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ABSTRACT

Collapse Strength Prediction of ERW Pipes Subjected
to External Pressure by Simulation Analysis of
Manufacturing Process

Seong-Wook Han
Department of Civil and Environmental Engineering

Seoul National University

Offshore pipeline is a major method of oil and gas transportation owing to
its reliable strength against harsh environments including external pressure.
As production of oil and gas in deep-water is increasing with the ongoing
growth of the energy industry, demand for high structural performance pipes
has become larger than ever and brought the attention on thicker pipes.

Among the various kinds of steel pipes, the electric resistance welded
(ERW) pipes have traditionally been used for land pipelines, tubing and
casing rather than for offshore pipelines due to the potential weakness of
welded seams. As the welding technology has improved, however, recent
studies have shown that the ERW pipe is also applicable to deep-water
pipelines.

Compared with other types of steel pipes, the merits of the ERW pipe come
from the manufacturing process. ERW pipes are fabricated along one linear
continuous process from the plate to when the pipe is cut into desired lengths.

This continuous manufacturing process of ERW pipes has the ad’v-é:,ntage of]|



increasing the productivity, but makes it difficult to track plastic deformation
correctly during the manufacturing process. And then, the complicate
histories of the plastic deformation generate the following problems.

First, the ERW pipe manufacturing process make material properties of the
raw plate changed significantly. The repeated loading and unloading cycles
conducted throughout the manufacturing process change the yield strength
due to the modified stress-strain relationship by the Bauschinger effect and
the strain hardening. The changed yield strength not only has a significant
effect on the structural performance of the ERW pipe, but also is used a
representative indicator for quality evaluation of the ERW pipe. Therefore,
the accurate prediction of the material properties will result in benefits in
terms of the cost and time spent for the repeated inspection, design and
production to secure the enough structural performance of the pipe.

The second problem relates to the geometric imperfection and residual
stress inherent to the repetitive plastic deformation and elastic spring back
during the manufacturing process. Like the material properties, the out-of-
roundness and residual stress of the pipe are dominant parameters
determining its collapse pressure but generated in such an unpredictable
manner that increase the design uncertainty. Loss of accuracy in the ERW
pipe leads to excessively conservative design that does not guarantee the pipe
to provide consistent quality and satisfactory structural performance.

This thesis evaluates the collapse performance of ERW pipes as following

procedures. The procedure involves (1) the computational simulat_ib_ﬁ: of ERW/||



pipe manufacturing processes by three-dimensional finite element analysis to
evaluate effects of the plastic deformation for prediction of yield strength,
out-of-roundness and residual stress; (2) the collapse analysis of ERW pipes
using the results of the manufacturing simulation; and, (3) parametric study
to examine the effect of design variables such as diameter, thickness and
sizing process on enhancement of collapse performance.

To improve the accuracy of the simulation of the ERW pipe manufacturing
process, the combined nonlinear hardening model is incorporated to describe
the plastic characteristics including yield plateau and evolution of Young’s
modulus as well as strain hardening and Bauschinger effect.

In the ERW pipe manufacturing process, finpass and sizing processes
which make large deformation in the circumferential direction of the pipe are
controlled as manufacturing variables. These manufacturing variables are
defined as roll-forming and sizing ratios based on the girth history during the
manufacturing, and variations of yield strength, out-of-roundness, and
residual stresses are evaluated according to the manufacturing variables.

Collapse analysis is then performed using the pipe model after the ERW
pipe manufacturing analysis, so that the result of the manufacturing process
can be considered in collapse analysis. Parametric analysis is performed to
investigate the effect of the sizing process on its yield strength, out-of-
roundness and collapse performance.

It is found that larger sizing ratio has effect on improving the out-of-

roundness and increasing the compressive yield strength but deqfe%lsing tell &l



tensile yield strength. These effects lead to enhancement of the collapse
performance, and the effect of the sizing ratio on enhancement of collapse
performance increases for the smaller D/z.

The current design criteria do not consider the advantages of the sizing
process on the collapse pressure. This lead that the difference between the
analysis result and design criteria increases for a thicker pipe which is
significantly influenced by the sizing process.

The developed analytical approach is expected to provide useful data for
the manufacturing process enhancing the collapse performance and

improving the quality of the ERW pipe.

Keywords: ERW pipe; Roll-forming; Sizing; Finite element analysis;

Ovality; Yield strength; External pressure, Collapse pressure
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CHAPTER 1

INTRODUCTION

1.1 Research background

Offshore pipeline is a major mean of oil and gas transportation owing to its
reliable strength against harsh environments such as external pressure. As
production of oil and gas in deep-water is increasing with the ongoing growth
of the energy industry, demand for high structural performance pipes has
become larger than ever and brought the attention on thicker pipes.

Among the various kinds of steel pipes, the electric resistance welded
(ERW) pipes has traditionally been used for land pipelines rather than for
offshore pipelines due to the potential weakness of welded seams. As the
welding technology has improved, however, recent studies have shown that
ERW pipe is also applicable to deep-water pipelines (Nagata et al., 2016;
Tsuru et al., 2015).

Compared with other types of steel pipes, the merits of ERW pipe come
from the manufacturing process. The manufacturing process of ERW pipe can
be divided into five steps, each with the potential to cause plastic
deformations: Uncoiling, leveling, roll-forming, welding, and sizing
processes (Nishimura et al., 1997). Uncoiling and leveling are the processes
that are used to unfold and flatten rolled steel sheets from steel mills. Roll-

forming is a process whereby a steel plate is rolled into a circular -f)i]::pe éﬁ_ap’g*,:
.



welding joins the two opposing edges to form a pipe, and sizing is the process
of applying compression to the pipe following the welding to optimize the
circular shape. These five steps are performed along one linear continuous
process from the plate to when the pipe is cut into desired lengths, and these
steps lead to ERW pipe with smaller deviations in diameter and thickness in
the circumferential direction compared with other types of pipe such as UOE
and spiral pipes. These manufacturing steps make ERW pipe more cost-
effective because uniform thickness reduces the net weight, and relatively
smaller deviations in diameter and uniform thickness increase the girth
welding speed that is required either in the field or on a lay-barge (Kyriakides
and Corona, 1991).

In spite of their merits, ERW pipes present still concerns regarding their
structural performance (Kyriakides et al., 1991; Herynk et al., 2007). The
continuous manufacturing process of ERW pipes has the advantage of
increasing the productivity, but makes it difficult to track changes in
geometric information or yield strength during the manufacturing. These
changes have also significant effects on the structural performance of the pipe,
and still make ERW pipe research challenging.

The influence factors on the collapse pressure of steel pipes have been
examined in numerous previous studies (Yeh and Kyriakides, 1986; Murphey
and Langner, 1985). In the case of thick pipes experiencing buckling in the

plastic range, the material properties, diameter-to-thickness ratio (D/t),

geometric imperfections, and residual stress were found to bd_-ﬁlhe'-;-'ma_stfz
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important parameters influencing the structural performance. Except for the
D/t, those factors are essentially affected by the plastic deformations
performed in the pipe forming process (Qiang et al, 2015; Tianxia et al, 2016).

The stress-strain relationship of the ERW pipes is significantly changed
from that of the raw plate because of the strain hardening and Bauschinger
effect related to the complicated plastic strain hysteresis (Lee et al., 2017).
The material properties of steel pipes are not only variables that have a
sensitive effect on the structural performance of steel pipes, but also are
representative indices of a quality evaluation for steel pipes (API, 2012).
Therefore, inaccurate prediction of the material properties will result in lower
strength and structural performance of the pipe and will lead to tremendous
cost and time spent for the repeated inspection, design, and manufacturing
tasks. Furthermore, the plastic deformation at each manufacturing step exerts
direct effects on the subsequent manufacturing step. However, the geometric
imperfections and residual stress occur with high degree of uncertainty that
their assessment at the design stage has become a challenging task due to their
critical effect on the structural performance of the pipe like the collapse
pressure (Aiman et al., 2008; Moen et al., 2008). The excessively
conservative material properties and cross-sectional design due to these
uncertain factors not only lead to increasing cost and time consumption, but
also mean that the steel pipe design cannot guarantee consistent and

satisfactory quality.



In absence of straightforward ways to derive these key design parameters
analytically, conventional pipe design had to rely on their own know-how
obtained by trial-and-error experience. Such approach, however, is far from
being consistent in securing the desired yield strength, structural performance
and productivity of the pipe despite the same steel pipe. There is thus a
pressing need for a standard design method based on the accurate prediction

of the yield strength and structural performance of the formed steel pipes.

1.2 Literature review

As the demand for ERW pipe increases, higher accuracy in evaluating
strength is now required to satisfy the design limit state, and one of the main
considerations for the design of deep-water pipelines is to ensure resistance
to external pressure. The collapse performance of a pipe against external
pressure could be affected by factors that include material and geometric
properties, as well as residual stress (Bastola et al., 2015; Fraldi and
Guarracino, 2013).

