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ABSTRACT

Steel pipelines buried in cold regions are subject to thermally induced axial loads, hoop
stresses caused by the action of the fluids they convey, and differential settlements caused
by factors such as thaw settlements, frost heave, and land slides. Due to these loads,
pipelines may experience localized deformatioﬂs well into the plasticity range of the pipe

material,

An experimental program consisting of seven tests was designed in order to investigate
and document the deformational behaviour of fuli-scale pipes subjected to loads similar
to those in the field. The specimens and loading conditions were carefully selected to

match those in the fiecld

A finite element model was developed using the finite element simulator ABAQUS in
order to predict the local buckling behaviour of pipes. The finite element model was
based on a large displacement-large rotation-finite membrane strain formulation and
included material non-linearity effects. The comparison between the numerical and the
experimental results demonstrates the ability of the analytical model to predict the local

buckling behaviour of pipes when deformed well into the post-yield range.

The parameters that may influence the local buckling behaviour of the pipes are
identified. The numerical model is used to perform a series of 27 parametric runs. The
results of the parametric runs are integrated into equations for predicting deformation

limits for pipelines based on a number of proposed deformation limiting criteria.
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List of Symbols

Latin Characters

a

do

ovalization of the pipe wall at the maximum compression fiber of a pipe subjected

to bending (Gresnigt formulation)
the cross-sectional area of the pipe

the area of the pipe cross section subjected to longitudinal compressive stresses
the area of the pipe cross section subjected to longitudinal tensile stresses
undeformed cross-sectional area of a tension coupon

cross-sectional area of a tension coupon in the deformed configuration

( i=1,6) constants to be determined by regression analysis

axial compressive force in the pipe that is to be maintained constant in an active

test

distance (in the deformed configuration) between the centroids of two cross
sections located at the ends of a pipe segment that is used to compute local

curvature

distance (in the undeformed configuration) between the centroids of two cross
sections located at the ends of a pipe segment that is used to compute local

curvature
outside diameter of a pipe cross section

average diameter of a pipe cross section



D;  pipe diametric differential = (D, — D, )/D

D, pipe diametric expansion = (D, + Dy )/ D

D, largest outside diameter of a pipe deformed cross section

D,  smallest outside diameter of a pipe deformed cross section

e eccentricity of the force F

E modulus of elasticity of the pipe material

F eccentric load applied to the specimen

Fy  horizontal frictional force acting on the knife edge

Fes fyp fa equivalent nodal forces of a finite element in the global directions

h distance from the edge of the knife edge (the point of application of the concentric
load P) to the end of the specimen

I moment of inertia of the pipe cross section about the axis of bending

L overall length of a pipe specimen

Ly buckied length of a pipe specimen

Lq distance (in the deformed configuration) between the two points on the pipe mid-
surface at the intersection of the maximum compression fibre and each of the two
end cross sections of a pipe segment. (Used to compute local curvature)

L, distance (in the undeformed configuration) between the two points on the pipe

mid-surface at the intersection of the maximum compression fibre and each of the

two end cross sections of a pipe segment. (Used to compute local curvature)

gage length in a tension test ( = 50.8 mm)



Iy deformed gage length in a tension test

M end moment

M., predicted moment capacity

Mg, internal moment as determined from finite element analysis

M; iﬁternal moment

ME ,,max Maximum plastic moment capacity assuming a hoop stress of G'g

Mé’m p, Plastic moment capacity assuming a hoop stress of G4 and an axial load of P,

my

dimensionless plastic moment capacity

m,my,m, equivalent nodal moments acting on a finite element in the global directions

oD

Or

Oy

plasticity exponent in a Ramberg-Osgood stress vs. strain curve

outside diameter of a pipe cross section

pipe cross section out of roundness = (D — D; )/D

pipe cross section ovalization = 2(D, - D, )/(D; + D;)

pressure acting on pipe

dimensionless axial force
concentric load applied to the specimen

thermally induced axial compressive force in the pipe

net axial force acting on a pipe cross section



P axial force applied to the ends of laboratory specimen in order to compensate the

closed end effect of the internal pressure

static axial load recorded in a tension test

B, total axial load to be applied to a pipe test specimen
P,,; total axial load felt by the pipe specimen

B,  axial load in the pipe due to Poisson’s ratio effect

R average radius of curvature for longitudinal bending
Tav average of the external and internal radii of pipe cross section

internal radius of the pipe cross section

-t

/ average radius of pipe cross section modified for ovalization
SMYS specified minimum yield strength
t thickness of a pipe cross section

the ambient temperature at the time the pipe is welded into the line
the pipe operating temperature

7 nodal displacement in the global i direction (i=1, 2, and 3)

w weighting function determined from the post-buckling slope of the moment
curvature diagram
x ratio of outside diameter to thickness of a pipe cross section = 0D/t

y ratio of axial load caused by temperature differential to axial yield load

b4 ratio of hoop stress to yield strength



(Ec_g_, Yo g.,zc. g.) coordinates of the centroid of a pipe cross section in the deformed

configuration

(x,-. Yo zi] coordinates of node i of a given pipe cross section

(x,f Yo, z;)coordinatcs of node » in element ¢ in the deformed configuration

;c distance between the centroid of the compression area of the pipe cross section

and the centroid of the whole pipe cross section

¥, distance between the centroid of the tension area of the pipe cross section and the

centroid of the whole pipe cross section
Greek Characters |
o coefficient of thermal expansion for the pipe material =11.7x107 /°C
B ratio of the hoop stress to the yield strength of a pipe
jack extension
A compression of the specimen
Ar relative displacement between the jack ends
Al  eclongation of gage length of 50.8 mm, as measured in a tension test

Ap movement of the compression head of the testing machine
€ longitudinal strain measure (defined in Section 5.3.8)

£, engineering tensile strain as obtained in a tension test

€5, longitudinal compressive strain associated with the limit point determined by

Equation 5.44



FEA
€ lim

€095

FEA
€095

€159

£0.08

P,

longitudinal compressive strain associated with the limit point determined from

finite element runs

longitudinal compressive strain associated with the 95% post-buckling moment

capacity determined by Equation 5.46

longitudinal compressive strain associated with the 95% post-buckling moment

capacity criterion determined from finite element runs

longitudinal compressive strain associated with 15% ovalization
longitudinal compressive strain associated with 8 % hoop strain
engineering tensile strain as obtained in a tension test

critical (buckling) strain as determined from an eigenanalysis

rotation of the top or bottom loading arm

rotation of the bottom end of the tested specimen
nodal rotation around the global i axis (i=1, 2, and 3)

angle between the normals of the two planes passing through the end cross

sections of a pipe segment used in computing local curvature.

rotation of the top end of the test specimen
sum of the top and bottom rotations = 6, +8,
half of the angle subtending the area of the pipe cross section subjected to tension

global curvature

local curvature



©,;, local curvature at the limit point

Dro.9s

local curvature at the point of 0.95% moment capacity in the post-buckling range

of deformation

ratio of the elastic modulus to secant modulus

ratio of the elastic modulus to the tangent modulus

Poisson’s raﬁo

longitudinal compressive stress in the pipe wall that would cause the pipe material

to yield according to the Von-Mises criterion

engineering tensile stress as obtained in a tension test
hoop stress in the pipe wall

longitudinal stress

longitudinal stress in the pipe due to the closed end condition

true tensile stress

longitudinal tensile stress in the pipe wall that would cause the pipe material to

yield according to the Von-Mises criterion

yield stress of the pipe material (stress corresponding to 0.5% strain)

circumferential stress



1. Introduction

1.1 Background to the Problem

Buried pipelines are subject to a number of loading conditions. These include internal
pressure caused by the action of the fluids they convey, axial forces due to thermal
effects, and bending induced by differential settlements. The latter type of deformation
might be caused by factors such as slope movements, frost heave, and thaw settlements.
Consequently, differential soil movement can represent a major design consideration in

the design of buried pipelines.

1.2 Design of Pipelines in Current Practice

Clauses 5.2.3 and 5.3.2.1 of the Canadian code for oil pipeline systems, CAN/CSA-Z183-
M90 (Canadian Standard Association, 1990), limit the maximum internal pressure acting
on a pipe to that which will produce a hoop stress of 80% of the Specified Minimum
Yield Strength (SMYS) of the pipe material. According to Clause 5.6.2.1 of the code,
. axial forces caused by temperature differentials are limited to values that do not cause the

pipe steel to yield according to the Tresca criterion.

