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Inserted hose lining (IHL) is a trenchless technology with high application potential in repairing urban gas
pipelines. Since the application of this technology in gas pipelines is still in the developing stage, it is necessary to
study its feasibility. Based on the mechanical properties of the composite lining material used in this technology,
the stress analysis is carried out using ANSYS Workbench software. In this paper, two kinds of aging pipelines
with defects are considered, and the repair effect of IHL technology is studied. One is the pipeline with uniform
corrosion defect, and the other is the pipeline with corrosion perforation defect. For the pipeline with uniform
corrosion defect, the influences of residual thickness, diameter, pressure, and buried depth on pipeline stress are
studied. For the pipeline with corrosion perforation defect, the influences of the corrosion perforation position,
the corrosion perforation size, diameter, and pressure on pipeline stress are studied. According to the allowable
stress of the steel pipeline, the applicable scope of the lining under different conditions is obtained. Based on the
analysis results, the main conclusions are as follows: (1) IHL method can effectively reduce the stress of the old
pipeline, and the old pipeline is the primary pressure bearing component. (2) Under uniform corrosion condi-
tions, the residual thickness is inversely related to the pipe stress, the pressure and diameter are positively
correlated with the pipe stress. (3) Under the condition of corrosion perforation, it is the most dangerous situ-
ation that the corrosion hole is near the pipe bottom.

characteristics of less carbon footprint, less noise, faster speed, and less
investment [5]. Among the trenchless repair methods, the technologies

1. Introduction

The pipeline is the most effective way to transport natural gas, which
is of great significance for the allocation of energy [1]. As time goes on,
many pipelines enter the aging stage, and it is difficult to avoid problems
such as corrosion and leakage. Therefore, pipeline repair has a vast
market currently and in the future. It is estimated that the global oil and
gas pipeline repair market value will reach 10 billion US dollars by 2019
[2]. In the context of promoting green construction [3,4], trenchless
technology is undoubtedly the primary option for pipeline repair.

Trenchless technology refers to the technique of installing, renewing
(repairing or replacing), and inspecting pipelines by directional drilling
or other means without excavation or minimal excavation of the surface.
The technology has little impact on the surface traffic and has the
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that are more suitable for gas pipelines mainly include cured-in-place
pipe (CIPP), sliplining (SL), deformed and reformed (DR), fold and
form (FF), and spray-in-place pipe (SIPP) and inserted hose lining (IHL)
[2,6].

Among these trenchless repair technologies, CIPP is currently the
most popular method, which appeared in the 1970s and was invented by
British engineer Eric Wood [7]. The method immerses the epoxy resin or
the unsaturated resin on the impervious hose and uses water or air as a
power to adhere to the inner wall of the old pipe, and then cured by
ultraviolet or steam to form a new lining in the pipe. The technology was
introduced into the United States in 1977, and then spread to many
countries and has continuously been improved. SL is an early and
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Table 1
Advantages and limitations of various trenchless repair methods [2].

Technology  Merit Limitation

CIPP The process is simple, the High requirements for
construction speed is fast, the construction equipment and
pipeline transportation capacity high professional requirements
is improved, and the economy is for operators.
good.

SL The construction process is It is necessary to grout in the
simple, the construction speed is annulus, the section loss is
fast, the economy is good, substantial, but the transport
professional equipment is not capacity may not be reduced.
needed, and the skill
requirements of the operator are
low.

DR The construction speed is fast, The construction equipment is
the section loss is small, and expensive, and the construction
structural repair and non- cost is high. Construction is
structural repair can be greatly affected by the state of
performed. the old pipeline.

FF The space required for Structural damage may occur in
construction is small, the the construction process, and
cleaning requirements for the old  the construction is greatly
pipeline are low, the construction  affected by the status of the old
speed is fast, and the pipeline.
construction process is simple.

SIPP It can prolong the service life of Old pipes need to have certain
the pipeline, effectively alleviate  structural integrity.
the corrosion, reduce the
maintenance cost.

THL The transport capacity willnotbe  Cannot pass a large angle bend.

affected. It can greatly improve
corrosion resistance.