During the manufacturing of ERW pipes, significant deformation could be
caused by repetitive loading and unloading. Kyriakides and Corona (2007)
conducted finite element analysis and confirmed that the Bauschinger effect
should be considered the elastic-perfectly plastic stress—strain relationship or

else the collapse performance can be overestimated. They also confirmed that

the collapse performance could be enhanced by improving thé out-of-|| =
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roundness of the cross-section. Bastola et al. (2014) conducted finite element
analysis and confirmed that residual stress could reduce the collapse pressure
by as much as 20%, and that the residual stress along the circumferential
direction of the pipe were more significant on collapse performance than
those along the longitudinal direction.

Factors such as out-of-roundness and residual stress could be determined
during the manufacturing, particularly during the roll-forming and sizing
processes. Since modification to the configurations and arrangements of the
rolls is difficult to investigate, it is difficult to experimentally verify the
influence of the manufacturing process on these factors. Thus, finite element
analysis that can accurately simulate the manufacturing process is necessary.
The aforementioned studies (Bastola et al., 2015; Fraldi and Guarracino, 2013;
Kyriakides and Corona, 2007), however, forcibly imposed such factors to
their finite element model without simulating the manufacturing process, so
that it is questionable whether the results can be considered realistically.
Several studies (Lee et al., 2017; Nishimura et al., 1997; Yi 2017) have
investigated the effect of the manufacturing process on out-of-roundness or
residual stress, but these studies did not simulate all steps in the
manufacturing processes or had limitations in the adopted material model.
These over-simplified approaches are understandable because numerically
simulating the manufacturing process demands complex analysis following

excessive computational effort.



1.3 Research objective and scope

This thesis intends to evaluate the collapse performance of ERW pipes
considering the ERW pipe manufacturing process. The proposed procedure
involves the computational simulation of the ERW pipe manufacturing
process and the structural performance analysis reflecting the results from
simulation to predict the collapse pressure of the pipes.

As a first step, ERW pipe manufacturing processes are simulated using
three-dimensional finite element method to track the development of the yield
strength of the pipes throughout the multi-stage pipe forming process. For the
simulation, the combined nonlinear hardening model considering the strain
hardening, the Bauschinger effect, the yield plateau and the evolution of
Young’s modulus is adopted to describe the complicated plastic behaviors of
steel due to repeated loading and unloading during the manufacturing process.

The simulation can track the stress and strain histories during whole
manufacturing process and investigate the yield strength, geometric
imperfections and residual stress of the pipe after the manufacturing. In the
following step, the collapse pressure known to be the principal structural
performance indicators for offshore pipes are evaluated using the FEA model
after the manufacturing process analysis.

This study conducts extensive parametric analysis to examine the effect of
two major design variables that are 1) diameter to thickness ratio, 2) sizing

:l b
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ratio on the yield strength, the out-of-roundness, residual stress and collapse

performance of the pipe.

4 2\
® Numerical material model which can consider cyclic behaviors of steel including
yield plateau and evolution of Young’s modulus )
4 )
(@ Computational simulation on roll-forming and sizing processes of ERW pipe
V o ) / / L - - % . 4 4 4 -
\ J
1
) ¢ 1 l
Stress-strain history along [ Out-of-Roundness ] [ Residual stress ]
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|
I I
P
Flattening for Modified stress-strain
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I
g v ) v
® Tensile yield strength @ Collapse performance ]
(for quality control) -

Fig. 1.1. Flow chart for prediction of yield strength and collapse
performance of the pipe



1.4 Outline of the thesis

This thesis is organized into six chapters and structured in order to
introduce each parts of the proposed framework.

In this chapter, the background of this work and the brief introduction of
the proposed framework are described. Several related previous studies are
also reviewed.

Next, in Chapter 2, the simulation of the ERW pipe manufacturing process
using three-dimensional finite element analysis is introduced. The
establishment and specifications of the numerical material model based on
combined hardening model for the computational simulation of the ERW pipe
manufacturing process are described. The features and roles of the simulated
processes are introduced, and the contact and boundary conditions between
rollers and plate are carefully considered. Finally, for the reliability of the
analytical model, convergence checks on time increment and mesh size are
performed.

Chapter 3 introduces quality evaluation of the ERW pipe. The adjustable
manufacturing conditions, which are the roll-forming and sizing ratios, are
defined based on the geometric deformation history. By controlling these two
manufacturing conditions, the variations of out-of-roundness and residual
stress after the manufacturing are evaluated. Also, the changes in the tensile
and compressive yield strength after the manufacturing due to repetitive

:l b
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loading and unloading are evaluated. In particular, the simulation of the
flattening process is considered for tensile tests.

Chapter 4 introduces the prediction of the collapse performance to reflect
the manufacturing process of ERW pipe. The effects of influence factors such
as out-of-roundness, residual stress and compressive yield strength on
collapse performance are evaluated separately. Variations of the influence
factors by the sizing process lead to change in the collapse performance. It is
revealed that the collapse performance can be enhanced by adjusting the
sizing process.

Chapter 5 investigates the influence of key design variables on the collapse
performance through parametric study with practical and feasible values and
ranges of the parameters. The key variables on collapse performance are
identified and their influence on the collapse pressure is discussed. And the
analysis results are compared with the design criteria to investigate the
advantage of the ERW pipe manufacturing process.

Finally, in Chapter 6 presents a summary of the major findings of this study

and describes areas where further study is needed.



CHAPTER 2

SIMULATION OF ERW PIPE MANUFACTURING
PROCESS USING THREE-DIMENSIONAL FINITE
ELEMENT ANALYSIS

Unlike the small deformation problem, for the large deformation problem
such as manufacturing process of pipes, there is no specific stress at a specific
strain due to path dependency. In other words, the large deformation problem
is an ill-posed problem with geometric nonlinearity, material nonlinearity and
boundary nonlinearity, and requires careful consideration of the analysis
results. In order to verify the results of large deformation analysis, it is best
to compare the analysis results with the experimental results. However, due
to the characteristics of the ERW steel pipe manufacturing process in Korea,
there is a limit to the verification using the experimental results.

In this chapter, it was attempted to simulate the manufacturing process of

the ERW pipe to reflect the actual behavior as much as possible.

2.1 Numerical material model in simulation

During the whole pipe manufacturing process, the material undergoes

elastic-plastic deformations including repeated load reversals. As shown in

Fig. 2.1,
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Therefore, the accurate material modeling is of major importance for the
reliable prediction of yield strength of the pipe. For that, refined numerical
material model which describes the elastic-plastic behaviors including work
hardening and Bauschinger effect is required. In this thesis, the modified
Chaboche model (Zou et al, 2016) is adopted as a constitutive model. It
modified original Chaboche model to have flexibility for wide range of
material characteristics. Apart from work hardening and Bauschinger effect,
it is capable of representing clear yield plateau and evolution of Young’s
modulus. On the other hand, uniaxial tension test was performed to calibrate

material parameters of the model.

[a] [b] [c] [d]

Expanded &
Expanded Translated translated
yield surface yield surface yield surface

. o o o o
Initial yield z / 2 z 2
surface
I N
. \

o -

Isotropic hardening  Kinematic hardening Combined hardening Reversal yielding

Fig. 2.1. Change in yield strength by isotropic and kinematic hardenings
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2.1.1 Constitutive model

The Von mises yield function with kinematic and isotropic hardening is

defined by Equation (2.1).

f=lo=xll-n=0 2.1

In Equation 2.1, o is the stress and y and 7 are the terms related to
kinematic and isotropic hardening, respectively, indicating the translation and
expansion of the yield surface. The stress, o, is defined by Equation (2.2).

In Equation (2.2), xi , is composed of three stress components. Equation

(2.3) defines the backstress.

3
o= Z)(k n 2.2)
k=1
tie = 20+ (00 F 35) exp(=vlep = 2pol) (23)

In Equation (2.3), Cyx and yj are the material hardening terms, &, is the
plastic strain, ypo and &, referto y, and &, atthe beginning of the roll-

forming and sizing processes, respectively. The steel that underwent plastic
deformation has no yield plateau according to the Bauschinger effect.
Equation (2.4) shows that yield plateau is expressed by dividing the plastic

section of the isotropic hardening term by the accumulative plastic strain.

12



_ {GO + (Ga - 0'0) ' (1 - exp(_bap)):p < Agpla (2.1>

Y+Q- (1 - exp(_bp))’p = A‘c-'pla

In Equation (2.4), Q, 0y, and Aey, represent the saturated isotropic
hardening stress, the initial yield strength, and the length of the yield plateau,
respectively. a,, b, ,and Y are the material parameters for simulating the
yield plateau and p is the accumulative plastic strain.

Consideration of springback is essential when large deformation occurs,
and the springback is affected not only by the Bauschinger effect but also by
Young's modulus (Yoshida, 2002). Equation (2.5) shows the decrease in

Young's modulus according to accumulative plastic strain.