Potential causes of imposed deformations on buried pipelines are recognized by the code
{Clause 5.1.4). These are slope movements, fault movements, seismic related movements,
frost heave and thaw settlements. Clause 5.2.1.3 requires the designer to set criteria for
pipe denting and wrinkling that limit excessive deformations resulting from these factors,
based on non-linear modeling of pipe. The nature of the deformation criteria to be used,

as well as the selection of the method of analysis, are left to the judgment of the designer.



1.3 Need to Limit Deformations

Excessive deformations can lead to one of at least two modes of failure in a pipeline. The
first mode can occur when the pipe cross section undergoes ovalization under imposed
deformation. If the least diameter of a deformed pipe cross section becomes too small, it
can prevent the passage of pigging devices used-in the monitoring of the pipeline, leading
to an operatjonal failure of the pipeline. In addition, the deformation of the cross section
in the manner described can affect the flow capacity of the pipeline significantly,
affecting the functionality of the pipeline. The second mode can occur when the pipe
cross section exhibits an outward bulging. If the cross section becomes too inflated at an
outward bulge buckle, high tensile hoop stresses occur in the pipe wall and may reach a

level where rupture of the pipe material may can place.

1.4 Theoretical Concepts in Pipe Local Buckling

Two types of local buckling can occur in a pipe. These are non-linear collapse buckling
and bifurcation buckling. The two types of local buckling are explained in the following

sub-sections.

1.4.1 Non-linear Collapse Buckling

As a loading system is applied to a pipe made of an elasto-plastic material, the pipe
undergoes deformation. At the beginning of the deformation response, the slope of the
load vs. deformation curve corresponds to that of the elastic stiffness of the pipe. Due to
geometric and material non-linearities, the slope of the curve becomes flatter as the pipe
undergoes further deformation (see Figure 1.1). Eventually, the applied load vs.
deformation curve reaches a point of zero slope. The point where the slope of the applied
load vs. deformation curve is zero is referred to as the limit point. If the pipe is subjected
to further imposed deformation, the load vs. deformation curve exhibits a drop in the load

carrying capacity of the pipe, characterized by a negative slope of the applied load vs.




deformation curve. The non-linear load deformation path can be predicted by means of a

non-linear incremental analysis.

Non-linear collapse occurs when the stiffness of the structure is zero or negative and the
loading acting on the pipe is maintained constant (active system of loading) as the pipe
deforms. The cylinder undergoes sudden collapse, characterized by very large

deformations in an almost instantaneous manner.

1.4.2 Bifurcation Buckling

Bifurcation buckling is a different type of instability. Structures with no imperfections are
susceptible to this kind of behaviour. At the beginning of the load vs. deformation
response, the pipe response follows the initial equilibrium path (called the primary path)
until it reaches a point in the load deformation response where the pipe may possess two
(or more) different possible equilibrium paths (see Figure 1.1). Starting from this point,
the pipe may follow a new deformation pattern, referred to as the secondary path. In the
case of a cylinder, the slope of the secondary path of the load vs. deformation curve is
typically negative. The point where a primary path intersects with a secondary path is
referred to as a bifurcation point. The detection of bifurcation points, as well as the
corresponding deformation patterns, can be accomplished through eigenvalue analyses.

Bifurcation points may occur either before or after the limit point.

In a real structure, imperfections caused by geometric irregularity, material non-
uniformity, and residual stresses induced during manufacturing and transportation
processes can take place. These imperfections contain or result in components of both the
pre-buckling and post-buckling deformation patterns. Therefore, bifurcation buckling
cannot occur in a real structure. For the case of a cylinder with imperfections, the load vs.
deformation curve does not exhibit the kinks as observed in the case of a perfect cylinder
at points of bifurcation (see Figure 1.1). However, the load vs. deformation curve of a real
cylinder approaches that of a perfect cylinder as the magnitude of imperfections in the

real cylinder decreases.



The pre-buckling range of deformation is the range of deformatiorn preceding a
bifurcation or limit point. The post-buckling range of deformation is the range of

deformation occurring after a bifurcation or limit point.

1.5 Categories of Deformation Limits

1.5.1 Longitudinal Compressive Strain

Among other researchers, Bouwkamp (1973), Workman (1981), and Kim and Velasco
(1988) suggest the use of the extreme fiber compressive strain as a measure upon which
to establish local inelastic buckling criteria. The selection of strain rather than stress in
limiting deformations of pipes under buckling is based on two reasons. On the one hand,
strains are easier to measure or estimate in the field. On the other hand, the stress vs.
strain relationship is generally flat in the plastic range of deformation of the material, and
a smal] variation in stresses corresponds to a Jarge variation in strains. Therefore, stress is

a poor measure upon which to base post-yield buckling criteria.

In the pre-buckling range of deformation, longitudinal compressive strain magnitudes do
not depend on the gage length, as confirmed by the measurements of Bouwkamp (1974).
" After the strains become non-uniform, (i.e., develop regions of strain localization) they
become dependent on the gage length used for strain measurements. In the post-buckling
range of deformation, for the same local buckle the longitudinal compressive strain
averaged over a small length of a buckled pipe segment is higher than that based on a
bigger length of the same pipe. It is important therefore, in the post-buckling range of
deformation, to mention the gage length used for the evaluation of strain measurements of

a deformed pipe segment in order to fully describe its state of deformation.

Limits for longitudinal compressive strains can be based on a number of criteria. Some of

the criteria adopted by researchers are presented in the following sub-sections.



1.5.1.1 Buckling Initiation Criterion

Longitudinal compressive strains at which the initiation of buckling of the pipe wall was
observed were measured and documented in the full-scale tests performed by Bouwkamp
and Stephen (1973, 1974). A rigorous measure in determining the initiation of buckling
during the test was not reported by the authors, and one may assume that buckling
initiation was visnally determined. No records of strains after the initiation of buckling
were taken. However, from the shape of the moment vs. curvature curves reported, it may

be inferred that all the reported strains were all in the pre-buckling range of deformation.

The longitudinal strains were measured using strain gages and clip-gages. The gross
strains based on clip-gage measurements were averaged over the whole length (3048 mm
or 10 ft) of pipe section. Strains as determined by clip-gage and strain gage
measurements agreed within 5% in some of the specimens tested. The greatest difference

between the two methods of strain measurement was 30% .

As described following, Lara (1987) used the measurements from the Bouwkamp and
Stephen (1973, 1974) tests in order to set limits for compressive longitudinal strains for

the pipes tested.

1.5.1.2 Rapid Wrinkle Growth Criterion

Lara (1987) performed analyses on pipe segment geometries and conditions of the
Bouwkamp tests (1973). The analyses were based on the elbow elements of the finite
element program ABAQUS. He suggested adopting the longitudinal compressive strain
after which a rapid wrinkle growth is detected as rational deformation limiting criterion.
An exact definition of rapid wrinkling growth was not explicitly stated in Lara’s paper
(Lara, 1987). However, it is inferred that rapid wrinkle growth was associated with a
rapid change in wrinkling curvature on the compression side of the specimen with respect

to the change in the overall curvature of the specimen.



According to Lara (1987), the rapid wrinkle growth criterion yielded higher limits on
longitudinal compressive strains than those based on buckling initiation. For a pressure of
0.17 MPa, the strain based on rapid wrinkle growth criterion was 0.40% versus 0.30% for
the initiation of buckling criterion. For a pressure of 6.35 MPa, significantly higher
strains were obtained. The rapid wrinkle growth criterion yielded values in the 2.5% to
3.0% range versus a value of 0.55% at the initiation of buckling as determined by
Bouwkamp and Stephen (1973 and 1974) for identical pipe geometry and loading

conditions.

1.5.1.3 Peak Moment Criterion

Murphey and Langner (1985) observed that buckling deformations grow rapidly in thin
cylinders after the point of maximum moment. Therefore, they adopted the compressive
strain corresponding to the maximum moment as a deformation limit. This limit state
definition is suited for cases where abrupt drops in the bending moment take place, i. €.,
for unpressurized pipes. An example for the use of the peak moment criterion in
determining of longitudinal compressive strain limits is given in the experimental work of

Prion and Birkemoe (1988).

Reddy (1979), following a series of tests on aluminum pipes, realized that curvatures (or
strains) are more adequate measures of local buckling than are moment capacities. This
was due to the fact that the moment vs. curvature diagram of the tests exhibited a flat
plateau. Where the moment vs. curvature relationship of a pipe exhibits a flat plateau, as
is the case for highly pressurized pipes in general, the point of significant softening in a
moment curvature diagram (Zhou and Murray, 1993) becomes a more precise description

of a deformation limit state.