Expansion ferrule

!

Inner pushing tube

Outer flange tube

Accessory flange

Lining pipe

\

Old pipe

Fig. 1. Pipe and pipe fittings for the IHL method [15,16].
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economical trenchless repair method that drags a new pipe directly into
the old pipe. Due to the gap between the two pipes, it is usually neces-
sary to grout in the annulus to form a “pipe-in-pipe” structure [8]. Be-
sides, there are other methods in the trenchless market, such as SIPP and
DR. Various methods have their advantages and limitations, as shown in
Table 1.

Concerning the stress analysis of the lining, Wang and Yang [9]used
ANSYS software to analyze the residual thermal stress of ceramic lined
composite pipe. They obtained that reasonable adjustment of the
thickness of high-temperature synthesis layer can improve the service
life of the composite pipe. Li et al. [10] studied the analytical solution of
elastic buckling of CIPP lining under external hydrostatic pressure.
Rueda et al. [11] found that after the polymer lining pipeline repaired
the oil pipeline, when the inner pressure was high, the carbon dioxide
and methane in the oil would penetrate the space between the inner pipe
and outer pipe. When the pressure of the pipe was reduced, the gas
would bring the external pressure to the lining pipe, and it would lead to
the buckling failure of the lining pipeline in some cases. Chuk et al. [12]
analyzed the stress of pipe repaired by the CIPP method and discussed
the effects of different liners on reducing pipe stress. Kim et al. [13] used
the finite element method to analyze the buckling behavior of elastic
lining on the cracked cylindrical shell and studied the influence of crack
geometry, thickness, and other factors. The results show that the crack is
mainly affected by crack orientation and lining thickness. Shou and
Chen [14] used ABAQUS software to analyze the mechanical behavior of
pipes repaired by the CIPP method, and the result shows that it can
strengthen damaged pipes by reducing stress concentration.

Fig. 3. Physical diagram of the lining.
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Fig. 2. The construction process of the IHL method [15,16].
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Fig. 4. The schematic diagram of the lining structure.

Table 2
The properties of the lining material [22].

Layer Material Property parameters Value

Inner TPU Elastic modulus (GPa) 0.1
Poisson’s ratio 0.48
Density (kg/m®) 1200
Thickness (mm) 2.0

Middle Polyester filament Elastic modulus (GPa) 15.0
Poisson’s ratio 0.35
Density (kg/m®) 1440
Thickness (mm) 2.0

Outer Modified PE Elastic modulus (GPa) 1.07
Poisson’s ratio 0.41
Density (kg/m®) 960
Thickness (mm) 2.0

metrical plane
S
g L Fig. 6. Pipeline-soil system used in the simulation.
|
v L —

Table 3

— 7 Steel pipeline parameters.
Lining pipe ; PP P
Steel pipe Material Parameters Value
Steel pipeline (20 Pipeline size (mm) 325 x 4.8 (diameter x
Steel) thickness)
Buried depth (m) 1
Soil Elastic modulus (GPa) 202
Poisson’s ratio 0.3
L 4m Density (kg/m>) 7800
I~ Minimum yield strength 245
. . . . (MPa)
Fig. 5. Geometric model of the pipe-soil system. Tensile strength (MPa) 390
Allowable stress (MPa) 130
The IHL method is an essential component of the trenchless repair
method. It was initially applied to water pipelines and has been used in
gas pipelines in recent years. As the technology is still in the develop- Table 4

ment stage, it is necessary to perform stress analysis on the pipeline

The parameters of the soil.
repaired by this method, thus providing a basis for construction and

design. The rest of the paper is organized as follows: Section 2 provides a Material Properties parameters Value
brief introduction to the IHL method. Section 3 introduces the theory of Soil Elastic modulus (MPa) 60
composite lining materials. Section 4 describes the research case and gzljssi‘i;,zk?/t&) (1)'93;)20
finite element analysis (FEA) process in this paper. Section 5 shows the Cohesion (kPa) 15
results of the FEA. Section 6 analyzes the relevant influencing factors Internal friction angle (°) 15
and stress sensitivity. Section 7 summarizes the main conclusions of this Dilation angle(°) 0
paper.
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Fig. 7. The meshing of key locations. (a) Around the steel pipe; (b) Around the corrosion hole.
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Fig. 8. Constraints and loads of the model.

