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ABSTRACT
This thesis report represents the internal pressure effects on bending moment of high-strength
(𝑋80, 𝑋100 𝑔𝑟𝑎𝑑𝑒) steel pipe. For gas pipe line construction, thin-walled pipe is used with diameter
𝐷 = 48"~60" and wall-thickness 𝑡 = 0.5"~1.5". The bending of thin-walled steel pipe (𝐷/𝑡 > 20) is
very difficult due to different physical damage; such as buckling, ovality, wall-thinning etc. In this
project, it is investigated whether internal pressure can assist the bending of pipes. The numerical
calculation is performed to determine the relation between the bending moment and internal
pressure; which shows that high-amount of internal pressure will reduce the bending moment by
30%. Three-dimensional plasticity calculation is performed considering the linear hardening of steel
material. The bending moment depends not only on the internal pressure but also on some other
parameters; such as pipe diameter, pipe wall-thickness, radius of curvature, hardening modulus etc.
The aim of the PDEng project is to develop a new technical solution which will be able to apply this
high-amount of internal pressure and will work with the existing system easily. The solution is a tubeshaped metal-composite bag which consists of a fiber-reinforced composite outer layer, an
incompressible hydraulic liquid layer and a metal inner layer. The hydraulic layer will apply the highamount of internal pressure on the composite inner wall. Due to internal pressure, the composite layer
will expand and transfer the pressure on steel pipe wall. After a bending operation, the pressure will
be removed and the composite layer will regain its original shape.
The composite layer needs a specific fiber alignment for longer life-cycle and good performance. The
linear analytical calculation for different fiber alignment is done to estimate the pressure transfer from
the composite layer to the steel pipe inner wall. The pressure transfer depends on different
parameters; such as fiber orientation, composite layer wall-thickness, hydraulic layer thickness,
clearance between composite and steel pipe inner-wall etc.
Finally, the nonlinear simulation is performed according to Finite Element Method (FEM) for complex
geometry. According to ABAQUS simulation result, the stress distribution in the composite layer is
determined. The critical region is the end joint of the composite layer. The composite and metal will
be joined at the support end. The stress on end connection could be reduced by increasing the joining
length, curve on the end, increasing the wall-thickness in the end etc. According to the stress on
support end, the joining technique of different type material is determined. Depending on the stress
value in the support end, different joining technique is available. Three common joining techniques
are glueing, welding and mechanical locking.
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NOTATION
The following symbols and abbreviations are used for equations and figures in this report including
SI units of measure.
FEM

Finite Element Method

D

Diameter of steel pipe (m or inch)

t

Wall-thickness of steel pipe (m or inch)

R

Radius of steel pipe (m or inch)

𝜎𝑦,0

Initial yield stress of steel pipe (MPa)

𝜀𝑦,0

Initial yield strain of steel pipe (mm/mm)

𝜎𝑢𝑙𝑡

Ultimate stress of steel pipe (MPa)

𝜀𝑢𝑙𝑡

Ultimate strain of steel pipe (mm/mm)

E

Elasticity modulus of steel pipe (GPa)

H

Hardening modulus (MPa)

𝑝𝑖𝑛𝑡

Internal pressure (MPa)

𝜎𝑙

Longitudinal stress (MPa)

𝜎ℎ

Hoop stress (MPa)

𝜎𝑟

Radial stress (MPa)

VM

Von-Mises yield surface

𝜌

Radius of curvature (m)

𝑓

Yield function

𝜅

Curvature (/m)

𝑑𝑐,𝑎𝑣𝑔

Average diameter of composite layer (m)

𝑑𝑐,𝑖𝑛

Inner diameter of composite layer (m)

𝑑𝑐,𝑒𝑥

Outer diameter of composite layer (m)

𝑡𝑐

Composite layer wall-thickness (m)

C

Stiffness matrix of composite layer (GPa)

𝛿𝑐

Clearance between composite and steel pipe wall (m)

𝜃

Fiber angle with longitudinal axis (degree)

𝑝0

Internal pressure on composite inner-wall (MPa)

𝑝1

Transferred pressure on steel pipe inner wall (MPa)

𝛿𝑏

Expansion of composite layer due to (𝑝0 − 𝑝1) pressure (m)

𝛿𝑝,𝑖𝑛

Expansion of steel pipe due to 𝑝1 pressure (m)

𝛿𝑐,𝑖𝑛

Expansion of composite inner-wall due to 𝑝0 pressure (m)

𝛿𝑐,𝑒𝑥

Contraction of composite outer-wall due to 𝑝1 pressure (m)

L

Total length of metal-composite bag (m)

𝛼

Bending angle of steel pipe

D

Stiffness matrix of orthotropic material for ABAQUS simulation (GPa)

FBE

Fusion bonded epoxy coating

DPU

Design process unit

TAR

Technical action research method

1 Introduction
Transportation of gas or oil can be done by many ways; such as trucks, trains, ships or pipelines. The
pipeline is efficient when a large amount of gas or oil is needed to be transported in a long distance.
Before starting the pipeline construction, initially, trench direction for the pipeline is specified.
Geographical occurrences are caused due to large rocks and differences of altitude. Hence, during the
pipeline construction, pipe bending is necessary to follow the designated route or to adapt according
to the terrain level. Sometimes acute bending angle is necessary for hilly regions, onshore
construction, remote places, huge rocks etc. During the pipe bending operation, the pipe is deformed
permanently by plastic deformation of steel pipe. Different pipe bending process is available and the
choice of bending operation depends on pipe size, pipe coating, environmental condition, pipeline
construction location etc. [1]
Either cold bending process or hot bending process is used to bend a pipe. The cold bending process
is performed on the job site and called on-site bending process. According to the cold bending method,
the unbent pipe, either bare pipe or coated pipe, is carried to the construction site and then bent on
site. On the other hand, the hot bending operation is performed inside a factory and then the bent pipe
is carried to pipeline construction site. Different types of bending process are discussed in Chapter 2
including their merits and demerits. Nowadays, the cold bending process is widely used and a pipe
with different sizes (6"~64") is bent by a cold bending process using a hydraulic bending machine.
MAATS is the key stakeholder of this PDEng project. They supply the hydraulic bending machine set
for pipeline bending operation. For oil or gas transportation, the pipeline construction company uses
high-strength and large-diameter pipe due to longer life-cycle and a large volume of transportation.
The mostly used pipe size varies in between 𝐷 = 36”~60” diameter with pipe wall-thickness 𝑡 =
0.5"~ 1.5". The pipe material is made of high-strength steel grade; such as X70, X80, X90 or X100 grade
steel pipe. The high-strength steel pipe possesses strong mechanical properties; for example, a X80
grade pipe possess the yield stress, ultimate stress and ultimate strain as 𝜎𝑦,0 = 550 𝑀𝑃𝑎, 𝜎𝑢𝑙𝑡 =
690 𝑀𝑃𝑎 and 𝜀𝑢𝑙𝑡 = 20% respectively. It is difficult to bend a thin-walled and high-strength steel pipe
normally. When a thin-walled pipe is bent then different types of physical damage may occur; such as
buckling, wall thinning, wrinkling, eccentricity, ovality etc. Among them, the most common problem
is buckling damage. To prevent the buckling damage, the construction company uses a steel mandrel
to support the inner wall of steel pipe. The mandrel prevents the buckling damage; but it increases the
bending moment of a steel pipe.
A technical solution could replace the steel mandrel; for example, a device to apply the internal
pressure on steel pipe inner-wall. The internal pressure will prevent the buckling damage and will
provide technical benefits as well. The bending process with internal pressure will reduce the bending
moment by 30%. The bending moment depends on radius of curvature, internal pressure, pipe
diameter, pipe wall-thickness and hardening modulus. The numerical calculation in this research will
determine the relationship between the optimal internal pressure and the percentage of bending
moment reduction in Chapter 3.
Finally, a technical solution is proposed with design details to apply the internal pressure on steel pipe
inner-wall. The internal pressure could be applied by a tube-shaped solution. The solution consists of
a metal inner layer, an incompressible hydraulic liquid layer and a composite outer layer. The tube1|Page

shaped solution is called as a metal-composite bag in this report. The analytical calculation is
performed to determine the relationship among applied pressure, transferred pressure, clearance,
composite wall thickness, fiber orientation in composite layer etc. The nonlinear FEM simulation is
performed to determine the actual pressure transfer from composite layer to steel pipe wall and the
stress distribution on the end-joint of the metal-composite bag. Some possible solutions for end-joint
are also described. Depending on the internal pressure, the end joint could be designed as simple as
possible. For low amount of internal pressure, the glued joint performs very well; but for a high
amount of internal pressure, a mechanical joint will be required for longer life-cycle. The technical
solution details are described in Chapter 4.
The nominal service life of pipeline is 25-35 years which is an important aspect of the pipeline design,
construction and operation. The failure of the pipeline may cause human and economic loss; hence
the pipeline protection is highly important in the case of oil and gas transportation. The pipeline
lifecycle involves pipe transportation, pipe handling, pipeline installation and pipeline service life.
During the service life, the pipeline experiences mechanical impact damage and corrosion. To protect
the pipeline damage, different types of external coatings are used. More details about different types
of coating are discussed in Appendix A.
The design steps of this project are described in Appendix B. According to design science, the
systematic design approach is followed to achieve the final solution; hence for future improvement,
one could check the specific step and one does not need to repeat the whole engineering cycle. The
social and technical impacts of gas pipeline construction are also considered and described in
Appendix C. It explains the other issues related to bending process, pipeline construction, safety issues,
social impacts and other stakeholders.
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2 Traditional Bending Process
There are several bending processes available. The bending process depends on bending angle, pipe
size, pipe coating, environmental condition etc. Every bending process has some benefits and
problems. The high amount of bending moment causes the failure of the bending machine. Hence, the
improvement of the existing bending system is necessary to reduce the bending moment. A technical
solution will provide technical benefit, reduce the operation time, reduce the operating costs etc.

2.1 Different Types of Bending

During the gas pipeline construction, sometimes it is necessary to bend a steel pipe. Depending on the
terrain elevation; the steel pipes are bent in different angles. There are three different types of bending
depending on direction; such as vertical, horizontal and combined bending. Types of bending depend
on the purpose of bending and trench direction. A typical pipeline construction site and construction
environment are shown in Fig. 1.

Figure 1: Curved pipeline construction and the bending operation in cold weather by a hydraulic machine.

The hot bending operation is performed inside the factory and then the bent pipe is carried to the
construction site. The hot bending process is used for acute angle change; such as S-bends, 3D bends
and multiple bends. This method is used for creating tight bends with a heavy wall-thickness pipe or
acute angles with narrowing the pipe cross-section. On the other hand, the cold bending process is
performed on site and could be done in parallel to welding, coating, lowering, backfilling etc. The main
problems for hot bending process are the transportation of bent pipe to the remote construction site.
A transportation truck can carry 5~6 straight pipes; whereas it carries 1~2 bent pipes to the
construction site. Additionally, the hot bending process weakens the pipe strength due to heat affected
zone and the pipe property becomes brittle. Due to extreme weather conditions on a construction site
(−40 ~ 40 ℃), the cold bending process is suitable for both hot and cold weather condition. Moreover,
the cold bending process improves the steel pipe strength due to hardening of steel material. Hence,
the pipeline construction company prefers the cold bending instead of the hot bending. The cold
bending operation is performed by a bending machine. A high-strength and large-diameter pipe needs
a large bending machine. Different types of cold bending process are described below.
3|Page

2.2 Cold Bending Process

In the cold bending process, the bending curvature is limited. According to API-5L, the radius of
curvature for cold bending is 𝜌 = 20𝐷~40𝐷 which limits the curvature max 𝜅 = 0.05~0.025 /𝑚 after
spring back. In practice, a pipe is bent maximum 𝜌 = 20𝐷 and after spring back the radius of curvature
is in between 𝜌 = 20𝐷~40𝐷. Different methods of cold bending process are described below. [2]

2.2.1 Bending Shoe Method
According to this method, the bending shoe is attached to pipe layer. This bending process is very fast
and suitable for pipe size 4”~16” diameter. Bending shoe for different pipe sizes are different. The
pipe is inserted into the bending shoe and load is applied by a tractor. This process is shown in Fig. 2.

Figure 2: Bending-shoe method.

Figure 3: Hydraulic bending machine.

2.2.2 Hydraulic Bending Machine Method

Nowadays this method is mostly used, but the method is complicated. It is suitable for all steel grade
pipes (X56~X100) with different pipe size 6”~64” diameter. This method is shown in Fig. 3. The main
components of a hydraulic bending machine are shown in Fig. 4; such as pin-up shoe, stiff-back end,
bending die, mandrel etc. A pipe is inserted into the bending machine, fixed by pin-up shoe, uplifted
by the stiff-back end and bent by the compressive load of bending die. The pipe bends around the
bending die. To prevent the buckling damage, an auxiliary equipment is used, named mandrel. The
mandrel is shown in Fig. 5 which is used against the pipe inner wall during the bending operation. [2]

Figure 4: Main elements for hydraulic bending machine.

Figure 5: Hydraulic wedge mandrel.
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During the bending operation, different physical damages may happen; such as buckling, ovality, wallthinning, wrinkling etc. Some damages are shown in Fig. 6. Among them, the main physical damage is
buckling damage which is prevented by the mandrel. Other damages are small within the tolerable
limit. Hence, additional physical treatment for ovality or wall thinning is not necessary.

Figure 6: Buckling, ovality and wall thinning problems during pipe bending operation.

2.2.3 Internal Bending Machine Method

When a pipe is thermally insulated by foam coating, then the best bending process is an internal
bending machine which is faster and accurate. The bending operation is controlled and monitored by
sensors. The internal bending machine is built inside a cargo container and it can be easily transported
to any location (shown in Fig. 7). For pre-insulated thermal pipe, the internal bending process is used;
but the alternate way is to bend the bare pipe by hydraulic bending machine and the foam insulation
is done afterward. [2]

2.2.4 Sling Type Bending Machine Method
This bending method is used for foam coated or pre-insulated pipe with a small dimension. The design
of the belt is sling type; hence the bending forces distribute properly on the pipe surface. The proper
force distribution reduces the coating damage significantly. This operation is suitable for small pipe
sizes; which is shown in Fig. 8.

Figure 7: Internal bending machine.

Figure 8: Sling-type bending machine.
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2.3 Objectives of this Project

To accelerate the pipeline construction, pipes are bent on site with the utilization of bending machine
and the bending operation is performed in parallel with other operations. The hydraulic bending
machine is used for cold bending operation as it is capable to bend a large range of pipe sizes.
Following problems arise during the pipe bending process







High-strength steel pipe needs a large bending moment.
High bending moment causes the damage of the bending machine parts. The failure of a machine
part will stop the whole operation.
A 12m long pipe can't be bent at once. The bending operation is performed several times along the
length of the pipe. For a 100 𝑘𝑚 long pipeline, total bending operation time is long.
To prevent the machine damage, a large amount of welding is necessary for different machine
parts. Welding costs lots of money, time and energy.
It is difficult to carry a large bending machine on remote construction site.
For the operational benefit, pipe coating is performed before the bending operation. High bending
forces cause coating damage.

A new solution is needed to overcome the existing problems. Moreover, the solution will provide some
other technical benefits, such as,








Reduction of bending moment which will lessen the machine failure. It will reduce the machine
welding.
Replace the 400 𝑘𝑔 heavy mandrel by a light-weight solution.
Prevent the buckling damage as well as other physical failure of thin-walled steel pipe.
Lessen the operation cycle and operation time.
Replace the large machine by a small size machine. Multiple small machines could operate in
parallel and speed up the bending operation. Moreover, it will be easy to transport a small machine
on construction site.
Reduction of bending moment will prevent the physical damage of pipe coating.

