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ABSTRACT

This research program focused on the behaviour of low cycle fatigue (LCF) of
wrinkled pipes, and was designed to develop the LCF life prediction models for
the wrinkled pipes. It consisted of three phases of work, which are strip tests, full-
scale pipe tests, and finite element analysis (FEA).

In strip tests, 39 strip specimens were tested by a complete-reversed stroke-
controlled method to investigate the effects of bend angle, bend radius, and stroke
range on the low-cycle fatigue (LCF) life. Also, the LCF behaviour was explored
by viewing the spectra of key variables and their corresponding hysteresis loops.
The faillure mechanism was discussed by examining the fracture surfaces. Two
LCF life prediction models, life-based and deterioration rate-based, were
developed and their prediction results were eval uated.

In full-scale pipe tests, two specimens were tested according to a complicated
loading procedure. The loading was a combination of axia load, bending
moment, and internal pressure; and it consisted of monotonic loading stage and
cyclic loading stage. Based on those two tests, the global and local behaviour
were investigated, the failure mechanism was studied and the application of the
developed LCF life prediction models was discussed.

In FEA, three numerical models were developed and they were the strip model,
the half-pipe model and the full-scale pipe model. In the strip model, the residual
stresses and strains were analyzed and discussed. In the half-pipe model, the
effects of pipe geometry, internal pressure, and global deformation on the wrinkle
geometry were studied and discussed. In the full-scale pipe model, the full-scale
pipe tests were simulated and both the global behaviour and local behaviour were
discussed.

From this research program, some important conclusions were obtained. The
wrinkle geometry is found to be greatly related to the pipe geometry, internal
pressure, and globa deformation. The global deformation has become localized

after the wrinkle is fully developed. The opening deformation cycle is more



detrimental to wrinkled pipes than the closing deformation cycle. The test results
also show that the seam weld governs the failure of wrinkled pipesif the pipes are
subjected to cyclic axia deformation. The LCF life prediction models devel oped
from this research program demonstrate good prediction capacity when they are
applied to both strip tests and full-scale pipe tests.
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hysteresis loop energy obtained from moment and rotation hysteresis
loops
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1 INTRODUCTION

1.1 PROBLEM STATEMENT

Buried pipelines are usualy subjected to a combination of large axial
deformations and rotations because of environmental and geotechnical effects,
which may cause the pipes to buckle. As these effects increase, some buckling
waves will grow and experience plastic deformations and, consequently, wrinkles
mature in the pipe wall. The formation of a wrinkle can be accelerated by the
presence of geometric imperfections, which can be caused by manufacturing
errors, dents, corrosion, etc. The wrinkles are formed by large plastic
deformations, which are irrecoverable, thus they permanently form softening
regions along the pipelines and change the geometry of the pipe. Consequently,
the safety and integrity of the pipelines become in question. In order to avoid
undesirable accidents and environmental damage, the pipeline operators usually
dig up the buckled pipe and replace the wrinkled portions, even though such

remedial action may cost millions of dollars and may not always be necessary.

The subjects of buckling and post-buckling dominated the research of buried
pipelinesin past decades. The topics covered the structural behaviour of pipelines,
the wrinkling of pipe walls, the buckling resistance of pipes, the critical buckling
strain, and the ultimate rupture/fracture of pipes. The parameters investigated
included different loading combinations, which included axial load or
deformation, bending moment or curvature, shear force or lateral deflection,
varied internal pressure, pipe geometry (outside diameter to thickness (D/t) ratio),
pipe material, and the presence of girth weld in the buckled region. Significant
findings and conclusions were obtained from those works. Among them, the most
important one is that the occurrence of buckling or wrinkling does not necessarily
affect the safety and integrity of pipelines if the pipes possess sufficient ductility
against fracture. For example, all pipe segments tested at the University of Alberta
(U of A), such as Mohareb et a. (1993), Yoosef-Ghodsi et al. (1995), Souza and
Murray (1999), Dorey et a. (2001), Myrholm (2001), and Das (2002), devel oped
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large deformations localized in a single wrinkle or multiple wrinkles without |oss
of containment integrity. Other researchers from outside of the U of A have drawn
the same conclusion (Bouwkamp et a. 1973 and Schneider 1998).

For the wrinkled pipes, there are two principal fracture limit states: one is the
tearing failure mode caused by very large deformation and/or curvature, and the
other one is the low cycle fatigue (LCF) failure mode. Bouwkamp et al. (1973)
fractured large diameter pipes (1219 mm diameter and 11.73 mm wall thickness)
by applying very large curvatures. They concluded that the failure mode was the
tearing shear failure of pipewall. Das et al. (2002) successfully reproduced afield
fracture, which was the tearing failure, in an NPS12 pipe (304.8 mm diameter and
6.84 mm wall thickness) by continuously increasing the axial deformation. Aydin
(2006) investigated the tearing failure by applying axial deformation in two types
of pipe with different D/t ratios and material grades under the condition of varied
internal pressures and assorted locked curvatures. All of them found that the
tearing failure can be one of the possible ultimate states of wrinkled pipes.
However, the tearing type failure happens only when the applied curvature and/or
axial deformation are very large, that greatly exceed normal service conditions.
Therefore, the safety and the integrity of wrinkled pipes may not be a problem for

line pipes with good ductility under normal service conditions.

Normally pipelines in service are subjected to cyclic load/deformation. Cyclic
load/deformation may come from the operation of pipelines, the thermal effect of
transporting media, the environment (such as frost heave and thaw settlement),
and the seismic movement if they are located in seismic regions. These actions
can fracture the pipelines in the mode of LCF. Das et a. (2001) and Myrholm
(2001) found that the wrinkled pipes could be fractured by the strain reversal at
the crest of wrinkle under the condition of cyclic loading. After identification of
this limit state, the question is that how long those wrinkled pipes can be
continued for further service. It is not easy to carry out a LCF evaluation on
wrinkled pipes because of two major challenges. First, test specimens cannot be
cut from the actual wrinkled pipelines directly because those wrinkled pipes are
expected to provide further service. Therefore, the specimens have to be able to
2



properly replicate the current status of the wrinkled pipes, especialy their overal
and local (wrinkle) geometries. Secondly, it requires significant experimental data
to develop a model to predict their LCF lives. It will be not only costly but aso
time consuming. To date, only the U of A has focused its research on this
problem. Das et al. (2001) firstly conducted 10 full-scale pipe tests to investigate
the LCF behaviour of wrinkled pipes. Myrholm (2001) developed a so-called strip
test after observing the similar fracture shape between a pipe wrinkle and a strip
specimen, and employed it to study the LCF behaviour of a pipe wrinkle. He
tested eight pieces of strip specimen and eight segments of full-scale pipe
specimen. Das (2002) conducted 16 more strip tests and developed a fracture
model based on hysteresis loop energy (HLE) of the first cycle to predict the

remaining fatigue lives of wrinkled pipes.

It is Myrholm (2001) and Das (2002), especidly the latter, who started an
investigation into the LCF of wrinkled pipes. However, by reviewing their work,
it is clear that many questions still need to be answered. First, actual wrinkles can
have diverse shapes and can come from different materials, so more test
parameters need to be investigated. Second, the LCF lives of al previous strip
tests were less than 20 cycles except one with a fatigue life of 32 cycles, and the
LCF lives of all full-scale pipes were lower than 10 cycles. In field conditions,
however, the actual loading on pipelines varies greatly with different operating,
environmental and geotechnical conditions, thus those wrinkled pipes have wide
fatigue life spans. Therefore, more strip specimens and full-scale pipe specimens
with longer LCF lives should be tested. Third, the LCF failure mechanisms of
wrinkled pipes, which are important for the development of fracture control plan
and further improvement of pipe design, are not well researched and understood.
Finaly, the model developed by Das (2002) needs to be verified by more
experimental data to determine its application range, and to be improved or
developed afresh. All of those concerns motivate this research program.



1.2 OBJECTIVES AND SCOPE

This research program is designed to develop models to predict the LCF lives of
wrinkled pipes. It consists of three phases of work, which are strip tests, full-scale
pipe tests and finite e ement analyses (FEA).

In strip tests, a total of 39 pieces of specimen, which included three sets of
thickness, two grades of material from two different suppliers, two types of bend
radius, and two categories of bend angle, were tested by six levels of stroke range.
Those strip tests plus the previous strip tests by Myrholm (2001) and Das (2002)
formed a compl ete data base to develop LCF life prediction models.

In full-scale pipe tests, a total of two specimens, supplied by two different
suppliers with different D/t ratios and material grades, were tested by varied
stroke ranges. Those two pipe tests were used to test the accuracy of the
developed LCF life prediction models based on strip tests.

In FEA, three models, a strip model, a haf-pipe model and a full-scale pipe
model, were developed . These three models were developed to simulate bending

strip specimens and full-scale pipe tests and to perform parametric studies.

Specificaly, the following objectives are expected to be achieved:

e To implement and expand the existing database of strip tests by testing
specimens with expanded test parameters and extended L CF lives.

e To develop FEA models to investigate the behaviour of strip specimens
and full-scal e pipe specimens.

e To study the failure mechanisms of strip specimens and wrinkled pipes
under the condition of LCF.

e To improve Das HLE model (Das 2002) or develop totally new models
based on the expanded database of strip test for predicting the LCF lives
of wrinkled pipes.

e To bridge the gap between strip tests and full-scale pipe tests, thus make
the application of LCF models possible.



1.3 ORGANIZATION OF THESIS

The thesis consists of five magor chapters and two smaller chapters, the
introduction chapter (Chapter 1) and the summary and conclusions chapter
(Chapter 7). Chapter 2 briefly reviews some important background knowledge
and the maor achievements relevant to this research program. Chapter 3
introduces the strip tests, test results, and discussions. Chapter 4 presents the full-
scale pipe tests, test results, and discussions. Chapter 5 discusses FEA models,
analytica results, and discussions. Chapter 6 deals with the LCF life prediction
models and their application in full-scale pipes.



2 LITERATURE REVIEW

This review will cover four topics: fatigue failure criteria, damage accumulation
rules (DARs), LCF life prediction models, and past related work. The objective is
to review some necessary information to guide this research program. The
emphasis will be on summarizing the important background knowledge and main

achievements relevant to this research program.

2.1 FATIGUE FAILURE CRITERIA

When conducting afatigue test, the first important thing is to select an appropriate
failure criterion so that fatigue lives can be determined. Although there are alot of
failure criteria, they can be classified into four main categories according to the
engineering concerns: deterioration-based, crack-size based, function-based, and
other criteria.

211 DETERIORATION-BASED CRITERIA

This type of criterion concerns the deterioration of load carrying-capacity or
energy-absorption capacity of a specimen or a component. It defines fatigue
failure as the moment when the load-carrying capacity or the energy-absorption
capacity drops to a specific level. In atypical fatigue test, the load can be directly
measured and the energy dissipation can be indirectly calculated, so this type of
criterion can be easily used. Miyazaki et a. (2002), Hasegawa et a. (2002) and
Ahn et a. (2002) defined the number of cycles to failure as the number
corresponding to a 25% drop from the initial load or displacement when they
studied extremely low cycle fatigue (ELCF) behaviour of steel pipe with loca
wall thinning. Calado and Azevedo (1989) treated fatigue failure as the moment
when the normalized hysteretic energy drops to 50% of itsinitial amplitude when
they investigated the failure of structural steel elements subjected to cyclic
loading. Daali and Korol (1995) used both deterioration of strength and
deterioration of energy dissipation as their failure criteria when they assessed the
damage in steel beams by LCF. Yoon et a. (2003) defined the failure as the
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starting point of fast decreasing of stress amplitude when they conducted LCF
testing of stainless steel pipes. Gotoh and Berge (2004) employed two failure
criteria: the first one defined failure by a 50% load drop of itsinitial level when
they tested LCF strength of X65 pipes with girth welds, the other one used a
critical crack size of 2 mm, which will be discussed in section 2.1.2.

On the extreme, the fatigue failure can be treated as the moment when a specimen
or a component completely loses its load-carrying capacity or energy-absorption
capacity, i.e. the two fractured portions are totally separated. This type of criterion
can be also called rupture-based criteria. Because the criterion concerns only the
final moment of rupture, it can bring two benefits. The first benefit is that the test
becomes very simple because there is no need to pay specific attention to what
happens during the test. Because of this benefit, this type of criterion has been
most widely employed by traditional fatigue tests. The second benefit is that the
error caused by determining fatigue life is minimized because the criterion used
for determining fatigue life is very clear and definite. There are alot of examples
adopting this criterion, such as Park et al. (2004), lida (1987), Libertiny et al.
(21977), Uemura (1998), Mander et al. (1994), and Ballio et a. (1997).

2.1.2 CRACK SIZE-BASED CRITERIA

This type of criterion focuses on the crack size and defines fatigue failure as the
point when the crack propagates to a specific length. This is very popular when
the LCF life prediction model is formulated by using fracture mechanics, because
this type of modd is based on the rate of crack growth. If a structure can be
periodically inspected, then the failure criteria can be defined by the so-called
‘detectable crack size'. As discussed before, Gotoh and Berge (2004) used a
crack size equal to 2 mm. Miyazaki et al. (2002) defined fatigue failure as the
propagation of the initiated circumferential crack at the maximum eroded part in
their load-controlled tests when they studied the fatigue strength of pipes with
flaws. Radziminski and Azizinamini (1986) and Sakano et al. (1994) defined the

fatigue faillure as the moment when the longest fatigue crack extended over



approximately three-quarters of the width of the flange angle when they

investigated L CF of steel beam-column connections.

2.1.3 FUNCTION-BASED CRITERIA

This type criterion defines fatigue failure as the moment at which a structure or a
component loses one of its design functions. In the pipeline industry, one of the
popular failure criteria is the leakage or the crack penetration (Ogiso et al. 1993,
Scavuzzo et a. 1992, and Hasegawa et a. 2000).

214 OTHER CRITERIA

All criteriathat cannot be included in the above three categories can be put under
this category, and generaly this type of criterion is arbitrarily defined to some
extent. For example, Hasegawa et a. (2000) defined the cycles to failure as the
cycle at which 25% change from the initial displacement occurred in their load
controlled tests when they studied the LCF strength for pipes with small cracks.

2.2 DAMAGE ACCUMULATION RULES

Generdly, fatigue life prediction models can only handle problems with constant
amplitude of cyclic load or deformation. Therefore, if a specimen or a component
is subjected to variable amplitudes of cyclic load or deformation or multi-level

cyclic load or deformation, a proper DAR has to be adopted.

Halford (1997) presented a good review of DAR, which included the linear
damage accumulation rule (LDAR), the damage curve approach (DCA), and
double linear damage rule (DLDR). The following gives a brief description of

theserules.

A) The first one is the classical LDAR, which is the well known and most
applied DAR. LDAR was first proposed by Palmgren in 1924. Some 15 years
later, Langer independently proposed a similar linear rule for steel pressure
vessel and steel piping components. In 1945, Miner built upon Langer’s work
and applied the LDAR to tension-tension axial fatigue data for an aircraft
skin material (Halford 1997). Miner demonstrated excellent agreement
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between the LDAR predictions and his experimental results. His success gave
rise to a specific name to LDAR as the Miner’s rule. This rule can be
expressed as follows:
SD =3y -=1 2.1)
N,
where D; is the damage caused by loading level i; n; denotes the numbers of

cycles consumed during loading level i; and Ny, represents the number of
cyclesto failure with respect to loading level i.

B) The DCA was postulated by Lewis in 1981 (Haford 1997). The DCA
recognizes the following observations: in the regime of LCF, damage in the
form of cracking of initially smooth specimens begins very early in the life,
whereas in the regime of high cycle fatigue (HCF), cracking damage is not
detectable until very late in life. Thisrule can be presented as follows:

n g(Ng,)
YD, =Y, (WJ =1 (22)

where g( N, ) is a constant and it increases as N, increases; generdly,

g(Ns, )>1.

In both Equations (2.1) and (2.2), the damage D; could be interpreted physically

as adimensionless crack length, which cannot be negative, nor can it decrease.

C) Theideaof DLDR isto approximate DCA by a bi-linear line (Halford 1997).
Once the damage accumulation curves have been bi-linearized, it becomes a
simple matter to describe the fatigue process in term of the two distinct
phases. phase | is caled ‘microcrack initiation’, phase Il is termed as
‘microcrack propagation’. The failure is defined when the two linear damage

accumulation rules have been satisfied in sequence:

>D, =%(n/N, )=10 (2.3.1)
and
>D, =% (n/Ny )=1.0 (2.3.2)



where D, and D, are the damage caused by microcrack initiation and by

microcrack propagation, respectively; Ny and Ny are the life of
microcrack initiation and the life of microcrack propagation under loading
level i, respectively.

In addition, Ellyin (1997) introduced a dimensionless damage ratio as follows:

_D
d=Dp, (2.4.1)

where D is the damage; D; the damage at failure; d = O for virgin material and d =
1 at failure. The damage D can be taken arbitrarily, but the following conditions
should be satisfied: D = O for virgin material and D = Dy at failure for any fatigure

process.

He then generalized the DAR for multi-level cyclic loading as follows:

9(Q4:p)/9(2,:p)
n LNy
Nfl Nf2

where, n; and Nyj (j=1, 2,..., i) are the same as defined in Equation (2.1); Q isthe

9(Q1:p)/9(Q:p)

FULE | n _

9(Q,:p)/9(Q243:p)
] Nfi’l Nfi

(2.4.2)

damage parameter, and it is constant for a specific loading level; p is a constant
related to material properties; and g(Q;p) is a function of Q and p, and it is
constant for a specific loading level. On above, it is assumed that macro-
mechanical properties are not affected by the damage process.

It can be observed that Equation (2.4.2) becomes Miner’s rule, Equation (2.1),
when g(Q1; p), 9(Q22; p), -, 9(Qi-1; p) and g(€2;; p) are equal to each other.

2.3 LCFLIFEPREDICTION MODELS

Based on the approach used to develop LCF life prediction models, Reemsnyder
(1982) classified the fatigue life prediction models into two categories: analytical
models, which include stress-life, local strain, and fracture mechanics models, and

experimental models. Chen (2004) classified those models into two different
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types: one is based on empirical correlation, which includes stress-based models,
strain-based models and energy-based models, and the other is based on fracture

mechanics.

Based on the damage parameter employed in models, Ellyin (1997) and Das
(2002) classified fatigue life prediction models into four categories: stress-based
models, strain-based models, energy-based models and other models. They did

not include the models based on the fracture mechanics.

This research program focuses on the LCF of strip specimens and wrinkled pipes,
so only the models related to this subject are introduced. They are strain-based
models, energy-based models and other models.

2.3.1 STRAIN-BASED MODELS

In the field of LCF, strain-based models are the most widely used models. They
were developed by Coffin (1954) and Manson (1954) independently. Based on the
realization that LCF failure is the result of plastic strain reversal, they presented a
power-law relationship, which has been known as the Coffin-Manson equation,
between cyclesto failure and plastic strain amplitude:

AeP2 =g} (2N¢ )° (2.5.1)
where A is the plastic strain range; ¢} is the fatigue ductility coefficient which
corresponds to the plastic strain at one reversal (2N; = 1); and c is the fatigue

ductility exponent.

For engineering applications, it is much easier to measure the total strain than to
measure the plastic strain, so it is natural to develop an expression to relate the
total strain range and the fatigue life. Manson (1960) originally proposed a model
relating fatigue life to the total strain range by two separate power-law terms as

follows:

Ael2=o;(2N; P/E+& (2N, (25.2)
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where Ag is the total strain range; cs'f is the fatigue strength coefficient; b is the

fatigue strength exponent, E is the Y oung’ s modulus, and other parameters are the

same as before.

This modd is widely used in fatigue tests of smooth specimens and notched
specimens where the strain range can be measured exactly (lida 1987, Kuroda et
a. 1999, Huang et a. 2001, and Gotoh and Berge 2004). This model has also
been used in other specimens where strains are determined analytically (Scavuzzo
et a. 1992, Sakano et a. 1993, Uemura 1998, Kuroda 2001, and Sleczka 2004).

2.3.2 ENERGY-BASED MODELS

If a specimen or a component experiences cyclic plastic deformation, then strain
energy will be dissipated in each loading cycle. Based on the recognition of this
dissipated strain energy (or a portion of it) being a main contributor to the fatigue

damage process, it is natural to take it as the damage parameter.

Ellyin (1997) classified this model into three types based on what kind of energy
being selected as the damage parameter. These are hysteresis energy-based
models, plastic strain energy-based models and total strain energy-based models.
For engineering applications, the first one has been widely used (Mander 1994,
Azizinamini et al. 1989, and Radziminski et a. 1986, and Das 2002). An example
of using plastic strain energy was given by Lefebvre and Ellyin (1984). Chen
(2004) used both plastic strain energy and total strain energy as the damage
parameter in her models.

Since the energy accounts for the effects of both stress and strain, so it is not
surprising that it can unify HCF and LCF. Chan and Miller (1982) and Sarihan
(1994) demonstrated that the energy-based models can handle test data from
various sources, such as different specimens and different loading methods.

Because of those benefits, this model has become more popular.
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233 OTHER MODELS

In some cases, especialy for LCF of some specific structura details, the
aforementioned damage parameters cannot be obtained either directly by
measurement or indirectly by analysis, or they cannot be kept constant during the
test. Other specific damage parameters have to be identified to formulate LCF life
prediction models. The following will give a brief introduction about those
methods.

Radziminski and Azizinamini (1986) investigated the performance of semi-rigid
steel beam-to-column connections under cyclic loadings and they used a non-
dimensionalized nomina flange angle chord rotation index, which accounts for
the effects of all magjor geometric parameters, for formulating LCF life prediction
models. The comparison between the predicted results and test results exhibited

very good agreement.

Ballio et a. (1997) studied the LCF behaviour of structural steel members and
connections, and developed LCF life prediction models based on the damage
parameter of so-called the effective stress range. But this parameter was related to
the generalized displacement component, so in effect their model was based on

the global displacement.

Mander et al. (1994) studied the LCF behaviour of semi-rigid top-and-seat angle
connections. They used the plastic connection rotation as the damage parameter.
They aso found that a power-relation existed between the plastic connection
rotation and hysteresis energy.

Daali and Korol (1995) assessed the LCF damage in steel beams, and they used
the plastic rotation range as the damage parameter in their LCF life prediction
model.

2.4 PREVIOUSWORK

To date, only the U of A has focused its research on the LCF of wrinkled pipes.
Das et a. (2001) conducted twelve full-scale pipe tests from wrinkle to fracture.
From the first two tests, they found that the wrinkled pipes could not be fractured
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by only monotonically increasing the axial load under the condition of constant
internal pressure. So they employed the cyclic loading after the initial wrinkle,
and successfully fractured the other ten wrinkled pipes. They used two types of
cyclic load, one was cyclic axial load only and the other was a combination of
cyclic axia load and cyclic bending moment. The tested pipes were grade X52
NPS12 pipes. The pipes were tested by stroke-controlled method and the fatigue

lives were from three to nine cycles only.

Based on the work of Das et a. (2001), Myrholm (2001) conducted eight more
full-scale pipe tests. The pipes had a diameter of 508 mm and had two sets of
thickness, 6.0 mm and 8.2 mm. The pipes were tested by a global curvature
controlled method under three internal pressure levels, which were 0%, 40% and,
80% of the specified minimum yield strength (SYMS) in pipe walls. The
maximum curvature was controlled by bending the pipe and the minimum
curvature was generated by increasing the internal pressure under the absence of
the bending moment and the axial load. In addition, the cyclic loading was
applied at different global curvature levels, and at each level three repetitive
cycles were applied. The obtained fatigue lives were from 3.5 to 12 cycles, in
which six out of eight tests were below 10 cycles. In addition to the pipe tests, a
so-called “strip test” was firstly conducted in his research based on the
observation that the strip specimen had the similar fracture shape as the wrinkle of
full-scale pipe, as shown in Figure 2.1. A strip specimen has a size of 57 mm by
535 mm. It was cut from a pipe, and then bent to a specific shape (refer to Chapter
3). He conducted 10 strip specimens, but only eight were valid tests. All the
specimens were 6.8 mm thick and had a bend angle of 45°. The investigated
parameters included two sets of bend radius, one was 15 mm and the other was 20
mm, five levels of stroke range, which were 50 mm, 60 mm, 70 mm, 80 mm, and
90 mm. The fatigue lives of these strip specimens ranged from 3 cycles to 17
cycles, but eight of them were less than 10 cycles.

From the work of Myrholm (2001), Das (2002) felt that more strip tests were
needed to develop a fracture model, so he conducted 16 more strip tests. All the
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specimens had the same bend angle of 45°, but eight were 6.0 mm thick and eight
were 8.3 mm thick. Each thickness set was divided into two groups. one had a
bend radius of 15 mm and the other had a bend radius of 20 mm. Each group was
tested by four stroke levels and they were 50 mm, 60 mm, 70 mm and 80 mm.
The obtained fatigue lives ranged from 4 to 32 cycles, specificaly one was 32
cycles, three were about 15 cycles and the others were less than 10 cycles. Based
on the data of strip tests, he developed a LCF life prediction model by employing
the HLE in the first cycle as the damage parameter. Using the notation of this
research program, his model can be expressed as follows:

IN(N{y)=—5.3654—2.58In(U;5 )+ 0.1642x t (2.6.1)

where Uiur isthe HLE defined as a measure of unit cycle energy absorbed by the
crest of a strip specimen during the first cycle of loading and unloading (in
kN-m); Niq is the cycles to failure or the fatigue life; and t is the thickness of the

specimen (in mm).

Because the actual Uyvr is difficult to be exactly computed from the hysteresis
loop diagram (HLD) and is aso impractical to get the HLD in field, Das (2002)
simplified the computation of Uyyr as follows:

Upyr = M A8 = 6,ZA0 (2.6.2)
where, M, is the ultimate moment capacity in kN-m; Z is the plastic sectional
modulus in mm?>; o, is the ultimate stress in MPa; and A is the rotation range of

the specimen in radian.

Although this model works well in the case of the fatigue life being very short and
exhibits good agreement with the results from full-scale pipe tests, there are still
some questions about this model. Because the fatigue lives are so short, the
hysteresis loop shrinks as loading cycles proceed. This makes taking HLE of the
first cycle as the damage parameter questionable. Generaly, a parameter with
constant amplitude is chosen as the damage parameter in the fatigue life
prediction model and this principle also works in the traditional fatigue regime. It
is clear that the model obtained from fatigue tests with constant amplitude can

easily be applied to the fatigue problems with varied amplitude by employing
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DAR, such as Miner’s rule. Secondly, can this model be applied in other cases?
For example, other thickness, other bend angles and longer fatigue lives. The third
one comes from the simplification. When the rotation range is large, the induced
plastic deformation will be very large, and then the elastic deformation can be
neglected. In this case, Uivr can be approximated by Equation (2.6.2). But if the
rotation range is small, the elastic deformation can not be neglected compared
with the plastic deformation. Consequently, Uiyr Can not be approximated by
Equation (2.6.2). This is illustrated in Figure 2.2, where A; = the approximate
Uimr Obtained by Equation (2.6.2) and A, = the actual Ujyr obtained from the
actual hysteresis loop, and it is very clear that A; is much larger than A..
Moreover, when selecting the approximate U;vyr as the damage parameter, the
model should be re-regressed by using the selected parameter instead of by
replacing the exact Uyyr With the approximate Uvg in Equation (2.6.1). So it can
be expected that this model will cause considerable errors if the fatigue life is
longer. By further investigating Equation (2.6.2), it can be found that both of Z
and o, are constants for a given type material and for a specific cross section, so
in actual Equations (2.6.1) and (2.6.2) together reflect the relation between the
rotation range and the cycles to failure. This observation makes an improvement
of this model possible if rotation range is chosen as the damage parameter when
establishing the life prediction model and thiswill be discussed later.

25 SUMMARY

By reviewing the relevant literatures, it can be found that the research on LCF has
been the topic of interest for a long time and a lot of achievements have been
obtained, but the research on the LCF of wrinkled pipes has only been conducted
recently at the U of A. By reviewing the previous work that was completed at the
U of A, it can be concluded that there are still parameters that need to be
investigated, the existing model needs be improved, and new models may need to
be devel oped based on the expanded parameters and extended fatigue lives.
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Figure 2.1: Comparison of a pipe wrinkle with a strip specimen
(Reprinted from S. Das (2002))
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Note:
A; = Areaof the whole square, is the approximate Uyyg, and
A, = Areaof theloop, isthe actual Uyyg.

Figure 2.2: lllustration of actual Uyyr and approximate Uyyg in Das’ model
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3 STRIP TEST PROGRAM

The LCF life prediction models for wrinkled pipes, which will be developed in
Chapter 6, are based on the strip test results obtained from this program. In this
chapter, a brief description will be given to the strip test program, and the test

results will be presented and discussed.

3.1 TEST PROGRAM

This section consists of four parts. the specimens, the test set-up, the

measurements and instrumentation, and the test procedures.

3.1.1 SPECIMENS

A total of 40 specimens were designed for this research program. These
specimens were cut from three different full-scale pipes. One was 6 mm thick,
508 mm diameter X65 pipe, the second was 8.3 mm thick, 508 mm diameter X65
pipe, the last one was 11.9 mm thick, 406 mm diameter X 60 pipe. The 6 mm
thick and 11.9 mm thick pipes were also used in full-scale pipe tests, which will
be discussed in Chapter 4.

3.1.1.1 MECHANICAL PROPERTIES OF MATERIALS

Three different thicknesses (6.0 mm, 8.3 mm, and 11.9 mm) were used in the strip
specimens. Therefore, three sets of tension coupons were prepared and tested
correspondingly, and each set consisted of three specimens. The coupon
specimens were cut from the same pipe segment as the strip specimens and were
manufactured according to the requirements of Steel Pipe, CAN/CSA Z245.1-02
(CSA 2002) and ASTM A370-05 (ASTM 2005).

The tension coupons were tested by using the MTS1000 universal testing machine
according to the procedure defined by SSRC Technical Memorandum No. 7 and
No. 8 (T. V. Galambos 1998). A 50mm extensometer, i.e. 50 mm gauge length,

was used over the middle cross section to measure strains and elongations.

18



The average results of each set are given in Table 3.1. In this table, the reduction
of area was obtained by fitting the fractured surfaces together and measuring the
dimensions of the smallest cross section. It has to be mentioned that the so-
obtained value was just an approximate reduction of area because the fractured
cross-section was not a perfect rectangular. It can be observed that all materials
had exhibited significant elongations, which varied from 29.9 % to 33.5%. This
indicated that all materials had great ductility. In addition, the variation of
reduction of area from 54.6% to 63.0% also revealed the high ductility of those
materials. Furthermore, the thickest material, 11.9 mm nominal thickness, had the
highest ductility and the possible reason was that it had the lowest nominal grade.

3.1.1.2 SPECIMEN DESIGN

The strip specimens were designed to investigate the LCF behaviour of the
wrinkled pipes in the field and further to develop the LCF life prediction model
for those pipes. Therefore, similar bend shapes in the strip specimens as the
wrinkle shape in the actua pipes were used, as shown in Figure 3.1. Generally, a
pipe wrinkle can be divided into three parts. one wrinkle head (crest) and two
wrinkle feet (see Figure 3.1). A wrinkle foot can be taken as the half of areversed
wrinkle head athough their curvatures are generaly different. Field and test
observations (Das 2002) show the fracture usually occurs in the wrinkle head. So
the strip specimen replicates only the features of a wrinkle head. Generdly,
different material thicknesses will have different ductility, so three sets of nominal
thickness, 6 mm, 8.3 mm, and 11.9 mm, were chosen in this test program to study
the influence of the material thickness. In the field, the pipelines are operated
under varied loading conditions, which will result in wrinkles with different
shapes. Previous test results (Das 2002) show that the wrinkle waveform or
geometry is closaly related to the operating pressure and the deforming stage. So
in this research program, the bend angle and the bend radius were used to
simulate the wrinkle geometry. A small bend angle indicated a large wrinkle and
while a large bend angle revealed a small wrinkle; similarly, a small bend radius

displayed a sharp wrinkle and a large bend radius demonstrated a blunt wrinkle.
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Specificaly, two different nominal bend radii, 15 mm and 20 mm, were chosen to
simulate two types of wrinkle sharpness; and two nominal bend angles, 45° and
60°, were adopted to replicate two wrinkle sizes. In addition, six levels of stroke
range, 12 mm, 20 mm, 30 mm, 50 mm, 70 mm and 80 mm, were used to represent
different LCF loading amplitudes that wrinkled pipes encountered during

operation.

3.1.1.3 SPECIMEN FABRICATION

The fabrication of a strip specimen consisted of three processes: cutting, bending
and welding. Firstly, a straight strip with a size of 535 mm x 57 mm was cut from
a pipe along its longitudinal direction by using high pressure water jets, which
was called cold-cut. The reason to use this cutting method was to prevent forming
residual strains and residual stresses in the strips. The considerations in
determining the strip size were: on one hand, the strip had to be long enough to
form a simulated wrinkle head and to weld the loading strips or plates; and on the
other hand, the strip width had to be sufficiently wide to accommodate two rows
of loading strip or loading plate and in the meantime be small enough to minimize
the effect of the curvature of the pipe. Figure 3.2 shows a schematic of such a

strip.

This straight strip was then bent by a rebar bending machine as shown in Figure
3.3. Firstly, the strip was fixed on the support by a clamp; and then the driving
wheel, which could freely revolve about its own axis, rotated about the axis of the
guide rod by a desired angle. After this bending operation, a strip bend, which
simulated the wrinkle head, was formed in the central region of the strip. Because
the elastic deformation was much smaller than the plastic deformation in this
case, the bend radius could be approximated by the radius of guide rod, and the
bend angle could be approached by the difference between 360 degree and the
rotation of driving whesel.

Finally, two pieces of strips or plates (3 mm or 12 mm thick, respectively), called

loading strips or plates, were welded on each of the strip legs and they were used

to connect the specimen with the two custom-made loading mounts, as shown in
20



Figure 3.4. The 3 mm thick loading strips were used for the thin specimens (6 mm
and 8.3 mm) and the thick specimens (11.9 mm) tested by small levels of stroke
range (12 mm, 20 mm, and 30 mm). The 12 mm thick loading plates were used
for the thick specimens (11.9 mm) tested by large levels of stroke range (50 mm,
70 mm, and 80 mm). The loading strips or plates were located on the strip legs by
the distance between the center of the welded edge of a loading strip or plate to
the center of the strip crest. For convenience, this distance is hereafter called the
positioning distance, which is illustrated in Figure 3.4. The positioning distance
was 105 mm for the loading plates and 110 mm for the loading strips, and was
kept constant for all specimens based on two considerations. First, it had to be
consistent with that used in the previous test programs (Myrholm 2001 and Das
2002). Second, it had to be large enough to prevent the strip bend, especialy at
the crest, from being affected by the welding of loading strips or plates, and at the
same time, it had to be short enough to make the strip legs work as rigid bodies. It
has to be mentioned that keeping the positioning distance constant had two side
effects. The negative one was that it made the loading eccentricity, which is
defined in Figure 3.1, varied with the bend angle, and the positive one was that it
made the positioning of the loading strips or plates on strip legs easier and faster.

3.1.1.4 SPECIMEN DESIGNATION AND TEST MATRIX

A specia designation system was introduced in this research program to label
each strip specimen so that its physical parameters could be easily identified. In
this designation system, T6, T8, and T12 were used to represent the nominal wall
thickness of 6 mm, 8.3 mm, and 11.9 mm, respectively, and Rxx, Axx and Sxx
were adopted to depict the magnitude of nominal bend radius (in mm), nominal
bend angle (in degree), and nomina stroke range (in mm), respectively. For
instance, TBR15A45S30 indicates a strip specimen of a nomina wall thickness of
6 mm, a nomina bend radius of 15 mm, a nomina bend angle of 45 degree, and
being subjected to anomina stroke range of 30 mm.

In this research program, atotal of 40 strip specimens were planned to be tested,
but a specimen designated by T6A45R15S50 was twisted during fabrication and
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could not be tested, so 39 specimens were tested. The complete specimen matrix

and their corresponding nominal parameters are shown in Table 3.2.

3.1.2 TEST SET-UP

Two types of loading mounts were used in this test program, as shown in Figure
3.5. The loading mount shown in Figure 3.5a was the same as that used in the
previous test programs (Myrholm 2001 and Das 2002), and the other shown in
Figure 3.5b was a gripping plate used for 11.9 mm thick specimens tested by

nominal stroke ranges of 50 mm, 70 mm, and 80 mm.

The loading mounts were firstly bolted to the loading strips or pinned to the
loading plates, and then were gripped by the hydraulic grips of the MTS1000
universal testing machine. As shown in Figure 3.6, the loading mounts had hinges
that allowed the specimen subjected a vertical load only and this was similar to

the loading of the wrinkled pipe wall.

As the loading heads moved up and down, the specimen was pried open and
pushed close and finally it was fractured by this cyclically reversed movements of
loading head.

3.1.3 MEASUREMENTSAND INSTRUMENTATION

In this test program, a series of parameters had to be measured and recorded to
capture the behaviour of the test specimens. The following sections will describe

those issues according to the parameters measured.

3.1.3.1 RESIDUAL STRAINS

The residual strains after monotonic bending had to be measured or evaluated
properly because it was needed in both evauating the damage due to this
monotonic bending and calculating the cyclic strain induced by cyclic loading.
Generaly the electronic strain gauge is the first choice to measure strain because
of its high preciseness and convenience, but it was excluded from the
instrumentation list in this test based on two fatal limitations. The first one was
the strain caused by monotonic bending, which was more than 15%, was far
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beyond the measurement range of a strain gauge; the second one came from the
bending process. The sgqueezing between the guide rod and the driving wheel
during bending made it impossible to put the strain gauges on the surfaces of the
strip specimen. Therefore, the approximate method used by Myrholm (2001) and
Das (2002) was adopted and is briefly described as follows.

Firstly, two rows of tiny marks were punched on both outside surface and inside
surface of a straight strip around its central portion, and the layout of such punch
marks are shown in Figure 3.2. The distance between those two rows was 10 mm,
and the gauge between any two adjacent marks was about 5 mm. When evaluating
the residual strain, a gauge length of 15 mm (instead of 5 mm) was used because
of two reasons: first, it had to be consistent with the clip gauge length which was
employed later during cyclic loading, and, at the same time, it had to be large
enough to make the errors caused by punch marks negligible. Because only the
crest of strip bend, where cracks formed, was concerned, only three gauges of
each row nearest to the crest of the bend were used to estimate the residual strains.
The gauge length was carefully measured by an electronic caiper before the
straight strip was bent, and this length was called the initia gauge length. After
the specimen was bent, a strip of transparent adhesive tape was put over those
punch marks carefully to avoid any voids between the tape and the strip surface,
and then the locations of those marks were replicated on the tape by a pen. Next,
this tape was taken away from the strip surface and put on a flat plate, so the
deformed gauge length could be measured by the same electronic caliper. Then
the change of gauge length, therefore the residua strain, could be obtained by
calculation. The average of residual strains obtained from two rows on the same

surface was taken as the final residual strain for that surface.