1.5.2 Cross-Sectional Deformation

Ovalization of a pipe cross section occurs when a thin pipe undergoes curvature under

flexural stresses. This phenomenon was described and studied by Gresnigt (1986). The



hoop stresses in the neighborhood of the extreme compression and tension fibers of a pipe
subject to curvature have components that force the pipe wall at these region to move
towards the centroid of the pipe cross section. Gresnigt (1986) suggests limiting pipe out-

of-roundness O, to (.15, where

0, =——(D;D‘) (1.1)
The symbol D denotes the original outside diameter of the pipe and D; is the smallest
outside diameter of the deformed cross section. Price and Barnette (1987) suggest
adopting the same expression as a deformation Jimit state for buried pipelines. In a later
paper, Price and Anderson (1991) give arbitrary limiting values for out-of-roundness (or
ovalization) of 15% for unpressurized pipes and 6% for fully pressurized ones. The out-
of-roundness expression was originally intended to limit cross section ovalization.
However, the criterion may be extended to complex deformation patterns of pipe cross |

sections such as diamond shape buckling.

Row et al. (1987) defined another limit on ovalization O, expressed as

— 2(D1 = D,)

* (D+D) o

where D is the largest outside diameter of the deformed cross-section. In the same paper

the authors suggested limiting the magnitude of O, to 7.5% for pipes subjected to
deformation controlled loads where it can be demonstrated based upon detailed inelastic

analyses that sectional collapse will not occur as a result of excessive deformation.

The pipe diametric differential D; is a slightly different expression proposed by Zhou and
Murray (1993), and defined as

D,-D
D,,:—( ’D 3) (1.3)



in which D, is the largest diameter. Since the passage of pigging devices through a

pipeline can be hindered only by the smallest diameter of the deformed cross section, it
seems more appropriate to adopt Gresnigt’s expression as a deformation limit state for
this purpose. Consequently, Equation (1.1) will be used in computing the deformation

limits based on ovalization presented in Chapter 5.

1.5.3 Tensile Hoop Strain

Zhou and Murray (1993), introduced a pipe cross section deformation descriptor intended
for outward bulge type of buckles. This measure, called the diametric expansion, D,, is

defined as

—_ (Df +Ds)
D

D, (1.4)
Imposing limits on the diametric expansion for a given pipe indirectly limits the
circumferential hoop stresses at the crest of the buckle and prevents it from rupturing

under high pressure. It may, therefore, constitute a deformation limit state for pipes.

A more direct approach of tackling the problem is to limit the tensile hoop strain at the
crest of outward bulges to the strain at the ductility limit of the pipe material. Limits on
ductility for longitudinally welded steel pipes in the transverse direction are given in
Clause 8.2.1.1 of the Canadian code for steel line pipe, (Canadian Standard Association,

1993). This approach will be used in setting one of the deformation limit states criteria in

this rescarch.



1.6 Deformation Limits for Unpressurized Pipes

1.6.1 Elastic theory

The buckling strain for an axially loaded elastic cylinder, as determined by eigenvalue
analysis based on an elastic small strain theory, is presented by Timoshenko and Gere

(1961). For a steel pipe with a Poisson ratio of 0.30, the critical strain is

t
g, =121— 1.5
or D (1.5}

av

where € = critical strain; ¢ = thickness; and D, = mean diameter. This value of strain is

for the case of no bending and no internal pressure. The buckling configuration, as

determined from eigenanalysis, follows a series of sinusoidal waves over the length of the

cylinder.

It was found by Seide and Weingarten (1961), that critical strains based on bifurcation
buckling for elastic cylinders subjected to bending are practically equal to those for
cylinders of the same cross-sectional geometry subjected to uniform axial loading
(Timoshenko and Gere, 1961). This finding was conservatively extended by Workmans
(1981) and Kim (1992) in the computation of critical strains for pipes made of elasto-
plastic material and subjected to bending.

1.6.2 Inelasticity of the Pipe Material

Batterman (1965) accommodated material plasticity in a procedure similar to that
followed by Timoshenko and Gere (1961) in determining critical elastic -buckling strains.
The analysis of Batterman was accomplished through the use of reduced and tangent
modulii of elasticity. Both the deformation theory and the incremental theory of plasticity
were used in the analysis. Comparison with experimental results showed good agreement
with the results obtained using the deformation theory of plasticity. The elastic-plastic

buckling strain was expressed as
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e, = Y, X — (1.6)
S, ~@-20)] Do

for the incremental theory of plasticity, if no unloading is allowed to take place, and

e, = v, _x— (1.7)
JBw, +2-ap)y, -(1-2u) Da
for the deformation theory of plasticity. In equations (1.6) and (1.7), Wy, = ratio of the

elastic modulus to secant modulus, ¥, = ratio of the elastic modulus to the tangent

modulus, and | = Poisson’s ratio.

Expressions for buckling strain based on the point of maximum bending moment are

given by Langner (1984) as

!
g, =050— 1.8
or D, (1.8)
This equation was suggested so as to provide a lower bound of limiting strains for pipe of

a diameter to thickness ratio of less than 50. Another equation given in the same paper is

Sc,=(41; y (1.9)

ay

Both Equations 1.8 and 1.9 are based on the experimental results of 40 tests. Ellinas et al.
(1987) proposed an empirical equation of the same form as Equation (1.5) for inelastic
bifurcation buckling strain and based on the experimental results of Reddy (1979) and
Gellins (1980). The equation is

t
g, =0.60 1.10
cr D ( )

av
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Equation 1.10 is valid for cylinders made of steel with a low strain hardening modulus

and when subjected to pure bending.

Prion and Birkemoe (1988), conducted a series of twenty two tests on 450 mm OD
specimens and diameter to thickness ratios between 51 and 100 with yield stresses of 250
to 450 MPa. Specimens were subjected to various combinations of axial forces and
bending. One of the useful outcomes of this series of tests was the recording of

longitudinal compressive strains corresponding to maximum moments.

1.7 Deformation Limits for Pressurized Pipes

Bouwkamp and Stephen (1973, 1974) performed a series of seven tests on full scale
pipes. The tests were conducted on 1219 mm. (48 in.) diameter pipes, with an 11.7 mm
(0.462 in.) wall thickness. The pipe material was grade X60 steel. The pipes were
subjected to an axial load corresponding to a temperature differential of 75 C° (135° F)
and internal pressure magnitudes of 0.172 MPa (25 psi) and 6.35 MPa (917 psi).
Longitudinal compressive strains were recorded at the point of initiation of buckling. Lara
(1987) used these test results to set limits for longitudinal compressive strains based on
the measured values. For internal pressure magnitudes of 0.172 and 6.35 MPa (25 and
917 psi, respectively), the suggested limiting strains were 0.30 % and 0.55%,

respectively.

These results were verified by an approximate method of analysis proposed by Popov
(1973, 1974). The analysis consisted of two steps. First, an axi-symmetric analysis is
performed in order to obtain the buckling characteristics of a pipe under the action of
axial loading and internal pressure. A relationship is obtained between the axial stress and
the average axial strain. This relationship is subsequently used as a material model in the
modeling of the specimen under bending deformation. The pipe cross section is assumed
to remain circular in the bending analysis. This approach was criticized by Lara (1987).

The first criticism is that the axi-symmetric relation inadequately models diamond shape
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buckling that is characteristic in the cases of low internal pressure. The second is that the
assumption that pipe cross section remains circular is inadequate for large deformations
in the post-buckling range of pipe deformation. The third is that the material constitutive
model obtained in the first step of the analysis is dependent on the length of the specimen

considered.

Workman (1981) suggested limiting the longitudinal compressive strain at the extreme
fiber of a pipe segment subjected to axial loading, internal pressure, and bending to that
of the strain at buckling of an axi-symmetric case of the pipe subjected to the same
internal pressure. This approach is judged by the writer to be overly conservative since it
neglects the effect of the compressive strain gradient that takes place in a pipe subjected
to bending. The analysis was based on the deformation theory of plasticity and the
mathematical formulation of Vol’'mir (1966). Kim (1992) performed a parametric study
based on the axi-symmetric assumption, using a different formulation than that derived by
Vol’'mir. The parameters investigated included the diameter-to-thickness ratio, the

internal pressure effect (hoop stresses), and the material properties.