6|Page

3 Bending Moment Reduction
The bending moment can be reduced by applying the internal pressure during the hydraulic bending
method. The reduction of bending moment depends on internal pressure, radius of curvature, pipe
diameter, pipe wall-thickness, steel mechanical properties etc. The optimal internal pressure is
determined according to three-dimensional plasticity model. The relationship of bending moment
with other parameters is presented in this chapter. A simple laboratory test is performed for thinwalled Copper pipe with internal air pressure. The test result shows the internal pressure effects on
three-point bending test. To determine the internal pressure for high-strength and large-diameter
pipe, a numerical calculation is performed for different pipe sizes with different pipe wall-thickness.
The calculation determines the internal pressure limit for the percentage of bending moment
reduction.

3.1 Experimental Test of Prototype

Different analysis has been performed on buckling phenomena, thin cylindrical shells and pipe
curvature effect on bending [4]. Moreover, numerical analysis has shown that internal pressure has a
significant effect on pipe bending process which makes the bending process easier as well as prevents
the buckling damage [5]. Following the numerical analysis, the relation between yield strength and
internal pressure shows that an optimal pressure exists, which reduces the pipe’s yielding strength
and also increases the critical buckling moment [5].
A three-point bending test is performed for a thin-walled Copper pipe with internal air pressure. The
linear analysis is followed by the analytical calculation and the nonlinear effects such as hardening
effects, metal plasticity are not considered in this test. The internal air pressure, 𝑝0 , will create the
hoop (𝜎ℎ ) and longitudinal (𝜎𝑙 ) stresses on pipe wall as,

𝜎ℎ,𝑝 =

𝑝0 𝑑𝑖𝑛
2𝑡

;

𝜎𝑙,𝑝 =

𝑝0 𝑑𝑖𝑛
4𝑡

(1)

where, 𝑑𝑖𝑛 =inner diameter of the pipe and 𝑡 =pipe wall-thickness. When both internal pressure and
external bending moment are acting; then the total hoop stress and longitudinal stress become,
𝜎ℎ = 𝜎ℎ,𝑝 ;
𝜎𝑙 = 𝜎𝑙,𝑝 + 𝜎𝑙,𝑚
(2)
where 𝜎𝑙,𝑚 =stress due to bending moment. Subsequently, the assumption can be made using the Von
Mises criterion for planar stress. The product of the longitudinal and axial stress component will result
in admissible stress (𝜎𝑎𝑑𝑚 ) which in our case are equal to the yield stresses, 𝜎𝑦 , as
𝜎𝑎𝑑𝑚 = √𝜎𝑙 2 − 𝜎𝑙 𝜎ℎ + 𝜎ℎ 2 = 𝜎𝑦
The expression for the maximum admissible longitudinal stress can be stated to be:
𝜎ℎ ± √4𝜎𝑦 2 − 3 𝜎ℎ 2
𝜎𝑙 =
2

(3)

(4)

Three-point bending test set up is shown in Fig. 9. The support condition acts as a roller support which
prevents the vertical displacement of the pipe. The bending force is applied on the top surface of
7|Page

Copper pipe and the pipe surface buckles after the ultimate load. Here, only tensile stress is created
on the pipe surface. Hence, the tensile stress is calculated by Eq. 4.

Figure 9: Three-point bending test set-up of thin-walled Copper pipe with internal air pressure.

The test result of three specimens is plotted in Fig. 10 which shows that the increment of internal
pressure increases the bending moment. Maximum allowable pressure for the specimen is 10 bar;
hence the test is performed for 𝑝𝑖𝑛𝑡 = 0~5 𝑏𝑎𝑟. The graph shows that the initial slope of all curves is
similar and the difference is observed by the increase of loading. Two specimens are tested for 𝑝𝑖𝑛𝑡 =
5 𝑏𝑎𝑟 and one specimen for 𝑝𝑖𝑛𝑡 = 0 𝑏𝑎𝑟. Pipe with high internal pressure shows higher bending force
and buckles after the ultimate load. All tests are performed for same conditions; but the variation is
observed for 𝑝𝑖𝑛𝑡 = 5 𝑏𝑎𝑟 due to non-homogeneous material content, some defects in specimen,
variation in production process etc.

Figure 10: Internal pressure effects on three-point bending test of Copper pipe.
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3.2 Three-Dimensional Plasticity on Pipe Bending

The 1D plasticity theory explains the basic plasticity model (in Appendix D) where the stress-strain
has one component in the loading direction. For three-dimensional case, the stress or strain tensor
possesses nine components which can be expressed as
𝜎11
[𝝈] = [𝜎21
𝜎31

𝜎12
𝜎22
𝜎32

𝜎13
𝜎23 ] ;
𝜎33

𝜀11
[𝜺] = [𝜀21
𝜀31

𝜀12
𝜀22
𝜀32

𝜀13
𝜀23 ]
𝜀33

(5)

Due to symmetry condition, the lower triangular components of stress-strain are equal to the upper
triangular components. According to Voigt’s notation, six independent components can be written as
𝜀11
𝜎11
𝜀
𝜎22
22
𝜀13
𝜎33
{𝝈} = 𝜎
{𝜺} = 𝛾 = 2𝜀
;
(6)
12
12
12
𝜎23
𝛾23 = 2𝜀23
{𝜎13 }
{𝛾13 = 2𝜀13 }
The stress and strain relation can be written as
{𝝈} = [𝑫]{𝜺} ⇒ 𝜎𝑖𝑗 = 𝐷𝑖𝑗𝑘𝑙 𝜀𝑖𝑗

(7)

According to Eq. 7, the flexibility tensor is [𝑫] = [9 × 9] matrix which possesses 81 components. Due
to sub-symmetry and super-symmetry, the flexibility tensor reduces to [𝑫] = [6 × 6] matrix which
has 36 components. Moreover, due to diagonal symmetry of [𝑫], the lower triangular components of
[𝑫] matrix is equal to the upper triangular components of [𝑫]. Hence, the flexibility tensor [𝑫] =
[6 × 6] has 21 independent components.
Three major principal directions of a pipe are: longitudinal, circumferential and radial direction. The
principal three directions are shown in Fig. 11. There are no torsional effects and only pure bending
condition can consider. For pure bending condition, the shear terms of the stress and strain
component are neglected which reduces three shear components of stress-strain tensor in Eq. 6.

Figure 11: Longitudinal, hoop and radial stress along the three principal directions of pipe.

According to the cold bending process, the pipe is inserted into the bending machine and bent to the
desired radius of curvature. Three major stress components on three principal directions are the hoop
or circumference stress 𝜎2 𝑜𝑟 𝜎ℎ , the longitudinal stress 𝜎1 𝑜𝑟 𝜎𝑙 and the radial stress 𝜎3 𝑜𝑟 𝜎𝑟 . The
bending moment could be reduced by applying the internal pressure. Consider that the internal
pressure is applied by a device which will apply the pressure only on hoop direction and the both ends
of the device are open. Hence on the pipe wall, the internal pressure will create the hoop stress and
no stress component on longitudinal or radial direction. If the internal pressure, 𝑝𝑖𝑛𝑡 , is applied then
the stress components will be
9|Page

𝜎1
0
{𝜎} = {𝜎2 } = {𝑝𝑑/2𝑡}
𝜎3
0

(8)

The internal pressure in pipe wall and a shell element with three principal directions are shown in
Fig. 12. Mostly the pipeline construction company uses the thin-walled pipe (𝐷/𝑡 > 20); hence the
stress will be assumed homogeneous over the wall-thickness and 𝜎3 = 𝜎𝑟 will be disregarded.

Figure 12: Internal pressure in a pipe and three principal stress directions on a shell element.

Due to internal pressure, three principal stress components are shown in Eq. 8. The bending operation
with combined load includes two types of loading; like internal pressure and external bending
moment. For numerical calculation, the longitudinal stress increment is allowed and other stress
increment is kept zero. The stress-strain increment could be expressed as,
𝑑𝜀1
𝑑𝜎1
{𝑑𝜎} = { 0 } ;
{𝑑𝜀} = {𝑑𝜀2 }
(9)
𝑑𝜀3
0
According to Eqs. (8,9), although the radial stress component remains zero; but the corresponding
radial strain component exists. In a pure bending case, the stress-strain and increment relation at any
time can be expressed as,
𝐷11 𝐷12 𝐷13 𝜀1
𝜎1
{𝜎2 } = [𝐷12 𝐷22 𝐷23 ] {𝜀2 }
0
𝐷13 𝐷23 𝐷33 𝜀3
(10)
𝐷11 𝐷12 𝐷13 𝑑𝜀1
𝑑𝜎1
&
{ 0 } = [𝐷12 𝐷22 𝐷23 ] {𝑑𝜀2 }
𝐷13 𝐷23 𝐷33 𝑑𝜀3
0
whereas the strain increment is defined as

𝑅𝑠𝑖𝑛𝜑 𝑑𝜅
𝑑𝜀1
{𝑑𝜺} = {𝑑𝜀2 } = { 𝑑𝜀2 }
𝑑𝜀3
𝑑𝜀3

(11)

where 𝑅 =radius of pipe and 𝑑𝜅 =curvature increment. Steel material follows Von-Mises (VM) yield
surface criteria and hardening behavior. Details about multiaxial yield surface, different hardening
model, isotropic VM yield surface and classical metal plasticity are described in Appendix E. To
describe the hardening property of 𝑋80 grade steel pipe; linear strain hardening model is used, which
is a reasonable approximation for steel. This model is described by two straight lines with different
moduli: first part the elastic zone and second part the plastic zone. For numerical calculation, linear
hardening model (in Fig. 13) is used which holds the following relation,
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𝜎 = 𝐸𝜀
𝜀 ≤ 𝜀𝑦 , 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
(12)
𝑝
𝜎 = 𝜎𝑦,0 + 𝐻𝜀
𝜀 > 𝜀𝑦 , 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
where 𝐻 = 𝐻𝑎𝑟𝑑𝑒𝑛𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑢𝑠. Three parameters for linear hardening model are 𝐸, 𝐻 & 𝜎𝑦 . The
more advanced model of linear hardening model can be expressed by Philip’s model, which uses
multiple straight lines to determine the hardening model. But Philip’s model requires more
parameters which makes the mathematical model complex [7].

Figure 13: Linear hardening model.

3.2.1 X80 Grade Steel Pipe
It has been a trend to use large-diameter and high-strength steel pipe with small wall thickness. For
this purpose, high strength pipe like 𝑋65, 𝑋70 𝑜𝑟 𝑋80 grade steel pipe is used for large capacity and
high durability. The 𝑋80 grade steel pipe has already been implemented with satisfactory results. The
base composition of 𝑋80 grade is found by lots of trials. A composition of 𝑀𝑛𝑁𝑏𝑇𝑖 steel is a typical
base composition for those pipe productions. A typical composition of 𝑋80 grade pipe is steel with
0.09% Carbon, 1.9% Manganese, 0.04% Niobium and 0.02% Titanium. Other chemical compositions,
such as Copper or Nickel or Molybdenum, are not necessary if the pipe wall thickness is up to 25 𝑚𝑚.
The Boron material alloys are not permitted. Moreover, Carbon content must be < 0.44% and 𝑇𝑖/𝑁 >
3.5 is also necessary for 𝑀𝑛𝑁𝑏𝑇𝑖 system to be effective. The Titanium material also hazards the
welding process, hence 𝑇𝑖 < 0.025% is necessary to avoid the detriment toughness in the heat
affected zone (HAZ) of the longitudinal welding [10]. The basic mechanical and physical properties of
𝑋80 grade steel pipe are shown in Table 1.
Table 1: Properties of X80 grade steel pipe that are used for numerical calculation.

Pipe outer diameter
Pipe wall thickness
Young’s Modulus, 𝐸
Yield stress, 𝜎𝑦,0
Bulk Modulus, K
Shear modulus, G
Poisson’s ratio, 𝜐
Ultimate stress, 𝜎𝑢𝑙𝑡
Ultimate strain, 𝜀𝑢𝑙𝑡
Hardening Modulus, 𝐻

48" ≈ 1.2192 𝑚
1" ≈ 2.54 𝑐𝑚
200 𝐺𝑃𝑎
560 𝑀𝑃𝑎
163 GPa
76 GPa
0.30
690 𝑀𝑃𝑎
19.3% ≈ 0.20 𝑚𝑚/𝑚𝑚
690 − 550
= 740 𝑀𝑃𝑎
0.193 − 0.005
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During the pipe bending, some region of a cross-section possesses tension and some region is in
compression. The bending test with internal pressure is applied by MATLAB and the internal pressure
effect is determined. In a pure bending test, only longitudinal stress is allowed to increase. All other
stress increments are not allowed to increase during the bending operation. For numerical analysis,
the curvature increment 𝑑𝜅 = 0.0001 is prescribed as an input parameter. The corresponding
longitudinal strain increment is calculated by 𝑑𝜀1 = 𝑅𝑠𝑖𝑛𝜑 × 𝑑𝜅 equation, where 𝑅 =
𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑝𝑖𝑝𝑒. Following Eqs. (9~11), the stress-strain relation is established and calculated.
Steel pipe possesses isotropic material property; hence it shows same mechanical properties in all
three directions. The 𝑋80 grade steel pipe with above properties is tested in both tension and
compression test. Linear hardening model is applied with hardening modulus. If there is no internal
pressure 𝑃𝑖𝑛𝑡 = 0 𝑀𝑃𝑎, then there will be no hoop stress in the pipe inner wall. The tension and
compression test results are shown in Fig. 14. Only longitudinal stress and longitudinal strain are
plotted as the main stress-strain component. According to Fig. 14, the steel pipe shows similar stressstrain relation in both tension and compression test. The yield stress is same for both conditions. The
yield locus can be defined by [𝜎𝑦0 , −𝜎𝑦0 ] = [560, −560] 𝑀𝑃𝑎. The ultimate stress is [695, −695] 𝑀𝑃𝑎
corresponding to maximum strain 0.2 𝑚𝑚/𝑚𝑚 (≈ 20%).

Figure 14: X80 grade steel pipe in tension and compression test with no internal pressure where D/t=48.

3.2.1 Internal Pressure Effects on Yield Stress
The internal pressure effects on the tensile test are observed by numerical simulation. If the internal
pressure is applied, then it generates the hoop stress on the pipe wall. Tension test is simulated for
different internal pressure 𝑃𝑖𝑛𝑡 = 1, 5, 10 𝑀𝑃𝑎, and the stress-strain result is shown in Fig. 15. The
ultimate stress is achieved as more than 700 𝑀𝑃𝑎 for a corresponding ultimate strain 0.2 𝑚𝑚/𝑚𝑚.
Due to different internal pressure, different amount of hoop stress is generated. All other conditions
are kept same. Only longitudinal stress-strain components are plotted as the main stress-strain
component. According to Fig. 15; if the internal pressure increases, it increases the yield stress and
ultimate stress for the same strain. Consequently, in a bending process, the internal pressure will
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increase the yield stress for the tensile zone. Hence, the hoop stress has significant impacts on
longitudinal stress increment on pure bending operation.

Figure 15: Tension test of X80 grade for different internal pressure.

The tension and compression test are simulated for different internal pressure 𝑃𝑖𝑛𝑡 = 1, 5, 10 𝑀𝑃𝑎.
The stress-strain result of both test is plotted in Fig. 16. In compression zone, the yield stress and
ultimate stress decrease with increasing internal pressure. In brief, the internal pressure increases
the tensile yield stress and reduces the compressive yield stress. Due to the early yielding of
compressive zone, the steel pipe will deform plastically with lower bending moment.