3.1.3.2 LOADING ECCENTRICITY

The loading eccentricity is the shortest distance from the center of strip crest to
the loading line and it is shown in Figure 3.1. The loading eccentricity had to be
measured because it was essential in determining the bending moment applied on
the strip crest.
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Before the cyclic load was applied, the loading eccentricity had to be measured
firstly. Thisloading eccentricity was called theinitial loading eccentricity and was

denoted as &,.

During the cyclic loading stage, the loading eccentricity, e, was reduced as the
specimen was pried open and increased as the specimen was pushed close. It can
be expressed as follows:

e=6, +0¢ (3.1
where d. is the change of loading eccentricity and is measured by a cable
transducer. It is negative when the specimen is opened and positive when the

specimen is closed.

3.1.3.3 ROTATIONS

Two kinds of internal angle were used in this test program. One was the internal
angle between the two actual strip legs, it was call the ‘actua leg angle’, 64; the
other one was the angle between the two pseudo legs, which were defined as the
imaginary legs connecting the rotating hinges and the crest of the bend, and was
termed as the ‘pseudo leg angle’, 64. Correspondingly, there were two sets of
rotational angle changes. one was the *actual leg rotation’, 804, and the other one
was the ‘pseudo leg rotation’, 604. All of those parameters are illustrated in
Figure 3.7. In addition, the relations between the internal angles and rotations can
be expressed as follows:

304 =04 — 040 (3.2.1)

804 =09 —0go (3.2.2)
where 64, and 04, are the initial actual leg angle, which is the initial bend angle,

and theinitial pseudo leg angle, respectively (see Figure 3.7).

The reason to adopt the aforementioned rotations was based on the speculation
that the difference between those two types of rotation would reveal the effect of
plastic zone size to some extent. Furthermore, by investigating this effect, an
approximate method could be obtained to estimate the rotation during cyclic
loading, which will be introduced later.
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040 Was measured right after the monotonic bending and 64, was measured just
before the cyclic loading. 664 was measured directly by two RVDTSs (rotational
variable differential transformers). For some specimens, RVDTs were bolted to
the loading mounts (as shown in Figure 3.6a), but it was found not to work well
because the bolts could revolve about their own axes even if the nuts were snug
tight. Hereafter they were clamped on the legs of specimen directly (as shown in
Figure 3.6b). It was found that they worked very well. However, 604 could not be
measured directly, so an indirect method was introduced. This method uses the
geometric relationship among the rotation, stroke, and loading eccentricity, and
this relation can be expressed as follows:

804 = 2x tan‘{ﬁ} g, (33)
where &,, e and 64, were introduced previously, H, isthe initial loading height as

shown in Figure 3.7 and S is the stroke of the loading machine.

3.1.3.4 CYCLIC STRAINS

Unlike the stroke and the rotation, which are global variables, the strain is alocal
variable. It is the most important parameter in the traditiona LCF research
because it is the requisite variable to determine the cyclic strain range and to
develop the LCF life prediction model. Unfortunately, the actual strain could not
be measured in this test because of the limitation of current measuring techniques.
Experience from the test program of Myrholm (2001) showed that the electronic
strain gauge on the strip crest was liable to debond from the specimen surface
because of the very large and cyclically reversed bending deformation at the crest.
So in thistest program, only a clip gauge of 15 mm gauge length was installed on
the outside surface of the strip crest to measure the strain history, as shown in
Figure 3.6, during the cyclic loading.

It has to be emphasized here that the measured val ue by the clip gauge was not the

strain of the extreme fiber on the outside surface of the strip crest according to the

traditional definition of engineering strain, where it is defined as the length

change of a unit line segment. For the clip gauge, its two feet stood on a curve
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(strip bend), so what it measured was the strain of the straight line connected by
the two points where it stood instead of the curve it mounted. For distinguishing
this strain from the traditional engineering strain, it was termed as ‘clip strain’ in
thistest program.

3.1.35 OTHERS

The magnitudes of MTS load and MTS stroke were measured directly by the
sensors in the MTS1000 machine and recorded automatically by an automatic

data acquisition system at a pre-set frequency.

3.1.4 TEST PROCEDURES

Generdly, the strain-controlled method is used to conduct the LCF test for two
reasons. First, when the material becomes plasticized, the load increase can be
guite small while the material went through strain hardening, and this makes the
load control impossible in the LCF regime. Second, crack initiation is generally
induced by the loca plastic deformation around the defects and other
imperfections. Coffin (1984) and Manson (2006) believed that the failure of LCF
is basically caused by cyclic plastic strains. But for this test program, a totally
reversed stroke-controlled, instead of strain-controlled, loading method was
employed because of the difficulty in measuring the strain on the strip bend crest.
The characteristics of the stroke spectra will be described and discussed in the
next section.

For LCF, the loading rate has to be properly controlled. A too fast loading rate
will cause significant heat loss and a too slow loading rate will induce creep
(Wang and Chen 2001 and 2002, Wang et a. 2001). In this test program, the
loading rates were chosen according to past experience, and the details of the
loading program are shown in Table 3.3. The average loading rate was 8.57
mm/min for 12 mm stroke range, 11.45 mm/min for 20 mm stroke range, 11.19
mm/min for 30 mm stroke range (except for specimen T6R20A45S30 an average
loading rate of 8.11 mm/min was used), 10.64 mm/min for 50 mm stroke range,

8.33 mm/min for 70 mm stroke range, and 8.07 mm/min for 80 mm stroke range.
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These loading rates were programmed in the controller of the MTS1000 universal
testing machine to automatically load the strip specimens.

The cyclic stroke was applied to the specimen by the MTS1000 universal testing
machine. The test was terminated when the crack was totally devel oped across the
cross section and the two parts were almost totally separated.

3.2 TEST RESULTSAND DISSCUSSION

In this section, the spectra and the hysteresis loops of MTS stroke and MTS load
will be presented, followed by those of rotation and moment, and completed with
those of clip strain and nominal stress. The fatigue lives and failure mechanism

will aso be presented and discussed.

321 MTSLOAD AND MTSSTROKE

Usually, the controlled variable is caled ‘input’ and the uncontrolled variable is
called ‘output’. In this test program, the input was the MTS stroke and the output
was the MTS load. And both of them were related to the MTS universal testing

machine and they were global variables.

3.21.1 TERMINOLOGIES

Before giving the spectra and the hysteresis loops, the following terminologies are
introduced firstly.
e Maximum stroke: the maximum opening stroke in each cycle and it is
denoted as Syax. The opening stroke is positive.
e Minimum stroke: the maximum closing stroke in each cycle and it is
denoted as Syin. The closing stroke is negtive.
e Strokerange: AS = Syax — Smin-
e Stroke amplitude: S;= AS/2.
e Mean stroke: Sy = (Smax + Smin)/2.
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3.21.2 QUALITATIVE ANALYSIS

A quditative analysis is conducted firstly to help in understanding the
characteristics of axial load spectra and hysteresis loops. By deformation anaysis,
as shown in Figure 3.8, it can be found that two types of deformation contribute to
the stroke: one is the elongation and contraction of the specimen and the other is
the rotation of the specimen. For the specimen subjected to MTS load only, this
load could be decomposed into two components, i.e. the parallel and vertical
components with respect to the specimen leg. It was the parallel component that
made the specimen elongation or contraction and it was the vertical component
that caused the specimen legs to rotate. Therefore, the stroke can be symbolically
described by the following equation:
Psno, Pe
) KSP " KSM

S (3.9

where, Sisthe stroke, Kspisthe required axia load to produce a unit stroke (not a
constant), Kgy is the required bending moment to generate a unit stroke (not a
constant), Pisthe MTS load and e is the loading eccentricity.

Because of the strong constraints from the loading strips or plates, the specimen
legs can be treated as ‘rigid bodies . However, the strip bend is deformable and
this makes the rigid strip legs trandate and rotate. So in Equation (3.4), Ksp and
Ksw are the properties of strip bend instead of sectiona properties, and, virtualy,
they are directly related to both the bend geometry and the cross section size. For
simplification, the strip bend can be treated as a hinge approximately when the
specimen rotation is the concern, so the specimen rotation will be solely
determined by the cross section properties and the bending moment applied at the
strip crest.

For the strip specimen, since it has a very flat cross section, so it has much
stronger axia rigidity to resist tension or compression than bending rigidity to
resist rotation. In other words, the specimen is much easier to be bent than to be
stretched or shortened. As the specimen is closed, the loading eccentricity

increases, and the actual leg angle decreases, so the contribution of specimen
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contraction to the stroke is small and can be neglected; but when the specimen is
excessively opened, the loading eccentricity can be decreased near to zero, and
the actual leg angle will become large, then the contribution of specimen
elongation to the stroke will be large and cannot be neglected.

3.21.3 SPECTRA
GENERAL

The MTS stroke spectrum is the curve which exhibits the variation of MTS stroke
with time and similarly the MTS load spectrum is the curve that shows the
variation of MTS load with time. The characteristic parameters of MTS stroke
spectra employed in this test program are summarized and given in Table 3.4.
From this table, it can be found that the MTS stroke spectra can be categorized

into six groups according to the corresponding M TS stroke ranges.

A better way to understand the difference between the M TS stroke spectra and the
MTS load spectrais by direct comparison. Figure 3.9 shows both the MTS stroke
gpectra and the MTS load spectra, where four sets of typical spectra are chosen
from gpecimens TI12R15A45S20, T12R15A45S30, T12R15A45S50 and
T12R20A45S70. It is noted that T12R20A45S70 instead of T12R15A45S70 was
chosen because the test data could not be recorded properly for the latter. From

Figure 3.9, the following observations can be obtai ned.

First, the MTS stroke amplitude was constant during the test, but the MTS load
amplitude was not and it decreased as the test progressed. This phenomenon can
be referred to as ‘stroke softening’, which is analogous with ‘strain softening’
observed in the traditional fatigue regime. In others words, the MTS load
decreased as more cyclic MTS strokes were accomplished. Actually this drop of
MTS load was due to the formation and propagation of cracks, which on one hand
reduced the net area of the cross section and consequently decreased the required
load to attain the designated stroke range, and on the other hand caused heavy
stress concentration around the crack tips and made the cross section plasticized
gradually. Second, the degree of ‘stroke softening’ was related to the MTS stroke
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amplitude directly, it became worse as the MTS stroke amplitude increased.
Third, al MTS stroke spectra had or nearly had the forms of sine waves, but the
axial load spectra were not guaranteed to have the same wave forms as the MTS
stroke spectra. When the MTS stroke amplitude was small, they showed the
almost same wave forms, e.g. T12R15A45S20; but the MTS load spectra looked
more like sine waves being chopped peaks and bottoms when the MTS stroke
amplitude was large, e.g. specimen T12R20A45S70. This behaviour can be
explained by the amplitude of plastic deformation. The MTS load near linearly
varied with the MTS stroke if there was no plastic deformation, but this linear
relation did not hold anymore when the cross section became plasticized and as a
result, the increase of MTS load would be retarded. Finally, the MTS stroke was
totally reversed, i.e. the mean MTS stroke was zero, and this indicated that the
input was well controlled; but the MTS load was not totally reversed and the

opening load was significantly larger than the closing load.
SOME ABNORMAL SPECTRA

Due to negligence or some unexpected reasons, some specimens were not tested
by their designated stroke spectra. For those specimens, the following will give a

brief description and their corresponding M TS stroke spectra.

For 6 mm and 8.3 mm thick specimens that were tested by a stroke range of 50
mm, the actual M TS stroke spectra consisted of two sets of form: one was the sine
wave with a range of 50 mm and the other was the triangle form with a range of
42.8 mm, and they applied to the specimens aternatively. This fluctuation was
due to a program error and was modified in testing 11.9 mm thick specimens. A

portion of the loading spectrum is shown in Figure 3.10a.

The actual stroke range of specimen T6R15A60S80* was 60 mm instead of 80
mm. This specimen had a small initial eccentricity of 57.1 mm, so the opening
load became so large when the MTS stroke approached the maximum stroke (i.e.
40 mm) that the spot-welds between the loading strips and the specimen legs were
broken. Hence, the stroke range was reduced to 60 mm to finish this test. A part
of the actual MTS stroke history is shown in Figure 3.10b.
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Because a wrong loading program was employed, the specimen T6R15A45S30*
was heavily overloaded and the maximum MTS stroke reached 46.7 mm in the
second cycle. However, the stroke range was set back to 30 mm hereafter. A part
of the actual MTS stroke history is shown in Figure 3.10c.

Because of the yield of the loading strips at the first cycle, the stroke range of
specimen T12R15A60S50* was decreased to 40 mm (Figure 3.10d).

3.21.4 HYSTERESIS LOOPS

In this test, the MTS load and MTS stroke hysteresis loops could be obtained
directly because both of them were recorded automatically. For convenience,
hereafter those loops will be referred to as LSHLs (load vs. stroke hysteresis
loops). LSHLs reflect the relation between the MTS load and the MTS stroke and
moreover, the area enclosed by each loop indicates the dissipated energy during
that cycle and isreferred to as the HLE.

DESCRIPTION OF ATYPICAL LSHL

Based on theintrinsic features of LSHLS, atypical single loop, as shown in Figure
3.11, can be described in three different ways.

Because this test was stroke controlled, the ‘loading’ in this test meant increasing
stroke from the minimum level to the maximum level and conversely, the
‘unloading’ denoted decreasing stroke from the maximum level to the minimum
level. Based on this concept, the shown loop exactly recorded a cycle of loading
and unloading paths: the unloading path of ‘ABCDEFG’ and the loading path of
‘GHIJKLA’.

Second, when the MTS load was positive, the specimen was being pulled; and
when the MTS load was negative, the specimen was being pushed. So the
presented loop precisely formed a cycle of pulling and pushing paths. the pulling
path of ‘1IJKLABC’ and the pushing path of ‘CDEFGHI’.

Third, from the initial position, i.e. before the cyclic loading was applied, the
specimen was opened if the stroke was positive and it was closed if the stroke was
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negative. So the given loop faithfully specified a cycle by the closing path of
‘FGHIJKL’ and the opening path of ‘LABCDEF .

Finally, the loop was also obviously characterized by six points: points ‘L’ and
‘F are caled ‘zero-stroke' points because the strokes are zero at those moments;
points ‘C’ and ‘I’ are termed ‘zero-load’ points because the MTS loads are zero at
those points; and points ‘A’ and ‘G’ are obviously corner points and they are

named the upper corner point and the lower corner point, respectively.
GENERAL OBSERVATION AND DISCUSS ON

Figure 3.12 shows some typical LSHLs from four specimens and based on them,
some general observations can be made as follows.

First, the loops gradually became flat as the test advanced and this corresponded
to the phenomenon of ‘stroke softening’, which was discussed previoudly.
Furthermore, the flattening of loops showed that the energy absorption capacity
was decreased as the test progressed. This was the direct result of the initiation

and propagation of cracks.

Second, the loop peaks were exactly the upper corner points of loops, but the loop
nadirs were not guaranteed to be the lower corner points of loops. They were the
same when the stroke range was very small, e.g. specimen T12R15A45S20, and
they were not when the stroke range was large, e.g. specimen T12R20A45S70.
This can be attributed to the loading eccentricity, and it will be discussed further
later.

Third, for the specimens tested by small stroke range, a very dark and thick
‘loop’, which was termed ‘dark loop’ in this program for convenience, could be
identified in this figure; but for the specimens tested by large stroke range, there
was no such ‘dark loop’. Actually, the dark loop was a band of loops and it was
the result of the slow decrease rate of the M TS load.

Fourth, for the specimens tested by large stroke range, the loop became steeper
when the stroke approached the maximum level during the first few cycles. As

discussed in the section 3.2.1.2, when the specimen was heavily opened, the
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contribution of specimen elongation to stroke increased and at the same time, that
of specimen rotation to stroke decreased, so more MTS load was needed to
acquire the designated stroke. The reason will be given | ater.

The final observation is that there was an abrupt increase of pushing load when
the stroke approached the minimum level at the very late stage of the test. This
phenomenon corresponded to the closure of a very wide and deep crack on the

inside of the specimen.
FURTHER OBSERVATION AND DISCUSS ON

To fully understand the characteristics of LSHLSs, Figure 3.11 has to be reviewed
again and the following observations and discussion can be made.

First, the very short paths ‘AB’ and ‘GH’ were nearly vertical, which indicated
the phenomenon of load relaxation due to the hold of the maximum stroke and the

minimum stroke.

Second, aong paths ‘BCD’ and ‘HIJ, near linear relations existed between the
MTS load and MTS stroke. This indicated that the specimen behaved elastically.
But the unloading path ‘BCD’ was much steeper than the loading path ‘HIJ and
this can be attributed to the loading eccentricity. The loading eccentricity
increased along the unloading path that made the unloading accelerated, so this
phenomenon can be termed as ‘unloading acceleration’. On the contrary, the
loading eccentricity decreased along the loading path and this made the loading
retarded, so this phenomenon can be called ‘loading retardation’.

Third, following path ‘BCD’, path ‘DE’ showed a gradually decreased unloading
rate and this indicated the cross section at crest was gradually plasticized or
‘softened’. The point ‘E’ was the nadir of the whole unloading path. Similarly,
path ‘JK’ exhibited a gradually decreased loading rate and this indicated the
Ccross section at crest was gradually plasticized or ‘softened’. But point ‘K’ was
not the summit of the loading path.

Fourth, path ‘EFG’ showed a negative unloading rate, which was very small; but
path ‘KLA’ still exhibited a visible positive loading rate. The difference between
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them can be explained by the loading eccentricity again. Along the path ‘KLA’,
the cross-section at crest was totaly plasticized and it reached its maximum
moment resistant capacity, M,, which was the product of the maximum MTS load
and the corresponding loading eccentricity. As the specimen was loaded, the
loading eccentricity was decreased, so the MTS load had to be increased to keep
M, constant at crest. On the contrary, as the specimen was unloaded, the loading
eccentricity was increased, so the MTS load had to be decreased to keep My
unchanged at crest. Moreover, the increase of loading eccentricity during
unloading along path ‘EFG’ was much smaller than the decrease of loading
eccentricity along path ‘KLA’, so this made the former being a near plateau and

the latter being a slope.

Finally, significant strokes were left at the zero-load points ‘C’ and ‘I’, so the
specimen could not go back to itsinitial position. This was because considerable
plastic deformation accumulated in the strip bend. Similarly, zero-stroke points
‘F and ‘L’ exhibited that considerable MTS loads were needed to make the
specimen back to itsinitial position.

3.2.2 MOMENT AND ROTATION

Henceforward, the moment refers to the moment at the cross section of strip crest,
and the rotation can be either the actual leg rotation or the pseudo leg rotation,
which were defined in section 3.1.3.3. For evaluating the difference between
those two types of rotation, specimen T12R15A45S50 is taken as an example and
the results are shown in Figure 3.13. From this figure, it is found that they have
the same wave form and are synchronal, but their amplitudes are unequal and the
actual leg rotation, 664, is bigger than the pseudo leg rotation, 664. This
difference indicates the impact of plastic zone on the rotation, and it can be
expected that the difference becomes greater when the bend angle is small, which
indicates a large plastic zone. From the engineering point of view, the difference
is small enough to be ignored, so the pseudo leg rotation instead of the actua leg
rotation is used in this test program to do the analysis. The other two reasons

using 66y instead of 604 in analyses are: first, some RVDTs did not work well in
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the test program, so the actual leg rotations could not be applied to al specimens;
second, the previous tests conducted by Myrholm (2001) and Das (2002)
employed the pseudo leg rotations, so it was more convenient to use the pseudo
leg rotations to make a comparison among them.

3.22.1 TERMINOLOGIES

Some terminologies, which are similar to those used in stroke spectra, can be
introduced as follows:
e Maximum rotation: the maximum opening rotation in each cycle and it is
denoted as 664max. The opening rotation is considered positive.
e Minimum rotation: the maximum closing rotation in each cycle and it is
denoted as 604min. The closing rotation is considered negtive.
e Rotation range: ABy = 60gmax — 0Osmin-
e Rotation amplitude: 564, = AB4/2.
e Meanrotation: 80gm = (60gmax + 00smin)/2.

3.22.2 QUALITATIVE ANALYSIS

Asdiscussed in section 3.2.1.2, the relation between rotation and bending moment
can be symbolically expressed as follows:

M
Krm

504 = (3.5)

where 60y is the pseudo leg rotation, M = P x e is the bending moment, and Kgry
isthe required bending moment to attain a unit rotation (not a constant).

From this equation, it can be expected that the rotation can increase without the
increase of the bending moment when the cross section is totally plasticized.
3.22.3 SPECTRA

Similarly, the rotation spectrum indicates the variation of rotation with time and
the moment spectrum exhibits the variation of moment with time. And the

characteristic parameters of rotation spectraare givenin Table 3.5.
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Some typical bending moment spectra and rotation spectra are shown in Figure
3.14. From this figure, some observations can be made. The first and most
important one is that A6y is nearly constant during the whole loading period and
this feature is the same as that of stroke spectra, so it can be treated as an input or
controlled variable. Second, the maximum bending moment decreases as count
number goes up and this phenomenon can be referred to as ‘rotation softening’,
which is similar to ‘stroke softening’ in the MTS load spectra. Finally, the couple
of rotation and moment spectra are similar to that of MTS stroke and MTS load
spectra, so the similar observations can be made as thosein MTS stroke and MTS

load spectra.

3.2.2.4 HYSTERESIS LOOPS

Similarly, the bending moment and pseudo leg rotation hysteresis loops are
denoted as MRHLs (moment vs. rotation hysteresis loops), henceforth just for

convenience.
DESCRIPTION OF A TYPICAL MRHL

Based on the intrinsic features of MRHLSs, a typica single loop, as shown in
Figure 3.15, can be described in the same three different ways as were used in
Figure 3.11, so no more details will be given.

GENERAL OBSERVATION AND DISCUSSON

Four typical MRHLs and their corresponding typical loops are shown in Figure
3.16. Compared with Figure 3.12, a couple of observations can be made as

follows.

The first one, also the most important one, is that the loading path and the
unloading path are approximately antisymmetric about the diagonal connected by
the upper corner point and the lower corner point. This feature is different from
that of Figure 3.12 and can be explained based on Equation (3.5). The relation
between the rotation and the bending moment is totally determined by its bending
moment resistance and rigidity, so the loops show the antisymmetric feature if the
opening moment resistance and rigidity is similar to those of the closing. But,
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based on Equation (3.4), the stroke depends not only on the MTS load and its
corresponding resistance and rigidity but aso on the bending moment and its
corresponding resistance and rigidity. In addition, the pulling path and the
pushing path are also nearly antisymmetric about the abscissa, and the opening
path and the closing path are antisymmetric about a vertical line, which is parallel

to the ordinate.

Second, the maximum opening rotation is bigger than the closing rotation and the
degree of this bias goes up as the stroke range is increased. This can be easily

explained from Equation (3.3).

Third, the maximum opening moment is almost the same as the closing moment,
and they correspond to the maximum pseudo leg rotation and the minimum
pseudo leg rotation, respectively. Specifically, a near plateau occurred when the
pseudo leg rotation is large and the size of this plateau becomes larger as the
pseudo leg rotation range is widened. Based on Equation (3.5), before the moment
reaches M, the moment goes up as the specimen is being opened or closed; when
the moment reaches M, the moment can not goes up any more, so the plateau

forms.
FURTHER OBSERVATION AND DISCUSSON

Further observations and discussion will focus on Figure 3.15 and they are as

follows.

First, similar with Figure 3.11, the very short paths ‘AB’ and ‘GH’ were nearly
vertical, which corresponds to the phenomenon of load relaxation due to the hold

of the maximum stroke and the minimum stroke.

Second, similar with Figure 3.11, near linear relations existed between the
bending moment and the pseudo leg rotation along paths ‘BCD’ and ‘HIJ and
this indicated that the specimen behaved elastically. Different to Figure 3.11, the
unloading rate of path ‘BCD’ is almost same as the loading rate of path ‘HIJ and
this indicated that the pseudo leg rotation is directly and almost only related to the

bending moment, and vise verse.
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Third, as for paths ‘DE’ and ‘JK’, the characteristics are the same as Figure 3.11
except that the point ‘E’ is not the nadir of the whole unloading path.

Fourth, path ‘EFG’ and path ‘KLA’ were nearly straight lines and their slopes
were so small that they could be treated as plateaus. Along those paths, the cross-
section at strip crest was totally plasticized and it reached its maximum moment

resistance capacity, Mp, so the bending moment could not be increased anymore.

Finally, points ‘C’ and ‘I’ showed that significant pseudo leg rotations are left
when bending moments decrease to zero and this was because considerable
plastic deformation accumulated in the strip bend. Following this concept, points
‘F and ‘L’ exhibited that considerable bending moments were needed to make

pseudo leg rotations back to zero.

3.2.3 STRESSAND STRAIN

As introduced previously, a straight strip was firstly bent to a desired shape. The
whole loading history consisted of two stages: one was the monotonic bending
stage and the other was the cyclic loading stage. The following sub-sections will
discuss the stress and strain according to these two loading stages.

3.2.3.1 MONOTONIC BENDING STAGE

During the monotonic bending stage, the strip was heavily deformed and as a
result the residual strain and residual stress were permanently left in the cross

section in the strip bend when the bending load was totally removed.
RESDUAL STRAIN

The residual strain can be measured by the method described in the previous
section and the results are presented in Table 3.6. It can also be obtained by

theoretical analysisand is discussed as follows.

To obtain the theoretical residua strain, the traditional hypotheses of plane
section are assumed to be valid, i.e. the plane section remains plane after
deformation and the neutral axis is normal to the plane section. Also three
approximations have to be made for simplifying the analysis, i.e. the cross section
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is a perfect rectangular, the material is elastic and perfectly plastic (as shown in
Figure 3.17), and only bending moment acts on the specimen. Then the residual
strain can be obtained by employing the principles of superposition and elastic
recovery, the results can be found in most “Mechanics of Materials’ books, such
as Hibbeler (2003) and Dowling (2007). For this typical problem, the residual
strain can be derived in the following forms (refer to Figure 3.17):

g, =e—Ag (3.6.1)
where ¢ is the strain before unloading and Aeg is the recovered strain due to
unloading and they can be obtained according to the following equations.
Specificaly, these two parameters can be determined as follows (refer to Figure
3.18):

(3.6.2)

&= %1+ 2R/t)

2
Ag = %{3-(‘%} } (36.3)

R = inside radius (or bend radius), in mm,

where

t = wall thickness, in mm,
gy = yield strain = 6,/E,

y = elasticcoresize=t x g/ e.

In this test program, two types of bend radius, 15 mm and 20 mm, and three sets
of nomina thickness, 6 mm, 8.3 mm and 11.9 mm, were used; and their
corresponding mechanical properties were obtained from coupon tests (shown in
Table 3.1); and then the residual strain can be calculated according to the above
eguations.

For the strip specimen, because the maximum bend radius is 20 mm and the
minimum thicknessis 6 mm, Equation (3.6.2) gives aminimum ¢ of 13.04%. And

from Equation (3.6.3), the maximum Ag is 1.5 gy or 0.75%. It can be seen that Ae
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is so small compared with ¢ that it can be neglected. Thus &, can be approximate
by €, or by:

oo 1
"1+ 2R/t

(3.7)

From this equation, two conclusions can be derived. First, the residual strain is
mainly determined by the bend radius and the wall thickness. Second, the residual
strain increases as the ratio of bend radius to wall thickness decreases. It also can

be seen that the bend angle has no contribution to the residual strain.

For comparing with the measured values, those theoretical residual strains are also

included in Table 3.6. From this table, some observations can be made as follows.

First, the residual strains are very large and the measured absolute values varied
from 11.70% to 18.59% for the thinnest specimens, from 13.31% to 26.99% for
the medium thick specimens, and from 21.03% to 35.59% for the thickest
specimens. The residual strain increases as the thickness increases and/or as the
bend radius decreases. This observation is consistent with the conclusion derived
from Equation (3.7).

Second, the differences between the measured and calculated residua strains are
small in the engineering point of view and both of them can be used to estimate
the residual strain. But it is difficult to tell which one is better because both of
them have their error sources. In the measurement method, errors mainly come
from the method itself, e.g. the contact status between the transparent tape and the
strip surface, the size of punch marks, and the coincidence of the tips of electronic
caliper with those punch marks etc. In the theoretical method, errors come from
the hypotheses, and idealized dimensions, which were usually different from their

actual conditions.

The amplitudes of measured strains on the outside surface are all larger than those

on the inside surface, but this observation is different from the conclusion of

Equation (3.7), which concludes that they have the same amplitude.

Consequently, the differences are al negative on the outside surface and all

positive on the inside surface. This observation can be explained as follows:
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Equation (3.7) assumes that the cross section is a perfect rectangular, but in actual
it isacurved quadrangle. Thiswill make the neutral axis moveinward, i.e. toward
the inside surface, so the strain on the outside surface will be larger than that on
the inside surface.

RESDUAL STRESS

The residual stress cannot be measured directly, but it can be anayticaly
determined by using the measured residua strain and the assumed stress-strain
relationship. An illustration of residual stress distribution is schematically shown
in Figure 3.18.

Based on the conclusion that the yield strain can be neglected compared with the
strain evaluated from Equation (3.7), the following characteristic values can be
obtained:

- 0.56y on outside surface
o, ~ (3.8

0.5cy, oninside surface
where o, isthe residual stress and oy is the yield stress of material.

The residual stress distribution is also schematically shown in Figure 3.18. It can
be seen that a compressive residual stress is left on the outside surface while a
tensile residual stress on the inside surface.

3.23.2 CYCLICLOADING STAGE

Because only the cyclic strain on the outside surface of the cross section at strip
crest was measured by the clip gauge, the following will only discuss this strain
and its corresponding cyclic nominal stress.

CYCLIC STRAIN

When cyclic load was applied, the action of cyclic opening and cyclic closing
made the strain cyclically increase and decrease. Because the deformation was so
large that the specimens went far into the plastic region, the strain was

accumulated gradually on both inside and outside surfaces at the strip crest.
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It is difficult to measure this accumulated strain accurately because of the reasons
discussed previoudly. In thistest, a clip gauge was installed to record the so-called

clip strain during cyclic loading on the outside surface at strip crest.

Figure 3.19 shows a clip gauge strain spectra of specimen T8R15A45S50 caused
by cyclic loading. From it, three observations can be made. The first one is that
the maximum strain reached as high as 34.8%, which was greatly over the static
fracture strain (i.e. 30.5%) obtained from coupon test. One possible reason is that
the clip strain is different from the strain defined in coupon test. Another possible
reason is that the static fracture strain is less than the cyclic fracture strain. The
second observation is that the mean clip strain was very high and increased
steadily as the test progressed, and this steady increase of mean clip strain resulted
in a phenomenon of ‘ratching’ in the clip strain spectrum. The last one is that the
clip strain range increased as the number of cycles increased from the beginning
to the near end, and this was due to the accumulation of plastic strain in the strip
bend. But when the specimen was near to be fractured, the clip strain range
decreased as more cycles were consumed, this is because the heavily fractured
section on the inside, which made neutral axis greatly moved toward the outside
and consequently only a very small strain was needed to obtain a given opening
stroke.

CYCLIC STRESS

During the cyclic loading stage, the stress on the cross section of strip crest was
induced by the combined action of axial load and bending moment. Two main
reasons make obtaining the cyclic stress impossible. First, the specimen wasin an
elasto-plastic stress state and the cyclic stress-strain relation was unknown.
Second, when the cracks occurred in the specimen, it was difficult to evaluate the
actual cross section area and section modulus. So in this test program, no effort
was made to obtain the cyclic stress on the cross section at the strip crest.

However, the cyclic stress can be obtained conceptualy by analysis. It is known
that the cyclic strain is beyond the yield strain, so the cyclic stress varies

approximately from -oy to +oy.
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HYSTERES SLOOPS

As stated above, the cyclic stress can not be measured, so the stress and strain

hysteresis |oops are not presented.
3.24 CYCLESTO FAILURE

3.24.1 RESULTSAND DISCUSSION

A specimen was considered to be failed when the two fractured portions were
totally or near totally separated. The cycles to failure were determined based on
the following two principles:
¢ Dividing asingle loading cycleinto four parts, whichare 0 - Spax > 0 —
Shin — 0, so the minimum counting unit is 1/4 cycle.
e Taking 2% of the maximum opening load and 2% of the maximum closing

load as the criteria of failure.

The results are given in Table 3.7. The cycles in the table aso include the initia
1/4 cycle, in which the stroke goes from zero to the maximum opening stroke.
From the table, it is obvious that the cycles to failure depends on the selected test
parameters of material thickness, bend angle, bend radius, and stroke range.
Increasing the stroke range, material thickness and bend angle will shorten the
LCF life, but the reasons are different. For the stroke range, it is obvious that a big
stroke range produces more reversed deformation in the strip bend than a small
stroke range. For the materia thickness, thick specimens have more residual
strain before cyclic loading and experience more reversed deformation during
cyclic loading in the strip bend than thin specimens. As for the bend angle, a
specimen with big bend angle has a small loading eccentricity, so it experiences a
big cyclic deformation in its strip bend. On the contrary, increasing bend radius
will lengthen the LCF life. It is sure that a specimen with small radius has big
residual strain, and this decreases the energy absorption ability of the specimen.
But it is not sure how the bend radius impacts the cyclic deformation, and this
needs to be investigated in the future.
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3.24.2 COMPARISON AND DISCUSSION

Table 3.8 shows the cycles to failure obtained by Das (2002) and Myrholm
(2001). From this table, the same observations as above can be made. Some tests
performed by Das (2002) were repeated in this test program. Those tests were the
specimens with nominal materia thickness of 6 mm and 8.3 mm, bend angle of
45° and stroke ranges of 50 mm and 80 mm, as shown in Tables 3.7 and 3.8. By
comparing the results of the corresponding specimens it can be found that the
difference between these two test series is within the error tolerance from the
fatigue life point of view. The possible sources of the difference are the difference
in failure criterion and the difference in bend angle, which could not be exactly

controlled.

3.3 FAILURE MECHANISM

Because the strip specimens were subjected to cyclic loading, the fatigue faillureis
taken as their failure mechanism. However, in order to understand the failure
mechanism of the strip specimens under the LCF, the fracture surface should be
thoroughly examined. The SEM (scanning electron microscope) was employed to

examine their fracture surface in microscopic level.

3.31 MACROSCOPIC EXAMINATION

The fracture surfaces of all specimens are shown in Appendix A. Only three
typical fracture surfaces (T6R15A60S30, T8R15A60S30, and T12R15A60S30)

are chosen here for general discussion, as shown in Figure 3.20.

3.3.1.1 GENERAL OBSERVATION

There are usually two crack propagation regions, which are the outside region and
the inside region, on the fracture surface. It is known that the tensile stress causes
the crack to propagate and the compressive stress closes the crack. Therefore, the
inside cracks propagate when the specimen is opened, and the outside cracks
develop when the specimen is closed. As shown in Figure 3.20, the inside portion

is much larger than the outside portion. It can be explained by the residual stress
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and the amplitude of leg rotation. After the monotonic bending stage, a tensile
residual stress remained on the inside surface and on the contrary, a compressive
residual stress remained on the outside surface. It is known that the tensile
residual stress accelerates the initiation and propagation of cracks, and on the
contrary the compressive residual stress retards the initiation and propagation of
cracks. During the cyclic loading stage, the inside portion was elongated and the
outside portion was contracted when the specimen was opened, and vice verse.
Also to attain the same stroke amplitude, the specimen legs will rotate more when
the specimen is being opened than being closed. Therefore, during atypical cycle,
more elongation was made on the inside surface than on the outside surface, and

consequently, more crack propagation occurred on the inside surface.

3.3.1.2 CRACK INITIATION

The crack origins al are on the surfaces. For 6 mm and 8.3 mm thick specimens,
the cracks were generaly initiated from the punch marks (for residual strain
measurements), tack weld point (for attaching the cable transducer) and scratch
lines (for positioning the punch marks). After realizing some cracks initiated
from the scratch lines, those scratch lines were not used in 11.9 mm thick
specimens. There were also other sources of origin, such as surface irregularities

and surface inclusions.

In addition to the above sources of crack initiations, there were two other possible
origins. one was the micro voids that formed during the monotonic bending stage
because the residual strain exceeded the ultimate strain, so the ‘necking’ occurred
on and near the outside surface; the other was the micro ‘wrinkles' that formed
during the monotonic bending stage because of the significant compressive strain
induced by the heavy bending deformation on the inside surface. Enami (2005)
observed that compressive strain could produce microwrinkles on the surface
because of microbuckling. The same observation can be found from the full-scale
pipe tests as shown in Figure 3.21 by Aydin (2006).
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3.3.1.3 CRACK PROPAGATION

From the observations of the test results, the cracks first occurred on the inside
surface followed by the outside surface. As test progressed, more and more small
cracks occurred and some of them grew and coaesced. Further, the crack
propagation was then localized in these coalesced cracks and the growth of other
cracks was depressed. There were some differences between the behaviour of
inside surface and outside surface, and between the thin (6 mm and 8.3 mm) and
thick (11.9 mm) specimens. For the inside surface, small cracks firstly were found
around the punch marks and the sizes of them became larger as they were closer
to the strip crest. This phenomenon could be found both in thin and thick
specimens. But for the thin specimens, those small cracks were along the scratch
lines and so they were straight. And for the thick specimens, the small cracks not
only formed around the punch marks but also at other locations, although the
cracks at other locations were much smaller than those around the punch marks.
In addition, all those cracks were irregular and sparsely distributed on the surface
because of the absence of scratch lines. As for the outside surface, small cracks
firstly occurred around the punch marks and then at other locations and the former
were much bigger than the latter. But for the thin specimens, the cracks near or at
the crest coalesced firstly and then this crack dominated the crack propagation.
For the thick specimens, the coalesced cracks were not guaranteed to be along the
punch marks. After the coalescing of some cracks, the other cracks were
suppressed because of the decrease of |oading.