Gresnigt (1986), conducted an experimental program on pipes subjected to bending. He
developed an analytical model based on an elasto-plastic material representation in order
to mode] the behaviour of pipes subjected to axial force, bending moment, and to internal
pressure. The analytical model accommodated ovalization of the pipe cross section due to
bending. The solution was based on an idealized el'astic-pcrfectly plastic stress vs. strain

representation. Expressions for the critical strains were obtained as

2 .
e, = 0.25-—’1——0.0025+3000[EJ L 1.11)
r El/] p

i

which is valid for —— < 60 , and in which
3
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= 'm_;ia (1.12)

1-=

r

av

and ais the ovalization at the maximum compression fiber and r,, is the average radius
of the pipe cross section. In Equation 1.11, E is the modulus of elasticity of the pipe; I

is the moment of inertia; and p is the pressure acting on the pipe. It is positive for internal

!
pressure. For Lt- > 60, the following expression is suggested

g, = 0.1oi,+3ooo[&]M (1.13)
r El /Jp

Unlike the solution of Workman (1981), and Kim (1992), The Gresnigt solution
addresses bending deformation of pipes under both internal and external pressure.
However, two important design factors remain unaccounted for in the solution, namely,
the influence of local buckling and the magnitude of the axial load to which the pipe may

be subjected. Furthermore, no geometric non-linearity was accounted for in the analysis.

. 1.8 Scope of Research

This research is concerned with the deformational behaviour of buried pipelines under the

action of axial loads, internal pressure, and deformation-controlled imposed bending. The

research objectives are:

1. To provide an experimental data base for the deformational response of pipelines

subjected to the combined action of axial loading, internal pressure, and deformation-

controlled imposed deformation.

2. To select and establish the validity of an analytical tool to reliably predict the

deformational behaviour of pipelines.
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. To perform a parametric study in order to determine the effects of factors such as
axial loads, internal pressure, and diameter-to-thickness ratio on the deformational

behaviour of pipelines.
. To define and select deformation-limiting criteria suitable for design purposes.

. To integrate the findings of the parametric study into design equations that include

major factors influencing the deformational behaviour of pipes.
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2. DESIGN OF EXPERIMENTS

2.1 Scope

As reported in the literature, numerous experiments have been carried out in order to
determine the structural response of pipes. However, only a very limited number of these
tests were performed in order to investigate pipeline deformational behaviour. This
project focuses on establishing the deformational behaviour of pipelines. It is
economically prohibitive to try to cover the entire range of pipeline geometries, material
properties, and loading conditions that might exist in the field in an experimental
program. Therefore, it was the goal of the project to establish an experimental database of
realistic benchmark problems against which the ability of selected analytical models for
the prediction of pipeline deformational response could be tested. Once the validity of a
predictive model is established, it can subsequently be utilized to perform a series of

analyses in order to predict deformation limits for pipelines for design purposes.

The experimental program consisted of testing seven specimens. The testing conditions
_were carefully selected to represent limiting conditions achievable in the field, thereby
providing experimental information at the bounds of the range of interest of major field
variables. If the model is capable of reliably modeling these limiting conditions, it is
judged to be capable of modeling any intermediate conditions with a comparable degree

of confidence.

2.2 Selection of Specimen Dimensions

Full scale testing is needed in order to experimentally determine the deformational
behaviour of pipes in the field. The size of pipes tested had to be representative of the
pipes typically used in the pipeline industry. The selected diameters were to lie in the

range of pipe diameters supplied by major suppliers of steel pipes in the Canadian market.
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Two sizes of pipe were selected: 508 mm outside diameter (OD), and a 324 mm OD The
former is representative of pipes currently used in the oil pipeline industry and the latter
was selected to match the size of the Norman Wells Line, operated by one of the sponsors
of this project. In the Norman Wells pipeline, strains approaching those normally allowed
in the current pipeline practice have been recorded, and were of concern to the line

aperators.

The diameter to thickness ratio (D/t) has been recognized by many researchers to be an
influential factor in the local buckling behaviour of pipes (see Section 1.6). Most of the
pipelines in current practice have a (ID/t) ratio ranging from 30 to 100. The thicknesses of
the test specimens were selected so that their diameter to thickness ratio falls in this
range. The two sizes of pipes selected and their wall thicknesses gave (D/t) ratios of 64
and 51. Table 2.1 givcé a summary of pipe geometry and loading conditions for test

specimens.

The local buckling deformational behaviour of a pipe segment under axial load is
generally independent of the specimen length. The validity of this statement will be
subsequently verified (refer to Section 2.8.2 on stub column test). Therefore, specimen
length was not considered as a parameter to be varied in the experimental program.
However, an important consideration concerning specimen lengths is that they should be
long enough to allow local buckling to develop in regions that are not influenced by the
boundary condition disturbances. This consideration led to the selection of a specimen
length in the neighborhood of three diameters of the large pipe. All specimens were 1690

mm long in order to be compatible with the designed experimental setup.

2.3 Selection of Pipe Manufacturing Processes

The behaviour of pipes under large deformation can depend upon fabrication techniques
since these influence material properties, residual stress patterns, and initial

imperfections. Two methods of pipe manufacturing were represented in the experimental



18

program, namely: (a) the double submerged arc-welded technique (DSAW), as used for
the 508 mm OD diameter pipes , and (b) the electrical resistance welded technique
(ERW), as used for the 324 mm OD diameter pipes. Both methods are used in current

pipe manufacturing practice by major suppliers of pipes in Canada.

2.4 Modeling of Field Conditions

2.4.1 Axial Loading

The axial load to be applied to a test specimen in order to simulate the axial force in an
operating pipeline is evaluated by superimposing the effects of temperature, Poisson’s

ratio, and internal pressure, as described below.

2.4.1.1 Axial Load Caused by the Thermal Effects
When a pipe segment is welded into a line of pipe at an ambient temperature less than the
pipe operating temperature, it subsequently attempis to expand longitudinally because of
the differential thermal effect between the operating temperature and the tie-in
temperature. However, its longitudinal movement is restrained by the presence of
anchors, adjacent pipe segments and fittings, as well as by the friction provided by the
surrounding soil. Under full restraint, the thermally induced axial compressive load to

which the pipe is subjected during operating conditions is
P=AEa(T,-T,) (2.1)

where P, = the thermally induced axial compressive force in the pipe; A = the cross
sectional area of the pipe; E = the elasticity modulus of the pipe material = 200 000
MPz; o =the coefficient of thermal expansion for the pipe material =11.7x107° 1/ °C.
T, = the pipe operating temperature and 7, = the ambient temperature at the time the

pipe is welded into the line. An operating temperature of 0 °C is maintained in oil
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pipeline crossing regions of permafrost and, consequently, this temperature has been

adopted in the design of this series of experiments. Practical considerations put a lower

limit of -45 "C for the value of. T.

The maximum temperature differential (7, — 7, ) would not normaily exceed 45 °C. This

magnitude was used in the design of six out the seven tests in this program. Table 2.1
summarizes the design temperature differentials for all test specimens. In some instances,
the tie-in temperature, 7, , may be higher than the operating temperature, 7T,,, subjecting
the pipe to an initial tensile axial force instead. This case is less critical for buckling and
was not considered in the experimental study. One of the seven tests was designed for a

zero temperature differential.

2.4.1.2 Axial Load Resulting From the Poisson’s Ratio Effect for Hoop Stresses

‘When internal pressure is applied to a pipe segment, that segment will attempt to shorten
longitudinally because of the Poisson’s ratio effect arising from circumferential stresses.
In the field, this shortening is prevented, for a longitudinally restrained pipe, because of
the presence of adjacent pipe and the surrounding soil. For a laboratory specimen, this
restraint is not present and axial shortening is, therefore, not prevented. Thus, in order to
simulate field conditions, an additional axial tensile force, Py, ,has to be applied to the

ends of the specimen. This force is described by
PIJ-= —Al.l. Ty (22)

where F, = axial load in the pipe due to the Poisson ratio effect; p =Poisson’s ratio; and
o, =the hoop stress. The minus sign in Equation (2.2) denotes a tensile force acting on

the specimen.
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2.4.1.3 Axial Load Caused by Internal Pressure Acting on Closed Ends of

Specimens

For laboratory specimens, both ends of the pipe must be closed and the internal pressure
acting on the closed ends of the pipe results in an axial tensile force acting on the
specimen. Such a force does not exist in the case of an open-ended pipe in the field. In
order to properly simulate field conditions, it is therefore necessary to apply a

compensating compressive axial force P, to the ends of the laboratory specimen that has

the value

P,=n r2p (2.3)

where 7, =the internal radius of the pipe and p =the internal pressure of the fluid in the
pipe. The longitudinal stress in the pipe, G ,, as the result of the closed end condition, is

obtained by dividing both sides of Equation (2.3} by the cross-sectional area of the pipe.