Figure 16: Uniaxial tension and compression graph for X80 grade steel with D=48" and t=1".
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According to Fig. 16 with the increase of internal pressure, tensile stress increases and compressive
stress decreases. If the internal pressure increases, then the compressive stress is reduced for same
strain. Moreover, for higher internal pressure, the compressive yield stress reduces more in compared
to tensile stress increment. For 𝑃𝑖𝑛𝑡 = 10 𝑀𝑃𝑎, the tensile yield stress is 𝜎𝑦,0 = 620 𝑀𝑃𝑎, but then the
compressive initial yield stress is 𝜎𝑦,0 = −400 𝑀𝑃𝑎. For higher internal pressure, the difference
between compressive yield stress ∆𝜎𝑐𝑜𝑚 = |𝜎𝑦0,10 𝑀𝑃𝑎 − 𝜎𝑦0,5 𝑀𝑃𝑎 | is larger than the difference
between tensile yield stress ∆𝜎𝑡𝑒𝑛 = |𝜎𝑦0,10 𝑀𝑃𝑎 − 𝜎𝑦0,5 𝑀𝑃𝑎 |. Which indicates that if the internal
pressure is higher; then the compressive zone will yield quicker and conversely the tensile zone will
be stiffer with high yield stress.
The bending operation with internal pressure is shown according to VM yield surface in Fig. 17 which
represents the similar result as in the above graph. During the bending operation, the top surface
possesses compressive stress and bottom surface possesses tensile stress along the longitudinal
direction. The internal pressure creates the hoop stress which creates the tensile stress in the
transverse direction. The stresses on components and VM yield surface are shown in Fig 17. The early
yielding of the compressive zone will reduce the bending moment.
Hydraulic bending machine is used to bend high-strength and large-diameter steel pipe in the cold
bending process. According to three-dimensional plasticity model, if the internal pressure is increased
then it will reduce the compressive yield strength and increase tensile yield strength. But the internal
pressure can’t be too high, otherwise, the internal pressure will cause the physical damage to the pipe
wall; such as wall-thinning, ovality, eccentricity, shrinkage etc. Hence, the internal pressure needs to
limit with respect to bending moment reduction. The pipeline construction company bends a pipe
with a radius of curvature in between 𝜌 = 20𝐷~40𝐷 after spring back. Hence it is reasonable to
investigate the bending moment result corresponding to curvature, 𝜅 = 0.02𝐷−1 ~0.05𝐷−1. The
pipeline construction company is interested to reduce the bending moment approximately 20~30%.
Hence, the relationship between internal pressure and reduction of bending moment is important.

Figure 17: Pipe bending with internal pressure and VM yield surface with combined loading.
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3.2.2 Discretization of Cross-Section
The external bending moment is applied with a hydraulic bending machine. A pipe is bent to the
desired angle or in a specific radius of curvature (𝜌). The linear stress distribution along the crosssection and radius of curvature are shown in Fig. 18 for a pure bending test. The curvature and the
radius of curvature are inverse in relation, 𝜅 = 1/𝜌. Bending moment increases proportionally with
the increase of curvature during the pipe bending operation. On the other hand, the bending moment
increases with the decrease of the radius of curvature (𝜌). Hence for bending moment representation,
the curvature is more effective term than radius of curvature. The stress along a neutral axis is zero.
During the pipe bending, some regions possess the tensile stress and some region are in compression.
During a bending moment calculation both tensile and compressive stress are considered.

Figure 18: Linear stress distribution along a cross-section and radius of curvature in a pure bending test.

To determine the bending moment, the pipe cross-section is discretized into several nodes. For any
node, the distance from the neutral axis is obtained by 𝑦 = 𝑅 sin 𝜑, where 𝜑 = angular coordinate
between two nodes along the circumference. The discretization is shown in Fig. 19. For 𝑋80 grade
steel pipe, maximum elongation is 20%. Then the ultimate curvature for X80 grade steel becomes 𝜅 =
𝜀𝑢𝑙𝑡
= 0.35 /𝑚. For gas pipeline construction, maximum allowable curvature is 0.02 /𝑚. A pipe is bent
𝑅
according to the designated route. The curvature is defined along the neutral axis and then the
corresponding stress-strain for each node are calculated.

Figure 19: Discretization of a pipe cross-section into several nodes.

The pipe is bent along the longitudinal axis and the stress on each node is different. If the top surface
possesses compression, then the bottom surface possesses tension. A cross-section is discretized in
12 nodes and the stress-strain result on different nodes is plotted in Fig. 20. The stress and strain for
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all node are not same, but all nodes follow the same stress-strain path. For a specific curvature,
different nodes on a cross-section possess different stress and different strain value.

Figure 20: Stress distribution along the cross-section in all 12 nodes with 𝑃𝑖𝑛𝑡 = 1𝑀𝑃𝑎, 𝐷 = 48" 𝑎𝑛𝑑 𝑡 = 1".

3.2.3 Normal Force and Bending Moment
If a pipe is subjected to bending moment and normal force together, then the stress distribution along
the cross-section is not symmetric. In that case, the stress distribution varies largely along the crosssection, and the total stress on a cross-section is the sum of stress due to pure bending moment and
stress due to the normal force. A simple linear relation of the stresses is shown in Fig. 21 where tensile
stress prevails on the top surface and the normal force is considered as a tensile force.

Figure 21: Linear relation of bending moment and normal force distribution along a cross-section.

For the numerical analysis, the curvature increment is applied as input parameter and the
corresponding stress-strain values are stored. The whole cross-section is divided into 32 nodes with
equal spacing. In practice, a pipe is bent by pure bending process. Hence, for numerical calculation,
the normal force is checked and, if exists, it is made zero. In this way, the bending moment is calculated
as a pure bending test. The normal force (𝑁) and the bending moment (𝑀) are obtained as follows;
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𝑁 = ∫ 𝜎1 𝑅𝑡𝑑𝜑 = ∑ 𝜎1 (: )𝑅𝑡𝑑𝜑
𝑀 = ∫ 𝜎1 𝑦 𝑅𝑡𝑑𝜑 = ∑ 𝜎1 (: ) 𝑦(: ) 𝑅𝑡𝑑𝜑

(13)

Stress-strain increment relation in a pure bending operation is represented by the following relation
𝐷11 𝐷12 𝐷13 𝑑𝜀1
𝑑𝜎1
{ 0 } = [𝐷12 𝐷22 𝐷23 ] {𝑑𝜀2 }
(14)
𝐷13 𝐷23 𝐷33 𝑑𝜀3
0
From the above relation, the longitudinal stress-strain increment can be obtained as
𝐷22 𝐷23 −1 𝐷12
𝐷
[𝐷
]
𝑑𝜎1 = (𝐷11 − 12
] { }) 𝑑𝜀1
13 [
𝐷32 𝐷33
𝐷13
∗
⇒ 𝑑𝜎1 = 𝐷11 ∗ 𝑑𝜀1
The longitudinal strain of a pipe element can be obtained by
𝑑𝜀1 = 𝑦 × 𝑑𝜅 ± 𝑑𝜀𝑚 = 𝑅𝑠𝑖𝑛𝜑 × 𝑑𝜅 ± 𝑑𝜀𝑚
𝑑𝜀
⇒ 𝑑𝜀1 = [1 𝑅𝑠𝑖𝑛𝜑] { 𝑚 }
𝑑𝜅
where 𝑑𝜀𝑚 =membrane strain. Combining Eqs. (14 ~16), one obtains
1
𝑑𝑁
∗ [1 𝑅𝑠𝑖𝑛𝜑] 𝑑𝜀𝑚
{ }={
} 𝐷11
{
}
𝑅𝑠𝑖𝑛𝜑
𝑑𝑀
𝑑𝜅

(15)

(16)

(17)

In pure bending operation, the normal force remains zero in each loading step. Hence for numerical
simulation, the normal force is checked in every step. If the normal force is not zero; then it is made
zero and the stress value is updated according to Eq. 15.

3.2.4 Moment and Curvature Relation
The moment of a discretized cross-section is obtained by the following equation
𝑀 = ∑ 𝑦(: )𝜎1 (: )𝑅𝑡𝑑𝜑

(18)

For different internal pressure, 𝑃𝑖𝑛𝑡 = 1, 5, 10, 15 𝑀𝑃𝑎, the stress-strain are calculated and the
bending moment is obtained by Eq. 18. The moment vs curvature graph is plotted in Fig. 22. The
increment of curvature is very small, 𝑑𝜅 = 0.0001, which is considered as an input parameter.
According to figure, the bending moment increase with curvature increment. With higher internal
pressure, the bending moment is reduced for the same curvature. According to the tension and
compression test (in Fig. 16), the increase of internal pressure reduces the compressive stress and
increases the tensile stress. In pure bending test, half of the cross-section is in compression and the
other half is in tension. By increasing the internal pressure, it generates early yielding of compressive
zone; which reduces the bending moment and shift the neutral axis towards the compression zone.
The moment reduction percentage depends not only on internal pressure; but also on pipe diameter,
pipe wall thickness, steel grade etc. For low curvature, all moment curves follow the same path and
after the yielding point, the moment deviates from each other. For high internal pressure, the
deviation of moment curve is earlier due to the early yielding of the compressive zone. For a small
increment of internal pressure, the moment reduction percentage is small; but for high internal
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pressure, the moment reduction is significant. For example, the moment reduction for a 𝑋80 grade
pipe with 𝐷/𝑡 = 48 is very small for 𝑝𝑖𝑛𝑡 = 10 𝑀𝑃𝑎 pressure. But the moment reduction is high with
higher internal pressure. For 𝑝𝑖𝑛𝑡 = 10 𝑀𝑃𝑎, the moment reduction is approximately 10%, but for
𝑝𝑖𝑛𝑡 = 15 𝑀𝑃𝑎, the moment reduction is approximately 20%.

Figure 22: Internal pressure effects on bending moment reduction for X80 grade pipe with D=48" and t=1".

3.2.5 Different Pipe Material
The material properties of different grade steel pipe are taken from MAATS report on pipe standard
[11]. All five-grade steel pipe data are listed in Table 2. The bending moment for different steel grade
pipe is compared in Fig. 23. By increasing the steel grade, the yield stress and ultimate stress increase.
Hence for higher steel grade, a pipe needs a higher bending moment for the same curvature.
Table 2: Mechanical properties of high-strength steel pipe.
Mechanical Properties
Pipe outer diameter
Wall thickness
Pipe inner diameter
Young’s Modulus, E
Yield stress, σy,0

X56 grade

48"
0.75"
1.1809 𝑚
200 𝐺𝑃𝑎
386 𝑀𝑃𝑎
Poisson’s ratio, υ
0.30
Bulk Modulus, K
167 GPa
Shear modulus, G
77 GPa
Ultimate stress, σult
75 𝑘𝑠𝑖
= 520 𝑀𝑃𝑎
Ultimate strain, εult
19%
Hardening modulus, H
740 𝑀𝑃𝑎

X65 grade
48"
0.75"
1.1809 𝑚
200 𝐺𝑃𝑎
448 𝑀𝑃𝑎
0.30
167 GPa
77 GPa
79 𝑘𝑠𝑖
= 540 𝑀𝑃𝑎
18%
740 𝑀𝑃𝑎

X70 grade
48"
0.75"
1.1809 𝑚
200 𝐺𝑃𝑎
482 𝑀𝑃𝑎
0.30
167 GPa
77 GPa
87𝑘𝑠𝑖
= 600 𝑀𝑃𝑎
17%
740 𝑀𝑃𝑎

X80 grade

48"
0.75"
1.1809 𝑚
200 𝐺𝑃𝑎
550 𝑀𝑃𝑎
0.30
167 GPa
77 GPa
100𝑘𝑠𝑖
= 690 𝑀𝑃𝑎
16%
740 𝑀𝑃𝑎

X100 grade
48"
0.75"
1.1809 𝑚
200 𝐺𝑃𝑎
690 𝑀𝑃𝑎
0.30
167 GPa
77 GPa
110 𝑘𝑠𝑖
= 760 𝑀𝑃𝑎
16%
740 𝑀𝑃𝑎
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The results are compared for 𝑝𝑖𝑛𝑡 = 5 𝑀𝑃𝑎 and 𝐷/𝑡 = 64. Initially all curves follow the same path for
all steel grade. Before the yielding point, the bending moment increment is sharp; but after the yield
point, the increment of moment is gradual. The difference between two curve depends on the steel
grade, yielding point, material strength, 𝐷/𝑡 ratio etc. Five different types of steel grade are considered
for numerical simulation. In gas pipeline construction, maximum radius of curvature is in between
20𝐷 𝑡𝑜 40𝐷 which implies the upper limit of curvature approximately 0.02 /𝑚. In our numerical
analysis, maximum curvature is 0.05 /𝑚 and the corresponding bending moment is shown in Fig. 23.
For lower grade steel pipe, it needs low bending moment. The moment curve for all steel pipe are in
same shape, but the moment is different depending on the material strength or pipe steel grade.

Figure 23: Moment comparison for different grade steel with Pint = 5 MPa and D/t=64.

3.2.6 Relation between Moment and D/t Ratio
The bending moment depends on pipe diameter and pipe wall-thickness. Internal pressure is applied
on the inner wall of the pipe, which generates hoop stress. The hoop stress value increases with
increasing inner diameter. For the same diameter pipe, the bending moment increases with increasing
wall-thickness. The moment of 𝑋80 grade pipe is shown in Fig. 24 for different pipe dimensions. Due
to different pipe diameter and pipe wall-thickness, the corresponding moment is different; although
the curve shapes are same. The 𝐷/𝑡 ratio is always greater than 20; hence the pipe is considered as
thin-walled pipe. All pipe dimension for 𝑋80 grade pipe is listed in Table 3. According to Fig. 24 for
same diameter pipe, the bending moment reduces with increasing 𝐷/𝑡 ratio. The bending moment of
𝐷 = 36” & 𝑡 = 1” pipe (𝐷/𝑡 = 36) is higher than a pipe with 𝐷 = 48” & 𝑡 = 0.5” pipe (𝐷/𝑡 = 96). It
happens due to different pipe wall-thickness and diameter.
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Table 3: Pipe dimension with varying diameter and wall thickness.

Outer Diameter

24"

36"

36"

36"

48"

48"

48"

Wall Thickness

0.5"

1"

0.75"

0.5"

1"

0.75"

0.5"

Figure 24: Bending moment of X80 grade pipe with Pint= 5 MPa and different D/t ratio.

Figure 25: Bending moment of X70 grade pipe with Pint= 5 MPa and different D/t ratio.
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The result in Fig. 24 represents for X80 grade pipe and in Fig. 25 represents for X70 grade pipe with
𝑝𝑖𝑛𝑡 = 5 𝑀𝑝𝑎. Both graphs show similar behavior although the bending moment values are different
as the pipe steel grade is different. The bending moment increases with higher steel grade.

3.2.7 Moment Reduction Percentage
The point of interest is the percentage of moment reduction with respect to internal pressure. The
construction company is interested to reduce the bending moment by 20~30% by applying the
internal pressure. The moment reduction percentage is directly related to 𝐷/𝑡 ratio and 𝑝𝑖𝑛𝑡 . For
different 𝐷/𝑡 ratio, the moment reduction percentage for X80 grade pipe is listed in Table 4. All
bending moment is calculated for maximum curvature 0.02 /𝑚. The other calculation results are
shown in Appendix E (Table 14).
Table 4: Internal pressure effects on bending moment for X80 grade steel pipe.