Severa specific characteristics on the fracture surface can be found by examining
the fracture surfaces. The first is the appearance. The fracture surface shows
distinct appearances from the surface to the interior: bright and smooth near the
surface, and dull and rough in the interior. This feature was directly related to the
speed of crack propagation. When the cracks propagated slowly, the cracks were
repeatedly closed and opened many times and this cyclic action ‘polished’ the
fracture surfaces and made them smooth and bright. On the contrary, when the
cracks propagated fast, because the weakened ‘polishing’ effect, the fracture
surface exhibited dull and rough. In addition, the specimens were subjected to
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bending action and so the deformation was bigger near the surface than in the
interior. This unevenly distributed deformation had the effect of ‘polishing’ the
surface area more than the interior area. The second characteristic is the striations.
Striations were distinct on the fracture surfaces of specimens with short fatigue
lives, and they became blurry in the specimens with long lives, and they
disappeared totally in the specimens with very long lives. Three reasons were
related to those striations:. the first was the loading change from cycle to cycle
because the test was stroke-controlled, and the second was the large stroke that
induced large deformation during each cycle, and the last was the very slow
loading rate that allowed sufficient oxidation during each cycle. The third
characteristic is that the fracture surfaces exhibited widely diversified cross
section shape, as shown schematically in Figure 3.22. The cross section was flat
only when the coalesced and dominated cracks were coincident with the crest
plane and this seldom occurred. The cracks generally initiated from different
origins, so as they propagated, they tried to be coincident with the crest plane
because the bending moment was the biggest on the crest. When those cracks
propagated to the crest, then they propagated in the plane of crest. This explained
the shapes shown in Figures 3.22a to 3.22e. The shape shown in Figure 3.22f
occurred when three conditions were satisfied: the crack propagation area on the
outside surface was not too small compared with that on the inside surface, and
the existence of a small offset between the plane that the crack on the outside
surface dwelled and that the crack on the inside surface abided, and those two
planes located on different sides of the crest. When those conditions occurred
simultaneously, the bending action would tear apart the outside portion and the

inside portion from the interior of cross section.

3.3.1.4 FRACTURE

Because the stroke-controlled method was used in this test program, the fracture
occurred progressively instead of suddenly. Based on this, the unstable fracture

areadid not show up obviously in those specimens.
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Asasummary, how the cracks initiated, propagated and fractured is schematically
illustrated in Figure 3.23.

3.32 MICROSCOPIC EXAMINATION

More details of the failure can be revealed by the microscopic examination, which
allows the conclusions drawn from macroscopic examination to be verified. The
SEM analysis results of two specimens, T6R15A45S80 and T6R20A60S20, are

used here to provide the microscopic investigation.

3.3.2.1 SPECIMEN T6R15A45S80

Figures 3.24 and 3.25 show a series of low- to high-magnification micrographs of
the top and bottom half portions of the fracture surface of specimen
T6R15A45S80.

Figure 3.24 contains five pictures. In picture 3.243, it can be seen that three zones
on this surface and the middle wedge-like one is exactly the final fracture zone. In
the outside zone, the fracture surface was damaged, but poorly-defined dimples
can be identified in picture 3.24c. In the middle zone, which is picture 3.24e,
reveals nearly equiaxed dimples on this surface, so it can be concluded that the

fina fracture region was in atotally ductile failure mode.

Figure 3.25 consists of six pictures: the left half is the inside portion and the right
half is the middle portion. It can be seen that the inside portion was more heavily
damaged than the outside portion and moreover, the dark points in pictures 3.25b
and 3.25c clearly show that the fracture surface became rusty. In the middle
portion besides the crack tip, which exactly fals in the final fracture zone,
elongated dimples can be clearly found from picture 3.25f and this indicates the

failure modeis ductile.

From the above analysis, no striation was found and only dimples were identified,
so it can be concluded that the failure of the investigated specimen failed was
dominated by the ductile mode rather than the fatigue (brittle) failure.
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3.3.2.2 SPECIMEN T6R20A60S20

Figures 3.26 and 3.27 give a series of low- to high-magnification micrographs of
the top and bottom half portions of the fracture surface of specimen
T6R20A60S20.

Figure 3.26 includes five pictures and they give the fracture surface of outside
portion. Picture 3.26a clearly reveals that this portion of fracture surface consists
of three zones: two crack propagation zone and one fina fracture zone. In the
crack propagation zones, clamshell marks can be clearly identified, and higher
magnification SEM resolves poorly-defined fatigue striations because the fracture
surface was heavily damaged and became rusty; in the final fracture zone,

equiaxed dimples concludes that this zone was in atotally ductile failure mode.

Figure 3.27 consists of seven pictures: the left half is about the middle portion and
the right half is about the inside portion. In the middle portion, athough the
surface was damaged, some dimples can be identified (see picture 3.27c). In the
inside portion, as magnification is increased, progressively finer striations are
resolved and moreover, picture 3.27g shows some “tire tracks’, which were

caused by surface rubbing together as fatigue crack opened and closed.

34 SUMMARY AND CONCLUSIONS

In the strip test program, a total of 39 strip specimens were tested by a totally
reversed stroke-controlled method to investigate the influences of thickness, bend

angle, bend radius, and stroke range on the L CF behaviour.

By studying the spectra and hysteresis loops of MTS load and MTS stroke,
bending moment and rotation, stress and clip strain, the LCF behaviour was
thoroughly investigated and some observations, such as the phenomenon of
‘stroke softening’ and ‘rotation softening’, were made. Moreover, the residual
strain after monotonic bending was evaluated both by measurement and by
theoretic analysis. It was found that the result of theoretic analysis has a good

agreement with that of measurement.
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By examining the fracture surface in macroscopic scale, it was found that crack
initiated from multi-locations, such as punch marks, tack weld points and scratch
lines, on both inside and outside surfaces. The cracks propagated to rupture from
surfaces to interior and from middle to edge. Furthermore, it was found that the
crack propagation area from inside surface is much larger than that from outside
surface, and this indicates that opening contributes more than closing to the

failure of astrip specimen.

By investigating the fracture surface in microscopic scale, it was found that the
failure was dominated by the ductile fracture in specimen T6R15A45S80 and by
the fatigue, the crack propagation, in specimen T6R20A 60S20.
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Table 3.1: Mechanical properties of materials

Thickness, t (mm) 6.0 8.3 11.9

Young's modulus, E (GPa) 206.3 207.4 193.5
Proportional limit, c, (MPa) 287.5 222.0 226.0

Static yield stress, o, (MPa) 497.0 469.0 489.0
Dynamic yield stress, 6,4 (MPa) 519.0 490.0 507.0
Static ultimate stress, o, (MPa) 552.0 556.0 543.0
Dynamic ultimate stress, 6,4 (MPa) 584.0 590.0 572.0
Reduction in area (%) 55.8 54.6 63.0

Elongation (%) 29.9 30.5 33.5

Ultimate strain (%) 12.1 10.8 9.3

Note:

1. The ultimate strain is the strain at the point of the onset of necking.

2. Static values were obtained at zero strain rate, and dynamic values were obtained at the
tested strain rate (Galambos 1998).
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Table 3.2: Complete matrix and designations of strip specimens

Designation ¢ R O AS S
mm mm degree mm mm
T6R15A45S30 6 15 45 30 15
T6R15A45S550 6 15 45 50 25
T6R15A45S580 6 15 45 80 40
T6R15A60S30 6 15 60 30 15
T6R15A60S50 6 15 60 50 25
T6R15A60S80 6 15 60 80 40
T6R20A45S30 6 20 45 30 15
T6R20A45S50 6 20 45 50 25
T6R20A45580 6 20 45 80 40
T6R20A60S20 6 20 60 20 10
T6R20A60S30 6 20 60 30 15
T6R20A60S50 6 20 60 50 25
T8R15A45530 8.3 15 45 30 15
T8R15A45S50 8.3 15 45 50 25
T8R15A45S80 8.3 15 45 80 40
T8R15A60S20 8.3 15 60 20 10
T8R15A60S30 8.3 15 60 30 15
T8R15A60S50 8.3 15 60 50 25
T8R20A45S30 8.3 20 45 30 15
T8R20A45550 8.3 20 45 50 25
T8R20A45S80 8.3 20 45 80 40
T8R20A60S30 8.3 20 60 30 15
T8R20A60S50 8.3 20 60 50 25
T8R20A60S80 8.3 20 60 80 40
T12R15A45S20 11.9 15 45 20 10
T12R15A45S30 11.9 15 45 30 15
T12R15A45S50 11.9 15 45 50 25
T12R15A45S570 11.9 15 45 70 35
T12R15A60512 11.9 15 60 12 6
T12R15A60520 11.9 15 60 20 10
T12R15A60530 11.9 15 60 30 15
T12R15A60S50 11.9 15 60 50 25
T12R20A45S20 11.9 20 45 20 10
T12R20A45S30 11.9 20 45 30 15
T12R20A45S50 11.9 20 45 50 25
T12R20A45S70 11.9 20 45 70 35
T12R20A60512 11.9 20 60 12 6
T12R20A60520 11.9 20 60 20 10
T12R20A60S30 11.9 20 60 30 15

T12R20A60S50 11.9 20 60 50 25
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Table 3.3: Details of loading rate

Program 1: Stroke range = 12 mm, mean loading rate =8.57 mm/min

01, 0067 5 0133 ¢ 01 0133 5 0067 4 0.
01 4 0067 0133 6 01 -60133 © 0067 4 01

0

Program 2: Stroke range = 20 mm, mean loading rate =11.45 mm/min

0.104 ; 0133 ¢ 0133 4, 0.133 ;, 0133 ¢ 0133 7 0.104
0104 -7 0.133 -9 0.133-10 0.133-10 0133 0 0.133 7 0.104

Program 3.1: Stroke range = 30 mm, mean loading rate = 11.19 mm/min

0.286 1 0.333 15 0.571 5 03 . 0571 13 0.333 10 0.286
0.286-10 0.333-13 0571-15 0.3 -15 057113 0.333 10 (286

Program 3.2: Stroke range = 30 mm, mean loading rate = 8.11 mm/min.
This program just employed by specimen T6R20A45S30.

05 10 045 -13 0749-15 03 -15 074913 045 10 g5

0

Program 4: Stroke range = 50 mm, mean loading rate = 10.64 mm/min

1 50 045 95 0749 55 03 ,c 0749 53 045 5y 1
1 20 045 -23 074925 03 -25 074923 045 20 1

Program 5: Stroke range = 70 mm, mean loading rate = 8.33 mm/min

12 59 04 33 04 g5 02 o 04 33 04 39 12
12 30 04 -33 04 35 2 -35 04 33 4 30 1,

0

Program 6: Stroke range = 80 mm, mean loading rate = 8.07 mm/min

15 55 045 55 0749 40 03 ,0 0749 3g 045 g5 15
15 -35 045 -38 0749-40 (3 -40 074938 (045 35 15

0

Note:

The numbers which the arrows point to are the strokes (in mm), and the
numbers above and below the arrows are the consumed time (in min).
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Table 3.4: Characteristic parameters of stroke spectra

Stroke range, AS (mm) 12 20 30 50 70 80
Maximum stroke, S, (mm) 6 10 15 25 35 40
Minimum stroke, S, (Mm) -6 -10 -15 -25 -35 -40
Stroke amplitude, S, (mm) 6 10 15 25 35 40
Mean stroke, S,, (mm) 0 0 0 0 0 0
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Table 3.5: Characteristic parameters of rotation spectra

Designation 30Osimax 3Oimin Ay 804, 30gm

TER15A5S50 0.3975 -0.2647 0.6622 0.3311 0.0664

0.3609 -0.2124 0.5733 0.2866 0.0742
T6R15A45S80 0.6556 -0.1468 0.8024 0.4012 0.2544
T6R15A60S30 0.2978 -0.2299 0.5277 0.2638 0.0339
T6R15AG0S50 0.5406 -0.3550 0.8956 0.4478 0.0928

0.4841 -0.2916 0.7757 0.3878 0.0962
T6R20A45S30 0.2152 -0.1852 0.4004 0.2002 0.0150
TER20A5S50 0.3933 -0.2980 0.6913 0.3456 0.0476

0.3537 -0.2442 0.5978 0.2989 0.0548
T6R20A45S80 0.7929 -0.4545 1.2475 0.6237 0.1692
T6R20A60S30 0.3367 -0.2487 0.5854 0.2927 0.0440
TER20AG0S50 0.5152 -0.3914 0.9066 0.4533 0.0619

0.4747 -0.3262 0.8010 0.4005 0.0743
T8R15A45S30 0.1944 -0.1704 0.3648 0.1824 0.0120
T8R15A45S50 0.3907 -0.2909 0.6816 0.3408 0.0499
T8R15A45S80 0.6872 -0.4280 1.1152 0.5576 0.1296
T8R15A60S30 0.2804 -0.2131 0.4935 0.2468 0.0336
T8R15AG0S50 0.5121 -0.3559 0.8680 0.4340 0.0781

0.4895 -0.2897 0.7792 0.3896 0.0999
T8R20A45S30 0.2001 -0.1695 0.3696 0.1848 0.0153
TSR20AAESS0 0.3936 -0.2953 0.6890 0.3445 0.0491

0.3536 -0.2390 0.5926 0.2963 0.0573
T8R20A45S80 0.7394 -0.4170 1.1564 0.5782 0.1612
T8R20A60S30 0.2628 -0.2025 0.4652 0.2326 0.0301
TBR20AG0S50 0.5070 -0.3374 0.8445 0.4222 0.0848

0.4538 -0.2736 0.7274 0.3637 0.0901
T12R15A45520 0.1382 -0.1303 0.2686 0.1343 0.0039
T12R15A45S30 0.2149 -0.1929 0.4078 0.2039 0.0110
T12R15A45S50 0.3804 -0.2941 0.6745 0.3373 0.0431
T12R15A60S12 0.0987 -0.1021 0.2007 0.1004 -0.0017
T12R15A60S20 0.1879 -0.1467 0.3346 0.1673 0.0206
T12R15A60S30 0.2281 -0.2128 0.4410 0.2205 0.0076
T12R20A45S20 0.1287 -0.1189 0.2476 0.1238 0.0049
T12R20A45S30 0.1930 -0.1609 0.3540 0.1770 0.0161
T12R20A45550 0.3206 -0.2545 0.5751 0.2876 0.0330
T12R20A45S70 0.5583 -0.3767 0.9350 0.4675 0.0908
T12R20A60S12 0.0816 -0.0830 0.1647 0.0823 -0.0007
T12R20A60S20 0.2211 -0.1798 0.4009 0.2004 0.0206
T12R20A60S30 0.3173 -0.2320 0.5493 0.2747 0.0426
T12R20A60S50 0.5813 -0.3776 0.9589 0.4797 0.1019

Note: For some specimens tested by 50 mm stroke range, they have two rows of rotation data.
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Table 3.6: Residual strains after monotonic bending

Outside surface Inside surface

Specimen  Theoretical’ Measured®  Difference® Theoretical! Measured®  Difference®
(mm/mm)  (mm/mm) (%) (mm/mm)  (mm/mm) (%)

T6R15A45530 0.167 0.174 4.4 -0.167 -0.150 -9.8
T6R15A45550 0.167 0.167 0.1 -0.167 -0.124 -25.9
T6R15A45580 0.167 0.174 4.4 -0.167 -0.150 -9.8
T6R15A60S30 0.167 0.186 11.5 -0.167 -0.144 -13.8
T6R15A60S50 0.167 0.182 9.4 -0.167 -0.139 -16.7
T6R15A60S60 0.167 0.167 0.1 -0.167 -0.124 -25.9
T6R20A45S530 0.130 0.152 16.6 -0.130 -0.122 -6.3
T6R20A45550 0.130 0.146 12.1 -0.130 -0.130 -0.2
T6R20A45580 0.130 0.140 7.4 -0.130 -0.135 3.1
T6R20A60S30 0.130 0.152 16.6 -0.130 -0.117 -10.3
T6R20A60S50 0.130 0.166 27.2 -0.130 -0.123 -5.4
T6R20A60S80 0.130 0.147 12.3 -0.130 -0.121 -6.9
T8R15A45530 0.217 0.242 11.7 -0.217 -0.187 -13.8
T8R15A45550 0.217 0.244 12.8 -0.217 -0.194 -10.3
T8R15A45S80 0.217 0.270 24.6 -0.217 -0.184 -15.3
T8R15A60S30 0.217 0.243 12.3 -0.217 -0.204 -6.1
T8R15A60S50 0.217 0.232 7.1 -0.217 -0.181 -16.4
T8R15A60S80 0.217 0.263 21.3 -0.217 -0.195 -9.9
T8R20A45S530 0.172 0.194 12.6 -0.172 -0.158 -7.9
T8R20A45550 0.172 0.212 23.3 -0.172 -0.163 -4.9
T8R20A45S80 0.172 0.206 19.6 -0.172 -0.156 -9.0
T8R20A60S30 0.172 0.197 14.4 -0.172 -0.156 -9.1
T8R20A60S50 0.172 0.212 23.3 -0.172 -0.133 -22.5
T8R20A60S80 0.172 0.239 38.9 -0.172 -0.179 4.2
T12R15A45520  0.296 0.352 18.8 -0.296 -0.280 -5.6
T12R15A45S30 0.296 0.348 17.5 -0.296 -0.277 -6.6
T12R15A45S50  0.296 0.344 16.1 -0.296 -0.272 -8.3
T12R15A45S570  0.296 0.356 20.1 -0.296 -0.266 -10.3
T12R15A60S12  0.296 0.331 11.6 -0.296 -0.265 -10.4
T12R15A60S20  0.296 0.330 115 -0.296 -0.258 -13.1
T12R15A60S30  0.296 0.351 18.2 -0.296 -0.278 -6.2
T12R15A60S50  0.296 0.343 15.7 -0.296 -0.269 -9.3
T12R20A45S520  0.240 0.292 21.6 -0.240 -0.240 -0.2
T12R20A45S30  0.240 0.282 17.6 -0.240 -0.219 -8.8
T12R20A45S50  0.240 0.298 24.0 -0.240 -0.210 -12.4
T12R20A45S70  0.240 0.306 275 -0.240 -0.241 0.4
T12R20A60S12  0.240 0.291 21.2 -0.240 -0.231 -3.9
T12R20A60S20  0.240 0.283 17.8 -0.240 -0.211 -12.2
T12R20A60S30  0.240 0.296 23.3 -0.240 -0.224 -6.9
T12R20A60S50  0.240 0.304 26.5 -0.240 -0.221 -7.9
Note:

! Theoretical strain was obtained from Equation 3.7.
2 Measured strains were obtained by using the method descibed in Section 3.1.3.1.
3 Difference = (Measured Strain - Theoretical Strain)/Theoretical Strainx100.
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Table 3.7: Cycles to failure (this test)

Designation N, (cycles) Designation N4 (cycles)
T6R15A45530" 68 1/2 T12R15A45S20 114
T6R15A45S50 22 3/4 T12R15A45S30 38 3/4
T6R15A45S80 51/4 T12R15A45S50 12 3/4
T6R15A60S30 331/4 T12R15A45S70 4
T6R15A60S50 8 3/4 T12R15A60S12 226
T6R15A60580 63/4 T12R15A60S20 57
T6R20A45S30 109 1/4 T12R15A60S30 44 3/4
T6R20A45S50 26 3/4 T12R15A60550° 111/2
T6R20A45S80 31/4 T12R20A45520* 280
T6R20A60S20 77 T12R20A45S30 78 3/4
T6R20A60S30 29 T12R20A45S50 22 1/4
T6R20A60S50 8 3/4 T12R20A45S70 7
T8R15A45S30 62 3/4 T12R20A60S20 77
T8R15A45S50 11 T12R20A60S30 15
T8R15A45S80 31/4 T12R20A60S50 5
T8R15A60S20 55 T12R20A60S12 616
T8R15A60S30 19 3/4
T8R15A60S50 71/4
T8R20A45S30 129 1/4
T8R20A45S50 14 3/4
T8R20A45S80 31/4
T8R20A60S30 29 3/4
T8R20A60S50 8 3/4
T8R20A60S80 Can not be tested

Note:
! For T6R15A45530, it was overloaded during the 2™ cycle.

% For TBR15A60S80, because the welds between loading strips and strip legs were partially
broken, its actual stroke range was decreased to 60 mm.

® For T12R15A60S50, because the loading strips were yielded during the 1st cycle,
the stroke range was decreased to 40 mm.

* For T12R20A45520, the cycles to failure of 280 is obtained by extrapolation based on the
recorded loading spectra, because the program was out of work after 250 cycles and no
data were recorded after that.
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Table 3.8: Cycles to failure (previous test results)

S. Das (2002) B. W. Myrholm (2001)
Designation Ny (cycles) Designation Ny (cycles)
T6R15A45S550 11 T7R15A45S50 17
T6R15A45560 7 T7R15A45S60 8
T6R15A45S70 4 T7R15A45S70 6
T6R15A45S580 31/2 T7R15A45S80 4
T6R20A45S50 32 T7R20A45S60 13
T6R20A45560 11 T7R20A45S70 9
T6R20A45S70 71/2 T7R20A45S80 5
T6R20A45S80 6 T7R20A45S90 3
T8R15A45S550 7
T8R15A45560 4172
T8R15A45570 3
T8R15A45580 21/2
T8R20A45S50 12
T8R20A45560 6
T8R20A45S70 4
T8R20A45S80 3

Note:
In this table, T6, T7 and T8 represent that the thickness of strip specimen are 6 mm, 6.74 mm
and 8 mm respectively.
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Figure 3.1: Schematic illustration of a pipe wrinkle and a strip specimen
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Figure 3.2: Schematic illustration of a straight strip and punch marks
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Figure 3.3: A rebar bending machine and a bent strip
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Figure 3.4: Schematic illustration of strip specimens

60



Gripping plates

Hinge

Hinge hole
a) Used for specimens b) Used for specimens
with loading strips with loading plates

Figure 3.5: Loading mounts

Bottom loading plate \

: _ Bottom loading head—=
a) Type one b) Type two

Figure 3.6: Test set-up
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Figure 3.8: Schematic illustration of strip deformation
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Figure 3.16: Typical moment rotation hysteresis loops
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Figure 3.21: Cracks due to too large compressive strain
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Figure 3.22: Schematic illustration of cross section shapes of fracture surface
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Figure 3.24: Top half of the fracture surface of specimen
T6R15A45S80 (SEM)
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Figure 3.25: Bottom half of the fracture surface of specimen
T6R15A45S80 (SEM)
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Figure 3.26: Top half of the fracture surface of specimen
T6R20A60S20 (SEM)
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Figure 3.27: Bottom half of the fracture surface of specimen
T6R20A60S20 (SEM)
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4 FULL-SCAL PIPETESTS

The full-scale pipe tests were designed to investigate the LCF behaviour, so the
gap between strip specimens and full-scale pipe specimens could be found and
bridged. In Chapter 6, the LCF life prediction models will be developed from the
strip test results. The full-scale pipe tests will be used to provide the experimental
verification for the devel oped LCF life prediction models.

4.1 TEST PROGRAM

The full-scale pipe test program was specially designed so that the specimens
were wrinkled by a combination of axia load, bending moment, and internal

pressure, and were fractured by awell-controlled cyclic loading procedure.

411 SPECIMEN DESIGN

Two specimens were designed based on four considerations. First, full-scale pipe
specimens used the same materias as strip specimens, so their results could be
compared directly. Second, D/t ratios were so chosen that the specimens could
represent actual pipes used in the field. Third, L/D ratios were strictly designed to
prevent the occurrence of global buckling since the wrinkling is the interest of this
research. Finally, the pipe specimens had to be long enough to make rooms for
instaling the jack and the load cell between the two moment arms. These two
specimens were made from two different types of material, one was the NPS16
Tokyo Gas Co. (TG) pipe, which had a nomina grade of X60, a nominal outside
diameter of 406 mm, a nomina length of 1550 mm (L/D = 3.8), and a nominal
thickness of 11.9 mm,; the other was the NPS20 TransCanada Pipelines Ltd.
(TCPL) pipe, which had a nominal grade of X65, a nominal outside diameter of
508 mm, anominal length of 1800 mm (L/D = 3.5) and a nominal thickness of 6.4

mm. These geometries are summarized in Table 4.1.
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4.1.1.1 MATERIAL MECHANICAL PROPERTIES

The mechanical properties of the pipe specimens are the same as the strip

specimens and are summarized in Table 3.1.

4.1.1.2 GEOMETRY AND DESIGNATION

The actual geometries of pipe length, outside diameter, and wall thickness were
measured by tape measure, caliper, and ultrasonic thickness gauge, respectively;

and theresults are given in Table 4.1.

In addition, the designation shown in this table indicates the test type, the pipe
diameter and series number, for instance LCF16N1 represents the LCF test of
number one, 16 inch diameter pipe.

412 TEST SET-UP

The test set-up was adopted and modified from the existing test set-up, as shown
in Figure 4.1 (Dorey, 2001). The origina test set-up was designed to apply
combined axial load, bending moment, and internal pressure to the pipe
specimens. The axia load is directly applied by the MTS6000 machine, the
bending moment is produced by the jack pushing/pulling the two moment arms,
and the internal pressure is generated by pumping water into the test specimens.
Since large deformation is required for the LCF tests, the test set-up was modified
to accommodate the large deformation by inserting a spacer at the jack location.
In addition, tie rods were installed at pivots to provide in-plane stability, and
lateral bracings were designed and installed to prevent out-of-plane instability.

To minimize the potential eccentricity and welding defect, and for the ease of test
set-up, the following assembly procedure was used in this test program.
1) Assembled the top and bottom assemblies: firstly, placed the curved roller
on the moment arm and bolted them together; followed by flipping them
over so the roller was sitting on the strong floor; then, bolted the 76 mm
thick end plate to the top flange of the moment arm.
2) Moved the bottom assembly under the MTS6000 machine and aligned it

with the loading head.
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3) Welded the pipe specimen on the end plate of top assembly.

4) Inspected the weld quality by X-ray. Before moving to the next step, all
weld defects had to be fixed.

5) Hipped over the top assembly and the welded pipe and placed the un-
welded pipe end on the top of end plate of bottom assembly.

6) Aligned the pipe specimen with the loading head and the bottom
assembly, and welded them together.

7) Repeated step 4.

8) Installed the jack at the far end of the moment arms.

It can be seen that in both steps 3) and 6), the end plate faced up, thus overhead

welding was avoided and the weld quality was assured.

4.1.3 MEASUREMENTSAND INSTRUMENTATION

Before assembling the test set-up, the geometric imperfections of pipe were
measured. Before the test, the corresponding instrumentation was installed to
capture the global and local behaviours under the monotonic and cyclic loadings.
The following will describe the instrumentation according to the measured

parameters.

4.1.3.1 IMPERFECTIONS

Generdly, the geometric imperfection is one of the major factors affecting pipe
buckling. It impacts the wrinkle location and the load-carrying capacity of the
pipe. Previous full-scale pipe tests conducted at the U of A concluded that the
imperfection did not significantly change the load-carrying capacity of pipe,
especialy for the pressurized pipes. However, the imperfection could affect the

wrinkle location.

To measure the geometric imperfections of straight pipes, the measuring
apparatus was specialy designed and manufactured at the U of A, and it is shown
in Figure 4.2. This apparatus has four key parts: the base pedestal, the central rail,
the tailor fitted carriage and the top end fixture. The pipe to be measured sat on
the base pedestal, the tailor fitted carriage could move along the central rail to
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measure imperfections, and the top end fixture fixed the central rail on the top end
of pipe. A typica installation procedure can be described as follows: first, the
central rail was connected to the base pedestal that only the revolution about its
own axis is allowed; second, the pipe was put on the base pedestal, and then it
was aigned and fixed by roughly making its axis coincident with the axis of
central rail; third, the tailor fitted carriage was so installed that only sliding along
the central rail was permitted; at last, the top fixture was fixed on the top of pipe.
In this apparatus, the only sensor was the linear variable differential transducer

(LVDT), which was mounted on the carriage to scan imperfections.

Since the centra rail can rotate freely about its own axis and the tailor fitted
carriage is able to dide aong the centra rail, the measuring apparatus can scan
any point on any cross section along the axis of pipe. However, it is impossible,
also unnecessary, to measure the imperfection at every point. A practical way isto
measure the imperfections according to a prior determined mesh, i.e. the
measurement is only conducted at the intersections of mesh grids. In this test,
along the circumferential direction, the cross section of the pipe was equally
divided into 16 pieces; aong the axis of pipe, the imperfection was measured at
11 equally—spaced elevations. Therefore, atotal of 16 x 11 points was measured.
For the 16 inch pipe, the mesh size was approximately 80 mm x 100 mm; and for
the 20 inch pipe, the mesh size was about 100 mm x 110 mm.

The so-obtained measured data are not imperfections. In effect, the measured data
are the changes of the distance from the intersection of central rail and tailor fitted
carriage to the tip of LVDT, which always touches the inside wall of pipe by
being pushed by a small spring inside of LVDT. According to its definition, the
geometric imperfection is the deviation from the perfect shape of the measured
object, so the geometric imperfection greatly depends on how the perfect shapeis
defined. For the measured pipe, its perfect shape is no doubt a cylinder, so the
target becomes to determine the radius of this cylinder. In addition, the measured
data contain the systematic errors which are caused by the measuring apparatus
itself, and they have to be removed. Therefore, the measured data have to be
processed.
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Dorey (2001) employed the same apparatus to measure the imperfections of his
pipes, and developed a method to calculate the imperfections from the measured
data. In his method, the central rail was assumed crooked and not coincident with
the axis of pipe. However, his method indistinctively assumed the tailor fitted
carriage perpendicular to the axis of pipe, and thisis not true if the axis of pipeis
not parale to the central rail. So it can be expected that his method only works
well when the errors caused by the inclination of pipe are not significant

compared with the imperfections themsel ves.

It is also obvious that the easiest way to find this perfect cylinder is by the mean-
value method, as Coppa (1966) did. However, it will lead to much greater errors
because this method takes the average value of measured data as the perfect shape
and does not minimize the errors. Up to date, the most accepted method is the
|east-squares method, which makes the sum of the square of the differences of the
investigated variable minimum, so it will give the smallest errors. Moreover, this
method can count all systematic errors and does not need to make additiona
measurements. Therefore, this research program employed the least-squares

method to handle the imperfection of pipe.

After finding this perfect cylinder, the imperfection can be obtained by
subtracting the radius of this perfect cylinder from the measured data. The details

can be found in Appendix B.

4.1.3.2 ROTATIONS

The measurement of rotation was important because it was the basis to evaluate
and control the curvatures of pipe specimens. A total of seven RVDTs were
installed, the layout is schematically shown in Fig. 4.3.

Five RVDTs were installed on the outside surface and aong the neutral axis of
pipe to measure its rotation: one was right on the middle cross section; one was
half pipe diameter below the middle cross section; one was half pipe diameter
above the middle cross section; and the other two, which aso measured the

rotations of moment arms, were on the bottom end plate and top end plate,
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respectively. Another RVDT was attached to the jack to measure its in-plane
inclination. The last one was fixed on the end of top moment to monitor the out-

of-planetilt of entire loading system.

4.1.3.3 HORIZONTAL DISPLACEMENTS

In this test, horizontal displacement was aso called lateral deflection. To monitor
the lateral deflection of the pipe, a total of eight LVDTs were installed (refer to
Fig. 4.3): two on end plates and six on three selected cross sections. These three
cross sections were selected as follows: one at the middle cross section which was
right at the middle of pipe, one at the upper cross section which was D/2 above
the middle cross section, and the last one at the lower cross section which was D/2
below the middle cross section. On each cross section, two LVDTs were installed:
one on the concave side and the other on the convex side. In addition, these
LVDTs together could provide an alternative way to evaluate the curvature of

pipe specimen during test.

4.1.3.4 VERTICAL DISPLACEMENTS

A total of seven cable transducers were instaled in this test set-up, and they are
schematically shown in Fig. 4.3. Among of them, three were installed between the
bottom end plate and the floor to measure the relative vertical displacement
between them (the rotation of bottom end plate could be also obtained); three
were installed between the top and bottom end plates to measure their relative
vertical displacements or the pipe shortening on one hand and to estimate the
relative rotation of those two end plates on the other hand. The last one was
installed as follows: from the loading head of MTS6000 machine vertically down
to the top moment arm, along this moment arm to its end on the jack side, and
then directly down to the bottom moment arm and fixed there. The last cable
transducer was so installed to get the total stroke of the test set-up or the sum of
jack stroke and MTS stroke.

4.1.3.5 STRAINS

Fig. 4.3 schematically shows the layout of strain gauges and demec points.
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The strain gauges were put on the outside surface of pipe to measure the strainsin
both the axial and circumferential directions. They were used to investigate how
the strains were distributed on the pipe, and to determine when the wrinkle
formed and to evaluate the ovalization of pipeif possible.

In addition, demec points were also prepared to take another set of strain readings
over a gauge length of about D/2. Punch marks were made just beside the demec
points as a spare means whenever the demec points stopped to work. These demec
points and punch marks were used to evaluate the deformation of wrinkle during

post-buckling stage.

4.1.3.6 LOCAL BEHAVIOUR

Two types of local behaviour were concerned. The first one was the wrinkle
shape, which was requisite in investigating the post-buckling behaviour and the
L CF behaviour of pipe, and it was measured by a custom-made device. The other
one was the relative axial displacement over a gauge length of the entire wrinkle,
which was indispensable in exploring the LCF behaviour and evaluating the LCF
life of pipe, and it was measured both automatically by two small LVDTs during
cyclic loading stage and manually by caliper during the whole loading stage. The
two small LVDTs were instaled after the wrinkle was fully developed and just
before the cyclic loading being applied.

The main measurements and instrumentation are summarized in Table 4.2 and the
layout of instrumentation is shown in Figures 4.3.

4.1.4 TEST PROCEDURE

4.1.4.1 GENERAL

The complete loading of pipes consisted of two stages. the monotonic loading
stage and the cyclic loading stage. During the monotonic loading stage, a wrinkle
was formed by a specific combination of globa curvature and axial deformation;
during the cyclic loading stage, the wrinkled pipe was fractured by LCF.
Theoretically, LCF loadings related to axial deformation and in-plane rotation can
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be categorized into three cases: cyclic in-plane rotation, cyclic axial deformation,
and combination of the two. The cyclic in-plane rotation can come from the
seasonal frost heave and thaw settlements in a local area of soil. The cyclic axial
deformation can be caused by seismic activity, thermal effect and repeatedly
opening and shutting the service, etc. The last case is that the pipe is subjected a
combination of cyclic in-plane rotation and cyclic axial deformation. In field,
which one is prevalent depends on many factors, e.g. the location and the buried
depth of the line, the conveyed medium and the operation regulation, etc.
However, this test program focused only on the second case, where the cyclically
varied axial deformation is dominant.

4.1.4.2 LOADING PROCUDURE

In this test, the design of a monotonic loading procedure was guided by the
preliminary FEA results and the design of cyclic loading was directed by the strip
specimen test results.

Because the actua loading procedure was not the same for the two pipe
specimens, the detailed loading procedure will be introduced respectively in the

|ater sections.

4.2 GENERAL ANALYSIS

In this section, the internal forces at pivot points and at an arbitrary cross section
will be analyzed, and the deformation parameters will be determined from the
related measured variables, and finally some theoretical analysis of prebuckling

behaviour of pipe will be conducted.

4.2.1 INTERNAL FORCES

In this test set-up, the MTS load, jack load, and water pressure were the three
main externa loads; the axia loads in tie rods were also external loads but they

were much smaller compared with the three main external loads.
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From the free body diagrams shown in Figure 4.4 and the corresponding
equilibrium conditions at the interested locations, the following equations can be

obtained:

AT TOP PIVOT
V,, =P, +P sing, (4.1.1)

M, =P sin®,;(— h,cosO, +1,,,Sin6, )+ P, cosd;(hssin®; + I ,,coso, )

(4.1.3)

where
Vp = the shear force at top pivot,
Nip = the axial load at top pivot,
M, = the bending moment at top pivot,
P = the resulting axial force in the top four tie rods,
P, Puts = thejack load and M TS load respectively,
his = the distance from the top hinge to the central line of moment arm,
Ima = the length of bending moment arm, it was 1.1 min thistest,
0; = the inclination angle of jack, and

0; = the dlope angle of top moment arm.

AT BOTTOM PIVOT

M,, = P sin®,(h,, cosd, —1,,,sin6, )+ P cosd,(h,.sin®, +1,, cosb, )

(4.2.3)

where the parameters are similar to those defined above except that the subscript

‘b’ represents the bottom pivot or the bottom moment arm.

AT AN ARBITRARY CROSS SECTION
V =Ny, SN0+ Vy, cosb (4.3.1)
N=N,cos0-V,sn0-P, +P, (4.3.2)
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where
V, N and M = the shear force, norma force and bending moment on an

arbitrary cross section respectively,

P

2
= nD; % = the load caused by water pushing the end plate, where D; is
the inside diameter of pipe and p isthe water pressure,

P, = —Auoc, = the load caused by the Poisson’s effect in the presence of

hoop stress, where A is the cross sectional area of pipe wall,
u isthe Poisson’s ratio and o, is the hoop stress,

0 = the slope angle of the cross section,

A =the lateral deflection of the center of the cross section,

h = the distance from the top pivot to the center of the cross section, and

the other parameters are the same as before.

In the above equations, the following relation holds between water pressure and

hoop stress:

D
op = 'Z—t (4.4)

where, t is the pipe wall thickness, and the other parameters are the same as
before.
4.2.2 DEFORMATION PARAMETERS

To investigate the global and local behaviours, their corresponding deformation
parameters have to be determined. For this research program, these parameters
included the global curvature, local curvature, globa relative axia displacement,
and local relative axial displacement.

4.22.1 CURVATURE

The curvature is a measure of curving and it is defined as the rate of slope angle

change. For aperfect circle, the curvature is same everywhere; but for an arbitrary
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arc, the curvature varies from point to point. Hence, the curvature can be viewed
as a point behaviour and this makes its application difficult. To bypass this
obstacle, aloose definition can be employed to define the curvature as the change
of slope angle over a specific gauge length. According to this loose definition, the
curvature depends on both the change of slope angle and the gauge length. If the
gauge length is the length of the whole curve, the so-obtained curvature is called
global curvature, and if the gauge length is the length of a segment of this curve,
the so-obtained curvature is called local curvature. Therefore, based on this loose
definition, the curvature is segment behaviour. Because of its simplicity, this
research program abided by this loose definition.

In full-scale pipe tests, the layout of RVDTs is shown in Figure 4.3. Because the
end plates could be treated as ‘rigid’, two RVDTs installed on them measured the
slope angles at both pipe ends. In addition, three RVDTs were put on the pipe
wall and they recorded the slope angles at those three locations. So the global
curvature can be obtained as follows:

Dy = Ors —Or1 (4.5.1)
LO
where @4 is the global curvature, L, isthe length of undeformed pipe, 6r1 and 6rs
arethereadings of RVDT ‘R1’ and ‘R5’, as shown in Fig.4.3, respectively.