P 2
6,=—L="0LPF (2.4)
P A 2mr,

where r,, = the average radius and ¢ = the thickness of the pipe wall. Considering that r;

is approximately equal to r,,, Equation 2.4 reduces to

rav.p
= avl 2.5
Ly 2.5)

2.4.1.4 Total Axial Load
The total axial load to be applied to a test specimen, P, is given by superposition of the

individual effects of P, A ,and Pp Thus,

B=P+P+P, (2.6)



21

Table (2.2) gives the magnitudes of the design values of F,, F,F , and F, for all seven

tests in the experimental program.

2.4.2 Differential Settlement Effects

When differential settlement takes place, pipelines undergo longitudinal strains as a result
of bending deformation and the catenary action of the pipeline. The effects of these two

mechanisms of deformation are discussed in the two following sub-sections.

2.4.2.1 Longitudinal Bending Strains

Curvature imposed by differential settlements induces compressive longitudinal strains
on the concave side of the bends. These strains, superimposed on the longitudinal
compressive strains produced by axial loading make pipes susceptible to local buckling.
In the experimental program, settlement-imposed curvatures are simulated by applying

monotonically increasing rotations at both ends of the specimens.

2.4.2.2 Catenary Action of Pipelines

When a segment of a pipeline is subject to differential settlement, the difference between
the slope length and the projected length causes the pipe to stretch. This attempt to
elongate will be called the catenary effect of the pipe in the deformed state. Such action is
apparent in Segment B of Figure 2.1. Adjacent portions of the pipe, Segments A and C,
also attempt to elongate in order to relieve a portion of the axial stress to which they are
subjected. This action is counteracted, in part, by longitudinal frictional forces between

the soil and the pipe.
The following two extreme cases are identified:

a) Constant Projected Length for Segment B: When the friction forces distributed along
the length of the pipe (F; and F;) are of high enough magnitude, and are concentrated in
the areas immediately adjacent to Segment B, the elongation of Segments A and C are

negligible (A;=A,=0). In this case, the ends of segment B are fully restrained from moving



22

in the axial direction. Therefore, if segment B is initially subjected to a compressive
thermal force, a decrease in the magnitude of this force will take place in Segment B as
the segment is deformed by the action of differential settlement. For large differential
settlements, the axial force at the center of the segment may eventually become tensile.
The axial end forces on Segment B act as reactive forces. This case will be referred to as
a reactive case. It is considered to be the least critical boundary condition with respect to

local buckling,

b) Constant Forces on Ends of Segment B: If the longitudinal friction forces along
Segments A and C are negligible, these portions become free to elongate. The ends of
Segment B move inwards (i.e., A; and A, have non-zero values). If Segments A and C are
long, the axial load acting on Segment B could remain approximately constant throughout
the deformation history of the pipe. The axial forces at the end of segment B then act as
active forces. This case will be referred to as an active case. This condition is considered

to give the most critical case for local buckling in the pipe.

Real field loading conditions will lie between the active and reactive cases. In the
experimental program, both limiting cases were investigated: there were five active tests

and two reactive ones. {See Table 2.2)

2.4,.3 Internal Pressure

Under working conditions, pipelines are subject to intemal pressure caused by the
pressure head of the fluid being conveyed. The magnitude of the internal pressure is a
function of the location of the pipe segment relative to the pumping station. Immediately
downstream of the pumping station, the internal pressure is at its maximum value. This
magnitude drops as one moves downstream in the pipe because of the frictional resistance
between the pipe and the fluid, as illustrated in Figure 2.2. A pressure magnitude in the

neighborhood of zero is expected immediately upstream of the next pumping station.
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The maximum design internal pressure is specified indirectly in the Canadian design code
(CAN/CSA-Z183 0Oil Pipeline Systems). The code limits the hoop stress produced by
internal pressure to a fraction B of the specified minimum yield stress of the pipe
material The current code (CAN/CSA-Z183-M90 ) allows a maximum magnitude for
hoop stress of 80% of the specified minimum yield strength (B =0.80) while previous
codes specified a maximum value of the magnitude of B of 0.72. A hoop stress
magnitude of 0.80 (SMYS) represents the working conditions immediately downstream
of the pumping station for pipelines now under construction and is of importance for
design purposes. A hoop stress of 0.72 (SMYS) represents the working condition hoop
stress of many existing pipeline networks. Its importance lies in assessment of existing
lines. Maximum internal pressures corresponding to each of the above magnitudes of
hoop stress were included in the experimental program. Three tests represented the
upstream pressure condition, three simulated the downstream condition, and one test

modeled a condition halfway between these extreme conditions (seé Table 2.2).

2.5 Loading Combinations

A summary of the selected load combinations of all tests is given in Table 2.1. Each of
the seven tests is designated by a descriptor of the form XYZnnn, where X designates the
internal pressure condition, Y the thermal effect, Z the boundary condition of the pipe in
the axial direction (i. e., whether it is active or reactive), and nnn designates the outside

diameter of the pipe in mm.

The internal pressure indicator, X, is given the symbol U when the test is designed to
model a pipe immediately upstream of a pumping station in the field (i.e., nearly zero
internal pressure), D for a pipe segment immediately downstream of a pumping station
(i.e., fully pressurized), or H for a pipe segment half-way between these two locations

(i.e., medium pressure).
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The thermal effect indicator, Y, is given the symbol G to represent the greatest possible
compressive thermal effect (corresponding to a 45 C° temperature differential), or L to

represent the least compressive thermal effect (for zero temperature differential).

The axial boundary condition indicator, Z, is designated as A to represent an active type
of boundary, or R to represent a reactive type of boundary. The pipe size indicator, nnn, is
the outside diameter in mm. It has the values 508 for the 20 in. diameter pipe and 324 for

the 12.75 in. diameter pipe.

2.6 Description of Experiments

2.6.1 Experimental Setup

The experimental program was carried out in the Morrison Structural Engineering
Laboratory at the University of Alberta. The test setup for the program is shown in Figure
2.3. Each of the 1690 mm long specimens was placed vertically under the head of the
universal testing machine. The 6000 kN capacity machine was used to provide a
concentric axial load to the tested specimen. Each end of the specimen was welded to a
64 mm thick plate iﬁ order to maintain the pipe end cross sections planar throughout the
test. Each end plate was bolted to an extremity of a 2080 mm long steel arm. The
centerlines of the two arms were positic‘)ncd such that they fell in a vertical plane
containing the pipe center-line. A 600 kN capacity jéck was pin-connected to the far ends
of the loading arms in order to be able to provide an eccentric axial force to the tested
specimen. The plane passing through the centerline of the pipe segment, loading arm, and

jack centerline will be called the bending plane.

Normal to the bending plane, two knife edges were placed, one on the top of the upper
arm, and the other at the bottom of the lower one (see Figure 2.3). Each knife edge was
able to provide a rotation capacity of about seven degrees in the plane of the arms. In

order to preserve the stability of the loading frame, the head of the compression machine
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was locked so as to prevent its rotation. No out-of-plane deformations or rotations of the
specimens were anticipated during the tests. However, a small lateral rotation capacity
had to be provided to the testing frame in order to provide full contact between the
compression head of the machine and the loading frame. This rotation capacity also
accounted for any asymmetric behaviour of the specimen due to the variation in the
specimen material properties and geometry, and to account for slight alignment errors.
The rotation capacity needed was provided by placing an additional knife edge in the
bending plane between the testing machine compression head and the top arm (see Figure

2.3).

In order to avoid potential end effects on the local buckling behaviour of the tested pipes,
the ends of the specimen were confined by means of 150 mm wide steel collars made
from of a short length of the same pipe. No physical connection was provided between
the collars and the pipe. The confining action was provided solely by contact between the
two components. The collars provided prevented local buckling from occurring in the

immediate vicinity of the specimen end plates.

2.6.2 Fabrication Sequence and Alignment Procedure

- The loading arms consisted of a closed built-up section having two 10 mm thick webs
and two 25 mm thick flanges. Each of the 660 x 540 x 64 mm steel end plates was bolted
to a flange end of a loading arm using five ASTM A490 bolts on the tension side of the
pipe and two on the compression side (see Figure 2.4). The other end of the loading arms
was bolted to the jack fittings. The distance between the pipe and the location of the line
of application of the eccentric force could be adjusted from test to test by changing the
position of the jack fittings along the loading arms. Stiffening arrangements were

provided to the loading arms at the loading points.

