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ABSTRACT

Pipelines are subjected to bursting failure under many operating conditions. Predicting the
burst capacities of corroded pipelines is significantly relevant to the pipeline industry. The tube
bulge test is an advanced testing process used to predict burst capacity, whereby a tube is placed
in a die cavity, sealed from both ends, and pressurized to bulge at the center. In the present study,
the bulge test was modeled using the finite element method (FEM). The objective of this study
was to examine and optimize the process parameters and corrosion rates for obtaining maximum
bulge height and uniform effective strain and thickness distributions, and the effect of material
parameters, process parameters, geometric parameters, pre-straining, and pipe curvature on
bulging.
The Taguchi methodology was utilized for optimizing the operating, geometric, and
material parameters. The analysis of variance (ANOVA) approach was also used to study the
relative contribution of material properties, process parameters, and tube thickness. This study also
analyzed and extended the pipeline bursting failure model to include failure probability, and a new
bursting failure prediction model for curved pipes was developed. The Monte Carlo simulation
(MCS) scheme was used throughout this work in a probabilistic approach to predict the probability
of failure. Also, a sensitivity analysis was carried out to investigate the influence of corrosion
parameters on the probability of failure, which reflects the effect of axial-radial corrosion rates and
depth length of the corrosion defect on failure probability. Finally, optimized corrosion rates were
predicted using the reliability-based design and optimization (RBDO) technique, in which the
probabilistic constraint is utilized based on the Shell-92 pipeline failure prediction model.
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CHAPTER 1
INTRODUCTION

1.1

Background
Pipelines that are exposed to the outside environment or buried underground are affected

and deformed by corrosion, which is a major problem in the pipeline manufacturing industry.
Corrosion leads to failure and decreases the long-term reliability of a pipeline. Metal-loss corrosion
is a common integrity threat to oil and gas (O&G) pipelines. The prediction of the burst capacities
of corroded pipelines is significantly relevant to the pipeline industry. In the reliability-based
design and optimization (RBDO) assessment of O&G pipelines, the failure probabilities of the
pipeline due to internal pressure need to be evaluated to ensure that the maximum allowable failure
probability or the target reliability is met for a reference length of the pipeline (e.g., 1 km) over a
reference period. The petroleum industry is constantly evolving and adapting to new environments
that involve deeper water depths. In recent years, the water depth of exploration and production
activities has increased drastically, and new fields are discovered in deeper and deeper waters. In
the deep-water environment, technical challenges include the higher-pressure level and extreme
environmental conditions.
This dissertation focused on optimizing the process parameters for obtaining maximum
bulge height and uniform effective strain and thickness distribution. Also, the effect of material
parameters, process parameters, geometric parameters, and pre-straining on bulging were
analyzed. This study also analyzed the probabilistic bursting failure model for calculating the
failure probability in order to find the associated reliability for a given pipeline that is affected by
time-dependent failure resulting from corrosion. This was done by applying a probabilistic
approach to the Shell-92 failure prediction model. Monte Carlo simulation (MCS) was used to
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predict the probability of failure, and finally, optimized corrosion rates were predicted using the
RBDO technique.
1.2

Motivation
Over the past few years, the impact and crashworthiness field has developed a complete

fracture predictive technology for steel sheets. This dissertation highlights the transition from
fracture technology for the automotive industry to fracture technology for the oil and gas industry.
The O&G industry has turned its interest towards deep and ultra-deep offshore installations in
order to address the global increase in energy demand. The key driving force for this line of
research has been the fact that both the cost and the technical challenges increase steeply with
water depth. At the same time, inaccessibility to structures located at depths of two to three
kilometers results in extreme repair costs.
1.2.1 Structural Integrity of Pipelines
Offshore pipelines and risers installed at an ultra-deep-water depth are exposed to high
external pressure and temperatures. Large plastic deformations in the pipes may arise during their
installation (reeling, S-lay, J-lay), during operational conditions such as free-spans due to uneven
seabed topography, and during wave motion that causes sway movement. If the pre-service strains
resulting from manufacturing, installation, and operational processes cannot be avoided Two
groups of models are used to analyze the structural integrity of pipelines: fracture mechanics-based
and damage mechanics-based. There are several major limitations of the fracture toughness
approach. First, it requires the presence of initial cracks cannot be used to predict initiation of
fracture in crack-free bodies. Second, it only provides information of initial crack growth, thus
failing to predict post-failure behavior of a given component all the way to a complete separation.
Third, no direction of the crack propagation including crack path deviation can be predicted
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without a user-defined criterion. Finally, and most importantly, the fracture toughness approach is
restricted to the stress states at the crack tip generating merely a Mode I fracture. In contrast, the
damage mechanics-based model is able to describe crack initiation and propagation by allowing
the damage evolution to account for the influence of both local stress and strain variables.
It is also important to mention that it has been predicted (Bernstein, 2009) by the U.S.
Energy Information Administration's World Energy Outlook that fossil fuels will remain the
primary source of energy, meeting more than 90% of the increase in future energy demand that is
assessed to rise by about 1.6% per year, from 75 million barrels of oil per day (mb/d) in 2000, to
120 mb/d in 2030. As far as the natural gas consumption demand is concerned, it is expected to
double between now and 2030, illustrating the importance of natural gas pipeline systems.
The growth in energy demand was, and will continue to be in the future, supported by
extensive expansion of the pipeline infrastructure. Bernstein (2009) found that over the
approximately last 50 years, the pipeline network has grown by a factor of 10 and is expected to
be up by 7% per year over the next 15 years. This means that more than 8,000 km/yr of pipeline
will be built in the U.S. alone, at a cost of $8 billion/year. The structural integrity of pipelines
becomes very important, especially considering that the main cause of pipeline failure in the U.S.
is accidental loading (external force) leading to environmental catastrophes and casualties.
In offshore exploration, the production and transportation of oil and gas pipes plays a very
significant role. Figure 1.1 shows the usage of pipelines in the O&G industries. Pipelines are used
in offshore and onshore installations, both vertically, connecting the production facility with the
reservoir, and also horizontally, connecting remote wells to the location of processing or to the
transportation hub. Pipelines are the most effective means of transportation for oil and gas. There
are many reasons in favor of pipelines over other transportation means such as tankers, trucks, rail,
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etc. The main advantages of using pipelines for transporting both oil and gas are economic and
social. More specifically, pipelines offer a large throughput over extended hostile territories with
low maintenance costs at a fraction of the cost of transportation, compared to the other means
previously mentioned.

Figure 1.1. Usage of pipelines in oil and gas industries (Cronin, 2000).
1.2.2 Major Pipeline and Riser Problems
It is important to note that the oil and gas community is facing a number of important
challenges that demand modern fracture prediction methods for the safe design and operation of
pipes. Independent of the specifics of the application, pressing issues call for a new method to
address existing and future development scenarios and challenges. Ranging from deep to ultradeep water, pipeline installations down to three kilometers or more are required to address the
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expansion of subsea system development. Material properties along with external hydrostatic
pressure, which becomes the main design parameter, along with geometric imperfections and
complex loading conditions exerted by neighboring structural components, significantly affect the
structural integrity of the pipe. That combined with hostile environmental and operational loading
conditions create a dangerous mix.
Figure 1.2 shows pipeline failure incidents from 1986 to 2013 by primary cause. The
protection of oil, gas, and refined product pipelines against natural events such as earthquakes,
hurricanes, and tsunamis, not to mention human actions including construction excavations, illegal
tapping, and terrorist sabotage, is an ongoing concern for operators around the world. However, in
the U.S., the top three causes of pipeline failure reported by the Pipeline and Hazardous Materials
Safety Administration (PHMSA) are construction excavations, corrosion, and equipment failure.

Figure 1.2. Pipeline failure incidents from 1986 to 2013 by primary cause (Lam & Zhou, 2016)
The consequences of a breach in a pipeline can be costly and even deadly.
1.2.3 Aging of Oil and Gas Infrastructures
Certainly, one of the most crucial problems faced by the O&G industry is that the pipeline
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and marine riser infrastructures are reaching and exceeding their assumed design life span. More
than 50% of the U.S. oil and gas pipeline system has ended service of 40 years, and 20% of
Russia’s oil and gas system is nearing the finish of its design life, according to the Mineral
Management Service database (Dimitriou et al., 2015). Figure 1.3 shows the age distribution of
the U.S. pipeline.

Figure 1.3. Age distribution of U.S. pipeline (Coyle, 2018)
The proper assessment of the structural integrity and remaining life of this infrastructure is
essential in order to tactically replace the older or more damaged components first. As
environmentally related legislation becomes more stringent, it is essential to develop tools that
reliably assess any extra operational life of a current asset and whether its performance is still fit
for the purpose intended or not. In about 15 years, more than 60% of the present infrastructure will
be at the end of its design life; therefore, in the near future, taking care of these aging assets will
be a major engineering challenge, and structural integrity assessment is a key tool. Hence, the
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emphasis of the present work is on predicting cumulative failure probability by applying Monte
Carlo simulation on the Shell-92 pipeline failure prediction model.
The current study explores an in-depth reliability study of oil and gas pipelines. The
significance of reliability of O&G pipelines will be presented, including the motivation and
contribution to both academic and real-world problems.
1.3

Outline of Dissertation
This dissertation is organized into several chapters: Chapter 2 deals with a review of

previous work on the pipeline-bursting failure model, and the modeling of pressurized pipelines
following their rupture. This review highlights the theoretical basis and, where applicable,
validation by comparison with experimental data. It then continues to examine work relating to
the effect of material parameters, process parameters, geometric parameters, pre-straining, and
pipe curvature on bulging. Also discussed is work done on the bursting failure model for a curved
pipe. The chapter concludes by reviewing literature on the Shell-92 pipeline bursting failure
prediction model.
Chapter 3 covers the objectives and methodology for developing a limit strain in bulging
and concludes with a comprehensive analysis of the design of experiments (DOE) using the
Taguchi method. Chapter 4 presents the optimization of the process parameter for maximizing
bulge height and how to obtain uniform strain and thickness distribution. Chapter 5 explains the
effect of geometric parameters on pipeline bulging. Chapter 6 shows the effect of material
properties on the limit strain in pipeline bulging. Chapter 7 considers the effect of pre-strain on the
strain limit in pipeline bulging. Chapter 8 covers the approach for bursting failure. Chapter 9
discusses the effect of pipe curvature on strain limit during tube bulging. Chapter 10 presents the
overall conclusions, contributions, and recommendations for future work.
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CHAPTER 2
2LITERATURE REVIEW

This chapter first deals with a review of previous work on bursting failure modeling of
pressurized pipelines following their rupture. This review highlights the theoretical basis and,
where applicable, validation by comparison with experimental data. It then continues to explore
work relating to the mechanical integrity of pressurized pipelines. Also discussed is work done on
simulating various bursting failure models. The chapter concludes by reviewing the literature on
these models.
There are examples of safety breaches of pipelines and risers that have led to the
disturbance of oil and gas flow and that also subsequently affected the financial market. For
example, the recent Deepwater Horizon accident in the Gulf of Mexico led to a significant decrease
in the market value of oil and gas companies. It was estimated by Bloomberg in 2010 that
companies associated with the Gulf of Mexico oil spill lost $95 billion; hence, it is crucial to
perform a failure analysis of this pipelines. A report of the intense in-depth research conducted in
2011 by the National Commission on the BP Deepwater Horizon Oil Spill and Offshore Drilling
resulted in the following statement: “Deepwater energy exploration and production, particularly at
the frontiers of experience, involve risks for which neither industry nor government has been
adequately prepared, but for which they can and must be prepared in the future” (Broder, 2011).
In recent years, pipelines have gained significant popularity as a means of transporting
large amounts of pressurized hydrocarbons across the globe. These pipelines provide extraordinary
quantities of energy products to industry and consumers, literally fueling economies and ways of
life. However, their increasing use coupled with operation under more extreme conditions such as
high pressures in order to maximize throughput have inevitably resulted in a significant rise in
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their failure frequency, and such accidents have often resulted in a large number of casualties,
including fatalities and significant environmental damage.
Figure 2.1 shows PHMSA research on a major pipeline failure incident in the U.S. A major
credible hazard involving pressurized pipelines is loss of mechanical integrity due to material lost.
In such circumstances, the determination of the subsequent discharge rate following outflow is
important since it dictates all the major consequences associated with pipeline failure, including
fire, explosion, dispersion, and environmental pollution. All of these parameters are key features
of the safety case prepared by the pipeline operators. On the other hand, safety authorities use such
data as the basis for controlling the risks to populated areas.

Figure 2.1. Major pipeline failure incidents in U.S. (PHMSA, 2009).
The application of numerical simulation for understanding bulging failure has helped
engineers to efficiently improve the process development, thereby avoiding the cost and limitations
of real-world parts. Finite element analysis (FEA) allows for an inexpensive study of arbitrary
combinations of input parameters including design parameters and process conditions on bursting
failure.
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The models discussed in this section are the publications/products of four groups, two from
industry (OLGA and PLAC) and two from academia (Imperial College London and University
College London), which represent the state of the art in this field. The commercially available
pipeline model, OLGA, was developed for simulation of multiphase transport in pipelines. It was
initially conceived and developed in 1983 for the hydrocarbon industry by Statoil, a international
energy company, to simulate slow transients associated with terrain-induced slugging, pipeline
start-up, shut-in, and variable production rates. OLGA was very successful in simulating the
bubble/slug flow regime for small-diameter low-pressure air/water flow; however, the model was
incapable of simulating a stratified/annular flow regime. Further developments published by
Bendiksen et al. (1991) addressed this problem and extended its use to hydrocarbon mixtures.
Limitations in OLGA’s numerical methods and 2-phase models were discussed by Chen et al.
(1993). Two validations of OLGA were published by Bendiksen et al. (1991) and Shoup et al.
(1998). Bendiksen et al. (1991) presented data using naptha/diesel systems. The results gave good
agreement with laboratory data but were confined to steady-state conditions when comparing
pressure drops, liquid hold-up, and flow-regime transitions. Shoup et al. (1998) investigated
OLGA under transient conditions. The results were compared with field data for “slow” and
“rapid” blowdown of an onshore gas condensate pipeline. It was found that under “slow”
blowdown conditions, results showed reasonable agreement with field data. However, when
simulating “rapid” blowdown, the model performed relatively poorly.
Vahedi (2003) developed a model based on the method of characteristics (MOC) to
determine the effects of inclination and pipeline enlargement (non-uniform pipe diameter) on
outflow characteristics. A comparison was made between the results generated using linear as
opposed to curved characteristics. The author also studied the effect of using different friction
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factor correlations on the simulated results. Fluid thermodynamic properties were calculated with
the aid of the Peng-Robinson equation. A model developed by Oke et al. (2003) and Oke (2004)
tackled the outflow characteristics following the puncture and rupture of pipeline networks. This
model is based on the MOC and assumes homogenous equilibrium between phases. The
conservation equations were modeled in terms of pressure, enthalpy, and velocity (phu) in contrast
to conventional pressure, density and velocity. Oke’s (2004) model was validated against the Isle
of Grain and Piper Alpha pipeline rupture data. The phu as well as pressure, entropy, and velocity
(psu)-based conservation equations were used to simulate the Isle of Grain depressurization tests
in order to investigate the effect of the choice of primitive variables on model accuracy and
computational run time. Oke’s (2004) model was then employed to simulate the blowdown of
various configurations of pipeline networks having the same total length of 25 km. The fluid
inventories and conditions were the same as those used in the Piper Alpha simulation. From the
simulations, it was concluded that the depressurization of a pipeline network is strongly influenced
by the overall distance traveled by the expansion waves from the rupture plane to the intact end:
in other words, the shorter the distance travelled, the faster the depressurization.
The fluid dynamics following the puncture of a hypothetical pipeline was discussed in the
model presented by Oke et al. (2003). The phu model was used in the simulation where the pipeline
was assumed to be isolated downstream upon puncture. Mahgerefteh and Atti (2006) extended the
puncture model to simulate the progression of a defect in the pipeline into a running fracture. The
crack propagation model invoked fracture mechanics principles and accounted for the important
processes taking place during depressurization including the thermal and pressure stresses in the
pipe wall to simulate the progression of a simple defect into a running fracture. As the basis of a
hypothetical example, an initial defect in the form of a circular puncture, 0.005 m in diameter, with
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a 0.05 m longitudinal hairline crack extending from its side was assumed in a high-pressure natural
gas pipeline. This type of failure geometry is stated as typical of corrosion-induced defects. The
isolated pipeline length was taken as 1 km, with the defect being formed at a distance of 25 0m
from the high-pressure end. Since the pipeline was exposed to the atmosphere, it was assumed that
the escaped inventory did not contribute to the cooling of the pipe wall.
Figure 2.2 shows the variation of the radial temperature profile (across the pipeline
thickness) at the puncture plane at different time intervals during the depressurization for an
isolated failure scenario (no pumping). For the conditions tested, the data indicate that the
temperature variation across the pipe wall thickness is negligible. The maximum temperature drop
of only 5 K following depressurization was recorded. Consequently, the associated thermal
stresses due to temperature change in the radial direction were considered to be minimal.

Figure 2.2. Temperature distribution during depressurization for isolated failure
(Mahgerefteh & Atti, 2006).
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Figure 2.3 shows the transient variation of the radial temperature profile at the crack tip at
different time intervals following depressurization for isolated release (Mahgerefteh & Atti, 2006).
The authors show the corresponding transient axial pipe wall temperature profiles at different time
intervals in the proximity of the puncture plane for the isolated failure scenarios. The
corresponding ductile to brittle transition temperature (DBTT) is also indicated for reference.
Referring to the data shown in Figure 2.3, it is clear that the rapid expansion of the escaping
inventory results in significant cooling of the pipe wall, with the effect becoming more pronounced
with time and distance towards the puncture plane.

Figure 2.3. Transient variation of the axial temperature profile in vicinity
(Mahgerefteh & Atti, 2006).
Mahgerefteh and Atti (2006) also recorded the transient variation of defect length with time
following puncture for the isolated release. This data is shown in Figure 2.4. The defect length was
taken as the summation of the crack length and the puncture diameter. Curve A shows the actual
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defect length, whereas curve B shows the corresponding critical defect length required to cause
catastrophic failure. As can be seen, depressurization of the pipeline results in a significant and
rapid increase in defect length. Catastrophic failure corresponding to the point of intersection for
curves A and B occurs some 2,100 s following puncture, as indicated in Figure 2.4. In this figure,
curve A is the actual defect length, and curve B is the defect length required to cause a running
(experimental data). This study, for the first time, quantitatively highlighted the importance of
taking into account the expansion-induced cooling effects as a credible failure scenario when
undertaking safety assessment of pressurized pipelines.

