.

Mair et al. [13] proposed the prior mentioned expression of 7 (equation 2) for the case of tunnel in clay
soil. The researchers proposed the expression in terms of the new and adjacent tunnel position based on
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several data obtained from field measurements and centrifuge model tests. Later on, Zhang et al. [11] also
adapted the same expression of i in sandy soil to get the response of an existing tunnel to a new tunnel
excavation underneath and successfully validated the results using the expression of i as proposed by Mair et
al. [13] with the centrifuge results obtained by Marshall er al. [14]. So, in the absence of Greenfield soil
profile at the adjacent pipe or tunnel location, the approximate value of i can be estimated using equation (2).

Fig. 1 depicts the idealization of the present problem. Where L is the adjacent pipeline’s length and x,
is half of the total pipe length (i.e., x; = L/2). It is assumed that the adjacent buried pipe is transverse to the
pipe bursting direction, and pipe bursting induced upward soil heave is symmetric with respect to the axis of
the replaced pipe. The spring stiffness of the Winkler foundation (K) is calculated using the following
expression proposed by Shi et al. [4].

K=K)'K9? (3)

Where K, and Ky are the subgrade modulus for pipe-soil relative movement in upward and downward
direction, respectively. ASCE guidelines [15] are used for estimating the value of spring stiffness. Shi et al.
[4] mentioned the non-linear force-displacement response of pipe-soil interaction for both downward and
upward pipe-soil relative movement and stated that the non-linear response can be simplified as linearly
elastic perfectly plastic model. Whereas, in the present closed-form analytical study, the soil is idealized as
single parameter linear elastic foundation i.e., Winkler foundation. Hence, the present study considered only
the linear part of the simplified linearly elastic and perfectly plastic model as shown by Shi et al. [4] in their
numerical analysis. During pipe bursting process, the ground will move upward and heave will generate.
Hence, the relative movement between the overlying adjacent pipelines and surrounding soil is mainly in the
downward direction. Therefore, in equation (3), maximum weightage is given for Ky, i.e., for downward
pipe-soil relative movement.
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Fig. 1 — Idealization of beam-spring interaction model
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3. Governing differential equation

In the present analysis, the buried pipe is idealized as conventional Euler Bernoulli’s beam, and the
surrounding soil is considered as linear elastic isolated Winkler foundation. Fig. 2 illustrates the free body
diagram of an infinitesimally small length of the beam segment. Anticlockwise moments and upward forces
are considered as positive sign conventions. From equilibrium of force following expression can be obtained:

dv

o q(x) (4)

Where V is the shear force and g(x) is the pressure acting on the pipe. Further, from the equilibrium of
moment following expression is obtained

—=V (5)
Where M is the moment. Further, we have
d’y

M =—El—= (©)

Where EI is the bending stiffness of the beam. Equations (4), (5), and (6) lead to the following expression

4

Elf;y+q(x)=0 (7)

4
X

M+dM dy

Fig. 2 — Forces acting on an infinitesimally small length of pipe
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The pressure g(x) on the pipe will be proportional to the pipe-soil relative displacement. Hence, for single
parameter Winkler foundation, the expression of g(x) can be obtained as

g(x)=K(y-y,) )

Equations (1), (7), and (8) lead to the following governing differential equation of pipe deformation

d'y x’
El + Ky=Kdexp| —— 9
dx* Y p( 21'2) )

4. Closed-form solution

The complementary solution of equation (9) is
y.(x)=e"(c,cos Ax + c,sin Ax) + e **(c,cos Ax + ¢, sin 1x) (10)
Where A = (K / (4EI))", and c1, c2, ¢, and ¢4 are unknown constant co-efficient.

Fourier series is adapted in the present formulation to get the particular solution of equation (9). The right-
hand side term of equation (9) is a function of x, and it can be expressed as

f(x)=K5exp(—%j (11)
l

Equation (11) is an even function i.e., f{-x) = f{x). So, equation (11) can further be expressed in terms of
Fourier cosine series

f(x)=Cy+ i Cncos%x (12)

n=1

Where C, = %J.f(x)dx ;and C, = %If(x)cos%xdx
0 0

Equations (9), (11), and (12) lead to the following expression

d* = nr
EI i}+Ky=CO+ZCncos—x (13)

dx n=1 L
Now, the particular solution of equation (13) is

C, = ni
0
Vo(x)=—+ ) a cos—x (14)
" K Z L
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Where a, =

K+E[(”L”)4

The complete solution of equation (9) can be obtained using equations (10) and (14)

Y(xX) =y (x)+ yp(x)
=e" (¢, cos Ax + ¢, sin Ax) + e (¢, cos Ax + ¢, sin Ax) + (15)

C, = nx
—2+>a, C0s— X

n=1

To get the values of four unknown co-efficient (c1, ¢2, ¢3, and c4), four boundary conditions are required.
Following Fig.1, the available boundary conditions are

#(xz—xl)z() 16
Z—;)(xz—xl):o 7
%(ﬁxl):o a8)
%(x=xl)=0 (19)