For each of the seven tests, the specimen was first flame-cut and its edges were beveled at
angles between 50 and 60 degrees. The confining collars were placed around the

specimen ends. The upper loading arm was placed on the laboratory floor in its inverted
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position. The pipe was then welded to the end plate by means of three welding passes.
The resulting L-shaped frame was then in;/ertcd and moved into the testing machine
where it was suspended under the loading head (see Figure 2.5). The bottom arm was
placed under the pipe in the same vertical plane as the top arm and then leveled. The

bottom end of the pipe was then welded to the bottom end plate.

If the test was to model a pressurized case, the pipe interior was filled with water (refer to
Section 2.6.3). After the test was completed, the specimen was emptied, flame cut at the
top and bottom ends, and removed. The surface of the end-plates was ground and

smoothed and the same process was repeated for the next specimen.

2.6.3 Application of Internal Pressure

A hole was provided through each end plate in order to connect the interior of the pipe to
the pump and the bleeding hoses. The hole in the bottom plate served to fill the pipe with
water and the hole on the top was used to bleed the pipe of air as the pipe was filled.
Internal pressure was provided by filling the interior of the specimen with water. The
water was pressurized by means of a manually regulated pneumatically-powered pump.
The pressure was monitored with a pressure transducer installed in the supply line to the

tube.

2.6.4 Control of the Test

The testing machine load, P, and eccentric jack load, F, shown in Figure 2.6, were
regulated through a computer program written in Labview 2 language. The program ran
on a Mac Ilci computer equipped with a card that provided two analog output and eight

analog input channels.

Six of the input channels were used to provide the program with analog signals of: (1) the
concentric load, P; (2) the movement of the compression head of the testing machine, Ap;
(3) the eccentric load, F; (4) the movement between the jack ends, Ar; and (5) two other

LVDTs that monitored the axial extension of the pipe. Because of deformations in the
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arms, knife edges, and testing frame, the quantity Ap was not equal to the deformation of
the pipe.
The output channels were used to send analog signal outputs to control the position of the

rams of the two applied loads, P and F.

Two types of control corresponding to the active and reactive schemes of loading were
provided by the same program module. In the former type of control, the axial force in the

pipe was maintained was maintained constant (P - F = C_ ), while the latter maintained

the length of the test section constant. In both cases, the end rotations of the specimen
were monotonically increased by ramping the stroke of the jack at the end of the loading

arms.

In order to preserve the overall stability of the testing frame between the knife edges, a
minimum value of the concentric load P had to be maintained throughout the test. The
control program had the capability of imposing this condition if the load P were to drop

below a certain specified value P, during the testing process.

2.7 Instrumentation and Measuremenis

Several categories of measurement devices were installed. These were strain gages,
Demec points, rotation meters, LVDTs, load cells, and photogrametric equipment. These

are detailed in the following subsections.

2.7.1 Strain Measuring Devices

Thirty-six longitudinal strain gages were mounted on each specimen, as shown in Figure
2.7. Eighteen of them were placed near the maximum compression fiber and along the
length of the specimen in order to get measurements for the buckling strains. Three rings
of strain gages, one near the top, one at mid-height, and one near the bottom of the

specimen, were mounted in order to check the alignment of the specimen. Each ring
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consisted of eight strain gages and they were placed equidistantly around the
circumference of the pipe. In addition, for five of the tested specimens, strains based on
Demec gage readings were recorded. Figure 2.7 shows the location of strain gages for a
typical specimen and Figure 2.8 shows the Demec gage reading process for one of the

specimens.

2.7.2 Load and Axial Movement Measuring Devices

The load and the compression head movement of the testing machine were recorded by
the data acquisition system. LVDTs were installed along the length of the specimen in
order to measure its shortening and the jack piston change of position. A special load cell
connecting the jack piston and the pin connection to the loading arm was installed to

measure the jack load (see Figure 2.3).

2.7.3 Rotation Meters

Two electronic rotation meters were installed, one on the top arm and the other on the
bottom arm, in order to measure the end rotations of the specimen. In addition, the
rotation of the specimen ends could be estimated from the geometry of the deformed
_configuration of the loading frame, ie., the jack stroke reading and the specimen
shortening. These measurements provided relative displacements between points on the
loading arms and from which the relative rotations were computed. This provided

redundancy in the measurements of the end rotations and overall curvatures.

2.7.4 Deformation Response Measuring Techniques

Two methods were employed to monitor the local buckling of the pipe wall as load and
deformation were imposed on the pipe. The first consisted of measuring the radial
displacements of selected points on the surface of the pipe. In order to do this, a frame
with a circular hole concentric with the test specimen was constructed as shown in Figure

2.9. The frame carried a series of eight LVDTs pointed in a direction perpendicular to the
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initial surface of the pipe (i. e., the radial direction). The frame was able to slide up and
down along the posts of the testing machine and this enabled the measurement of radial
displacements at pre-selected heights. For a given deformed configuration of the pipe,
radial displacement readings were taken at up to thirteen stations along the length of the
specimen. The deformed configuration of the pipe could then be mapped relative to the

pipe initial configuration, also obtained using measured radial displacements.

The second method used to monitor local buckling consisted of taking photographs of the
specimen simultaneously with two different cameras from two different angles. The
intention was that coordinates of any point on the specimen could then be determined

from the photogrametric processing of the resulting pairs of photographs.

2.8 Ancillary Tests

2.8.1 Tension Tests

2.8.1.1 Description of The Tests

Coupons were cut from the pipe material in the longitudinal direction. The tension
coupons and testing procedures conformed to the ASTM specifications. One of the
purposes of these tests was to get a description of the material properties well into the
| large deformation range. This information is a vital input in the finite element analysis
needed to corroborate the experimental analysis. Accordingly, the tension tests were
carried out using displacement control and under a slow rate of deformation. For a given
strain, the test was stopped for a few minutes before the magnitude of the load was
recorded so that the loads recorded and, subsequently, the stresses computed were static
values and, would not be influenced by rate effects in the test. The load versus
deformation response was recorded throughout the range of deformation and until rupture

occurred.
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An extensometer of 50.8 mm gage length was mounted on the tension coupon to measure
the longitudinal strain in the middle portion of the coupon. Longitudinal strain gages were
used as another measure of longitudinal strains, providing a measurement redundancy in
order to check the quality of the measurements. The strain readings from both methods
agreed well in the initial state of the tests, discrepancies in the readings were detected
after the coupons were deformed well into the plastic range. This was probably due to the
detachment of the strain gages from the surface of the specimen at high strains. The strain
readings of the extensometer were judged to be reliable until necking occured and were
therefore selected to determine the longitudinal strain response. The extensometer was
removed before the longitudinal engineering strain reached a 20% value. After necking,
the strain field along the coupon loses its uniformity and different locations of the

extensometer with relative to the neck would yield different strain readings.

Transverse strains were measured by strain gages mounted transversally on the central
portion of the coupon. One strain gage was mounted on each large face of the coupon.
The average of the two readings was taken, and the initial ratio of the transverse to the
longitudinal strain determined the Poisson ratio to be used in the analysis. As expected,
the coupons exhibited significant ductility. Engineering longitudinal strains were

estimated to attain values in excess of 20%.

2.8.1.2 Computation of Engineering Stresses and Engineering Strains
The engineering stress G, is computed as the recorded static load P, divided by the

undeformed area of the coupon 4,
s, = L 2.7

The engineering strain was calculated as the ratio of measured elongation to the initial

gage length
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e = Al (2.8)

where €, is the engineering strain and A/is the elongation of the gage length [, . Figures

2.10 and 2.11 show the engineering stress vs. engineering strain relationships for X56
material (508 mm OD pipes) and the X52 material (324 mm OD pipes). The stress vs.
strain curves presented are based on the average stress values (at arbitrarily selected

strains) obtained in the three coupon tests performed for each of the X52 and X56

materials.