And the local curvature can be given by

Ori — OR

Dyjj = 3

(4.5.2)
0ij

where ®@y; is the local curvature of pipe segment ‘ij’, Lgj is the length of
undeformed pipe segment ‘ij’, Or; and Og; are the readings of RVDT ‘Ri’ and 'R}’
respectively. Also, Ri # Rj and Ri and Rj can not be R1 and R5 respectively at the

same time.
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4.2.2.2 RELATIVE AXIAL DISPLACEMENT (RAD)

Three types of RAD will be involved in the succeeding sub-sections, so they will
be introduced one by one in the following. For clarity, these parameters are
schematically illustrated in Figure 4.5.

RELATIVE AXIAL DISPLACEMENT BETWEEN PIVOTS

It can be obtained by
S=H,-H (4.6.2)

where S is the RAD between pivots, H, and H is the distances between the two
pivots before the pipe being deformed and after the pipe being deformed
respectively.

RELATIVE AXIAL DISPLACEMENT OF CONCAVE SDE

It is defined as

8Log=Lo—Lc=S+ hp(2—coseRl—cosﬁR5)+%(sin|eRl| +sin0gs|)
(4.6.2)

where
dLceg = RAD of concave side,
L. = the chord length of deformed pipe on concave side,
hp = the distance from a pivot to its nearest end cross section of pipe (0.33
m for thistest), and

the other parameters are the same as before.
RELATIVE AXIAL DISPLACEMENT OF WRINKLE

In this research program, the RAD of wrinkle was defined by
8Ly =Ly — Ly (4.7)

where 6L, is the RAD over a gauge length of a whole wrinkle on the concave
side, Lwo and L, is the length of undeformed and deformed gauge length of a
whole wrinkle respectively.
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4.2.3 THEORETICAL ANALYSIS

For the tested pipes, the water pressure produced hoop stress and at the same time,
the axial load and bending moment generated axial stress, so it was in a biaxia
stress state. Neglecting the effects of local buckling, Mohareb (1995) drew a
relation between the hoop stress and axial stress based on the von Mises yield
criterion and it can be expressed as follows according to the symbols used in this

thesis:

2
% _5%h 4 /1_§[EJ (4.8)
Oy oy 4 oy

where oy is the yield stress of material, o4 IS the axial stress that makes the
materia yield with the presence of hoop stress of op.
In addition, because the pipe was subjected to bending moment and axial load,

their interaction had to be investigated to understand its actual behaviour. For

discussion convenience, the following normalized quantities were defined:

Ny

where n is the normalized normal force on a cross section, Ny = Aoy is the yield

normal force of a cross section and N is the same as before.

m=—— 49.2
M, (4.9.2)

where m is the normalized bending moment on a cross section, My = Soy is the

initial yield bending moment of a cross section and M is the same as before.

o=—2 (4.9.3)

where ¢ is the normalized global curvature, ®y is the global curvature at initial

yielding of pipe and @ is the same as before.

Based on the plastic theory, the moment-curvature relation can be obtained
theoretically. Chen and Han (1985) analyzed the unpressured pipe and derived
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some approximate relations. If the above defined normalized parameters are used,

these relations can be rewritten as follows;

ad d<d; elastic
m= b—ﬁ d1<0< ¢, primary plastic (4.10)
My —% > b, secondary plastic
where,
a=m /¢, (4.10.1)

b= m2\/\/$;_2 —:/n¢1_\/¢_1 (4.10.2)
2 1

__ My—my 4.10.3
TR TETN (@109

f = (my, —m, 2 (4.10.4)

In the above equations, m; and ¢; are the corresponding values of m and ¢
respectively when the primary yielding occurs, m; and ¢, are the corresponding
values of m and ¢ respectively when the secondary yielding occurs, and my is the
value of m when the state of full plasticity is reached. These parameters can be

obtained by the following approximate expressions:

for al n,
m,=1-n
{ ! (4.10.5)
¢;=1-n
for0<n<04
m, =1+ 0.21n—1.05n?
b= (4.10.6)
? /M(1—1.395n +1.206n?)
for04<n<1
m, =1.528(1-n) (4.107)
b, = 2.625(1-n) o
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for0<n<0.65

Mpe = 1.273(1 — 1.18n%) (4.10.8)
for0.65<n<1
Mpc = 1.82(1 - n) (4.10.9)

Under a specific level of water pressure, the hoop stress can be obtained by
Equation (4.4), and then o4 can be given by Equation (4.8). Because the shear
force was very small in the tests, it can be neglected. Then using Equations (4.3.2)
and (4.3.3), the axial load and bending moment can be computed. Furthermore,
the normalized parameters can be calculated from Equations (4.9.1) to (4.9.3).
Finally, the approximate moment — curvature curve and the approximate
interaction diagram can be obtained from Equation (4.10) to (4.10.9). The results

will presented and discussed in the following sections.

4.3 TEST RESULTSAND DISSCUSSION

In this section, the test results will be presented and discussed for each specimen
separately. For each specimen, the loading procedure will be introduced and
discussed with the spectra of some key variables; then the pipe behaviour under

monotonic loading and cyclic loading will be discussed.
43.1 SPECIMEN LCF16N1

4.3.1.1 SPECTRA OF SOME KEY VARIABLES

The MTS load, jack load and water pressure were al external |oads and they were
applied to the pipe specimen either directly or indirectly via moment arms, and
their joint action caused the pipe to wrinkle and fracture. In the meantime, the
MTS machine experienced a significant stroke and the moment arms underwent
significant rotations. By reviewing the spectra of these five variables (three
external loads, one stroke, and one rotation) and how the pipe was loaded and
controlled, the responses of the specimen such as the deformation and the rotation

could be easily understood.
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Because the loading procedure and loading history were complicated, the
following presentation and discussion will follow the so-divided two loading
stages, monotonic and cyclic loading stages, and the spectra of the
aforementioned variables are shown in Figure 4.6 and Figure 4.7, respectively.

MONOTONIC LOADING STAGE

For convenience, a so-called nominal net axial load (NNAL), Nnn, Will be
introduced firstly and it can be defined as follows:
Ny =Purs =P +F, —FR, (4.12)

where all parameters are the same as before.

It can be seen that Ny is exactly the net axial load on the pipe wall if the pipeis
straight. During the monotonic loading stage, the NNAL was controlled, and it
was also given in Figure 4.6. As shown in Figure 4.6, when the counter number
reached to 5, the water was pressurized to 11.44 MPa (40% of SMYS), and the
MTS load was increased to 1320 kN. This gave a zero NNAL in the pipe wall, so
the recorded strain was exactly the hoop strain caused by the internal water
pressure. Also because of this water pressure, the pipe specimen expanded
outward. All collars were loosened at this moment to prevent forming inward
imperfections. From this moment to the end of monotonic loading, the water

pressure was kept constant, so its spectrum was a straight line.

When the count number went up to 10, the MTS load was increased to 2019 kN;
the corresponding NNAL was 1570 kN and the MTS stroke was 5 mm. Up to this
moment, there were still no jack load and rotation of the moment arms. From this
point on, the NNAL was kept constant at this level and the jack load or jack
stroke was increased to acquire the desired average rotation of the moment arms.
The constant NNAL of 1570 kN chosen for the monotonic bending stage
corresponded to the axial load in the pipe wall caused by a temperature change of
45°C.

When the count number was accumulated to 109, the jack load climbed to its

maximum pushing level of 818 kN, and the corresponding MTS load was 2857
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kN, the average rotation was 2.68 degree and the MTS stroke was 11 mm. After
this, the jack load could not be increased because of the yielding of the pipe and
the increase of second order effect from axial load, so the rotation-controlled
method took action.

When the count number was increased to 226, the average rotation of moment
arms reached to the desired level of 7 degree. After this moment, the moment
arms were locked to keep this average rotation constant and the MTS load/stroke
was increased to develop the wrinkle around the whole circumference. Also
because the NNAL was not controlled after this moment, it will not be discussed
further. At this moment, the corresponding jack load was 376 kN in push, MTS
load was 2434 kN and MTS stroke was 40 mm.

Asthe MTS load was increased, the pipe was shortened, so the jack cylinder had
to retreat to lock the rotations of moment arms and as a result, the jack load
changed direction from pushing to pulling. When the count number rose to 391,
the MTS load arrived at its summit of 5224 kN, and the corresponding jack load
was 728 kN in pulling and the MTS stroke was 65 mm. After this moment, the
MTS load could not be increased anymore, so the stroke-controlled method was
employed.

When the count number was added up to 427, the jack load reached its nadir of
764 kN in pulling, and the corresponding MTS load was 5189 kN and the MTS
stroke was 70 mm.

When the count number was expanded to 503, the wrinkle was considered as
being fully developed and the monotonic loading stage was over. The
corresponding MTS stroke was 100 mm, MTS load was 4038 kN, and jack load
was -562 kN.

CYCLIC LOADING STAGE

For this test, the cyclic loading stage could be sub-divided into two periods: in the
1% cyclic loading period, the pipe seam weld was fractured by cyclical axia

deformation; and in the 2™ cyclic loading period, the wrinkle on concave side was
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fractured by cyclic bending action. It had to be mentioned that the 2™ cyclic
loading period was not planned and it was employed in order to fracture the

wrinkle on concave side.

A typical cycle of loading in the 1% period was conducted as follows: firstly, the
MTS load was unloaded to the minimum level of 200 kN under the condition of
constant water pressure; secondly, the water was pressured to 22.89 MPa (80% of
SMY'S), and then was depressurized to 11.44 MPa (40% of SMY S) again; finaly
the MTS stroke was increased to 100 mm. This loading period was over after
about 16 cycles because the water was observed shooting out from the pipe seam
weld, which was located near the neutral axis.

In the 2™ cyclic loading period, the average rotation of moment arms was
controlled to generate a constant rotation range, and the procedure was as follows:
firstly, the jack pulled the moment arms to reach a specific rotation level, and then
released the jack load to zero. In the test, an attempt was firstly made to obtain a
big rotation change, but it was found that cracks occurred on the lower foot when
the average rotation change reached to about 4.69°. Because the objective of this
test was to obtain along LCF life, it was decided to decrease the average rotation
change to about 1° after this cycle. After this type cyclic loading were completed
about 34 cycles, the loading was increased to facilitate the fracture of pipe. The
wrinkle on concave side was fractured by only 2 cycles of this increased loading.
In addition, two more loading cycles were tried to fracture the wrinkle on convex
side, but it was stopped because it was found too risky. Figure 4.7 follows the
loading descriptions from the beginning to the ending of the 2™ cyclic loading
period, but the following discussion will ignore those abnormal cycles and only

focus on thefirst 34 cycles.

Figure 4.7a shows the spectrum of MTS stroke. It shows that the maximum MTS
stroke was kept constant at the level of 100 mm during the 1% cyclic loading
period, but the minimum stroke decreased as the test progressed. The reason can
be explained as follows: the maximum MTS stroke was produced by the MTS

machine and could be exactly controlled, but the minimum MTS stroke was
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generated by increasing the water pressure to the maximum level of 80% SMYS
in each cycle. Asthe pipe wall was progressively damaged, the pipe would stretch
more that caused the minimum MTS stroke decreased. During the 2" cyclic
loading period, the MTS stroke was not controlled, so the maximum stroke, the
minimum stroke and the stroke range all floated as the test proceeded. It can be
observed that the stroke range decreased as the test progressed and this was a

result of the accumulation of plastic deformation in the wrinkle area.

Figure 4.7b shows the spectrum of water pressure. This spectrum exhibits that
both the minimum water pressure and the maximum water pressure were kept
constant during the 1% cyclic loading period. From the aforementioned loading
procedure, it is known that a water pressure-controlled method was employed, so
it is not surprising that the water pressure was well controlled. During the 2™
cyclic loading period, because the pipe was empty, the spectrum shows a zero

water pressure.

Figure 4.7c shows the spectrum of M TS load. During the 1¥ cyclic loading period,
the MTS load decreased gradually as the test progressed. This indicated the cyclic
loading damaged the pipe progressively. During the 2™ cyclic loading period, the
MTS load was controlled in the minimum level of 200 kN all the way to keep the

loading system stable, so its spectrum becomes to a straight line.

Figure 4.7d gives the spectrum of jack load. During the 1% cyclic loading stage,
the spectrum reflects the efforts made by the jack to lock the rotation of moment
arms. As the pipe was gradually damaged, the pipe capacity to keep its shape was
weakened, so the jack had to do more to hold the pipe in position. The spectrum
shows that the jack load, especialy the maximum load which pulled the moment
arms, increased as the test progressed. During the 2™ cyclic loading period, the
jack load was totally released at the end of each cycle after obtaining the desired
rotation range, so the spectrum exhibits that the maximum jack load was well
controlled to zero. Also to acquire the desired rotation range by only pulling the

moment arms, the minimum jack load increased (or the pulling load decreased) as
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the test proceeded. And this is because the pipe wall at the wrinkle crest was

progressively damaged and made its net cross section decreased.

Figure 4.7e presents the spectrum of average rotation of moment arms. During the
1% cyclic loading period, the average rotation of moment arms was kept constant,
so the spectrum shows a straight line. During the 2™ cyclic loading stage, the
progressive decrease of maximum average rotation indicated that the pipe failed
to restore its origina shape when the jack load was totally removed. Because the
plastic deformation was accumulated in the wrinkle region, a dimple was formed
around the wrinkle crest and it was this dimple that caused the drop of maximum
average rotation. In addition, because the rotation range was kept constant, it is

not surprising that the minimum average stroke decreased correspondingly.

4.3.1.2 MOMENT VS. CURVATURE

Because the RVDTs installed on the pipe wall did not work well after the wrinkle

formed, the following discussion will only focus on the global curvature.

The formation of wrinkle changed the geometries of the cross sections at or near
the wrinkle and moved the neutral axes toward the unwrinkled (tension) side. This
made the determination of the moment at those cross sections during the post-
buckling stage difficult. However, the bending moment at pivots was not
influenced by the formation of wrinkle, so the investigation of moment —
curvature relation can be conducted at this location. Figure 4.8 gives the results at

the top pivot.

At first, the pipe was in the elastic region, so the relation between bending
moment and global curvature was linear. As the pipe entered the elastic-plastic
region, the slope of curve gradually decreased and this indicated that the pipe
became ‘ soft’. When the pipe was fully plasticized, the slope of the curve became
amost zero, and the pipe could not bear any additional bending moment. The
long plateau shown in Figure 4.8 indicated that this type of pipe had great
ductility and it can endure large curvature without losing significant moment
capacity. In addition, the presence of the plateau is areliable signal of the critical
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cross section of pipe being fully plasticized. After passing this plateau, the slope
of the loading path gradually decreased. It can also be seen that the descending
path was much smoother than the ascending path. When the global curvature
reached about 0.1576 1/m, the rotations of moment arms were locked and the
MTS load was increased to form an encircled wrinkle around the pipe. From this
moment to the end of 1% cyclic loading period, the globa curvature was kept
constant, so the loading path is a vertical straight line. The details during this

loading period will be shown and discussed in next section.

During the 2" cyclic loading period, a cyclic pulling jack load was applied to the
moment arms to fracture the pipe wrinkle on concave side and severa
observations can be obtained from Figure 4.8. First, the hysteresis loop was
floating toward the origin side as the test progressed. This is because the plastic
deformation was accumulated in the wrinkle area. Second, the first loop floated
away about a distance of 0.04 1/m. This is because a large end rotation was
applied. Third, the last five loops were much bigger than the previous loops
because they were made by positive and negative bending moments, moreover,
the last three loops were recorded after the wrinkle on concave side was totally
fractured, they should not be added to the fatigue life. At last, the peak pulling
jack load dropped as the test progressed and this was a result of the progressive
damage on pipe wall by the cyclic bending.

43.13 PIVOT AXIAL LOAD VS. RELATIVE AXIAL DISPLACEMENT
BETWEEN PIVOTS

The relation between the pivot axial load and RAD between pivots during the
whole loading stage is shown in Figure 4.9, and this type of curve can indicate the

shortening of pipe to some extent.

Path ‘OA’ combines two loading steps of pressuring the pipe and increasing the
MTS load to 2019 kN, which is also the pivot axia load. During this period, the
pipe was in the elastic region, so the path is linear. Path ‘AB’ represents the
loading step of bending the pipe under the condition of constant water pressure.

During this period, the pivot axial load was unchanged, so the path is a horizontal
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straight line. Then the rotations of moment arms were locked and the MTS load
was increased. As a result, the pivot axia load was also increased. At point ‘C’,
the pivot axial load reached its maximum value of about 5950 kN. Although the
peak isrelative flat and wide, there is no obvious plateau there. This indicates that
the wrinkle on the convex side formed at almost the same moment as the section
became fully plasticized, and this feature is different from the wrinkle formation
on the concave side. At point ‘D’, the RAD between pivots went as far as about
96 mm, which is slightly less than the MTS stroke (100 mm). Then the 1% cyclic
loading was applied by cyclically changing water pressure and MTS stroke under
the condition of the rotations of moment arms being locked. And this cyclic
loading produced a cyclic change of RAD between pivots about 15 mm. In
addition, the pivot axial load dropped as the pipe experienced more cycles and
this indicated the pipe was softened by this cyclic loading. After this, the second
type cyclic loading was applied and it is shown in the figure is a very thick and
short ‘line’. Because this type cyclic loading was only produced by bending, the
change of relative pivot displacement was very small.

4.3.1.4 INTERNAL PRESSURE VS. RELATIVE AXIAL DISPLACEMENT
BETWEEN PIVOTS

Because al tensile deformation during the first 16 cycles was produced by the
cyclic internal water pressure, it is worthwhile to investigate the relation between
the water pressure and the RAD between pivots. This relation is shown in Figure
4.10.

Along path ‘OA’, the pipe was pressured to 11.44 MPa and there were almost no
RAD between pivots. Along path ‘AB’, the internal pressure was kept constant
and the pivots experienced about 97 mm RAD aong with an encircled wrinkle
was formed around the pipe. Along path ‘BC’, the internal pressure was also kept
constant, but the MTS load was decreased to 200 kN, so about 6 mm RAD was
released between pivots. Along path ‘CD’, the pipe was pressurized to 22.89
MPa, and corresponding about 7 mm of RAD was released between pivots. Along
path ‘DE’, the internal pressure was decreased to 11.44 MPa again, but the
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corresponding RAD between pivots was so small that could be ignored. After
about 16 cycles, athrough crack formed right on the seam weld and made the pipe
lose its containment ability. So the internal pressure was dropped to zero, the path
‘EF . After that, the unpressured pipe was cyclically loaded by jack only.

4.3.1.5 INTERACTION DIAGRAM

According to Equation (4.10), the theoretical interaction diagrams can be
approximately obtained. During the test, some of RVDTs instaled on the pipe
conflicted with the wrinkle in the late monotonic loading stage, so the axial load
and bending moment on these three cross sections could not be obtained during
the whole monotonic loading stage. But both end cross sections were not affected
by the wrinkle, so the following discussion will focus on top end cross section and

the results are shown in Figure 4.11.

In this figure, along path ‘OA’, the pipe was axialy loaded to 0.2 Py, but no
bending moment was applied. Along path ‘ABCDEFG’, the axia load was held
constant, but the bending moment was increased to allow the pipe deflects. At
point ‘B’, primary plasticity occurred; specificaly the extreme fiber on the
concave side was plasticized by compressive stress. At point ‘C’, secondary
plasticity appeared; specifically the extreme fiber on convex side was plasticized
by tensile stress. At point ‘D’, the maximum bending moment was obtained; |ocal
buckling took place on the critical cross section of the pipe. It can be seen that
even for the top end of pipe, where the smallest moment resided, most of its cross
section was plasticized. At point ‘E’, the convex side became elastic; and at point
‘F, concave side fell into the elastic region too. At point ‘G’, the moment arms
were locked to keep their average rotation constant. Along path ‘GHIJKLMNP',
the pipe was compressed by the MTS machine to propagate the wrinkle aong the
whole circumference of pipe. At point ‘H’, the moment changed direction because
the jack load changed direction from pushing to pulling. At point I’, the extreme
fiber on convex side became plasticized; and at point ‘J, the extreme fiber on
concave side got plasticized too. At point ‘K’, the entire cross section was

plasticized. At point ‘L’, the MTS load could not increase anymore and the axial
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load reached its maximum value. At point ‘M’, some portion of cross section
started to behave elastically; and at point ‘N’, the concave side totally went back
to the elastic region. At point ‘P, the whole cross section retreated to the elastic
region. At point ‘Q’, the desired wrinkle shape was developed and so the
monotonic loading stage was over. It has to be emphasized that the theoretical
interaction diagrams could not represent the actual stress state in the pipe because
the stress was reversed from tension to compression when the loading was
changed from bending to compression. This stress reversal generated residual
stresses in the pipe, which will affect the timing of the primary and secondary

plasticity.

4.3.1.6 STRAIN BEHAVIOUR

The strain gauge has a strain range limit of about 2.5%. In addition, the strains are
localized at the wrinkle region when the wrinkle is developed. Based on these two
considerations, the following discussion of axial strainsis limited to the period of
forming awrinkle on concave side during the monotonic bending stage. However,
because the hoop strain is relatively small, the discussion will extend to the cyclic

loading stage.

For discussion convenience, some count numbers and their corresponding action
and response are specified as follows. at count number 40, the concave side was
plasticized, and the corresponding jack load was 617 kN, and the average rotation
of moment arms was 0.81°% at count number 80, the convex side was plasticized
and the corresponding jack load increased to 797 kN, and the average rotation
went up to 1.71% at count number 109, the jack load climbed to its maximum
value of 818 kN, and the corresponding average rotation was 2.68° at count
number 150, the jack load decreased dlightly to 808 kN, but the average rotation
of moment arms accumulated to 3.51°; at count number 180, jack load dropped to
727 kN and average rotation went as high as 4.43°% and at count number 225, the
jack load went down to 429 kN, and the corresponding average rotation reached
to 6.94° and the bending was stopped.

ALONG AXIAL DIRECTION
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Figure 4.12 shows the strain distributions along the axial direction at different
radial locations. It shows that strain was evenly distributed when the count
number was less than 40. At count number 80, the strains exhibited a slight
change and showed a little bit uneven distribution, this could be attributed to the
increased second order effect of axial load. When the count number reached 109,
strain showed a peak-valley pattern distribution along the -30° line and this
indicated that the local buckling occurred near this line instead of the zero degree
line. The peak was generated by the bulging of wrinkle head, where the
compressive strain was decreased, and the valley was produced by sinking of
wrinkle foot, where the compressive strain was increased. When the count
number accumulated to 150, the wrinkle extended to as far as the 45° line because
al of them shown the peak-valley pattern distribution. When the count number
was greater than 150, only the strain within the wrinkle region varied, and this
indicated that the strain was totally localized.

ON CROSS SECTION

By analyzing the strain distribution on a cross section, whether the wrinkle spread
to this cross section can be identified. In addition, the plane section remains plane
assumption can be verified if there is no local buckling. In this test, the strain
distributions on three cross sections were measured and typical results are
presented in Figure 4.13. For the two cross sections above and below the middie
of pipe, this figure clearly shows that the plane section remains plane. For the
middle cross section, the linear distribution was disrupted on the concave side
when the count number reached 100. This indicated local buckling appeared.
However, for the other locations, the linear distribution still worked. Therefore, it
can be concluded that the wrinkled section and unwrinkled sections work
independently, and the plane section assumption is valid only for the unwrinkled
section.

HOOP STRAINS

When the pipe is pressured, it isin abi-axial stress state. Nine hoop strain gauges

were evenly placed on three cross sections to catch the monotonic and cyclic
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behaviours of pipe in the hoop direction. The results are shown in Figure 4.14 and
presented in a spectrum form. Because the hoop strain was mainly caused by
water pressure, the spectra did not cover the 2™ cyclic period during which the
pipe was empty. The concave side had the maximum tensile hoop strain because
of the superimposed effect of internal pressure and bending moment, the convex
side held the minimum hoop strain because of the counterbalance effect of
internal pressure on that of bending moment, and the neutral axis had the medium

hoop strain.

4.3.1.7 GLOBAL BEHAVIOURVS. LOCAL BEHAVIOUR

When the wrinkle is fully developed, the deformation will be localized at the
wrinkled region, but no literature shows to what extent this localization can go. In
the following, two types of deformation will be investigated to show the relation
between global behaviour and local behaviour.

RELATIVE AXIAL DISPLACEMENT

Figure 4.15a shows the local RAD between punch marks ‘4" and ‘77 measured by
a caliper, and for discussion convenience, the area between punch marks ‘4" and
‘7" is cdled the wrinkle area. The measurement was taken only after the
occurrence of wrinkle (count number = 189), and both of global RAD and local
RAD are based on this initial state. They are the increments of RAD from this
defined initial state. It can be seen that the measurement data can be best-fitted by
two straight lines for each cyclic loading period respectively. The slope of the
best-fit line indicates the degree of the global RAD localization. The smaller the
slope is, the less the localization will be. On the contrary, the larger the slope is,
the more the localization will be; specifically, the global RAD is totally localized
when the slope reaches the unit. During the first cyclic loading period, the slope is
0.940 and this indicates 94.0% of global RAD was localized. During the second
cyclic loading period, the slope dropped to 0.792 and this means 79.2% of global
RAD was localized.
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Figure 4.15b shows the relation between the global RAD and the loca RAD
measured by LVDTs during the cyclic loading stage. During the first cyclic
loading stage, the measurement results are squeezed into a narrow band, and they
can be regressed approximately by a straight line. The slope of thisline is around
unity, and this indicates the globa RAD is totaly localized. During the second
cyclic loading stage, the measurement results can also be regressed by a straight
line, and the slope of thislineis about 0.800. Similarly, this indicates about 80.0%
of global RAD islocalized in the wrinkle area.

Comparing Figure 4.15a with Figure 4.15b, it can be found that both
measurement methods give the very close results.

GLOBAL CURVATURE VS LOCAL CURVATURE

The curvature is a measure of curving: the bigger the curvature is, the shaper the
curving will be. According to the loose definition that was made in Section
4.2.2.1, the curvature is related to both slope angle change and gauge length. If
the gauge length is the length of the entire curve, the so-obtained curvature is
called global curvature; and if the gauge length is the length of a segment of this
curve, the so-obtained curvature is called loca curvature. The following
discussion will abide by this broad definition.

For a straight beam under the condition of pure bending, if there is no local
buckling and global buckling, the local curvature at everywhere is the same as the
global curvature. In this case, it can be said that the curvature is independent of
gauge length. If a wrinkle occurs in the beam, the local curvature away from the
wrinkle will decrease, and the local curvature over the wrinkle will increase. This

phenomenon can be termed as ‘ curvature localization’.

For this test, the above concepts can be used to approximately find when and
locate where the wrinkle formed. Figure 4.16 shows the relations between global
curvature and different local curvatures, where the global curvature was obtained
from Equation (4.6) and the local curvatures were calculated according to the

readings of RVDTs and their corresponding gauge lengths.
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Figure 4.16a shows the curvatures of pipe segment ‘1-3’ and ‘3-5’, which are
halves of the pipe. Their curvatures are amost coincident with the global
curvature at first, but deviate from the globa curvature after a specific point.
Specificaly, the curvature of segment ‘1-3’ is less than the global curvature and
that of segment ‘3-5’ is greater than the globa curvature. Therefore, it can be
concluded that the wrinkle formed in pipe segment ‘3-5'. Figure 4.16b shows the
curvatures over smaller pipe segments of ‘3-4° and ‘4-5, it can be easly
identified that the wrinkle was on pipe segment ‘3—4' based on the above
discussion. Generadlly, the onset of wrinkle can be determined from the deviation
point of global curvature and alocal curvature over a proper gauge length. But the
RVDT ‘R3' did not work well at first, so the curvature of segment ‘3-4" deviated
from the origin. Based on this, the onset of the wrinkle will be taken as the
deviation point of the global curvature and local curvature curve of segment
‘4-5". It can be read from this figure that wrinkle formed when the global

curvature was about 0.04 1/m.

4.3.2 SPECIMEN LCF20N1

For this pipe, it was similar to the 16 inch pipe in many aspects, so the following

introduction and discussion will focus only on the differences.

4.3.2.1 SPECTRA OF SOME KEY VARIABLES

The spectra of some key variables during the two loading stages are shown in
Figures 4.17 and 4.18, respectively.

MONOTONIC LOADING STAGE

The loading procedure was the same as the 16 inch pipe, and the only difference
was the controlled variables. For the 20 inch pipe, the controlled water pressure
was 5.00 MPa, the desired average rotation of moment arms was 2.5°, the
designed maximum MTS stroke was 45 mm, and the governed NNAL was 1163
kN during the monotonic bending stage, which corresponded to the axia load in
the pipe wall caused by atemperature change of 45°C.
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CYCLIC LOADING STAGE

Same as the 16 inch pipe, the cyclic loading stage consisted of the 1% and the 2™

cyclic loading periods, but there were three major differences.

During the 1% cyclic loading period, besides the maximum stroke, which was
controlled by the MTS machine, the minimum stroke was also controlled to make
the MTS stroke range constant. The minimum stroke was acquired by the water
pressure, so the peak water pressure was not constant anymore. The water
pressure decreased as the pipe wall was gradually damaged. During the 2™ cyclic
loading period, the loading was controlled to make both the maximum RAD of
wrinkle and its minimum counterpart constant. The jack force decreased in this
cyclic loading period as the test progressed, and this was also attributed to the

progressive damage of pipewall.

4.3.2.2 MOMENT VS. CURVATURE

The relation between the bending moment at top pivot and the global curvatureis
shown in Figure 4.19. Compared with the 16 inch pipe, there are some
differences. First, there was no plateau and this indicated the pipe was not fully
plasticized. Second, the hysteresis loops overlapped to form a single very dark
and thick loop. This can be attributed to two reasons. one is that the decreased of
loading capacity of pipe as a whole was not so significant as the strip specimens,
because the cracked wrinkle was a small part of the whole cross section; the other
is that the cyclic loading was well controlled during the 2" cyclic loading period.
Third, the vertical line was much thinner than that of 16 inch pipe that indicated
the 1% cyclic loading period was better controlled.

4323 PIVOT AXIAL LOAD VS. RELATIVE AXIAL DISPLACEMENT
BETWEEN PIVOTS

The relation between the pivot axial load and RAD between pivots during the
whole loading stage is shown in Figure 4.20. Compared with Figure 4.9, it can be
seen that the behaviour was similar during the 1% cyclic loading period except that

the drop of load after point ‘C’ was quicker in Figure 4.20. But during the 2™
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cyclic loading period, this figure does not exhibit the drifting of small hysteresis

loops as Figure 4.9 does.

4324 WATER PRESSURE VS. RELATIVE AXIAL DISPLACEMENT
BETWEEN PIVOTS

Thisrelation is shown in Figure 4.21. The characteristics are very similar to those
of Figure 4.10.

4.3.2.5 INTERACTION DIAGRAM

The interaction diagram is shown in Figure 4.22. According to this diagram, only
the concave side of top end cross section of pipe was yielded and the convex side
was still elastic during the monotonic bending stage. And the entire top end cross
section was e€lastic during the monotonic compression stage. This can be
confirmed by the strain distribution along the pipe axial direction, which will be

discussed in the next section.

4.3.2.6 STRAIN BEHAVIOUR
ALONG AXIAL DIRECTION

Figure 4.23 shows the strain distributions on the concave side, the convex side
and the north and south sides. Three main observations can be made from the
figure: first, the sharp variation of strain at the location of 646 mm above the
bottom indicates that the wrinkle formed around this location; second, the much
more significant variation of strain in the wrinkle region than that in other regions
indicates the strain was localized; third, the faster increase of strain on the north
side than that on the south side indicates that the wrinkle developed
asymmetrically from the concave side and much quicker on the north side. In
addition, the strain distribution on convex side exhibits that the secondary
plasticity, i.e. tensile yielding on convex side, did not occur on the top end cross

section, this confirms the observation drawn from interaction diagram.

HOOP STRAIN
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Hoop strains at 12 points on three cross sections were recorded and the results are
shown in Figures 4.24. Because the gauge ‘SHN2S' did not work, Figure 4.24a
only shows the results of three gauges. It can be seen that the three gauges on the
lower cross section went out of range after a specific moment, and this indicated
that the wrinkle was near these gauges. In addition, higher hoop strain on the
north side can draw the conclusion that wrinkle grew more fast toward the north

side than toward the south side.

4.3.2.7 GLOBAL BEHAVIOURYVS. LOCAL BEHAVIOUR

GLOBAL RELATIVE AXIAL DISPLACEMENT VS LOCAL RELATIVE AXIAL
DISPLACEMENT

The relation between the global RAD and the local RAD of wrinkle is shown in
Figure 4.25. By best fitting the measurement data from LVDT and from caliper
respectively, it can be seen that the slopes are very close to unit. This
demonstrates again that the RAD was totally localized during the cyclic loading
stage.

GLOBAL CURVATURE VS LOCALCURVATURE

Figure 4.26 presents the relation between global curvature and local curvature.
Figure 4.26a shows that the local curvature of pipe segment ‘1-3' is above the
globa curvature, and the local curvature of pipe segment ‘3-5 is below the
global curvature. Therefore, it can be concluded that the wrinkle formed on pipe
segment ‘1-3'. In addition, the local curvatures deviate from the global curvature
when the global curvature is about 0.0205 1/m, which indicates the onset of
wrinkling. Figure 4.26b shows that the local curvature of pipe segment ‘1-2' isa
little bigger than that of segment ‘23" at first, but later it turns to the contrary.
This phenomenon indicates that section ‘2° was on wrinkle head and more
wrinkle was on the segment ‘1-2' than segment ‘2-3'. This conclusion is
confirmed by the test observation, and actually the wrinkle crest was right under
the cross section ‘2’. In addition, it can also be concluded that the wrinkle formed
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around a global curvature of 0.0205 1/m. Therefore, by monitoring the variation

of curvature can identify when and where the wrinkle occurs.

4.4 FAILURE MECHANISM

441 EXPERIMENTAL OBSERVATION

4.4.1.1 SPECIMEN LCF16N1

During the first cyclic loading period, i.e. cyclic axia deformation, the seam weld
was firstly fractured (see Figure 4.27). By closer inspection, it was found that
there were three cracks (see Figure 4.28): one penetration crack along the
circumference direction and two surface cracks just besides the seam weld along
the axial direction. Although the wrinkle at the seam weld was much smoother
than that on the concave side, two detrimental factors led to this failure. Firstly,
the weld height was much bigger than the wall thickness of pipe (see Figure 4.29),
and this greatly counterbalanced the benign effect of smooth wrinkle. Secondly,
the wrinkle at seam weld had a smaler loading eccentricity than that on the
concave side, so it experienced more cyclic deformation under the loading of
cyclic axial deformation, which applied the same loading to everywhere along the

wrinkle.

During the second loading period, a dimple was observed on the wrinkle head of
concave side and many cracks were found on the outside surfaces of wrinkle feet
(see Figure 4.30). A dimple indicated that the wall was heavily cracked from the
inside surface. In addition, the formation of multi-cracks on outside surface of

wrinkle feet also verified the above conclusion.

Figure 4.31 shows that the wrinkle on concave side was totally fractured. After
the test was completed, the whole wrinkle was cut into small pieces to check the
extent of the damage. A montage of these pieces is shown in Figure 4.32. From
this figure, it can be seen that multi-cracks formed everywhere on the inside

surface of wrinkle.
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4.4.1.2 SPECIMEN LCF20N1

The cracks are shown in Figures 4.33 to 4.35. The similar observations can be
made for this specimen as those for specimen LCF16N1, so no more details will
be given at here.

442 MACROSCOPIC EXAMINATION

4421 SEAM WELD

For the seam weld of specimen LCF16N1, its fracture surface (see Figure 4.36)
can be divided into four zones: two crack propagation zones and two rupture
zones. The cracks were initiated from the surface and propagated from surface to
interior, but the cracks on the inside surface were not on the same cross section
with those on the outside surface. As for the crack propagation zone from outside
surface, it was so small that it could be neglected, so the seam weld was
penetrated mainly by the crack propagation from inside surface. Furthermore,
some striations can be clearly found on the fracture surface. The space between
two adjacent striations was much larger in the exterior portion than that in the
interior portion. This indicates that more damage happened during the first few
cycles. As the crack propagated to the outside surface, the thin uncracked wall
was finally fractured by tearing, so the fina rupture zone exhibited a shape of
shear lip. Asfor the light rupture zone, it was produced by bending the uncracked
portions of cross section of seam weld when making the samples for SEM.

As for the seam weld of specimen LCF20N1, again there are four zones on the
fracture surface (see Figure 4.37). The zone generated during the 2™ cyclic
loading period was not of interest here because the seam weld was fractured by
the 1% cyclic loading. The cracks also initiated from different locations on surface
and propagated from surface to interior. Compared with Figure 4.36, it can be
seen that more propagation zone from outside surface although it was still small
compared with its counterpart from inside surface. As cracks propagated, they
met each other and then the wall was penetrated and water sprayed out of the

pipe. No obvious final rupture zone was observed. Correspondingly, no shear lips
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were formed in this specimen. The main reason was that the outside cracks were

formed at the same cross section as the inside cracks.

4.4.42 WRINKLE ON CONCAVE SIDE
SPECIMEN LCF16N1

The picture of fracture surface is shown in Figure 4.38. The cracks were initiated
from many origins on the surface and propagated from surface to interior.
Because these cracks were not on the same cross section, tearing cracks formed
nearly along the normal direction of pipe surface when they approached each
other. In addition, the outside crack propagation zone was very small and the
fracture of wrinkle was mainly attributed to the crack propagation from the inside
surface. The heavily rusted portion of inside propagation zone was produced by

the 1% cyclic loading.
SPECIMEN LCF20N1

The picture of fracture surface is shown in Figure 4.39 and the similar discussion
can be conducted as those made for specimen LCF16N1, so no further details will
be given here.

443 MICROSCOPIC EXAMINATION

Only fracture surfaces of specimen LCF20N1 were examined here.