Figure 2.4. Variation of defect length with time (Mahgerefteh & Atti, 2006).
Figure 2.5 shows the predicted pressure and inventory against time profiles during
blowdown under fire loading (curves A and D) and ambient surroundings (curves B and C).
Mahgerefteh et al. (2002) observed a marked reduction in the rate of drop in pressure under fire.
For example, even after 1200 s following blowdown, the residing pressure in the vessel is 10 bar.
The authors claimed this to be due to a significant amount of liquid boiling and evaporating, which
in turn are manifested in a corresponding increase in the rate of loss in inventory. Mahgerefteh
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et al. (2002) also presented the development of a robust numerical simulation for predicting the
risk of rupture following blowdown of pressurized cylindrical vessels containing multi-component
hydrocarbon mixtures under fire attack. The model accounted for non-equilibrium effects between
phases, heat transfer between each fluid phase and their corresponding sections of vessel wall,
interphase fluxes due to evaporation and condensation, and the effects of sonic flow at the orifice.

Figure 2.5. Pressure and inventory variations with time (Mahgerefteh et al., 2002).
In 2006, a study was undertaken by Cronin and Plumtree on pipes that had long cracks
within long corrosion grooves. Their results showed that the collapse pressures of these hybrid
defects fell between those for cracks and corrosion. A reduced collapse pressure was noted for
shallower defects due to the contribution of local bending to the local stress within the defect.
Because crack defects are usually more critical than corrosion defects, one procedure to deal with
the cracks is by grinding them out, resulting in a smooth metal loss defect, similar to corrosion.
Although corrosion and crack defects have several codes to assist in determining the integrity of
the pipes, numerical analysis or finite element method (FEM) gives more accurate results when
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material properties and defect geometries are closely matched to those determined by
experimentation.
Pipelines are usually made of steel and buried underground. Corrosion defects occur
because of chemical or electrochemical interactions between the pipe and the surrounding
environment on both the internal and external surfaces. As a result, material losses could
compromise the pipe integrity. In 2002–03 The U. S. Department of Transportation’s Research
and Special Programs Administration, Office of Pipeline Safety (RSPA/OPS) concluded that
25.6% of the natural gas transmission incidents were caused by corrosion, with property damages
of $24,273,051.
2.1

Modified B31G Bursting Failure Prediction Model
For many years, the corrosion defect assessment codes were developed for the safety of

pipelines. The Battelle Memorial Institute in Columbus, Ohio, carried out much of the original
work that led to the development of the through-wall and part-wall NG-18 surface flaw equations,
used for the failure analysis of flaws. This approach incorporates the Folias factor (bulging factor)
to describe the failure of through-wall defects in pipes. Battelle’s work resulted in being included
in a section of the American B31G code for determining the remaining strength of corroded
pipelines. The B31G criterion was based on the assumption that the maximum principle stress
(hoop stress) in the plain pipe controlled failure. The B31G code was improved later to the
Modified B31G to provide less-conservative results. The Modified B31G was a major
development by changing the approximated parabolic defect profile area in B31G from 2/3 dmax
l to 0.85 dmax l. According to NG-18 equations, there is a direct relation between flow stress,
bulging factor (Folias factor M), and defect geometry (Escoe, 2006).
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Equations (2.1) and (2.2) typically underestimate the remaining strength of the pipe by
assuming that the corrosion is lying axially along the pipe surface, which may not be the actual
case. In addition, Modified B31G gives conservative results because it assumes that the corrosion
pits are blunt defects, compared to other defects such as cracks. It was shown that sharp surface
flaws have a significantly lower collapse pressure than blunt surface defects (Escoe, 2006).
Moreover, data from the burst tests used in developing equation (2.1) contained sharp flaws
(Escoe, 2006). Figure 2.6 shows the line that connects the corroded pits and its projection onto the
longitudinal axis of the pipe.

Figure 2.6. Inspection planes and critical thickness profile (Canadian Energy Pipeline
Association, 2009).
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2.2

RSTRENG Bursting Failure Prediction Model
The remaining strength of corroded pipe (RSTRENG) model uses the modified form of the

NG-18 equation, i.e., equation (2.1), which is more accurate in predicting failure in a corrosion
defect than the Modified B31G (Cosham & Hopkins, 2007). RSTRENG and the Modified B31G
differ in their assumption of the projected area. The Modified B31G uses the parabolic area to
calculate the remaining strength, whereas RSTRENG uses the effective area. Figure 2.6 shows the
difference in the projected area in both methods (Cosham & Hopkins, 2007). RSTRENG provides
more accurate results than Modified B31G. In RSTRENG, each individual measurement is
assessed in combination with other corroded areas in an iterative procedure. For RSTRENG, the
failure pressure is calculated iteratively to predict the lowest failure pressure as follows:
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Shell-92 Bursting Failure Prediction Model
The pressure-withstanding capacity of pipelines is a function of its geometrical dimension

and the ultimate tensile strength (UTS) of the pipeline material. Klever et al. (1995) showed the
following pressure failure model which is widely known as the Shell-92 pressure failure model.

(2.4)
where Pf is the failure pressure, D the pipe diameter, t is the wall thickness, M is the bulging factor,
T is the elapsed time, and d(T) is the time-dependent depth of the defect, where
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M = 1 + .805

L(T ) 2
Dt

d (T ) = d 0 + Vr (T − T0 )
L(T ) = L0 + Va (T − T0 )

(2.5)
(2.6)
(2.7)

where L(T) is the axial length of the defect projected on pipe on the longitudinal axis, d0 and L0
are the measured depth and length of a defect at time T0 (the time of last inspection), respectively,
Vr is the radial corrosion rate, and Va is the axial corrosion rate.
Figure 2.7 shows the bulge setup developed by the Engineering Research Center for Net
Shape Manufacturing at Ohio State University. The tube bulge test is used in order to evaluate the
strain limits in the tube bulging process. The tube is supported between a lower and an upper die.
Axial feeding is provided by two punches in the axial direction. Internal hydraulic pressure is used
to form the tube. Bursting failure is observed at a relatively low axial feed rate under high internal
fluid pressure.

Figure 2.7. Bulge test setup (Sokolowski et al., 2000).
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As shown in Figure 2.7, the tube is placed between the two punches and is pressurized
using water pressure. It is necessary to assure that the tube is properly placed so that the bulge can
appear at the center of the tube. After pressing the process start switch, the upper die moves
towards the lower die to constrain the motion of the tube in all directions. Depending upon the
requirement of the axial feed, this can be achieved by moving the left- and right-side punch.
2.4

Tube-Bulging Parameters
Sokolowski et al. (2000) concluded that the major parameters affecting the bulging of

pipelines are process parameters like pressure rate and feed rate geometric parameters as well as
material parameters. These parameters are explain in detail below.
2.4.1 Tube Material
The process variables introduced by the tube material are as follows:
•

Material properties: chemical composition, yield strength, ultimate tensile strength,
percent elongation, and material flow characteristics.

•

Dimensions: tube diameter and wall thickness.

•

Quality of the incoming tube and method of preparation of the tube to be welded.

During the manufacturing and bending/pre-bulging of the tube before it comes to the bulging
process, the material properties will change, and some of its strain limits will be used. Several
tests are used in industry to determine the material properties, the most widely of which is the
tensile test using the flat specimen taken from sheet coil before it is rolled into a tube. But the
data obtained are not entirely correct because of the increase of plastic deformation in the tube in
the course of its manufacturing. Also, during the tube-bulging process, the tube is subjected to
a biaxial state of stress, which is different from the state of stress exhibited in a tensile test
(uniaxial tension) (Aue-u-lan et al., 2004). In conclusion, the flow stress of the tube specimen is

20

most likely to be different from that of the sheet specimen from which the tube was manufactured.
The properties of the tube should be determined correctly before the bulging operation. To address
this issue, some researchers have proposed different tests to be used to determine the material
properties. T ests that are commonly used are the cone test and the hydraulic bulge test.
2.4.2 Operating and Geometric Parameters
An improper loading path will lead to failure. The common modes of failure in tube bulging
are bursting due to the formation of a localized necking on the tube wall, which leads to fracture,
and wrinkling due to local buckling. The amount of axial feeding must be coordinated with the
internal pressure. If the internal pressure is applied rapidly and the axial feeding is slow, then the
process will fail, and cracks will appear because there is not enough material to flow into the die
cavities. However, if the internal pressure is applied slowly and the axial feeding is rapid, then
there will be wrinkling or buckling on the tube. The optimal loading path (internal pressure and
axial feed) is extremely difficult and expensive to achieve via experiments. Therefore, finite
element analysis is used to verify and optimize the initial design before the hard tooling is built.
The loading path for the bulge tube was investigated through finite element simulations
(Ahmetoglu & Altan, 2000), the purpose of which was to investigate the effect of the axial feed
on thickness variation and internal pressure. The authors demonstrated that the bulging process is
very sensitive to the axial feeding. Results indicated a decrease in the thinning of the tube wall
when the axial feeding distance was increased. Also, with an increase in the axial feeding, an
increase in maximum internal pressure was needed to form the part to its final shape. More force
is needed to overcome the wrinkling due to axial feeding. The loading path for T-shape tube hydrobulging was studied by Fann and Hsiao (2003). Their study began with simple metal bulging
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equations used for the initial estimation of process parameters. Then these parameters were refined
using finite element analysis.
The aggregative indicator Q is expressed by the maximum bulging height of the branch
tube and the variance of the change in tube thickness, as shown previously in equation (2.1). The
higher the branch tube, the smaller the variance and the greater the Q, that is, the better the strain
limits of the T-shape tube:

Q=

H max


(2.8)

where Hmax is the maximum height of branch tube without wrinkles and cracks, which is measured
along the vertical tube wall, and  is the variance of the change in tube thickness, which can be
calculated as
n

 =  (t i − t o ) 2

(2.9)

i =1

The greater the value of Hmax, the higher the bulging height of the branch tube, and the smaller the
value of  , the more uniform the tube thickness. Under the constant Hmax, the smaller the  , the
greater the Q, that is, the better the strain limits of T-shaped bulging. The aggregative indicator Q
takes account of not only the limited bulging height but also the tube wall change and can well
reflect the strain limits of T-shaped bulging.
The objective of Imaninejad et al. (2004) in loading path optimization of the tube-bulging
process was to produce a part with minimum thickness variation while keeping the maximum
effective stress below the material ultimate stress during the bulging process. In closed-die bulging,
the intent was also to conform the tube to the die shape, whereas in the T-joint design, a maximum
T-branch height was sought. It was shown that utilization of optimized loading paths yields a better
conformance of the part to the die shape or leads to a higher bulge height. Finite element
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simulations also revealed that, in an optimized loading path, most of the axial feed needs to be
provided after the tube material yields under the applied internal pressure.
The intent of the optimization procedure is to determine the loading paths that would result
in a product with a uniform thickness distribution, maximum effective stress less than the ultimate
stress, and realization of the maximum attainable strain limits of the material. However, if uniform
thickness along the tube is desired, then the “objective” function is
f ( p) =

N

(
i =1

ti − t o 2
)
to

(2.10)

where f(p) is the thickness deviation, ti and to represent the final thickness and initial thickness of
the element i, respectively, and N represents the total number of elements. Therefore, to achieve a
uniform thickness distribution and prevent potential thinning, additional material needs to be fed
into the bulging region by providing sufficient axial feed when the plastic flow initiates. On the
other hand, when higher internal pressure is utilized, the tube material yields earlier and hence the
maximum end-feed should be provided during the initial stages of the process. Higher bulge
heights and hoop strains were achieved when quadruple-stroke was utilized. In other words, when
material is fed into the bulging zone in an optimized manner with multiple strokes, severe thinning
and failure may be delayed and a higher bulge height can be obtained.
Imaninejad et al. (2005) investigated the excessive thinning generated in a bulged tube and
found that it is attributable to the contact friction force restraining the tube wall movement on the
tool inner surface. Therefore, it is fundamental and significant to make the tube diameter
sufficiently large prior to designing a promising loading path. The strain limits of bulging are
estimated by the exactness of the finally deformed shape and the extent of thinning without any
failure during process. The principal factors, which influence the strain limits, are the loading path
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of internal pressure, feeding during expansion, and size of the start tube. In general, the path control
of pressure and feeding has been acknowledged and emphasized as an essential design factor for
excellent strain limits. It pursues sufficient contact between the expanding tube wall and the
internal surface of tool at the process termination, while maintaining a wall thinning below a limit
If the bulged region has thinned considerably while the main tube has not thinned
significantly, then this is not favorable, which generally occurs in pressure-only loading. A large
amount of thinning combined with low branch height would produce an unsuitable component.
Increasing friction appears to increase thickening ahead of the punch and also increase thinning of
the branch tops. This would appear to be a direct consequence of the increased difficulty of moving
material into the deformation zone. Increasing the blank thickness and using the same load pattern
results in less thinning of the branch top and less thickening of the main tube ahead of the punch.
2.4.3 Geometry and Tube Dimensions
The most significant difference between sheets and thick tubes lies in the plasticity and
fracture characterization of steel sheets, where the stress state is close to the plane stress, which
simplifies the underlying equations, both for the description of plasticity and fracture behavior
of the material. At the same time, in the case of heavy-walled pipes, the material properties and
stress state during operation and failure depends largely on the wall thickness and loading setting.
Also, thinning at the transition zone between the corner and the straight side of the section
is larger than for other zones of the section. When the pipeline is subjected under loading, the
stress concentration will occur at the location with maximum thinning (Ahmetoglu & Altan,
2000). Deformation at the corner was investigated by using finite element methods to simulate
the tube- bulging process for different corner radii. Simulation results showed that friction
between the tube and the die hinders the metal flowing into the die corner. Therefore, improving
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lubrication conditions will results in a uniform deformation.
2.4.4 Tribological Aspects in Tube Bulging
Frictional conditions have a considerable influence on the tube-bulging processes. Due to
high contact pressures and large contact surfaces, high friction forces between the tube and the
die will result. These forces will affect not only the process parameters but also the quality of the
component, such as the wall-thickness distribution. Therefore, it is important to decrease the
friction and its negative influence in tube bulging (Ngaile et al., 2004). It has been concluded
that due to the deformation process, the surface microgeometry will change continuously, and
therefore the friction conditions will also be changed.
The main parameters affecting the friction in tube bulging are the lubricant, the tube
material properties (yield strength), surface texture and die surface finish, die hardness and die
surface treatment, and coating. The lubricant trapped between the asperities on the tube and die
surfaces may provide better lubrication at the interface due to the potential for hydrostatic
lubrication. This, however, will depend on the prevailing pressure. On the other hand, the
pressure increase will result in an increase in the area of contact at the interface, and sticking
conditions may occur.
Figure 2.8 shows the tube bulging for the T-shape. From the friction point of view, it is
possible to identify three different zones: guided, transition, and expansion. Due to the difference
in the material flow and the state of stress, the three zones exhibit different tribological conditions
(Ahmetoglu & Altan, 2000; Ngaile et al., 2004). Therefore, lubricants can perform differently.
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Figure 2.8. Friction zones in tube bulging for T-shape (Ngaile et al., 2004).
In the guiding zone, due to the higher values for the relative velocity at the die/tube
interface, in the case of liquid lubrication, micro-plasto-hydrostatic (MPHS) and micro-plastohydro dynamic (MPHD) lubrication mechanisms can easily be obtained, lowering the interface
friction. In the transition and expansion zones, the relative velocity between the tool and tube
drops, and the interface friction increases. Under high pressure (up to 6,000 bar), the lubricant
may break down. Therefore, dry film lubrication is more appropriate for these zones. The dry
lubricant will follow the surface expansion without breaking down. The interface friction will be
dependent on the shear strength of the lubricant film adhered on the tube surface (Ngaile et al.,
2004). To evaluate lubricants for various material/lubricant combinations under bulging
conditions, several tests were developed. These tests are used for the evaluation of lubricants
(and coatings) in the different process zones: guided, transition, and expansion. These tests are
used to identify the appropriate lubricant to be used for different materials and geometries and
to estimate the friction coefficient using results of the finite element simulations.
2.5

Strain Limits in Tube Bulging
In tube bulging, the instability modes are wrinkling, buckling, and necking (or bursting),

as shown schematically in Figure 2.9. Wrinkling and buckling occur when the axial compressive
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stress exceeds the strength of the material, and the internal pressure is not high enough to produce
expansion in the radial direction. Buckling is observed mostly in long tubes with thick walls, and
wrinkling in short tubes with thin walls. Bursting is a consequence of necking, which is due to
large tensile stresses, when the plastic deformation reaches a point at which the deformation will
continue under a falling pressure. Bulged tubes without failure are shown in Figure 2.10 (a),
while failure by wrinkling and bursting are shown in Figures 2.10 (b) and (c) , respectively.

(a)

(b)

(c)

Figure 2.9. Failure modes in tube bulging: (a) wrinkling, (b) buckling, and (c) bursting
(Koç & Altan, 2002).