2. Insert hose lining technology introduction

Insert hose lining (IHL) is a trenchless technology for repairing
pressure pipes containing defects. It primarily consists of a soft rein-
forced hose lining material and connectors (see Fig. 1). Its basic con-
struction process is first to fold the lining hose made in the factory into
U-shape, pull it into the old pipe, and restore its cross-section to a cir-
cular shape by air, water, or steam. The IHL method is a non-structural
repair method because there is no connection between the old pipe and
the lining, making the lining work independently of the old pipe.
Typically, special fittings are required at the end of the pipe to secure the
lining. The lining is usually reinforced polyethylene and has a certain
hardness so that it can be kept round in the old pipe even without in-
ternal pressure or with a small amount of external pressure. The IHL
method has the characteristics of simple construction, can withstand
high pressure, and can significantly extend the service life of the pipeline
due to the corrosion resistance of the lining material. In addition,
although the lining material has a certain thickness, and the cross-
section of the pipe is reduced, the transport ability is not affected
since the roughness of the inner surface of the material is small.
Compared to CIPP, IHL technology is faster to construct and does not
require curing equipment [15,16]. The specific construction process is
shown in Fig. 2.

3. Composite properties
3.1. Interaction between materials

Compared with traditional materials, composite materials rely on
different materials to bear and disperse loads. In the process of designing
and using composite materials, it is necessary to consider the interaction
and compatibility between different materials. The interface between
matrix and reinforcement in the composite is essential because it can
reflect the interaction between matrix and reinforcement. The interface
between two component materials is not only a geometric intersection
but also an interface layer with a certain thickness. Complex physical,
chemical, and mechanical changes will be caused by the drastic changes
in the chemical composition of the interface layer.

3.2. Basic mechanical properties of orthogonal fabric composites

A fabric made of mutually perpendicular warp and weft yarns is
called an orthogonal fabric. In order to analyze the basic mechanical
properties of the orthogonal fabric composite, it can be considered that
the orthogonal fabric composite is composed of two layers of mutually
perpendicular unidirectional fiber composite with the same matrix
content, and its thickness is distributed according to the longitude and
latitude of the fiber content [17]. The basic mechanical properties, i.e.,
elastic constant and basic strength, of the orthogonal matrix composite,
can be calculated by the following equations [18,19]:

(1) Elastic modulus
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Fig. 9. The stress nephogram of the steel and lining. (a) Steel pipe; (b) Outer layer; (c) Middle layer; (d) Inner layer.

Fig. 10. The stress nephogram of the steel pipeline without lining.
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where E,, and E,, represent warp elastic modulus and weft elastic
modulus of the orthogonal fabric composite, respectively; E; represents
the longitudinal elastic modulus of unidirectional fiber composites; E2
represents the transverse elastic modulus of unidirectional fiber com-
posites; K is fabric ripple influence coefficient; n,,, represents the warp
fiber content in the unit width; n,,. represents the weft fiber content in
the unit width.

(2) Poisson’s ratio

Ny + Myge

=y E,—wa T Twe
Hwa =M 2nwaE‘Z + nweEl’ (3)

—&— With lining

140 — —o— Without lining

123
120 —

100 —

Maximum stress (MPa)

20 T
0.0 0.5 1.0 1.5 2.0
Pressure (MPa)

Fig. 11. Maximum stresses of steel pipes with and without lining under
different pressures.

E we
Hoe =Hig “

where p,,4 represents warp Poisson’s ratio; u, represents weft Poisson’s
ratio; yy, represents longitudinal Poisson’s ratio.

(3) Shear elastic modulus
G =K 'Glz . (5)
where G represents the shear elastic modulus of orthogonal fabric

composites; G represents the in-plane shear modulus of unidirectional
fiber composites.
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4.21 Min

Fig. 12. Corrosion perforation geometric model.