E(p) = Ey — (Eg — Eg)[1 — exp(—¢p)] (2.2)

In Equation (2.5), E, and E, are the Young's modulus of the plate and
the reduced Young's modulus at the infinitely large accumulated plastic strain,
respectively. ¢ is the material coefficient, and the Young's modulus reduces
E, from the initial E, according to the accumulative plastic strain during

the roll-forming process.
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2.1.2 Validation of material model

The investigated pipe was constructed of API SL X70 steel. A dog bone
specimen was taken from the actual steel sheet. A 2% tension-compression-
tension cyclic loading test was carried out as shown in Fig. 2.2. The material
coefficients of the Modified Chaboche model were calibrated to the test
results using the least-square method combined with a genetic algorithm, as
follows: E, = 216277.2MPa , o, =539.6 MPa , Ag,, = 0.00957 ,
E, =200000 MPa , ¢ =186.5, Q =184.5MPa, o, =379.2MPa ,
C, = 20535.2, C, =338559, (3=999.6, y;, =420.8, y, = 255.6,

ys =37, b=527,and b, = 225.5.

- Experimental result

—— Cyclic loading simulation
700 :

600 - [ P —
500 |-
400 +

300 -
200 - [[

100 [
0 | | J |

100 F 0.5%
2200 offset
strain !,f

True stress (MPa)

-300 *
-400 - :
-500 - ‘

600 - L——— T
-700

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
True strain

Fig. 2.2. Validation of the adopted material model for API 5L )5?{7-1) steel T- H ol T
= ] =
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2.2 Description of the ERW pipe manufacturing process

The ERW pipe manufacturing process in this study can be divided into two
parts. In the first part, the plate is formed in a circular shape before welding
process. The second part is compressing the pipe after welding. It is necessary

to investigate the role of each part.

2.2.1 Roll-forming and sizing processes

The roll-forming process is a shape in which the plate is rolled into a
circular shape just before welding. The roll-forming process can be classified
into two types. The first is breakdown, forming both edges of the plate.
Breakdown roller is composed of up and down roller as shown in Fig. 2.3a.
The breakdown consists of a set of five upper and lower rollers, and the width
in the upper rollers are gradually reduced to form the edge of the plate. Since
the welding surfaces of both ends are not constrained during the breakdown
process, it is formed in the free bending state. Therefore, the length of the
neutral layer is formed while maintaining the same length as the plate width
before the breakdown process. The role of the left and right rollers disposed
between the upper and lower rollers prevents the formed edges from
excessively opening due to the springback after the rollers pass through the

rollers.
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The edge-formed plate through breakdown enters the finpass process. As
shown in Fig. 2.3b, the finpass rollers increase the thickness of the weld
surface by contact the weld surface with the fins at the upper of the roller. In
addition, it obtains the cleanliness of the welding surface by contacting with
fin in order to improve the quality of the welding. The finpass is composed of
three upper and lower rollers, and the fin width of the upper roller decreases
gradually as shown in Fig 2.3b. In other words, the fin angle is gradually
decreased to make the plate close to the circle after breakdown until just

before welding.

2.2.2 Sizing process

The sizing process is to improve the out-of-roundess and straightness of
the steel pipe after welding. It also serves to match the diameter of the target
steel pipe. As shown in Fig. 2.3d, one set of sizing rollers consists of upper
and lower rollers, like the breakdown and the finpass roller. The sizing
process consists of a total of four roller sets. The sizing rollers reduce the size
of the steel pipe by gradually decreasing the size of the rollers at a constant
rate. In addition, the left and right roller sets placed between the four upper
and lower roller sets alleviate the springback effect, and serve as a guide for

the plate to pass through correctly.
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15t BD roller 3" BD roller 15t FP roller 3" FP roller

Adjusting the r for
[d] the target diameter

[c]

Fig. 2.3. Shape of the rollers composing the ERW pipe manufacturing process:
(a) breakdown, (b) finpass, (c) squeezing, and (d) sizing

2.3 Details of finite element analysis simulation

The three-dimensional finite element analysis in this study was performed
using ABAQUS 2018, a commercial program. The pipe manufacturing
process simulated by moving the roller while fixing the plate as opposed to
the actual pipe manufacturing process where the roller is fixed and the plate
moves. Rollers and plates were simulated as rigid bodies and solid elements,
respectively, and solid element modeling the pipe incorporates eight nodes
with linear and reduced integration with an isoparametric formulation, which

is referred to as C3D8R in ABAQUS.
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In addition, the contact condition between the plate and the roller is one of
the most important factors in the ERW pipe manufacturing process simulation
because the plate is formed depending on the shape of the rollers. In other
words, the difference in the deformation history during the manufacturing can
be generated according to the contact conditions, not only the quality of the
pipe after the tube can be properly secured, but also can not accurately
simulate the actual pipe manufacturing condition. The contact conditions
considered in the simulation are divided into two types. The one is the contact
between the roller and the plate to be considered throughout the whole pipe
manufacturing process. The other is between the welding surfaces of the plate.

The simulation of ERW pipe manufacturing process is shown in Fig. 2.4.

18



_fThickness

Fig. 2.4. Simulation of ERW pipe manufacturing process

2.3.1 Boundary conditions

In contrast to the actual pipe manufacturing process conditions, in this
simulation, the plate was fixed and the roller was moved. As shown in Fig.
2.4, the roller was moved in the z-direction, which along the longitudinal
direction of the plate, and the moving speed of the roller was 30 m/minute,
which corresponds to the pipe production speed in the manufacturing
company.

In order to fix the plate in the direction of roller movement, the front surface
of' the plate was fixed in the z-direction. In addition, the surface of mid-section
in the transverse direction of the plate was fixed in the x-direction so that the

symmetrical simulation was performed.

Rk AT
19 e



2.3.2 Contact conditions between rollers and steel plate

The roller and plate are set to prevent penetration each other. Also, the
friction coefficient between the plates and the rollers was assumed as 0.15.
Since the coefficient of friction is complexly determined by the roller moving
speed, the surface roughness of the rollers, and the lubricant, it is different for
each pipe manufacturing company. In this study, friction coefficient 0.15 was

determined as shown in Fig. 2.5a.

[a]

- No penetration
- Elastic slip (¢ = 0.15)

z 3rd Breakdown roller

[b] Contact between welding
welding surfaces surfaces of the plate

Squeezing roller

Fig. 2.5. Contact conditions in simulation: (a) between rollers and plate, and
(b) between welding surfaces
i 9 51 —7
=, ',.: A—] _'IE E” =1 '-”—
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2.3.3 Contact conditions between welding surfaces of steel plate

Welding simulation is required between the roll-forming and the sizing
processes because it is done in one step until the manufacturing process is
completed. In this study, however, the welding process is considered only to
attach the welding surfaces between the last finpass and the first sizing rollers
as shown in Fig. 2.5b. Once the two welding surfaces are in contact with each
other, the tie condition is set to tie. In addition, once contact was made,

separation and slip is not allowed.

2.4 Convergence of three-dimensional finite element analysis

This three-dimensional finite element analysis was carried out by explicit
method. In order to ensure the reliability of the analysis results, it is better to
simulate the actual behavior as closely as possible by decreasing the time
increment and the size of the mesh. However, as the time increment and mesh
size get smaller, the analysis time increases, so the appropriate time increment
and mesh size should be determined. In other words, it is necessary to stabilize
the analysis model to examine the time increment and mesh size that converge

the analysis results.
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2.4.1 Time increment for dynamic explicit analysis

It is necessary to examine whether the convergence of analysis results is
secured according to the time increment of explicit analysis. In an explicit
analysis, the stable time increment is determined by the size of the element
and the type of material. That is, the smaller the mesh size, the lower the
rigidity of the material or the higher the density, the larger the stable time
increment.

As shown in Fig. 2.6, the stress histories during the manufacturing process
are examined for two different time increments. The stress history was
evaluated at the innermost and outermost layers at the opposite line of the
seam weld, and the evaluation was carried out at the mid-section of the plate.
First, stress history was evaluated for two At which are 4.0 X 107° and
2.0 X 107°. The difference between the two stress histories is minor until the
breakdown, but The difference in stress history started from the finpass
process. After sizing, the residual stresses have about twice the difference.
This is because the convergence cannot be secured for the compression in the
circumferential direction of the pipe after the finpass, and errors have
accumulated continuously.

Fig. 2.7, the time increment was reduced from 4.0 X 107® to 2.2 x 107°
and compared with the stress history of 2.0 X 107°. Unlike the results in Fig.
2.6, the difference in stress history is reduced. However, the difference in

stress history after the finpass still occurred. - 21l

22



Fig. 2.8, the time increment was reduced from 2.0 X 107® to 1.8 x 107

and compared with the stress history of 2.0 X 107°. Unlike the results in Figs.

2.6 and 2.7, the difference in stress history was insignificant, and the residual
stress after piping was almost the same. The results in this study are analyzed

assuming a time increment of 2.0 X 107°.
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2.4.2 Mesh size of the steel plate

As shown in Figs. 2.6-8, it has different stress history depending on the
evaluation position in the thickness direction of the pipe. In other words, it is
necessary to investigate how many elements must be constructed in the
thickness direction of the pipe so that the analysis results converge. According
to the simulation results of UOE steel pipe manufacturing process process by
Yi (2017) and Kyriakides and Corona (2007), seven elements constructed
along the thickness direction of the pipe are enough in simulation. So, in this
study, seven elements were constructed along the thickness direction of the
pipe.