(a)

(b)

(c)

Figure 2.10. Hydro-bulged tube parts and different failure modes: (a) without failure, (b)
wrinkling, and (c) bursting (Daly et al., 2007).
A bulging window that indicates a safe region for the bulging process can be obtained
using the bulging-limit curve. The bulge test is the most common test used to determine
experimentally the bulging-limit curve for tube bulging. Before conducting the test, a grid is
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etched on the external surface of the tube. As the internal pressure increases and the tube bulges,
the shape of the grid circles changes into ellipses.
A summary of instability modes and an analytical model to predict the bulging limits and
the parameters in the tube bulging process, using the thin-walled tube theory were presented in the
work of Koç and Altan (2002). These authors formulated analytical models to predict buckling,
wrinkling, and bursting for a bulge test, and the critical level of the applied loads. Even though
these models apply only to simple geometries, they could provide helpful predictions in the early
stages of design or as initial guesses in the finite element simulations.
A failure analysis focused on the onset of bursting failure phenomenon was conducted by
Daly et al. (2007) for free expansion of a tube under internal pressure. The critical onset conditions
of tube bursting are given by the solution of the equation as
dp
=0
dr

(2.11)

where P is the internal pressure, and r is the internal radius of the tube. When the derivative is
zero, the pressure has reached a maximum. Even if the pressure decreases, the expansion process
continues and necking occurs. Daly et al. (2007) concluded that for the free expansion tube, the
strain limits are proportional to the strain hardening coefficient of the material, n, and the
anisotropy parameter, R.
2.6

Probabilistic Approach for Pipe Failure
Prediction of the burst capacities of corroded pipelines is of significant relevance to the

pipeline industry. Many burst capacity prediction models have been developed in the past, e.g.,
the well-known ASME B31G, Modified B31G, RSTRENG, Shell-92, DNV, and PCORRC. Zhou
and Huang (2012) analyzed the DNV model and Shell-92 models and found that the model errors
for both DNV and Shell-92 have a large coefficient of variation (COV) (37.4% and 35.8%,
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respectively) and relatively high mean values (1.233 and 1.544, respectively). They concluded that
the Shell-92 model is more conservative than the DNV model because the former model employs
0.9 factor as the material strength and a more conservative equation for calculating the Folias
factor; hence, the Shell-96 model was studied in detail in the present work.
Bubenik et al. (1992) carried out a deterministic analysis on the remaining strength of
pressurized pipelines having active corrosion defects and calculated the failure pressure from
nominal values of the failure parameters such as depth and length of corrosion defects and axial
radial corrosion rate. However, it is obvious that these failure parameters are subjected to
uncertainty; hence, the traditional design code that focuses on deterministic methods cannot
predict the failure probability. Kolowrocki (1998), Pandey (1998), and Sexsmith (1999) analyzed
the reliability and remaining life of pipelines. Ahammed and Melchers (1995, 1996, 1997) carried
out extensive research on the reliability of pipelines by analyzing the reliability index, which is
incapable of considering the cumulative effect of failure probability. In the real world, oil
industries are more concerned about the cumulative failure probability; however, a probabilistic
model has been applied mainly on the Modified B31G failure pressure model using a first-order
second moment (FOSM) reliability method that emphasized the reliability index. Other pressure
models, such as Shell-92, and a probabilistic approach, such as Monte Carlo simulation, are rarely
used. Caleyo et al. (2002) showed that for a service period of than ten years, the Shell-92 model
predicts a more conservative failure. Hence, it is safe to use the Shell-92 prediction model for a
service life beyond ten years.
Ahammed and Melchers (1995) carried out a study to review the prediction accuracies of
six commonly used burst capacity models for corroded pipelines: B31G, Modified B31G,
RSTRENG, PCORRC, DNV, and Shell-92). The wrong maintenance could lead to catastrophic
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failure, which results in high risks and losses. Proper maintenance of the pipeline can be planned
from failure probability data.
The second topic covered in this work is related to the concept of reliability of the
engineering design, that is, the engineering design-optimization methods and tools to determine
the allowable corrosion rates subjected to the bursting failure constraint. Deterministic
optimization techniques are widely used in engineering designing. Arora (1989) applied a
deterministic optimization model for reducing the overall cost of the engineering system. This
technique indicates the safe/fail regions but does not address uncertainty in the design variable. In
real life, uncertainness is inevitable, due to materials, manufacturing, and assembling. To
overcome these issues of uncertainty in engineering systems, a new, widely popular technique
developed is reliability-based design and optimization (Enevoldsen & Sorensen, 1994). In
reliability-based design and optimization, the mean value of random system parameters are
considered as design variables. In this paper, corrosion rates are design parameters subjected to
the failure pressure constraint. The failure constraint is probabilistic in nature due to timedependent random parameters such as depth of defect, length of defect, and corrosion rates in the
axial and radial directions. The first-order reliability method (FORM) is a widely used approximate
probability integration method. The reliability index approach (RIA) and the performance measure
approach (PMA) can be used effectively together with FORM to evaluate the probabilistic
constraint. The second part of this dissertation focuses on RBDO using RIA and PMA for
approximate probability integration. Optimized corrosion rates from RIA and PMA are compared
at the end.
The probability that applied pressure exceeds the Shell-92 failure pressure is lower than
an acceptable failure-probability level. This acceptable failure-probability level can be determined
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by either calculating the probability density function (PDF) of the Shell-92 constraint function
from Monte Carlo simulation, or by FORM. The latter method is fast, advanced, and does not
require the PDF to be calculated for evaluation of the probabilistic constraint. FORM calculates
the most probable point (MPP) within the standard normal design space, that is, the design
variables are transferred to corresponding standard normal variables (variables with a zero-mean
and unit standard deviation normal distribution function).
In engineering design, the traditional deterministic design optimization model (Arora,
1989; Haftka & Gurdal, 1991) has been successfully applied to systematically reduce the cost and
improve quality. However, the existence of uncertainties in either engineering simulations or
manufacturing processes calls for a reliability-based design and optimization model for robust and
cost-effective designs. In the RBDO model, for the robust system parameter design, the mean
values of the random system parameters are usually used as design variables, and the cost is
optimized, subject to the prescribed probabilistic constraints by solving a mathematical nonlinear
programming problem. Therefore, the solution from RBDO provides not only an improved design
but also a higher level of confidence in the design.
To date, most of the research on RBDO (Enevoldsen & Sorensen, 1994; Choi, Yu, &
Chang, 1996; Yu et al., 1998; Grandhi & Wang, 1998) have used the reliability index evaluated
in the traditional reliability analysis to prescribe the probabilistic constraint. In this paper, the
probabilistic constraint evaluation in RBDO is studied from a broader perspective. It is shown that
the target probabilistic performance measure of the proposed PMA evaluated in an inverse
reliability analysis is consistent with the conventional RIA in prescribing the probabilistic
constraint for RBDO. Moreover, it is illustrated that the probabilistic constraint can be effectively
evaluated from different perspectives in a general approach where RIA and PMA are two
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particular cases. Therefore, the last chapter of this dissertation places emphasis on predicting
cumulative failure probability by applying Monte Carlo simulation on the Shell-92 failure
prediction model.
Following an extensive literature survey, five major schools of thought have been
identified, which are grouped into five research areas, as shown in Tables 2.1 to Table 2.5:
•

FEA bulging and stress and strain analysis

•

Formability and burst test

•

Optimization and sensitivity analysis

•

Reliability-based design

•

Probabilistic analysis
TABLE 2.1
FEA BULGING AND STRESS/STRAIN ANALYSIS

No.
1

Paper Title

Author (Date)

Finite elements in the analysis of pressure
vessels and piping, an addendum: A
bibliography (2001–2004)
Flow stress evaluation of zinc copper and
carbon steel tubes by hydraulic bulge tests
considering their anisotropy
Analytical model for tube hydro-bulging
test, part I: Models for stress components
and bulging zone profile
Ductile failure of aluminum alloy tubes
under combined torsion and tension

Mackerle, J. (2005)

5

Stress and strain analysis of pipelines with
localized metal loss

6

Continuous integrity evaluation of corroded
pipelines using complemented FEA
results—Part I: Procedure development

Diniz, J. L. C., Vieira, R. D.,
Castro, J. T., Benjamin, A.
C. & Freire, J. L. F. (2006)
Varga, L., & Fekete, G.
(2017)

2

3

4

Hwang, Y. M., & Wang, C.
W. (2009)
He, Z., Yuan, S., Lin, Y.,
Wang, X., & Hu, W. (2014)
Scales, M., Tardif, N., &
Kyriakides, S. (2016)
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Journal
International Journal of
Pressure Vessels and Piping,
82(77), 571-592
Journal of Materials
Processing Technology,
209(9), 4423-4428
International Journal of
Mechanical Sciences, 87,
297-306
International Journal of
Solids and Structures, 97-98,
116-128
Experimental Mechanics,
46(6), 765-775
International Journal of
Pressure Vessels and Piping,
150, 19-32

TABLE 2.2
FORMABILITY AND BURST TEST
No.

Paper/Book Title

Author (Date)

1

A new method for predicting forming limit
curves from mechanical properties

2

Deformation behavior of tubes with
thickness deviation in circumferential
direction during hydraulic free bulging
Part 5: Rupture tests of pipeline containing
complex-shaped metal loss defects

Abspoel, M., Scholting, M.
E., & Droog, John M. M.
(2013)
Shirayori, A., Fuchizawa, S.,
Ishigure, H., & Narazaki, M.
(2003)
Freire, J. F., Vieira, R. D.,
Castro, J. P., & Benjamin,
A. C. (2007)
ASME (1995)

Journal of Materials
Processing Technology,
213(5) 759-769.
Journal of Materials
Processing Technology,
139(1-3), 58-63
Experimental Techniques,
31(2), 57-62

Bubenik, T. A., Olson, R. J.,
Stephens D. R, & Francini,
R B. (1992)

Proc. 11th Conference on
Offshore Mechanics and
Arctic Engineering, ASME,
5, 225-231
International Journal of
Mechanical Sciences, 65(1),
1-11

3
4
5

6

7

Manual for determining the remaining
strength of corroded pipelines. Supplement
of ASME B31G code for pressure piping
Analyzing the pressure strength of
corroded line pipe

A simplified analytical model for postprocessing experimental results from tube
bulging test: Theory, experimentations,
simulations
Part 3: Burst tests of pipeline with
extensive longitudinal metal loss

Boudeau, N., & Malécot, P.
(2012)

Freire, J. L. F., Vieira, R. D.,
Castro, J. T. P., & Benjamin,
A. C. (2006)

Journal /Publisher

New York: American Society
for Mechanical Engineers

Experimental Techniques,
30(6), 60-65.

TABLE 2.3
OPTIMIZATION AND SENSITIVITY ANALYSIS
No.

Paper Title

1

Inflation and burst of aluminum tubes. Part
II: An advanced yield function including
deformation-induced anisotropy
Path-dependent failure of inflated
aluminum tubes
An experimental study on the comparative
assessment of hydraulic bulge test analysis
methods
Sensitivity analysis of a deep drawing
process for miniaturized products

2
3
4

5

Coupled modeling of anisotropy variation
and damage evolution for high strength
steel tubular materials.
Optimizing the variables when deepdrawing C.R.1 cups

Author (Date)

Journal

Korkolis, Y. P., &
Kyriakides, S. (2008)

International Journal of
Plasticity, 241, 625-1637

Korkolis, Y. P., &
Kyriakides, S. (2009).
Koç , M., Billur, E. &
Cora, O. N. (2011)

International Journal of
Plasticity, 25(11), 2059-2080
Materials and Design, 32(1),
272-281

Jaisingh, A., Narasimhan,
K., Date, P. P., & Singh,
U. P. (2004)
Li, H., Yang, H., Lu, R.,
& Fu, M. (2016)

Journal of Materials
Processing Technology,
147(3), 321-327
International Journal of
Mechanical Sciences, 10, 541557.
Journal of Materials
Processing Technology, 136
(1-3), 64-71

Browne, M. Y., &
Hillery, M. T. (2003)
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TABLE 2.4
RELIABILITY BASED DESIGN
No.

Paper Title

Author (Date)

Journal

1

Failure assessment and safe life prediction
of corroded oil and gas pipelines

Mahmoodian, M., & Li, C.
Q. (2017)

2

Reliability analysis of corroding pipelines
by enhanced Monte Carlo simulation

3

Pipeline failures in corrosive
environments—A conceptual analysis of
trends and effects
Reliability prediction for corroding natural
gas pipelines

Leira, B. J., Næss, A., &
Brandrud Næss, O. E.
(2016)
Ossai, C. I., Boswell, B., &
Davies, I. J. (2015)

Journal of Petroleum Science
and Engineering, 151, 434438
International Journal of
Pressure Vessels and Piping,
144, 11-17
Engineering Failure
Analysis, 53, 36-58

4
5
6

7

Reliability assessment of buried pipelines
based on different corrosion rate models
Modeling localized corrosion of pipeline
steels in oilfield produced water
environments

Tee, K. F., & Pesinis, K.
(2017)
Valor, A., Caleyo, F., &
Hallen, J. M. (2013)
Velázquez, J. C., CruzRamirez, J. C., Valor, A.,
Venegas, V., Caleyo, F., &
Hallen, J. M. (2017)
Caleyo, F., Gonzalez, J. L.,
& Hallen, J. M. (2002)

A study on the reliability assessment
methodology for pipelines with active
corrosion defects

Tunnelling and Underground
Space Technology, 65, 91105.
Corrosion Science, 66, 78-87
Engineering Failure
Analysis, 79, 216-231

International Journal of
Pressure Vessels and Piping,
79(1), 77–86.

TABLE 2.5
PROBABILISTIC ANALYSIS
No.

Paper Title

Author (Date)

1

Predicting the forming strain limits of
tailor-welded blanks

Narayan, R. Ganesh, &
Narasimhan, K. (2008)

2

Probabilistic analysis of pipelines
subjected to pitting corrosion leak
Probabilistic analysis of underground
pipelines subject to combined stresses and
corrosion
Probabilistic models for steel corrosion
loss and pitting of marine infrastructure

Ahammed, M., &
Melchers, R. E. (1995)
Ahammed, M., &
Melchers, R. E. (1997)

Cost-based optimal maintenance decisions
for corroding natural gas pipelines based
on stochastic degradation models.

Zhang, S., & Zhou, W.
(2014)

3
4
5

Melchers, R. E., & Jeffrey,
R. J. (2007)
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Journal
The Journal of Strain
Analysis for Engineering
Design, 43(7), 551-563
Engineering Structures,
17(2), 74–80
Engineering Structures,
19(2), 988–994.
Reliability Engineering &
System Safety, 93(3), 423432.
Engineering Structures, 74,
74-85.

2.7

Research Gap in Pipeline Bursting Failure
This chapter presented the literature review relating to pipeline bursting failure. The

widely used Modified B31G (Escoe, 2006), RSTRENG (Cosham & Hopkins, 2007), and Shell92 (Klever et al., 1995) prediction models received special attention due to their comprehensive
nature. The pipeline bursting pressure model for a curved pipe was found to be limited to without
defect. To date, no work has been reported for a bursting pressure model for a curved pipe with
a localized defect, and no work has been reported for the probabilistic-based Shell-92 model.
Based on the literature cited, the Shell-92 pipeline bursting pressure model developed by Klever
et al. (1995) was found to be the most comprehensive, having been validated against field data,
and this model has been adopted as the basis for the probabilistic-based Shell-92 model
simulating the failure of pressurized pipelines under uncertainty. This dissertation also covers
work accounting for optimizing the process parameters and corrosion rates for obtaining
maximum bulge height and uniform effective strain distribution and thickness distribution. It
also analyzes the effect of material parameters, process parameters, geometric parameters, prestraining, and pipe curvature on bulging.
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CHAPTER 3
OBJECTIVES AND METHODOLOGY

3.1

Objectives
The major objectives of this dissertation are as follows:
•

To develop finite element models and to conduct simulations of pipe bulging.

•

To optimize process parameters for obtaining maximum bulge height and uniform effective
strain distribution and thickness distribution.

•

To analyze the effect of geometric and process parameters on bulge height and thinning in
the tube.

3.2

•

To analyze the effect of material parameters on bulging.

•

To study the effect of pre-strain on limit strain in bulging.

•

To develop a probabilistic approach for bursting failure.

•

To carryout FEA analysis and develop an empirical model for a pipe elbow.
Overall Methodology
Figure 3.1 explains the overall methodology employed in this dissertation. The computer-

aided design (CAD) model was modeled in the SOLIDWORKS software. This model was then
uploaded in PAM-STAMP, and further investigation of the bulging process was virtually carried
out using finite element analysis. In tube bulging, the onset of necking was predicted using
thickness gradient criteria.
The tube bulge test was used to evaluate the strain limits in the tube bulging process. The
tube was supported between a lower and an upper die. Axial feeding was provided by two punches
in the axial direction. Internal hydraulic pressure was used to form the tube. Bursting failure was
observed at a relatively low axial feed rate under high internal fluid pressure. This test was
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simulated using the commercial FEM-based metal forming analysis software package PAMSTAMP.

Figure 3.1. Overall methodology employed in dissertation.
As shown in Figure 3.2 in the FEA methodology, the tube is placed between the two
punches and pressurized using water. It is important to place the tube properly so that the bulge
can appear at its center. At the start of the process, the upper die moves towards the lower die to
constrain the motion of the tube in all directions. Depending upon the requirement of the axial
feed, this can be achieved by moving the left- and right-side punch. Figure 3.3 shows a schematic
FE setup for the bulge tests used in this dissertation.
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Figure 3.2. FEA methodology employed in dissertation.

Figure 3.3. Schematic of FE setup of bulge test.
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3.3

Loading Conditions
To capture the entire range of the bulging limit diagram (BLD) from left to right, different

end loading conditions are applied to the tube, such as the fixed expansion of the tube, free
expansion of the tube, and axial feed expansion of the tube.
3.3.1 Fixed Expansion of Tube
In the fixed expansion of the tube, the tube is fixed between two dies. When hydraulic
pressure builds up in the tube, the tube expands in the middle portion without any material fed into
it. This is completely a stretching operation. The test is performed for different aspect ratios (i.e.,
expansion zone/tube diameter (l/d ratio = 0.5 to 3).
3.3.2 Free Expansion of Tube
In this case, the tube is free to move between the dies. When the hydraulic pressure builds
up in the tube, the tube expands in the middle portion with material fed into it due to the force
exerted by internal pressure. This test is also performed for different aspect ratios (i.e., l/d ratio =
0.5 to 3).
3.3.3 Axial Feed Expansion of Tube
In the axial feed expansion of the tube, the tube is subjected to the simultaneous application
of internal pressure and axial force from both ends. When the hydraulic pressure builds up in the
tube, the tube expands in the middle portion with material fed into it due to the axial forces of
punch 1 and punch 2. This test is also performed for different aspect ratios (i.e., l/d ratio = 0.5 to
3).
3.4

Simulation of Bulge Test
The finite element analysis tool PAM-STAMP 2G was used to simulate the bulge test.
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3.4.1 Material Model
Parameters used for simulation of the material model are given below:
•

Stress-strain relation: σ = K (ε0 + ε) n

•

Yield surface: Hill 1948

•

Hardening law: Isotropic

•

Element type and number: Quadratic shell element and total elements = 25,690.

•

Mesh technology: Adaptive meshing

•

Virtual prediction of material failure: Thickness gradient criterion

(3.1)

Drawing quality (DQ) steel and aluminum (Al) 5182 were used for simulating the tube
material. Properties of the tube material are shown in Table 3.1.
TABLE 3.1
MATERIAL PROPERTIES FOR TUBE
Material

K
(MPa)

Ys
(MPa)

r

DQ Steel

276

217

1.5

Young’s Modulus Poisson’s
(GPa)
Ratio
210

0.3

n

Thickness t
(mm)

0.22

1.0

3.4.2 Finite Element Models of Tube Bulging
Figure 3.4 shows the major, minor, and equivalent strain distributions in tube bulging for
DQ 0.8 steel. The bulging limit diagram shows represents the limit of a safely drawn component
in a strain path. This diagram is simply a plot of the major principal strains versus minor strains at
the onset of necking instability. A curve referred to as the bulging limit curve (BLC) can be
constructed to represent the boundary between the strain combinations where necking is unstable.
The BLC is used in combination with strain measurements to determine how close to failure a
bulging operation is or whether a failure is due to inferior work material or poor die condition.
Figure 3.5 shows the major, minor, and equivalent stress distributions in tube bulging for DQ 0.8
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steel.