(a)

(b)

Fig. 13. The stress nephogram of the steel pipeline with corrosion perforation after lining repair. (a) Circular corrosion hole condition; (b) Elliptical corrosion
hole condition.

Table 5 Nye Mye
Xyer =Xp0p——— + X | 1 —0p——— (]
The value ranges of the influencing factors. e fnwa + Ny " fnwa + e )
Corrosion Influencing factor Value Basic study conditions
n n
type range XwaC = ecrEfufﬁ + Omer (1 - Dfﬁ) ) (8)
Uniform Residual thickness ~ 2.0-4.0 Pressure = 1 MPa, buried wa we wa we
corrosion (mm) depth = 1 m, nominal
diameter = DN300 Mye Nye
Xyec = € Ef0p————+ Gper | | —0p———— . 9
Nominal diameter ~ DN100- Pressure = 1 MPa, buried e e e e  Thve + m"( e + nwe) )
DN600 depth = 1 m, residual
thickness = 2 mm where X, represents the warp tensile strength; X,,.r represents the weft
Pressure (MPa) 0.4-1.6 Buried depth = 1 m, nominal t ile st th: X ts th . ¢ th: X
diameter — DN300, residual ensile strength; Xyqc represents the warp compression strength; Xyer
thickness — 2 mm represents the weft compression strength; . represents the critical
Buried depth (m) 0.6-2.0 Pressure = 1 MPa, residual strain of fiber compression instability failure; o, represents the matrix
thickness = 2 mm, nominal stress of fiber compression instability failure; X; represents the longitu-
) ) diameter =DN300 dinal strength of fiber materials; X,, represents the longitudinal strength
Corrosion Corrosion Top to Pressure = 1 MPa, pipeline size . . .
perforation  perforation bottom — DN300, buried depth — 1 m, of matrl)f material; vf rePresents the fiber volume content; Ey represents
location perforation size (Long axis = the elastic modulus of fiber material.
40 mm, short axis = 20 mm)
Corrosion 20-90 Pressure = 1 MPa, pipeline size 3.3. Fai P . .
.3. Failure criteria of composite materials
perforation = DN300, buried depth =1 m f mp
diameter (mm)
Pipe diameter DN100- Pressure = 1 MPa, buried The failure criterion of composite materials generally refers to the
DN600 depth = 1 m, perforation shape failure criteria of the auxiliary layer. Failure criteria are commonly used
= ellipse (Long axis = 40 mm, to judge whether the composite material fails, mainly include maximum
short axis = 20 mm) tress failure criterion, maximum strain failure criterion, the Tsai-W
Pressure 0.4-1.6 Pressure = 1 MPa, buried stress latlure ¢ . € 0_ ’ ax. u stra _a ure ¢ e. on, .e 'sa -Wu
depth = 1 m, pipeline tensor polynomial failure criterion, and high-order failure criterion.
thickness = 5 mm, perforation In order to better reflect the basic properties and various situations of
shape = ellipse (Long axis = 40 materials, Tsai-Wu failure criterion is selected to analyze the stress of the
mm, short axis = 20 mm) lining pipeline [20]. The general form of Tsai-Wu tensor polynomial
failure criterion is:
(4) Basic Strength F,'O',‘ + F,‘]‘Giﬁj + F,'jkO',‘O'ij = 1, (10)
— nwa nWﬂ . .. oo
Xyar =Xp0p————— + Xp| 1 00— |, (6) where Fi, Fij and Fijk represent the second-order tensor, the fourth-order
Mya + Myer, Nya + Myer,

tensor, the sixth-order tensor or higher order tensor, respectively (i, j, k
=1,2,3,... ... , 6).
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Fig. 14. The maximum stress of steel pipe and lining pipe with different influencing factors. (a) Residual thickness; (b) Diameter; (c) Pressure; (d) Buried depth.

12

13

Fig. 15. Schematic diagram of perforation location.

4. Case study

This section describes the material properties that need to be used in
FEA, the underlying assumptions of the material, and the settings in the

numerical simulation.