2.8.1.3 True Stress vs. True Strain Relationship

The engineering stress vs. engineering strain relationship is a satisfactory representation
of the material behaviour for a small strain analysis. However, for a finite strain analysis,
such as for the kind of problefns investigated in this research, a true stress vs. true strain
relationship is a more adequate description of material behaviour. The true stress is the
measured load per unit cross-sectional area in the deformed configuration. It is not
practical to measure the area of a tension coupon for every load increment in a tension
test. However, knowing that the volume of the specimen remains constant when it

undergoes plastic deformation, i.e.,
Al = A4l (2.9)
where A, is the coupon cross-sectional area in the deformed state, /; is the deformed

length of the gage length I,. The true stress, G ,, can be calculated by

6, = B Fa B _ 5l (2.10)
4y A, Ay b

The true strain is defined by the integral



£, = jil- —infd) =l T AL In(l+€,) 2.11)
x L 1

Figures 2.10 and 2.11 show the true stress-true strain relationships as computed from

Equations 2.10 and 2.11 for X52 and X56 materials, respectively.

2.8.1.4 Ramberg-Osgood Fit of Stress-Strain Curve
The Ramberg-Osgood fit (1946) is an analytical description that is specially suited to

represent the true stress-true strain relationship of metals not exhibiting a flat yield

plateau. It takes the form

) n
g, = S: L, % (2.12)
E o,

where ¢, is the stress comresponding to 0.005 strain and constant ¢ and plasticity

exponent n are parameters determined from regression analysis. The magnitude of n
determines the slope of the plastic region, as illustrated in Figure 2.12. As exponent n

increases, the slope of the stress vs. strain curve in the post-yielding range decreases.

This stress idealization has been used by other researchers (e.g., Workman, 1981} in order
to derive solutions to elasto-plastic analyses for steel structures exhibiting gradual
yielding, based on the assumptions of the deformation theory of plasticity. No such
formulations are used or derived in this work. However, the idealization is provided here
since it provides an adequate description of the stress vs. strain relationship throughout
the whole range of deformation with only four parameters. The deformational behaviour
of pipelines should be particularly dependent on the stress vs. strain slope in the plastic

range, and, consequently, on the magnitude of the exponent .

Linear regression analyses of the data give value of » in the proximity of about 15 for the

X56 material and 12 for the X52 material. Table 2.3 gives the magnitude of the constants



33

E and o, as determined from tension tests and the constants ¢ and » as determined from
regression analyses. The same table provides magnitudes of true stresses and
corresponding true strains as measured from tests and as determined from the Ramberg-
Osgood idealization. A comparison between the X52 and X56 material true stress vs. true

strain relationship is depicted in Figure 2.13.

2.8.2 Stub Column Tests

Four axially loaded stub-column tests were carried out on the 508 mm diameter pipe. The
length to diameter ratios L/D were 0.5, 1.0, 2.36, and 3.0. Stub column tests are standard
tests used in structural engineering to provide the basic material response of the material
including the effect of residual stresses and imperfections. For a pipe, the stub column
relationship between stress and average strain (over the whole length of the specimen) is
dependent on the length of the specimen and hence is not representative of the material
behaviour after the peak load is reached. This is explained by the fact that in all cases
local buckling is developed in a single wave (see Figure 2.14) and the ratio of the buckled
length to the overall length Ly/L varies for different L/D ratios. Figure 2.15 shows the
stress vs. average strain relations for all stub column tests performed. The greater the
length is, the closer the pre-buckling curve is to the curve obtained from a tension test.
After the peak load is reached, all curves exhibit softening due to local buckling. The
steepest negative slope is obtained for the highest L/D ratio. This is explained by the fact
that although the observed buckled length L, is the same for all tested stub-columns, the
ratio Ly/L decreases as the length of the tested stub-column L increases. As the axial
capacity of the column decreases (depicted by the descending branches of the stress vs.
strain curves in Figure 2.15), the buckied portion L, of the specimen undergoes further
axial shortening, while the unbuckled portion, L- L;, subjected to elastic unloading,
undergoes elongation. The elastic elongation of the unbuckled segment follows Hooke’s
law and is proportional to the length L- L,. The overall shortening of the stub-column is

obtained by superimposing the shortening of Segment L, to the elongation of Segment L-
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Ly. Therefore, in the post-peak range of deformation, as the length L-L; increases, the

overall shortening of the specimen at a given axial load decreases.

In the elastic regime, the through-wall average strain in the axial direction is uniformly
distributed along the length of the specimen. However, lateral deformations produced by
the presence of circumferential strains exist non-uniformly throughout the length of the
pipes in the regions of discontinuity adjacent to the loading patterns. This gives rise to
bending of the pipe walls in the proximity of the loading pattern and local buckling takes

place in the neighborhood of this region.
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Table 2.1 Pipe Geometry and Loading Conditions

Test Outside |Thickness| D/t End Pressure Thermal Effect
Decriptor | Diameter| t {mm) Conditions Condition Corresponding to

D (mm) a Temperature

Differential of
UGAS08 508 7.90 64 | Active (A) | No pressure (U) 45 C (G)
UGR508 508 7.90 64 | Reactive (R) | No pressure (U) 45 C (G)
DGAS08 508 7.90 64 | Active (A) | Full pressure (D) 45 C (G)
DLRS508 508 7.90 64 | Reactive (R} | Full pressure (D) 0 C (L)
UGA324 324 6.35 51 | Active (A} | No pressure (U) 45 C (G)
HGA324 324 6.35 51 | Active (A) |Half pressure (H) 45 C {G)
DGA324 324 6.35 51 | Active (A) | Full pressure (D) 45C (G)

Notation

1. Pressure Condition (location from pumping station)

U = immediately upstream (Unpressurized)

H = halfway between pumping stations (Half Pressurized)

D = immediately downstream (Pressurized)

2. Thermal Effect
G = greatest compressive thermal effect
L = least compressive thermal effect

3. End Conditions

A=
R=

Active
Reactive
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Figure 2.3 Experimental Setup
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Figure 2.4 Plan View of End Plate
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Figure 2.5 Fabrication Process of the Specimen
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Figure 2.6 Free Body Diagram for Loads Acting on Specimen
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Figure 2.8 Demec Gage Measurements
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3. EXPERIMENTAL RESULTS

3.1 General

The purpose of this chapter is to present the results obtained in the experimental program
described in Chapter 2. The results include the recorded radial displacements,
longitudinal strains, end rotations, moment vs. curvature relationships, and moment
capacities for the tested specimens. A simplified formulation for the calculation of plastic
moment capacities is derived and a comparison between the moments predicted by the

formulation and those obtained from the tests is presented.

3.2 Deformational Response

One of the major goals of the experimental program was to develop a data-base on the
deformational response of the specimens tested. The following sub-sections describe the
deformation measurement techniques employed in the test program as well as the

deformation responses obtained.

32,1 Deformation Measurement Techniques

The progression of local buckles was recorded at arbitrarily selected times during the tests

using both photogrametric techniques and LVDT radial displacement measurements.

Figures 3.1 and 3.2 show the histories of buckles for Specimens UGA324 and DGAS508
occurring on the compression side as determined from photogrametric results. The three
components of displacement of arbitrarily selected points on five initially vertical lines on
the compression face of the specimen were obtained through photogrametric processing.
The process of obtaining the coordinates of the points selected, together with an error
analysis of the process, are described by Peterson (1992). Using the photogrametric

results obtained, the pipe surface was reconstructed using bi-cubic B-spline surface
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patches (Souza, 1995). The photo-realistic renderings in Figures 3.1 and 3.2 were
produced by L. T. Souza. Figure 3.1 shows the development of a diamond shape buckle
occurring near mid-height of Specimen UGA324 while Figure 3.2 shows the progression
of an outward bulge occurring at the bottom of Specimen DGAS08. Photographs of the
324 mm OD and 508 mm OD tests are given in Figures 3.3 and 3.4. Comparison of
Figures 3.1 and 3.2 with Specimens UGA324 and DGAS508 in Figures 3.3 and 3.4, shows
that the photogrametric technique was successful in recording the deformed
configurations of the specimens, especially for outward bulge type of buckling. Because
of the complexity of diamond shaped buckles, a greater number of generators is needed to
produce a closer resemblance between the real shape of specimen (Figure 3.4) and the

processed photogrametric results (Figure 3.2).

The cylindrical coordinates of eight points around the pipe circumference at selected
heights were obtained from LVDT radial measurements taken throughout the test. Figures
3.5 through 3.11 give the progression of the radial displacements near the maximum
compressive fiber for the seven specimens tested in this program. In the initial stages of
all tests, the maximum compreslsive fiber exhibits smooth curvature along the specimen
length. An exception to this observation is for the third set of readings for Specimen
DGAS08 (Fig. 3.7), where the radial LVDT close to the maximum compression fiber of
the specimen seems to give erroneous results for the top three readings. is As the tests
progress, the greatest deformations become localized over a limited length of the
specimen, which is characterized on the maximum compression fiber by inward
depressions for diamond buckles and by an external bulge for outward buckling modes.
The localized deformations continue to increase significantly as the end rotations of the

specimen increase.