4.43.1 SEAM WELD

Figure 4.40.1 shows the inside portion of the seam weld and it contains four
pictures. From them, it can be seen that the surface was damaged and no striations
were resolved by increasing the magnification. However, those pictures show
some secondary cracks on the surface, and moreover Figure 4.40.1d exhibits some
corrosion products and pits on the surface. These corrosion products were caused

by that the water corroded the cracked surface inside the pipe

Figure 4.40.2 gives the outside portion and it contains six pictures: the left half is
the portion near the exterior and the right half is the middle portion. Figures
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4.40.2a and 4.40.2b clearly show the magnified striations and some scattered
corrosion pits (black spots) on the surface, and Figures 4.40.2c and 4.40.2d
exhibit some secondary cracks around the corrosion pits. Figures 4.40.2e and
4.40.2f equiaxed dimples can be found; therefore, this portion failed in ductile
mode. Figures 4.40.2g and 4.40.2h show the portion that caused by the 2n cyclic
loading, because the surface was heavily damaged, no conclusion can be drawn

from them.

4.43.2 WRINKLE ON CONCAVE SIDE

Figure 4.41.1 shows the outside portion of the fracture surface and it includes
seven pictures. Figures 4.41.1a, 4.41.1b and 4.41.1e clearly exhibit striations, and
Figures 4.41.1a to 4.41.1d show that finer striations are resolved as the
magnification is increased. Also no dimples are found between striations. Figures
4.41.1eto 4.41.1g show what happened in final rupture zone, which could not be
identified from macroscopic examination. The dimples show that this area was
fractured in ductile mode.

Figure 4.41.2 gives the inside portion of fracture surface and it consists of five
pictures. As the magnification is increased, no finer striations are resolved, but
Figures 4.41.2d and 4.41.2e show secondary cracks around some scattered

corrosion pits.
45 SUMMARY AND CONCLUSIONS

In the full-scale pipe test, two specimens were tested according to a complicated
loading procedure that consisted of two loading stages, which were monotonic
loading stage and cyclic loading stage, and three types of load, which were axial
load, bending moment and water pressure.

Firstly, the loading procedure was presented by viewing the spectra of some key
variables. Secondly, the relation between bending moment and global curvature,
the relation between pivot axial load and RAD between pivots, and the global

behaviours under monotonic loading and cyclic loading were investigated.
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Moreover, by exploring the global behaviour and local behaviour, it was
concluded that the global deformation was totally localized at the wrinkle region
when the wrinkle was fully developed. In addition, the strain behaviour and
interaction diagram were also discussed. Thirdly, by macroscopically examining
the fracture surfaces, it was found that the cracks were initiated from multi-
locations on the surfaces and then these cracks propagated from surfaces to
interior. Further by microscopically examining the fracture surface, some
corrosion products and pits were found on the fracture surface and some
secondary cracks were observed forming around those corrosion products and
pits. These corrosion products were caused by that the water corroded the cracked
surface inside the pipe. Finally, the tests observed that the seam weld was firstly
fractured. This observation indicated that the seam weld was more liable to failure

under the condition of cyclic axial deformation.
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Table 4.1: Geometries of pipe specimen

_ Length Outside diameter  Thickness
Specimen

mm mm mm
Nominal 1550.0 406.4 11.9

LCF16N1
Actual 1546.5 406.3 12.4
Nominal 1800.0 508.0 6.4

LCF20N1
Actual 1808.0 508.8 6.8

Table 4.2: Summary of instrumentation

Type Quantity  Location Purpose
_ 47/16" pipe on pipe only get axial _strain distribution and
Strain gauge ) hoop strain on selected cross
32/20" pipe sections
Demec point 14 on pipe only  asa back up of starin gauges
L\V/DT 8 on pipe only mgasur_e the deflection or rglatlve
axial displacement over wrinkle
on pive. end measure the slope angle of pipe,
RVDT 7 PIRE, inclination of jack and out-of-plane

Cable
transducer

plates and jack

between MTS
head and floor

tilt of loading system

measure the relative axial
displacement etc.
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stroke capacity is 15" (381 mm).

Figure 4.1: Schematic illustration of test set-up

117



Central rail —}—>«

=N
A

e

~

Top view

Tailor fitted carriage

.....

AAARAR P AR PF PP PR

-Pipe spécimen

Closer view of LVDT

Front view

Figure 4.2: Imperfection measurement apparatus
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¢) Free body diagram for an arbitrary cross section

Note:
Solid arrowed lines represent actual or equivalent external loads,
and dashed arrowed lines exhibit internal forces.

Figure 4.4: Free body diagrams for calculating internal forces
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Figure 4.5: Schematic illustration of deformation parameters
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Figure 4.6: Spectra of some key variables in monotonic loading stage (LCF16N1)
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Figure 4.8: Moment — global curvature relations at top pivot (LCF16N1)
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Figure 4.12: Strain distribution along axial direction (LCF16N1)
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Figure 4.14: History of hoop strain (LCF16N1)

128

0.02 T
S+
SHC2 s(Top| 2
ol ; |o
= 1 S| midlS sHe2
s SHN2 81—- el R
2 N Bot
o l
3 ;
S} /\V\/\MWVM\/W\'JWW\AM ~
T 0.00 \/ ! . .
SHT2
-0.01
0 300 600 900 1200 1500
Count Number
0.03
0.02 °——
n ol o
g 0.01 1 SHN4 _9.|\m_-\\°
j SHT4
= ;E\ SHN4
0.00 T ~7 T T T i SHCH
MA
-0.01
0 300 600 900 1200 1500
Count Number
0.03
SHC6 :
| SHCe
0.02 1 el SHNE
£ SHN6 E NSHT6
= S
2 001 - 2
8 e
T 3
0.00 T T T T
MTG
-0.01
0 300 600 900 1200 1500

Count Number



RAD of wrinkle (mm)

\
7]

RAD of wrinkle (mmj

18

x  1st cyclic loading

15 - »  2nd cyclic loading );é *
- - - 1st best-fit line o slope = 1.0406
_fit li Nk 2o
1 2nd best-fit line o g
slope = 0.7999
0 3 6 9 12 15 18
RAD of concave side (mm)
a) from caliper
'50 T T T T T T
-55
-60
%
-65 slope = 0.7924 T
slope = 0.9398
-70 |
-75 4
Ry x 1st cyclic loading
-80 P + 2nd cyclic loading i
85 %x - - - 1st best-fit line |
2nd best-fit line
-90
-95 -90 -85 -80 -75 -70 -65 -60 -55 -50

RAD of concave side (mm)

b) from LVDT

Figure 4.15: Local RAD vs. global RAD (LCF16N1)

129



Local Curvature (1/m)

Local Curvature (1/m)

0.16

0.14

0.12

0.10 A

0.08 -

0.06 -

0.00 n T T T T T T T

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Global Curvature (1/m)

a) Curvature over segments ‘1-3” and ‘3-5’

0.10 7

0097 - =34 4-5 1-5
0.08 1 2x200m

0.07 - .
) T O ¢
0.06 - = s

0.05
0.04 "/
0.03 4

0.02 /

0.01 ,//
0-00 / T T T T

0.00 0.02 0.04 0.06 0.08 0.10
Global Curvature (1/m)

b) Curvature over segments ‘3—4’and ‘4-5’

Figure 4.16: Global curvature vs. local curvature (LCF16N1)

130



Key variables

Key variables

3.1

2.6

2.1

1.6

11

0.6

0.1

0.4

5.0
4.5
4.0

MTS load (MN)

el L

Water pressure (- 10MPa)

mrrrvAmrem- Ao v ccccarrr=y B e e

100 150

a) Spectra of load

200

250

300

Count Number

———-MTS stroke (x 10 mm)

— Ave. Rotation (degree)

200

250

300

Count Number

b) Spectra of stroke and rotation

Figure 4.17: Spectra of some key variables in monotonic loading stage
(LCF20N1)

131



o
ol

a)

)

(

MTS load
MN
Scor kDN
O O1 © O O

o
o

250 400 550 700 850 1000 1150 1300 1450 1600 1750
Count Number

b) 0.2

o (T MMH\HVMM

Jack load
(MN)
& & o
N [l o
f
[
—
—]
=]
—
—_—
g —=
—
e
pr—
—_—
—_—
=
=]
=
—
—
—_—
—
—
pr——
—_—
]
-—
—
u——
D —
——
—y
—]
e
JE—

250 400 550 700 850 1000 1150 1300 1450 1600 1750
Count Number

c) 0.8

06 1 JULLLLLIL LU

04 T

(MPa)

02 T

Water pressure

0.0 f f f f f f f T f

250 400 550 700 850 1000 1150 1300 1450 1600 1750
Count Number

d) 3.2

no
~

]

T
——

N
N
I
T

Average rotation
(degree)
=<

1.7 I I I I I I I I I

250 400 550 700 850 1000 1150 1300 1450 1600 1750
Count Number

) 55
50 T
45 T
40 T
35 T
3.0 I I I I I I I I I

250 400 550 700 850 1000 1150 1300 1450 1600 1750
Count Number

Figure 4.18: Spectra of some key variables in cyclic loading stage (LCF20N1)

MTS stroke
(mm)

132



Top pivot moment (KN-m)

Pivot axial load (kN)

700
600 -
500 -
400
300 -
200
100 ~

-100 -
-200

2nd cyclic loading period ———

1st cyclic loading period

-300

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Global Curvature (1/m)

Figure 4.19: Top pivot moment vs. global curvature (LCF20N1)

3200

2800 -

2400 A

2000

1600 -

1200 -

0 10 20 30 40 50

RAD between pivots (mm)

Figure 4.20: Pivot axial load vs. RAD between pivots (LCF20N1)

133



Water pressure (MPa)

0 T T T T ‘

0 10 20 30 40 _ 50
RAD between pivots (mm)

Figure 4.21: Water pressure vs. RAD between pivots (LCF20N1)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2 ;
0.1 ’
0.0 ‘ .Y

-14 -12 -10 -08 -06 04 -02 00 02 04 06 08 10 12 14
m

"

©)

Note: Elastic region;
Plasticity only occurs on concave side;
Plasticity occurs on both concave side and convex side;
[1 Plastic region.

Figure 4.22: Interaction diagrams (LCF20N1)

134



0.000
-0.002
=-0.004
£.0.006
wn
'EU -0.008 |- Convex Side  South Side-x— 30 —&— 50
<-0.010 | ( A70 —75
0.012 ¢ Concave Side 77 147
-0.014
500 600 700 800 900 1000 1100 1200
Axial Location (mm)
a) Concave side
0.010
0.005 [o— g g - = —
< 0.000 e
£-0.005
=-0.010 —>—70 -8-147
Z 0015 | ‘ ( ) — 202 —o— 211
-0.020 | s / Concave Side 8221 —+- 282
-0.025 b
500 600 700 800 900 1000 1100 1200
Axial Location (mm)
b) Convex side
0.000 ——
-0.005
£ -0.010 | N. Side S. Side
E’:) -0.015 | Convex Side  South Side =70 270
= —4—90 —+=-90
%-0.020 ( ) ~e—100 —o—100
-0.025 | Concave Side :i: %g‘;’ : ;gg
-0.030
600 700 800 900 1000 1100 1200

Axial Location (mm)

¢) North & south sides

Note: The numbers in the legend are counter numbers.

Figure 4.23: Axial strain distribution (LCF20N1)

135



0.030
0.025 +
c 0.020 + e [
% 0.015 + SHC? @ Convex Side
foonl | |57 )
T 0.005 + : ------- SHN2N 646mm| Lgncave Side
0.000 F5~A : : : : : : :
-0.005
0 200 400 600 800 1000 1200 1400 1600 1800
. . Count
a) On the cross section under middle
0.007
0.006 —+ SHC4
£ 0.005 1 Convex Side
o ] sy
o 4 -
38: 0.002 1 9%0mm| |<C_oncave Side
0.001
0.000 - sppons
-0.001
0 200 400 600 800 1000 1200 1400 1600 1800
b) On the middle cross section Count
0.008
0.007 +
0.006 +
'% 0.005 ConvexSide
Z 0.004 g 0 }
(] = —
S 0.003 - S 5 @ s
L= i Concave Side
I 0002 """""" AAAAAAAAANAAAAAAAANAN _>| me
0.001 At
0.000 ' . . I
-0.001 SHTS

0 200 400 600 800 1000 1200 1400 1600 1800
Count

c) On the cross section over middle

Figure 4.24: History of hoop strain (LCF20N1)
136



RAD over wrinkle (mm)

RAD over wrinkle (mm)

0 1 1 1 1 1

A Caliper Reading (Initial State: count=92)

— Linear Best-fit Line

slope = 0.9858

-60
-60 -50 -40 -30 -20 -10 0
RAD on concave side (mm)

a) from caliper

x LVDT Reading (Initial State: count=301) X
— Linear Best-fit Line < YOI
0 | | | |

-14 -12 -10 -8 -6 -4 -2 0 2
RAD on concave side (mm)

b) from LVDT

Figure 4.25: Local RAD vs. global RAD (LCF20N1)

137



Local curvature (1/m)

Local curvature (1/m)

0.10

0.09 ~
0.08 A
0.07 A
0.06 A
0.05 A
0.04 -
0.03 ~
0.02 A
0.01 ~

0.00
0.00

0.10

0.01 0.02 0.03 0.04 0.05
Global curvature (1/m)

a) Over segments '1-3' and '3-5'

0.09 A
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

—1-2 — =23 e 1-5

0.00

0.01 0.02 0.03 0.04 0.05
Global curvature (1/m)

b) Over segments of '1-2' and '2-3'

Figure 4.26: Global curvature vs. local curvature (LCF20N1)

138



Tﬁroggh-thickﬁés’s crack

Figure 4.28: Close view of cracks on seam weld (LCF16N1)
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Figure 4.30: Cracks on the lower wrinkle foot and dimple formed on wrinkle crest
(specimen LCF16N1)

Figure 4.31: Wrinkle crest on concave side being totally fractured (LCF16N1)
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Figure 4.32: A montage of overlapping pictures
of the inside surface of wrinkle (LCF16N1)
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Figure 4.34: Crack on concave side when specimen LCF20N1 was fractured

142



)
S
w
3
©
o
=
o
(@)

Concave side

Seam weld

Seam weld
» Convex side

a) In pieces of half pipe

Convex side

b) In smaller pieces
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Figure 4.36: Fracture surface of seam weld (specimen LCF16N1)
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Figure 4.37: Fracture surface of seam weld (specimen LCF20N1)
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Figure 4.38: Fracture surface of wrinkle on concave side (specimen LCF16N1)
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Figure 4.39: Fracture surface of wrinkle on concave side (specimen LCF20N1)
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Figure 4.40.1: SEM of fracture surface of inside portion of seam weld
(specimen LCF20N1)
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Figure 4.40.2: SEM of fracture surface of outside portion of seam weld
(specimen LCF20N1)
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Figure 4.41.1: SEM of fracture surface of outside portion of wrinkle on concave
side (specimen LCF20N1)
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Figure 4.41.2: SEM of fracture surface of inside portion of wrinkle
on concave side (specimen LCF20N1)
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5 FINITE ELEMENT ANALYSIS

Three finite element models are developed in this chapter; they are: the strip
model, the half pipe model, and the full-scale pipe model. The strip model mainly
focuses on the residua strains, which are requisite for evaluating the ductile
damage due to the monotonic loading, in the strip bend by simulating the process
of monotonically bending a straight strip. The half pipe model is used to conduct
the parametric study, and it concentrates on the impact of the internal pressure on
the wrinkle profile by simulating a pipe being monotonicaly loaded by a
combination of bending moment, axial load and internal pressure. The full-scale
pipe model simulates the full-scale pipe test, and it is developed to provide the
parameters that the LCF life prediction model requires but they are difficult to be
measured in the field pipes, such as wrinkle geometries. Because all three models
involve large strains, ABAQUS/Standard Version 6.2 (Hibbitt, Karlsson,
Sorenson Inc. 2001) finite element package is employed to carry out the
simulations and the analyses.

5.1 STRIP MODEL

During the process of monotonic bending, a straight strip was bent around the
guide rod to the designated angle by the drive wheel (see Figure 3.1). After being
bent, significant residual strains were left within the strip bend, and it was the
residual strains that permanently changed its shape from straight to bent.
Moreover, these residua strains are essential for developing the LCF life
prediction model, which will be discussed in the next chapter.

The residua strains can be obtained by direct measurement, theoretical method,
or FEA. The direct measurement and the theoretical method were given in
Chapter 3, therefore only their reliability will be discussed here. In the direct
measurement, there are many error sources, such as the contact condition between
the transparent tape and the strip surface, the deformed shapes, and the replicated

profiles of punch marks, etc. In the theoretical method, a few assumptions are
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made in Equations (3.6) and (3.7) to calculate the residua strains, e.g. the actual
cross section of strip specimens is a curved quadrilateral instead of a perfect
square. In order to provide objective comparison, a third (FEA) method is needed
to evaluate the reliability of the residual strains obtained from each method.
Moreover, the strip specimens were so heavily deformed that their strip bends
were necked, so it is more reasonable to present the residual strains on true scale
instead of on engineering scale. Since the theoretical method and the direct
measurement method can only provide the residual engineering strains, so the
FEA method has to be employed for this purpose.

5.1.1 FINITE ELEMENT MODEL

To simulate the monotonic bending process, three components have to be
modeled: the strip specimen, the guide rod, and the drive wheel. The boundary
conditions and the contact conditions have to be ssmulated properly. In addition,
because a very large rotation was applied to the strip by the drive whedl, the
model has to possess the ability to handle this rotation. The following develops
the finite element model based on these considerations.

5.1.1.1 ELEMENT
STRIP SPECIMEN

Strip specimens were directly cut from full-scale pipes along their longitudina
directions. Although the width of strip specimens was limited to a small size (57
mm) to minimize the influence of the curvature of the pipe wall, this influence
could not be totally eliminated.

Based on the fact that the investigated strip is a shell, it is natural to consider the
shell element because this will make the node input and the mesh generation
much easier than other types of elements. For the shell element type, the first and
also the most important consideration is that the finite element has to be able to
handle large strain involving materials with a nonzero effective Poisson’s ratio,
the second one is that it is a type of curved element so that the curved cross
section can be modeled. Based on these considerations, the SAR element was
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selected. AR is afour-node, quadrilateral, stress/displacement shell element with
reduced integration. For shell section, the model employed Simpson’s rule for
integration and the number of integration points was five. Because Simpson’srule
has integration points on shell surface, the residual true strain on strip surface can
be obtained directly.

In addition, strip specimens were gripped at a location that was about 120 mm
away from its middle cross section, so the strip beyond the clamp was not be
modeled. Also near the free end of the strip, the residual stress and the residual
strain were amost zero, so there was no need to model this end either. Therefore,
only a tota strip length of 240 mm was modeled, as shown in Figure 5.1. By
chopping these two portions from the model, the computer run time was greatly
reduced.

GUIDE ROD

Compared with the strip, the guide rod was so rigid that its deformation could be
ignored, so it was conveniently modeled by arigid surface in the model.

DRIVE WHEEL

Same as the guide rod, the drive wheel was very rigid compared with the strip, so

it was modeled by arigid surface too.

5.1.1.2 BOUNDARY AND CONTACT CONDITIONS

In strip tests, strip specimens were bent around the guide rod by the drive wheel.
During this process, the specimens were fixed at one end, the guide rod was
totally fixed, and the drive wheel revolved about its own axis and rotated around
the axis of the guide rod. In ABAQUS, the fixed condition can be modeled easily,
but it is difficult to ssimulate the revolution of the drive wheel around its own axis.
If focusing on the applied loads on the strip, it can be found that the drive wheel
exerted anegligible load in the tangential direction of the strip surface because the
drive wheel could freely revolve about its own axis. Based on this observation,
the drive wheel was fixed about its own axis in the finite element modd, i.e. it
could not rotate around its own axis. But a zero friction coefficient was given to
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the surface between the strip and the drive wheel. This induced a zero load on the
strip along its tangential direction. As for the contact condition between the strip
and the guide rod, a friction coefficient of 0.6 (Hecht 2003), was employed in the
finite element model.

5.1.1.3 MESH

To design the mesh, the first issue is to determine the mesh layout. For strip
specimens, the portion of most interest is the strip bend, where the material was
plasticized and the residual strain and the residual stress developed. Therefore, a
finer mesh was used in the strip bend and coarser mesh in other areas. In addition,
because there is no limitation for the aspect ratio of S4R elementsin ABAQUS, it
is convenient to use a continuously varied mesh size along the longitudinal
direction of strip. Also, the number of element along the transverse direction of
the strip is kept constant. Specifically, the aspect ratio is unit on the middle of the
strip, i.e. the element is square; and from the middle outward to its both ends, the

aspect ratio isincreased gradually by introducing a bias coefficient of 1.05.

A mesh study was conducted to determine the optimum mesh size. For strip
specimens, the most important data is the residual strains, which are the basis to
evaluate ductile damages. From the measurement and the theoretical analysis, it
was found that the residua strains in the strip bend were amost evenly
distributed. Hence, it can be concluded that the mesh is fine enough if an
acceptable result is obtained on the middle of strip. In other words, the fineness of
mesh can be adjudged based on the residual strains on the middle cross section
only. Based on the results of mesh study, which will be discussed in the
subsequent section, the model conservatively uses a 19 x 46 (a total of 874

elements) mesh size. A typical mesh isshown in Figure 5.2.

5.1.1.4 LOADING

To make a strip specimen with a bend angle of 0, the drive wheel has to rotate
about the axis of the guide rod by an amount of (180° — 0 ). During this process,

the drive wheel not only rotates about the axis of guide rod, but also revolves
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about its own axis. To simulate the rotation about the axis of guide rod, ABAQUS
can defineit in the boundary condition, but it is difficult to simulate the revolution
about its own axis. To resolve this problem, as that discussed previously, a non-
frictional contact condition is defined between the strip and the drive wheel.

5.1.1.5 MATERIAL MODEL
ELATISTIC MECHANICAL PROPERTIES

The employed Young's Modulus is given in Table 3.1, which was obtained from
material coupon tests. The Poisson’s ratio was taken as 0.3, which has been
accepted for most ductile steels.

INELASTIC MECHANICAL PROPERTIES

Three series of coupon tests were conducted for three grades of materials that
were used for the strip specimens, respectively. In ABAQUS, the material model
requires the stress-strain curve provided on the true scale instead of on the
engineering scale. But in coupon tests, because it was very difficult to measure
the true stress and the true strain of strip specimens with rectangular cross-section,
the results only gave the engineering stress and the engineering strain. Hence, the
stress and strain have to be converted from the engineering scale to the true scale.
Usually, conversion rules can be found in most ‘Mechanics of Materials books,
but this research program requires a more detailed conversion to cover the whole
loading range.

When the strain is small, it is same on the true scale as that on the engineering
scale. But the selection of the boundary between the small strain and the large

strain is usually arbitrary to some extent. This program used two times of the

yield strain as the boundary, as suggested by Dowling (2007).

When the strain is between two times of the yield strain and the necking strain, at
which the necking occurs, the constant volume assumption holds, so the following

equations can be used:
o, =o(l+s) (5.1.1)
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e

& =8 ¢, (5.1.2)

g =In(l+¢) (5.1.2.1)
(=g (5.1.2.2)
E [ By4n

where o and ¢ are the engineering stress and the engineering strain, respectively;
ot and g are the true stress and the true strain, respectively; & and & are the true
plastic strain and the true elastic strain, respectively; and E is the Young's

modulus.

After the onset of necking, because the deformation is not uniform along the
coupon specimen anymore, the engineering strain becomes dependent on the
gauge length. In effect, it is the average strain over the gauge length. In this case,

the true stress and true strain can only be obtained from their definitions as

follows:
_P
Ct= A (5.2.1)
Al o
& = |n(fj £ (5.2.2)

where P is the axia load; A, and A are the initial cross-sectional area and the
current cross-sectional area, respectively; and the other parameters are the same as
before.

Moreover, when the coupon specimen is near to the final fracture state, its cross
section is seriously necked. This will result in hoop tensile stresses in the necked
region, so the true stress has to be corrected to account for this effect. Bridgman

(Dowling 2007) developed an empirical correction relation for steel asfollows:

o = Bo, (5.3.1)
B = 0.0684y > + 0.064y > — 0.205y + 0.825 (5.3.2)
¥ =100, & (0.12 <g < 3.00) (5.3.3)
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where o are the corrected true stress, B is the correction factor, and the other

parameters are the same as before.

It can be seen that to obtain the true stress and the true strain after the onset of
necking, the current cross-sectional area has to be known. In this coupon test, the
geometries of current cross-section could not be measured because of the
limitation of the measurement techniques used. However, the fina area of the
fractured cross-section was measured approximately by putting the two fractured
parts together. Between the necking and the fracture, the true stress—strain curve

was assumed to be linear.

Thus, the true stress — true strain curves of the tested three sets of materials can be
obtained over their entire loading histories, and the results are shown in Figure
5.3.

At last, there was no strain reversal in those strip specimens, thus the isotropic

hardening rule was selected as the material hardening behaviours.

5.1.2 PARAMETERS

For the residual strains in strip specimens, the possible influencing factors include
the material mechanical properties, the material thickness, the bend radius, and
the bend angle. The effect of the material mechanical properties can be
incorporated into the finite element model by the material model. From the
theoretical anaysis (see Equations (3.6.1) to (3.6.3)), it is deduced that the
residual strains depend only on the yield strain and the R/t ratio and they are
independent of the bend angle. To verify this conclusion, the FEA will investigate
the impacts of the bend radius and the material thickness by focusing on the R/t

ratio, and it will check if the bend angle impacts the residual strains.

5.1.21 MATERIAL

The materias used in this program came from two sources, and they had two
material grades and three sets of thickness. The Tokyo Gas Ltd. provided the
11.59 mm thick material with a nominal grade of X60, and the TransCanada
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Pipelines Ltd. supplied the 8.3 mm and the 6.0 mm thick materials with the
nomina grade of X65. The influences of these three types of material will be
investigated by employing their true stress-true strain relations in the finite

e ement mode!.

5.1.2.2 BEND ANGLE

To investigate the influence of bend angle on the residua strains, the material
thickness and the bend radius were kept constant and only the bend angle was
changed. Specifically, this FEA focused on the 6 mm thick strips with a bend
radius of 20 mm, and investigated nine sets of bend angles, i.e. 30°, 45°, 60°, 75°,
90°, 105°, 120°, 135° and 150°.

5123 RIARATIO

This analysis was conducted on strips with 60° bend angle. The investigation was
limited to the aforementioned three types of material, which are 6.0 mm, 8.3 mm
and 11.9 mm. The R/t ratio was atered by changing the bend radius for each
specific thickness. Specifically, the analyzed bend radii were 15 mm, 20 mm, 25
mm, 30 mm, 35 mm, 40 mm and 45 mm, and this gave a very wide range of R/t
ratios from 1.2 to 7.5.

5.1.3 RESULTSAND DISCUSSION

As discussed in Section 5.1.1.5, the engineering strain will become gauge length
dependent after the necking occurs, so the engineering strain is only meaningful
for a specific gauge length. In this research program, because the residual strains
are far beyond the necking strain, the results will be presented on the true scale

unless being specifically mentioned.

5.1.3.1 MESH STUDY

The mesh study was conducted on 6 mm strips with 20 mm bend radius and 60°
bend angle, and analyzed different mesh sizes. The minimum mesh size (at the
middle of the strip) was atered from 19 mm? to 1 mm? and the corresponding
total number of elements varied from 12 x 3 to 29 x 58. Because the residual
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strains were the main concern, the residua true strains at the center of the middle
cross section were employed in the mesh study to determine the optimum mesh
size. The results are shown in Figure 5.4. From the figure, it can be seen that the
residual true strains approach constant when a relatively fine mesh is reached.
This study conservatively used a19 x 46 mesh size for all the subsequent FEA.

5.1.3.2 EFFECT OF BEND ANGLE

The effects of the bend angle are shown in Figure 5.5. From this figure, it can be
seen that the residual true strains are almost constant when the bend angle is less
than 105°, but they drop dramatically when the bend angle is greater than 105°.
The reason is that a big bend angle cannot form a large enough plastic zone to get
rid of the influence of ‘spring back’. As a result, decreased residual strains were
obtained. However, the bend angles are all less than 105° for the investigated strip
specimens, so the residual strains can be considered to be independent of the bend

angle in this research program.

5.1.3.3 EFFECTS OF MATERIAL AND R/t RATIO

Because the effect of material mechanical properties isincorporated into the finite
element model, it will be discussed together with the R/t ratio. The results are
shown in Figure 5.6. From this figure, the following two important observations

can be obtained.

First, the residual true strain is larger on the inside surface than that on the outside
surface. This difference decreases as the R/t ratio increases. The reason can be
found from Equation (5.1.2.1) as follows: if the compressive engineering strain
and the tensile engineering strain have the same amplitude, then the compressive
true strain will be greater than the tensile true stain.

Second, al the data can be best-fitted by two curves for the outside surface and
for the inside surface, respectively. These two curves show that for the
investigated three sets of materialss, the residual true strains are independent of the
materials properties and they can be determined by the R/t ratio only. By

reviewing Figure 5.3, it can be found that these three sets of materials are very
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similar, and this may explain why the material does not impact the residual true

strains.

By best curve fitting the results, the following equations can be obtained:

g, =0.6386(R/t)"*®  on inside surface (5.4.1)

g, = 0.4303(R/t) ***  on outside surface (5.4.2)

where g is the residua true strain, and the other parameters are the same as
before.

5.1.3.4 STRESS AND STRAIN DISTRIBUTIONS

From the FEA, the distributions of true stress and true strain can be easily
obtained for the investigated strip specimens. The following discussion takes a 6
mm thick strip specimen with 20 mm bend radius and 60° bend angle as an
example. It focuses on two specific cross sections (transverse middle and
longitudinal central) and one specific point (center of middle section), which are
illustrated in Figure 5.1.

ON TRANSVERSE MIDDLE CROSS SECTION

The distributions of residual true strain and residual true stress on the transverse
middle cross section are shown in Figure 5.7. From it, some observations can be
made as follows. First, the residual true strain is compressive on the inside surface
and tensile on the outside surface. On the contrary, the residual true stress is
tensile on the inside surface and compressive on the outside surface. Second, the
residual true strain is evenly distributed on both the inside surface and the outside
surface, but the residual true stress greatly varies. Specifically, the residual true
stress shows a ‘W’ shaped distribution on the inside surface and an ‘M’ shaped
distribution on the outside surface. For the ‘W’ shaped distribution, there are two
small plateaus near the edges. From the plateau, the path goes down abruptly to
the valley, and then slowly climbs up to the peak at the middle. In addition, the
peak is just a little bit higher than the plateaus on both edges. As for the ‘M’
shaped distribution, there are two small feet on both edges. From the bottom of
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the feet, the path ascends very quickly near the peak at first, and then it climbs up
to the peak very slowly, finaly it descends smoothly to the valley at the middle.
But this valley is much shalower than the bottoms of the feet, i.e. the feet have

the maximum compressive residual true stresses.
ON LONGITUDINAL CENTRAL CROSS SECTION

The distributions of residual true strain and residual true stress on the longitudinal
central cross section are shown in Figure 5.8. From it, the following observations
can be obtained. First, there is aimost no residua true strain far away from the
strip bend; near to the strip bend, the residual true strain goes up slowly at first,
and then it climbs up quickly; within the strip bend, the residua true strain
reaches its peak on the outside surface and its valley on the inside surface, and
then keeps them constant. Second, the transition from zero residual true strain to
the maximum or minimum residual true strain is much smoother on the fixed side
of the strip than that on the free side of the strip. Third, on the inside surface, the
residual true stress is very small from the fixed end at first, and then it rises up
smoothly near the middle cross section, and finally it reaches its tensile maximum
just passing the middle cross section; after this, it sharply goes down to the
compressive minimum, then it undergoes a small ascending, and finally goes back
to zero gradually. It is also shown that there is no such a plateau in the strip bend.
Fourth, on the outside surface, at first the residual true stress is very small from
the fixed end, then it goes down smoothly near the middle section, and finally it
forms a near plateau around the middle section; after this, it sharply climbs up
from its compressive valley to its tensile peak, then it undergoes a small and sharp
descending, and finally it goes back to zero gradually.

AT THE CENTER OF MIDDLE SECTION

Figure 5.9 shows the variation histories of true strain and true stress at the center
of middle section during the entire loading stage. On the inside surface, when the
driving wheel is far away from this point, the true strain and true stress are zero.
When the driving wheel is near this location, the true strain alters just a little bit

while the true stress gradually reaches a considerable peak value, and this
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indicates that the curved cross section is gradually flattened by the drive whesl.
Then the true stress quickly drops to the compressive maximum, and the true
strain goes down smoothly to the compressive valley; during the unloading stage,
i.e. thetimefrom ‘1’ to ‘2, the true strain just drops alittle bit in alinear manner,
and this indicates the phenomenon of *spring back’. But the true stress goes from
the compressive side to the tensile side gradually, and finally a tensile residual
true stress is left there. On the outside surface, the true strain and the true stress
follow diametrically opposite ways compared with those on the inside surface.
Another observation is that the magnitude of residual compressive true strain on
the inside surface is about 1.17 times of that of residual tensile true strain on the
outside surface. On the contrary, the amplitude of residual tensile true stress on
the inside surface is about 1.66 times of that of residual compressive true stress on

the outside surface.

Figure 5.10 shows the relations between the true stress and the true strain on both
the inside surface and the outside surface. Because it can be obtained directly
from Figure 5.9, no discussions will be given at here.

5.1.3.5 COMPARISON AND DISCUSSION

From the measurement and the theoretical analysis, only the residual engineering
strain can be obtained. In Chapter 3, the residual engineering strains from
measurement and theoretical analysis were presented and compared in Table 3.6.
But from the FEA, only the residual true strain can be obtained in the case of
large strain, so a conversion has to be made before comparison. Because it is
difficult, and aso impractical, to convert these true values to the engineering
values, the comparison can only be conducted in the cases that the strains are less
than the necking strain. Also, based on the fact that the residua strainsin al strip
specimens were al over the necking strain, which is the strain corresponding to
the onset of necking, the following will only compare the results of FEA and that

of theoretical analysis when the strain is less than the necking strain.

The theoretical residual engineering strain can be obtained approximately from

Equation (3.7), and the conversion between the true strain and the engineering
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strain was discussed in Section 5.1.1.5. The results are given in Table 5.1. From
this table, it can be seen that the FEA results are just a little higher than the
theoretical results. Moreover, the FEA results show that the difference between
the amplitude of the compressive residual engineering strain on the inside surface
and that of the tensile residual engineering strain on the outside surface is so small

that it can be neglected. This observation coincides with the theoretical analysis.

5.2 HALF PIPE MODEL

During recent decades, the global behaviour of pipes, e.g. the relation between the
bending moment and the global curvature, has been extensively investigated and
well understood; but the local behaviour has been less researched. Moreover, the
research results have not been widely accepted, e.g. the critical compressive
strain. Therefore, it is necessary to further investigate the local behaviour and the

relation between the local behaviour and the global behaviour.

It has been well documented that the wrinkle profile is related to the existence of
the internal pressure. For un-pressurized pipes, the wrinkle has a so-called
diamond pattern; for pressurized pipes, the wrinkle exhibits an outward bulging
pattern (Das 2001, Mohareb et al. 2001, Souza and Murray 1999, Del Col et al.
1998, Y oosef-Ghodsi et a. 1995, Bouwkamp and Stephen 1974). Unfortunately,
no effort has been given to investigate the relation between the wrinkle geometry
and the internal pressure. Therefore, the postbuckling behaviour cannot be
thoroughly understood. Furthermore, the evaluation of the wrinkled pipes (in
postbuckling stage) cannot be conducted if the local behaviour cannot be
quantified.

It is not easy to investigate the relation between the wrinkle geometry and the
internal pressure by experiment. The main reason is the unpredictability of the
wrinkle location, so the instrumentation cannot be installed at the right location.
In addition, the wrinkle forms within a very small area, which limits the selection
and the layout of instrumentation. However, with the development of inelastic and
nonlinear analytical technologies, it has become possible that the FEA resolves

these very large strain problems.
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To conduct this type of FEA, the following considerations have to be included in
the model. The first one is that the wrinkle location has to be controllable. If the
wrinkle location can be predicted, then an element set and a node set can be
defined in advance. Thiswill simplify the post-data processing. The second oneis
that the wrinkle has to be far away from pipe ends so that the growth of the
wrinkle is not significantly influenced by the constraints of pipe ends, which are
welded to thick end plates. The third one is that the running time has to be as short
as possible because the quantity of jobs needed to be run is huge. Moreover, to
conduct an analysis that focuses on alocal area, the mesh has to be fine enough
and this will greatly magnify the job size. So based on these concerns, a half pipe
model with prescribed imperfections was employed and the details will be
discussed in the following sections.

5.21 ANALYSISSCENARIO

In the field, buried pipes are generaly subjected to a combination of axial load,
internal pressure and bending moment, and they can be subjected to the soil
movement in both their longitudinal and transverse directions. The longitudinal
movement can be caused by an earthquake or by soil sliding down a slope, and
the transverse movement can be the result of frost heave and thaw settlement. In
this study, the analysis will focus on the wrinkles caused by bending. In this
anaysis, the axia load and the internal pressure are kept constant, and the
bending moment is increased to form the wrinkle. Also, in order to compare with
the full-scal e pipe test results, the selected pipes are the same as the full-scale pipe
specimens, and the loading procedures are also similar to the corresponding
loading stages of the full-scale pipe tests. The only differenceis that the axial load
and the bending moment amplitudes in the FEA are half of the values used in the
tests. An illustration of this type of loaded pipe is schematically shown in Figure

5.11, and the corresponding controlled loads in each case are given in Table 5.2.
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5.22 FINITE ELEMENT MODEL

5.2.21 ELEMENT
PIPE

The $4R element was selected for the pipe based on two main reasons. Firstly, the
thin pipe wall is atypical shell, and it can be easily modeled by the shell element.
Secondly, the wrinkling of a pipe involves very large deformations and produces
very large membrane strains, which can be greater than the necking strain within
the wrinkle area.

In addition, the five-point Simpson rule was employed to calculate the cross-
sectional behaviours of pipe because the true strains on pipe surfaces could be

obtained directly by using thisrule.
END PLATE (CAP)

The end plate (cap) is 75 mm thick, which is about 6 times thickness of the pipe
wall, so it can be treated as a rigid body. In this analysis, it was modeled by the
R3D3 element, which is a three-noded triangular rigid element. As a result, the

running time was reduced.

5222 MESH

To control the location of wrinkle, a prescribed imperfection layout was defined
and mapped in the pipe that it was symmetric about the middle cross section and
the axis of pipe. The modeled pipe was symmetric with respect to the bending
plane, so only half of it was modeled.

To mesh this haf pipe model, the mesh type and the mesh size have to be
determined firstly. Mohareb et a. (2001) found that the non-uniform mesh layouts
could trigger the wrinkle at the transition locations, where the four-node elements
and the three-node elements are connected and/or the fine mesh and the coarse
mesh meet. Therefore, this analysis used the uniform mesh layout. According to

the results of the mesh study, which will be introduced in the subsequent sections,
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this analysis employed a 95x121 mesh size, and atypical mesh is shown in Figure
5.12.