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝟑𝟔"

𝟒𝟖"

𝑝𝑖𝑛𝑡 (𝑀𝑃𝑎) 𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡
𝑊𝑎𝑙𝑙
𝑀𝑜𝑚𝑒𝑛𝑡
Diameter/
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑓𝑜𝑟 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 𝟎. 𝟎𝟐 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) Thickness ratio
𝟏"
17
9.7739
10.4
𝑫/𝒕 = 𝟑𝟔
23
8.6782
20.5
27
7.6605
30
𝟎. 𝟕𝟓"
12.5
7.4468
10.3
𝑫/𝒕 = 𝟒𝟖
18.5
6.2371
20
20
5.8166
30
𝟏"
12
17.9835
9.7
𝑫/𝒕 = 𝟒𝟖
17
15.8320
20.5
20
13.9950
29.7
𝟎. 𝟕𝟓"
9
13.6002
10
𝑫/𝒕 = 𝟔𝟒
12.5
12.0648
20.1
15
10.4950
30.5
𝟎. 𝟓"
6
9.1419
10.1
𝑫/𝒕 = 𝟗𝟔
8.5
7.9869
21.5
10
6.9933
31.2

The results of Table (4&14) are plotted in Fig. 26. The figure represents the internal pressure vs
𝐷/𝑡 𝑟𝑎𝑡𝑖𝑜 for different moment reduction percentage (10, 20 𝑎𝑛𝑑 30%). According to figure, the
moment reduction percentage depends on 𝑝𝑖𝑛𝑡 and 𝐷/𝑡 ratio. For same 𝐷/𝑡 ratio, higher internal
pressure is required for higher percentage of moment reduction. For the same amount of moment
reduction, the internal pressure reduces with increasing 𝐷/𝑡 ratio. Moreover for the same 𝑝𝑖𝑛𝑡 , the
percentage of moment reduction increases with increasing 𝐷/𝑡 value. Most of the cases, the maximum
moment reduction percentage is 30% possible and beyond this limit the physical damage on pipe will
happen. Hence, the maximum 30% moment reduction is possible and the corresponding internal
pressure is the limit for that pipe dimension. The shape of the moment reduction curve is nonlinear;
hence the moment is reduced nonlinearly with increasing 𝐷/𝑡 ratio. The internal pressure values are
taken to the nearest 0.5 𝑀𝑃𝑎.
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Figure 26: Moment reduction for X80 grade pipe and its dependency on internal pressure and D/t ratio.
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4 Technical Solution Development
According to numerical simulation in the previous chapter, the bending moment can be reduced by
applying high-amount of internal pressure. The achievable moment reduction at a given internal
pressure depends on pipe diameter and wall-thickness. The stakeholder has their existing system.
Hence, the technical solution must be compatible with the existing system. The project aim is to
replace the existing mandrel with a solution which will provide the technical benefits as well. For
further analysis, an X80 grade steel pipe is considered with 𝐷 = 48" 𝑎𝑛𝑑 𝑡 = 1". In this chapter, all
calculations are performed for this pipe properties, as it is the most common pipe size for gas pipeline.
According to Fig. 26, the bending moment of X80 grade pipe with 𝐷⁄𝑡 = 48 can be reduced by 30%
with internal pressure 𝑝𝑖𝑛𝑡 = 20 𝑀𝑃𝑎. The required internal pressure should be applied on the steel
pipe inner wall.

4.1 Internal Pressure Implementation

To apply the internal pressure, one of the solutions is shown in Fig 27 which is a metal-composite bag
with metal base layer and composite outer layer. Other solutions are shown in Appendix F (Fig. 53).
The composite layer consists of long fiber with a specific fiber orientation. The hydraulics liquid, which
is almost incompressible, is placed in between the composite and metal layer. The liquid will be
inserted through the seal (in Fig. 27). The pressure will be applied by the hydraulics liquid which is
able to apply the pressure up to 35 𝑀𝑃𝑎. Due to internal pressure, the composite layer expands and
applies the internal pressure on steel pipe inner wall. Due to high internal pressure, the composite
layer should be reinforced properly. The fiber reinforcement is done in such a way that it could expand
easily and recover its original shape after the operation.

Figure 27: Metal-composite bag with both open ends.

4.2 Composite Layer Reinforcement

The outer composite layer consists of fiber and polymer. Fiber is used in a matrix. The matrix transfers
the load to the fiber and protects the fiber from the environment. The elasticity modulus of the fiber
is very high compared to the matrix. For example, the elasticity modulus of Carbon fiber is 230 𝐺𝑃𝑎,
but the fiber-matrix has 3 𝐺𝑃𝑎 elasticity modulus. A composite material is formed in combination of
fiber-reinforcement and rubber or plastic polymer. The plastic material includes both thermoplastic
and thermoset. Consider the composite material is made of rubber polymer with carbon fiber
reinforcement. Due to internal pressure, the composite layer will behave as plane stress condition. A
simple plane stress condition is shown in Fig. 28. For a plane stress condition, the stiffness matrix of
the polymer bag can be written as
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𝐶11
[𝑪] = [𝐶12
0

𝐶12
𝐶22
0

0
0 ]
𝐶66

(19)

Figure 28: Plane stress condition of polymer bag includes longitudinal stress, hoop stress and shear stress.

where the constants of the stiffness matrix [𝑪] depend on elasticity modulus of fiber-matrix, Poisson’s
ratio and shear modulus. The stiffness matrix is determined by different experimental test; such as
tension test on fiber direction, tension test on transverse fiber direction, bending test, shear test etc.
The fiber-matrix has high stiffness value on longitudinal direction, which is the main fiber direction.
But the matrix has low stiffness value on transverse fiber direction. Consider a matrix stiffness where
the fiber alignment angle 𝜃 = 0° along the longitudinal direction as
𝐶11
[𝑪] = [𝐶12
0

𝐶12
𝐶22
0

0
120.8 2.5 0
0 ] = [ 2.5
7.8 0 ] 𝐺𝑃𝑎
𝐶66
0
0 3.5

(20)

Here, 𝐶11 = stiffness along fiber direction and 𝐶22 = stiffness along transverse fiber direction. If the
fiber has a specific alignment, then the stiffness matrix is transformed to the global coordinate system.
The transverse stiffness of matrix is very low; hence the bag will expand easily. Small fiber angle (𝜃)
will expand the composite layer easily and the metal-composite bag will recover its shape as soon as
the pressure remove. The stiffness matrix highly depends on the fiber angle (𝜃). A transformation
matrix is formulated with respect to 𝜃 degree as follows. [12]
𝑐𝑜𝑠 2 𝜃
[𝑻] = [ 𝑠𝑖𝑛2 𝜃
−2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃

𝑠𝑖𝑛2 𝜃
𝑐𝑜𝑠 2 𝜃
2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃

𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃
−𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃 ]
𝑐𝑜𝑠 2 𝜃 − 𝑠𝑖𝑛2 𝜃

(21)

The transformation of the stress-strain matrix is corrected by using the Reuter Matrix. The Reuter
matrix for plane stress condition is
1 0 0
[𝑹] = [0 1 0 ]
(22)
0 0 1⁄2
The transformed stiffness matrix [𝑪∗ ] can be obtained from transformation matrix and Reuter matrix
as follows
[𝑪∗ ] = [𝑻]−1 . [𝑪]. [𝑹]. [𝑻]. [𝑹]−1
where
∗
(23)
𝐶11
= 𝐶11 𝑐𝑜𝑠 4 𝜃 + 2(𝐶12 + 2𝐶66 )𝑠𝑖𝑛2 𝜃𝑐𝑜𝑠 2 𝜃 + 𝐶22 𝑠𝑖𝑛4 𝜃
∗
𝐶22
= 𝐶11 𝑠𝑖𝑛4 𝜃 + 2(𝐶12 + 2𝐶66 )𝑠𝑖𝑛2 𝜃𝑐𝑜𝑠 2 𝜃 + 𝐶22 𝑐𝑜𝑠 4 𝜃
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∗
𝐶12
= (𝐶11 + 𝐶22 − 4𝐶66 )𝑠𝑖𝑛2 𝜃𝑐𝑜𝑠 2 𝜃 + 𝐶12 (𝑠𝑖𝑛4 𝜃 + 𝑐𝑜𝑠 4 𝜃)
∗
𝐶16
= (𝐶11 − 𝐶12 − 2𝐶66 )𝑠𝑖𝑛𝜃𝑐𝑜𝑠 3 𝜃 + (𝐶12 − 𝐶22 + 2𝐶66 )𝑠𝑖𝑛3 𝜃𝑐𝑜𝑠𝜃
∗
𝐶26
= (𝐶11 − 𝐶12 − 2𝐶66 )𝑠𝑖𝑛3 𝜃𝑐𝑜𝑠𝜃 + (𝐶12 − 𝐶22 + 2𝐶66 )𝑠𝑖𝑛𝜃𝑐𝑜𝑠 3 𝜃
∗
𝐶66
= (𝐶11 + 𝐶22 − 2𝐶12 − 2𝐶66 )𝑠𝑖𝑛2 𝜃𝑐𝑜𝑠 2 𝜃 + 𝐶66 (𝑠𝑖𝑛4 𝜃 + 𝑐𝑜𝑠 4 𝜃)

According to metal-composite bag requirement, the best performance is achieved by a symmetric layup of fiber reinforcement. According to symmetric lay-up, some fiber has +𝜃 orientation with the
longitudinal axis and, on the other hand, other fiber has −𝜃 orientation with the longitudinal axis. The
symmetric lay-up is shown in Fig. 29.

Figure 29: Symmetric lay-up of fiber reinforcement on composite layer.

The transformed stiffness matrix, [𝑪∗ ], is obtained from Eq. 23 with respect to different fiber angle ±𝜃
and shown in Table 5.
Table 5: The transformed stiffness matrix for different fiber orientation.

𝐴𝑛𝑔𝑙𝑒 𝜃

∗
𝐶11
(𝐺𝑃𝑎)

∗
𝐶22
(𝐺𝑃𝑎)

∗
𝐶66
(𝐺𝑃𝑎)

∗
𝐶12
(𝐺𝑃𝑎)

∗
𝐶16
(𝐺𝑃𝑎)

∗
𝐶26
(𝐺𝑃𝑎)

0°

120.8

7.8

3.5

2.5

0

0

±5°

119.1

7.8

4.3

3.3

0

0

±10°

114.2

8.0

6.7

5.7

0

0

±15°

106.4

8.5

10.4

9.4

0

0

±30°

72.0

15.5

24.1

23.1

0

0

±45°

36.9

36.9

30.9

29.9

0

0

±60°

15.5

72.0

24.1

23.1

0

0

±75°

8.5

106.4

10.4

9.4

0

0

90°

7.8

120.8

3.5

2.5

0

0

According to Table 5, if the fiber has symmetric lay-up then 𝐶16 ∗ = 𝐶26 ∗ = 0. If all fiber is put in
longitudinal direction (𝜃 = 0°); then, due to high internal pressure, the fiber-polymer matrix will
experience matrix separation. On the other hand, if all fiber is put in transverse direction (𝜃 = 90°),
then the composite layer will be too stiff and could not expand. Hence, the fiber orientation must be
in between 𝜃 = ±5°~ ± 15° which has higher stiffness on longitudinal fiber direction and lower
stiffness on transverse fiber direction. The higher stiffness in longitudinal direction will prevent the
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elongation. The lower stiffness in transverse direction will allow the composite layer to expand easily
and transfer the pressure by radial expansion.

4.3 Pressure Transfer
The metal-composite bag will be inserted inside the pipe and then placed beneath the bending die. To
insert the bag and to place in right position, the dimension of the bag is smaller than the steel pipe
inner diameter. Hence, a moderate clearance is necessary to operate the bag. The metal-composite
bag with steel pipe is shown in Fig. 30. The clearance helps to insert the bag and position it in right
place. But higher clearance transfers lower internal pressure, hence the clearance should be as low as
possible. When the internal pressure, 𝑝𝑖𝑛𝑡 = 𝑝0 , is applied on the metal-composite bag; then the
composite layer expands to cover the clearance. A steel pipe and the metal-composite bag are shown
in Fig. 30 with key parameters; such as clearance, internal pressure and fiber alignment on composite.

Figure 30: Steel pipe and metal-composite bag.

The cross-section of the steel pipe and the metal-composite bag is shown in Fig. 31 with three different
conditions. Before the expansion, there is a clearance between the composite and steel pipe wall.
During the expansion, the clearance tends to zero and the internal pressure is transferred to steel pipe
wall. The applied internal pressure (𝑝0 ) is always less than the transferred pressure (𝑝1). The pressure
loss (𝑝0 − 𝑝1) is caused due to clearance and transverse stiffness of the composite layer. After the
expansion of composite layer; the internal pressure will partly be transferred from composite layer to
steel pipe wall.

Figure 31: Applying pressure on polymer bag, expansion of bag and transfer internal pressure on steel pipe wall.
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Table 6: Parameters for pressure transformation calculation.

Clearance between the bag and steel pipe wall = 𝛿𝑐 (𝑚)
Internal pressure on composite inner wall = 𝑝0 𝑀𝑃𝑎
Pressure on pipe inner wall = 𝑝1 𝑀𝑃𝑎 (𝑤ℎ𝑒𝑟𝑒 𝑝1 < 𝑝0 )
Expansion of composite layer = 𝛿𝑏 (𝑚)
Expansion of composite inner wall = 𝛿𝑐,𝑖𝑛 (𝑚)
Contraction of composite outer wall = 𝛿𝑐,𝑒𝑥 (𝑚)
Expansion of pipe inner wall = 𝛿𝑝,𝑖𝑛 (𝑚)
∗
Transverse modulus of composite layer= 𝐶22
(𝐺𝑃𝑎)
Elasticity modulus of steel pipe, 𝐸 = 200 𝐺𝑃𝑎
Inner diameter of steel pipe = 𝐷𝑝,𝑖𝑛 (𝑚)
Inner diameter of composite = 𝑑𝑐,𝑖𝑛 (𝑚)
Outer diameter of composite = 𝑑𝑐,𝑒𝑥 (𝑚)
Average diameter of composite = 𝑑𝑐,𝑎𝑣𝑔 (𝑚)
Thickness of steel pipe = 𝑡 (𝑚)
Thickness of composite layer= 𝑡𝑐 (𝑚)
According to Fig. 31, the expansion of the composite layer is the sum of the clearance and the
expansion of steel pipe. It can be expressed as
𝛿𝑐 + 𝛿𝑝,𝑖𝑛 (𝑝1 ) = 𝛿𝑏 (𝑝0 − 𝑝1 )
⇒ 𝛿𝑐 + 𝛿𝑝,𝑖𝑛 (𝑝1 ) = 𝛿𝑐,𝑖𝑛 (𝑝0 ) − 𝛿𝑐,𝑒𝑥 (𝑝1 )
⇒ 𝛿𝑐 +

𝑑𝑐,𝑎𝑣𝑔 𝑝1 𝑑𝑐,𝑒𝑥
𝑑𝑐,𝑎𝑣𝑔
𝑝1 𝐷𝑝,𝑖𝑛 1 𝐷𝑝,𝑖𝑛 𝑝0 𝑑𝑐,𝑖𝑛
1
1
× ×
=
× ∗ ×
−
× ∗ ×
2𝑡
𝐸
2
2𝑡𝑐
𝐶22
2
2𝑡𝑐
𝐶22
2

(24)

𝐷𝑝,𝑖𝑛 2 𝑑𝑐,𝑒𝑥 𝑑𝑐,𝑎𝑣𝑔
𝑝0 𝑑𝑐,𝑖𝑛 𝑑𝑐,𝑎𝑣𝑔
⇒ 𝑝1 (
+
)=
− 𝛿𝑐
∗
∗
4𝑡𝐸
4𝑡𝑐 𝐶22
4𝑡𝑐 𝐶22
According to Eq. (24), a simple analytical calculation is performed to estimate the transferred pressure
from composite layer to steel pipe wall. The transverse stiffness of composite material depends on
fiber orientation; hence the output pressure depends on fiber orientation highly. In Table 7, the
internal pressure on steel pipe wall is shown with respect to different clearance and fiber orientation.
More detail calculation is shown in Appendix F (Table 16).
Clearance,
𝛿𝑐 (𝑐𝑚)

1

1.5

Table 7: Pressure transfer from bag to steel pipe wall for D/t=48 and 𝑝0 = 20 𝑀𝑃𝑎.
Fiber angle Transverse
Composite
Applied
Pressure on Moment
(𝜃)
stiffness,
thickness
pressure,
pipe, 𝑝1
reduction
𝐶22 ∗ (GPa)
𝑡𝑐 (𝑐𝑚)
𝑝0 (MPa)
(MPa)
percentage

±5°
±10°
±15°
±30°
±5°
±10°
±15°
±30°

7.83
8.002
8.52
15.5
7.83
8.002
8.52
15.5

1

20

1

20

17
16.9
16.8
14.4
15.7
15.6
15.4
12

20%
20%
19%
14%
17%
17%
16%
< 10%
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According to Table 7, if 𝑝0 = 20 𝑀𝑃𝑎 is applied on composite layer, then some of pressure loss happen
to expand the bag and the remaining pressure is transferred on pipe wall. Hence, there is a pressure
difference between applied pressure on composite layer and internal pressure on steel pipe wall. The
moment reduction percentage can be estimated according to Fig. 26. The stakeholders goal is to
reduce the moment approximately 20 ~ 30% with sufficient clearance.
According to Table 7 and Appendix F (Table 16), the moment reduction percentage is best for 𝑡𝑐 =
1 𝑐𝑚 𝑎𝑛𝑑 𝛿𝑐 = 1 𝑐𝑚. If the composite layer thickness increases then the moment reduction
percentage decreases highly. On the other hand, the clearance 𝛿𝑐 = 1 𝑐𝑚 is too small to insert the bag
and position it in right place. Hence, the clearance needs to increase 𝛿𝑐 > 1 𝑐𝑚. For higher clearance,
the internal pressure 𝑝0 > 20 𝑀𝑃𝑎 is applied to attain 𝑝1 = 20 𝑀𝑃𝑎 on steel pipe wall which will
reduce the bending moment 20~30%. During the bending operation, the steel pipe is bent to a specific
radius of curvature 𝜌 = 40𝐷~20𝐷. The metal-composite bag must follow the bending angle and apply
the internal pressure; so that buckling or other physical damage could not happen. Hence, it is
necessary to calculate the maximum vertical displacement of neutral axis during the bending
operation.