The length of the plate was 7 times the width, and the plate was divided
into 100 elements along the longitudinal direction of the pipe.

The main direction of deformation during the pipe manufacturing is the
circumferential direction of the pipe, that is, the width direction of the plate.
It is necessary to examine how many elements the plate is composed of in the
transvers direction. If the plate width is divided into too few elements, the
stiffness in the transverse direction becomes too large. On the contrary, if the
plate width is divided too much, the analysis time is too long. As shown Fig.
2.9, the stress histories were compared when divided into 52 and 40 in the

transverse direction. Even after the finpass, the difference between stress

histories was insignificant, and the residual stress after the sizing jvas. al§()|= -}
A= LH &
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insignificant. In this study, the plate was divided into 52 elements in the

transverse direction.
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CHAPTER 3

QUALITY EVALUATION OF ERW PIPE
CONSIDERING MANUFACTURING PROCESS

After the manufacturing, the pipe should have a certain level of quality.
The typical example of the quality tests are out-of-roundess of cross-
section, residual stress and yield strength. In Chapter 3, two adjustable
conditions for the manufacturing process in practice based on the history
of deformation were presented, and it was examined how the quality of
ERW pipe changes according to the conditions of the manufacturing

process.

3.1 Geometric characteristics of ERW pipe

The information that can be intuitively understood from the pipe is the
geometric deformation before and after the manufacturing. In other words,
the width and thickness of the plate before the manufacturing and the girth
and thickness of the pipe after the manufacturing. It is necessary to understand
the characteristics of the ERW pipe manufacturing process through this

geometric information.
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3.1.1 Deformation history during ERW pipe manufacturing process

As shown in Fig. 3.1, the plate undergoes the following history of
deformation during the manufacturing. First, change in the width of the plate,
which means the length of the neutral layer, is minimal until the breakdown
due to free-bending. However, through the finpass process, the length of the
neutral layer decreases as the welding surfaces contact the fins of the finpass
rollers. In other words, while the compression acts in the circumferential
direction, the length of the neutral layer is reduced. In order to keep the
volume of the plate constant, the thickness and length are increased to
compensate the reduced length of the neutral layer. In the sizing process, the
compression in the circumferential direction as pipe was applied, and the

thickness and length are increased like the finpass process.
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Fig. 3.1. Deformation history during the ERW pipe manufacturing process
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Histories of the girth, length of the neutral layer and innermost layer during
the manufacturing were evaluated as shown in Fig. 3.2. In the breakdown
process, the change in the length of the neutral layer is insignificant, while
the girth is increased and the length of the innermost layer is decreased by
free-bending. It can be seen that a large compression is applied in the
circumferential direction of the pipe when passing through the finpass and the
sizing rollers.

In this study, the compression applied during the finpass and sizing
processes were defined as roll-forming ratio and sizing ratio, respectively as
Equations (3.1) and (3.2). As shown in Fig. 3.3, the roll-forming ratio is
expressed as the reduced length of the neutral layer after passing the last
finpass roller to the width of the steel plate. The sizing ratio means the rate of
change of girth before and after the sizing process, and the girth decreases at
a constant rate when it passes through four sizing roller sets same as the actual
sizing method. In this study, the effect of the roll-forming and sizing ratios on

the quality of the pipe was evaluated.

ANeutral layer = ]
during roll-forming

Roll-forming (RF) ratio =

Plate width €

AGirth during sizing

Sizing (SZ) ratio = (3.2)

Girth beforesizing
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Table 3.1. Examples of girth history during the manufacturing

Measured girth (mm)

Manufacturing
step Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
(t=5.35 mm) | (t=9.15 mm) (t=9.07 mm) (t=9.5 mm) (t=12.3 mm) | (t=10.65 mm) | (t=15.6 mm)
Sedan 219.0 542.0 548.0 591.0 666.0 688.0 835.0
Truck 232.0 565.0 571.0 - - - 882.0
After
FP1 232.5 566.0 570.0 - - - 877.0
After AFflt,ezr 232.0 566.0 570.5 - - - 876.0
Finpass
After
(FP) FP3 233.5 565.0 570.0 615.0 697.0 714.0 875.0
RF
ratio 0.98% 1.01% 1.13% 0.94% 1.08% 1.01% 1.02%
After squeezing 233.0 564.0 565.5 612.5 693.0 712.0 865.0
Girth 231.0 560.0 562.0 609.0 689.0 707.0 860.0
After
sizing SZ
ratio 0.86% 0.71% 0.62% 0.57% 0.58% 0.70% 0.56%
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3.1.2 Design concept for rollers of roll-forming and sizing processes

The ERW pipe manufacturing process was designed using the previously
defined the roll-forming and sizing ratios. Before that, the level of the roll-
forming and sizing ratios in practice was investigated. In Table 3.1, the girth
histories of the pipes were summarized for seven steel pipes of different sizes.
In the breakdown process, the girth is increased relative to the width of the
steel plate. In the finpass process, like the breakdown porcess, the bending
occurs to match the target curvature, so the length of the girth should be
increased gradually, but it was kept constant. The reason is that the plate is in
contact with the fin of the finpass roller and the deformation in the
circumferential direction is constrained. In seven cases, the roll-forming ratio
was about 1% regardless of the diameter of the steel pipe.

On the other hand, unlike the roll-forming ratio, the sizing ratio was
different according to the diameter of the steel pipe. One characteristic is that
the larger the diameter of the steel pipe, the smaller the sizing ratio. In practice,
the sizing ratio is generally applied at 0.2 to 1.0%. The rollers were designed
as follows using information of the girth, the roll-forming and sizing ratios as

shown in Fig. 3.4.
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Fig. 3.4. Design concept of rollers from geometric information

Step 1: Once the target roll-forming ratio is determined, the length of
the neutral layer is calculated by considering the width and thickness of the
plate that meets the target roll-forming ratio.

Step 2: Determine the size of the last finpass roller through which the
plate with the target neutral layer length can pass. Here, the shape of the
finpass roller is determined by decreasing or increasing the radii which is one
of parameters composing the shape of the finpass roller.

Step 3: Determine the shape of the first and second finpass rollers
which make the pipe pass with the target length of the neutral layer calculated
in the stepl. The size of the rollers is also determined by adjust_ing EYe radii.

.-"{1. -.l:.T;' t_-l
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Step 4: The shape of the squeezing roller is determined by adjusting
the radii so that the girth after passing the finpass does not change.

Step 5: Once the target sizing ratio is determined, the amount of girth
reduction during the sizing process is determined. That is, the shape of each
sizing roller is determined such that it can be reduced by a quarter of the target
girth reduction amount while passing through each of the four sizing rollers.

The size of the rollers is also determined by adjusting the radii.

3.1.3 Dependency of ovality on roll-forming and sizing ratios

One of the important quality evaluation factors of steel pipes is the out-of-
roundness of cross-section which affects the structural performance of steel
pipes. In the practice, through measurement of diameter as shown in Fig. 3.5a,
the out-of-roundenss defined as ovality is calculated as Equation (3.3). DNV-
OS-F101, which is the offshore pipeline design standard, proposes a
maximum allowable ovality of 3%. However, in this study, it is difficult to
calculate the exact diameter after the manufacturing using the coordinates of
the nodes. Therefore, as shown in Fig. 3.5b, the center of the cross-section
was calculated by using the coordinates of each node, and then the radii from

the center were obtained to calculate the ovality as Equation (3.4).
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Fig. 3.5. Measurement of diameter for evaluating the ovality: (a) in practice,
and (b) in this study
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As in previous studies, one of the roles of the sizing process is to improve
the ovality. As shown in Fig 3.6, varation of ovality according to the roll-
forming and sizing ratios. The smaller the roll-forming ratio, the greater the
ovality before the sizing, but the ovality was improved to a similar level
through the sizing. In addition, the improvement of ovality was similar at
sizing ratio of more than 0.5%, and the ovality was improved up to 0.4-0.5%

by the sizing.