Figure 3.4. Major, minor, and equivalent strain distributions in tube bulging (DQ 0.8 steel)
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Figure 3.5 Major, minor and equivalent stress distributions in tube bulging (DQ 0.8 steel).
3.5

Design of Experiments Using TAGUCHI Method
The Taguchi method can be applied to bulging to analyze effect of each variable on the

limit strain. The experimental design, or design of experiments, is a test or series of tests in which
purposeful changes are made to the input variables of a process or system so that the reasons for
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changes in the output response can be observed and identified. The experimental design plays a
key role in process development and process troubleshooting to improve performance. This
methodology is very useful in determining the effect of variables on an output, determining the
optimum set of input variables, and determining the optimum parameters so that the effect of noise
variables is minimized. Some of the important steps involved in this methodology are as follows:
•

Selection of factors and levels

•

Selection of the response variable

•

Choice of experimental design

•

Performing the experiment

•

Data analysis and conclusions
The response variable is the output variable to be monitored for all experiments within the

range of input variables mentioned. The response variable should be sensitive enough to the
variation in input parameters. This implies that the bulging behavior of the tubes should be
quantified by a parameter that is sensitive to all individual parameters and interactions. In this
work, the bulging behavior was quantified by the bulging strain limits of the tubes. The bulging
limit strain is nothing more than the strain that limits the deformation of tubes and is expressed by
the major strain and minor strain pair. In this analysis, only the major limit strain was considered
as the response variable.
A robust design is an engineering methodology for improving productivity during research
and development by aiding the determination of optimum settings of control parameters so that
the process becomes insensitive to noise factors, thus enabling the production of high-quality
products at a low cost (Gantar & Kuzman, 2002). The fundamental principle of robust design is to
improve the quality of a product by minimizing the effect of the causes of variation without
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eliminating the causes (Phadke, 1989). This methodology consists of three major steps:
1. Planning the experiment.
2. Performing the experiment.
3. Analyzing and verifying the results.
The first step, i.e., planning the experiment, consists of identifying the main function of the
process, its failure modes, noise factors (factors that are difficult or expensive to control), testing
conditions, quality characteristics (characteristic of the quality of output), control factors (factors
that can be easily controlled), and objective function to be optimized. The testing conditions should
be chosen such that they capture the effect of the important noise factors. Two factors that
influence the quality characteristic are noise and control.
The estimated effects of design parameters must be valid, even when other parameters are
changed during the subsequent design effort or when the design of related subsystems changes.
This can achieved by employing the signal-to-noise (S/N) ratio to measure quality and orthogonal
arrays in order to study many design parameters simultaneously. The most commonly used S/N
ratios are the following:
•

Nominal (best type): Here, the objective function is targeted to have a non-zero and finite
value:

where  =
•

1

y , 

i

2

=

1
 ( yi −  ) 2
n −1

Smaller (better type): Here, zero is the desired value of the function:

1

 = −10 log   yi 2 
n

•

Larger (better type): Here, having as large a value as possible is desired:
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(3.3)

1
1 


yi 2 
n

 = −10 log 

(3.4)

The objective function for any of the above approaches and the parameters are related by the
following linear model:

 ( Ai B j Ck Dl ) =  + ai + b j + ck + d l

(3.5)

where  is the overall mean, that is, the mean value of  for all the experimental region;
ai , b j , ck , d l are deviations caused by setting factor A at level Ai , B at level B j , C at level Ck , and

D at level Dl respectively; and e is the error of the additive approximation
It is important to select control factors that influence a distinct aspect of the basic
phenomenon affecting the quality characteristic; otherwise, there is the possibility of interaction
among these factors (Narasimhan & Date, 2004). Taguchi developed methods to optimize the
design of products and production processes in a cost-effective manner. By using these principles,
any process can be examined and information can be obtained on the main factors involved
(Browne & Hillery, 2003). By using orthogonal arrays, the experiment can be designed in an
efficient way to study simultaneously the effect of several control factors that exhibit many
benefits. First, the conclusions arrived at from such experiments are valid over the entire
experimental region spanned by the control factors and their settings. Second, there is a large
savings in the experimental effort. Third, the data analysis is very easy. An orthogonal array for a
robust design project can be constructed from the knowledge of a number of control factors, their
levels, and the desire to study specific interactions. Also considered are the physical difficulties in
conducting the experiment, such as the difficulty in changing the level of control factors. Sharma
and Rout (2003) have tabulated 18 basic orthogonal arrays, which are referred to as standard
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orthogonal arrays. The number of rows of an orthogonal array represents the number of
experiments, while the number of columns represents the maximum number of factors that can be
studied using that array.
After determining the optimum conditions and predicting the response under these
conditions, it is necessary to conduct a confirmation experiment at the optimum parameter settings,
comparing the observed value with the predicted value. If the observations are drastically different
from the prediction, then the additive model is not valid for the system and a strong interaction
exists between the various parameters of the system. The analysis of results is done using the
analysis of variance (ANOVA), which gives the relative contribution of the effect of each factor
on the objective function or the sensitivity of objective function to a factor.
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CHAPTER 4
EFFECT OF OPERATING PARAMETERS ON EFFECTIVE STRAIN
AND THINNING DISTRIBUTION OF PIPELINE

4.1

Introduction
Deformation behavior of a tube during bulging depends on factors such as loading path,

material strain limits, and lubrication conditions. The loading path here, however, plays a very
significant roll. It is shown that utilization of optimized loading paths yields a uniform strain and
stress distribution, which in turn leads to a higher bulge height. To decide the optimum loading
path and other process parameters, such as coefficient of friction, it is necessary to carry out finite
element simulations, which will ultimately reveal the effect of process parameters on the strain
limits of the tube. The reason that industry adopts FEM simulations is because of its low cost and
lesser time consumption than experimental analysis.
When bulging a tube, one of the requirements is to minimize and homogenize the
thinning/thickness distribution and to develop a uniform strain across the component. These
distributions vary in the axial and circumferential directions. In this study, the intent of the
optimization procedure is to determine the loading paths that would result in a product with a
uniform thickness distribution, uniform effective strain distribution, and maximum bulge height,
which will provide an indication of maximum attainable strain limits of the material. Also, the
strain paths at varying test conditions are correlated with the maximum bulge height.
4.2

Quality Characteristics and Objective Function
In this study, the quality characteristic measured was the bulge height at necking for all

nine experiments for each tube. Since the greater the bulge height, the better it is, the objective
function is
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 = −10 log (1/H)2

(4.1)

where H is the bulge height.
4.2.1 Control Factors and Their Levels
The process parameters considered and included in the present analysis are the following:
•

Pressure rate

•

Axial feed rate

•

Coefficient of friction

able 4.1 shows the levels of control factors. After conducting a trial simulation, these levels were
chosen, wherein the wrinkling phenomenon was avoided. The total number of degrees of freedom
for the system is nine: two for each of the three control parameters, one for the overall mean, and
two assigned to the error. Hence the L9 orthogonal array was chosen to design the experiments.
The log information for the bulge height data and S/N ratios for the nine experiments is provided
in Table 4.2. The various levels of P/t, f/t, and coefficient of friction were used and the simulation
matrix was designed according to the L9 (34) orthogonal array. The pressure and feed input rates
are shown in Figures 4.1 and 4.2, respectively.
TABLE 4.1
LEVELS OF CONTROL FACTORS IN TUBE BULGING PROCESS
Level
Factor
P/t
(bar/sec)
f/t
(mm/sec)
µ

1

2

3

5(a1)

10(a2)

15(a3)

0.2(b1)

0.4(b2)

0.6(b3)

0.02(c1) 0.08(c2) 0.2(c3)
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TABLE 4.2
LOG INFORMATION FOR BULGE HEIGHT DATA AND S/N RATIOS
Test No.
1
2
3
4
5
6
7
8
9

P/t
(bar/sec)
5
5
5
10
10
10
15
15
15

f/t
(mm/sec)
0.2
0.4
0.6
0.2
0.4
0.6
0.2
0.4
0.6

µ
0.02
0.08
0.2
0.08
0.2
0.02
0.2
0.02
0.08

Maximum Bulge
Height (mm)
26.18
25.49
17.09
24.86
18.82
26.15
18.76
27.49
24.35

Figure 4.1. Pressure input rate.

Figure 4.2. Feed input rate.
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S/N Ratio for
Bulge Height
28.68
28.46
25.14
28.25
25.94
28.67
25.91
29.09
28.07

4.2.2 Simulation Geometry
Figure 4.3 shows the schematic FE setup for the overall methodology employed for the
FEA simulation of the bulge test. The CAD model was modeled in SOLIDWORDS software. This
model was then uploaded in PAM-STAMP, and further investigation of the bulging process was
virtually carried out using FEA. In tube bulging, the onset of necking was predicted using thickness
gradient criteria.

Figure 4.3. Schematic of FE setup for bulge test.
The tube bulge test is used to evaluate the strain limits in the tube bulging process. The
tube is supported between a lower and an upper die. Axial feeding is provided by two punches in
the axial direction. Internal hydraulic pressure is used to form the tube. Bursting failure is observed
at a relatively low axial feed rate under high internal fluid pressure. This test was simulated using
the commercial FEM-based metal forming analysis software package in PAM-STAMP .
As can be seen in the tube is placed between the two punches and pressurized with water.
It is necessary to ensure that the tube is properly placed so that the bulge can appear at the center
of the tube. Optimization of the process parameter study was conducted on the free bulge geometry
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as shown previously in Figure 4.3. Geometrical dimensions of the tube used in the simulation are
given below:
Length = 311 mm
Diameter = 57.15 mm
Thickness = 1.5 mm
Length/Diameter Ratio = 3; therefore, bulge length = 3*57.15 = 171.45 mm
The material properties of DQ steel for the given simulation are shown in Table 4.3.
TABLE 4.3
MATERIAL PROPERTIES OF DQ STEEL

4.3

Material

Young’s
Modulus (GPA)

Poisson’s Ratio

Density (g/cc)

R-Bar

DQ Steel

210

0.3

7.85

1.79

Effect of Process Parameters on Strain Path
The strain path is constructed at the point of onset of necking, as predicted by the thickness

gradient criterion. With changing parameters, the strain path varies greatly. By comparing the
strain path with the set of parameters, it can be seen that a very low feed rate may not provide
material sufficiently, and thus failure occurs earlier, whereas a high feed rate may lead to defects
such as wrinkling. Therefore, the feed rate should be coordinated with the pressure. On the other
hand, friction must be kept as low as possible to facilitate material feeding. A strain path closer to
the plane strain region gives lower strain limits, and those away from the plane strain region give
higher strain limits. The obtained bulge heights from the nine Taguchi simulations are shown
previously in Table 4.2.
For bulging with end feed, condition 8 (i.e., P/t = 20 bar/sec, f/t = 0.3 mm/sec, μ = 0.02) is
the best combination, whereas condition 3 (i.e., P/t = 10 bar/sec, f/t = 0.5 mm/sec , μ = 0.2) is the
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least favorable combination. The S/N ratio for bulge height is shown in Figure 4.4 and confirms
that the best combination is a3b2c1 and worst combination is a1b3c3, which relate to condition 8
and condition 3, respectively, also validating the results. High pressure with a low value of friction
and sufficiently high feed to avoid wrinkling provides a better bulge height, whereas low pressure
and high feed coupled with a dry condition is the most unsuitable combination for bulging.

Figure 4.4. Plot of factor effects for bulge height.
4.4

Statistical Analysis of Effective Strain and Thinning Distribution Using Kurtosis
The plot for effective strain distribution and thinning distribution with respective to

longitudinal section length is shown in Figures 4.5 and 4.6, respectively. These values are taken at
a bulge height that is obtainable in all cases, in this case 18.09 mm, as evident from the
homogenization of effective strain (or plastic strain) and thinning along the longitudinal direction
of the tube performed using kurtosis. Also, the kurtosis value obtained is optimized using the
Taguchi method to determine the best combination of parameters based on effective strain induced
and thinning obtained in the tube. The objective function in both cases is that “minimum is better,”
and this is mathematically represented previously by equation (4.1). The real kurtosis value is
calculated for each test condition, using equation (4.2) and RStudio, which is a statistical analysis
software.
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Figure 4.5. Plot of effective strain distribution along length of tube.
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Figure 4.6. Plot of thinning distribution along length of tube.
It is very crucial to characterize the location and variability of a data set. Kurtosis is used
to measure whether the data are peaked or flat relative to a normal distribution. That is, data sets
with high kurtosis tend to have a distinct peak near the mean, decline rather rapidly, and have
heavy tails. Data sets with low kurtosis tend to have a flat top near the mean. Kurtosis is defined
as
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 (Y − Y )
N

realkurtosis =

i =1

4

i

(N − 1) s 4

+3
(4.2)

where Y is the mean, s is the standard deviation, and N is the number of data points. A normal
distribution has a real kurtosis of exactly 3 (excess kurtosis = 0):
•

A distribution with kurtosis < 3 (excess kurtosis < 0) is called platykurtic. Compared to a
normal distribution, its central peak is lower and broader, and its tails are shorter and
thinner.

•

A distribution with kurtosis >3 (excess kurtosis > 0) is called leptokurtic. Compared to a
normal distribution, its central peak is higher and sharper, and its tails are longer and fatter

The real kurtosis values and S/N ratios for effective strain and thinning are given in Table 4.4.
TABLE 4.4
REAL KURTOSIS VALUES AND S/N RATIOS FOR EFFECTIVE
STRAIN AND THINNING

Test
No.
1
2
3
4
5
6
7
8
9

Effective Strain
Real Kurtosis
S/N Ratio of
Value
Kurtosis Value
1.463
–3.308
1.470
–3.349
1.606
–4.116
1.424
–3.071
1.429
–3.100
1.522
–3.649
1.440
–3.170
1.465
–3.318
1.450
–3.232

Thinning
Real Kurtosis
S/N Ratio of
Value
Kurtosis Value
1.410
–2.988
1.450
–3.228
1.804
–5.126
1.461
–3.293
1.557
–3.849
1.476
–.3.384
1.638
–4.291
1.412
–3.000
1.480
–3.410

The S/N ratio plot for the kurtosis values for effective strain distribution and thinning
distribution are shown in Figures 4.7 and 4.8, respectively. As can be seen, it is quite clear that the
most optimum parameters condition for strain distribution and thinning distribution and is a3b1c2
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and a2b2c1, respectively. Test series 1 to 9 as shown previously in Figures 4.5 and 4.6 correlated
with test numbers 1 to 9 in Table 4.4.
Figures 4.7 and 4.8 show the S/N ratios for kurtosis values of effective strain distribution
and thinning distribution, respectively.

Figure 4.7. S/N ratios for kurtosis values of effective strain distribution.

Figure 4.8. S/N ratios for kurtosis values of thinning distribution.
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To calculate the best result based on effective strain and thinning, the following additive
models were used:
η Effective Strain OPT = m + (ma3 – m) + (mB1 – m) + (mC2 – m)

. (4.3)

where m is the overall mean of the S/N ratio for effective strain, m = –3.36866 , and
η Thinning OPT = m + (ma2 – m) + (mB2 – m) + (mC1 – m)

4.4)

where m is the overall mean of the S/N ratio for thinning, m = – 3. 61926.
This calculation yields η Effective Strain OPT = –2.9048 , η Thinning OPT = – 2.75464. The predicted
kurtosis for strain distribution is 10 (η Effective Strain OPT/–10) = 1.39714, and the predicted kurtosis for
thinning distribution is 10 (η Thinning OPT/–10) = 1.373194.
The optimum process parameters for strain distribution and thinning distribution are listed
in Table 4.5. These parameters were reincorporated into the simulation model, and simulations
were carried out to validate the results obtained. Two simulations were run on the optimum
condition obtained, as mentioned above, and the results obtained are tabulated in Table 4.6 along
with the range obtained from ANOVA. K refers to the real kurtosis value. The observed K value
refers to the kurtosis value obtained from the FE simulation.
TABLE 4.5
OPTIMIZED PROCESS PARAMETERS
Objective Function Optimum Condition
Strain Distribution
a3b1c2
Thinning Distribution
a2b2c1

P/t (bar/sec)
15
10

f/t (mm/sec)
0.2
0.4

µ
.08
.02

TABLE 4.6
PREDICTION AND VERIFICATION RESULTS
Objective Function Optimum Condition
Strain Distribution
a3b1c2
Thinning Distribution
a2b2c1

Predicted K
1.39
1.37
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Observed K
1.42
1.39

Range
1.35–1.43
1.32–1.42

The value obtained from simulation based on optimum conditions falls within the range
predicted by ANOVA, which validates our result. The predicted value of real kurtosis is close to
the observed value, but it seems to under predict in both cases. Nevertheless, the observed kurtosis
value being within the range verified the prediction.
4.5

Validation of Result
The lowest value of kurtosis for the above combinations shows that these are the most

favourable combination of process parameters that will give the uniform distribution of strain and
thinning along the length. Also, at these settings, the thinning obtained was as low as 0.22 mm and
the bulge height was 27.5 mm, which confirms that these conditions give good bulge height.
4.6

Conclusions
The three-dimensional (3-D) CAD model representing tube bulging was developed in

SOLIDWORKS software, and simulated in PAM-STAMP software. Taguchi analysis was carried
out to optimize the process parameters, and the result obtained was validated. Conclusions from
Chapter 4 are as follows:
•

Process parameters have a significant impact on strain path, which in turn affects the bulge
height of the tube.

•

Maximum bulge height is obtained when the pressure rate is high and the feed rate is
sufficient to feed material, whereas at greater feed and less pressure, the bulge height is
minimum. A lower value of friction is always suitable.