4.4 Max Vertical Displacement of Mid-plane

The metal-composite bag will be placed beneath the bending die and will apply the internal pressure
on steel pipe wall. The internal pressure will transfer to the pipe wall and will reduce the bending
moment. During the pipe bending, the deformed pipe generates vertical displacement with the
longitudinal axis of the straight pipe. Hence, the bag also needs to adjust this vertical displacement,
otherwise high compressive force of bending-die will buckle the pipe.
In practice, a steel pipe is bent with a large radius of curvature. The maximum curvature limit is 𝜅 =
0.02 /𝑚 which sets the radius of curvature limit as 𝜌 = 1/𝜅 = 50 𝑚~∞. Different parameters of a
deformed pipe are shown in Fig. 32, such as half of the bag length (𝐿⁄2), vertical deflection of deformed
pipe (𝛿), radius of curvature (𝜌) and deformed angle with ends (𝛼). The vertical deflection is calculated
as follows,

Figure 32: Deformed and un-deformed shape of a steel pipe.
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1
𝐿
𝑡𝑎𝑛 𝛼 = 2 ⁄𝜌 ⇒ 𝛼 = 𝑡𝑎𝑛−1 (𝐿⁄2𝜌)
𝛼 = 𝐿⁄2𝜌 (𝑖𝑛 𝑟𝑎𝑑𝑖𝑎𝑛𝑠)
(𝜌 − 𝛿)⁄
cos 𝛼 =
𝜌
⇒ 𝛿 = (1 − cos 𝛼)𝜌

(25)

According to Eq. (25), the vertical displacement for different bag length is calculated in Table 8. The
existing bending die length 4.5 𝑓𝑡; hence the metal-composite bag length 𝐿 = 6 𝑓𝑡 is a reasonable
approximation. For a 𝐿 = 6 𝑓𝑡 bag length, max vertical displacement is 𝛿 = 0.84 𝑐𝑚. The vertical
displacement is small and the outer composite layer is able to cover this distance during the bending
operation. Hence, the composite layer will apply smooth pressure on pipe wall during the whole
bending operation and no buckling damage will occur at the bending die end.
Table 8: Vertical displacement for different polymer bag length.

Half of bag length,
𝐿/2 (𝑚)
1.5’ = 0.4572
2’ = 0.6096
2.5’ = 0.762
3’ = 0.9144

𝛼 = 𝑡𝑎𝑛−1 (𝐿⁄𝜌)
𝑑𝑒𝑔𝑟𝑒𝑒
0.5239
0.6985
0.8731
1.0477

𝛿 = (1 − cos 𝛼)𝜌
(𝑐𝑚)
0.209
0.3716
0.5805
0.8359

4.5 FEM Simulation

The design challenge is to fix the end connection of two different material. The internal pressure on
composite layer creates hoop stress and longitudinal stress on end joint. A large amount of internal
pressure makes the end support critical. Hence, FEM numerical simulation is performed to determine
the end support stress value. The stress concentration could be reduced by rounding the corner,
increasing the joining length, thickening the joint region etc. Two solutions are shown in Figs. 33, 34.

Figure 33: Rounding corner to reduce longitudinal stress.

Figure 34: Rounding corner and wall-thickening at the
end.

Depending on end stress, three different types of joining technique is available; such as glueing,
welding and mechanical locking. The end stress is determined by the FEM simulation in ABAQUS. The
stiffness matrix for orthotropic composite material and plane stress condition are
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𝐷1111 = 7800 𝑀𝑃𝑎
𝐷2222 = 7800 𝑀𝑃𝑎
𝐷3333 = 120 800 𝑀𝑃𝑎

𝐷1122 = 2500 𝑀𝑃𝑎
𝐷1133 = 2500 𝑀𝑃𝑎
𝐷2233 = 2500 𝑀𝑃𝑎

𝐷1212 = 2500 𝑀𝑃𝑎
𝐷1313 = 3500 𝑀𝑃𝑎
𝐷2323 = 3500 𝑀𝑃𝑎

here 33 − 𝑎𝑥𝑖𝑠 is the longitudinal fiber direction. The stress-strain relation for orthotropic composite
material becomes
𝜎1
𝐷1111 𝐷1122 𝐷1133 𝜀1
𝜎
{ 2 } = [𝐷1122 𝐷2222 𝐷2233 ] {𝜀2 }
(26)
𝜎3
𝐷1133 𝐷2233 𝐷3333 𝜀3
In ABAQUS simulation, the tube is allowed to expand only and no extension in the longitudinal
direction. A simple analytical calculation is performed and compared with numerical simulation
result. For ABAQUS simulation, two types of element are considered; named shell element and
20 𝑛𝑜𝑑𝑒 brick element. The results are shown in Table 9.
Table 9: Analytical result vs ABAQUS simulation result comparison for composite material.

Analytical result
𝑝𝑖𝑛𝑡
𝜎ℎ
(𝑀𝑃𝑎) (𝑀𝑃𝑎)
5
282
10
564
15
846
20
1128

𝜎𝑙
(𝑀𝑃𝑎)
90.39
180.77
271.2
361.5

𝑢ℎ,𝑚𝑎𝑥
(𝑚𝑚)
20.39
40.78
61.17
81.56

ABAQUS result
(shell element)
𝜎ℎ
𝜎𝑙
𝑢ℎ,𝑚𝑎𝑥
(𝑀𝑃𝑎 (𝑀𝑃𝑎)
(𝑚𝑚)
281.8
89.05
20.51
563.7
178.1
41.03
845.5
267.2
64.54
1127
356.2
82.06

ABAQUS result
(20 𝑛𝑜𝑑𝑒 brick element)
𝜎ℎ
𝜎𝑙
𝑢ℎ,𝑚𝑎𝑥
(𝑀𝑃𝑎)
(𝑀𝑃𝑎)
(𝑚𝑚)
279.6
67.6
20.45
559.2
135.1
40.89
838.9
202.6
61.34
1118
270.2
81.78

Figure 35: Hoop and longitudinal stress for 20-node brick element with 𝑝𝑖𝑛𝑡 = 15 MPa.

The analytical calculation is performed and checked with ABAQUS simulation. Both elements show
similar result which is close to analytical calculation result. ABAQUS simulation result for 20-node
brick element is shown in Fig. 35. The composite layer possesses a complex geometry at the end joint.
Additionally, the internal pressure on composite layer is also symmetric. Hence, axisymmetric model
is used for detail analysis of composite layer. An axisymmetric model is shown in Fig. 36 where local
and global axis are shown.
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Figure 36: Axisymmetric model of 4 node quadrilateral element.

An axisymmetric model in ABAQUS is shown in Fig. 37 which simplifies a complex geometry. It reduces
the number of element and mesh complexity. Axisymmetric model is used to analyze a complex
geometry; like the composite layer with end curvature and different joining length. The geometry and
load are symmetric; hence axisymmetric model is perfect for composite layer analysis. For composite
layer, the global 1 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 and 2−𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 refer to local radial and longitudinal direction
respectively. Moreover, due to symmetry in longitudinal direction, only half of the length is
considered.

Figure 37: Axisymmetric model in ABAQUS: (a) loads, (b) deformed shape, (c) hoop stress.

An axisymmetric model with joining edge and end curve is shown in Fig. 38. The stress on end joint
highly depends on support condition. The axisymmetric model result is checked for two different
section lengths; for example, 𝐿 = 250 𝑚𝑚 and 𝐿 = 450 𝑚𝑚 long section. According to simulation
result, the support end affects the pressure transfer which means that the analytical result is valid
after a certain length from the support end. The analytical result will be valid after a distance of 𝐿 ≈
1
× 𝑟𝑎𝑑𝑖𝑢𝑠. After this distance from the support end, the pressure transfer is smooth. At both support
2
1

ends, there is not proper pressure transfer at a distance of 𝐿 < 2 × 𝑟𝑎𝑑𝑖𝑢𝑠 from the support end.
Hence, the total length of metal-composite bag will be the sum of bending die length and radius of the
bag. Then, the support end effects will be overcome and during the bending operation, the composite
layer will apply smooth pressure beneath the whole bending die length.
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Figure 38: Axisymmetric model of composite layer with joining edge: (a) loads, (b) meshing, (c) hoop stress,
(d) deformed shape.

4.6 Axisymmetric Nonlinear Analysis

The composite layer is able to expand a lot due to the internal pressure of hydraulic liquid, but the
expansion of composite layer is restrained by steel pipe wall. The interaction between composite layer
and steel pipe wall occurs; which transfers the internal pressure on steel pipe wall. Due to expansion
of composite layer, nonlinear surface contact occurs between the composite and steel pipe wall. The
transferred pressure can be calculated according to analytical equation Eq. 24. The analytical
calculation result is checked against the nonlinear analysis result by ABAQUS simulation. The support
1
end effect is overcome designing a sufficiently long section (𝐿 ≫ 2 × 𝑟𝑎𝑑𝑖𝑢𝑠). The transferred
pressure depends mainly on clearance and fiber orientation angle. The result is presented in Table 10.
Table 10: Pressure transfer from composite layer to steel pipe inner wall for different clearance.

Clearance
𝛿𝑐 (𝑚𝑚)

31
21
11

Applied
pressure
𝑝0 (𝑀𝑃𝑎)
20
30
20
30
15
20
30

Analytical solution
Pressure in steel
pipe, 𝑝1 (𝑀𝑃𝑎)

𝜎ℎ in pipe
(𝑀𝑃𝑎)

ABAQUS nonlinear
analysis
𝜎ℎ in pipe
(𝑀𝑃𝑎)

11.90
21.553
14.29
23.941
11.85
16.677
26.33

285.63
517.27
342.94
574.582
284.43
400.248
631.89

320
562
360
590
270
390
600
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The ABAQUS analysis result is shown in Fig. 39. The main stress component is hoop stress and other
principal stress is longitudinal stress on steel pipe. The hoop and longitudinal stress on steel pipe wall
are shown in figure. Due to internal pressure, the critical region of composite layer is the support end.
Hence, it is necessary to determine the stress component on support end.

Figure 39: Nonlinear analysis for axisymmetric model with 𝛿𝑐 = 11 𝑚𝑚 & 𝑝0 = 30 𝑀𝑃𝑎: (a) hoop stress on
composite and steel pipe, (b) longitudinal stress on steel pipe, (c) hoop stress on steel pipe.

The support end stress values are shown in Table 11. For small clearance 𝛿𝑐 = 11 𝑚𝑚, the pressure
loss is small. As well as the radial and shear stress value at the joining end is low. But if the clearance
increases, the pressure loss increases due to the expansion of composite layer. As well as the radial
and shear stress at the support end joint increases. When the radial and shear stress is high; then
glueing or welding is not suitable for end joint. Then mechanical locking or mechanical support
condition is mandatory. Due to end curve, there exists compression and tension on the support end.
The compression will help to hold the composite in right place, but the tensile stress is too high. Hence,
proper support joint is mandatory.
Table 11: Stress value at the end joint following ABAQUS simulation.

Clearance
𝛿𝑐 (𝑚𝑚)
11
21
31

Applied pressure
𝑝0 (𝑀𝑃𝑎)
10
20
20
30
20
30

Radial stress
(𝑀𝑃𝑎)
-65.7 ~ 124.7
-43 ~ 108.8
-126 ~ 224
-125 ~ 253
-218 ~ 343
-223 ~ 390

Shear stress
(𝑀𝑃𝑎)
-37~27.4
-47.7~17.14
-82 ~ 27.8
-98.7 ~ 31.5
-121 ~ 35.3
-145 ~ 40
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The radial and shear stress components on end joint is shown in Fig. 40. According to ABAQUS
simulation result, the radial stress and shear stress are too high at the end joint. Hence, the glueing
and welding technique are not suitable. And the end joint must be mechanical locking system.
Different types of mechanical locking are available. Different parameters determine the end stress
distribution; such as metal-composite bag dimension, fiber alignment, clearance, applied pressure etc.

Figure 40: Radial and shear stress value on support end respectively with 𝛿𝑐 = 11 𝑚𝑚 & 𝑝0 = 10 𝑀𝑃𝑎 .

Some solution for support end connection has been discussed with stakeholders. Due to patent reason,
the solutions are not presented in public. To understand the end connection, a simple example is
discussed in here. One of the joining technique; named glueing; is discussed below.

4.7 Example: End Connection Glueing
For small pipe size and small clearance, the internal pressure will be lower than 20 𝑀𝑃𝑎. Then the
corresponding support end stress will be small. When the stress on support end is small, then glueing
provides sufficient strength for end connection. Nowadays, lots of high strength adhesive is available
for joining two different material. For different material combination, the choice of glue is critical.

Figure 41: Compatibility of substrates and glue types [13].
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For example, metal-composite bag has two different material; such as composite layer and metal base
layer. Hence, the choice of glue must be compatible with both material. Lots of research has been
performed to identify the glue strength for different material joining [13]. In Fig 41, three different
high strength glue are shown which provides large strength with thermoplastic and metal material
joining.
The glueing bond strength is shown in Fig. 42. For example, the epoxy adhesive provides strength
20~30 𝑀𝑃𝑎 and able to join both thermoplastic and metal material. The alternate option of Epoxy
glue is Cyanoacrylate and Acrylic.