—O— RF ratio=0.90%
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Ovality (%)
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Fig. 3.6. Dependency of ovality on roll-forming and sizing ratios

3.2 Residual stress after the ERW pipe manufacturing process

The presence or absence of residual stress in the pipe after the manufacturing
is also an important factor on the structural performance of the pipe. In this

section, the effects of the roll-forming and sizing ratios on residual stress were

2

evaluated.
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3.2.1 Stress history of each layer at opposite line of the seam weld

The stress history during the manufacturing is different according to
evaluation positions. The stress history at the opposite line of the seam weld
with the least effect of the welding process was investigated. As shown in Fig.
3.2, cycling of the stress caused by the springback that occurs immediately
after passing the rollers continues through the breakdown process. In addition,
during the finpass process, compression occurs in the outermost layer while
tension occurs in the innermost layer. In other words, until the finpass process,
the opposite stress histories are observed in the innermost and outermost
layers. In the sizing process, the compression is applied on both innermost
and outermost layers through four roller sets. According to the previous
studies by Han et al. (2019) and Nishimura et al. (1997), one of the roles of
the sizing is to reduce the amount of residual stress after roll-forming. As a
result, the overall residual stress after the finapss was reduced, and the
residual stresses of tension and compression occurred in the outermost and

innermost layers, respectively after the sizing.
3.2.2 Dependency of residual stress on roll-forming and sizing ratios

In Fig. 3.7, it is evaluated how the residual stress decreases according to
the sizing ratio. The residual stresses were evaluated at the outermost and

innermost layers of the opposite line of the seam weld. Depending on the
K, _.; [ 111
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sizing ratio, the difference in residual stress after the sizing was small. The
residual stress after the manufacturing was about 15% of the yield strength of

the steel plate.
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Fig. 3.7. Dependency of residual stress on roll-forming and sizing ratios

3.3 Prediction of yield strength after manufacturing for quality

control

As one of the quality tests, the pipe has to achieve the target yield strength
after the manufacturing. However, plastic deformation in the manufacturing

changes the stress-strain relationship of the plate due to the strain]
A =
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and the Bauschinger effect, which leads to a decrease or increase in yield
strength. In addition, since the deformation history is also different in the
thickness direction, the yield strength after the manufacturing has variation
depending on the evaluation position. In this section, it is evaluated how the

tensile and compressive yield strengths changed by manufacturing.

3.3.1 Simulation of flattening process for tensile test

Since the specimens extracted from the pipe after manufacturing are bent,
the flattening process is required to make the tensile test specimen. However,
plastic deformation occurring in the flattening process also affects change in
the yield strength.

According to previous study (Rashid et al., 2018), there are a variety of
flattening methods. The flattening method is different for each company and

there is no standardized method. In this study, four-point bending method was

adopted.
@® Manufacturing result at 180deg. @ Initial conditions of the specimen
. N p= -
- : Layer-7 M %
.
P Layer-4 Mapping

Tension .
- - Residual stress

/ Layér-l - Accumulated plastic strain
L - Kinematic hardening term

Fig. 3.8. Mapping for the flattening analysis
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The mapping is used to maintain the continuity between the manufacturing
analysis and the flattening analysis. As shown in Fig. 3.8, the kinematic
hardening term, accumulated plastic strain and residual stress at opposite line
of the seam weld were assumed as initial inputs of the flattening model, so
that modified stress-strain relationship can be considered. In addition, the
flattening specimens were also composed of seven layers along the thickness
direction in order to consider different deformation histories. The shape of the
flattening specimen was the same as the thickness and curvature of the pipe,
and was flattened by compressing it at the top as shown in Fig. 3.8. Tension
and compression occurred in the innermost and outermost layers during the
flattening, and the springback of the specimen was simulated after the

flattening.

3.3.1 Simulation of tensile and compression tests

For continuity between the flattening and tensile test analysis, the mapping
method used in the flattening analysis was also used. Kinematic hardening
term, accumulated plastic strain and residual stress in each layer after the
flattening were set as initial input of the tensile test specimen. The specimen
for the tensile test were also composed of seven specimens in the thickness
direction to take account for the different deformation history in the thickness

direction. As shown in Fig. 3.9a, the tensile test specimen is dog-bone shape
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according to ASTM, and the thickness of the specimen was set equal to the

that of the pipe.

(a) Tensile test (b) Compression test

Iy
n
N
N
N
3
W

Fig. 3.9. Specimen for (a) tensile test, and (b) compression test

The compression test was conducted without the flattening process. That
is, the kinematic hardening term, accumulated plastic strain, and residual
stress at opposite line of the seam weld after manufacturing were mapped to
the specimen for the compression test. The shape of the specimens was also

modeled according to ASTM as shown in Fig. 3.9b.
3.3.2 Yield strength in the circumferential direction of pipe

Tensile stress-strain relationship o before and after the flattening is shown
in Fig. 3.10. Yield plateau disappeared by repetitive loading-unloading-
reloading during the manufacturing, and the Bauschinger effect is shown by
compression applied during the finpass and sizing process. Due to the

flattening, the stress-strain relationship is increased. L “'H Lo X 1” &l ITL
. 5 L il 7
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Fig. 3.10. Stress-strain relationship by tensile test
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Fig. 3.11. Stress-strain relationship by compression test
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Table 3.2. Yield strength after ERW pipe manufacturing

Tensile YS Compressive YS
(MPa) (MPa)
Steel plate 567 567
Before flattening 497 (-12%) 597 (5%)
After flattening 551 (-3%) 559 (-1%)

As shown in Table 3.2, the tensile yield strength evaluated at 0.5% offset
strain according to API was 497 MPa before the flattening and was 551 MPa
after the flattening, which was 12% and 3% less than that of the steel plate,
respectively.

On the other hand, as shown in Fig. 3.11, the compressive stress-strain
relationship before the flattening shifted upward by the strain hardening. It
leaded that the compressive yield strength at 0.5% offset strain increased to
597 MPa, which was 5% higher than that of the steel plate. In order to
examine the effect of the flattening, the compressive yield strength after
flattening was also evaluated. After the flattening, the Bauschinger effect was

observed and the compressive yield strength was reduced to 559 MPa.
3.3.4 Yield strength according to sizing ratio

The effects of the roll-forming and sizing ratios on the yield strength are
evaluated as shown in Fig. 3.12. There was no difference in the yield strength

depending on the roll-forming ratio. However, as the sizing ratio increased,
1] O
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the compressive and tensile yield strength gradually increased and decreased,

respectively. This is because the circumferential compression increases as the

sizing ratio increases, so the effects of the strain hardening and the

Bauschinger effect on the stress-strain relationship increase. The effect of

sizing ratio was greater on the compressive yield strength than on the tensile

yield strength.

Tensile yield strength after flattening did not show any difference

according to sizing ratio. After flattening, tensile yield strength decreased

about 4% compared to that of the steel plate.
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Fig. 3.12. Dependency of yield strength on roll-forming and sizing ratios
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CHAPTER 4

COLLAPSE ANALYSIS OF ERW PIPE
CONSIDERING MANUFACTURING PROCESS

4.1 Collapse analysis considering ERW pipe manufacturing

4.1.1 Definition of the collapse

Collapse phenomena of the pipe have been the subject of a great deal from
the 1980°s up to now. According to a design code for offshore pipeline (DNV-
OSF101), collapse is a kind of local buckling in which gross deformation of
the cross section confined to a short length of the pipe occurs. When the local
buckling is triggered only by external over pressure, corresponding limit state
1s defined as collapse. Collapse of the pipe can be treated as a local buckling
behavior of column structure.

The response of the API X70 (Yield strength = 521 MPa) pipe under
external pressure is shown in Fig. 4.1, where P and P, are uniform external
pressure and yield pressure, respectively. Horizontal axis indicates the
maximum radial deflection of the pipe normalized by outer radius. At a
certain critical pressure followed by linearly increasing pressure, perfect pipe
bifurcates into a fundamental buckling mode of uniform-ovality shape.
Buckling usually takes place in plastic region beyond elastic limit for this
kind of thick pipes, so that it referred to as plastic buckling. ;F.lélropgh_r_cl_:
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bifurcation point, the pressure increases monotonically to maximum value,
which is defined as a collapse pressure. After reaching the collapse pressure,
the response follows decreasing trajectory as collapse gets localized. In other

words, the pipe becomes useless structurally over collapse pressure.
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Fig. 4.1. Nonlinear external pressure-maximum displacement response of

the pipe
4.1.2 Initial conditions of collapse analysis

The pipe model of the collapse analysis was adopted from that of the
manufacturing analysis to reflect the manufacturing results. That is, the
modified stress-strain relationship, the configuration of the pipe such as the

ovality and distribution of residual stress after the manufacturing was

;ﬁ'! X

3 11 =1
e 1__l| .,!_
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reflected. And then, the new boundary conditions eliminating the original
boundary conditions for the manufacturing analysis were added. As shown in
Fig. 4.2, the length of the pipe was about 22 times the diameter, and both ends
were fixed in all directions, and the pipe was subjected to uniform external
pressure. The length of the zone subjected to uniform external pressure was
14 times the diameter, and according to Yi (2017), the effect of the boundary
conditions at both ends can be ignored at the center when the length the zone
b is more than 10 times the diameter. For nonlinear analysis, the collapse

pressure was evaluated using the modified Riks method.

Y L/D =22 R
o ———— s
N b I
rL/D -4 L/D = 14 L/D=6
B.C. External pressure B.C.
: Fixed in all dir. : Fixed in all dir.