•

Process parameters are optimized at a minimum bulge height of 18.09 mm (achievable in
all simulations, without necking) with the objective of homogenizing the effective strain.
It was found that a high-pressure rate along with slow feeding provides a uniform
distribution of effective strain, which is denoted by a kurtosis value of 1.42.
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•

Thinning can be minimized as well as nearly uniformly distributed when the feed and
internal pressure are both in the mid-range (neither too high nor too low) with a very welllubricated condition. The real kurtosis value obtained is 1.39.
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CHAPTER 5
EFFECT OF GEOMETRIC PARAMETERS ON BULGING OF PIPELINE

5.1

Introduction
The bulging process has become an effective manufacturing process, because it can be

adapted to the manufacturing of complex structural components into a single body with high
structural stiffness. One of the major advantages of this process is weight reduction, but it is slow
compare to other processes and the tooling cost is high.
Production of a high-quality product depends on factors such as loading path, material
strain limits, and lubrication conditions. The loading path here, however, plays a very significant
role. It is shown that utilization of optimized loading paths yields a better conformance of the part
to the die shape or leads to a higher bulge height. To decide the optimized loading path and other
process parameters, it is important that finite element simulations be carried out in order to
ultimately reveal the effect of process parameters on the strain limits of the tube. The reason that
industry adopts FEM simulations is because of its low cost and less time consumption than
experimental analysis.
In this study, the intent of the optimization procedure was to analyze the effect of bulge
length and process parameters on bulge height and thinning in the tube.
5.2

Quality Characteristics and Objective Function
The quality characteristic measured was the bulge height at necking for all nine

experiments for each tube. Since the greater the bulge height, the better it is, the objective function
used was

 = −10 log (1/H)2
where H is the bulge height.
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(5.1)

Since a lower amount of thinning is better, the thinning objective function used was

 = −10 log (t)2

(5.2)

where t is the thinning of the pipe
5.2.1 Control Factors and Their Levels
The process parameters considered in this analysis were the following:
•

Pressure rate

•

Axial feed rate

•

3L/D ratio

After doing a trial simulation, the levels of control factors, as shown in Table 5.1, were chosen
because the wrinkling phenomenon was avoided.
TABLE 5.1
LEVELS OF CONTROL FACTORS IN TUBE BULGING PROCESS
Level
Factor
P/t
(bar/sec)
f/t
(mm/sec)
l/d

1

2

3

5(a1)

10(a2)

15(a3)

0.2(b1)

0.4(b2)

0.6(b3)

1(c1)

2(c2)

3(c3)

5.2.2 Designing the Simulation Matrix
The total number of degrees of freedom for the system was nine: two for each of the three
control parameters, one for the overall mean, and two assigned to the error. Hence, an L9
orthogonal array was chosen to design the experiments. Various levels of P/t, f/t, and l/d ratio were
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used, and the simulation matrix was designed according to the L9 (34) orthogonal array. The log
sheet information for the nine experiments is provided in Table 5.2.
TABLE 5.2
LOG INFORMATION FOR NINE EXPERIMENTS
Test No.
1
2
3
4
5
6
7
8
9

P/t (bar/sec)
5
5
5
10
10
10
15
15
15

f/t (mm/sec)
0.2
0.2
0.2
0.4
0.4
0.4
0.6
0.6
0.6

l/d
1
2
3
2
3
1
3
1
2

5.2.3 Noise Parameter
The noise parameter, which introduces noise to a system, is not in our control. Here friction
and thickness variation of the tube were considered to be noise parameters. In order to make the
DOE robust to these noise parameters, they were included in the orthogonal array, as shown in
Tables 5.3 and 5.4.
TABLE 5.3
BULGE HEIGHT DATA AND S/N RATIOS
Test
No.
1
2
3
4
5
6
7
8
9

µ = .08
t = 1.4
21.06
26.03
26.2
24.97
26
22.7
27.42
22.86
24.31

Maximum Bulge Height (mm)
µ = .6
µ = .6
t = 1.6
t = 1.4
17.62
17.93
19.5
19.2
15.3
16.4
19.4
19.5
20.3
20.7
17.85
17.84
20.99
20.91
17.68
18.1
19.45
19.11
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µ = .08
t = 1.6
21.29
25.13
26.36
23.43
26.17
23
26.91
22.42
24.04

S/N
25.68
26.77
25.65
26.66
27
25.99
27.4
25.95
26.57

TABLE 5.4
THINNING DATA AND S/N RATIOS
Test
No.

µ = .08
t = 1.4
.368
.446
.475
.431
.421
.393
.429
.343
.379

1
2
3
4
5
6
7
8
9
5.3

Thinning (mm)
µ = .6
µ = .6
t = 1.6
t = 1.4
.66
.675
.534
.68
.461
.45
.711
.715
.524
.508
.664
.626
.653
.577
.757
.62
.714
.743

µ = .08
t = 1.6
.366
.36
.423
.397
.336
.388
.47
.368
.396

S/N
53.73
57.02
68.85
46.84
68.67
54.6
53.6
51.9
46.77

Simulation Geometry
Figure 5.1 explains the overall methodology employed for the FEA simulation. The CAD

model was modeled using SOLIDWORKS software. This model was then uploaded in PAMSTAMP, and further investigation of the bulging process was virtually carried out using FEA. In
tube bulging, the onset of necking was predicted using thickness gradient criteria.
The tube bulge test esd used to evaluate the strain limits in the tube bulging process. The tube was
supported between a lower and an upper die. Axial feeding was provided by two punches in the
axial direction. Internal hydraulic pressure was used to form the tube. Bursting failure was
observed at a relatively low axial feed rate under high internal fluid pressure. The test was
simulated using the commercial FEM-based metal forming analysis software package PAMSTAMP. The tube was place between the two punches and pressurized using water. It is important
to ensure that the tube is properly placed so that the bulge can appear at the center of the tube. The
optimization of geometric parameters study was conducted on a free bulge geometry, as shown in
Figure. 5.1. The material properties of the DQ steel selected for the given simulation are in shown
in Table 5.5.
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Figure 5.1. Schematic of FEA setup for bulging.
TABLE 5.5
MATERIAL PROPERTIES OF DQ STEEL
Material

Young’s
Modulus (GPA)

Poisson’s Ratio

Density (g/cc)

R-Bar

DQ Steel

210

0.3

7.85

1.79

From the plots of factor effects, as shown in Figures 5.2 and 5.3, it can be seen that a3b1c3
is the optimum condition for achieving maximum bulge height, and a1b2c3 is the optimum
condition for achieving minimum thinning.

Figure 5.2. Plot of factor effects for bulge height.
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Figure 5.3. Plot of factor effects for thinning.
he sSet of parameters for this optimum condition can be found in Table 5.6.
TABLE 5.6
OPTIMIZED PROCESS PARAMETER
Objective Function

Optimum Condition

P/t (bar/sec)

f/t (mm/sec)

l/d

Bulge Height

a3b1c3

20

0.1

3

Thinning

a1b2c3

10

0.3

3

The optimum setting for bulge height is a3b1c3, which corresponds to experiment no. 7 in
the array shown previously in Table 5.2. Bulge height was predicted using the Taguchi additive
model, which was explained section 3.5. Predicted and observed bulge height data are shown in
Table 5.7.
TABLE 5.7
PREDICTION AND VERIFICATION OF RESULTS
Objective Function

Optimum Condition

Predicted

Observed

Range

Bulge Height

a3b1c3

22.62

24.05

22.97–25.13
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5.4

Conclusions
The 3-D CAD model representing tube bulging was developed in SOLIDWORKS software

and simulated in PAM-STAMP software. Taguchi analysis was carried out to optimize the
geometric parameters, and the result obtained were validated. Conclusions from Chapter 5 are as
follows.
•

For a given operating condition, the bulge height increases and thinning is minimized with
the increase in bulge length.

•

The optimum condition obtained for maximum bulge height is a3b1c3 , where the bulge
height is maximum at higher pressure and a higher bulge length.

•

The optimum condition obtained for minimum thinning is a1b2c3, where thinning is
minimum at lower pressure and a higher bulge length.

•

For a given l/d ratio, friction has a negative impact on the bulge height as well as thinning
because higher friction resists the flow of material and causes it to thin more rapidly at the
critical area where necking occurs.
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CHAPTER 6
EFFECT OF MATERIAL PROPERTIES ON BULGING OF PIPELINE

6.1

Introduction
The bulging procedure has become an effective manufacturing process because it can be

adapted to the manufacturing of complex structural components into a single body with high
structural stiffness. Tube bulging has been successfully developed in industry, such as in the
manufacturing of the components of automotive vehicles. Steel tubing has an excellent strengthto-weight ratio, effectively reducing vehicle and improving stiffness in vehicle applications. Other
potential advantages are improved dimensional control and reduced cost, both of which are
partially due to part consolidation and a large reduction in the welding of stampings to create
closed sections. The full exploitation of bulging requires an improved understanding of bulging
limits during the bulging process. During tube and sheet bulging, the material parameters play an
important role in deciding the depth of draw (i.e., strain limits), thus influencing the weight of the
component.
In this chapter, the bulging strain limits during tube bulging with different sets of material
properties are predicted and sensitivity analysis is carried out. The dependence of slope of the
bulging limit diagram on the material parameters is analyzed.
6.2

Methodology and Simulation Scheme
Figure 6.1 shows the overall methodology employed for FEA simulation. The CAD model

was modeled in SOLIDWORKS software. The model was then uploaded in PAM-STAMP, and
further investigation of the bulging process was virtually carried out using FEA. In tube bulging,
the onset of necking was predicted using thickness gradient criteria.
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Figure 6.1. Schematic of FEA setup for bulging.
The tube bulge test was used in order to evaluate the strain limits in the tube bulging
process. The tube was supported between a lower and an upper die. Axial feeding was provided
by two punches in the axial direction. Internal hydraulic pressure was used to form the tube.
Bursting failure was observed at a relatively low axial feed rate under high internal fluid pressure.
The test was simulated using the commercial FEM-based metal forming analysis software package
PAM-STAMP. The tube was place between the two punches and pressurized using water. It is
important to ensure that the tube is properly placed so that the bulge can appear at the center of the
tube. Optimization of the material parameter study was conducted on the free bulge geometry, as
shown previously in Figure. 6.1.
6.2.1 Quality Characteristics and Objective Function
The quality characteristic measured was the plane strain limit strain (i.e., BLD0) for all four
experiments for each tube. Since the greater the plane limit strain, the better it is, the larger
objective function used was better.
 = −10 log (1/plain strain)2
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(6.1)

6.2.2 Control Factors and Their Levels
he important material parameters included in this analysis are the following:
•

Strain-hardening exponent, n

•

Plastic strain ratio, r

•

Thickness of tube or sheet, t

Table 6.1 lists the levels of control factors chosen after the trial simulation so that the wrinkling
phenomenon was avoided.
TABLE 6.1
LEVELS OF CONTROL FACTORS IN TUBE BULGING PROCESS
Level
Factor
1

2

n

0.22(a1)

0.4(a2)

r

0.75(b1)

1.79(b2)

t

1.6(c1)

3.2(c2)

6.2.3 Designing the Simulation Matrix
The total number of degrees of freedom for the system was four: one for each of the three
control parameters and one for the overall mean. Hence, an L4 orthogonal array was chosen for
the DOE. The log sheet for the four experiments (simulations) is provided in Table 6.2.
TABLE 6.2
L4 ORTHOGONAL ARRAY
Test No.
1
2
3
4

n
0.22
0.22
0.4
0.4

r
0.75
1.79
0.75
1.79
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t
3.2
1.6
1.6
3.2

6.3

Numerical Simulations
The tube was assumed to be a circular cylinder for the purpose of simulation. Variations

of wall thickness and material property parameters around the circumference of the tube were
neglected. The wall thickness of the tube was taken to be the average measured value as per the
data given previously in Table 6.1.
6.3.1 Necking Criteria
The bulging strain limits during simulation were predicted using the 0.92-thickness
gradient criterion. As mentioned earlier, according to this criterion, the presence of a neck is
perceived as development of a local critical thickness gradient across neighboring elements during
bulging.
6.4

Results

6.4.1 Bulging Limit Diagrams
The bulging limit diagrams generated through simulations for the above experiments are

Major Strain

shown in Figures 6.2 to 6.5.

Minor Strain

Figure 6.2. Bulging limit diagram for test no 1.
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Major Strain
Minor Strain

Major Strain

Figure 6.3. Bulging limit diagram for test no 2.

Minor Strain

Major Strain

Figure 6.4. Bulging limit diagram for test no 3.

Minor Strain

Figure 6.5. Bulging limit diagram for test no 4.
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The geometrical shape of the bulging limit curves was quantified through BLD0, the
intercept of the BLC on the major strain axis. Slope L The slope of the curve in the drawing region
of the BLD and Slope R. The slopes of the curves in the stretching regions of the bulging limit
diagrams nos. 1 to 4 are shown in Figures 6.6 to 6.9. The slope of a non-linear curve in a particular
quadrant is assigned an average value by measuring the slope of the curve in segments of equal

Major Strain

length and then averaging them.

Major Strain

Minor Strain
Figure 6.6. Slope calculation for BLD no 1.

Minor Strain

Figure 6.7. Slope calculation for BLD no 2.
71

Major Strain

Major Strain

Minor Strain
Figure 6.8. Slope calculation for BLD no 3.

Minor Strain
Figure 6.9. Slope calculation for BLD no 4.
6.4.2 Analysis of Variance
The values of the S/N ratios for the left, right, and zero slopes are shown in Table 6.3.
TABLE 6.3
VALUES OF LEFT SLOPE, BLD0 , RIGHT SLOPE, AND CORRESPONDING S/N RATIO
Test No.
1
2
3
4

S (Left)
1.88
2.99
0.9
1.71

S/N Ratio
5.48
9.51
-–0.91
4.65

BLD0
0.82
1.76
2.159
1.4
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S/N Ratio
-–1.72
4.91
6.68
2.92

S (Right)
0.82
1.76
2.15
1.4

S/N Ratio
-–1.72
4.91
6.68
2.92

From Figure 6.10, it can be seen that a2b1c1, a1b2c1, and a2b2c2 are the best settings for the
individual cases, and the corresponding predicted BLD0, left slope, and right slope using the
predicted model are 0.68, 4.6, and 2.54, respectively.
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Figure 6.10. Plots of factor effects: (a) BLD0, (b) left slope, and (c) right slope.
From the combine plots of the factor effects, a2b2c2 was the best setting of parameters.
BLD0, slope (left), and slope (right) were predicted using the additive model:
η (H)OPT = m + (mA2 – m) + (mB2 – m) + (mC2 – m)
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(6.2)

where
1

m =

mA2 = 2 ∗ (η 3 + η 4 )

(6.3)

mB2 = 1/2 ∗ (η 2 + η 4)

(6.4)

𝑚𝐶2 = 1/2 ∗ (𝜂 2 + 𝜂 3)

(6.5)

1
∗ (η 1 + η 2 + ƞ 3 + ƞ 4 ) = 27.58
4

(6.6)

where ƞ is the S/N ratio, and m is the overall mean.
Table 6.4 shows the optimized process parameters.
TABLE 6.4
OPTIMIZED PROCESS PARAMETER
Objective Function

Optimum Condition

n

r

t

Plain Strain

a2b2c1

0.4

1.79

3.2

It can be seen that the trend of the Taguchi predicted graph shown in Figure 6.11 and the one
achieved from simulation (Figure 6.12.) match well. The ANOVA technique was applied to
investigate the effect of material parameters on the strain limits. The obtained BLD using

Major Strain

simulation is shown in Figure 6.12.

Minor Strain

Figure 6.11. Predicted BLD using additive model.
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Major Strain
Minor Strain
Figure 6.12. Obtained BLD corresponding to 2-2-1 condition.
Table 6.5 shows that n has highest contribution on strain limits, followed by r and t.
TABLE 6.5
PERCENT CONTRIBUTION OF N, R, AND T ON BLD0, LEFT SLOPE,
AND RIGHT SLOPE

6.5

Parameter

BLD0

Left Slope

Right Slope

n

87.57

57.23

26.17

r

8.12

41.70

5.23

t

4.32

1.079

68.56

Conclusions
The 3-D CAD model representing tube bulging was developed in SOLIDWORKS software

and simulated in PAM-STAMP software. Taguchi analysis was carried out to optimize the material
parameters, and the result obtained was validated. Conclusions from Chapter 6 are as follows:
•

The optimum condition obtained for maximum plain strain was a2b2c2, which shows that
the higher the n, r , and t , the greater the strain limits.

•

From Table 6.5 showing the percent contribution of n, r, and t, it can be concluded that
among these parameters, the most prominent factor contributing to strain limits is n,
followed by r and t.
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CHAPTER 7
EFFECT OF PRE-STRAIN ON STRAIN LIMITS IN BULGING

7.1

Introduction
During tube bulging operation, the material is subjected to complex strain histories. The

study of the response of a material undergoing a sequence of loadings is thus important for the
knowledge of its macroscopic behavior. The response of a pre-strained material is the result of an
interaction between its structural state and the new loading mode. Automotive stampings are often
subjected to multiple bulging operations. Single-mode deformation processes, most commonly
used in laboratory evaluations of automotive sheet materials, may not realistically predict material
press performance. Therefore, strain limit tests that use multiple deformation stages would better
simulate actual material performance. The plastic flow behavior of metals during sequential strain
paths has been exhaustively analyzed. The aspects of mechanical behavior associated with strain
path changes are now well known. The mechanical behavior of metals after path changes follows
the following pattern: the higher the initial flow stress in reloading, the lower the work hardening
rate and the total uniform plastic deformation during the complex path. The empirical equation
that accurately describes the experimental stress-strain curves of a pre-strained sample is a swift
type equation that considers the monotonic behavior in tension and the values of the normalized
reloading yield stress and predicts the work-hardening behavior after pre-strain. The non-uniform
deformation sometimes observed at the beginning of the reloading in tension, before the maximum
load is attained, is not connected with local instability at the grain level. Experimental analyses
indicate that this effect consists of a delay in starting deformation in some regions, whose
deformations evolve differently along the sample and must be related with the mechanical behavior
and the presence of geometrical defects. To obtain a better understanding of this effect, further
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analyses are needed. However, the experimental measurement of the evolution of the strain
distribution along the samples, during tensile tests, needs specific analysis that is not simple to
perform with common test equipment. In this context, the numerical simulation is a powerful
alternative tool if correct mechanical models are used.
The bulging process has become an effective manufacturing process, because it can be
adapted to the manufacturing of complex structural components into a single body with high
structural stiffness. Tube bulging has been successfully developed in industry, such as in the
manufacturing of components of automotive vehicles. Steel tubing has an excellent strength-toweight ratio, and therefore its applications can effectively reduce vehicle weight and improve
vehicle stiffness. Other potential advantages are improved dimensional control and reduced cost,
both of which are partially due to part consolidation and a large reduction in the welding of
stampings to create closed sections.
The full exploitation of bulging requires an improved understanding of bulging limits
during the bulging process. In this chapter, the effect of a pre-strained tube on strain limits and
bulging strain limits during tube bulging is predicted and compared with a zero pre-strained tube.
7.2

Methodology for Quantifying Pre-Strain Effect
The methodology adopted in the simulation of tube bulging is the tube bulge test, which

was explained in Chapter 5. Simulations were carried out on the zero pre-strain and pre-strain
tubes. The different effective pre-strain values used were 0.2 and 0.3, and to obtain a wide range
of bulging limit curves, the different strain paths used were biaxial tension, plain strain, and
uniaxial tension, as shown in Figures 7.1 and 7.2.
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Figure 7.1. Yield locus with different pre-strain conditions (Pambhar & Narasimhan, 2013).

Figure 7.2. Different strain paths for simulation (1 = biaxial tension, 2 = plane strain, 3 = uniaxial
tension (Pambhar & Narasimhan, 2013).
7.2.1 Effective Strain
To simulate the pre-strain tube during tube bulging, it is assumed that the outer bending of
the tube is in uniaxial tension, like the strain path condition 3, as shown previously in Figure 7.2.
To consider the different tensile effective strains, the von-Mises criterion is used to evaluate the
thinning and thickness of the tubular blank. Table 7.1 shows the estimated percent thinning and
thickness of the tube before bulging for different tensile effective strains.
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TABLE 7.1
THICKNESS OF TUBULAR BLANK FOR DIFFERENT TENSILE EFFECTIVE STRAINS
Tensile Effective Strain Percent Thinning Thickness (mm)
0

0

1.4

0.2

10

1.26

0.3

15

1.19

7.2.2 Numerical Simulation
The tube was assumed to be a circular cylinder for the purpose of simulation. Variations in
wall thickness and material property parameters around the circumference of the tube were
neglected. The wall thickness of the tube was taken to be the average measured value of 1.4 mm;
similar relevant assumptions were used in the pre-strained tube bulging processes. The wall
thickness of the pre-strained tube was taken to be average measured values of 1.26 and 1.19
corresponding to the thinning values 0.1 and 0.15 at effective pre-strain values of 0.2 and 0.3 from
von-Mises criterion. Figure 7.3 shows the stress-strain curve for zero pre-strain and pre-strain tubes
according to the flow equation, σ = K(ε0 + ε)n.