Figure 42: Shear strength test for different adhesive. [13]

The strength of glue and welding depends largely on two different material choice. Some materials
show good performance with glueing and some show better performance by welding technique.
Sometimes glueing provides better performance than welding, and vice versa. Hence, the choice of
joining technique is always determined by laboratory test.
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5 Conclusion and Recommendation
The numerical calculation establishes the relation between the internal pressure and 𝐷/𝑡 ratio for
different moment reduction percentage. The internal pressure is able to reduce the bending moment.
Moreover, it will prevent the buckling and other physical damage. For a specific moment reduction
percentage, the amount of internal pressure is determined based on steel grade, pipe diameter, pipe
wall thickness and curvature. The required internal pressure could be applied by a metal-composite
bag; but the applied pressure is not fully transferred on steel pipe wall. The pressure loss is caused
due to clearance and stiffness of the bag. The stiffness of the bag is determined by composite layer
wall-thickness and fiber angle. To minimize the pressure loss, the composite layer is reinforced by
long fiber with small angle; such as 𝜃 = ±5° fiber alignment. A moderate clearance is necessary to
insert and to position the bag exactly beneath the bending die. The higher clearance causes the larger
pressure loss; hence the clearance must be as small as possible; such as 20 ~ 30 𝑚𝑚 on each side. The
pressure will be applied by incompressible hydraulic liquid; such as Perlus HCD 46, Libherr Hydraulic
Plus Arctic. Those liquid are able to operate in extreme cold weather and hot weather as well (30° ~ −
30° ). Moreover, they do not interact with polymer material and are able to apply the internal pressure
approximately 35 𝑀𝑃𝑎. For higher clearance, the internal pressure requirement is higher to reduce
the bending moment 20~30%. The internal pressure will expand the composite layer and transfer the
pressure on steel pipe wall. The composite wall thickness should be as low as possible (𝑡𝑐 = 10 𝑚𝑚).
Due to internal pressure, high amount of reaction force generates at the end joint. The end joint needs
to fix in its position; hence elongation or contraction of composite layer will not occur during the
bending operation.
More research is required to determine the support end joining technique. The end joint could be done
by rubber end sealing, metal sealing or some other mechanical locking. The amount of internal
pressure depends on pipe diameter and wall-thickness. Consequently, the stress on end joint varies a
lot depending on applied pressure. Lower amount of internal pressure is necessary for small pipe size
and it creates lower support end stress. For high internal pressure, strong locking system is necessary.
Safety on construction site must be ensured by a prototype test. Finally, the original model needs to
implement in the field operation. Initially, the solution could be implemented for small pipe size; such
as 𝐷 = 30" 𝑎𝑛𝑑 𝑡 = 0.5". According to field performance, the performance of metal-composite bag is
evaluated. Then it will be easier to determine the support condition and, if necessary, further
improvement is done by improving the mechanical locking system.
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7 Appendix
7.1 Appendix A: Pipe Coating

The choice of bending operation is directly related to the coating material. Depending on pipe coating,
bending process is selected. According to pipeline purpose, the pipe coating material is selected either
thermal insulated foam or pipeline protection coating. When the on-site coating is not possible, then
a pre-coated pipe is bent by a cold bending process. For hot bending process, pre-coating is not
possible. Hence, depending on pipe coating material and bending operation; the pipe coating is either
pre-coated from industry or onsite coating after bending operation. If the mainline pipe is pre-coated,
then the field joint coating is chosen based on mainline coating material. Different types of mainline
coating and choice of field joint coating are described in this chapter. The coating is used to prevent
corrosion, leakage or other physical damage during the whole pipeline life-cycle.

Mainline External Coating
External anti-corrosion coating is used to isolate the pipeline from the external environment; such as
soil, air and water. The coating material would be powder systems, polyolefin systems, liquid systems
or other heavy material; like asphalt and coal coating. Mainline external coating can be applied by
electrostatic spraying, extrusion, liquid spraying, liquid painting, tape wrapping, hybrid application;
for example, electrostatic spraying and extrusion. Most widely used mainline external coatings are:
single layer fusion bonded epoxy (FBE), dual-layer FBE, three-layer polyethylene (3LPE), three-layer
polypropylene (3LPP), three-layer composite coatings, tape coatings. Different types of external
coatings are shown in Fig. 43.

Figure 43: Different external coatings: single layer FBE, double layer FBE, three-layer PE and PU foam
coatings respectively.

Single-Layer or Multi-Layer Coating
Multilayer or single layer external coating must withstand the bending force of hydraulic bending
machine. Different types of mainline external coating are described in Table 12.
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Table 12: Different types of mainline external coatings [11]

Single Layer Fusion
Bonded Epoxy (FBE)
Standard: CSA Z245.20,
EN ISO 21809-2

Dual Layer Fusion Bonded
Epoxy (2LFBE)
Standard: CSA Z245.20

Three Layer Polyethylene
(3LPE)
Standard: DIN30670,
NFA49711, CSA Z254.21,
EN ISO 21809-1

Three Layer
Polypropylene (3LPP)
Standard: DIN30670,
NFA49711, EN ISO 21809-1

Three Layer Composite
Coatings
Standard: CSA Z245.21, EN
ISO 21809-1
Tape Coatings
Standard: DIN30670

Based on epoxy-resin powder; operated 𝑇 = 85℃ in dry and 𝑇 = 65℃ in wet
conditions; good for electrostatic spraying; excellent adhesion and corrosion
protection properties.
Weakness: Low impact resistance during handling, transportation and
installation; affected by UV; high moisture absorption and permeation at high
temp.
Based on epoxy-resin powder; max 𝑇 = 85℃ in dry condition; fusion-bonded
epoxy as a primer and a tougher FBE topcoat known as abrasion resistance
overcoat; high abrasion resistance and improved handling.
Weakness: Low flexibility; sensitive to steel surface preparation; affected by
UV; high moisture absorption and permeation at high temp.
Consist of fusion-bonded epoxy primer, a polyethylene-based adhesive layer
and an outer topcoat of polyethylene; max 𝑇 = 85℃; very good damage
resistance and environmental conditions against water penetration; use for
technical challenges such as rough storage, handling condition, challenging
backfill or harsh climate.
Weakness: Tends to thinning at elevated temp during welding; prone to
delamination and voids; sensitive to surface preparation; min thickness
constraints.
Consist of fusion-bonded epoxy primer, an adhesive and an outer topcoat of
polypropylene; max 𝑇 = 110℃; excellent corrosion resistance, very good
damage resistance, most durable and damage resistance.
Weakness: Tends to thinning at elevated temp during welding; prone to
delamination and voids; sensitive to steel surface preparation; min thickness
constraints.
Consists of fusion-bonded epoxy primer, a specially formulated polyolefin
adhesive layer for strong chemical bond and an outer topcoat of polyethylene;
max 𝑇 = 85℃; sustain in technical challenges, such as moisture penetration,
rough storage or handling, challenging backfill or harsh climatic conditions.
Weakness: Sensitive to steel surface preparation; min thickness constraints.
Multilayer anti-corrosion systems consist of a layer of liquid epoxy primer, an
adhesive layer and an outer topcoat of polyethylene tape; operating temp 60
℃; epoxy primer applied in liquid form (painting, brushing); then adhesive
and topcoat polyethylene tape is wrapped;
Weakness: Prone to delamination and voids; protection depends on the
quality of installation crew.

Foam Coating
Most common pre-insulated pipes are polyurethane (PU) foams, mineral wools and more recently
aerogels. The insulation materials are rated through measurable methods; such as thermal
conductivity coefficient, compressive strength, density, thermal life expectancy and operating
temperature. A foam-coated pipe is bent by either internal bending machine or sling type bending
machine. Sling type bending machine applies external bending force, but internal bending machine
applies the bending force internally. Both processes distribute the bending force smoothly which
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protect the foam coating from any physical damage. According to the hot bending process, bare steel
pipe is bent and then foam coating is applied on construction site; which is an expensive and slow
process. Different pipe coating types and bending process of external coated pipe is shown in Fig. 44.

Figure 44: Different types of pipe coating and bending process of the pre-coated pipe.

Field Joint External Coatings
Mostly the mainline coating is performed forehand and the joint coating is done after welding
operation. Different field joint coatings are available. The choice of joint coating depends on pipe
diameter, operating temperature, construction conditions, backfill material, soil condition and
contractor capabilities. Different types of external field joint coating are described in Table 13.
Table 13: External coating material on pipeline joint or connection after welding [11].
Mainline Coating
Most Common Field Joint System
Alternative Field Joint Systems
Fusion-bonded
3-layer heat-shrinkable sleeve (3LHSS)
 Fusion-bonded epoxy (FBE)
epoxy (FBE)
 2-component liquid epoxy (2CLE)
2-layer FBE (2LFBE)
3-layer polyethylene
(3LPE)






3-layer
polypropylene
(3LPP)




2-layer fusion bonded epoxy (2LFBE)
3-layer heat-shrinkable sleeve (3LHSS)
<50℃ - 2-layer heat-shrinkable sleeve
(2LHSS)
>50℃ - 3-layer heat-shrinkable sleeve
(3LHSS)
3-layer polypropylene heat-shrinkable
sleeve (3LPP HSS)
3-layer polypropylene tape (3LPP tape)

2-component liquid epoxy (2CLE)
Coating adhesive tape (CAT) system




Injection-molded polypropylene
(IMPP)
Flame-sprayed polypropylene
powder (FSPP)

40 | P a g e

3-layer composite
Tape

3-layer polyethylene heat-shrinkable
sleeve (3LPE HSS)
 <30” diameter – coating adhesive tape
system (CAT)
 >30” diameter – 2-layer polyethylene
heat-shrinkable sleeve (2LPE HSS)

Flame sprayed polyethylene powder
(FSPE)
 2-layer polyethylene heatshrinkable sleeve (2LPE HSS)
 3-layer polyethylene heatshrinkable sleeve (3LPE HSS)

Recycling of Pipe Coating
By the end of pipeline lifecycle, the metal pipe is cut in 100′ − 200′ section and dragged out of the
trench. Due to transportation facility, the pipe is cut into small pieces 20’ − 40’ by a cutter. The coating
is cleaned on site or in industry. The steel pipe and metallic end fittings can be reused and recycled
easily; but the recyclability of coating depends on coating material, service life, other coating layers
etc. When possible, the anti-corrosion coating is recycled; otherwise, the coating is sent to landfill.
The epoxy resin can be applied either linear technique in a combination of other coating materials as
an external coating or direct internal coating. The manufacturing of epoxy resin is either in a liquid
state or in solid epoxy resin. Epoxy resin is a thermoset material; hence it is not recycled individually.
Epoxy with metal can be decomposed thermally and the recycling rate in Europe is in between 5 −
40%; whereas the recycling of general metal waste is 99%. [13]
Polyurethane foam coating has low-density 30 𝑘𝑔/𝑚3 and high volume. It can be disposed by three
ways: landfill, incineration and recycling. Due to small pile-up density, the Nederland has officially
declared the landfilling prohibition of high carbon content PU foam. According to incineration process,
the burning of 1kg PU foam generates 7000 𝑘𝑐𝑎𝑙 energy. PU foam volume reduces by 99% during
burning; but incomplete burning produces poisonous gas. Hence, incineration process is phasing out
gradually. Recycling of PU foam can be done either physical way or chemical way. According to
physical recycling, PU foam is crushed, changed its physical form, compressed by molding method
either bonding process or hot press molding, involved no reactive activity and recovered poorly. On
the other hand, chemical recycling is done by alcoholysis, hydrolysis, amine solution and phosphate
ester method. Chemical recycling depolymerize PU foam to low molecular weight oligomers and
oligomers with other compound generates new PU products. According to chemical recycling, the
reuse of PU foam is very high and it is becoming popular nowadays [14].
For other coating materials; such as 3LPE, 3LPP, three-layer composite coating or tape coating; the
liquid epoxy is used as a primer layer. The liquid epoxy layer is a thermoset material; hence the inner
layer can’t be recycled. In addition to that, after the 25-35 years lifecycle, the external coating is also
damaged by the environment. Those coatings are not easily burnable; hence incineration recycling
process is not a good solution. Landfilling is the best way for these coating recycling.
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7.2 Appendix B: Design Methodology

For every project, the most important thing is to find a proper decision regarding existing problems.
People's judgment is not perfect, even experts make mistakes. A principal reason for decision biases
is human beings cognitive limitations. Emotional and motivational factors may also contribute to
reducing decision quality. Experience does often not improve the quality of professionals' judgment
and decision-making because they do not receive accurate and timely feedback. However, if judgment
biases are systematic, then it gives hope. If the reasons of biases and their causes can identify, it is
possible to correct them immediately. The normal biases in decision behavior are explained in the
psychology of judgment and decision-making (JDM) theory. Every decision involves risk and
uncertainty with respect to the outcome. A central topic within JDM explains the behavior of a human
when faced with a risky choice. According to Expected Utility (EU) theory, which is a small set of simple
axioms; if one makes choices according to these basic axioms, then it is possible to attach a particular
utility to each possible outcome of the choice. The EU theory is a model of decision under risk. [3]

Problem Solving
A design science project iterates over the activities of designing and investigating. The design task
itself is decomposed into three tasks; namely problem investigation, treatment design and treatment
validation. These set of tasks are called together as a design cycle. Designer iterates over these tasks
many times in a design project. The design cycle is part of a large engineering cycle; in which the result
of the design cycle is transferred to the real world; named treatment validation and treatment
evaluation. A new design is evaluated with respect to the field environment with other constraints. An
engineering cycle of this project is presented in Fig. 45. Different steps of a design cycle are:

Figure 45: Engineering cycle and design cycle of this project.

1. Problem investigation: The key problems are the needs and requirements of the stakeholder.
The first task of a project is to identify the customer's requirements and translate them into
technical terms.
2. Treatment design: Several solutions may exist for a problem. All possible solution is identified
and needs to consider for the next step of the design cycle.
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3. Validate each solution: All possible solutions are implemented and the result is checked. The
results are compared with respect to the goals of the project. A conceptual design, like a prototype
test, is necessary and need to test both in laboratory and numerical simulation.

Treatment Design
The design process is an iterative process within a design cycle and iteration continues with necessary
improvement until all the requirements or goals of stakeholders are fulfilled in the design
implementation step. Design process consists of multiple requirements and different sub-processes.
The design process unit (DPU) is the minimum set of declarative knowledge required to undergo a
design task. Modern multi-disciplinary features make the design and manufacturing process complex.
The features have multiple components and elements. The components and the elements have a
different level of details.
To make the design process easier, DPU is used to describe the core or mandatory knowledge of a
component. Sometimes it is necessary to find a working solution rather than an optimization solution,
and DPU is useful for efficient and quicker solution. A DPU map combines all parameters and
requirements together in a map. DPU consists of a triplet of declarative knowledge that is required to
be known for a design process to occur, namely design requirement, usage scenario and performance.
This triplet accounts for the core knowledge that is either gathered or available when designing. Those
triplet block fills up when all the information of the design process are included. So the DPU indirectly
performs all the design process requirements and sub-processes. All DPUs relating to pipe bending
process is shown in Fig. 46.

Figure 46: DPU details of existing mandrel, steel pipe and hydraulic bending machine.
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A complete design process has a different level of the hierarchy and different level of details. The
hierarchy determines the sequential design process. In that perspective, DPU helps the design process
by identifying the design process order. Which part needs to be designed first and which part at last.
It reduces the repetition of the design cycle again and again for the same element. DPUs are
interconnected with one component DPU mechanism with other component DPU mechanics.
The pipe bending process has DPUs for multiple elements; such as, bending machine, steel pipe,
mandrel, mandrel spring. Those components have a different level of detailed DPU. In each DPU, there
are different types of knowledge exists; either declarative knowledge or procedural knowledge. The
declarative knowledge consists of types of component (i.e. geometry, material); parameters and
relations. On the other hand, procedural knowledge includes the dynamic processes and design
strategy and algorithm. The DPU map of the existing bending system is shown in Fig. 47. DPU map
compacts the information and represents the detailed design process in easily understandable format.
According to DPU map, this project follows the following steps sequentially,






Determine maximum amount of bending moment and maximum allowable radius of curvature.
Determine the relation between different parameters; such as bending moment, curvature, pipe
size, pipe wall thickness etc.
Make numerical calculation and software simulation.
Design the technical solution.
Determine the interaction between different system components and new solution.