Further, equations (16) to (19) lead to the following four equations

oDy +¢6,Dy, +¢;Dy +¢,Dyy = R, (20)
oD, +¢,Dy + Dy +¢,D,, =R, (21)
¢ Dy, +¢,Dy, +¢;Dy; +¢,Dyy = R, (22)
¢D, +c,D,+c, D, +¢,D,, =R, (23)
Where Di1, Dia, ....., Da, and Ry, ..., R4 are known constant co-efficient and expression of these coefficients

are as follows (equations 24 to 43)

D, =2/’sin(Ax,)exp(-Ax,) (24)

D, =24%cos(Ax,)exp(—Ax,) (25)

D,, =-2Asin(Ax,)exp(1x,) (26)
6
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D,, =-24%cos(Ax,)exp(Ax,) 27)
D, =217 cos(Ax,)exp(=Ax,) + 247 sin(Ax,) exp(—Ax,) 28)
D,, =24% cos(Ax,)exp(—Ax,) + 24° sin(Ax, ) exp(—Ax, ) (29)
D,, =22’ cos(Ax,)exp(Ax,) + 24" sin(Ax,) exp(Ax,) (30)
D,, =24 cos(Ax,)exp(Ax,) — 24" sin(Ax,) exp(Ax,) 31)
D,, =-2/’sin(Ax,)exp(Ax,) (32)
D,, =24’ cos(Ax,)exp(Ax,) (33)
D,, =27sin(Ax,)exp(-Ax,) (34)
D,, =-24" cos(Ax,)exp(-Ax,) (35)
D, =-2A"cos(Ax,)exp(Ax,) — 21’ sin(Ax, ) exp(Ax,) (36)
D,, =2’ cos(Ax,)exp(Ax,) — 24’ sin(Ax,) exp(Ax,) (37)
D,, =2’ cos(Ax,)exp(-Ax,) — 24 sin(Ax,) exp(-Ax,) (38)
D,, =24" cos(Ax,)exp(—Ax,) + 247 sin(Ax, ) exp(—Ax,) (39)
) 2
R = gan (%) 08 %xl (40)
) 3
R = Z?a (%) sin%xl (41)
7
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2

= nr nr
R=>a|—|cos—x
3 n 1 (42)
n=1 L L
T : T
(S n . n
R,=-Ya|—|sin—x
4 1 (43)
n=l1 ! L L
Fig. 3 outlines the proposed methodology of analyzing buried pipeline under pipe bursting induced ground
deformation.

Inputs: K, EI, L, i, 0 and x;

A 4

Use equations (20) to (23)

A A

Find unknowns ¢, ¢,, ¢y and ¢,

Y

Use equation (15)

A 4

Output: y(x)

Fig. 3 — Flow chart of the proposed methodology

5. Validation of present analytical formulation

The present analytical formulation is validated with full-scale pipe bursting experimental results performed
by Cholewa et al. [2]. The experimental test has been performed in a test pit having size of 8§ m x § m x 3 m.
Well graded sand and gravel soil were utilized to perform the test. A concrete pipe was replaced with a high-
density polyethylene (HDPE) pipe during pipe bursting operation. The center of the pipe bursting was
located at a depth of 1.50 m from the ground surface. The outer diameter and wall thickness of concrete pipe
were 0.229 m and 0.038 m, respectively. The outer diameter and wall thickness of HDPE pipe were 0.168 m
and 0.011 m, respectively. The maximum diameter of expander was 0.202 m. Another PVC water pipe was
placed at 0.45 m above the concrete pipe. The PVC pipe was placed in a transverse to the pipe bursting
direction. The outer diameter and wall thickness of PVC pipe were 0.122 m and 0.007 m, respectively.
During pipe busting operation, the response of adjacent PVC pipe was recorded. Fig.4 and Fig.5
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Table 1 — Details of pipe and soil parameters used in the present study

Material PVC pipe
Pipe data Young’s modulus, £ (GPa) 33
Poisson’s ratio, v 0.2
Unit weight, y (kN/m?) 20.9
Friction angle, ¢ 40°
Soil data i value (equation 2) 0.46
o0 value at the level of adjacent pipe centerline [4], 6.7
(mm) '
10
Pipe Deformation Curve
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Fig. 4 — Comparison of pipe deformation
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depicts a comparison study of pipe deflection and pipe curvature of adjacent PVC pipe, respectively,
obtained from the present analytical study and earlier experimental test. The soil and pipe parameters used in
the present study are shown in Table 1. From Fig.4 and Fig.5, it is perceived that deviations between the
present study and experimental results are within acceptable limits, and the patterns are also similar.
However, the present study gives overestimation in results due to simplified assumptions in the current

analytical study.
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Fig. 5 — Comparison of pipe curvature

6. Summary and conclusions

The present study proposed an analytical formulation to investigate the response of an adjacent buried
pipeline subjected to ground deformation resulting from pipe bursting operation. In the proposed method, the
pipe is idealized as Euler Bernoulli’s beam, and the soil is idealized as single parameter Winkler foundation.
The present study is successfully validated with the published experimental results. Although the study does

10
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not incorporate the non-linearity and plasticity of the soil and pipe material, but the present study has the
advantage in terms of simplicity, calculation efficiency, and time along with moderate accuracy. Hence, the
present study will be useful in the preliminary stage before performing any rigorous numerical and
experimental analysis.
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