Figure 7.3. Numerical true stress-true strain curves with 0%, 20%, and 30% pre-strain.
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7.3

Results and Discussion
Figure 7.4 compares the input-output pressure curves obtained from FEA simulation. The

sudden drop of output pressure is an indication of excessive thinning in the expansion region. The
axial displacement vs. time applied during axial feed expansion of tubes is shown in Figure 7.5.
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Figure 7.4. Input-time histories during bulging.

80
70

Axial Punch Travel (mm)

Pressure (MPa)

0.16

60

Axial Feed 2

50
40
30

Axial Feed 1

20
10
0
0

2

4

6

8

10

12

14

16

Time (sec)

Figure 7.5. Axial punch displacement during axial feed bulging.
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Figure 7.6 shows the results of excessive pressurizing during the bulging process, where necking
occurs at the middle of the tube wall according to the thickness gradient criterion with necking
bulge height.

Figure 7.6. Simulation of necked tubes obtained from bulge test under different pre-strain
conditions (BH = bulge height).
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Table 7.2 shows the details of necking or bursting pressure at different pre-strained tube
under different loading paths during tube bulging. It indicates that the necking pressure is almost
same for pre-strained tube i.e., the time required to satisfy the thickness gradient criterion is almost
same for each loading path.
TABLE 7.2
DETAILS OF NECKING PRESSURE AT DIFFERENT PRE-STRAINED TUBES
UNDER DIFFERENT LOADING PATHS
Case

Necking Pressure (MPa)
I1

I2

I3

I4

0%

41.23

42.21

42.61

43.18

20%

43.21

42.70

42.30

41.86

30%

42.19

42.49

42.11

42.07

Figure 7.7 shows how the thickness gradient is developed with respect to time from case
I1 to I4. It also shows that the necking pressure, which is continuously increasing from I1 to I4, is
due to the optimization for a combination of process conditions and material properties.
1.02

Thickness Ratio

1
0.98
0.96

P = 41.23 MPa
P = 42.21 MPa
P = 42.61 MPa
P = 43.18 MPa

0.94
0.92
0.9
0

0.5

1

I4
I1 I2

I3

1.5
2
2.5
Time (sec)

3

3.5

4

Figure 7.7. Thickness ratios along time during tube bulging under different loading paths.
As can be seen from Figure 7.7, case I1 , which corresponds to the highest pressure rate, and I4,
which corresponds to the lowest one, indicate that the greater the pressure is striper the thickness
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gradient produces, which results in a non-uniform thickness distribution across the pipe. Hence, to
obtain a uniform thickness distribution across the pipeline, the lowest pressure rate must be chosen,
but a lower pressure rate results in a slower process because the material takes longer to deform.
The gradient of thickness during tube bulging at different pre-strained tubes under different
loading paths is shown in Figure 7.8. It straight away clears that for 0% pre-strain the thickness
gradient develops faster than the pre-strain tube, but the thickness gradient during prestrain tube
bulging are almost same and the thickness gradient criterion satisfies at the almost same time. The
necking bulge height is decreasing for the same pressure curve is because if the % pre-strain is
more, the work hardening is more. So, the failure of the tube is delayed as we go towards 0% prestrain. Table 7.3 shows major and minor strains and their respective neck orientations.

(a) Pressure curve I1

(b) Pressure curve I2
Figure 7.8. (a), (b), (c) and (d)Thickness ratios along time during tube bulging for different prestrained tubes under different loading paths (I1, I2, I3, and I4).
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(c) Pressure curve I3

(d) Pressure curve I4
Figure 7.9. (a), (b), (c) and (d)Thickness ratios along time during tube bulging for different prestrained tubes under different loading paths (I1, I2, I3, and I4).
TABLE 7.3
DETAILS OF DIFFERENT SIMULATIONS DURING TUBE BULGING
AT PERCENT PRE-STRAIN
Sr.
No.
1
2
3
4
5
6
7

Boundary
Condition
FA
FA
FA
FA
FA
FA
FA

Eminor

Emajor

-–0.181
-–0.163
-–0.146
-–0.129
-–0.124
-–0.128
-–0.117

0.683
0.631
0.588
0.579
0.564
0.588
0.549
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Eminor/
Emajor
-–0.264
-–0.259
-–0.248
-–0.223
-–0.221
-–0.217
-–0.214

Neck
Orientation
AD
AD
AD
AD
AD
AD
AD

TABLE 7.3 (continued)

Sr.
No.
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Boundary
Condition
FA
FA
FA
FA
FR
FR
FR
FR
FI
FI
FI
FI
FI
FI

Eminor
–0.084
-–0.083
-–0.066
-–0.046
-–0.032
0.011
0.05
0.08
0.201
0.213
0.211
0.281
0.307
0.308

Emajor
0.471
0.485
0.466
0.44
0.413
0.401
0.447
0.45
0.55
0.588
0.58
0.7264
0.770
0.780

Eminor/
Emajor
–0.1801
-–0.171
-–0.142
-–0.103
-–0.0784
0.0275
0.124
0.197
0.365
0.361
0.36
0.387
0.399
0.395

Neck
Orientation
AD
AD
AD
AD
AD
AD
AD
AD
HD
HD
HD
HD
HD
HD

FA = Axial Feed Expansion, FR = Free Expansion, FI = Fixed Expansion, AD = Axial Direction

TIn this way, a wide range of strain limits from drawing to complete stretching is obtained.
Figure 7.9 shows a comparison of strain limits during tube bulging for 0% pre-strain with
thicknesses of 1.4 mm and 1.26 mm, and 20% pre-strain with a thickness of 1.26 mm. The graph
here clearly shows that the strain limits during tube bulging at 0% pre-strain are higher than those
at 20% pre-strain, but the difference is the combination of pre-strain plus thickness effect. Figure
7.9 also shows a comparison of strain limits at different levels of pre-strain, clearly indicating that
as the % pre-strain increases, the strain limit decreases.
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Figure 7.10. Bulging limit curves for 0% and 20% pre-strains at same thickness.
The four graphs shown in Figure 7.10 indicate the thickness strain distribution for a particular
loading path for the same bulge height. They indicate that as the pre-strain increases, the thickness
strain decreases, confirming that the strain limit decreases when there is a higher pre-strain.
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(a) Pressure curve I1
Figure 7.11. (a), (b), (c) and (d) Thickness strain distributions along tube length during tube
bulging for different pre-strained tubes under different loading paths (I1, I2, I3, and I4).
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(c) Pressure curve I3
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(d) Pressure curve I4
Figure 7.12. (a), (b), (c) and (d) Thickness strain distributions along tube length during tube
bulging for different pre-strained tubes under different loading paths (I1, I2, I3, and I4).
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7.4

Conclusions
The 3-D CAD model representing tube bulging was developed in SOLIDWORKS software

and simulated in PAM-STAMP software. Taguchi analysis was carried out to analyze the prestrain effect on bulging of the pipeline. The conclusions from Chapter 7 are as follows:
•

To evaluate the bulging strain limits during bulging process, simulation under various
combinations of internal pressure and axial loading and different process conditions was
undertaken.

•

Using thickness gradient criterion, the occurrence of necking, i.e., bulging strain limits
during tube bulging at different pre-strain levels under different loading paths were
estimated.

•

A comparison of the strain limits and bulging strain limits during tube bulging at different
percentages of pre-strain values shows that the strain limits and bulging strain limits
decrease with an increase in the magnitude of the pre-strain.

88

CHAPTER 8
PROBABILISTIC APPROACH FOR BURSTING FAILURE
8.1

Methodology
The aim of this chapter is to develop a probabilistic model for calculating the failure

probability and to find the associated reliability for a given pipeline in a plant that is affected by
time-dependent failure due to corrosion. This was done by applying a probabilistic approach to the
Shell-92 pressure failure prediction model. Monte Carlo simulation was used to predict the
probability of failure, and at the end, optimized corrosion rates were predicted using reliabilitybased design and optimization technique.
8.1.1 Shell-92 Pressure Failure Prediction Model
The pressure-withstanding capacity of pipelines is a function of its geometrical dimensions
and ultimate tensile strength of the pipeline material. Klever et al. (1995) presented the following
pressure failure model, which is widely known as the Shell-92 pressure failure prediction model.

d (T ) 

1−

t

Pf = 1.8 * UTS * (t / D ) * 
d (T ) 

1−

tM 


(8.1)

where Pf is the failure pressure, D is the pipe diameter, t is the wall thickness, M is the bulging
factor, T is the elapsed time, and d(T) is the time-dependent depth of the defect. Here,

M = 1 + .805

L(T ) 2
Dt

(8.2)

d (T ) = d 0 + Vr (T − T0 )

(8.3)

L(T ) = L0 + Va (T − T0 )

(8.4)
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where L(T) is the axial length of the defect projected on the pipe longitudinal axis, d0 and L0 are
the measured depth and length, respectively, of a defect at time T0 (time of last inspection),Vr is
the radial corrosion rate, and Va is the axial corrosion rate. The term z can be defined as the
difference between the pipeline failure pressure Pf and the pipeline operating pressure Pop:
z = Pf ̶ Pop

(8.5)

where when z < 0, the pipeline will burst as Pop becomes larger than Pf .
8.1.2 Random Variables
As discussed earlier, failure pressure depends on the material property ultimate tensile
strength, pipe diameter D, wall thickness t, defect dimensions d0, L0, corrosion rates Vr and Va,
and operation pressure Pop. As shown in Table 8.1, UTS, wall thickness t, pipe diameter D, and
operating pressure Pop are assumed to be deterministic and constant, and the other variables are
considered to be random, as shown in Table 8.2. Each of these random variables was chosen to be
mechanistically and statistically independent.
TABLE 8.1
CONSTANT VALUES
Parameter
Value

UTS
(MPa)
580

Pop
(MPa)
5

D
(mm)
350

t
(mm)
6

TABLE 8.2
RANDOM VARIABLES
Variable
µ
cov

Vr
(mm/yr)
.15
.2

Va
(mm/yr)
18
.25

90

L0
(mm)
5.29
.05

d0
(mm)
2
.2

8.1.3 Monte Carlo Simulation for Predicting Pipeline Failure
Landu and Binder (2000) showed that Monte Carlo simulation is one of the most powerful
tools to predict failure probability. Figure 8.1 shows the MCS for predicting pipeline failure.
Start

Generate random number on
interval [0,1]

Draw stochastic samples to conform to
normal and lognormal distribution

Repeat M
times

Repeat N
times

Using samples as inputs, calculate failure
pressure by equation (8.1)

Using calculated values (< = 0),
draw histogram to get PDF

Average M histogram to get final PDF
Figure 8.1. Monte Carlo simulation.
In MCS, the very first task is to generate a million random samples according to the mean
and coefficient of variance provided in Table 8.2, than calculate Z = Pf – Pop at those million
samples, and finally, calculate the failure probability by dividing all those cases where in Z < 0
by a million samples.
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Pf= Nz / N…
where Nz is the number of simulation cycles when Z < 0, N is the total number of simulations, and
Pf is the failure probability.
Failure probability can be further used for calculating total life cycle cost as

Cost (T ) = Ca +  Cm(i ) +  Cf (i ) * Pf
T

T

i =1

i =1

(8.6)

Total life cycle has three components: Cc (capital cost), Cm (maintenance cost), and Cf (system
failure cost). It was assumed that the capital cost is $1.98 million, maintenance cost is $0.25
million, and expected failure consequence cost is $3.3 billion (Tee et al., 2014). System failure
results in heavy total life cycle cost; hence, maintenance, must be planned by looking at the
probability of failure so that catastrophic failure can be avoided.
8.2

Sensitivity Analysis
Figure 8.2 shows the probability of failure and corresponding reliability.
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Figure 8.2. Probability of failure and corresponding reliability.
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As time passes, the length and depth of the corrosion defect increases, which leads to a greater
number of failures. The same phenomena is also shown in terms of reliability R , which is given
as
(8.7)

𝑅 = 1 − probability of failure

Ideally there are no corrosion defects in the very beginning of a new pipline; hence, the
probability of failure is 0 and the reliability is 1. As time passes, the pipeline reliability decreases
due to the increase in corrosion defects and aging of the material as the result of an increase in
defect size. Defects like porosity, inclusion, and flows (voids) get combined over time, resulting
in defect enlargement, which makes the material weaker, and the weaker the material, the lower
the bursting pressure. This probabilistic phenomena can be analyzed using the Monte Carlo
simulation technique.
The effect of the radial corrosion rate on the probability of failure is shown in Figure 8.3.
As the rate of radial corrosion increases, the probability of failure increases, which is due to
enlargement in the defect size. The larger the defect, the greater the probability of failure because
defect size is directly proportional to the probability of bursting failure.
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Figure 8.3. Probability of failure under different radial corrosion rates.
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Figure.8.4 shows effect of length of defect on the probability of failure. As the length of
the defect increases, the probability of the defect also increases.
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Figure 8.4. Probability of failure under different defect lengths.
The effect of axial corrosion rate on the probability of failure is shown in Figure.8.5. As
the rate of axial corrosion increases, the probability of failure increases. Figure 8.6 shows the effect
of defect depth on the probability of failure. As the depth of the defect increases, the probability
of a failure increases. Among the defect depth, length, radial corrosion rate, and axial corrosion
rate, failure probability is more sensitive towards the radial corrosion rate and length of the
corrosion defect.
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Figure 8.5. Probability of failure under different axial corrosion rates.
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Figure 8.6. Probability of failure under different defect depths.
Figure 8.7 compares the deterministic and probabilistic failure pressures at given elapsed
times.
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Figure 8.7. Comparison of deterministic and probabilistic models.
As can be seen, the probabilistic model predicts an earlier failure than the deterministic Shell-92
model, taking into consideration the variation in random variables such as depth and length of
defect, and axial and radial corrosion rates, which proves that the probabilistic model gives a more
conservative prediction of failure pressure. This probabilistic model can be written in the form of
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an empirical equation by curve fitting the different values of the deterministic and probabilistic
models as can be seen in Figure 8.8.

Curve Fitting
8
7
y = -0.1643x + 6.9029
R² = 0.9845
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Figure 8.8. Curve fitting for Memon-Lankarani model.
Equation (8.8) is the empirical form of the probabilistic model, which has been named the MemonLankarani model of bursting pressure for a straight pipe. This gives a more conservative prediction
of failure pressure than the Shell-92 deterministic model.

 d (t ) 
 1− t 
Pf = 1.8*UTS *(t/ D)* 
− .164t − 6.9
d (t ) 
 1−

tM 


(8.8)

Figure. 8.9 shows the total life cycle cost, calculated based on three components Cc (capital
cost), Cm (maintenance cost), and Cf (system failure cost). As time passes, the gap between
maintenance cost and system failure cost widens because of increases in the failure probability
over the period. System failure results in heavy total life cycle cost; hence, maintenance must be
planned by looking at the probability of failure so that catastrophic failure could be avoided.
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Figure 8.9. Effect of failure probability on total life cycle cost.
8.3

RBDO Technique
In the present work, a failure probability was calculated using the probabilistic model to

find the associated reliability for a given pipeline. This was accomplished by applying a
probabilistic approach to the Shell-92 failure prediction model. The Monte Carlo simulation
scheme was used to predict the probability of failure. The optimized corrosion rates were predicted
using the reliability-based design and optimization technique, in which the probabilistic constraint
is based on the Shell-92 pipeline failure prediction model. The obtained RBDO results were
compared through three different approaches: reliability index approach, performance measure
approach, and Monte Carlo simulation.
The basic RBDO problem is given as follows:
Find d that minimizes the function f(d), such that G(d,x) < Pf, where G is the constraint
function, in this case the failure pressure constraint function, and Pf is the desired failure
probability. This problem can be solved through any of following methods:
•

Two-level RBDO approach:
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1. RIA (Nikolaidis & Burdisso, 1988)
2. PMA (Tu & Choi, 1999)
•

Mono-level RBDO approach

•

Decoupled RBDO approach

In the present work, the two-level RBDO is being discussed.
RBDO optimization has received attention in various fields in an effort to develop an
efficient design. In the robust system parameter design, the RBDO model can be given according
to the work of Enevoldsen and Sorensen (1994), Chandu and Grandi (1995), Choi et al. (1996),
Wu and Wang (1996), Yu et al. (1997 and 1998), and Grandhi and Wang (1998):
Maximize
f ( x ) = d1 + d 2
P (G (d ( X )  0) −  (  t )  0,
dl  d  du

where

(8.9)

d = [d i ]T =  ( X )  R is the design vector representing the maximum allowable corrosion

rates in the axial and radial directions,

X = [ Xi ]T is the random vector,

G (d ( X )  0 represents the

safe event, G is the failure pressure constraint function, and  is the reliability index. The

 (  t ) for a safe event G(d ( X )  0 .
probabilistic constraints are described by P(G (d ( X )  0) ≥
Here,
G (d ( X )) = ( Pf − Pop )

(8.10)

where Pf is the failure pressure, and Pop is the operating pressure. Pf is described in detail
previously in equation (8.1).The statistical description of the failure of the performance function
G (d ( X ) is characterized by the cumulative distribution function (CDF)
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FG

as follows:

P(G(d ( X )  0) = FG (0)   (  t )

(8.11)

where the reliability of failure is described as

FG (0) =



Gi ( d ( X ) 0

where

f X (X )

... f X ( X )dx1...dxn

(8.12)

is the joint probability density function of x. The failure probability can be

calculated by evaluating the integral in equation (8.11). These integrals are difficult to evaluate
because of the given form of function G (d ( X ) . There are three different numerical methods
available for this integral evaluation: (a) numerical integration; (b) simulation methods, and (c)
analytical methods (Lopez et al., 2011; Lee & Chen, 2008); Melchers, 1899). Monte Carlo is the
commonly used simulation method but it requires considerable computational time (Rubinstein,
1981). Engelund and Rackwitz (1993) introduced the importance of sampling in MCS. Seo and
Kwak (2002), Lee and Kwak (2006), and Rahman & Xu (2004) explained numerical integration
techniques. Equation (8.10) can be transformed by the inverse transformation technique:
G p (d ( X )) = F −1 ( ( t ))  0

where

G p (d ( X ))

(8.13)

is the probabilistic constraint.

In the present work, the probabilistic pipeline failure constraint was evaluated and
compared using three different approaches: reliability index approach, performance measure
approach, and Monte Carlo simulation. RIA and PMA are the first-order reliability method; they
differ in the way the most probable point is evaluated. The FORM requires variables to get
transformed from a random parameter X into the form of a standard normal random parameter U.
G(U) was mapped in U-space from the bursting failure constraint function G(X) in X-space. Figure
8.10 shows FORM linear approximation. The main idea here is to replace the given function G
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with a tangent hyperplane at the most probable point. The most crucial step of FORM is finding
the MPP.