5.2.2.3 BOUNDARY CONDITIONS

In the half pipe model, both end plates are treated as rigid bodies and their
movement and rotation are controlled by two pivot points (or reference nodes in
ABAQUYS). Specificaly, the bottom pivot is constrained to alow only rotation in
the bending plane; and the top pivot can only move along the axia direction and
rotate in the bending plane.

The half pipeis obtained by cutting the full-scale pipe aong its symmetric plane,
so the pipe wall along the cutting plane has to be properly constrained. According
to the symmetry, the cut wall is only allowed to move along the radial direction of
the pipe and to rotate in the bending plane.

5.2.24 MATERIAL MODEL

The same material models were employed in the half pipe model as those used in
strip model, and they were discussed in Section 5.1.1.5.

5.2.25 IMPERFECTION

To make the wrinkle form at the middle of the pipe, the imperfection is purposely
introduced within a small area around the middle of the pipe. It is assumed to be
evenly distributed aong both the radia direction and the axia direction. In
addition, to minimize the effect of imperfection size, the amplitude of
imperfection was limited to be less than 6% of the pipe wall thickness. The
imperfection was so selected based on three reasons: firstly, this analysis only
focuses on the wrinkle geometry instead of the loading capacity; secondly, this
analysis is a parametric study instead of an actual case study, so the imperfection
can be deliberately applied to the area where the wrinkle is designed to occur;
thirdly, a symmetrically distributed imperfection around the middle section can
eliminate the asymmetric effect of wrinkle.
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5.2.3 SOLUTION STRATEGY

For the investigated pipe, firstly it was locally buckled by bending. Then thislocal
buckle became a wrinkle as more rotation was applied to the pipe. This is a
typical unstable problem, and the ABAQUS can resolve it in three different ways.

The first approach is the dynamic approach, which treats the buckling response
dynamically with inertia effects included as the structure snaps. But this approach
needs to restart the terminated static procedure and switch it to a dynamic
procedure when the static solution becomes unstable.

The second approach is the modified Riks method. This method can find the static
equilibrium during the unstable phase of response if the loading can be considered

proportional.

The last approach is the damping approach, which uses dashpots to stabilize the
structure during the static analysis. This approach can handle the problems of
local instabilities such as surface wrinkling, materia instability, or local buckling,
in which case the global load control methods such as the Riks method are not
appropriate. In ABAQUS, the viscous forces are so introduced that they are big
enough to prevent instantaneous buckling or collapse but not too big to affect the

behaviour significantly while the problem is stable.

Because the dynamic approach needs to run two different procedures, it is
inconvenient. The damping approach can be used, but it requires inputting
appropriate viscous forces. Therefore, the modified Riks method was selected in

thisanalysis.

524 PARAMETERS

The main objective of this anaysis was to investigate the relation between the
internal pressure and the wrinkle geometry, especially the wrinkle radius.
Therefore, the internal pressure was the primary parameter. In this analysis, eight
levels of interna pressures were selected, and they are 10%, 20%, 30%, 40%,
50%, 60%, 70% and 80% of SMYS. This selection is based on two reasons: the
first one is that the maximum alowed interna pressure is 80% of SMYS
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according to CAN/CSA Z245.1-02 (2002); the second one is to prevent forming
the so-caled diamond type wrinkle in pipe wall by selecting the minimum
internal pressure of 10% of SMYS. The diamond type wrinkle usually occurs in
unpressurized pipes as that discussed previously and it is not included this

research.

In order to investigate the influence of D/t ratio on wrinkle geometry, two types of
D/t ratios were used, and they are 35 and 85. The first one comes from the 11.9
mm thick Tokyo Gas pipes and the second one comes from the 6.0 mm thick

TCPL pipes. These two types of pipes were also used in the full-scal e pipe tests.
525 RESULTSAND DISCUSSION

5.25.1 TERMINOLOGIESAND SYMBOLS

For discussion convenience, the following will introduce some terminologies and

their corresponding symbols.
CRITICAL STATE

The pipe is said to be in the critical state if the pipe reaches its maximum load-
carrying capacity. On the load-deformation curve or the moment-curvature curve,
it is the peak point. Correspondingly, this load is called the critical load, the
curvature is named the critical curvature, and the strain is termed the critical

strain, etc.

WRINKLE RADIUS, Ry

In this analysis, the wrinkle radius refers to the radius of wrinkle crest. The strain
method is used to get the wrinkle radius from the FEA results. The expression is

asfollows:

Ry = (5.5.1)

where g, and ¢ are the engineering strain of the exterior fiber and that of the
interior fiber, respectively; and t is the actual pipe wall thickness.
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But for the finite membrane strain problems, ABAQUS can only give the true
strain. From the FEA results of strip specimens, it found that the difference
between the radius obtained from the true strains and the actual radius from the
guide rod is so small that it can be neglected (see Table 5.3). Therefore, this

analysis used the following formula:

Ry=—"—"—- (5.5.2)
where g and g; are the true strain of the exterior fiber and that of the interior
fiber, respectively; and t is the same as above.

WRINKLE CURVATURE, @

Similarly, the wrinkle curvature refers to the curvature at the wrinkle crest, and it

is defined as follows:

Dy = %ew (5.5.3)

GLOBAL CURVATURE, @4

The globa curvature is defined by the pipe length and the pivot rotations or the
end rotations, and it is given by:

_A
D, = % (55.4)

where Ao is the sum of both pivot rotations, and L, is the length of the

undeformed pipe.

GEOMETRIC PARAMETERSRELATED TO A WRINKLE

The bulging type wrinkle is the only concern of this anaysis, and it can be
divided into three parts. two wrinkle feet and one wrinkle head. The wrinkle feet
are inward and their curvatures are defined as negative, and the wrinkle head is
outward and its curvature is taken as positive. A typical bulging type wrinkle is
illustrated in Figure 5.13.
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In the subsequent discussions, the length of wrinkle head, I, is the length of the
undeformed wrinkle head, and similarly, the length of the wrinkle feet, |, is the
sum of the lengths of the two undeformed wrinkle feet, and the wrinkle length, 1,
is the length of the undeformed wrinkle. From these definitions, the following
relation holds:

IW:|Wh+|Wf (555)

Also for discussion convenience, the following ratios are defined:
e Ratio of wrinkle length to pipe diameter, r,, = |,,/D
e Ratio of length of wrinkle feet to pipe diameter, ry = /D
e Ratio of length of wrinkle head to pipe diameter, ryn = lwi/D

5.25.2 MESH STUDY

The mesh study was conducted along both the circumferentia direction and the
longitudinal (or axial) direction. The mesh study focused on both global
behaviour and loca behaviour. Specifically, the bending moment—global
curvature and the wrinkle radius were investigated. This is different from the
traditional mesh study, which only concerns the prebuckling behaviour and the
global behaviour.

CIRCUMFERENTIAL DIRECTION

When conducting the mesh study in this direction, the number of elements along
the longitudinal direction was kept constant at 61, and the number of elementsin
the circumferential direction was changed. The mesh was considered fine enough
if the increase of element quantities in the circumferential direction could not
considerably change the result or when the solution was stable. Five types of

mesh size were tried and the results are given in Figure 5.14.

Figure 5.14a shows the global behaviour, and it exhibits that even a mesh size as
gparse as 11 x 61 can give satisfactory critical bending moment and stable
prebuckling behaviour. But to get a steady postbuckling behaviour, the mesh size
has to be at least asfine as 47 x 61, which is four times finer than that required by

the prebuckling analysis. Figure 5.14b shows the results of wrinkle radius and it
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again concludes that the wrinkle radius become stable when the mesh size is 47 x
61.

Based on the above mesh study, this analysis conservatively used 95 elements
along the circumferentia direction.

LONGITUDINAL DIRECTION

In this mesh study, the number of elements in the circumferential direction was
kept constant as 95, and the number of elements along the longitudinal direction

was changed from 31 to 185. The results are shown in Figure 5.15.

Figure 5.15a shows the globa behaviour and Figure 5.15b exhibits the wrinkle
radius. From these two figures, it can be concluded that a mesh size of 95 x 123 is
fine enough to obtain stable postbuckling behaviour and satisfactory wrinkle

radius.

Based on these two mesh studies, a mesh size of 95 x 121 was chosen to conduct

the subsequent FEA.

5.25.3 WRINKLE DEVELOPMENT

When a local buckle occurs, the curvature of the buckled segment will change.
Hence, by investigating the curvature variation, how a wrinkle develops can be

understood.

Figures 5.16a and 5.16b show the wrinkle development in a 20 inch (508.0 mm)
pipe and in a 16 inch (406.4 mm) pipe, respectively, where the water pressure is
40% of SMY S and the elements are on a piece of strip cut from the wrinkle. From
these two figures, it can be seen that the wrinkle is very small at the critical state
and it develops as the pipe is further deformed. It can also be seen that as soon as
the wrinkle forms, the locations of inflections are nearly independent of the
progress of globa deformation. The locations of tangential points do not move
outwards much and, specifically, the movement is only about the length of one
element. Based on this observation, it can be concluded that the wrinkle length is
independent of the loading stage.
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5.25.4 WRINKLE LENGTH

Since the wrinkle length does not depend on the loading stage for a normal
wrinkle, the wrinkle length can be compared among the wrinkles devel oped under

different water pressures.

To determine the wrinkle length from the FEA, the following observations can be
utilized. The loca curvature is negative within the wrinkle foot and positive
within the wrinkle head. The wrinkle head and the two wrinkle feet are connected
by two inflection points, where the curvature is zero. The wrinkle foot and the
normal pipe wall are connected by a tangential point, beyond which the curvature
amost becomes constant. Therefore, the wrinkle length can be obtained by
finding the locations where the local curvature starts to become near constant, and
the length of wrinkle head can be determined by locating the points where the

curvature changes from positive to negative.

The results of wrinkle lengths under different internal pressures are givenin Table
5.4. From this table, it can be found that the wrinkle length is related to both D/t
ratio and interna pressure. The higher the internal pressure and/or the smaller the
D/t ratio, the longer the wrinkle length will be. Theoretically, the internal pressure
tends to flatten the wrinkle, so a higher internal pressure will produce a longer
wrinkle. As for the D/t ratio, its effect can be explained by focusing on a strip
with a unit width which is cut from an actua pipe. If the pipe has the same
diameter and the strip is constrained in the same way, then the thicker the strip the
higher the critical load, will be, which will yield the longer wrinkle length. In
addition, if two strips are cut from two pipes have the same thickness but different
D/t ratios, the cross section of the strip cut from the larger diameter pipe will be
flatter (closer to the rectangular section) than the one cut from a smaller diameter
pipe. Because the flat strip has a weaker moment-resistance capacity than the

curved strip, the former will give a shorter wrinkle length than the | atter.

The other observation from this figure is that the wrinkle feet contribute more to
the wrinkle length than the wrinkle head, and the internal pressure affects the
length of wrinkle foot much more than that of wrinkle head. On the wrinkle head,

171



most of the internal pressure goes in the longitudinal direction of the pipe and this
will be balanced by the axial load; but on the wrinkle feet, most of the interna
pressure goes in the direction of perpendicular to the axial load and this will push
the pipe wall outward, so the wrinkle feet will be prolonged.

Specificaly, for the 16 inch (406.4 mm) pipe, the wrinkle length varies from
about 0.54 to 0.93 times of the pipe diameter and the length of the wrinkle head
fluctuates from 0.13 to 0.26 times of the pipe diameter when the internal pressure
is changed from 0.1py to 0.8p,. For the 20 inch (508 mm) pipe, the wrinkle length
increases from about 0.44 to 0.60 times of the pipe diameter and the length of the
wrinkle head grows from 0.10 to 0.16 times of the pipe diameter when the internal
pressure rises from 0.1py to 0.8py.

Finally, it has to be mentioned that the location of the inflection points can be
easily detected, but the tangential points are not so easy to be located. In the case
of pure bending, the curvature is the same everywhere of normal pipe wall, so in
this case the tangential points can be clearly identified by looking at where the
curvature becomes constant. But in effect, the normal pipe wall does not have
such a perfect uniform curvature distribution, so this makes the identification of
tangential points very difficult. On the above analysis, an approximate definition
was employed, and it defined the tangential point at which the change of local
curvature was less than 0.1/m. It can be expected that the wrinkle length is
definition-dependent. A strict definition will give a longer wrinkle length and a

loose definition will yield a shorter wrinkle length.

5.25.5 WRINKLE RADIUS

Because an obvious wrinkle has not developed before the critical state is reached,
only the stage after the critical state will be discussed in the following. Also
because two types of D/t ratios were analyzed, they will be introduced separately.

16 INCH PIPE, D/t = 34

The FEA results show that the wrinkle radius, Ry, decreases as the global

curvature increased, and the results are shown in Figure 5.17.
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Figure 5.17a shows the overal profile of the wrinkle radius variation with the
global curvature. It exhibits that the wrinkle radius drops very fast and follows a
linear path at first, and this period can be called the wrinkle initiation zone, where
asmall wrinkle quickly forms. Then, the decrease of the wrinkle radius gradually
slows down, and this period can be named as the wrinkle growth zone, where the
wrinkle gradually develops. Finally, this decrease becomes very slow and follows
alinear pattern, and this period can be termed as the wrinkle mature zone, where
the wrinkle can be considered as fully devel oped.

To get a close observation of the variation of wrinkle radius from wrinkle growth
zone to the wrinkle mature zone, portions of these curves can be presented on a
magnified scale and the results are shown in Figure 5.17b. This figure shows that
at the same global curvature level, the higher the internal pressure is, the larger
the wrinkle radius becomes. And it also exhibits that the higher the internal

pressure is, the later the wrinkle mature zone occurs.

From the above observations, it can be concluded that the wrinkle radius is greatly
zone-dependent, and it matures only when the wrinkleis fully devel oped.

20 INCH PIPE, D/t = 85

The results are given in Figure 5.18. Compared with Figure 5.17, it can be found
that the only difference between them is that the curves in Figure 5.18 are denser
than thosein Figure 5.17.

5.25.6 GLOBAL BEHAVIOUR

In the following, the bending moment—global curvature curves will be discussed

to investigate the influence of internal pressure.
16 INCH PIPE, D/t = 34

The variation of bending moment with the global curvature is shown in Figure
5.19a. From thisfigure, a couple of observations can be made as follows.

Firstly, the interna pressure does not affect the prebuckling behaviour. It is

obvious that al curves merge into a single curve athough the interna pressure
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varies greatly from 0.1py to 0.8py. The reason is that for the investigated pipes, the
prebuckling behaviour mainly depends on the material property and the cross
sectional property.

Secondly, the critical bending moment is larger at the low interna pressure level
than that at the high internal pressure level. Generaly, the higher the internal
pressure the lower the maximum bending moment will be. It is known that the
high internal pressure will induce high hoop stresses. According to von Mises
yield rule, see Equation (4.30), the high hoop stress will decrease the effective

yield stress of the pipe, so the maximum bending moment will drop.

Thirdly, the peak is sharp when the internal pressure is low and it becomes flat
when the internal pressure is high. The peak is aimost a point when the internal
pressure is 0.1py, but the peak has a large plateau when the internal pressure is
increased to 0.8py.

Finally, the higher the internal pressure the longer the postbuckling path will be.
The reason is that the high interna pressure tends to flatten the wrinkle, so the
wrinkle development is retarded and the postbuckling path is prolonged.

20 INCH PIPE, D/t = 85

The variation of the bending moment with the global curvature is shown in Figure
5.19b. From this figure, the same observations can be made as those of the 16
inch pipe. The only difference is that the 20 inch pipe has sharper peaks and
shorter postbuckling paths than that of the 16 inch pipe.

5.2.6 SUMMARY

Based on the analysis of the half pipe model, it can be seen that the wrinkle radius
depends not only on the interna pressure but also on the global deformation and
the D/t ratio. Generally, a lower internal pressure and/or a higher D/t ratio will
produce a smaller wrinkle radius. During the postbuckling stage, the wrinkle
radius decreases as the loading progresses, so it is impossible to get a relation
between the wrinkle radius and the internal pressure.
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However, for the purpose of engineering application, it is possible to get the
wrinkle radius if the same standard, i.e. the same loading stage, is used for the
wrinkled pipes with the same D/t ratio. So the problem turns into how to
determine this standard. From the previous discussion, it is known that the
wrinkle radius becomes more stable in the wrinkle mature zone than in the other
two zones, so it will minimize the influence of loading stage on the wrinkle radius

if the standard is made within this zone.

In the wrinkle mature zone, where the wrinkle is well developed, the wrinkle
radius still decreases as the loading prolongs further, although this decrease is
small. However, if the wrinkle is well developed, the pipes can fail in avery low
LCF fracture or by tearing fracture if alarge enough axial deformation is applied.
Based on those considerations, it is recommended to select the intersection of the
wrinkle development zone and the wrinkle mature zone as the standard loading

stage, and then the wrinkle radius can be obtained according to the D/t ratio.

5.3 FULL-SCALE PIPE MODEL

5.3.1 INTRODUCTION

In the next chapter, a series of LCF life prediction models will be developed
based on the results of strip tests for wrinkled pipes. However, to apply these
models to full-scale pipes, the residual true strain at the wrinkle crest and the
damage parameter have to be determined. The residual true strain is indispensable
to evaluate the ductile damage, and the damage parameter is requisite to asses the
fatigue damage. It is very difficult to obtain the residua true strain and the
damage parameter directly from the experiment as discussed before. Therefore,
the FEA method has to be employed to fulfill this task.

In Section 5.2, a half pipe model was developed for conducting the parameter
study, but it can not be used to simulate full-scale pipes for two reasons. Firstly,
the loading of full-scale pipes involves both the monotonic loading and the cyclic
loading, but the half-pipe model is only monotonically loaded. Secondly, actual
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imperfections are randomly distributed in pipe walls, so that full-scale pipes are

asymmetric.

To develop the full-scale pipe model, the mesh has to be very fine because this
analysis focuses on the local behaviour during the postbuckling stage. In addition,
to acquire acceptable accuracy and confidence, the finite element model has to be

validated by the parameters that were measured in full-scal e pipe tests.

5.32 FINITE ELEMENT MODEL

Although the full-scale pipe model cannot copy the half pipe model, it can be
devel oped based on the half pipe model.

5.3.21 ELEMENT

The same types of elements are employed in the full-scale pipe model as those in
the half pipe model.

5.3.22 MESH

Because the imperfections are randomly distributed, the wrinkle can occur
everywhere on the pipe wall. Also because a non-uniform mesh can trigger
wrinkles in the transition zone, this analysis employs the uniform mesh layout.
Moreover, according to the mesh study on the half pipe model, the full-scale pipe
model uses a 126 x 122 mesh, which gives ailmost the same mesh size as the half
pipe model. A typical mesh is shown in Figure 5.20.

5.3.2.3 BOUNDARY CONDITIONS

The boundary conditions adopted in the finite element model are as follows:. out
of the bending plane, al freedoms are constrained; in the bending plane, only the
axial direction of the bottom pivot is constrained during the entire loading stage,
the constraints of other freedoms are changed according to loading steps.

5.3.24 MATERIAL MODEL

Because the cyclic loading was employed in full-scale pipe tests, the full-scale

pipe model tried the combined hardening for investigating cyclic behaviours by
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specifying half-cycle test data. However, compared with test results, the
combined hardening rule could not give better analysis results than the isotropic
hardening rule, thus the same material model as used in both the strip model and
half-pipe model was employed in this full-scale pipe model.

5.3.25 IMPERFECTION

In this analysis, the measured imperfections, as shown in Figures 5.21a) and
5.21b), were used for LCF16N1 and LCF20N1, respectively. These imperfections
were mapped to the model automatically by a computer program, and the details

are not included here.

5.3.2.6 LOADING STEPS

The loading steps in the FEA cannot be exactly simulated as the actual loading
procedure because of the limitation of the adopted software package, but they are

closely modeled to achieve the same objectives.

From the test, it is known that the rotation of top pivot was different from that of
the bottom pivot, so the FEA has to account for this rotation difference. As a
preliminary study, the total amount of pivot rotation was applied in one step, but it
was found that the post-buckling path was much lower than the recorded path in
the test. By further investigation, it was found that the rotation histories of pivots
in the FEA were different from that in the test, athough their starting and
stopping positions were the same. So it is natural to split the rotation histories into
many small steps and the FEA uses those small steps to simulate the bending of
the pipe. For discussion convenience, this type of loading method can be called
the step-wise loading method. Also, because the loading process is very
complicated, the multi-steps were employed in this FEA and the detals are as

follows:

Step 1: Increase the internal pressure to 40% of SMYS, i.e. 11.45 MPafor the 16
inch (406.4 mm) pipe and 5.00 MPafor the 20 inch (508.0 mm) pipe;

Step 2: Increase the axia load to the designated value, which counteracts the axial

loads caused by the thermal effect, the internal pressure, and the Poisson’s effect,
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and it is 2019 kN for the 16 inch (406.4 mm) pipe and 1515 kN for the 20 inch
(508 mm) pipe;

Step 3 to step 7: Rotate the pivots by the step-wise loading method, which
includes five steps;

Step 8: Lock the rotation of pivots and push down the top pivot to the designated
level, which is 96.5 mm for the 16 inch (406.4 mm) pipe and 45.6 mm for the 20
inch (508 mm) pipe;

Step 9: Release the axial displacement constraint at the top pivot;
Step 10: Decrease the axial |oad at the top pivot to the minimum level;

Step 11: Increase the water pressure to the actual maximum level, which is 24.19
MPa for the 16 inch (406.4 mm) pipe and 6.56 MPa for the 20 inch (508.0 mm)
pipe;

Step 12: Release the internal pressure back to 40% of SMY'S;

Step 13: Repeat step 8;

Step 14: Repest step 9;

Step 15 to step 17: Repest step 11 to step 13.

In the above, step 3 to step 7 simulate the process of monotonically bending the
pipe by the desired rotations of moment arms; step 8 to step 13 generate the first
cycle of loading and step 13 to 17 produce the second cycle, so two loading cycles

are modeled. It can be seen that only 17 steps are analyzed because it is

impossible and also unnecessary to simulate all the loading cycles of the test.

5.3.3 RESULTS COMPARISON AND DISCUSSION

In the FEA, both the axial load and the bending moment were applied to the
pivots, and the corresponding responses were the pivot rotation and the RAD
between pivots. So the following will focus on two types of curves. one is the

pivot moment vs. the pivot rotation, and the other is the pivot axia load vs. the
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RAD between pivots. In addition, the deformed shape, the wrinkle geometry and
the local behaviour will be discussed.

5.3.3.1 SPECIMEN LCF16N1
PIVOT MOMENT VS PIVOT ROTATION
The results of both the test and the FEA are shown in Figures 5.22 and 5.23.

Figure 5.22 shows the results at both the top pivot and the bottom pivot. It can be
seen that a considerable difference exists between the pivot moments of these two
pivots in the FEA, but this difference is negligible in the test. The main reason is
that the constraints of the pivots in the FEA are different from those in thetest. In
the actual test setup, although the pivots were pulled by four tie rods horizontally
to restrict the horizontal movement in the bending plane, they were not totally
restrained based on two reasons. on one hand, these tie rods were frequently
adjusted to keep their internal forces below 6 kN for the safety concern during the
test; on the other hand, they have finite stiffness to resist their axial deformations.
But in the finite element model, the horizontal movement of the pivots is totally
restricted. Therefore, their pivot moments are different.

Figure 5.23 shows the results of the average pivot moment vs. the average pivot
rotation. The average pivot moment is the average of the top pivot moment and
the bottom pivot moment; and similarly, the average pivot rotation is the average
of the top pivot rotation and the bottom pivot rotation. From this figure, it can be
found that the FEA curve is a little bit stiffer than the experimental curve during
the pre-buckling stage, and this can be attributed to the difference of their pipe
end constraints. In the actual test setup, the collars were used to constrain the pipe
ends, but they were loosened as soon as the pipe was pressured to the designated
level; but in the finite ement model, the pipe wall at both ends were simply
thickened to simulate the constraint effect of collars, and this gave more
constraint on the pipe ends than the loosened collars. So the pipe in the finite
element model is stiffer than that in the test. As for the maximum average pivot
moment, the FEA result is only alittle bit less than the test result; specifically, the
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difference is only 3.28% of the test result. During the post-buckling stage, the
FEA curve shows a shorter plateau and a smoother descending slope than the
experimental curve. Because the wrinkle was near the collars in the test, this
difference can aso be attributed to the pipe end constraint. Specifically speaking,
the stronger constraint of the pipe ends made the local buckling occur earlier and
made the global deformation more localized in the wrinkle region in the FEA than
in test.

PIVOT AXIAL LOAD VS PIVOT RELATIVE AXIAL DISPLACEMENT

The results are shown in Figure 5.24. In the first ascending path, the FEA shows
the amost the same results as the test. Asfor the plateau, the RAD between pivots
in the FEA is only about 3 mm larger than that in the test, and the difference is
only 8.18% of the test result. In the second ascending path, they show amost the
same increasing rate. As for the maximum pivot axia load, the FEA gives a
smaller value than the test, and the difference is about 6.62% of the test result. In
the descending path, the test shows a dlightly quicker decreasing rate than the
FEA. For the first cycle of loading, the FEA gives a little bit fatter loop than the
test, but the differences between the ascending and descending slopes of this loop
are very small. In the second cycle, the loop of the FEA is very similar to that of
the test.

GLOBAL RAD VS LOCAL RAD

The phenomenon of ‘deformation localization' can be easily understood by
investigating the relation between the global deformation and the local
deformation, and the results are shown in Figure 5.25. The global deformation is
the RAD of the pipe on its concave side, and the local deformation is the RAD of
the wrinkle on the concave side. From this figure, it can be seen that the whole
curve can be roughly divided into three portions. along the segment ‘OA’, the
local deformation increases proportionally to the global deformation, but the slope
of this segment is very small; beyond the point ‘A’, the slope of the curve
gradually increases, and this indicates that the local buckle gradually develops and
the global deformation gradually localized into the wrinkle area; beyond the point
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‘B’, the slope of the curve is near unity, and this indicates that the wrinkle is
totally matured and the global deformation was totally localized into the wrinkle
area. The same phenomenon was observed from the test (see Figure 4.20).

WRINKLE RADIUS

For this program, one of the major objectives of conducting the FEA is to obtain
the wrinkle radius, which is essential to evaluate the ductile damage due to the
monotonic loading. In the FEA, the wrinkle radius can be determined from the
true strains on both the inside surface and the outside surface of the wrinkle crest
according to Equation (5.5.2). Because the wrinkle radius depends on the loading
stage, Figure 5.26 presents the results of the wrinkle radius on the scale of the
RAD of the pipe on the concave side. During the test, some wrinkle shapes were
replicated by a custom-made device, so their wrinkle radii can be measured.
These measured results are also shown in Figure 5.26. It can be seen that the
wrinkle radii given by the FEA agree well with the measured results, so the FEA
can be used to evaluate the wrinkle radius.

DEFORMED PIPE SHAPE

Figure 5.27 shows the comparison of the deformed pipe shape between the FEA
and the test, and it can be seen that both the wrinkle shape and the wrinkle
location can be approximately predicted by the FEA.

5.3.3.2 SPECIMEN LCF20N1

PIVOT MOMENT VS PIVOT ROTATION

The results of both the test and the FEA are shown in Figures 5.28 and 5.29. From
these two figures, the same observations can be obtained for the specimen
LCF20N1 as those for the specimen LCF16N1, so no further details will be
presented.

PIVOT AXIAL LOAD VS RAD BETWEEN PIVOTS
The test and FEA results are shown in Figure 5.30. It can be seen that they agree

well with each other during the monotonic loading stage, but they show a big
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difference during the cyclic loading stage. Specifically, the loops produced by the
FEA are much thinner than the experimental results. The differences are caused
by their different minimum values of the RAD between pivots. During the test,
the minimum RAD between pivots was generated by increasing the water
pressure and the maximum RAD between pivots was produced by controlling the
MTS stroke. In the FEA, the pipe is exactly loaded according to the loads
recorded in the test, so it is not surprising that the maximum RAD coincides well
with the test results. But the minimum RAD between pivots is generated by the
maximum internal pressure, which is also the same as that in the test, so the small
minimum RAD between pivots indicates that the finite element model is much
stiffer than the actual pipe. The similar cyclic behaviour can be obtained if the
maximum internal pressure is increased to 70% of SMYS during the cyclic

loading stage, and the results are given in Figure 5.31.
GLOBAL RAD VS LOCAL RAD

The relation between the global RAD and the local RAD is shown in Figure 5.32.
From this figure, the same conclusions as those in the 16 inch pipe can be drawn.
But the wrinkle matures more quickly in the 20 inch pipe than in the 16 inch pipe.

WRINKLE RADIUS

Figure 5.33 shows the wrinkle radii predicted by the FEA and those measured
during the test, and they agree very well.

DEFORMED PIPE SHAPE

Figure 5.34 shows the deformed pipe shape produced by the FEA and that
generated by the test, and it can be seen that both the wrinkle shape and the
wrinkle location can be approximately predicted by the FEA.

54 SUMMARY AND CONCLUSIONS

Three finite element models were developed in this chapter. The first one was the
strip model. It simulated the process of monotonically bending a strip, and it was
used to evaluate the residua true stress and the residual true strain in the strip
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bend. The second one was the half pipe model, and it was created to investigate
the wrinkle geometry. The last one was the full-scale pipe model, and it was used
to provide a numerical solution to full-scale pipe tests and to obtain some
requisite parameters for applying the developed LCF life prediction models to

full-scale pipes.

From the strip model, it was found that the residual true strain depends on the R/t
ratio only and this conclusion is coincident with that of the theoretical analysis.
Further comparison found that the residual strain from the FEA agrees well with
that from the theoretical analysis. It was aso found that the residual strain is
concentrated in the strip bend and evenly distributed in this area. Finaly, the
theoretical analysis is recommended for evaluating the residual engineering strain
and the FEA is recommended for estimating the residual true strain.

From the half pipe model, it was found that the wrinkle geometry depends on the
pipe geometry, the internal pressure and the global deformation. A large D/t ratio,
and/or alow internal pressure, and/or a greater global deformation will generate a

small and sharp wrinkle.

From the full-scale pipe model, it was found that the FEA can simulate both of the
monotonic loading and the cyclic loading. By comparing with test results, it was
found that the finite element model works well for the specimen LCF16N1, but
shows some differences during the cyclic loading stage for the specimen
LCF20N1. Moreover, the global deformation is found to localize into the wrinkle
area as the wrinkle develops, and become totally localized when the wrinkle
matures. The wrinkle radius is found to agree well with the measurement results;
and the deformed pipe shape, the wrinkle location and the wrinkle shape are aso

found to be similar to those observed in the test.

Above all, these three models exhibit that the FEA is a powerful tool to conduct
the post-buckling analysis and they can be used for future study.
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Table 5.1: Comparison between the results of FEA and theoretical analysis

Rt Inside surface Outside surface
FEA'  Theoretica? Difference®  FEA'  Theoretical Difference’
4.82 0.000 0.000 0.0% 0.100 0.094 6.1%
5.00 -0.098 -0.091 8.1% 0.098 0.091 7.6%
5.42 -0.088 -0.084 4.4% 0.087 0.084 3.5%
5.83 -0.083 -0.079 5.2% 0.083 0.079 4.6%
6.67 -0.073 -0.070 4.8% 0.073 0.070 3.9%
7.50 -0.065 -0.063 3.4% 0.064 0.063 2.1%
Note:

' FEA results are true strains.
2 Theoretical results are obtained by converting the results of Equation (3.7) to true strains.
® Difference = (FEA - Theoretical)/Theoretical*100%.

Table 5.2: Applied loads in half pipe model

D (mm) t (mm) Dit p (MPa) Pp (KN)
2.86 836
5.73 888
8.59 939
407.26 12.42 32.8 11.45 991
14.32 1042
17.18 1094
20.05 1145
2291 1196
1.25 627
2.50 672
3.75 717
508.83 6.79 74.9 500 762
6.25 807
7.50 853
8.75 898
10.00 943

Note: p is the water pressure and P, is the axial load applied at pivot .
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Table 5.3: Comparison of radius of rod and radius calculated from true strain

Thickness True strain Radius (mm)

(mm) Inside surface Outside surface Rod FEA Difference*
-0.2291 0.1857 15 14.47 -3.55%
-0.1604 0.1374 20 20.15 0.75%
-0.1274 0.1120 25 25.07 0.27%

6.00 -0.1034 0.0934 30 30.49 1.64%
-0.0867 0.0794 35 36.13 3.22%
-0.0759 0.0700 40 41.12 2.80%
-0.0668 0.0619 45 46.62 3.60%
-0.3244 0.2436 15 14.61 -2.58%
-0.2339 0.1884 20 19.65 -1.73%
-0.1791 0.1505 25 25.18 0.71%

8.30 -0.1467 0.1276 30 30.26 0.87%
-0.1252 0.1109 35 35.16 0.46%
-0.1057 0.0950 40 41.35 3.37%
-0.0923 0.0838 45 47.14 4.75%
-0.5349 0.3450 15 14.27 -4.84%
-0.3940 0.2801 20 18.63 -6.83%
-0.2934 0.2255 25 24.21 -3.17%

12.56 -0.2285 0.1855 30 30.33 1.11%
-0.1953 0.1629 35 35.06 0.17%
-0.1661 0.1419 40 40.77 1.93%
-0.1485 0.1285 45 45.34 0.77%

Note:

* Difference = (Radius of rod - Radius from FEA)/Radius of rodx100%.
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Table 5.4: FEA results of wrinkle geometries

lw

e

D/t B l.,/D l./D li/D
mm mm mm
0.1 261.8 0.64 208.1 0.51 53.7 0.13
0.2 263.7 0.65 207.3 0.51 56.3 0.14
0.3 276.7 0.68 215.5 0.53 61.2 0.15
35 0.4 284.6 0.70 214.0 0.53 70.6 0.17
0.5 300.9 0.74 219.4 0.54 81.5 0.20
0.6 317.9 0.78 230.2 0.57 87.7 0.22
0.7 351.1 0.86 255.1 0.63 96.0 0.24
0.8 378.9 0.93 272.6 0.67 106.3 0.26
0.1 224.3 0.44 174.8 0.34 49.5 0.10
0.2 226.9 0.45 176.4 0.35 50.6 0.10
0.3 230.8 0.45 178.3 0.35 52.5 0.10
85 0.4 237.2 0.47 182.3 0.36 54.9 0.11
0.5 245.5 0.48 187.0 0.37 58.5 0.11
0.6 260.6 0.51 196.9 0.39 63.6 0.13
0.7 278.4 0.55 207.3 0.41 71.0 0.14
0.8 306.8 0.60 223.5 0.44 83.4 0.16
Note:

B

= plpy
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Figure 5.17: 16 inch pipe: wrinkle radius vs. global curvature
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Figure 5.18: 20 inch pipe: wrinkle radius vs. global curvature
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Figure 5.19: Bending moment vs. global curvature
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Figure 5.20: A typical mesh of specimen LCF16N1
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Note: X
x = circuferential angle in degree, y = axial distance in m, and z = imperfection in mm.

a) LCF16N1
0-4--2 M -2-0 0-2 02-4... —
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-2 z y
-4 198
Note: X

x = circuferential angle in degree, y = axial distance in m, and z = imperfection in mm.

b) LCF20N1

Figure 5.21: Imperfections of full-scale pipe specimens
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Figure 5.22: Pivot moment vs. pivot rotation (LCF16N1)
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Figure 5.23: Average pivot moment vs. average pivot rotation (LCF16N1)
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Figure 5.25: Local RAD vs. global RAD (LCF16N1)
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Figure 5.26: Wrinkle radius vs. RAD on concave side (LCF16N1)

b) By test

Figure 5.27: Comparison of deformed pipe shape (LCF16N1)
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Figure 5.29: Average pivot moment vs. average pivot rotation (LCF20N1)
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Figure 5.30: Pivot axial load vs. RAD between pivots
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Figure 5.33: Wrinkle radius vs. RAD on concave side (LCF20N1)
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b) ByFEA
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Figure 5.34: Comparison of deformed pipe shape (LCF20N1)
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6 LOW CYCLE FATIGUE LIFE PREDICTION MODELS

6.1 INTRODUCTION

To develop a LCF life prediction model, a set of specimens have to be tested by
cyclic loading. Generaly, these specimens have to have the same geometry and
have to be made of the same materia, and the cyclic loading has to be
respectively designed for each specimen so that the test data are near evenly
distributed on the fatigue curve that is plotted on alog-log scale. Based on these
test data, a relation can then be formulated between the damage parameter,
usually the strain range, and the fatigue life. The strip test results were used in this
chapter to develop the LCF life prediction models. In the strip testing program,
the strip specimens were made from three different grades of materia and were
formed to four different shapes, which include two bend radii and two bend
angles. Therefore, the impacts of these parameters have to be counted in the

models.

By reviewing the entire loading process of atypical strip test, it can be found that
each specimen started with a straight strip, then it was monotonically bent to a
specific shape, and finaly was cyclically loaded by totally reversed strokes to
fracture. Therefore, it is possible to develop a life prediction model respectively
for each material grade, if the model can cover the entire loading period, i.e. the
monotonic loading (bending) stage and the cyclic loading (cyclic stroke) stage.
Specificaly, the following three steps are followed: first, investigate the damage
induced by monotonic loading and by cyclic loading, respectively; second,
postulate an appropriate damage accumulation rule (DAR) to connect these two
types of damage with the fracture of the specimen; finally, develop the models
based on the postulated DAR.

Because the LCF life prediction models were based on the strip test results, the
applicability of the developed models to the full-scale pipes will need to be
verified. There are two main challenges when applying the developed models to

full-scale pipes: one is determining the actually applied cyclic loading in full-
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scale pipes which is analogous to what was used in the strip tests; and the other is
identifying all the differences between an actual pipe wrinkle and a strip specimen

and including them in model application if necessary.

6.2 DAMAGE AND DAMAGE ACCUMULATION RULE

The damage defined by the continuum damage mechanics (CDM), such as
Lemaitre and Desmorat (2005), is difficult to measure and also impractical for
this research program. Therefore, it will be defined and evauated in a more
conceptual way. As it was discussed before, the loading history of a strip
specimen consisted of two stages. the monotonic loading stage and the cyclic
loading stage. Therefore, correspondingly, there were two types of damage:
ductile damage and LCF damage.