4.1. Analysis object description

In this paper, the stress analysis of the pipe repaired by the IHL
method under two corrosion conditions is carried out. The first one is
under uniform corrosion condition, The original dimension of the steel
pipe is 325 mm x 4.8 mm (diameter x wall thickness), and the uniform
corrosion reduces the wall thickness to 2 mm, so the size of the steel pipe
under uniform corrosion condition is 325 mm x 2 mm (diameter x wall
thickness). The residual wall thickness is set to 2 mm because “SY/T
0087.1-2006: Standard of steel pipeline and tank corrosion assessment-
Steel pipeline external corrosion direct assessment” [21] stipulates that
for pipelines with volumetric corrosion defects, when the minimum
residual wall thickness is less than 2 mm, the pipelines need to be
repaired or replaced immediately. Moreover, the inner pressure is 1
MPa, and the buried depth of the pipe is 1 m. The outer wall of the lining
is firmly attached to the inner wall of the steel pipe, so the lining has a
diameter of 321 mm.

The other corrosion condition is corrosion perforation. The steel pipe
size is 325 mm x 4.8 mm (diameter x wall thickness), but there is an
elliptical hole in the pipe, and the other conditions are the same as the
uniform corrosion.

4.2. Lining material

The lining materials studied in this paper are provided by ASOE
house manufacturing Inc. (China), as shown in Fig. 3. The lining mate-
rial has a three-layer structure, the outer layer is modified polyethylene
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Fig. 16. The maximum stress of steel pipe and lining pipe with different influencing factors. (a) Diameter; (b) Pressure; (c) Diameter of corrosion hole; (d) Corrosion

perforation position.

Table 6
Sensitivity analysis factors and base values.
Corrosion type Factor Base value
Uniform corrosion Residual thickness 3 mm
Pipe diameter 325 mm
Pressure 1 MPa
Buried depth 1.2m
Corrosion perforation Pipe diameter 325 mm
Pressure 1 MPa
Diameter of corrosion hole 50 mm

(PE), the middle layer is polyester filament, the inner layer is thermal
polyurethane (TPU), as shown in Fig. 4, and their mechanical properties
are shown in Table 2.

4.3. Basic assumptions

4.3.1. Lining material

The lining pipe is a composite material with a complex internal
structure. To facilitate the analysis, the following underlying assump-
tions are made: (1) All components of the material are uniform and
continuous, regardless of the possible material heterogeneity in actual
production; (2) The interface between the layers of material is contin-
uous; (3) The properties of matrix and fiber-reinforced layer in the
composite are the same as before the composite, and the matrix and
fiber-reinforced layer are isotropic; (4) There is no stress in the

component material and composite before the load is applied. After
applying the load, no transverse stress is generated between the matrix
and the fiber-reinforced layer [19].

4.3.2. Steel pipe

The stress analysis of steel pipe needs some assumptions on the
macro level: (1) The material structure of the steel pipe is continuous;
(2) The material structure of the steel pipe is evenly distributed and
isotropic; (3) Ignore changes in steel pipe geometry; (4) There is no
original stress in the steel pipeline; (5) The flow parameters of the fluid
in the pipe are considered to be time-independent.

4.4. Numerical simulation

4.4.1. Geometric model

The geometric model of FEA can be seen in Fig. 5. The buried depth
of the pipeline is 1 m. Because the soil is an infinite space body, a specific
range of soil as a research object needs to be selected. According to the
Saint Venant’s principle, soil length, width, and height are taken as 4 m.
Since the geometric model is symmetrical, in order to save resources in
the calculation process, half of the model is intercepted, that is, the
model size is 4 m x 2 m x 4 m (length x width x height), as shown in
Fig. 6.

4.4.2. Material properties
In this work, three materials need to be considered in FEA, including
steel pipe, lining material, and soil material. The material properties of



H. Lu et al.

o

5

e

=

Sensitivity coefficient

-80.00% -40.00% 0.00% 40.00% 80.00% 120.00%
-0.4
0.8
-1.2
-1.6
Change of influencing factor value
~—o— Residual thickness Pipe diameter ~==#=—Pressure Buried depth

(@)

Composites Part B 183 (2020) 107657

ity coefficient

0.4

@
@»n

-80.00%

0.2

0

-40.00% 0.00% 40.00% 80.00% 120.00%

Change of influencing factor value
—&— Pipe diameter

Pressure =@ Diameter of corrosion hole

(b)

Fig. 17. Sensitivity coefficient curve of steel pipeline stress. (a) Uniform corrosion conditions; (b) Corrosion perforation conditions.