Figure 8.10. FORM linear approximation (Choi et al., 1996)
The main issue with RIA is the amount of numerical effort required to solve a given
problem. To overcome this issue, Tu and Choi (1999) presented the idea of the PMA, by computing
an inverse reliability problem through which the probability measure is converted into a
performance measure that is achieve by searching for the point with minimum performance on the
target reliability surface, which is widely known as the minimum performance target point
(MPTP).
Figure. 8.11 explains the transformation of the original random vector X to a standard,
uncorrelated normal vector u, where

u =  − 1( fxi ( x ) ) , i = 1, 2,, n

(8.14)

where ɸ is the CDF of a normal distribution, and β (reliability index) is the shortest distance from
the origin to a point on the failure surface. Mathematically this can be written as

 = min | u |
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(8.15)

Such that g(u)=0

Pf =  (  i )

Figure 8.11. Transformation of vector in u space (Choi et al., 1996).
Following general failure probability, equation (8.15) can also be written as

Pf   (  i

t arg et

) , where  i

t arg et

is the minimum distance of the tangent at the most probable point

from the center, which is also known as the target reliability index.
In the RIA approach for the optimal solution

u * RIAi , the reliability index is given by

u * RIAi =  i . On the other hand in the PMA, the optimal solution u

*
PMAi

is the MPTP on the target

reliability sphere, which is known as the so-called performance measure on the ith constraint, and
the current design d is given by Pmi = g i (d , u

*
PMAi

) . The performance measure Pmi in terms of the

reliability index is given by Pmi = FGi ( (−  i )) , where FGi is the CDF of the ith constraint.
−1
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Figure. 8.12 explains the algorithm used for the reliability-based design. In the very
beginning, the design variables and objective function are defined, and then the initial design is
fed to evaluate the objective function. The outer loop is used to find the MPP on a given constraint
function, which is being used in the inner loop to confirm whether the design has converged or
not.

Figure 8.12. RBDO algorithm.
FORM-based RBDO employed a double-loop strategy, whereby the outer loop is structural
optimization and the inner loop is reliability analysis. The u

* ( k −1)

can be found from the inner loop

which is a u-space vector. This u-space vector can be transformed to the real d-space and d
can be evaluated and used in the outer loop for structural optimization.
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* ( k −1)

The outer loop structural optimization is as follows:
k
Minimize: J (d )

(8.16)

Subjected to: RIA: i (d ( k −1) + (d i (d ( k −1) ))T (d k − d ( k −1) )  0

(8.17)

Subjected to: PMA: pmi (d ( k −1) ) + (d pmi (d ( k −1) ))T (d k − d ( k −1)  0

(8.18)

l
k
u
where i = 1…nc , d  d  d

The inner loop reliability analysis is as follows:
RIA

Find

u * RIA

( k −1)

Minimize

u = i

Subjected

g i (d ( k −1) , u ) = 0

PMA

Find

u * PMA

( k −1)

g i (d ( k −1) , u ) = 0
u = i

t arg et

to:

The RBDO model using PMA can be redefined as
Maximize: f ( x) = d1 + d 2

Subjected to

G p (d ( X ))  0

(8.19)

L
U
, where d  d  d .

Unlike the Monte Carlo simulation, PMA and RIA do not need a PDF or CDF for
evaluating the probabilistic constraint. In PMA and RIA, the probabilistic constraint is evaluated
at the most probable point in the u-space (standard normal design space), but the objective function
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is still evaluated at the mean value of the design variables, while the failure constraint is still
evaluated at the design variables corresponding to the most probable point. In this work, the
objective function was to maximize summation of the axial and radial corrosion rates subjected to
the failure pressure constraint, which in turns gives the maximum allowable corrosion rate in the
axial and radial directions before bursting failure.
In the present work, PMA was applied with the advanced mean value method (AMV)
method and RIA was applied with the Hasofer-Lind-Rackwitz-Fiessler (HLRF) method.
8.3.1 Advanced Mean Value Method
The steepest-ascent direction vector, n(u), is calculated at the most probable point and is
iteratively calculated until the point of convergence:

(

u AMV ( 0 ) = 0andu AMV ( k +1) =  t n u ( k ) AMV

(

n u

(k )
AMV

)=−

(

u G u ( k ) AMV

(

u G u AMV

(k )

)

)

)

(8.20)

(8.21)

In FORM, the reliability,  u , represents the gradient operator in the u space, and k represents the
iteration number
8.3.2 Hasofer-Lind-Rackwitz-Fiessler Method
Hasofer and Lind (1974) and Rackwitz and Fiessler (1978) proposed the following
algorithm, which is quite simple and efficient:
y k +1 =

1
h( y )
k

2

h( y k )T y k − h( y k )  h( y k )

(8.22)

In the present work, the RBDO was also analyzed using MCS. The optimization tool function
coupled with MCS was used for calculating the probabilistic bursting failure constraint. The one
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million sample size was used in MCS for calculating the probability of failure. The required
number of sample sizes depends on the reliability target  i :

L = 10 / P(G( x)  gi = 10 / FG ( gi ) = 10 /  ( − i )

where L is the required number of samples for a given reliability target of

(8.23)

 i , as can be seen from

the equation that required the number of samples size increases with the increase in the reliability
target

i .

8.4

Results and Discussion
Table 8.3 shows iterations for the reliability-based optimized radial and axial corrosion

rates through the RIA approach. At the eighth iteration, the RBDO code gives the optimized
allowable corrosion rates in the axial and radial directions as 2.6745 (mm/year) and 2.6267
(mm/year), respectively.
TABLE 8.3
RIA ITERATIONS
Iteration k
1

Axial Corrosion Rate Radial Corrosion Rate
(mm/year)
(mm/year)
2.6
2.60

2

2.60

2.60

3

2.61

2.60

4

2.63

2.61

5

2.64

2.61

6

2.65

2.61

7

2.66

2.62

8

2.67

2.62

Table 8.4 shows iterations for the reliability-based optimized radial and axial corrosion
rates through the PMA approach. The sixth iteration RBDO code gives the optimized allowable
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corrosion rates in the axial and radial directions as 2.6774 (mm/year) and 2.6331 (mm/year),
respectively.
TABLE 8.4
PMA ITERATIONS
Iteration k
1

Axial Corrosion Rate Radial Corrosion Rate
(mm/year)
(mm/year)
2.60
2.60

2

2.62

2.60

3

2.64

2.61

4

2.65

2.61

5

2.66

2.62

6

2.67

2.63

Table 8.5 shows iteration for reliability based optimized axial and radial corrosion rates
through MCS approach, at the 10th iteration RBDO code gives optimized allowable corrosion rates
in axial and radial direction as 2.6745 (mm/year) and 2.6267 (mm/year) respectively.
TABLE 8.5
MCS ITERATIONS

1

Axial Corrosion Rate
(mm/year)
2.60

Radial Corrosion Rate
(mm/year)
2.60

2

2.62

2.62

3

2.61

2.67

4

2.63

2.60

5

2.61

2.61

6

2.62

2.61

7

2.62

2.61

8

2.63

2.62

9

2.63

2.62

10

2.64

2.62

Iteration k
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Table 8.6 compares the reliability-based design in RIA , PMA, and MCS. As shown, the
values of the optimized axial and radial corrosion rates are similar, but the number of iterations
required in each method is different.
TABLE 8.6
COMPARISON OF RIA, PMA, AND MCS

RIA

Axial Corrosion Rate
(mm/year)
2.67

Radial Corrosion Rate
(mm/year)
2.62

PMA

2.67

2.63

6

MCS

2.64

2.62

10

RBDO

Required Iterations k
8

Figures 8.13, 8.14, and 8.15 show the optimized axial and radial corrosion rates subjected
to the bursting failure constraint through RIA, PMA, and MCS, respectively. Blue points on the
plots indiciate the iteration required for that optimization. The PMA was found to be most efficient
reliability technique because it required fewer iterations to reach the optimized corrosion rates.
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3

Figure 8.13. Optimized radial and axial corrosion rates through RIA.
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Figure 8.14. Optimized radial and axial corrosion rates through PMA.
3
Failure constrain

Radial corrosion rate

2.5

2

1.5

1

0.5

0

0

0.5

1

1.5
Axial corrosion rate

2

2.5

3

Figure 8.15. Optimized radial and axial corrosion rates through MSC.
8.5

Conclusions
In the present work, the performance measure approach has been proven to be more

efficient because it requires fewer iterations in producing consistent results. Reliability-based
design and optimization often results in a higher rate of convergence using PMA compared to using
RIA (Tu et al., 1999). Youn et al. (2003) also concluded that PMA is more efficient than reliability
index approach, irrespective of feasibility of constraint.
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The probabilistic approach was utilized in this study and applied to the Shell-92 pipeline
failure prediction model for calculating the failure probability and associated reliability. The Monte
Carlo simulation scheme was used to predict the probability of failure. The life cycle cost was also
estimated based on predicted probability failure, which shows that failure cost is dominating the
maintenance cost in the overall life cycle cost of a pressurized pipeline. Sensitivity analysis was
also carried out to determine the effect of axial-radial corrosion rates and depth-length of corrosion
defect on failure probability. It was observed that failure probability is more sensitive towards the
radial corrosion rate and the length of corrosion defect. Finally, optimized corrosion rates were
predicted using the RBDO technique. The RBDO study showed the optimized allowable corrosion
rates in the axial and radial directions as 2.6745 (mm/year) and 2.6267 (mm/year), respectively.
The probabilistic model of this study predicts earlier failure compared with the one from
the deterministic Shell-92 model, taking into consideration the variation in random variables such
as the depth and length of defect, and the axial and radial corrosion rates. This also demonstrates
that the probabilistic model produces a bit more conservative prediction of failure pressure.
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CHAPTER 9
EFFECT OF PIPE CURVATURE ON STRAIN LIMIT DURING TUBE BULGING

9.1

Introduction
The strain path experienced in straight tube bulging is significantly different from that of

bend tube bulging, leading to a reduction in bulge height. The Tube bending introduces a strain
gradient both along the tube and across the tube. In this chapter, the pressure limits for a pipe
elbow with and without a defect are analyzed using the Goodall formula, and a new pressure limit
prediction method is proposed through FEM curve data fitting. Also, the effect of prebulging/bending on strain limits during the tube bulging process is predicted, and the results are
compared to the strain limits of bulged tubes without pre-bulging/bending.
9.2

Materials and Methodology
The pertinent properties of DQ steel considered in this work are shown in Table 9.1.
TABLE 9.1
MATERIAL PROPERTIES OF DQ STEEL
n

K (MPa)

Ys (MPa)

r

0.2

1054

415

0.8

Young’s
Modulus
(GPa)
210

Poisson’s
Ratio
0.33

Thickness
(mm)
1.4

Figure 9.1 shows the bend tube and tooling setup required for the bend tube bulging
employed for the FEA simulation, which includes an upper die, lower die, left piston, and right
piston. The CAD model was modeled in SOLIDWORKS software. The model was then uploaded
in PAM-STAMP, and further investigation of the bulging process was virtually carried out using
FEA. In tube bulging, the onset of necking was predicted using thickness gradient criteria.
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Figure 9.1. Bend tube and tooling for bulging.
The tube bulge test was used to evaluate the strain limits in the tube bulging process. The
tube was supported between a lower and an upper die. Axial feeding was provided by two punches
in the axial direction. Internal hydraulic pressure was used to form the tube. Bursting failure was
observed at a relatively low axial feed rate under high internal fluid pressure. The test was
simulated using the commercial FEM-based metal forming analysis software package PAMSTAMP. As shown in Figure 9.1, the tube is place between the two punches and is pressurized
using water. It is necessary to assure that the tube is properly placed so that the bulge can appear
at the center of the tube.
9.3

FE Model for Bend Tube Bulging Setup
A numerical finite element model of the bending operation that utilizes an explicit dynamic

finite element formulation was developed. PAM-STAMP 2G v2008.0 code was used to perform
the numerical pre-bend (and bulging) simulations.
The tool design process generally starts with the final part geometry. The difficulty here is
to go “backwards” to the beginning and design a process with the needed tools and parameters that
will ensure the feasibility of the part. This depends on the availability of data. If no tooling
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information is available, then the user will normally start with the part geometry and construct the
tooling from there.
The base tube was defined using a two-dimensional (2-D)-based strain estimation and then
the addendum design was performed. As soon as this phase was finished and found to be
satisfactory, the user then generates a separating plane and a bending curve. Following that, the
tools for simulation were generated. Lastly, the 3-D surfaces are exported to CAD, moving from
the design stage to the setup stage and continuing with the simulation.
Figure 9.2 shows the simulated bend tube at the initial stage of bulging, including the mesh
used in the bend model. Thin shell elements, were used to model the tube geometry.

Figure 9.2. Simulated bend tube at initial stage of bulging.
9.4

Results and Discussion

9.4.1 FEA Results for Pipe Elbow without Defect
For a thin-walled pipe elbow, Goodall et al. (2006) proposed a formula for the pressure
limit Pe as

 1− r / R 
Pe = P0 
1 − r / 2 R 
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(9.1)

P0 =  f

t
r

(9.2)

f

where r is the average radius of the pipe elbow, and

is the flow stress in the above formula.

According to the von Mises criterion, flow stress is defined as

f =

2 0
(9.3)

3

The numerical and FEA comparison of the pressure-withstanding capacity of the pipe elbow
without cracking is shown in Table 9.2. Here, the Goodall model was used for numerical
comparison, and it can be seen that the FEA results are very close to the Goodall results, with the
FEA results being slightly greater.
TABLE 9.2
FEA RESULTS OF PIPE ELBOW WITHOUT DEFECT
No.

t

R

r

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

2
4
6
8
2
4
6
8
2
4
6
8
2
4
6
8

75
75
75
75
125
125
125
125
175
175
175
175
225
225
225
225

53
52
51
50
53
52
51
50
53
52
51
50
53
52
51
50

Pe (Goodall)
(MPa)
7.37
15.5
24.58
34.48
11.88
24.44
37.71
51.72
13.36
27.36
42.05
57.46
14.09
28.82
44.22
60.34
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Pe (FEA)
(MPa)
8.1
16.3
25.43
36.12
12.13
26.12
38.16
25.55
14.12
28.13
43.44
59.12
16.12
29.96
46.78
61.53

Figure 9.3 compares the deterministic and probabilistic failure pressure from the Goodall
and Shabbir-Lankarani models at a given elapsed time. The probabilistic Goodall model predicts
earlier failure than the deterministic Goodall model, which proves that the probabilistic Goodall
model produces a more conservative prediction of pressure failure. This probabilistic Goodall
model can be written in the form of an empirical equation by curve fitting the different values of
the deterministic and probabilistic models, as shown in Figure 9.4. Equation 9.4 is the empirical
form of the probabilistic Goodall model.
 1− r / R 
Pf = P0 
− (.164t + 4.4)
1 − r / 2 R 

(9.4)

30
Deterministic Goodall
Probabilistic Goodall
Deterministic ShabbirLankarani
Probabilistic ShabbirLankarani

25
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0
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Figure 9.3. Comparison of Goodall and Shabbir-Lankarani models.
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Difference d

y = -0.1643x + 4.4029
R² = 0.9845
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Figure 9.4. Curve fitting for probabilistic Goodall model.
9.4.2 FEA Results for Pipe Elbow with Defect
Often in real life, a pipe elbow has a localized thinned area (LTA); hence, it is very
important to investigate the effect of this LTA on bursting capacity of the elbow. The literature
has no empirical models for predicting the bursting pressure for a pipe elbow with a localized
defect. This study developed an empirical bursting failure model for a pipe elbow. By data fitting
the FEA results, as shown in Figure 9.5, an empirical formula (the Shabbir-Lankarani formula) of
the load limit for a pipe elbow with a local thinned area in the extrados, as shown in Figure 9.6,
has been proposed.

Curve Fitting
1.2

y = 20.095x2 - 7.4933x + 1.0442
R² = 0.9941

f(a,b,c)

1
0.8
0.6
0.4
0.2
0
0

0.05

0.1

0.15

0.2

0.25

X

Figure 9.5. Curve fitting for Shabbir-Lankarani formula.
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ᶱ
ᵧ

Figure 9.6. Pipe elbow with localized thinned area.
The numerical and FEA comparison of the pressure-withstanding capacity of the pipe
elbow with a crack is shown in Table 9.3. Here, the elbows are classified into two groups according
to the location of the maximum strain: Group 1 where the maximum strain is located in the inner
wall of the intrados, and Group 2 where the maximum strain is not located in the inner wall of the
intrados. Elbows E1, E2, E5, E6, E11, and E16 belong to Group 1. The pressure limits of these are
52.48, 52.42, 52.47, 52.55, 52.36, and 52.27 MPa, respectively. The pressure limit of the
corresponding elbow without defects is 52.62 MPa. In the elbows belonging to Group 1, the LTA
is thin and small, and the influence of the LTA on the pressure limit is small. The pressure limit of
these elbows can be calculated using the Goodall formula with a multiplying factor. The result
using the Goodall is 55.17 MPa, so the factor is taken as 52.62/55.17 = 0.954.
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TABLE 9.3
FEA RESULTS OF PIPE ELBOW WITH LOCAL DEFECT

No.

a

b

c

E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
E13
E14
E15
E16

0.05
0.05
0.05
0.05
0.125
0.125
0.125
0.125
0.25
0.25
0.25
0.25
0.375
0.375
0.375
0.375

0.1
0.25
0.4
0.5
0.1
0.25
0.4
0.5
0.1
0.25
0.4
0.5
0.1
0.25
0.4
0.5

f(a,b,c)

0.1
0.25
0.5
0.75
0.25
0.1
0.75
0.5
0.5
0.75
0.1
0.25
0.75
0.5
0.25
0.1

0.941
0.912
0.698
0.608
0.51
0.42
0.379
0.362
0.348
0.336
0.349
0.932
0.655
0.554
0.454
0.407

P
(FEA)
(MPa)
52.3
52.42
50.55
28.25
52.32
51.98
22.12
12.22
39.11
20.11
53.11
51.95
19.02
36.98
25.36
52.32

P
(Shabbir-Lankarani)
(MPa)
49.11
48.78
47.88
26.12
50.12
48.46
20.12
11.1
36.85
18.23
51.26
49.88
16.85
32.12
23.12
48.7

For pipe elbows belonging to Group 2, the influence of the LTA on the pressure limit is
obvious. The revised Goodall formula is also used, but the revised factor is related to the LTA.
Take the revised Goodall formula as follows:

Pec = Pe f (a, b,c)
According to the influence of a, b, and c on the pressure limit and through a number of data fitting
exercises, f(a, b, c) is obtained through curve fitting shown previously in Figure 9.5:

Pec
= f (a, b, c) = 20.09 X 2 − 7.49 X + 1.044
Pe

(9.5)

X = l .5b.1h3

(9.6)

l =(


 /4

), b = (


d
), h = ( )
2
t
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(9 .7)

The Goodall formula does not take into consideration the rate of defect growth, which is
incorporated in equation 9.8 (Shabbir-Lankarani model):

 1− r / R 
Pf = P0 
− (.164t + 4.4) * f (l , b, h)
1 − r / 2 R 

(9.8)

The dimensions of the elbows with a local defect are shown in Table 9.3. Sixteen models
were chosen for the calculations according to the orthogonal design. The dimensions of the defects
are described by the non-dimensional parameters a (=  /45), b (=  /180), and c (= C/t) (Figure.
8.5). Table 9.4 provides a comparison of FEA, Shabbir-Lankarani, and experimental results. As
can be seen, Duan et al. (2006) worked on comparison of FEA with experimental for a pressurized
pipe elbow with a defect. Extra simulations were run, as shown in Table 9.4, to compare the
Shabbir-Lanakrani model with available results from experiments by Duan et al. (2006).
TABLE 9.4
COMPARISION OF FEA, SHABBIR-LANKARANI MODEL,
AND EXPERIMENTAL RESULTS
Dimensions
No.
(mm)
1
2

108 x 5
108 x 8

a

b

0.125 0.25
0.25 0.50

c
0.25
0.75

P
(FEA)
(MPa)
30.18
20.18

P
P
(Shabbir-Lankarani) (Duan et al.)
(MPa)
(MPa)
29.92
28.58
19.71
17.67

The simulated bend tube is shown in Figure 9.7 The tube bending process causes material
thinning on the tensile side and material thickening on the compressive side. Figures 9.8 and 9.9
show the thickness distribution along the outer and inner curvatures, respectively. Bending induces
significant strains and strain gradients in the tube. On the tension side of the bend tube, the axial
strain is positive and the hoop strain is negative, and vice versa along the compression side.
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Thickness (mm)

Figure 9.7. Thickness distribution for pipe elbow.
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Figure 9.8. Thickness distribution in outer fiber.
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Figure 9.9. Thickness distribution in inner fiber.
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600

Figure 9.10 shows minor and equivalent stress distribution in bend tube bulging. Figure
9.11 shows strain and major stress distribution in bend tube bulging. The input pressure vs. time
for three conditions and axial displacement vs. time applied during axial feed expansion of tube is
shown in Figure 9.12.