Figure 47: Working principles according to DPU unit.
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7.3 Appendix C: Socio-Technical Impacts

A feasible solution needs to satisfy the customer's goal and also fulfills the social and technical impacts
as well. The social and technical impacts include the safety, reliability, maintenance, life-cycle costs,
rules & regulations, social impacts, recyclability etc.

Implementation and Commitment
According to engineering cycle, the practical implementation evaluates the design cycle effectiveness
with respect to the stakeholder's goals. It combines both practical constraints and social effects of a
new design. Some socio-technical systems of the gas pipeline system are shown in Fig. 48 which shows
some social and technical issues regarding gas pipeline construction. During the pipeline construction,
some other issues need to consider; such as location of the trench, work infrastructure, the policy of
pipe construction, maintenance, construction steps, markets and practices, infrastructure etc. The
main aim of this project is to bend the pipe easily with a technical improvement of traditional bending
process and the new solution must be socio-technically embedded.
Some elements pose a challenge to become socially embedded design. The existing problems are:
time-consuming bending process, machine failure, subsequent operation failure, rules and regulation
of the bending operation etc. There have some social effects in relation to a new design
implementation which must be considered. Social effects relate to the safety of working people;
international energy politics; limitations of piping rules and regulation etc. Some other considerations
should be taken account of a new design; such as feasible for all environment, low construction cost,
low life-cycle cost, long lifecycle, safety of working people, recyclability, easy maintenance etc.

Figure 48: Socio-technical impacts regarding gas pipeline construction.
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Treatment Validation
Design requirements are desired properties of an artifact. Those requirements are the main goals of
the stakeholders. Treatment requirements are usually called artifact requirements. Each artifact has
a function, which provides service to some stakeholders. The treatment should be validated by
rational design approach and experimental test. The design theory helps to formulate the problem
solution. The aim of this project is to reduce the bending moment by a new technical solution. The new
solution will provide some technical benefits as well as long life-cycle and low life-cycle cost. The
artifacts of this design project should satisfy the following requirements:




Treatment requirement: A technical solution which will work with the existing system and fulfill
the requirements.
Constraints: The pre-coated steel pipe is bent with the hydraulic bending machine and protecting
the pipe cover is a key constraint for bending process.
Safety requirement: The technical solution must be feasible which ensures the safety.

The solution will reduce the bending moment; hence a small bending machine will be sufficient for
bending operation. The benefits of a small machine are easily movable, transportable, quickly
producible, less welding etc. A treatment is validated by technical action research (TAR). The TAR
method uses an artifact treating the real-world problem, helping a client and learning its function
regarding existing constraints. The TAR method is a more realistic condition in practice.

System Management
Management is the art of achieving a result or solution of a project. It manages all steps in a systematic
way according to the duration of time. The first step begins by identifying the requirements and needs
of the stakeholder. The project goals are achieved by a system component improvement or designing
a new solution. The solution is validated by the implementation of the new solution. The whole project
is organized according to the following ways:
 The bending machine designing report and the mechanical properties of X80 grade pipe are the
resources for this project.
 A specific pipe dimension and mechanical properties are considered as the data set.
 The conceptual design task includes: prototype test, numerical calculation and finding different
ideas of a technical solution.
 A feasible solution will work in both hot and cold environmental condition.
 Numerical simulation result is performed to validate the analytical calculation.
 All possible constraints are considered and comparison of different simulation result helps to find
the most appropriate solution.
 The stakeholders are motivated by the benefits of new solution. Motivation in a rational approach
will encourage them to implement the solution. Finally, the design process of the solution is
presented in a report which explains all constraints are considered and the intermediate steps are
followed to reach the final goal. The solution satisfies stakeholder goals and objectives.
 The solution result is evaluated during the field implementation. The evaluation results will
determine whether further improvement requires or the current improvement is sufficient.
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7.4 Appendix D: One-dimensional Plasticity
In 1D plasticity, the stress-strain relation can be described simply as it varies only in one direction. It
helps to understand the basic terms of plasticity and establish the basement for 3D plasticity.

One-dimensional Perfect Plasticity
Some materials follow perfect plasticity. According to perfect plasticity, the stress-strain relation is
proportional until the yielding point, and after that, the strain increases without the increase of stress.
The total strain can be obtained by the sum of elastic and plastic strain
𝜀 = 𝜀𝑒 + 𝜀𝑝
Then the stress is obtained from the linear elastic relation
𝜎 = 𝐸𝜀 𝑒 = 𝐸(𝜀 − 𝜀 𝑝 )

(27)
(28)

For perfect plasticity, the maximum stress can’t be greater than the yield stress 𝜎𝑦 . So the admissible
stresses remain in between [−𝜎𝑦 , 𝜎𝑦 ]. The yield function, 𝑓, for the perfect plasticity can be defined
𝑓(𝜎) ≔ |𝜎| − 𝜎𝑦 ≤ 0
(29)
If the absolute value of current stress |𝜎| is less than the yield stress 𝜎𝑦 , then the stress condition is
elastic and the change rate of plastic strain is zero,
𝜀̇ 𝑝 = 0 𝑖𝑓 𝑓(𝜎) < 0 .
(30)
The plastic strain 𝜀 𝑝 take place only if 𝑓(𝜎) = 0. If the current stress is on the yield surface, then the
material experience slip in the loading direction with constant slip rate 𝜆̇ ≥ 0
+𝜆 ̇ ,
𝑖𝑓 𝜎 > 𝜎𝑦
𝜀̇ 𝑝 = {
(31)
−𝜆 ̇ ,
𝑖𝑓 𝜎 > −𝜎𝑦
According to Kuhn-Tucker complementary conditions
𝜆̇ = 0 𝑖𝑓 𝑓(𝜎) < 0 𝑡ℎ𝑒𝑛 𝜆̇ 𝑓(𝜎) = 0; → → 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑙𝑎𝑠𝑡𝑖𝑐
𝜆̇ > 0 𝑖𝑓 𝑓(𝜎) = 0 𝑡ℎ𝑒𝑛 𝜆̇ 𝑓(𝜎) = 0; → → 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑝𝑙𝑎𝑠𝑡𝑖𝑐

(32)

The stress-strain rate form can be formulated from the yield surface equation. The rate of change of
yield surface becomes zero 𝑓̇ = 0 then we obtain
𝜕𝑓
𝜕𝑓
𝑓̇ =
𝜎̇ =
𝐸(𝜀̇ − 𝜀̇ 𝑝 )
𝜕𝜎
𝜕𝜎
𝜕𝑓
𝜕𝑓
(33)
⇒ 𝑓̇ =
𝐸𝜀̇ − 𝜆̇
𝐸
𝜕𝜎
𝜕𝜎
⇒ 𝑓̇ = 0
⇒ 𝜆̇ = 𝜀̇
Combining Eqs. (31,33), one gets

𝜀̇𝑝 = 𝜀̇ , 𝑓𝑜𝑟 𝑓(𝜎) = 0
𝜎̇ = {

𝐸𝜀̇ 𝑖𝑓 𝑓 < 0
0 𝑖𝑓 𝑓 = 0

(34)
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Isotropic Hardening Plasticity
Real metal does not show perfect plasticity, rather than metal shows some hardening behavior during
the loading. When the load is increased beyond the yield limit, due to molecular movement the metal
becomes harder. The dislocation of metal crystal structure shows hardening behavior. Hence, strain
hardening behavior is observed by plastic deformation. The 1D plasticity model for isotropic
hardening follows the basic equations of perfect plasticity. But the yield surface for isotropic
hardening changes continuously in each loading step. According to linear hardening model, the
hardening for steel material can be assumed as
𝜎𝑦 = 𝜎𝑦0 + 𝐻𝜀 𝑝
(35)
where 𝜎𝑦 = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠, 𝐻 = ℎ𝑎𝑟𝑑𝑒𝑛𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 and 𝜎𝑦0 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠. The yield
surface for isotropic hardening model can be expressed as
𝑓(𝜎) ≔ |𝜎| − 𝜎𝑦 = |𝜎| − (𝜎𝑦0 + 𝐻𝜀 𝑝 )

(36)

Following above equations, the stress rate for isotropic hardening material is obtained as
𝐸
𝑓̇ = 0 ⇒ 𝜆̇ =
𝜀̇
𝐸+𝐻
𝐸𝜀̇
𝑖𝑓 𝑓 < 0
(37)
𝐸𝐻
𝜎̇ = {
𝜀̇
𝑖𝑓 𝑓 = 0
𝐸+𝐻

Incremental Form of Rate Independent Plasticity [2]
The strain-driven problem for isotropic hardening is prescribed in this section. For simplicity, it is
assumed that the time increment, ∆𝑡, remains always same. The discrete time steps can be described
by 𝑡0 , 𝑡1 , 𝑡2 , 𝑡3 , … … .. And strain is also a time dependent function 𝜀𝑛 = 𝜀(𝑡𝑛 ). Then we get
𝑡𝑛+1 = 𝑡𝑛 + ∆𝑡
𝜀𝑛+1 = 𝜀𝑛 + ∆𝜀𝑛

(38)

The slip rate increment is defined by ∆𝜆 = 𝜆̇ ∆𝑡.
1. Differential Algebraic Equations:
The rate-independent plasticity model with isotropic hardening becomes,
𝜎 = 𝐸𝜀 𝑒 = 𝐸(𝜀 − 𝜀 𝑝 ),
𝜀̇𝑝 = 𝜆̇ 𝑠𝑖𝑔𝑛(𝜎),
𝑓(𝜎) ≔ |𝜎| − (𝜎𝑦0 + 𝐸 𝑇 𝜀 𝑝 ),

𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛
𝑓𝑙𝑜𝑤 𝑟𝑢𝑙𝑒
𝑦𝑖𝑒𝑙𝑑 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛

(39)

𝐾𝑢ℎ𝑛 − 𝑇𝑢𝑐𝑘𝑒𝑟 𝑐𝑜𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠:
𝜆̇ ≥ 0, 𝑓(𝜎) ≤ 0 𝑡ℎ𝑒𝑛 𝜆̇ 𝑓(𝜎) = 0,
2. Incremental Equations:
The differential equation will be transformed into an incremental form using the Euler-backward
method. The above algebraic equations will be transformed into an incremental form as follows
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𝑝
𝜀𝑛+1
− 𝜀𝑛𝑝 ∆𝜆
=
∆𝑡
∆𝑡

(40)

Yield function for isotropic hardening material becomes
𝑝
𝑓(𝜎𝑛+1 ) = |𝜎𝑛+1 | − (𝜎𝑦0 + 𝐻𝜀𝑛+1
)

(41)

Complementary conditions according to incremental equation becomes
∆𝜆 ≥ 0, 𝑓𝑛+1 ≤ 0, ∆𝜆𝑓𝑛+1 = 0

(42)

3. Operator Splitting
By using backward Euler method, the differential equations will be transformed into an algebraic
equation. But there are still two inequalities, hence operator splitting is necessary. The predictor and
corrector terms can be divided as follows
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟 + 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑜𝑟
𝑝)
𝜎̇ = 𝐸(𝜀̇ − 𝜀̇ = 𝐸𝜀̇
−
𝐸𝜆̇
(43)
𝜀̇𝑝 = 𝜆̇ =
0
+
𝜆̇
0 = 𝜆̇ 𝑓(𝜎) =
0
+
𝜆̇ 𝑓(𝜎)
4. Elastic Step (Predictor step)
Idea: Freezing plastic flow (∆𝜆 = 0) then the strain, stress and yield function become as,
𝑝,𝑡𝑟𝑖𝑎𝑙
𝜀𝑛+1
= 𝜀𝑛𝑝
𝑡𝑟𝑖𝑎𝑙
𝜎𝑛+1
= 𝜎𝑛 + 𝐸∆𝜀𝑛
𝑡𝑟𝑖𝑎𝑙
𝑓𝑛+1

=

𝑡𝑟𝑖𝑎𝑙
|𝜎𝑛+1
|

− (𝜎𝑦0 +

(44)
𝐻𝜀𝑛𝑝 )

5. Plastic Step (Corrector step)
𝑝
𝑡𝑟𝑖𝑎𝑙
𝑡𝑟𝑖𝑎𝑙
I.
If 𝑓𝑛+1
≤ 0 the trial state is admissible, then 𝜀𝑛+1
= 𝜀𝑛𝑝 and 𝜎𝑛+1 = 𝜎𝑛+1
satisfy the
incremental equations.
𝑡𝑟𝑖𝑎𝑙
II.
If 𝑓𝑛+1
> 0 the trial state violates the condition then ∆𝜆 > 0.
6. Return Mapping algorithm
If the trial state is not an admissible state, then the trial stress lies outside of the yield surface. The
return mapping algorithm brings the stress back onto the yield surface. The return mapping algorithm
for the one-dimensional case is shown in Fig. 49.

Figure 49: Return mapping algorithm for 1D isotropic hardening.

49 | P a g e

7.5 Appendix E: Yield Function and Hardening Model

Different yield criteria are available; such as Tresca, Von Mises and Hill yield functions. Among them,
the Tresca and Von Mises (VM) yield criteria describe the isotropic material yield behavior, whereas
the Hill criteria describe the anisotropic material yield behavior. For metals, the laboratory test shows
that: hydrostatic pressure does not cause plastic deformation and the plastic deformation is
incompressible. The first condition means that: hydrostatic stress causes no plastic deformation and
plastic deformation is caused only by the deviatoric stress. The second condition refers that: the
plastic deformation in metal follows volume conserving plastic deformation and volume change in
plastic deformation is zero. The second condition can be expressed as
𝜀𝑖𝑖𝑝 = 0 ⇒ 𝜀̇𝑖𝑖𝑝 = 0
⇒ 𝜀̇1𝑝 + 𝜀̇2𝑝 + 𝜀̇3𝑝 = 0

(45)

Every tensor can be decomposed into two components: hydrostatic and deviatoric stress. The
hydrostatic stress tensor is known as hydrostatic pressure or mean stress. The second part of the
stress tensor is deviatoric part and represents a pure shear state. In isotropic material, the hydrostatic
part causes the change in volume or size; but no change in material shape. On the other hand, the
deviatoric stress causes the shape change, but no change in volume. For an isotropic material, the yield
is caused by the effect of the deviatoric stress tensor. The decomposition of stress tensor can be shown,
𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠, 𝝈 = 𝝈ℎ + 𝝈𝑑 = 𝝈𝑚 + 𝝈𝑑
1
1
𝑚𝑒𝑎𝑛 𝑠𝑡𝑟𝑒𝑠𝑠, 𝑝 = 𝜎 𝑚 = ( 𝜎𝑘𝑘 ) 𝛿𝑖𝑗 = (𝜎1 + 𝜎2 + 𝜎3 )
3
3
𝑝
1
ℎ
𝑚
ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑠𝑡𝑟𝑒𝑠𝑠, 𝝈 = 𝝈 = ( 𝑡𝑟(𝝈)) 𝟏 = {𝑝} 𝟏
3
𝑝
𝜎1 − 𝑝
𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐 𝑠𝑡𝑟𝑒𝑠𝑠, 𝝈𝑑 = 𝝈 − 𝝈ℎ = {𝜎2 − 𝑝} ;
𝑡𝑟(𝝈𝑑 ) = 0
𝜎3 − 𝑝

(46)