Table 7
Applicable scope of steel pipe repaired by the IHL method under uniform
corrosion conditions.

Pipeline size Residual thickness (mm) Allowable pressure (MPa)

DN200 2.9
3.9
5.2
1.9
2.6
3.5
1.5
2.0
2.6
1.1
1.5
2.0

DN300

DN400

DN500

B WDNBAEWONDAEONDDWON

Table 8
Applicable scope of steel pipe repaired by the IHL method under corrosion
perforation conditions.

Pipe size Corrosion hole diameter (mm) Allowable pressure (MPa)
DN200 30 2.0
40 2.2
50 1.7
DN300 30 1.6
40 1.8
50 1.4
DN400 30 1.2
40 1.4
50 1.1
DN500 30 1.1
40 1.2
50 0.9

the steel pipe are shown in Table 3. The properties of the lining material
are shown in Table 2, and the soil properties are shown in Table 4. The
soil belongs to granular material. The compressive yield strength of this
kind of material is far greater than the tensile yield strength, and when
the material is subjected to shear force, the particle will expand, and its
constitutive relationship is much more complicated than other mate-
rials, so Von Mises yield criterion is not suitable for this kind of material.
In soil mechanics, the commonly used yield criteria are Drucker-Prager
(DP) yield criterion and Mahr-Coulomb (MC) yield criterion. Some cases
prove that the DP yield criterion is more suitable for the soil model. It
can be expressed as [23]:

VI = +xk=0 (11

where 1 and « represent material constants; Jo represents the second
invariant of the stress deviator tensor; L represents the first invariant of

the stress tensor.

4.4.3. Mesh

In FEA, the establishment of the mesh can affect the accuracy of the
calculation results to some extent. Because the research object is a
pipeline, it is usually necessary to encrypt the mesh around the pipeline
to improve the calculation accuracy. Under the condition of uniform
corrosion, only the mesh around the pipe needs to be densified. Under
the condition of corrosion perforation, as the corrosion hole is also the
critical research object, it is also necessary to densify the mesh near the
corrosion hole, as shown in Fig. 7.

4.4.4. Contact model

There are four contacts in the model established in this paper (see
Fig. 8): (1) the type of face-to-face contact between the soil and the outer
wall of the steel pipe is “no-separation”; (2) the type of face-to-face
contact between the inner wall of the steel pipe and the outer layer of
the lining (modified PE) is “no-separation”; (3) the type of face-to-face
contact between the outer layer (modified PE) and the middle layer
(polyester filament) of the lining is “bonded”; (4) the type of face-to-face
contact between the middle layer (polyester filament) and the inner
layer (TPU) of the lining is “bonded”.

4.4.5. Constraints and loads

The constraints and boundary conditions of the pipe-soil system are
consistent under both corrosion conditions. Both the soil and the pipe-
line are subjected to vertical downward gravity, and the gravitational
acceleration is 9.81 m/s2. The inner wall of the lining is subjected to a
pressure of 1 MPa. Four boundary conditions are set in the model: the
lower surface of the soil is subject to fixed support (all displacement or
rotation are limited), the three sides of the soil are subject to horizontal
displacement constraints (downward movement is allowed), the upper
surface of the soil is free constraints, and the symmetrical surfaces of the
soil and the pipeline are set as symmetric constraints, as shown in Fig. 8.