Figure 9.10. Minor and equivalent stress distribution in bend tube bulging.
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Figure 9.11. Strain and major stress distribution in bend tube bulging.
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Figure 9.12. Paths during bulging: (a) pressure and (b) axial feed.
Figure. 9.13 shows a simulated bulged tube. The strain paths in the tube bending and
bulging are drastically different. During bend tube bulging, along the tension side, the axial strain
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and hoop strain increase, and along the compressive side, the axial strain decreases and the hoop
strain increases. As can be seen, the material exhibits different deformation behaviors, such as
wrinkling, stretching, and cracking. The crack region was predicted using a .92 thickness gradient
criterion. When the thickness ratio of the adjacent element decreases, the .92 crack was observed
in the deformation zone of bulging pipeline. Wrinkles appears as the result of an insufficient workholding force on the side of the pipeline.

Figure 9.13. Bend tube bulging.
Figures 9.14 and 9.15 show the strain paths during bend tube bulging of the outer element
(tension side) and inner element (compressive side) for three conditions: fixed, free, and axial feed.
In all three conditions, the strain paths of the tension-side elements move towards the stretching
side, and the strain paths of the compressive side elements move towards the drawing side. Strain
limits predicted for three conditions of the bend tube less than the bulging strain limits of the
straight tube are shown in Figure 9.16.
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Figure 9.14. Strain paths of outer element for three conditions during bend tube bulging.
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Figure 9.15. Strain paths of inner element for three conditions during bend tube bulging.
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Figure 9.16. Strain limit comparison between straight and bend tubes.
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9.5

Major Strain Direction During Bend Tube Bulge Test
During bulging, the pipe neck usually develops perpendicular to the major strain direction.

During the bend tube bulge test with fixed expansion and axial feed expansion of the bend tubes,
in both cases, the crack is always predicted in the axial direction, and major strain is along the
hoop direction. The crack region was predicted using the .92 thickness gradient criterion. When
the thickness ratio of the adjacent element went below the value of .92, crack was observed in that
deformation zone of the bulging pipeline. Wrinkles appear due to an insufficient work-holding
force on the side of the pipeline. Figures 9.17 and 9.18 show the axial and hoop orientations of the
pipe neck, respectively, during the bend tube bulging test with fixed expansion.

Figure 9.17. Axial orientation of pipe neck during bend tube bulging with fixed expansion.
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Figure 9.18. Hoop orientation of major strain direction with fixed expansion.
Figures 9.19 and 9.20 shows axial and hoop orientations, respectively, of the pipe neck
during the bend tube bulging test with axial feed. As material was fed into the bulging region, neck
generation was due to the axial feed condition compared to the fixed expansion condition. In the
fixed expansion condition, as the pipe elbow was held rigid, thinning across the elbow was severe,
which resulted in necking.

Figure 9.19. Axial orientation of neck during bend tube bulging with axial feed.
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Figure 9.20. Hoop orientation of major strain direction during bend tube bulging with feed.
9.6

Conclusions
The 3-D CAD model representing bend tube bulging was developed in SOLIDWORKS

software and simulated in PAM-STAMP software. Comparative bulging between the straight and
bend tubes was carried out by applying formability concepts. Empirical models for the pipe elbows
with and without a defect were studied and further developed. Conclusions from Chapter 9 are as
follows:
•

By data fitting the FEA results, an empirical formula of the limit load for pipe elbows
with a local thinned area in the extrados was proposed and validated by FEA.

•

Results of the FEA show that the pressure limit of pipe elbows increases with increasing
wall thickness and increasing bend radius. These results are consistent with those
calculated by the Goodall formula, where the maximum error is 7%, which indicates that
the pressure limit of a pipe elbow can be calculated using the Goodall formula.

•

According to the FEA results, when the localized thinned area is very thin or small, the
pipe elbow with an LTA collapses in a standard manner. The pressure limit of this elbow
is the same as the corresponding elbow without defects.
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•

By data fitting the FEA results, the Shabbir-Lankarani empirical formula of the limit load
for pipe elbows with an LTA was proposed, and results from this formula are consistent
with the experimental results of Duan et al. (2006) for a pipe elbow with a defect.
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CHAPTER 10
CONCLUSIONS, CONTRIBUTIONS, AND RECOMMENDATIONS
FOR FUTURE WORK

10.1

Conclusions
The objective of this study was to optimize process parameters and corrosion rates for

obtaining maximum bulge height and uniform effective strain distribution and thickness
distribution, the effect of material parameters, process parameters, geometric parameters, prestraining, and pipe curvature on bulging. The Taguchi methodology was utilized for optimizing
the operating, geometric, and material parameters. The ANOVA approach was used to study the
relative contribution of material properties, process parameters, and tube thickness. Another aspect
of this study was to analyze and extend the pipeline bursting failure model for inclusion of the
failure probability. A new bursting failure prediction model for curved pipes was developed. The
Monte Carlo simulation scheme was used throughout in a probabilistic approach to predict the
probability of failure. A sensitivity analysis was carried out to investigate the influence of
corrosion parameters on the probability of failure, which reflects the effect of axial-radial corrosion
rates and the depth-length of corrosion defect on failure probability. Finally, optimized corrosion
rates were predicted using the reliability-based design and optimization technique, in which the
probabilistic constraint was utilized based on the Shell-92 pipeline failure prediction model.
The tube bulge test was employed in this study to evaluate the strain limits in the tube
bulging process. The tube is supported between a lower and an upper die. Axial feeding was
provided by two punches in the axial direction. Internal hydraulic pressure was used to form the
tube. Bursting failure was observed at a relatively low axial feed rate, under high internal fluid
pressure. The tube bulge test was simulated using the commercial FEM-based metal forming
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analysis software package PAM-STAMP, whereby the tube was placed between the two punches
and pressurized using water. It was necessary to ensure that the tube was properly placed so that
the bulge could appear at its center. After engaging the process start switch, the upper die moved
towards the lower die to constrain the motion of the tube in all directions. Depending upon the
axial feed requirement, this was achieved by moving the left and right-side punch.
Deformation behavior of tube while bulging depends on factors such as loading path,
material strain limits, and lubrication conditions. Here, the loading path plays a very significant
role. It is shown that utilization of optimized loading paths yields a uniform stain and stress
distribution, which in turn leads to a higher bulge height. To decide the optimum loading path and
other process parameters, such as coefficient of friction, it is important that finite element
simulations are carried out to ultimately reveal the effect of process parameters on the strain limits
of the tube. The reason that industry adopts the FEM simulations is because of its low cost and
less time consumption than that of experimental analysis.
While bulging a tube, one of the requirements is to minimize and homogenize the
thinning/thickness distribution and to develop a uniform strain across the component. These
distributions vary in the axial and circumferential directions. In this study, the intent of the
optimization procedure was to determine the loading paths that would result in a product with a
uniform thickness distribution, uniform effective strain distribution, and maximum bulge height,
which in turn will provide an indication of maximum attainable strain limits of the material. Also,
the strain paths at varying test conditions were correlated with the maximum bulge height.
The strain path was constructed at the point of onset of necking, as predicted by the
thickness gradient criterion. With changing parameters, the strain path varies greatly. Comparing
the strain path with the set of parameters, it can be seen that a very low feed rate may not provide
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sufficient material, and thus failure occurs earlier, whereas a high feed rate may lead to defects
such as wrinkling. Therefore, the feed rate should be coordinated with the pressure. On the other
hand, friction must be kept as low as possible to facilitate the material feeding. A strain path closer
to the plane strain region provides lower strain limits, and those further away from the plane strain
region provide higher strain limits.
For tube bulging with an end feed, condition 8 (i.e., P/t = 20 bar/sec, f/t = 0.3 mm/sec,
μ = 0.02) was found to be the best combination, whereas condition 3 (i.e., P/t = 10 bar/sec, f/t =
0.5 mm/sec , μ =0.2) was the least favorable combination. The S/N ratio for bulge height confirms
that the best combination is a3b2c1, and the worst combination is a1b3c3, which relates to
conditions 8 and 3, respectively. This was also confirmed by the strain path, which shows that high
pressure with a low value of friction and sufficiently high feed to avoid wrinkling gives a better
bulge height, whereas low pressure and high feed coupled with a dry condition is the most
unsuitable combination for bulging.
A 3-D CAD model representing tube bulging was developed in SOLIDWORKS software
and simulated in PAM-STAMP software. Taguchi analysis was carried out to optimize the process
parameters, and the results obtained were validated. Conclusions pertaining to the operating
parameters are as follows:
•

Operating parameters have a significant impact on strain path, which in turn affects the
bulge height of the tube.

•

The maximum bulge height was obtained when the pressure rate was high and the feed rate
was sufficient to feed material, whereas at a greater feed rate and less pressure, the bulge
height was minimum. A lower value of friction was always suitable.
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•

Process parameters were optimized at a minimum bulge height of 18.09 mm (achievable
in all simulations, without necking), with the objective of homogenizing the effective
strain. It was found that a high pressure rate along with slow feeding provides a uniform
distribution of the effective strain, which is denoted by a kurtosis value of 1.42.

•

Thinning can be minimized as well as nearly uniformly distributed when the feed and
internal pressure are both in the mid-range (neither too high nor too low) with a very well
lubricated condition. The real kurtosis value obtained was 1.39.

Conclusions pertaining to material parameters are as follows:
•

For a given operating condition, the bulge height increases and thinning was minimized
with the increase in bulge length.

•

The optimum condition obtained for a maximum bulge height was a3b1c3, where the bulge
height is maximum at higher pressure, and there is a higher bulge length.

•

The optimum condition obtained for minimum thinning was a1b2c3, where thinning was
minimum at lower pressure and a higher bulge length.

•

For a given l/d ratio, friction has a negative impact on bulge height as well as thinning.
This is because higher friction resists the flow of material and causes the material to thin
more rapidly at the critical area where necking is taking place.
Conclusions pertaining to manufacturing-induced pre-strain are as follows: To evaluate the

bulging strain limits during the bulging process, simulation under various combinations of internal
pressure and axial loading and different process conditions were studied. Using a thickness
gradient criterion, the occurrence of necking, i.e., bulging strain limits during tube bulging at
different pre-strain levels under different loading paths was estimated. A comparison of the strain
limits and bulging strain limits during tube bulging at different percentages of a pre-strain value
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shows that the strain limits and bulging strain limits decrease with an increase in magnitude of the
pre-strain.
By data fitting the FEA results, an empirical formula of the limit load for pipe elbows with
local thinned area in the extrados was proposed and validated by FEA. The results of FEA show
that the pressure limit of pipe elbows increases with increasing wall thickness and increasing bend
radius. These results are consistent with the results calculated by the Goodall formula, with a
maximum error of 6.58%, which indicates that the pressure limit of an elbow can be calculated
using the Goodall formula. According to the FEA results, when the localized thin area is very thin
or small, the pipe elbow with an LTA collapses in a standard manner. The pressure limit of this
elbow is the same as the corresponding pipe elbow without defects. By data fitting the FEA results,
the Shabbir-Lankarani empirical formula of the limit load for pipe elbows with an LTA was
proposed, and results from the Shabbir-Lankarani model are consistent with the experimental
results from Duan et al. (2006) for an elbow with a defect.
The probabilistic model of this study predicts early failure compared to the deterministic
Shell-92 model, taking into consideration the variation in random variables such as depth and
length of defect and axial and radial corrosion rates. This also demonstrates that the probabilistic
model gives a more conservative prediction of failure pressure. In the present work, the
performance measure approach proved to be more efficient because it requires fewer iterations in
producing consistent results. RBDO often results in a higher rate of convergence using the PMA
compare to using the reliability index approach (Tu et al., 1999). Youn et al. (2003) also concluded
that PMA is more efficient than RIA, irrespective of feasibility of constraint.
The probabilistic approach was utilized in this study and applied to the Shell-92 pipeline
failure prediction model for calculating the failure probability and associated reliability. The Monte
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Carlo simulation scheme was used to predict the probability of failure. The life cycle cost was also
estimated based on predicted probability failure, which shows that failure cost dominates the
maintenance cost in the overall life cycle cost of a pressurized pipeline. Sensitivity analysis was
also carried out to determine the effect of axial-radial corrosion rates and depth-length of the
corrosion defect on the probability of failure. It was observed that failure probability is more
sensitive towards the radial corrosion rate and length of the corrosion defect. Finally, optimized
corrosion rates were predicted using the RBDO technique. The RBDO study showed optimized
allowable corrosion rates in the axial and radial directions as 2.67 (mm/year) and 2.62 (mm/year),
respectively.
The probabilistic model of this study predicts earlier failure compared with the one from
the deterministic Shell-92 model, taking into consideration the variation in random variables such
as depth and length of the defect and axial and radial corrosion rates. This also demonstrates that
the probabilistic model produces a slightly more conservative prediction of failure pressure.
Overall, this study provides a model for calculating the bursting capacity of a pipeline. A
bursting capacity model was developed for both straight and bend (elbow) pipes. Conversion of
the Shell-92 model into a probabilistic model resulted in Memon-Lankarani empirical pipe
bursting model. Sensitivity analysis was also carried out on bursting failure probability to
determine the effect of axial-radial corrosion rates and depth-length of corrosion defect on failure
probability. It was observed that failure probability is more sensitive towards the radial corrosion
rate and length of corrosion the defect. The Monte Carlo simulation scheme was used to predict
the probability of failure. The life cycle cost was also estimated based on predicted probability
failure, which shows that failure cost dominates maintenance cost in the overall life cycle cost of
a pressurized pipeline. Optimized corrosion rates were also predicted using the RBDO technique.
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This study also developed an empirical bursting failure model for a pipe elbow. Here, the
widely used Goodall model was converted into a probabilistic model using the Monte Carlo
simulation technique. By data fitting the FEA results, an empirical formula (Shabbir-Lanakrani)
of the load limit for pipe elbows with an LTA in the extrados was proposed, which has been
verified through FEA and available experimental results from Duan et al. (2006).
10.2

Contributions
The following are contributions that this dissertation makes to the oil and gas pipeline

community:
•

Comprehensive investigation of bulging, bursting, and reliability-based design and
optimization of pipelines.

•

Development of an FEA pipe bulging model, and analysis of the individual effects of
operating, geometric, material parameters and pre-strain on bulging.

•

Development of an FEA pipe elbow model, and investigation of the limit strain.

•

Development of an empirical Memon-Lankarani probabilistic model for a straight pipe by
applying a probabilistic approach to the Shell-92 model, and optimization of corrosion rates
using RBDO.

•

Development of an FEA pipe bulging model with pipe curvature.

•

Development of an empirical probabilistic Goodall model for a pipe elbow without a
corrosion defect by applying the probabilistic approach to Goodall.

•

Development of an empirical Shabbir-Lankarani model for a pipe elbow with a thinned
local area by applying curve fitting to FEA results.
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10.3

Recommendations for Future Work
Based on the research findings and limitations discussed in this dissertation, the following

recommendations are put forward for future research in this field:
•

Having proposed the Shabbir-Lankarani model for predicting the pipe elbow bursting
failure with a localized defect, there is need for further research to develop a generalized
bursting failure model and experimental validation for a pipe elbow.

•

One possible avenue for further investigation would be in the stress analysis of reinforced
pipe junctions. The next logical step would be to incorporate the evaluation of stress
distributions around the circumference of the weld, thereby allowing engineers to assess
stresses in pipe junctions.

•

In this study, pipeline failure was evaluated by comparing the total stresses within the pipe
wall, which were attributed to bulging and buckling due to tensile and compressive stress
loadings shown through the various stress data obtained (Chapter 4). In the event of such
a failure situation, the pipeline will deform before it reaches a point of failure. The
deformation of the pipeline due to pressure loading needs to be investigated with further
validation of the bulging and buckling phenomenon.

•

There is a need for further research on refining the understanding of crack propagation.
Cyclic tests with compact tensile samples in simple bicarbonate solutions could be
performed. Microscopic examination coupled with cyclic loading and imaging the sample
throughout the test could confirm the proposed method of microcrack formation ahead of
the crack tip. The effect of an inclusion addition could also be explored. Because it has
been determined that inclusions are sites of hydrogen accumulation and crack initiation, a
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reduction in the inclusion content should decrease the susceptibility of trans granular stress
corrosion cracking.
•

There is a need for further research in the following areas: microstructural evolution during
tube bulging, axial crush response of a car tubular member, effect of pre-strain history on
the axial crush response, deformation behavior of the pressurized tubular frame in the event
of a crash, microstructural evolution of the tubular member in the event of a crash,
experimental determination of an optimum set of process parameters for maximum bulge
height in the tube bulge test, experimental determination of an optimum set of process
parameters for achieving uniform strain and thickness distribution in tube bulging,
experimental determination of the effect of material properties on strain limits in bulging,
analysis of the effect of heat treatment of a tube on strain limits in bulging, optimization of
axial feed and internal pressure based on predicted and experimental data using the Taguchi
method, and analysis of fracture behavior and strain path dependence in bulging.
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