The volumetric strain (𝜺𝑣 ) is the trace of the strain tensor and it is three times of the hydrostatic strain
tensor. The volumetric strain is 𝜀 𝑣 = 𝜀1 + 𝜀2 + 𝜀3 and volumetric strain tensor is zero for plastic
deformation which is expressed as 𝜀 𝑣 = 𝜀1𝑝 + 𝜀2𝑝 + 𝜀3𝑝 = 0. The decomposition of strain tensor can be
shown as,
𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛, 𝜺 = 𝜺ℎ + 𝜺𝑑
1
1
(47)
ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑠𝑡𝑟𝑎𝑖𝑛, 𝜺ℎ = ( 𝑡𝑟(𝜺)) 𝟏 = 𝜺𝑣
3
3
𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐 𝑠𝑡𝑟𝑎𝑖𝑛, 𝜺𝑑 = 𝜺 − 𝜺ℎ

Von Mises Yield Criterion
In metals, a uniform pressure or hydrostatic stress exists in all directions which cause elastic
deformations, but no plastic deformation. For plastic deformation, the deviatoric stress causes plastic
deformation. The hydrostatic and deviatoric stress decomposition are obtained from the main stress
tensor. The deviatoric stresses are expressed as,
1
𝑚𝑒𝑎𝑛 / ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑠𝑡𝑟𝑒𝑠𝑠,
𝑝 = (𝜎1 + 𝜎2 + 𝜎3 )
(48)
3
𝑠1 = 𝜎1 − 𝑝, 𝑠2 = 𝜎2 − 𝑝, 𝑠3 = 𝜎3 − 𝑝.
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The yield criteria must be coordinate independent, which means that if the axes are rotated then the
yield value will be always same. Plastic deformation occurs if the sum of squares of the principal
deviatoric stresses reaches to a certain critical value,
𝑠12 + 𝑠22 + 𝑠32 = 2𝑘 2

(49)

where 𝑘 is the material parameter which is determined by the experimental test. The elastic boundary
can be represented by the deviatoric stress as,
𝑠𝑖𝑗 𝑠𝑖𝑗 = 2𝑘 2
(50)
The term 𝑠𝑖𝑗 𝑠𝑖𝑗 is invariant and it does not change if the tensor components are transformed to another
reference frame due to its scalar quantity. The equivalent stress according to VM is defined as,
3
𝜎𝑒𝑞 = √ 𝑠𝑖𝑗 𝑠𝑖𝑗
2

(51)

The factor, 𝑘, is obtained by uniaxial tension test. The uniaxial stress is equivalent to the equivalent
stress. The Von Mises yield surface in terms of deviatoric stress is defined by
3
𝑓 = √ 𝑠𝑖𝑗 𝑠𝑖𝑗 − 𝜎𝑦 = 0
2
3
⇒ 𝑓 = 𝑠𝑖𝑗 𝑠𝑖𝑗 − 𝜎𝑦 2 (𝜀 𝑝 ) = 0
2

(52)

The Von Mises yield surface is pressure independent, and as a result yield surface will be prismatic in
three-dimensional stress space. The cross-section of the yield surface with the 𝜎1 − 𝜎2 plane is
elliptical, and the cross section with 𝜋 − 𝑝𝑙𝑎𝑛𝑒 is a circle [6].

Isotropic Linear Hardening
For elastic material, the stress-strain relation is history independent, the potential exists, reversible
and no permanent deformation. For elastoplastic material, there is no one-to-one relation between
stress-strain. When a material is loaded beyond the elastic limit, then it deforms permanently or
irreversible plastic deformation occurs. For plastic deformation, stress is history dependent and
calculated by integrating the stress rate over the past load history. During unloading, the plastic strain
remains constant; but the elastic strain is recovered as it is reversible [7]. The young’s modulus or
elasticity modulus, hardening modulus and tangent or elastoplastic modulus can be expressed by the
following equation,
𝑠𝑡𝑟𝑎𝑖𝑛 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡, ∆𝜀 = ∆𝜀𝑒 + ∆𝜀𝑝
𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑠𝑡𝑟𝑒𝑠𝑠 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡, ∆𝜎 = 𝐸∆𝜀𝑒
∆𝜎
𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 =
∆𝜀𝑒
(53)
∆𝜎
𝐻𝑎𝑟𝑑𝑒𝑛𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐻 =
∆𝜀𝑝
∆𝜎
𝑇𝑎𝑛𝑔𝑒𝑛𝑡 𝑚𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸𝑇 =
∆𝜀
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Figure 50: Elasticity modulus, hardening modulus and tangent modulus are shown.

According to Eq. 53, it can be said that the hardening modulus is determined with respect to the plastic
strain increment. On the other hand, the tangent modulus is determined with respect to the total strain
increment. Graphically three types of modulus are shown in Fig. 50. The relation among all three
moduli can be expressed as:
∆𝜎 = 𝐸∆𝜀𝑒 = 𝐻∆𝜀𝑝 = 𝐸𝑇 ∆𝜀
∆𝜀 = ∆𝜀𝑒 + ∆𝜀𝑝
∆𝜎 ∆𝜎 ∆𝜎
⇒
=
+
𝐸𝑇
𝐸
𝐻
(54)
1
1 1
⇒
= +
𝐸𝑇 𝐸 𝐻
⇒𝐻=

𝐸𝐸𝑇

𝐸−𝐸𝑇

𝑜𝑟 𝐸𝑇 =

𝐸𝐻

𝐸+𝐻

Isotropic Von Mises Hardening
The steel and metal follow the associated plasticity rule. Here, the general equations of associated
plasticity will be described for nonlinear finite element schemes. The VM plasticity model is also
known as 𝐽2 − 𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 model. The VM model is based on deviatoric stress and the first invariant of
deviatoric stress is zero. Hence, the VM yield function depends on second invariant of deviatoric stress
[8]. The yield criteria is described by:
3
𝑓(𝜎𝑖𝑗 , 𝐻) = √ 𝑠𝑖𝑗 𝑠𝑖𝑗 − 𝜎𝑦 ;
2
𝜎𝑦 = 𝜎𝑦0 + 𝐻𝜀 𝑝
The first derivative of Eq. (55) gives
𝜕𝑓
3 𝑠𝑖𝑗
=
;
𝜕𝜎𝑖𝑗 2 𝜎𝑦

𝜕𝑓
= −1;
𝜕𝜎𝑦

𝑓 = 0;

(55)

𝜕𝜎𝑦
= 𝐻.
𝜕𝜀 𝑝

(56)

According to the flow rule, the rate of plastic strain can be obtained as
𝜕𝑓
3 𝑠𝑖𝑗
𝑝
𝜀̇𝑖𝑗
= 𝜆̇
= 𝜆̇
𝜕𝜎𝑖𝑗
2 𝜎𝑦

(57)
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According to the consistency condition 𝑓̇ = 0 yields
𝜕𝑓
𝜎 ̇ − 𝐻𝜆̇ = 0
𝜕𝜎𝑖𝑗 𝑖𝑗

(58)

where 𝐻 is the hardening modulus. Following the deviatoric stress-strain relation, effective stressstrain is necessary for three-dimensional case. The effective stress-strain can be expressed as
1/2
3
2 𝑝 𝑝 1/2
𝑝
(59)
𝜎𝑒𝑓𝑓 = ( 𝑠𝑖𝑗 𝑠𝑖𝑗 ) ;
𝜀̇𝑒𝑓𝑓 = ( 𝜀̇𝑖𝑗 𝜀̇𝑖𝑗 )
2
3
The yield condition and effective plastic strain can be written as
𝑝
𝑓 = 𝜎𝑒𝑓𝑓 − 𝜎𝑦 (𝜀 𝑝 ) = 0;
𝜀̇𝑒𝑓𝑓
= 𝜆̇
The hardening modulus can be expressed as
𝐻=

𝑝

𝑑𝜎𝑦 ( 𝜀̇𝑒𝑓𝑓 )

𝜎̇𝑖𝑗 =

𝜀̇𝑘𝑙

(61)

𝑝
𝑑 𝜀̇𝑒𝑓𝑓

The rate of stress-strain relation can be expressed as
𝜎̇𝑖𝑗 = 𝐷𝑖𝑗𝑘𝑙 𝜀̇𝑘𝑙
𝑒𝑝
𝐷𝑖𝑗𝑘𝑙

(60)

𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑙𝑜𝑎𝑑𝑖𝑛𝑔

(62)

The elastic flexibility tensor 𝑫 can be determined from shear modulus, bulk modulus and Poisson’s
ratio following the equation below
1
𝜐
(63)
𝐷𝑖𝑗𝑘𝑙 = 2𝐺 [ (𝛿𝑖𝑘 𝛿𝑗𝑙 + 𝛿𝑖𝑙 𝛿𝑗𝑘 ) +
𝛿 𝛿 ]
2
1 − 2𝜐 𝑖𝑗 𝑘𝑙
The elastoplastic flexibility tensor is expressed by deviatoric stress tensor which changes during the
plastic loading condition. As well as flexibility tensor changes during plastic loading as below

𝑤ℎ𝑒𝑟𝑒,

𝑫𝑒𝑝 = 𝑫 − 𝑫𝑝
𝜐
𝜐
2𝐺 1 − 𝜐
𝑫=
[ 𝜐
1−𝜐
𝜐 ]
1 − 2𝜐
𝜐
𝜐
1−𝜐
2
𝑠
𝑠
𝑠
11 22 𝑠11 𝑠33
11
9𝐺 2
𝑝
2
𝑫 =
[𝑠 𝑠
𝑠22
𝑠22 𝑠33 ]
𝐴𝜎𝑦2 22 11
2
𝑠33 𝑠11 𝑠33 𝑠22
𝑠33

(64)

The elastoplastic stiffness matrix is symmetric. Here, 𝐴 = 𝐻 + 3𝐺, where 𝐻 = ℎ𝑎𝑟𝑑𝑒𝑛𝑖𝑛𝑔 𝑚𝑜𝑑𝑢𝑙𝑢𝑠
and 𝐺 = 𝑠ℎ𝑒𝑎𝑟 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 [8].

Classical Metal Plasticity
During elastic loading, the strains are determined directly by the stresses; but for plasticity, it is not
possible. Plasticity depends on loading history and how the loading state is achieved. Hence, plastic
strains can’t be determined directly from stresses. To determine the plastic strain, other aspects are
also needed to consider, such as hardening law, flow rule, yield function etc.
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During the radial return mapping, nonlinearity is observed for the 3D case. According to isotropic
hardening law, the Von Mises yield surface increases with loading. When the trial stress is outside of
the yield surface, then radial return mapping applies to return back the deviatoric stress to updated
yield surface. The return mapping needs Newton-Raphson iteration scheme which needs several
iterations to return back to the updated yield surface. It is graphically shown in Fig. 51. [9]

Figure 51: Radial return mapping algorithm in principal stress plane and deviatoric stress plane.

Moment Reduction Percentage for Different Pipe Size
Some numerical calculation results are shown in Table 4 (Chapter 3.2.8); where the relation between
internal pressure and bending moment reduction percentage is shown in Fig. 26. The detail result for
other pipe size is shown in Table 14. The moment reduction percentage for X70 and X100 grade pipe
is shown in Fig. 52.
Table 14: Internal pressure effects on bending moment for X80 grade steel pipe.

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝟑𝟎"

𝟓𝟔"

𝟔𝟎"

𝑝𝑖𝑛𝑡 (𝑀𝑃𝑎) 𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡
𝑊𝑎𝑙𝑙
𝑀𝑜𝑚𝑒𝑛𝑡
Diameter/
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑓𝑜𝑟 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 𝟎. 𝟎𝟐 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) Thickness ratio
𝟎. 𝟓"
0
3.8553
---𝑫/𝒕 = 𝟔𝟎
9.5
3.4729
10
13.5
3.0489
20.9
15.5
2.7484
28.7
𝟏"
0
27.4660
---𝑫/𝒕 = 𝟓𝟔
10.5
24.6206
10.4
14.5
21.8315
20.5
17
19.3977
29.4
𝟎. 𝟕𝟓"
0
20.7921
---𝑫/𝒕 = 𝟕𝟓
8.5
18.8045
9.6
11
16.3284
21.5
13
14.2609
31.4
𝟏"
0
31.6502
---𝑫/𝒕 = 𝟔𝟎
10
28.2595
10.7
13.5
25.2184
20.3
16
22.1952
30
𝟎. 𝟕𝟓"
0
23.9406
---𝑫/𝒕 = 𝟖𝟎
7
21.6806
9.4
10
19.1200
20.1
12
16.6475
30.5
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Figure 52: Moment reduction percentage for X70 and X100 grade pipe and its dependency on 𝑝𝑖𝑛𝑡 and D/t ratio.

A comparison of three different steel grade is shown in Table 15. For the same 𝐷/𝑡 ratio and same
bending moment reduction percentage, the internal pressure varies due to different steel grade pipe.
Hence, the internal pressure and bending moment reduction percentage depend on steel grade and
𝐷/𝑡 ratio.
Table 15: Moment reduction for different steel grade depending on internal pressure.

𝑀𝑜𝑚𝑒𝑛𝑡
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%)

𝐷 / 𝑡 𝑟𝑎𝑡𝑖𝑜

𝑃𝑖𝑛𝑡 𝑓𝑜𝑟 𝑋70
𝑝𝑖𝑝𝑒 (𝑀𝑃𝑎)

𝑃𝑖𝑛𝑡 𝑓𝑜𝑟 𝑋80
𝑝𝑖𝑝𝑒 (𝑀𝑃𝑎)

𝑃𝑖𝑛𝑡 𝑓𝑜𝑟 𝑋100
𝑝𝑖𝑝𝑒 (𝑀𝑃𝑎)

10

36
48
36
48
36
48

14.5
10.5
20
15
24
17.5

17
12
23
18.5
27
20

21
15
29
21
33.5
25

20
30
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7.6 Appendix F: Alternative Solutions

The best possible solution for applying the internal pressure is shown in chpter 4.1. Two other
solutions are shown in Fig. 53. In both solutions, the metal layer and composite layer are connected
with a tie; but there is a large length of the tie which is critical during expansion and contraction of
composite layer. Due to high internal pressure, there will prevail high shear stress at the end and the
fiber orientation at the corner is also complex.

Figure 53: (a) Metal-composite bag with metal tie end;

(b) Metal-composite bag with one tie-end and other curved end.

The internal pressure is applied on composite layer and the pressure is transferred on steel pipe wall.
The pressure transfer depends on fiber angle with longitudinal axis, composite layer wall-thickness
and clearance. The pressure transfer for different composite layer thickness is shown in Table 16.
With increasing the composite wall-thickness, the pressure transfer reduces largely. Hence, the
composite layer thickness is kept as small as possible. According to Table 16, if the composite wallthickness is 1 𝑐𝑚; then it transfers the pressure well and the pressure loss is small.
Clearance,
𝛿𝑐 (𝑐𝑚)

1

1.5

Table 16: Pressure transfer from bag to steel pipe wall for D/t=48 and 𝑃0 = 20 𝑀𝑃𝑎.
Fiber angle, Transverse
Composite
Applied
Pressure on
(𝜃)
stiffness,
wall-thickness, pressure,
steel pipe,
∗
𝑡𝑏𝑎𝑔 (𝑐𝑚)
𝑃0 (𝑀𝑃𝑎)
𝑃1 (𝑀𝑃𝑎)
𝐶22 (GPa)

±5°
±10°
±15°
±30°
±5°
±10°
±5°
±10°
±15°
±30°
±5°

7.83
8.002
8.52
15.5
7.83
8.002
7.83
8.002
8.52
15.5
7.83

1

20

2
1

2

20

17
16.9
16.8
14.4
14
13.9
15.7
15.6
15.4
12
11.5

𝜎ℎ,𝑝
(𝑀𝑃𝑎)

391
389
385
332
322
320
362
360
354
276
265

In ABAQUS simulation, an axisymmetric model is analyzed. To obtain a real geometry, the
axisymmetric model can be swept around an axis and a real geometry with stress distribution could
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be seen. A 900 sweep model is shown in Fig. 54. The composite and steel pipe simulation result is
shown in figure.

Figure 54: Three different conditions of metal and composite layer: un-deformed, hoop and radial stress
component respectively.
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