5. Results
5.1. Uniform corrosion condition

Fig. 9 shows the stress analysis results of the steel pipe and the lining,
the maximum stress of the steel pipe is 68 MPa, and the maximum
stresses of the outer layer, the middle layer and the inner layer of the
lining are 0.42 MPa, 6.34 MPa, and 0.321 MPa, respectively. It reveals
that although the internal pressure is applied to the lining, the steel pipe
is still the main pressure-bearing component, and the stress of the steel
pipe is much larger than that of the lining. Moreover, the stress in the
middle layer of the lining is much higher than the other two layers.
Therefore, the middle layer is the leading pressure bearing component of
the lining.
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In order to study the repair effect of the lining, the stress of the steel
pipe without the lining is also analyzed, as shown in Fig. 10. It reveals
that if the pipeline is not repaired by the IHL method under uniform
corrosion conditions, the maximum stress of the steel pipe is 77.4 MPa,
indicating that the lining can effectively reduce the stress of the old
pipeline. Fig. 11 can further illustrate that the stress of the steel pipe
with the lining under different pressures is smaller than that of the steel
pipe without the lining.

5.2. Corrosion perforation condition

In order to study the rehabilitation effect of the lining on the steel
pipe with corrosion perforation, a corrosion perforation model is built,
and the corrosion perforation position is located at the top of the pipe, as
shown in Fig. 12. The shape of the corrosion hole is a regular ellipse, and
the long axis of the ellipse is in the axial direction of the pipe. In this
case, the corrosion hole has a long axis length of 40 mm and a short axis
length of 20 mm.

Besides, in some cases, the corrosion hole can be considered as a
circle. Therefore, this paper considers two corrosion perforation models:
elliptical hole and circular hole. According to FEA results (see Fig. 13),
the stress distribution characteristics of the two corrosion perforation
models are similar, and the maximum stress appears in the axial position
of the corrosion hole. In addition, the maximum stress of steel pipe in the
elliptical hole model and circular hole model is 68.8 MPa and 65.1 MPa,
respectively. It can be concluded that the risk of the elliptical corrosion
hole condition is higher than that of the circular corrosion hole condi-
tion. For two cases of corrosion perforation, the maximum equivalent
stress does not exceed its allowable stress 130 MPa, so the steel pipeline
after the IHL rehabilitation can meet the safety requirement. Further-
more, the maximum stress of the pipeline without lining repair is 95.9
MPa in the elliptical corrosion hole condition, which shows that IHL
repair can effectively solve the problem of corrosion perforation of the
old pipeline.

6. Discussions

In order to make the conclusion more universal, it is necessary to
explore the influencing factors. The influence of residual thickness,
diameter, pressure, and buried depth on the stress of steel pipe with
uniform corrosion is discussed. For the steel pipe with corrosion perfo-
ration, the influence of the location and size of corrosion perforation, the
diameter and pressure of the pipe on the pipe stress is discussed. Table 5
lists the influencing factors and their value ranges.

6.1. Uniform corrosion

Fig. 14 shows the influence of various factors on the stress of steel
pipe and lining under uniform corrosion conditions. The following
conclusions can be drawn:

(1) Asthe remaining wall thickness decreases, the maximum stress of
the steel pipe increases significantly, and the maximum stress of
the lining increases slightly. With the increase in pipe diameter
and transport pressure, the maximum stress of steel pipe and
lining increases, and the stress rise trend of steel pipe is more
prominent.

(2) Asthe buried depth of the pipeline increases, the maximum stress
of the steel pipe does not change significantly, but it shows a
small upward trend. There is no significant change in the
maximum stress of the lining. It reveals that the influence of
buried depth on pipeline stress is negligible.

6.2. Corrosion perforation

Under the condition of corrosion perforation, in order to facilitate
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the analysis, the circular hole is taken as the research object in the in-
fluence analysis of the corrosion hole size. The circular hole is also taken
as the analysis object in the influence analysis of the corrosion hole
position. From the pipe top to the bottom, thirteen locations are
considered (see Fig. 15).

Fig. 16 shows the influence of several factors on the stress of steel
pipe and lining under the corrosion perforation condition. From these
analysis results, the following conclusions can be drawn:

(1) The stress of the steel pipe increases with the increase of the pipe
diameter, but the stress of the lining has no noticeable change.
Generally speaking, the stress of the lining decreases at first and
then increases. The stress of the lining is the smallest when the
pipe size is DN300.