Fig. 4.2. Boundary conditions for collapse analysis
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4.1.3 Mechanism of collapse under external pressure

The mechanism of collapse under external pressure was investigated
through the change of stress distribution in the circumferential direction of
the pipe. As shown in Fig. 4.3, first, the stress distribution was checked as it
passed through the sizing process in order to examined how the stress
distribution of the ERW pipe was generated. Compression was applied in the
circumferential direction while passing through the sizing rollers, with
compression concentrated at the inner layers of 45 degrees, 135 degrees, 225
degrees and 315 degrees due to shape of the rollers. At the end of the
manufacturing after the sizing, the stress was concentrated at 180 degrees (i.e.
the opposite line of the seam weld). This is because the compressive stress
concentrated at 135 degrees and 225 degrees after the sizing compresses the
inner layer of 180 degrees due to the stress redistribution caused by self-
equilibrium. That is, after the ERW pipe manufacturing process is completed,
residual stresses of compression and tension are concentrated in the inner and

outer layers at 180 degrees, respectively.
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Fig. 4.3. Stress distribution during the sizing process

The distribution of the stress in the circumferential direction was
investigated under external pressure considering ERW pipe manufacturing
process. As shown in Fig. 4.4, the circumferential stress distribution and the
relationship between displacement and external pressure were investigated
together. As the external load was applied, the compressive stress began to
concentrate at 180 degrees where the stress was concentrated after the ERW
pipe manufacturing process. When the maximum external pressure was
applied, local buckling occurred in the inner layer of 180 degrees. Then, the
displacement increased rapidly even though the external pressure decreased
due to reduced stiftness of the ERW pipe. After the local buckling occurred,

the cross section became ellipse.
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Fig. 4.4. Stress distribution under external pressure

4.2 Influence factors on collapse performance

4.2.1 Effect of initial ovality

Geometric imperfection is a critical factor in deteriorating the structural
performance of steel pipes. As shown in Fig. 4.5, the collapse pressure is
greatly reduced by the existence of the ovality. At 0.5% of ovaltiy, which is
general value of ERW pipe in practice, collapse pressure was reduced by
about 30 to 40% compared to that of a pipe without ovality. As the ovality

increases, the collapse pressure gradually decreases, but the effect of ovality
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on the collapse pressure decreases gradually. As the ovality increases from

0.6 to 1%, the collapse pressure decreases by about 5%.

(Normalized by the collapse pressure of
the pipe with 0% initial ovality )
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Fig. 4.5. Effect of initial ovality on collapse analysis

4.2.2 Effect of residual stress

The shape of the cross-section and the circumferential stress distribution at
the moment when collapse occurs are shown in Fig. 4.6. When the collapse
begins to occur, the innermost layer on the side with the largest diameter
initiates to yielding. Therefore, the residual stress of the innermost layer is an
important factor in the collapse pressure evaluation. Following results for

circumferential residual stress is evaluated at the innermost layer.
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Fig. 4.6. Shape of a cross-section when collapse occurs

4.2.3 Effect of seam welding

To assess the structural performance of steel pipes, welds are always
considered a weak point. Since the welding method varies depending on the
type of steel pipes, it is necessary to understand the effect of ERW welding.
However, due to the characteristics of the continuous manufacturing process
of ERW pipes, it is difficult to track and evaluate the characteristics of electric
resistance welding process. The measured residual stresses of steel pipes and
the characteristics of residual stress generated by welding were investigated

instead from the previous studies.
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Fig. 4.7. Measured residual stress of pipes in the previous studies for axial
compression tests

As shown in Fig. 4.7, the residual stress in the longitudinal direction of the
steel pipes for the axial compression test were measured (Ostapenko and
Gunzelman, 1975; Ostapenko and Gunzelman, 1978; Ross, 1978; Ostapenko
and Grimm, 1980). In the seam weld, the tensile residual stress as much as
the yield strength were generated, and the magnitude of residual stress rapidly
decreased as going farther from the seam weld. On the opposite side of the
seam weld, the effect of welding on the residual stress was minor. Chen and
Ross (1978), on the other hand, evaluated the residual stress in the
circumferential direction of the pipe. The circumferential residual stress at the
opposite side of the seam weld was mainly generated by physical bending

during forming, and the effect of the seam welding was minor.
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Roy (2006) examined the characteristics of residual stress distribution in
the thickness direction after fillet welding. Like the result in Fig. 4.7, tensile
residual stress occurred in the outer layer where the fillet welding was
performed. And then, the residual stress decreases rapidly as going farther
from the seam weld. That is, where the welding is performed, great tensile
residual stress is generated by the heat generated during welding, and the
magnitude of the residual stress decreases rapidly as the distance from the
weld is increased.

The results of previous studies were applied to the ERW pipe. During the
welding process of the ERW pipe, both heated weld surfaces are bonded by
only physical external pressure. This means that because the welding surfaces
are attached at the same time in the inner and outer layers, residual stresses
due to the welding will occur symmetrically about the neutral axis leading to
tensile residual stress in the inner layer. In addition, in the ERW process, the
seam annealing is essentially carried out to remove residual stress generated
by seam welding. Considering the mechanism of the collapse caused by
external pressure, the tensile residual stress caused by welding will have little

effect on the ERW pipes.
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4.3 Enhancement of collapse pressure by sizing process

As sizing reduces residual stress and improves ovality, collapse pressure
will increase. The effects of ovality and residual stress by the ERW pipe
manufacturing process on collapse pressure are evaluated to understand

clearly the effect of sizing process.

4.3.1 Effectiveness of sizing process on collapse pressure

The collapse pressures before and after the sizing process are compared
as shown in Fig. 4.8. The sizing process makes residual stress reduced and
ovality improved, causing the collapse pressure to double. In Fig. 4.9, the
effects of ovality and residual stress after the roll-forming process on collapse
pressure were evaluated separately. In the presence of residual stress only, the
impact on collapse pressure was small, while the ovality after roll-forming
was fatal for reducing collapse pressure. In the presence of residual stress only,
the impact on collapse pressure was small, while the ovality after roll-forming
was fatal for reducing collapse pressure. In the presence of both ovality and
residual stress, collapse pressure decreased most. Therefore, it is more
effective to improve collapse pressure by improving ovality rather than

reducing residual stress through the sizing process.
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Fig. 4.8. Effect of the sizing process on enhancement of collapse pressure
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4.3.2 Collapse pressure according to roll-forming and sizing ratios

The ovality and collapse pressure were compared together according to the
sizing ratio as shown in Fig. 4.10. As the sizing ratio increased, the ovality is
improved, while the collapse pressure increased. In particular, at sizing ratios
above 0.5%, the collapse pressure gradually increased despite improvement
in ovality is minor. On the other hand, the collapse pressure dramatically
increased under the sizing ratio of less than 0.4% due to improvement of
ovality.

The residual stress and collapse pressure were compared together
according to the sizing ratio as shown in Fig. 4.10. Although residual stress
affects collapse performance, the effect of the sizing ratio on collapse pressure
is negligible because there is no difference in residual stress after the sizing
process.

The compressive yield strength and collapse pressure were compared
together according to the sizing ratio as shown in Fig. 4.12. Compressive
yield strength continued to increase with increasing sizing ratio, similar to
variation of collapse pressure according to the sizing ratio. That is, when the
sizing ratio was less than 0.4%, the collapse pressure increased due to the
improvement of ovality, and at the sizing ratio above 0.4%, the collapse
pressure increased with the increasing compressive yield strength.

In Fig. 4.13, the effect of the roll-forming and sizing ratios on the collapse

pressure is evaluated. Collapse pressure tended to increase with;inicreasing|] =7. —
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sizing ratio regardless of roll-forming ratio, and collapse pressure increased
up to 10% by the sizing process. Since the roll-forming ratio has a negligible
effect on collapse pressure, collapse pressure is evaluated by sum of the roll-
forming and sizing ratios as shown in Fig. 4.14. Collapse pressure of ERW
pipe is greatly influenced by ovality and compressive yield strength generated

by the manufacturing, which can be improved by sizing process.
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Fig. 4.10. Reduction in collapse pressure due to ovality and residual stress

after the roll-forming
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CHAPTER 5

COLLAPSE PERFORMANCE OF ERW PIPE
ACCORDING TO DIAMETER TO THICKNESS
RATIO

5.1 Key parameter selection

To quantify the effects of key design variables on yield strength and
structural performances, parametric study is performed. As mentioned before,
diameter, thickness and sizing ratio are highly influential factors among all
the relevant design variables. Therefore, these are varied individually as listed
in Table 5.1. Values for diameter and thickness are selected embracing current
practical usage. The sizing ratio is also varied discretely within a range of

values that is considered to be practical for offshore application.
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Table 5.1. Cases for parametric study according to diameter and thickness

Case Width Thickness | Diameter D/t SZ ratio
(mm) (mm) (mm) (%)

1 220 2 75 36
2 220 5.460 72 14
3 780 10 258 26
4 780 12 260 22
5 780 14 262 19
6 980 9.5 312 32

0.2~1.0
7 980 11 313 28
8 1100 14 364 26
9 1100 23 373 16
10 1350 19.5 449 23
11 1600 14.5 524 36
12 1860 20 612 31

68



5.2 Influence factors according to sizing process

If the diameter and thickness are changed, the history of deformation
during the manufacturing is different. In other words, even if the compressive
strain by the sizing ratio is the same, the circumferential strain by breakdown,
flattening and springback varies depending on the D/t. It is necessary to
examine how the influence factors on the collapse pressure change after the

manufacturing depending on the D/t.