6.21 DUCTILE DAMAGE, D,

For a strip specimen, the ductile damage is the damage caused by the monotonic
bending. During the monotonic loading stage, a straight strip was bent around the
guide rod by the drive wheel to a specific angle. As aresult, there were significant
residual strains and residual stresses resided within the strip bend. It was these
residual strains that damaged the strip specimens and made them from being
originally straight to being permanently bent. Therefore, this damage has to be
properly evaluated, and its impact on LCF lives of strip specimens has to be
investigated.

lida (1987) investigated the effects of excessive prestrain in tension or in
compression on the very low-cycle fatigue lives of two sets of mild steel and two
groups of high strength steel. He evaluated the residual static fracture ductility by

the following equations:

(264 K (U/4) = (2¢ < (14) - (e pre)k(l) for tensile prestrain (6.1.1)

(Spre + 26 JK(114) = (26, ) (1/4) - (s Iore)"(3/4)for compression prestrain
6.1.2)
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where, & is the residual static fracture ductility, & is the static fracture ductility
of a specimen not subjected to prestrain, gy IS the prestrain applied before the

reversed strain cycling, and k is an empirical material constant.

Those two equations exhibit that the residual static fracture ductility decreases as
the prestrain increases. In other words, the prestrain decreases the residual static
fracture ductility. For the strip specimens tested in this research program, the role
of monotonic bending played the same role as applying prestrain to strip
specimens, but the so-generated prestrain was not evenly distributed in strip
specimens. Hence, equations (6.1.1) and (6.1.2) cannot be applied to strip
specimens directly. Instead, the ductile damage of a strip specimen will be

evaluated conceptually.

In atypica tension coupon test, it is known that the specimen will fracture when
it totally loses its energy-absorption capacity, so the energy-absorption capacity
can be used to evaluate the ductile damage. Because the residual stress and the
residual strain can be measured either on engineering scale or on true scale, the
following will discuss how to evaluate the ductile damage on these two scales

respectively.

6.2.1.1 ON ENGINEERING SCALE

On engineering scale, the damage parameter can be defined as.
D,=—% (6.2.1)

where Dy, is the ductile damage, U is the consumed energy-absorption capacity,
and U isthetotal energy-absorption capacity. The definitions of U, and U are also
illustrated in Figure 6.1.

From Figure 6.1, it can be seen that Dy, can be approximated by the following
equation if line*ABCE’ isrelatively flat.

D~ (6.2.2)
et
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where g, is the residua engineering strain, and it can be evaluated by Equation
(3.7); & isthe static fracture ductility of material, and it can be obtained from the

standard material tension coupon test.

6.2.1.2 ON TRUE SCALE

On true scale, the damage parameter can be similarly defined as follows:

(6.3.1)

where all parameters are the same as those in Equation (6.2.1) except that they are
defined on true scale. The definitions of Uy, and U; are aso illustrated in Figure
6.2.

Based on Figure 6.2, Equation (6.3.1) can be approximated by:
D, ~ pl-eu/e (ij (6.3.2)

1+ O /th Eif

where g, isthe residual true strain, and it can be evaluated by FEA or by Equation
(5.4.2) directly; &y is the static true fracture ductility of material, and it can be

obtained from the standard material tension coupon test.

6.2.1.3 DISCUSSION AND COMPARISON

Equation (3.7) exhibits that the residual engineering strain can be determined
solely by the materia thickness and the bend radius. By using the measured
materia thickness and the designated bend radius, the ductile damage can be
obtained on engineering scale according to Equation (6.2.1) or (6.2.2), and the
respective results are given in Table 6.1. It can be seen that their differences are
less than 6%. Therefore, from the engineering point of view, Equation (6.2.2) can

be used to estimate the ductile damage on engineering scale.

As for the damage on true scale, the true strain on the outside surface of strip crest
can be obtained by FEA or by Equation (5.4.2) directly. Then the ductile damage
can be evaluated on true scale according to Equation (6.3.1) or (6.3.2), and the
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results are given in Table 6.2. From this table, it can be concluded that Equation
(6.3.2) can be used to evaluate the ductile damage on true scale.

Comparing Tables 6.1 and 6.2, it can be found that there are significant
differences between the ductile damage on engineering scae and that on true
scale. As discussed in Chapter 3, the engineering strain is a ‘length’ behaviour,
the average strain over a specific gauge length, but the true strain is a ‘point’
behaviour, the strain at a specific point. Because of this significant difference
between their definitions, the true strain is larger than the engineering strain after
the specimen is yielded and this difference will become more significant when the
specimen is deformed far beyond the necking state and/or a large gauge length is
used in obtaining the engineering strain. Therefore, it is more feasible to use the
true strain during the stage of necking, because the engineering strain becomes
gauge length-dependent after necking occurs. In this research program, the true
scale is recommended, but both engineering and true scales are investigated for
the purposes of comparison and study.

6.2.2 LCFDAMAGE, D,

For strip tests, the LCF damage is the damage produced by cyclically loading a
strip specimen. Previous work, such as Okamura and Sakai (1979) and Sakano et
al. (1996), shows the excellent applicability of linear damage accumulation rule
(LDAR), or Miner's rule, in LCF damage. According to this rule, the LCF
damage can be defined as follows:
Ngr

D.=
I\Ivf

(6.4)
where Ng is the fatigue life of an actual or damaged strip specimen, in which
residual strain or damage exists, and Ns is the fatigue life of a pseudo or virgin
strip specimen. A pseudo strip specimen is the same as an actual strip specimen
except that it isvirgin or undamaged, i.e. no prestrain damage.

For pseudo strip specimens, a power relation can be assumed existing between the

damage parameter and their fatigue lives as follows:
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Q=CN," (6.5.1)
where Q2 isthe damage parameter, C; and m are constants.

Or on alog-log scale, it can be written as

logQ2=C—-mlogN (6.5.2)

where C = log C; and is a constant and the other parameters are the same as
before.

Once a pseudo strip specimen was introduced, the LCF damage can be defined by
employing the LDAR. Up to now, two different types of damage, Dy, and D,
have been defined, and the following will discuss how to connect these two

different types of damage with the fracture of specimen by DAR.

6.2.3 DAMAGE ACCUMULATION RULE

From the physical point of view, the ductile damage is the nucleation, growth and
coalescence of cavities or microvoids, and the LCF damage is the initiation,
propagation and coalescence of microcracks. It can be seen that on the scale of
cross section, both kinds of damage decrease the net area of cross section, so they

can be assumed to be accumul ative.

It is known that these two types of damage are accumulated to fracture a strip
specimen, but it is unknown which one contributes more to the fracture. Hence,
the following generalized rule is postul ated:

D=(Dy,)™ +(Dg)™ (6.6.1)
where Dy, and D, are defined previously, my, and m. are empirical constants.

Furthermore, from the definitions of D, (see Equation 6.2.1 or 6.3.1) and D, (see
Equation 6.4), it can be seen that both of them are normalized, so the failure
criterion can be taken as a unity:

D=1 (6.6.2)

By using the definitions of D, and D, DAR (Equation 6.6.1), and failure criterion
(Equation 6.6.2), the LCF life prediction model can be developed. The model will
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be discussed in Section 6.4 after the damage parameters have been selected in
Section 6.3.

6.3 DAMAGE PARAMETERS

To identify an appropriate damage parameter, al test parameters have to be
investigated to understand their impacts on the fatigue life so the key parameters
can be selected.

6.3.1 EQUIVALENT STROKE RANGE

In strip tests, the totally reversed stroke-controlled method was employed. To
distinguish this actually applied stroke from the equivalent stroke, the actualy
applied stokeis called the nominal stroke henceforward.

Under the cyclic loading of nominal stroke, a strip was repeatedly deformed.
Because this stroke is so big that the strip bend was far beyond being plasticized,
some irreversible deformations were accumulated in the form of cumulative
plastic strain within the strip bend. It had to be mentioned that it was the nominal
stroke that produced this cumulative plastic strain within the strip bend, and it was
this cumulative plastic strain that fractured the strip specimen. Based on this

recognition, the following discussion will focus on the deformation of strip bend.

In strip tests, four parameters were employed to investigate their influences on
LCF lives and they were: nomina stroke range, bend angle, bend radius and
materia thickness. Because the LCF life prediction models will be developed for
each material thickness, respectively, the damage parameter can be formulated

based on the other three parameters.

From Table 3.7, it can be observed that the LCF life decreases as the nominal
stroke range increased, and the nominal stroke range has the greatest impact
among the three considered parameters. Hence, the damage parameter should be
formulated based on it. Equation (3.6) indicates that the bend angle does not make
any contribution to the residual strain, so it will not affect the ductile damage. But

this does not mean it has no impact on LCF lives of strip specimens. Table 3.7
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clearly shows that the specimens with larger bend angles have much shorter LCF
lives. From Chapter 3, it is known that the loading strips or loading plates were
welded to strip specimens according to a fixed positioning distance. By analyzing
the geometric relation, it can be found that the loading eccentricity depends on the
bend angle and a large bend angle will give a small loading eccentricity. Under
the cyclic loading of the same nominal stroke, the specimens with small loading
eccentricities experienced more cyclic deformations within their strip bends, so
they had shorter LCF lives. Moreover, the measurement results show that the
loading eccentricity is difficult to be controlled, and it greatly varied. Therefore,
its impact has to be counted in the damage parameter.

It can be expected that the nominal stroke range can be used as a damage
parameter directly if the tested specimens have the same loading eccentricity. This
scenario can be realized by standardizing the strip test by introducing a standard
loading eccentricity. Then the equivalent stroke range can be derived from the
nomina stroke range and the actual loading eccentricity according to their
geometric relationship (see Figure 6.3). In this research program, 70 mm was
selected as the standard |oading eccentricity based on the consideration of keeping
consistent with the previous tests, i.e. Myrholm (2001) and Das (2002). If the strip

legs are assumed to berigid, then the following equations can be obtai ned:

ASe =Hgp —Hgy (6.7.1)
Ae . e{;\lop
Hoen =Hq, + sn 6.7.2
PP cog(0,4,/2) ( 2 (67.2)
Ae . Oa| I
Ho =Hq + sin| &< 6.7.3
< = co8(040/2) ( 2 j (6.73)

where, AS; is the equivalent stroke range; Ae = e,— &;, and &, isthe initia loading
eccentricity and es = 70 mm is the standard |oading eccentricity; 60, Oaop aNd B¢
are the angles between the two actual strip legs when the strip specimen is at the
initial state, totally opened and totally closed respectively; Hop, and Hq are the
distances between the two loading hinges when the strip specimen is totally

opened and totally closed respectively; and Hsyp and Hsy are the equivalent
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distances between the two pseudo loading hinges when the strip specimen is
totally opened and totally closed respectively. All these parameters are illustrated
in Figure 6.3.

Substituting Equations (6.7.2) and (6.7.3) into Equation (6.7.1), then the
following equation can be obtained:
s n[(ealo + 89alop) /12]-s n[(ealo - 66aIcI )2

AS, = AS+ Aex
cos(0,4,/2)

(6.8.1)

where AS = Hop — Hg is the stroke range exerted by the MTS machine; 80a0p =
Baiop — Oalo @Nd 80 = Baq — B0 are the opening rotation and closing rotation of

actual strip legs respectively; and the other parameters are the same as before.

If assuming that the actual strip leg rotations can be approximated by the pseudo
strip leg rotations, then Equation (6.8.1) can be written as
SIN[(B40 +80g0p) / 21 —SIN[(05, - 3044 )/2]

AS; = AS+ Aex
cos(0,4,/2)

(6.8.2)

where, 80g0p = Bs0p — B0 @NA 809 = Oy — O40 are the opening rotation and
closing rotation of pseudo strip legs respectively, 040, Os0p and O4¢ are the angles
between the two pseudo strip legs when the strip specimen is at the initial state,
totally opened and totally closed respectively; and the other parameters are the
same as before. Some of these parameters are shown in Figure 6.3.

The above equations clearly exhibit that the equivalent stroke range combines the
effects of both bend angle and nominal stroke range. All parameters in Equations
(6.8.1) and (6.8.2) could be determined from strip tests. e, 040 and 04, were
measured before the cyclic nominal stroke was applied, 80a0p and 86aq Were
measured directly by the two RVDTs that were installed on the two strip legs, and
80s0p and 364¢ could be calculated by using the geometric relationship with e,
which was measured by an LVDT, and AS was read directly from the MTS

machine.

As for the impact of bend radius, it can be observed from Table 3.7 that a

specimen with a bend radius of 20 mm endured more cycles than that with a bend
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radius of 15 mm. Therefore, the following damage parameter was introduced to

count thisimpact:

Q=AS,/R™ (6.9)

where Q is the damage parameter, my, is an empirical constant, and the other

parameters are the same as before.

The investigation was conducted by changing the value of my, from O to 2. The
results showed that the best agreement with test results was obtained when my, =
0, i.e. Q = AS,, s0 it can be concluded that the bend radius does not need to be
included directly in the damage parameter. However, this does not mean that the
bend radius does not contribute to the damage parameter. Conceptually, the strip
bend is the plastic zone of astrip specimen, and it works as a plastic hinge. A strip
specimen with big bend radius has large strip bend (or hinge), so it requires a
small rotation to absorb the same work exerted by the MTS load than that with a
smaller bend radius. Therefore, the impact of bend radius is counted in the
damage parameter indirectly by contributing to the rotation of strip legs, which is
contained in Equations (6.8.1) and (6.8.2). Based on the above investigations, the

equivaent stroke range, AS,, is selected as one of the damage parameters.

6.3.2 ROTATION RANGE

As discussed previoudly, the fallure of strip specimens was caused by the
accumulated plastic strain, and this strain was generated by the repeated
deformation within the strip bend. Furthermore, this type deformation was the
direct result of the rotation of strip legs. Therefore, it can be assumed that this
rotation range includes the influences of bend angle, bend radius and nominal
stroke range, and it is well reasoned to use the rotation range as the damage
parameter. Moreover, it is found that this rotation range almost kept constant
during the cyclic loading stage by investigating the test data (see Figure 3.14), and
this observation makes using the rotation range as the damage parameter possible.
Actualy, the rotation range was aso included in Equations (6.8.1) and (6.8.2),

which are used for computing the equivalent stroke range. However, it was split
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into two parts. one was the opening rotation and the other was the closing
rotation. Therefore, it can be concluded that the rotation range is more directly

related to the failure of specimen than the equivalent stroke range.

The rotation range can be either the rotation of actual strip legs or the rotation of
pseudo strip legs. As introduced previously, the former was measured directly by
the two RVDTs instaled on the strip legs, the latter can be computed by
employing the geometric relationship.

6.4 LCFLIFE PREDICTION MODEL

As discussed in Chapter 2, the LCF life prediction model can be developed using
different damage parameters. For this research program, two LCF life prediction
models were formulated: one was based on the experimental LCF lives, called the
life-based model; and the other was based on the tested deterioration rates, named
the deterioration rate-based model. Both the equivaent stroke range and rotation
range damage parameters are used in each proposed model.

6.4.1 LIFE-BASED MODEL

6.4.1.1 GENERAL DESCRIPTION OF THE LIFE-BASED MODEL

Based on Equations (6.5.1), (6.5.2), (6.6.1) and (6.6.2), the life-based model can

be derived as follows:

Q=CN7} (6.10.1)
where all parameters are the same as before.

Or on double log scale, it can be expressed as follows:
logQ2=C—-mlogN (6.10.2)

The pseudo fatigue life can be obtained from the fatigue life of an actua strip
specimen as follows:
Nor

N.: =
vf Dc

(6.11.1)
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where N¢ isthe fatigue life of an actual strip specimen, or simply called the actual

fatigue life, and D, is the LCF damage.

Further, the LCF damage can be derived from the DAR as follows:
Do =fi- @)™ ™ (611.2)
where all parameters are the same as before.

It can be seen that Equations (6.10.1) and (6.10.2) are the same as Equations
(6.5.1) and (6.5.2) respectively, which are the forms of the traditional fatigue life
prediction model. In addition, it is caled the general model just because Q is a
genera damage parameter, which can be any reasonable parameters. In this
research program, Q was either the equivalent stroke range, AS,, or the rotation

range, AO.

6.4.1.2 LCF FAILURE CRITERION

To develop the LCF life prediction model, firstly an appropriate failure criterion
has to be selected, and then the fatigue life can be determined from the test data.
This research program employed the rupture criterion based on the following
three considerations. The first one is to keep consistent with the previous tests,
where the rupture criterion was used. The second one is that the rupture criterion
can be used to approximately represent the actual failure of full-scale pipes, where
the wrinkled pipes are nearly ruptured when the cracks are observed on their
outside surfaces (because the cracks mainly propagated from their inside

surfaces). The last one is that this criterion is relatively simple and can be easily

applied.

6.4.1.3 EQUIVALENT STROKE RANGE BASED MODEL

From the general model, it can be seen that the DAR has to be determined before
developing the LCF life prediction model. Generadly, this can be done by using
the method of trial and error. This research program investigated three types of
DAR and they were the LDAR, the square root-sgquare damage accumulation rule
(SRSDAR), in which m,, was 0.5 and m; was 2.0, and the sgquare and square root
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damage accumulation rule (SSRDAR), in which my, was 2.0 and m. was 0.5. The
last two DARs are non-linear. In the following, these three rules were employed
to develop the LCF life prediction models respectively.

By employing the DAR and by using the best-fit method, the equivaent stroke
range based LCF life prediction model can be developed and the results of C and

m are summarized in Tables 6.3 and 6.4.

6.4.1.4 ROTATION RANGE BASED MODEL

Follow the same procedure as that used in developing equivalent stroke range
based model, the rotation range based model can be obtained and the
corresponding results of C and m are given in Tables 6.3 and 6.4.

6.4.2 DETERIORATION RATE-BASED MODEL

Under the action of LCF, the cross section of a strip specimen was gradually
decreased by the initiation, propagation and coalescence of microcracks, and this
made the strip specimen gradually lose its load-carrying capacity and energy-
absorption capacity. If arelation can be postulated between the deterioration rate
of load-carrying capacity or energy-absorption capacity and the damage
parameter, then the LCF life can be obtained by integrating the deterioration rate
from the initial state to the maximum accepted deterioration level. In the
following, the deterioration investigation will be conducted firstly, and then this
type model will be devel oped.

6.4.21 DETERIORATION INVESTIGATION

To fully understand the deterioration of strip specimens, three types of
deterioration will be investigated and they are the deterioration of axia load,
deterioration of bending moment and deterioration of hysteresis loop energy
(HLE).

AXIAL LOAD

The deterioration of axial load, which is exerted by the MTS machine, is a
phenomenon that the axial load requires to produce a certain stroke magnitude as
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the cyclic loading progresses. It indicates the propagation of cracks and the
decrease of net cross section area. To investigate this phenomenon, the peak
values, the maximum load to open strip specimens, and the valley values, the
maximum load to close strip specimens, were first picked out from the axial load
spectra.  For convenience, those axial loads were normalized by their
corresponding peak value and valey vaue in the first cycle. Finaly, the
deterioration of these normalized axia loads was obtained by investigating their
relation with the loading cycle. The normalized axial load can be expressed as

follows:
F)
Ppo =5 (6.12.1)
1po
P
Pvc = % (6.12.2)
1vc

where, pp and pyc are the normalized peak opening load and the normalized
valley closing load, Py, and P,y are the peak opening load and the valley closing
load in the i™ loading cycle respectively, and Pipo and Py are the peak opening
load and the valley closing load in the first cycle respectively.

Typica deterioration diagrams of normalized axia load are given in Figure 6.4.
From the figure, the following observations can be made.

Firstly, no plateaus are exhibited and this indicates that there is no obvious crack
initiation period. As it was discussed in Chapter 3, it can be explained from two
aspects: on one hand, it is known that the residual strain after monotonic bending
was far beyond the ultimate strain, so it can be concluded that microvoids formed
on the outside surface of strip bend during the monotonic bending stage; on the
other hand, the very large compressive strain on the inside surface of strip bend
during monotonic bending could generate many micro-wrinkles, and those micro-

wrinkles were so sharp that many microcracks occurred.

Secondly, for specimens T8R15A45S30 and T8R15A45S50, their deterioration
paths can be approximated by two straight lines and they represent two
deterioration periods. the slow deterioration period (SDP), during which the
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cracks slowly propagated, and the fast deterioration period (FDP), during which
the crack propagation rate was greatly accel erated and made the specimen quickly
lose its load-carrying capacity. For specimen T8R15A45S80, the applied stroke
was so large that the cracks propagated very fast from beginning and the
specimen ruptured very quickly (its life only lasted three cycles), so its
deterioration path only consisted of the FDP.

For specimens T8R15A45S30, the normalized opening axia load went up alittle
bit during the second cycle, and then it decreased gradually and evenly in arate of
about 0.005310; after about 47 cycles, the deterioration rate jumped to about
0.046587, which is about nine times of the deterioration rate during the SDP.
However, the normalized closing axial load was deteriorated greatly at first, and
then it slowed down in an even rate of about 0.005300, which was amost the
same as that of the opening normalized load; after about 57 cycles, the
deterioration was accelerated to a speed of about 0.070495, which is about 13.5
times of the deterioration rate during the SDP. Comparing the deterioration path
of the normalized opening axial load and that of the normalized closing axial load,
it can be found that both of them had an almost same deterioration rate during the
SDP, but their totally different behaviour during the first few cycles induced a gap
of about 0.18 between them. Another difference is that the normalized opening
load entered the FDP earlier than the normalized closing load. The last difference
is that the deterioration of normalized opening load was slower than that of
normalized closing load during the FDP.

For specimen T8R15A45S50, generally speaking, its deterioration path of
normalized opening load and that of normalized closing load showed the same
changing trends as those of specimen T8R15A45S30. But the gaps between these
two deterioration paths became smaller, especially during the SDP.

For Specimen T8R15A45S80, only the FDP existed. The normalized opening
load showed a little greater deterioration rate than the normalized closing load,

but the difference was so small that it can be neglected.
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BENDING MOMENT

Similarly, it is referred to as the bending moment deterioration that the bending
moment required to produce a certain rotation of strip legs decreases as the
loading cycle increases, and it aso indicates the propagation of cracks and the
decrease of net cross section of a strip specimen. And the bending moment
deterioration can be investigated by studying the relation between the normalized
bending moment and the loading cycle. The normalized bending moment can be

expressed as follows:

M
m. =— P (6.13.1)
P Mlpo
Myc = Mive (6.13.2)
M
1vc

where, my, and my. are the normalized peak opening bending moment and the
normalized valley closing bending moment respectively, Mip and M. are the
peak opening bending moment and the valley closing bending moment in the i™
cycle respectively, and M1y, and My are the peak opening bending moment and
the valley closing bending moment in the first cycle respectively.

Typica deterioration diagrams of normalized bending moment are given in Figure
6.5. By investigating these diagrams, the same observations can be drawn as those
for the normalized axia load, so neither description nor discussion is provided

here.
HYSTERES S LOOP ENERGY

The hysteresis loop energy (HLE) in a loading cycle is the area enclosed by its
corresponding hysteresis loop, and it indicates the energy absorbed by the strip
specimen during this loading cycle. The decrease of HLE shows that the strip
specimen loses some of its energy-absorption capability, and the strip specimen is
fractured when it loses al of its energy-absorption capability. The peak/valley
axial load and the peak/valey bending moment is the value at a specific moment,

but the HLE is the value of a whole cycle and it combines the results of opening
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and closing a strip specimen once. Therefore, the HLE can more accurately reflect

the LCF behaviour of astrip specimen.

The following discussion will only focus on the deterioration of two types of
HLE: one is generated from the axia load and stroke hysteresis loops, and the
other is produced from the bending moment and rotation hysteresis loops. For
simplicity, the former is denoted as the LS HLE, and the latter is written as the
MR HLE.

Following the same procedure adopted previously, the normalized HLE can be
expressed as follows:

U.s= YiLs (6.14.1)
U1LS
Umr = SiMR (6.14.2)
IMR

where, u.s and uyr are the normalized LS HLE and the normalized MR HLE
respectively; UiLs and Uiyg are the LS HLE and the MR HLE in the i cycle
respectively; and Uy s and Uyyr are the LS HLE and the MR HLE in the first
cycle respectively.

Typica deterioration diagrams of normalized LS HLE and normalized MR HLE
are presented in Figure 6.6. This figure exhibits that the normalized LS HLE
exactly follows the same deterioration path as the normalized MR HLE from
beginning to end, and the merging of these two paths indicates that the
deterioration of HLE is independent of the type of hysteresis loops, from which
the HLE is calculated. However, this merging does not indicate that these two
types of HLE are the same. Actualy, they have the different amplitudes, and
moreover, the sum of LS HLE of all cyclesis not equal to that of MS HLE of all
cycles. By reviewing the deterioration paths of the normalized axia load and the
normalized bending moment (see Figures 6.4 and 6.5), it can be seen that each of
them has two paths, the opening path and the closing path, and these two paths
deviate from each other. Moreover, the deterioration path of axial load does not

merge with that of the bending moment. Based on these comparisons, it can be
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concluded that the deterioration of normalized HLE can more precisely describe
the LCF damage of strip specimens than that of the normalized axial load and that
of the normalized bending moment.

Same as the deterioration paths of the normalized axia load and normalized
bending moment, the deterioration path of HLE consists of the SDP and the FDP
for specimens tested by small or medium stroke range and only the FDP for
specimens tested by large stroke range.

As a summary, the deterioration rates for al specimens tested by typical stroke
spectraare givenin Table 6.5.

UMMARY

Generdly, the LCF life is the sum of the life of crack initiation and the life of
crack propagation up to failure. But based on the above investigation, the life of
crack initiation can be neglected, and this conclusion is coincident with the
previous work, such as Radhakrishnan (1978) and Bhattacharya and Ellingwood
(1998). As for the life of crack propagation, it can be further divided into two
parts for the specimens tested by small or medium stroke: one is the life of SDP
and the other is the life of FDP. Furthermore, it can be found that the life of SDP
dominates the fatigue life. The last conclusion is that the deterioration of
normalized HLE can more precisely describe the LCF damage than that of

normalized axial load and that of normalized bending moment.

6.4.2.2 GENERAL DESCRIPTION OF THE DETERIORATION RATE-
BASED MODEL

Based on the deterioration investigation, the deterioration rate of HLE is constant
during SDP. Therefore, if only the life of SDP is concerned, then the LCF life
prediction model based on the deterioration rate of HLE can be developed by

using the aforementioned two damage parameters.

Assuming a power relation exists between the damage parameter and the
deterioration rate of HLE of a pseudo strip specimen, and then the following
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equation can be obtained by employing the same procedure as that was used in

developing the life-based model and by using the same notations and definitions.

Q= Cl( dcli\Llj j (6.15.1)

where du/dNy is the deterioration rate of HLE of a pseudo strip specimen, and the

other parameters are the same as before.

Or on alog-log scale, it can be expressed as follows:

du
logQQ=C-mlo
g ng

(6.15.2)

\'

The following relation holds between the deterioration rate of HLE of a pseudo
strip specimen, du/dN,, and that of an actual strip specimen, du/dNg:
du  du/dNy
dN,, D,

(6.16)

where all parameters are the same as before.

6.4.2.3 EQUIVALENT STROKE RANGE BASED MODEL

By employing the LCF damage, the deterioration rate of HLE of a pseudo strip
specimen can be obtained from that of an actual strip specimen, which isgivenin
Table 6.5. And then the equivalent stroke range based models can be obtained by
selecting equivaent stroke range as the damage parameter and by using the best-
fit method. The results of C and m are given in Tables 6.6. Please note that only
the true scale is used here.

6.4.24 ROTATION RANGE BASED MODEL

Following the same procedure as that used on above, the rotation range based

models can be developed and the results of C and m are shown in Tables 6.6.

6.5 DISCUSSION AND RECOMMENDATION

Because the models were developed by using the best-fit method, so the
corresponding statistic parameters can be used to evaluate the reliability of the
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models. The following will first introduce three key parameters, and then the
models will be evaluated and discussed.

6.5.1 THREE STATISTIC PARAMETERS

6.5.1.1 STANDARD DEVIATION

Standard deviation, s, is defined by

(6.17.1)

where x; is the sample, X, is the mean of the sample, and n is the size of the

sample.

From this definition, it is known that s is small when x; is close to X, In other
words, sindicates how far the sample is away from its mean.

6.5.1.2 COEFFICIENT OF MULTIPLE DETERMINATION

Coefficient of multiple determination, R?, is defined by

n

_Z(Xi — i )2
R?=1-4L 6.17.2)
Z(Xi - Xm)2

i=1

where p; is the predicted value, and the other parameters are the same as in
Equation (6.17.1).

R? is a number between 0 and 1, and it reveas that how closely the estimated
values from the trendline correspond to the actual data. A trendline is most

reliable when its R? valueis at or near 1.

6.5.1.3 CORRELATION COEFFICIENT

The correlation coefficient, p, is defined by

227



p=—=L (6.17.3)
n n

Z(Xi _Xm)ZZ(yi - ym)2

i=1 i=1

where, the parameters are the same as before.

p < 0if the trendline of the sample shows a negative slope; and on the contrary, p
> 0 if a positive slope is exhibited. The absolute value of this parameter aso
varies between 0 and 1 and it indicates how close the relation between these two
sets of dataisto alinear relation. A linear relation is most reliable when p is at or

near +1.

In a summary, when s is closer to zero, and R? and the absolute value of p are

closer to unity, the regression result is more reliable.

6.5.2 RESULTS, COMPARISON AND DISCUSSION

All results are given in Tables 6.3, 6.4 and 6.6. In those tables, C and m are the
regression parameters, and s, p, and R® are the statistic parameters. For the
purpose of comparison, the results of life-based models are given on both true
scale, Table 6.3, and engineering scale, Table 6.4. But the results of deterioration
rate-based models are only given on true scale, Table 6.6.

6.5.21 EFFECT OF DAMAGE ACCUMULATION RULE

For the models based on the true strain scale (Tables 6.4 and 6.6), they were not
obviously influenced by the DAR. But for the models based on the engineering
scale (Table 6.3), their qualities were improved by using the SRSDAR compared
with the other two rules, especidly for 11.9 mm thick specimens. This
observation indicates that the damage due to the loss of static ductility contributes
much more to the failure of those specimens than the LCF damage. In other
words, the failure is dominated by the ductile damage. Based on this observation,
the SRSDAR is recommended.
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6.5.2.2 EFFECT OF DAMAGE PARAMETER

From these tables, it is clear that the quaity of modd is influenced by the
selection of damage parameters. For the fatigue life-based models of 6 mm thick
specimens, the equivalent stroke range based models are better than the rotation
range based models. But for the other two sets of material, the rotation range
based models are better than the equivalent stroke range based models, especialy
for the deterioration rate-based models. From previous discussions, it is known
that the rotation range has a more direct relation with the deformation of strip
bend than the equivalent stroke range, so it is not surprising that the rotation range
based models behave better than the equivalent stroke range based models.
However, it is much easier to determine the equivalent stroke range than the
rotation range. Therefore, both rotation range and equivalent stroke range are

recommended.

6.5.2.3 EFFECT OF STRESS-STRAIN SCALE

By comparing Table 6.3 with Table 6.4, it can be concluded that the quality of
model is independent of the stress-strain scale employed in determining the
ductile damage. But for application concern, because the engineering strain
becomes gauge length-dependent after necking occurs, the ductile damage has to
be evaluated by using the engineering strain and the engineering fracture strain
based on the same gauge length. This requirement greatly limits its application,
and it is difficult and aso impractical to be satisfied. Based on this discussion, the

true stress-strain scale is recommended to eval uate the ductile damage.

6.5.24 LIFE-BASED VS. DETERIORATION RATE-BASED MODELS

By comparing Table 6.4 and Table 6.6, it can be found that the life-based models
are better than the deterioration rate-based models. In the deterioration rate-based
models, the deterioration rate of normalized HLE was obtained by computing the
HLE in each cycle and then by best-fitting of those data. Although the
computation of HLE did not lead to significant errors because it was a direct

result of test data, but the best-fit could cause significant errors. In other words,
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the deterioration rate models were obtained by best-fitting the test data two times,
so it was not surprised that thistype of model has relatively poor quality.

However, the deterioration rate-based models have their own specific benefits.
The most important one is that it directly relates the deterioration with the fatigue
life, so it is very convenient if a deterioration-based failure criterion is employed.
Second, by limiting the failure in SDP, it provides more conservative results.
Third, like the crack propagation rate-based model that is widely used in fracture
mechanics, it works in a more analytic way. Therefore, this type of model is aso

recommended.

6.5.25 PREVIOUSTEST RESULTS

In the previous strip tests and its corresponding coupon tests, which were
conducted by Myrholm (2001) and Das (2002), the rotation range, the
deterioration rate of HLE, and the true fracture strain and true fracture stress were
not included, so only the equivalent stroke range can be obtained and only the

engineering stress-strain scale can be employed to evaluate the ductile damage.

Das (2002) tested a total of 16 strip tests. Among of them, eight were 6.0 mm
thick and eight were 8.3 mm thick. Because those two sets of thicknesses were
also used in this test, they can be compared with this test directly. The results are
shown in Figure 6.7. It can be seen that the Das tests coincide well with the
models developed from this test. Based on this observation, the test data from
those two tests can be combined together to develop new models, and the results
are given in Table 6.7. This table also exhibits that the newly developed models

have good qualities.

Myrholm (2001) did eight strip tests on 6.75 mm thick specimens. Because this
set of thickness was not used in this test, his test results were re-analyzed
separately to devel op the same types of models as those from this test. The results
are presented in Table 6.7, and it can be seen that the so-developed models have
great qualities.
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6.5.2.6 FURTHER ANALYSISAND DISCUSSION

From Tables 6.3, 6.4, 6.6 and 6.7, it can be seen that C and m are almost constants
for each type of model regardless of the material thickness, and this observation
indicates that a unified model independent of the specimen thickness can be
developed by best-fitting all test data. However, because the previous test
programs might use different fracture failure criteria, two sets of life-based
models will be developed, which are the models based on this test series only and
the models based on all tests respectively. The results and their corresponding
parameters are aso given in these tables.

The results also show very good linear correlation (p close to negative unit) and
good coincidence between the predicted values from these models and the test
results (R? close to unit). A comparison with previous tests is also given in Figure
6.8, it can be seen that al data are within a narrow band of the experimental
model. So the unified model has very good quality and it is recommended for

future use.
6.5.3 RECOMMENDATION

6.5.3.1 DAMAGE PARAMETER

Both the equivalent stroke range and the rotation range are recommended. The
equivaent stroke range is much easier to be applied to the full-scale pipes, but the
rotation range can give more accurate prediction. Therefore if available, the

rotation range is the preferred choice.

6.5.3.2 STRESS-STRAIN SCALE

Because the engineering strain becomes gauge-length dependent after necking
occurs and it can not be assured that all obtained engineering strains have the
same gauge length and are on the same location, the true stress-strain scale is

recommended to compute the ductile damage.

231



6.5.3.3 DAMAGE ACCUMULATION RULE

Based on the previous discussion, the SRSDAR is recommended although the

LDAR is simple and works well in most of cases.

6.5.3.4 CONFIDENCE LEVEL

The confidence level directly relates to the probability that these models fail to
give a safe prediction of LCF life. For discussion convenience, this probability is
called the fail-to-predict probability. A higher confidence level will give alower
fail-to-predict probability, e.g. a confidence level of 50% corresponds to a fail-to-
predict probability of 50% and a confidence level of 97% corresponds to a fail-to-
predict probability of 3%.

The models obtained by directly best-fitting the test data only have a confidence
level of 50% and this istoo low for engineering application. By subtracting two
times of standard deviation from these models, new models can be obtained and
the so-obtained models give a confidence level of 97.7%. This confidence level is
appropriate enough for general engineering application, so this research program
recommends a confidence level of 97.7%. Also for discussion convenience, the
models with a confidence level of 50% are called experimental models, and those

with the recommended confidence level are called the recommended models.

6.5.3.5 SUMMARY
Based on the above recommendations, the corresponding models are collected
together in Table 6.8 and they are also shown in Figures 6.9 to 6.12.

6.6 APPLICATION TO FULL-SCALE PIPES

6.6.1 DETERMINATION OF EQUIVALENT STROKE RANGE

To apply the previously developed models to the tested full-scale pipes, the
damage parameters have to be properly determined firstly. For strip specimens,
the damage parameters are their global behaviour and they can be easily obtained
by direct measurement. But for the tested full-scale pipes, they are their local
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(wrinkle) behaviour. Because the wrinkle location is unpredictable, it is unknown
where to install the instrument. Moreover, the wrinkle is limited within such a
small area that it is impossible to install proper instruments to measure the
wrinkle rotation, i.e. the rotation range can not be obtained. Therefore, the

following will focus on how to determine the equivalent stroke range only.

6.6.1.1 FROM STRIP BEND TO WRINKLE

Asthat discussed in Chapter 3, the strip bend is a replica of wrinkle head only, but
an actual wrinkle consists of one wrinkle head and two wrinkle feet. In the
developed models, the equivalent stroke range is the relative axial displacement
between two strip legs and it can be easily obtained from the strip test. But for a
pipe wrinkle, it is difficult to get the equivalent stroke range because the relative
axial displacement of wrinkle head can not be measured directly. In full-scale
pipe tests, only the RAD of entire wrinkle can be measured, so the problem
becomes to how to determine the equivalent stroke range from this RAD. If apipe
wrinkle is simplified as the mechanism shown in Figure 6.13, the same
simplification made by Das (2002), then the following equation can be obtained:

AS, =5 AS (6.18)

e0
where AS is the equivalent stroke range, AS is the RAD of pipe wrinkle, es= 70
mm is the standard loading eccentricity, and &, is the initial loading eccentricity

before the cyclic load being applied.
It has to be mentioned that Equation (6.18) is obtained based on the following
geometric relation:

Csci _ Sop _ & (6.19)

€ eop €o

where the meanings of e, exyp, € and ey, areillustrated in Figure 6.13.

€, can be obtained either from the FEA or from the measurement, and the RAD of
wrinkle can be measured or estimated, so the equivaent stroke range can be

computed from Equation (6.18)
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6.6.1.2 FROM LOCAL BEHAVIOUR TO GLOBAL BEHAVIOUR

In the field, it is not practica and also impossible to install a device over the
wrinkle to measure its RAD. But the globa behaviour of wrinkled pipe can be
measured or estimated, so it has practical value to obtain the equivalent stroke
range from the global behaviour.