(2) The maximum stress of steel pipe and lining increases with the
increase of pressure, and the relationship between the maximum
stress and pressure is basically linear. Moreover, the increasing
trend of steel pipe stress is more evident than that of the lining.

(3) With the increase of corrosion hole diameter, the maximum stress
of steel pipe also increases. However, the maximum stress of the
lining does not change obviously, and the analysis shows that the
maximum stress of the lining does not change monotonously with
the corrosion hole diameter change.

(4) When the corrosion hole is located at the top of the pipe, the
stress of the steel pipe is smaller than in other locations. When the
location of the corrosion hole is close to the bottom of the pipe,
the stress of the steel pipe is larger. Moreover, the maximum
stress of the lining is less affected by the corrosion hole position,
and the stress change trend of the lining is not consistent with the
steel pipe.

6.3. Stress sensitivity analysis

In order to obtain the degree of influence of different factors on
pipeline stress, this paper analyzes the sensitivity of pipeline stress under
two corrosion conditions. The calculation equation of the sensitivity
coefficient can be expressed as follows:

(6p —0,) X F)

o xim-F) 0

where S represents the sensitivity coefficient. If S is greater than 0, the
stress is positively correlated with the influencing factor; if S is less than
0, the stress is negatively correlated with the influencing factor. The
larger the absolute value of S, the higher the influence of the factor on
the stress; o, represents the base value of pipe stress; o, represents
pipeline stress; Fj, represents the base value of the influencing factor; F,
represents the value of influencing factor.

The sensitivity analysis factor usually needs to be a quantitative
value, so the location of the corrosion hole is not considered in the
sensitivity analysis, as shown in Table 6. The sensitivity analysis results
are shown in Fig. 17. It can be concluded that under uniform corrosion
conditions, the stress of the steel pipe is sensitive to changes in pipe
diameter, pressure, and residual thickness, and is not sensitive to the
buried depth. With the reduction of the residual thickness, the sensi-
tivity of the pipe stress increases obviously. Therefore, in pipeline en-
gineering, with the increase of service life and corrosion, the residual
thickness should be regularly detected and repaired in time. In the case
of corrosion perforation, the pipe stress is sensitive to the change of pipe
diameter, pressure, and corrosion hole diameter, but they have different
sensitivity change rules. The influence of pressure on the pipe stress is
relatively constant, and the stress sensitivity of pipe diameter and
corrosion hole diameter shows a trend of fluctuation.
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6.4. Applicable scope of IHL technique

In engineering, in order to improve the design efficiency, it is
necessary to provide a table to the engineers. Engineers can use the data
in the table to identify the maximum pressure of an urban gas pipeline
with uniform corrosion or identify the maximum corrosion size of the
pipeline, as shown in Table 7 and Table 8.

7. Conclusions

In this paper, the finite element method is used to analyze the stress
of two kinds of pipes with corrosion defects repaired by the IHL method,
and the influencing factors are analyzed. The main conclusions are as
follows:

(1) IHL method can effectively reduce the stress of the old pipeline,
and the old pipeline is the primary pressure bearing component
because its stress is much larger than the lining.

(2) The stress in the middle layer of the lining is much higher than

that in the other two layers.

Under the condition of uniform corrosion, the residual thickness

is inversely related to the steel pipe stress, the pressure and

diameter are positively related to the pipe stress, and the buried
depth has little effect on the stress.

Under the corrosion perforation condition, the pipe diameter,

corrosion hole diameter, and pressure are positively correlated to

the steel pipe stress. When the corrosion hole is at the top of the
pipe, the pipe stress is minimal, and if the corrosion hole is near
the bottom of the pipe, the stress is the largest.

3

(€))

Stress sensitivity is also analyzed in this paper. It is concluded that
under uniform corrosion conditions, the pipe stress sensitivity is
significantly improved with the decrease of residual thickness. However,
under the condition of corrosion perforation, the influence of pipe
diameter and corrosion hole diameter on pipe stress shows a fluctuation
trend. Finally, this paper also gives the applicable scope of the IHL
method, which can provide engineers with design information quickly.
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