5.2.1 Variation of yield strength according to sizing ratio

In Fig. 5.1, compressive and tensile yield strengths in the circumferential
direction of the pipe were evaluated according to the roll-forming and sizing
ratios for various D/t. As the sizing ratio increased, the compressive yield
strength increased gradually up to 7% compared to that of the steel plate. This
is due to strain hardening effect under continuous compression from the
finpass process.

On the other hand, the effect of the sizing ratio on the tensile yield strength
after the flattening had little effect regardless of D/t. These results can be
interpreted that the influences of previously applied plastic forming on tensile
yield strength would vanish gradually, as strain hardening effect due to the

flattening process becomes governing.
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As shown in Figs 5.2-11. the compressive yield strength was increased up

to 5% with the increasing sizing ratio regardless of the D/t.
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Fig. 5.1. Variations of tensile and compressive yield strengths according to
sum of roll-forming and sizing ratios
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Fig. 5.2. Variations of compressive yield strength according to sizing ratio
when D/=36 (OD=72 mm, t=2 mm)
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Fig. 5.3. Variations of compressive yield strength according to sizing ratio
when D/=14 (OD=75 mm, t=5.46 mm)
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Fig. 5.4. Variations of compressive yield strength according to sizing ratio
when D/t=26 (OD=258 mm, t=10 mm)
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Fig. 5.5. Variations of compressive yield strength according to sizing ratio
when D/=22 (OD=260 mm, t=12 mm)
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Fig. 5.6. Variations of compressive yield strength according to sizing ratio
when D/t=19 (OD=262 mm, t=14 mm)
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Fig. 5.7. Variations of compressive yield strength according to sizing ratio
when D/=33 (OD=312 mm, t=9.5 mm)
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Fig. 5.8. Variations of compressive yield strength according to sizing ratio
when D/t=28 (OD=313 mm, t=11 mm)
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Fig. 5.9. Variations of compressive yield strength according to sizing ratio
when D/t=23 (OD=449 mm, t=19.5 mm)
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Fig. 5.10. Variations of compressive yield strength according to sizing ratio
when D/t=36 (OD=524 mm, t=14.5 mm)
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Fig. 5.11. Variations of compressive yield strength according to sizing ratio
when D/=31 (OD=612 mm, t=20 mm)
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5.2.2 Improvement of ovality according to sizing ratios

In Fig. 5.12, the improvement of ovality by the sizing process was evaluated
according to the roll-forming and sizing ratios for various D /t. Regardless
of D/t, the effect of the sizing process on improvement of ovality according
to the sizing ratio was similar. In other words, if the sizing ratio is more than
0.4%, the improved ovality corresponds to 0.3 to 0.6%. Ovality improvement
isnot related to D /t, and ovality improvement can be affected by roller shape

as well as sizing ratio.
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Fig. 5.12. Dependency of sizing ratio on ovality according to D/t
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5.3 Enhancement of collapse performance by sizing process

The collapse pressure decreases with increasing D/t as shown in Fig.
5.13, because the collapse pressure is highly governed by the D/t.
Nevertheless, it is evaluated how the tubing process affected the collapse

pressure according to D /t.
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Fig. 5.13. Collapse pressure of ERW pipes according to D/t

5.3.1 Effect of influence factors according to D/t

In case of the ovality of 0.3 to 0.6% after the manufacturing, the collapse
pressure, which was normalized by the yield pressure defined as Equation

(5.1), was compared according to D/t as shown in Fig. 5.14. Rega'érdlel'ss of] |
77 .  — 1)



D/t, there was no clear relationship between the ovality and the collapse
pressure. Larger ovality has a greater effect on reducing collapse pressure, but
if the ovality is less than 0.6%, not only the ovality but also other influence

factors should be considered together.

t
P =20, (5.1)

oD/t=14 <¢D/t=19 AD/t=22
OD/t=26 XD/t=28 @D/t=36
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Fig. 5.14. Effect of ovality on collapse pressure according to D/t

On the other hand, the collapse pressure according to the compressive yield
strength tends to be different depending on D/t as shown in Figs. 5.15-20.
In the case of small D /t, the collapse pressure increased as the compressive
yield strength increased as shown in Fig. 5.15. However, in the case of the
large D /t, there was no particular relationship between the compressive yield

strength and the collapse pressure as shown in Fig. 5.20. This is because the
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thinner pipe with increasing D/t buckles elastically, which is more

dominant in the geometry such as ovality than the compressive yield strength.
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Fig. 5.15. Effect of compressive yield strength on collapse pressure when
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Fig. 5.16. Effect of compressive yield strength on collapse pressure when
D/=19
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Fig. 5.17. Effect of compressive yield strength on collapse pressure when
D/t=22
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Fig. 5.18. Effect of compressive yield strength on collapse pressure when
D/t=26
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Fig. 5.19. Effect of compressive yield strength on collapse pressure when
D/t=28
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Fig. 5.20. Effect of compressive yield strength on collapse pressure when
D/t=36
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5.3.2 Effect of sizing process according to D/t

Like the effect of the compressive yield strength, the collapse pressure
according to the sizing ratio tends to be different depending on D/t as
shown in Figs. 5.21-26. At small D/t, the collapse pressure increased with
increasing sizing ratio. In particular, when the D/t is 14, the collapse
pressure showed a difference of up to 15% depending on the sizing ratio. On
the other hand, in the case of large D/t, the effect of the sizing ratio on
collapse pressure was insignificant. Increase of D/t brings further reduction
in collapse pressure as buckling mode of the pipe turns to elastic buckling
from this point, due to relatively slender geometry of the pipe. larger. But, the
effect of ovality improvement by the sizing process is similar when the sizing
ratio 1s 0.4% or more. On the contrary the effect of the sizing process on
collapse pressure is more considerable for lower D/t pipes since they buckle
in the plastic range.

In the case of lower D/t, increasing the sizing ratio helps to improve the
collapse performance. In the case of large D/t, the sizing ratio of more than

0.4% has no meaning in improvement of the collapse performance.
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Fig. 5.21. Effect of sizing ratio on collapse pressure when D/=14
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Fig. 5.22. Effect of sizing ratio on collapse pressure when D/t=19
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Fig. 5.23. Effect of sizing ratio on collapse pressure when D/=22
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Fig. 5.24. Effect of sizing ratio on collapse pressure when D/=26 and 28
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Fig. 5.25. Effect of sizing ratio on collapse pressure when D/=31 and 33
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Fig. 5.26. Effect of sizing ratio on collapse pressure when D/=36
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5.4 Comparison between analysis results and design criteria

In the previous chapter, it was found that the smaller the D/t, the greater
the advantage of the sizing process on the collapse pressure. This chapter
examines the advantages of the sizing process in detail by comparing the

analysis results with design criteria.

5.4.1 Design criteria for collapse pressure

The design criteria proposed the collapse pressures for offshore pipelines
in DNV-OS-F101 and API RP 1111, and for tubing and casing in API 5C3 and
ISO 10400. API 5C3 developed an empirical formula based on the results of
about 2500 experiments and proposed a total of four collapse pressure
equations according to the buckling mode (i.e., yield strength, plastic,

transition and elastic collapses) as defined in Equations (5.2) to (5.5).

D/t) -1
o[22 o
P =, [L - B] —c (5.3)
(D/t)
Py = f, [L _ G] (5.4)
(D/t)
. 46.95 - 10° 55

~ (/0 - [(D/D) — 12
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In Equations (5.5) to (5.5), P., P.;, P.3 and P, are yield strength
collapse, plastic collapse, transition collapse and elastic collapse, respectively.

The coefficients are calculated by the Equations (5.6) to (5.10)

A =28762+0.10679 X 107° X f, + 0.21301 x 1071 x £, °
—0.53132x 1071 x £,°  (5.6)
B =0.026233 + 0.50609 x 107° X f, (5.7)
C = —465.93 + 0.030867 x f, — 0.10483 x 1077 x f,°
—0.53132x 1071 x £,°  (5.8)
F = 28762+ 0.10679 x 1075 x f, + 0.21301 x 1071° x f,?
—0.53132 x 1071 x £,*  (5.9)

G = FB/A (5.10)

The boundaries between each collapse pressure formula are defined by

Equations (5.11) to (5.13)

\/(A -2)2+8(B+C/f,)+(A-2)

(D/t)y, = 2B+ C/L) (5.11)
_ fy(A - F)
(D/O)pr = YA =0) (5.12)
2+ B/A
(D/O)rg = % (5.13)
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ISO 10400, on the other hand, proposes one formula regardless of the
buckling modes, and includes two factors to consider the effects of the pipe

manufacturing process as defined in Equation (5.14).

P des

1/2
_ (Pedes + Pydes) - [(Pedes - Pydes)2 + 4'Pedes ' Pydes ' thes]

2(1 - thes)

(5.14)

In Equation (5.14), Higes is residual stress influence factor. Pyq.5 and

P.40s are collapse yield strength and ultimate collapsing strength of

geometric elastic destabilization, respectively, and defined as Equations (5.15)

and (5.16).
Pydes = Rydes * ny(t/D) [1+t/(2D)] (5.15)

P.oges = 0.825 - 2E/{(1 —v?)(t/D)[D/t — 1]?} (5.16)

In Equation (5.15), Ky ges is yield strength reduction factor.