In Chapter 4 and Chapter 5, the relation between the RAD between pivots and the
RAD of wrinkle was investigated and the phenomenon of ‘deformation
localization” was observed. Moreover, it was found that for a fully developed

wrinkle, the RAD between pivots approximately equals the RAD of wrinkle.
6.6.2 APPLICATION

6.6.2.1 GENERAL PROCEDURE

The above discussion illustrates how to apply the LCF life prediction models to
the full-scae pipes theoretically. But in actuality, the scenario is more
complicated and the difficulties arise from two aspects: on one hand, the actual
cyclic loads have greatly varied amplitudes, so a counting method has to be
employed to determine the number of cycles experienced by each stroke range; on
the other hand, an actual wrinkle head is not a perfect curve of circle as the strip
bend, so efforts have to be made to determine the wrinkle radius and loading
eccentricity before cyclic load can be applied. As discussed in Chapter 5, the
wrinkle radius can be determined either from measurement or from FEA, both of
them can give satisfactory results. Although the loading eccentricity was not
discussed, it can also be determined either by measurement or by FEA.

The procedure to apply the developed models to full-scale pipes can be

summarized in the following eight steps:

Stepl: Categorize the applied stroke ranges and count the corresponding cycles
of each category by selecting a proper counting method, such as the rain flow
method (Fisher etc. 1997).

Step 2: Determine the loading eccentricity before the cyclic loading being applied.
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Step 3: Calculate the equivalent stroke range of each category.

Step 4: Determine the wrinkle radius.

Step 5: Compute the damage due to monotonic loading.

Step 6: Compute the pseudo fatigue life of each equivalent stroke range category.
Step 7: Compute the fatigue damage of each equivalent stroke range category.

Step 8: Compute the total damage and LCF life.

6.6.2.2 RESULTSAND DISCUSSION

Following the above procedure, D, and D, can be computed and the results are
givenin Table 6.9 and Table 6.10, respectively. By using the recommended DAR,
i.e. the SRSDAR, the total damage can be obtained and the results are shown in
Table 6.11. It can be seen that the total damage is very close to a unit either for
specimen LCF16N1 or for specimen LCF20N, and this indicates that the
recommended models work well for the full-scale pipes. By viewing the DAR, it
can be found that the damage is dominated by Dy, instead of by D¢, so it can be
expected that D will be close to a unit if Dy, is much larger than D, but this
observation does not degrade the evauation of those models. Take specimen
LCF20N1 for example, the predicted D, is 0.2810 and the actual D, is 0.2136, so
the error is 31.55%. From the fatigue point of view, the acceptable accuracy is
about 50% to 200% according to Heuler and Schuetz (1986), so this error is
within the acceptable range.

6.7 SUMMARY AND CONCLUSIONS

The models developed in this chapter have many forms. the damage parameter
can be either rotation range or equivalent stroke range, the model can be based on
either fatigue life or deterioration rate, the DAR can be SRSDAR, LDAR, or
SSRDAR, and the ductile damage can be evaluated either on engineering scale or
on true scale. But the comparisons exhibit that the SRSDAR works better than
both the LDAR and the SSRDAR, and the rotation range generates more accurate

models than the equivalent stroke range, and the life-based models have better
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quality than the deterioration rate-based models. Based on the concern of
engineering application, this research program recommends the SRSDAR, both
damage parameters, the true scale-based evaluation of ductile damage, and both
LCF life prediction models.

Further investigation found that a unified model can give accurate LCF life
prediction to all tested specimens and this indicates that the proposed models have
great prediction abilities. Finally, the models were applied to the tested full-scale
pipes and the results show that the proposed models can predict their LCF lives
very well.
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Table 6.1: Results of Dy, in engineering scale

Material thickmess (mm) 6 8.3 12.64
Bend radius (mm) 15 20 15 20 15 20
g (Mm/mm) 0.1667 0.1304 0.2167 0.1718 0.2964 0.2401
g¢ (MmM/mm) 0.2994 0.3054 0.3346
D1 0.5693 0.4437 0.7288 0.5587 0.9185 0.7601
D, 0.5567 0.4357 0.7096 0.5627 0.8859 0.7176
Difference (%) -222 -181 -2.64 071 -354 -559
Note:

1 Material thickness is obtained by measurement;

2 Dm[l] is obtained by Eq.(6.2.1), and Dm[Z] by Eq.(6.2.2);

3 Difference= (D,,?-D,,*)/D,,™ x 100.
Table 6.2: Results of Dy, in true scale
Material thickmess (mm) 6 8.3 12.64
Bend radius (mm) 15 20 15 20 15 20
&y (Mm/mm) 0.1857 0.1374 0.2436 0.1884 0.3450 0.2801
&+ (MmM/mm) 0.8124 0.7968 1.0030
D, 0.1922 0.1382 0.2692 0.2035 0.3001 0.2395
D, 0.1865 0.1321 0.2501 0.1889 0.2845 0.2260
Difference (%) -296 440 -709 -7.20 -520 -5.65

Note:

1 Material thickness is obtained by measurement;
2 D, is obtained by Eq.(6.3.1), and D,, @ by Eq.(6.3.2);
3 Difference= (D,,2-D,,""/D,,M x 100.
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Table 6.3: Life-based models and its corresponding parameters

(engineering scale)

SRSDAR LDAR SSRDAR
Category Parameter
ESR RR ESR RR ESR RR
C 2.1839 0.3107 2.2012 0.3278 2.1864 0.3170
E m -0.3505  -0.3032  -0.3533  -0.3071 -0.3544  -0.3094
© S 0.0559 0.0552 0.0578 0.0547 0.0604 0.0550
o p -0.9534  -0.9403 -0.9501 -0.9415 -0.9453  -0.9409
R 0.9089 0.8842 0.9026 0.8865 0.8936 0.8852
C 2.1408 0.3290 2.1724 0.3574 2.1670 0.3486
g m -0.3314  -0.3276  -0.3283  -0.3229  -0.3176  -0.3104
2 S 0.0619 0.0328 0.0617 0.0371 0.0668 0.0491
n p -0.9469  -0.9839  -0.9472  -0.9793 -0.9379  -0.9634
R 0.8966 0.9680 0.8972 0.9591 0.8796 0.9281
C 2.2304 0.4153 2.2657 0.4493 2.1813 0.3688
E m -0.3503  -0.3351  -0.3248 -0.3109 -0.2576  -0.2466
g S 0.0775 0.0449 0.0994 0.0744 0.1434 0.1236
n p -0.9516  -0.9814  -0.9191  -0.9481  -0.8227  -0.8490
R’ 0.9056 0.9631 0.8448 0.8990 0.6768 0.7208
C 2.1568 0.3210 2.1270 0.2916 2.0257 0.1956
g m -0.3269  -0.3044  -0.2856  -0.2650 -0.2199  -0.2031
2 S 0.0676 0.0513 0.0868 0.0737 0.1180 0.1059
< p -0.9525  -0.9677 -0.9203 -0.9320 -0.8468  -0.8535
R? 0.9072 0.9364 0.8469 0.8685 0.7171 0.7285
Note:

SRSDAR = Square root and square damage accumulation rule;
LDAR = Linear damage accumulation rule;
SSRDAR = Square and square root damage accumulation rule;

ESR = Equivalent stroke range;
RR = Rotation range;

C, m = Constants in equation logQ = C + m logN,s;
s, p = Standard deviation and correlation coefficient respectively;

R? = Coefficient of multiple determination.
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Table 6.4: Life-based models and its corresponding parameters (true scale)

SRSDAR LDAR SSRDAR
Category Parameter
ESR RR ESR RR ESR RR

S C 21235 02566 21121  0.2469  2.0919  0.2290

£ é m  -0.3464 -0.2983  -0.3468 -0.2988  -0.3454  -0.2973
© 8 s 00552  0.0566  0.0552  0.0564  0.0552  0.0569
Lg N -0.9545 -0.9373  -0.9545 -0.9376  -0.9545  -0.9365
£ R? 09111  0.8785 09111  0.8792 09111  0.8770
= c 20651 02562 20568  0.2477  2.0343  0.2256
ES m  -0.3300 -0.3278 -0.3304 -0.3280 -0.3300  -0.3278
g E s 0.0654 00347 00649  0.0342  0.0654  0.0347
" N -0.9405 -0.9819  -0.9415 -0.9824  -0.9405  -0.9819
£ R? 08846 09641  0.8865  0.9652  0.8846  0.9641
S c 21008 02911 20930  0.2837 20679  0.2597
£ES m  -0.3565 -0.3410 -0.3567 -0.3412  -0.3566  -0.3411
5 E s 00729 00376 00726 00371 00728  0.0373
n 2 N -0.9573  -0.9870  -0.9577 -0.9874  -0.9575  -0.9872
£ R? 09165 09742 09172 09749 09168  0.9745
= c 21089 02784 20985  0.2687 20763  0.2479

s § m  -0.3546 -0.3314 -0.3542 -0.3310 -0.3545  -0.3313
gt s 00649 00449 00641 00441  0.0650  0.0453
<2 N -0.9563 -0.9753  -0.9573  -0.9762 -0.9561  -0.9762
£ R? 09145 009513 09164 009529  0.9140  0.9504

SRSDAR = Square and root-square damage accumulation rule;
LDAR = Linear damage accumulation rule;
SSRDAR = Square and square root damage accumulation rule;
ESR = Equivalent stroke range;

RR = Rotation range;

C, m = Constants in equation logQ = C + m logN,s;

s, p = Standard deviation and correlation coefficient respectively;

R? = Coefficient of multiple determination.
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Table 6.5: Summary of deterioration rate of HLE and the corresponding lives

Specimen Deterioration rate Life Note
P SDP FDP SDP FDP  Total

T6R15A45S30 N.A. N.A. 68.50 bad test
T6R15A45S50 -0.004782 -0.139354  15.00 775 2275
T6R15A45580 -0.074500 -0.359800 3.00 2.25 5.25
T6R15A60S30 -0.003479 -0.082998 21.00 12.25 33.25
T6R15A60S50 -0.038910 -0.208430 5.00 3.75 8.75
T6R15A60S80 N.A. N.A. 6.75 bad test
T6R20A45S30 -0.000309 -0.052551  89.00 20.25 109.25
T6R20A45S50 -0.002875 -0.143837  19.00 7.75  26.75
T6R20A45S80 -0.059830 -0.221800 5.00 1.25 6.25
T6R20A60S20 -0.000886 -0.049332 58.00 19.00 77.00
T6R20A60S30 -0.003912 -0.100758  19.00 10.00 29.00
T6R20A60S50 -0.036520 -0.209840 5.00 3.75 8.75

T8R15A45S30 -0.002819 -0.051159 47.00 1575 62.75
T8R15A45S50 -0.041303 -0.160877 6.00 500 11.00
T8R15A45S80 N.A. -0.258000 0.00 3.25 3.25 FDP only
T8R15A60S20 -0.005528 -0.046455 39.00 16.00 55.00
T8R15A60S30 -0.016317 -0.092567  11.00 8.75 19.75
T8R15A60S50 -0.108930 -0.235670 4.00 3.25 7.25
T8R20A45S30 -0.001048 -0.045126 109.00 20.25 129.25
T8R20A45S50 -0.013475 -0.149868 9.00 575 14.75
T8R20A45S80 N.A. -0.154350 0.00 3.25 3.25 FDP only
T8R20A60S30 -0.008674 -0.090575 19.00 10.75 29.75
T8R20A60S50 -0.029080 -0.184351 4.00 4.75 8.75
TB8R20A60S80 N.A. N.A. bad specimen

T12R15A45S520 -0.002357 -0.023342 83.00 31.00 114.00
T12R15A45S30 -0.008846 -0.055813 26.00 12.75 38.75
T12R15A45S50 -0.056014 -0.115694 6.00 6.75 12.75
T12R15A45S70 N.A. -0.264650 0.00 4.00 4.00 FDP only
T12R15A60S12 -0.001430 -0.015140 179.00 47.00 226.00
T12R15A60S20 -0.007592 -0.038119 39.00 18.00 57.00
T12R15A60S30 -0.008595 -0.050900 32.00 12.75 44.75
T12R15A60S50 N.A. N.A. bad test
T12R20A45520 -0.000855 -0.010642 228.00 52.00 280.00
T12R20A45S30 -0.002831 -0.044196 61.00 17.75 78.75
T12R20A45S50 -0.012776 -0.103455  16.00 6.25 22.25
T12R20A45S70 -0.091190 -0.231530 4.00 3.00 7.00
T12R20A60S12 -0.000364  1.059785 466.00 150.00 616.00
T12R20A60S20 -0.004078 -0.043545 42.00 18.00 60.00
T12R20A60S30 -0.035685 -0.091905 9.00 6.00 15.00
T12R20A60S50 -0.163950 -0.246300 3.00 2.00 5.00

Note: SDP = slow deterioration period and FDP = fast deterioration period.
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Table 6.6: Deterioration rate-based models and its corresponding parameters
(true scale)

SRSDAR LDAR SSRDAR
Category Parameter
ESR RR ESR RR ESR RR
C 2.0300 0.2440 2.0363 0.2503 2.0478 0.2618
g m 0.1919 0.1908 0.1917 0.1906 0.1924 0.1913
© S 0.0839 0.0465 0.0840 0.0467 0.0837 0.0461
L p 0.8931 0.9628 0.8928 0.9625 0.8936 0.9634
R> 07976 0.9270 0.7971 09265 0.7986 0.9281
C 1.9537 0.1515 1.9583 0.1564 1.9740 0.1721
E m 0.2179 0.2202 0.2171 0.2196 0.2179 0.2202
2 S 0.0876 0.0592 0.0882 0.0601 0.0876 0.0592
n p 0.8906 0.9463 0.8888 0.9447 0.8906 0.9463
R® 07932 0.8954 0.7900 0.8924 0.7932 0.8954
e C 1.9631 0.1638 1.9684 0.1689 1.9875 0.1873
S m 0.2667 0.2575 0.2664 0.2571 0.2666 0.2573
3 S 0.0908 0.0562 0.0913 0.0569 0.0910 0.0565
‘ﬂ' p 0.9330 0.9707 0.9323 0.9699 0.9327 0.9704
” R® 0.8705 0.9423 0.8691 0.9408 0.8699 0.9417
C 1.9633 0.1616 1.9670 0.1652 1.9845 0.1823
g m 0.2220 0.2155 0.2207 0.2143 0.2225 0.2160
2 S 0.1243 0.1053 0.1254 0.1065 0.1240 0.1048
< p 0.8262 0.8595 0.8229 0.8560 0.8273 0.8607
R® 06826 0.7387 0.6771 0.7327 0.6844 0.7408
Note:

SRSDAR = Square root and square damage accumulation rule;
LDAR = Linear damage accumulation rule;
SSRDAR = Square and square root damage accumulation rule;
ESR = Equivalent stroke range;
RR = Rotation range;
C, m = Constants in equation logQ2 = C + m logdu/N,;

s, p = Standard deviation and correlation coefficient respectively;

R? = Coefficient of multiple determination.
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Table 6.7: Comparison with previous test results: life based models

(engineering scale)

SRSDAR LDAR SSRDAR
Category Parameter
ESR RR ESR RR ESR RR

c 2.1961 2.2175 2.2064

E_ m  -0.3487 -0.3547 -0.3585
© I s 0.0548 0.0535 0.0534
- o -0.9430 -0.9456 -0.9459
R? 0.8892 0.8942 0.8947

c 2.2049 2.2097 2.1694

EE m  -0.3037 -0.2829 -0.2458
é é s 0.0158 0.0163 0.0263
=3 N -0.9844 -0.9835 -0.9565
R 0.9691 0.9672 0.9149

C 2.1519 2.1846 2.1809

E m  -0.3376 -0.3348 -0.3239
2= s 0.0465 0.0467 0.0533
n N -0.9661 -0.9659 -0.9552
R? 0.9334 0.9330 0.9125

C 2.1829 2.1646 2.0859

s m  -0.3358 -0.2990 -0.2405
° s 0.0617 0.0742 0.0990
< N -0.9586 -0.9397 -0.8898
R? 0.9190 0.8830 0.7918

Note:

SRSDAR = Square root and square damage accumulation rule;

LDAR = Linear damage accumulation rule;

SSRDAR = Square and square root damage accumulation rule;
ESR = Equivalent stroke range;

RR = Rotation range;
C, m = Constants in equation logQ = C + m logN,s;

s, p = Standard deviation and correlation coefficient respectively;

R? = Coefficient of multiple determination.
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Table 6.8: Summary of models

t

(mm)

Experimental

Expression

Recommended

8.3

11.9

All

logAS, = 2.1235 - 0.3464 logN,;
logA© = 0.2566 - 0.2983 logN,
logAS, = 2.0651 - 0.3300 logN,;
logA6 = 0.2562 - 0.3278 logN,;
logAS, = 2.1008 - 0.3565 logN,;
logA® = 0.2911 - 0.3410 logN,¢
logAS, = 2.1089 - 0.3546 logN,;
logA© = 0.2784 - 0.3314 logN,¢

logAS, = 2.0131 - 0.3464 logN
logA© = 0.1434 - 0.2983 logN,¢
logAS, = 1.9343 - 0.3300 logN,;
logA© = 0.1868 - 0.3278 logN,¢
logAS, = 1.9550 - 0.3565 logN,;
logA® = 0.2159 - 0.3410 logN,+
logAS, = 1.9791 - 0.3546 logN,;
logA© = 0.1886 - 0.3314 logN,¢

8.3

11.9

All

logAS, = 2.0300 + 0.1919 log(du/dN,)
logA6 =0.2440 + 0.1908 log(du/dNv)
logAS, = 1.9537 + 0.0876 log(du/dNv)
logA6 = 0.1515 + 0.2202 log(du/dNv)
logAS, = 1.9631 + 0.2667 log(du/dNv)
logA6 = 0.1638 + 0.2575 log(du/dNv)
logAS, = 1.9633 + 0.2220 log(du/dNv)

logA6 = 0.1616 + 0.2155 log(du/dNv)

logAS, = 1.8622 + 0.1919 log(du/dNv)
logA6 = 0.1510 + 0.1908 log(du/dNv)
logAS, = 1.7785 + 0.0876 log(du/dNv)
logA6 = 0.0331 + 0.2202 log(du/dNv)
logAS, = 1.7815 + 0.2667 log(du/dNv)
logA® = 0.0514 + 0.2575 log(du/dNv)
logAS, = 1.7147 + 0.2220 log(du/dNv)

logA6 = -0.0490 + 0.2155 log(du/dNv)

Note:

> 01 B~AW NP

All models are based on SRSDAR;

AS, = equivalent stroke range;

A© = rotation range;
N, = pseudo fatigue life;

du/dN, = pseudo deterioration rate of HLE;

The experimental models have a confidence of 50% and the recommended models

have a confidence of 97.72%.



Table 6.9: Evaluation of Dy, of full-scale pipe specimen

. R t o Oyt
Plpe Etr Etf Dm
(mm)  (mm) (Mpa)  (Mpa)
LCF16N1  10.59 12.42 0.5006 0.9987  489.00 829.52  0.8712
LCF20N1 9.28 6.79 0.3198 0.8084 497.00 830.01  0.8483
Note:
1 g, IS computed by Equation (5.4.2);
2 D,, is computed by Equation (6.3.2).
Table 6.10: Evaluation of D, of full-scale pipe specimen
Category 1 2 3 4 5 6 7 8 9 Sum
AS; (mm) 6.00 1250 15.00 16.00 17.00 19.00 26.00 27.00 47.00
2 AS (mm) 7.97 16.60 19.92 21.25 2258 2524 3454 3586 62.43
= Ng(cycle) 3400 200 7.00 300 400 200 100 075 050
9 Nyi(cycle) 23135 2952 177.0 1477 1246 912 378 340 7.2
D 0.0147 0.0068 0.0395 0.0203 0.0321 0.0219 0.0264 0.0220 0.0695 0.2534
AS;(mm) 650 10.00 12.00
g ASg (mm) 11.38 17.50 21.00
O Ngi(cycle) 1.00 25.00 29.00
2 N.si (cycle) 1207.4 348.1 205.7
Dgi 0.0008 0.0718 0.1410 0.2136
Note:
AS,; is obtained from Eqation (6.8.2);
N5 is computed from the following models:
logAS, = 2.1008 - 0.3565 logN,¢ for specimen LCF16N1,
logAS, = 2.1235 - 0.3464 logN,¢ for specimen LCF20N2;
3 Dei = Nei/ Ny,
Table 6.11: Evaluation of D of full-scale pipe specimen
Pipe Dm Dc D=D,>* + D¢
LCF16N1 0.8712 0.2534 0.9976
LCF20N1 0.8483 0.2136 0.9667
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Engineering stress

U. = Area enclofzsed by the line of ‘OABCDO’, afnd
U = Area enclosed by the line of ‘OABCEFDQ’

F

€ Engineering strain

Figure 6.1: Illustration of U and Uc

»

True stress

2
<

Ui = Area enclcfsed by the line of ‘OABCDO’, afnd
U: = Area enclosed by the line of ‘OABCEFD(’

D F

Eif True strain

Figure 6.2: Illustration of U; and Uy
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Figure 6.3: Illustration of calculating equivalent stroke range
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Figure 6.4: Typical deterioration diagrams of normalized axial load

247



1.0 ismmmrssanasnsn Iope: -0.005254 4 Opening  + Closing
=
g 208 Slope -0.070978
N o
E ;o 6 -
2 5 04 -
3
0.2 -
0.0 T T T T T T
0 10 20 30 40 50 60 70
a) TBR15A45530 Cycles
1.2
10 42g. Slope: -0.036204 ? Opening = Closing
= .
T O |
& 508 Slope: -0.046146
g S06-
o .£
Z 204 -
IS
0.2 -
0.0 T T T T T T T T ~DI
1 2 3 4 5 6 7 9 10 11 12
b) TSR15A45S50 Cycles
1.2
o Opening = Closing
1.0 Slope: -0.105650
[
g £08 -
= 9 .
g io 6 - Slope: -0.183900
o .£
Z 204
S
0.2 -
0.0 !
1 2 4
c) TBR15A45S80 Cycles
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Figure 6.6: Typical deterioration diagrams of normalized HLE
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Figure 6.7: Comparison with Das’ test
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Figure 6.8: Comparison between previous test and this test
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stroke range (mm)
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stroke range (mm)
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Figure 6.9: Equivalent stroke range and life-based models
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et
Recommended: =X
logA6 = 0.1434 -0.2983 logN ¢
10 100 1000
a) t=6mm Cycles to failure
Experimental
e logA® = 0.2562 -0.3278 logN ¢
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Figure 6.10: Rotation range and life-based models
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Equivalent

00

1
—_ Experimental: Xy
E | logaS, =20363 +0.1917log(dwdNV) /
% / - - —*’ 1
e NERPE R Recommended:
n -=-7
-1 logA S, = 1.8683 + 0.1917log(dw/dNV)
10
0.000 0.001 0.010 0.100 1.000
a) t=6mm dwdNv (1/cycle)
100
Experimental; * x

Equivalent
stroke range (mm)

logAS, =1.9583 + 0.2171lo

Recommended:
logA S, = 1.7819 + 0.2171log(du/dNv)

10
0.001 0.010 0.100 1.000
b) t=8.3mm du/dNv (1/cycle)
100
€ .
% Experimental: /
2 logA S, = 1.9684 + 0.2664log(dw/dNv) * o
E X P T
o < X X_ .- -
3 * .+ * T~ Recommended:
— | x-r logA S, = 1.7858 + 0.2664log(du/dNv)
10 .
0.000 0.001 0.010 0.100 1.000
¢) t=11.9mm dwdNv (1/cycle)
100 Experimental:
,é\ : Xy % X
£ | logaS; = 1.9670 + 0.2207log(du/dNV) . R
5] x ! X X X *
=2 —
E X X xX% X . _*_ NP .
% £ x X ||y =" 1
3 — -+ 7" Recommended:
10 AT logA S, = 1.7162 +0.2207log(du/dNv)
0.000 0.001 0.010 0.100 1.000
d) Alldata du/dNv (L/cycle)

Figure 6.11: Equivalent stroke range and deterioration rate-based models
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Rotation range Rotation range Rotation range

Rotation range
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Figure 6.12: Rotation range and deterioration rate-based models
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7 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 SUMMARY

Previous work has confirmed that the wrinkled pipes do not lose their safety and
integrity under the normal operating conditions if they have good ductility. And
the further investigation on limit states has found that the wrinkled pipes can be
fractured by either tearing or LCF under specific load conditions. This research
program focused on the LCF of wrinkled pipes, and was designed to develop the
LCF life prediction models for these wrinkled pipes. It consisted of three phases
of work: the strip tests, the full-scal e pipe tests and the FEA.

A strip specimen is a replica of a specific pipe wrinkle, and they have the similar
LCF behaviour. In the strip test program, atotal of 39 strip specimens were tested
by atotally reversed stroke-controlled loading method to investigate the impacts
of bend angle, bend radius, material grade, and stroke range on their LCF
behaviour and finally to develop the LCF life prediction models for the wrinkled
pipes.

In the full-scale pipe tests, a complicated loading procedure was developed to
form an encircled wrinkle around the pipe by bending and by axial compression
and to fracture the wrinkle by LCF. Most of the loading stage was a combination
of axia load, internal pressure and bending moment. A total of two specimens
were conducted to verify and to validate the LCF models devel oped from the strip
tests.

In the FEA, three models were developed. The first one was the strip model, and
it smulated the strip specimens under monotonic bending. By this model, the
residual true strain within the strip bend was analyzed. Furthermore, how to
evaluate the residual strain was discussed by comparing with the results of
measurement, theoretical analysis and FEA. The second one is the half-pipe
model, and it was designed to explore the effects of pipe geometry and interna
pressure on the wrinkle geometry, especialy the wrinkle radius. The last one is
the full-scale pipe model, and it was developed to simulate the full-scale pipe
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tests, and to provide a numerical solution to the full-scale pipe test. The model

provides the basis for applying the LCF life prediction models to full-scal e pipes.

Based on the experimental and numerical studies, two LCF life prediction models
for winkled pipes, named the life-based and deterioration rate-based models, were
developed using both equivaent stroke range and rotation range as the damage
parameters. The models were developed from the strip test results and further
verified with previous strip test results. The applicability of the prediction model
to full-scale wrinkled pipes was developed and verified by the results of the full-
scale pipe tests.

7.2 CONCLUSIONS

The following conclusions can be drawn from this research program:

o Srip Tests:

0 The results of the strip tests show that the crack initiation life can be
neglected and the fatigue life is the crack propagation life.

0 The propagation area is larger from the inside than that from the outside,
and this indicates that the opening stroke is more detrimental than the
closing stroke.

0 For the strip specimens, punch marks, tackle weld points and scratch lines
were the origin of crack initiation, they should be avoided as much as
possible in future tests.

0 Theresidual strain from theinitial bending (wrinkling) mainly depends on
the R/t ratio of strip bends or pipe wrinkles, and it decreases as the R/t
ratio increases. Moreover, it can be approximately evaluated by the
proposed formulas.

e Full-Scale Tests
0 Under the condition of cyclic axial deformation, the initiative of the failure
of full-scale pipesis governed by the seam weld.
0 The similar failure mechanism works for both the strip specimens and the
full-scale pipe specimens: cracks initiate from the multi-locations of both
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surfaces, and then propagate to the interior, and finally fracture the
specimens.

For specimens with very short lives, such as the specimen T6R15A45S80,
the fracture is dominated by the ductile failure mode; for specimens with
long lives, such as the specimen T6R20A60S20, the fracture is dominated
by fatigue; for specimens with medium lives, such as the full-scale pipe
specimens, the fracture isin a combination of fatigue and ductile mode.

By investigating the variation of local curvature over different gauge
lengths, the onset of wrinkling can be approximately captured, and the
location of wrinkle can be effectively located.

e Finite Element Analyses

(0}

The three developed FEA models work well, and they can be used for
further study.

The wrinkle geometry depends on the pipe dimension, global deformation
and internal pressure.

The wrinkle radius decreases as the D/t ratio increases and/or the internal
pressure decreases, and its development can be divided into three zones
during the postbuckling stage.

The wrinkle length is definition-dependent and a loose definition gives a
longer wrinkle length. But the length of wrinkle head is independent of the
definition.

When the wrinkle is fully developed, the global deformation will be totally

localized into the wrinkle area.

e LCF LifePrediction Models

(0]

By investigating the relative statistical and regression parameters, both
life-based and deterioration rate-based LCF life prediction models show
excellent agreement with the strip test results, including the test results
from previous test series.

By applying the LCF life prediction models to the full-scale pipe tests,
they exhibit good prediction ability.
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0 A new DAR, caled square-root square DAR (SRSDAR), works well
when considering the accumulation of the damage due to monotonic
loading and the damage due to cyclic loading.

0 The damage due to monotonic bending (or winkling) is directly related to
the residual strain, and it shortens the LCF lives of strip specimens and

wrinkled pipes.

7.3 RECOMMENDATIONS

Based on this research program, the following recommendations can be made for
the future work to further the understanding of the LCF behaviour of wrinkled
pipes:

e More strip tests are necessary to fill the gap of the fatigue life range
between 30 to 100 cycles, especially between 80 to 100 cycles. This will
make the LCF test results evenly distributed, so the data base of LCF life
prediction models can be consolidated.

e In the field, the cyclic loadings have widely varied amplitudes, and
correspondingly, the wrinkled pipes will experience wider fatigue life
gpans than those studied in this program. Therefore, the domain of LCF
life should be extended further to 1000 or more to investigate the validity
of the devel oped models.

e Based on the observation that the opening stroke is more detrimental than
the closing stroke, the effects of the mean stroke and the ratio of minimum
stroke and maximum stroke on the LCF behaviour should be studied.

e The LCF behaviour of the seam weld should be investigated, and the
investigated parameters should include the material grade (especialy high
strength steel), weld process, and weld geometry.

e Specific research program should be designed to verify or to confirm the
crack initiation mechanisms proposed in this research program.

e The loading procedure of the full-scale pipe tests should be improved to
more strictly control the cyclic deformation, so the proposed models can
be more effectively verified and validated. For example, the full-scale pipe
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specimens can be cyclically loaded by rotation instead of by axial

deformation.
e Fied tests should be planned to investigate the actual loading spectra

generated from operational, environmental, and geotechnical effects.
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Figure A.4 Pictures of fracture surface: strip specimen series of T8R20
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Figure A.5 Pictures of fracture surface: strip specimen series of T12R15A45
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Figure A.6 Pictures of fracture surface: strip specimen series of T12R15A60
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APPENDIX B

IMPERFECTION ANALYSIS
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In the past decades, both of experimental and theoretical works were done to
evaluate the influence of initial imperfections on the buckling load, e.g. Bushnell
(1985), Singer (1982), Babcock (1972) and Dorey (2001). Also some researcher
explored how to process the measured imperfection data, such Arbocz and
Babcock (1969) and Dorey (2001), but none of them can be applied to this

research program directly.

In Section 4.1.3.1, the geometric imperfection measurement method used in the U
of A was introduced, so the following will focus on the analysis of those

measured imperfection data.
Bl SYSTEMATIC ERROR

Although the measuring apparatus can be very advanced and precise, it is
impossible to make the axis of central rail and the axis of pipe exactly coincident
and the deviation between these two axes does always exist. The reason is that no
one knows where the axis of the pipe exactly is before any measurement is done.
The deviation can exist in two ways: one is the offset as shown Figure B-1a, and
the other is the inclination as shown in Figure B-1b. The errors induced by this
deviation are systematic errors and they have to be removed from the measured
data.

B2 DATA PROCESS

The geometric imperfection is defined as the deviation from the perfect shape (see
Figure B-2, so the imperfection greatly depends on how the perfect shape is
defined. For this test, the measured pipe is a cylinder, so the cylinder can be taken
as its perfect shape. Now, the problem becomes to how to determine the radius of
this cylinder from the measured data. The following will focus on how to get the

radius by the least-squares fit of the measured imperfection data.
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B2.1 ESTABLISH THE ANALYSIS MODEL
ASSUMPTIONS

Before deriving the relative formulas, the following assumptions will be made at
first:

1 The perfect shape of the pipe is a cylinder;

2 The central rail is a perfect straight prism;

3 The central rail is rigid enough to keep its straight shape at any time.
PROBLEM DESCRIPTION AND COORDINATE SYSTEM

The problem can be illustrated in Figure B-3. In this figure, the cylinder is
considered as the perfect shape of the pipe, and it has a radius of R. Point ‘P;’ is
on the inside wall of the pipe, and plane ‘i’ is vertical to the central rail and is
formed by the rotation of the tailor fitted carriage at a specific elevation. Two sets
of coordinate system are also shown in this figure: one is the xsyszs system, and
the other is the xyz system. ‘0 is the origin of the Xsyszs coordinate system, and it
is located at the center of the bottom cross section of the cylinder; ‘0’ is the origin
of the xyz coordinate system, and it is exactly the intersection point of the central
rail with the bottom cross section of the cylinder. In the xyz coordinate system,
the z axis is normal to the plane ‘1’, the x axis is parallel to the cross section of the
cylinder, and the y axis is determined by the right-hand rule. In the Xgyszs
coordinate system, the zs axis is exactly the axis of the cylinder and has the same
positive direction as the z axis, the X axis is parallel to the x axis, and the y; axis
is determined by the right-hand rule. Point ‘1’ and point ‘1¢ are the intersection
points when the z axis and z; axis cross the top surface of the cylinder
respectively, and similarly, point ‘C;’ and point ‘Cy’ are the intersection points
when the z axis and zs axis cross the plane ’i’ respectively. Rp; is the length of line
‘CiPy’, and it can be read from the LVDT,; R; is the length of line ‘CsP;’, and it can
be obtained by using the geometric relations. Then the imperfection at this point is
the distance from this point to the surface of the cylinder, and it can be designated

as AR;. In plane ‘i’, O is the radial location recorded by measurement, and 6 is
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the angle between the zero radial location and the xz plane. Finally, it is necessary

to state that the objective of this analysis is determining AR;.

After describing the problem and establishing the coordinate systems, then the

problem can be solved step by step as follows.
CONVERSION I: MEASURED DATA TO COORDINATE SYSTEM xyz

The conversion is shown in Figure B-4. From this figure, the following relations

can be easily obtained:

X = RmiCOSGi
yi = RmiSin Gi (Al)
Zj = Zoj

where,

Xi, Yi, Zi = coordinates of point Pi in the xyz coordinate system,
Rmi = distance from point ‘C;’ to ‘P;’,

Z0i = z coordinate of point ‘C;’, and

0i = Omi + Oo.
(A.1.1)

CONVERSION II: xyz SYSTEM TO X¢yszs SYSTEM

The conversion is shown in Figure B-5. From this figure, the following relations

can be obtained:

X5i = Xj + X¢j

Yfi = Yi COSaL+ Yo (A.2)
Zg =Zjcosa+ R, cosq;

where,
X, Vi, Zsi = coordinates of point Pi in the Xgyszs coordinate system,
a = inclination angle of the z axis from the z; axis,

o = angle formed by the line ‘CiP;’ and its projection on the xsys plane, and it is
given by:
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L} 0<6; <17r
/2 2
o = o(n=9;) lnsei <§7r (A.2.1)
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Xtoi and Ysoi = xf and yf coordinates of point ‘Ci’, and they are given by:

Zo; -
Xf0i = Xfoo T Z—' €01 — %00
01 (A.2.2)

Z .
_ Qi

Yoi = Yoo + = €01 — Ysoo
Zoyy

In Equation (A.2.2), X0, Yoo, Xfo1, and Yso1 are the x; and ys coordinates of point
‘0’ and point ‘1’ respectively. zZp; is the z coordinate of point ‘1°, and zg; IS the

same as before.

In addition, the inclination angle can be obtained from the following equation:

) )
\/((f01 —Xs00 o+ ¥ro1 — Yoo -

Zoy

sino =

(A3)

CYLINDER FITTING

After the above conversions being made, the imperfection at an arbitrary point
can be expressed as:
AR, =R, -R (A4)

where,

R =/X{ +Y5 (A4.1)

In the above equations, only Rpi and 6, are knowns, the other parameters are all
unknowns. It can be easily identified that there are six independent unknowns,
here selecting R, X0, Y00, Xfo1, Yror and 6. To get those unknowns, the least

square rule can be employed as follows.

The summation of the squares of the errors can be given by:
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ER=Y @ -R? (A5)
i=1

where, n is the size of the sample of measured imperfection data.

Then to minimize ER, its derivative has to be equal to zero, i.e. the partial
derivatives of ER with respect to the six independent unknowns have to be zero.

By setting those partial derivatives equal to zero, six equations can be got as

follows:
iR/
OER il
—0=R =il A.6

= . (A.6)
OER =0:>%Xﬁ(1_ﬁJ( _&j:o (A7)
8Xf00 i=1 Z]_ R

OER :o:iyﬁ(l—ﬂj( _&j:o (A8)
¥t00 i1 2 R

OER =o:>ixﬁzi(1—&J=0 (A9)
Yto1 i=1 R
@zojiRmi[l—%)((ﬁ sin 0, —y; 0sH; =0 (A.11)

0 i=L

Equation (A.3) and Equations (A.6) ~ (A.11) consist of a set of simultaneous
equations. It is obvious that those equations are nonlinear, so numerical method
has to be employed. By solving those seven equations, the above mentioned six
unknowns and angle ‘a’ can be obtained. Therefore, the imperfections at the

measuring points can be determined from Equation (A.4).
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B3 RESULTS AND DISCUSSION
RESULTS

Applying the method developed on above to the full-scale pipes, the
imperfections of 16 inch pipe and 20 inch pipe can be obtained and the results are

shown in Figures B.6 and B.7 respectively.
DISCUSSION

As introduced previously, the measured data are relative values which indicate the
changes of the distance from the intersection point of the central rail and the tailor
fitted carriage to the inside of the pipe wall along the carriage. But the data
required in the above equations are absolute values, Rm;. In this research program,
the values of Ry, were assumed to the sums of the measured data and the nominal
inside radius of the pipe. To check the sensitivity of this assumption to Rp;,
various values were tried, and the results show that a 100 mm difference in Ry
only leads to a maximum error of 0.1 mm. Therefore, it can be concluded that

using the nominal inside radius of the pipe can give enough accuracy.

It is also obvious that all unknowns can be found by the least-squares methods
from the measured imperfection data, and this brings a couple of benefits. One is
that there are no alignment requirements for setting the measurement apparatus,
and the other one is that there is no need to conduct additional measurements to
get the absolute values of Ry,;. In addition, the process of data can be carried out
in computer automatically by running a pre-developed program. Therefore, this
method not only greatly simplifies the measurement, but also waives the manual
process of data.
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Note:
x = circuferential angle in degree, y = axial distance in m, and z = imperfection in mm.
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Figure B.6 Imperfect of 16 inch pipe
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Note: X
x = circuferential angle in degree, y = axial distance in m, and z = imperfection in mm.

Figure B.7 Imperfect of 20 inch pipe
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