The first factor, H,4,, takes into account the effects of residual stress, and
the another one, K405, considers reduction of yield strength due to
manufacturing process which reduce the yield strength by up to 17%.

APIRP 1111 also proposes one formula as defined in Equations (5.17) and

(5.18), and includes the collapse factor to consider the effects of the
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manufacturing process which means the initial geometric imperfections,

residual stress and change in the yield strength.

foP. = (P, — P;) (5.17)

PP
P=—=— (5.18)

C
/Pyz + P2

In Equation (5.17), P,, P;, P. and f, are external pressure, internal
pressure, collapse pressure and collapse factor, respectively. In Equation
(5.18), B, and P, are yield pressure at collapse and elastic collapse pressure,

respectively and defined as Equations (5.19) and (5.20).

P, = 2£,(t/D) (5.19)
(t/D)?
P = ZE(l——vz) (5.20)

In the case of the ERW and UOE pipes, the collapse pressures are reduced
by 30% and 40%, respectively by the collapse factor.

As defined in Equations (5.21) and (5.22), DNV-OS-F101 proposes a
fabrication factor to consider the difference in tensile and compressive yield

strength after the pipe manufacturing process.
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Fe

YmVsc

> (P, — P) (5.21)

(Pc _Pel) : (Pcz _sz) =F;. - Py 'Pp 'fO -(D/t) (5.22)

In Equation (5.21), ¥, and ygc are material resistance factor and safety
class resistance factor, respectively. In Equation (5.22), P, and B, are

elastic collapse pressure and plastic collapse pressure, respectively and

defined as Equations (5.23) and (5.24).

P, = 2E(t/D)3/(1 —v?) (5.23)

Pp = fy . afab : (Zt/D) (524)

In Equation (5.24), afqp, is the fabrication factor. For ERW pipes, the
maximum fabrication factor is 0.93 which means 17% reduction of plastic
collapse pressure.

The current collapse strength design formulas do not consider enhancement
of the collapse pressure by the sizing of the ERW pipe manufacturing process.
In the case of the ERW pipes with small D/t (i.e., thicker pipes affected by
the yield strength), the collapse pressure is suggested conservatively because
the increase in circumferential compressive yield strength due to the sizing

process is not considered.
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5.4.2 Advantage of sizing process according to D/t

As shown in Fig. 5.27, the analysis results and the design criteria were
compared to evaluate the benefits of the sizing process on the collapse
pressure. The analysis results have collapse pressure distributions by applying
different sizing ratios for the same D /t. The analysis results generally follow
the design criteria for offshore pipeline rather than for casing and tubing. In
the case of large D/t which has little influence of the stress-strain
relationship, the analysis results were well matched with API RP 1111 and
DNV-0S-F101 indicating that the analysis result is reliable. On the other hand,
for the smaller D/t more influenced by the stress-strain curve, the difference
between the design criteria and the analysis results, which do not reflect the

benefits of the sizing process, has increased significantly.
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Fig. 5.27. Comparison analysis results with design criteria

5.4.3 Suggestion of sizing ratio for collapse pressure

Based on the results of this study, it was tried to suggest an appropriate
sizing ratio for improving collapse pressure. As shown in Fig. 5.28, ovality,
compressive yield strength, and collapse strength were compared together for
a thick ERW pipe (D /t=14) which is greatly affected by the sizing process.
The improvement of ovality was insignificant above 0.4% of the sizing ratio,

while the compressive yield strength increased continuously with increasing

.. ) . : : LD = | e
sizing ratio. However, the increase rate of the compressive yield Sﬁtﬁhgﬁif_wb;si i o F 7 L
1 ™ |
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significantly decreased above 0.4% of the sizing ratio. The distribution of
ovality and the compressive yield strength according to the sizing ratio
directly affected the collapse pressure. When 0.4% of the sizing ratio was
applied, the collapse pressure was increased by 10%, whereas when 0.4% or
more of the sizing ratio was applied, the increase in the collapse pressure was
insignificant. In other words, 0.4% can be suggested as the minimum sizing

ratio to improve the collapse pressure.

(a) OD/t=14 ¢ D/t=19 A D/t=22 (b)

_ _ _ D/t=14
18 0 D/t=26 X D/t=28 @ D/t=36 110
1.5 wv
> 108
2
1.2 2 °
< S O
S 1.06 |
€ oo g & 8 0 O
Zo9 | © S o
£0. o S >
E: 9 %104 g o
0.6 [ oce =
[} [ ] ©
o 69 o £ (o)
o® E
AXQ&) 2@ XO> § 5 1.02 |
03 A X 2 o
0.0 1 1 1 1 1 1.00 1 1 1 1 1
0 0.2 04 06 038 1 1.2 0 02 04 06 038 1 1.2
Sizing ratio (%) Sizing ratio (%)
(c) D/t=14
1.20
e L 00 o}
5 115 o A
o & © o ©
s 110 | o
o (o]
§ o
= 1.05 |
S 8 00 10%
?
N 1.00
g 0.4%
S 095 |
2

o
©
)

0 02 04 06 08 1 12
Sizing ratio (%)
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The analysis result applying the sizing ratio of 0.4% or more are shown in
Fig. 5.29. The advantage of the sizing process on collapse pressure are also
clearly shown, and for the pipe of D /t=14 the collapse pressure has a margin

of 37% against to design criteria.

* Sizing ratio of above 0.4%
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Fig. 5.29. Enhancement of collapse pressure by applying sizing ratio of
0.4% or more
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Enhancement of the collapse pressure by the sizing process was also
analyzed as shown in Fig. 5.30. The compressive stress-strain relationship
was modified by the stress-strain hardening during the sizing process, and
difference of stress-strain relationships between before and after the ERW
pipe manufacturing process gradually increased after yielding. The local
buckling under external pressure occurred above the yielding leading to

increase of the collapse pressure.

Compressive stress-strain relationship

© 700
a.
2600 [ ,— e
ﬁ PN V' S
'E 500
'%400 i Strain when collapsing
€
329 | 0.5%
G 100 offset
strain

0 | | |

0 0.005 0.01 0.015 0.02 0.025 0.03
Strain

Fig. 5.30. Enhancement of collapse pressure by modified stress-strain
relationship
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER STUDY

An analytical approach based on the geometric information using the three-
dimensional FEM is proposed to simulate the roll-forming and sizing
processes in manufacturing process of the ERW pipe. Whole processes,
including the breakdown, finpass, squeezing and sizing processes, were
simulated by continuous analysis incorporating the material model with the
Bauschinger effect and strain hardening. Using the developed analytical
approach, change in yield strength, geometric imperfection and residual stress
throughout the roll-forming and sizing ratios were tracked.

For the computational simulation, a combined hardening model describing
the repeated loading and unloading during the ERW pipe manufacturing
process was adopted. The adopted material model, which is the Modified
Chaboche model, was fitted using the cyclic loading test result of API 5L X70.
It was shown that strain hardening, Bauschinger effect, yield plateau and
evolution of Young’s modulus developed during the manufacturing process
can be considered in the simulation adequately.

A platform for predicting collapse pressure considering the ERW pipe
manufacturing process is developed. This platform is a three-dimensional
FEA immediately following the simulation result of the ERW pipe
manufacturing process. The parametric study is conducted to e>§a}fnir__16 .t}}@;:
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influence of the design variables on the collapse performance. The following
findings could be drawn from the study

Among the manufacturing process of the ERW pipe, the sizing has
significant effects on improvement of the geometric imperfection such as out-
of-roundness and increase of the compressive yield strength in
circumferential direction by as much as 5%. In particular, the effects of the
sizing process on the ovality and the compressive yield strength depends on
the sizing ratio. The compressive yield strength continued to increase with the
increasing sizing ratio, while the improvement of ovality was insignificant
above the sizing ratio of 0.4%. The characteristics of the influence variable
according to the sizing process directly affected the collapse pressure. For
larger D/t, effect of the sizing process on the collapse performance is minor
because the pipe shows elastic buckling mainly influenced by the geometric
imperfection. On the contrary, enhancement of the collapse performance by
the sizing process is more effective for smaller D/t due to the increased
compressive yield strength. However, the sizing process exerts a reducing
effect on the tensile yield strength due to Bauschinger effect for all the
examined cases. Therefore, the sizing process has to be treated carefully when
it comes to quality control of the pipe.

The collapse analysis result is compared with design criteria to check the
advantage of the sizing process. The analytical result showed a significant

difference from the design criteria for thick pipes (i.e., small D/t). This
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difference is due to the fact that the current design criteria do not consider the
benefits of the sizing process on collapse pressure.

The numerical model for simulating the roll-forming and sizing process of
ERW pipe provides insight into the relationship between collapse
performance and manufacturing parameters such as the sizing ratio. However,
the result of this study was derived only based on the analysis. Further study
should focus on comparison and calibration of the numerical results via
experimental validation. Also, based on the analysis results, it is necessary to
propose design guideline for increase of the collapse pressure satisfying the

quality of the pipe with regard to the sizing ratio or diameter and thickness.
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