3.2.2 Buckling Patterns

Figures 3.1 through 3.4 show the buckled shapes for Specimens DGA508 and UGA324.

They exhibit two distinct modes of local buckling, namely, a diamond shape mode (for
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UGA324) and an outward bulge mode (for DGAS08). In all tests, local buckling took
place over a length of the specimen ranging from about 250 mm to 350 mm. For tests in
which the internal pressure was present, four to five small amplitude waves occurred on
the compression side of the specimens. As deformation progressed, the amplitude of one
of the buckles progressed while the amplitude of the other buckles decreased in
magnitude. For unpressurized specimens, only one buckle occurred. At the initiation of
local buckling, the shape of the buckle seemed similar to an outward bulge. However, as
the end rotations of the specimens were increased the buckle transformed gradually into a
diamond shape pattern. In all of the tests, no additional local buckles were formed as the

specimens were subjected to large end rotations.

3.2.2.1 Diamond Shape Buckling
Diamond shaped buckling, illustrated in Figures 3.4, 3.5 3.6 and 3.9, occurred in all the

non-pressurized tests. At the initiation of buckling, the specimens exhibited a single
outward bulge of a shape similar to that depicted in Figure 3.3. The buckles were located
in the middle third of the specimen. As the specimens continued to deform, the
localization took a more complex configuration. It consisted of one large depression with
two small side depressions adjacent to it (see Figure 3.4). Each of the three depressions
was shaped like a diamond. The diamond buckles were symmetric with respect to the

plane of bending of the specimen.

3.2.2.2 Outward Bulge Buckling

This mode of buckling occurred for all of the pressurized specimens in the testing
program. For the highly pressurized specimens, a deformation pattern consisting of four
to five buckles took place on the compression side of the pipe and extended over the
whole length of specimen at the initiation of local buckling. As deformations increased,
only one of the bulges progressed while the other bulges decreased in amplitude and

gradually disappeared as the moment carrying capacity of the specimen dropped. Figure
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3.2 shows a sequence of photogrametricaly processed results giving the progression of the

outward bulge for Specimen DGAS508.

3.2.2.3 Buckling Location

For a given specimen, the location of the buckle is influenced by two factors. One factor
is the P-3 effect of the axial loading applied by the testing machine. For a compressive net
axial load and a specimen of reasonable length, the P-5 effect predisposes local buckling
at the mid-height of the specimen. The other factor is the end effect. This effect attempts
to trigger buckling in the neighborhood of the end plates because the restraint of these
plates disrupts the unifonﬁ stress distribution along the pipe. The effect of residual
stresses induced by welds connecting the pipe ends to the end plates is also present. It is
difficult to quantify. However, in order to minimize the influence of the end effects on
local buckling, the confining steel collars described in Chapter 2 were provided to force
buckles to occur at a distance of at least 150 mm away from the end plates. If the second-
order effects of the axial load (P-8 effect) is more predominant than the end effects, the
buckle occurs near the middle of the specimen. If, on the other hand, the end effects are

more predominant, local buckling takes place near the end of the specimen.

In five out of the seven tests, local buckling occurred in the central third of the specimen.

For the remaining two tests (DGAS508 and DLR508), the buckle formed near the bottom

end of the specimen.

3.3 Longitudinal Strains

3.3.1 Importance of Strains

In current pipeline practice, limiting the longitudinal compressive strain on the pipeline
wall to a prescribed value seems to be the most accepted design criterion for bending of
buried pipelines. It was, therefore, important to record the longitudinal compressive strain

histories for the tested specimens.
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3.3.2 Strain Measurement Techniques

Strain gages were used to measure longitudinal strains at selected locations on the
exterior wall of the specimens (see Figure 2.6). However, since strain gages have a small
gage length, their readings in the compression zone of the pipe were highly sensitive to
their position with respect to the location of the local buckle. In the neighborhood of local
buckles, they do not yield readings for the through-wall average strains. After the
occurrence of local buckling, one has to rely on strain readings based on longer gage

lengths. Demec gage points provided an ideal strain measurement tool for this purpose.

3.3.3 Demec Gages

Demec gage readings were taken on the compression side for five of the seven specimens
tested. The Demec gage lengths selected were roughly equal to half of the diameter of the
specimen tested (refer to Table 3.1). Demec points were mounted on the extreme
compression fiber of the specimen and the distances between Demec points were
accurately measured by an electronic caliper at the beginning of the test. As the test
progressed, new distances between the Demec points were measured at selected times.
The change in the distance between the Demec points divided by the original distance
between them gives a measure of the average longitudinal compressive strain over the

Demec gage length.

3.3.3.1 Importance of Demec Gage Readings
The importance of Demec gage readings lies in the fact that they provide average
compressive strain readings over a relatively long gage length. Strains based on Demec
gage readings are less dependent on the location of Demec points with respect to the
Jocation of local buckle, or with respect to bends caused by end effects, than strains based

on strain gage measurements.
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3.3.3.2 Demec Gage Results

Figures 3.12 through 3.16 give the progression of strains along the maximum
compression fibers based on Demec gage results for Specimens DGAS508, DLR508,
UGA324, HGA324, and DGA324, respectively. Highly localized strains at the location of
the buckles are apparent in Figure 3.12 and Figures 3.14 through 3.16. All pressurized
specimens were capable of sustaining the applied internal pressure until the end of the
test, where they reached compressive strains as high as 12% in some cases. For Specimen
DLR508, several strain localizations of comparable magnitudes occurred along the length
of the specimen as is apparent in Figure 3.13. Unlike other specimens, the longitudinal
compressive strains recorded for DLR508 did not exceed 4%. When the specimen
reached the maximum rotational capacity of the test setup, there was only a small outward
bulge occurring near the bottom end of the specimen. Because of the high tensile load to
which the specimen was subjected, a rotation capacity beyond that provided by the knife
edges used in the test setup was needed to localize the longitudinal compressive strains at
the bottom of the specimen up to a level comparable to that of Specimen DGAS08. Table
3.1 gives a lower bound of longitudinal compressive strains based on Demec gage
readings at the last set of readings recorded prior to the visual detection of Jocal buckling.
The exact strains when the buckles were initiated were not measured. Table 3.1 also gives
the gage lengths used in strain measurements as well as the end rotations corresponding

to the reported lower bound of the longitudinal compressive strain.

3.3.4 Strain Gages

Strain gages mounted on the specimens (Section 2.7.1) had three purposes: (a) to check
the alignment of the specimen; (b) to detect the location of local buckles in their initiation

stage on the compression side; and (c) to provide strain measurements on the tension side.
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3.3.4.1 Alignment of Specimens

The three rings of longitudinal strain gages (Figure 2.7) mounted on each of the
specimens were used to check the alignment of the pipes under the testing machine. A
small concentric axial load was applied to the specimen before the start of the main test
and the longitudinal strain readings were monitored. In all tests, longitudinal strain
readings along the circumference could be brought to agree within 10%, giving
confidence in the alignment of the specimen under the center of the loading head of the

compression machine.

3.3.4.2 Strains on the Compression Side

The eighteen strain gages mounted on the compression face of the specimens (Figure 2.7)
provided longitudinal compressive strain measurements and allowed the early detection
and monitoring of the location of local buckling along the height of the specimen. These
measurements were reliable only before local buckling took place. After buckling, the
readings became inaccurate as they detached from the surface of the pipe at strains in the
neighborhood of 3%. Also, the strain readings based on strain gage measurements were
highly dependent upon the bending of the pipe wall and, consequently, on the location of
the strain gages with respect to the local buckle. The magnitude of the tensile strains
monitored were much lower than the strains corresponding to the ductility lmits of the
pipe material. Therefore, it was concluded that fracture due to high longitudinal strains on
the tension side of the pipes is an unlikely mode of failure. This result is consistent with

the findings of Bouwkamp and Stephen (1974) and Zhou and Murray (1993).

3.3.4.3 Strains on Tension Side

No significant variability is expected in the strain magnitudes along the maximum tensile
fiber of the specimens and the strain gages on the tension side yielded reliable strain
readings. The importance of these longitudinal tensile strains lies in the fact that they

could be used for the calculation of curvatures based on segments of the specimen.
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3.4 End Rotations

Electronic rotation meters (see Section 2.7.3) placed on the loading arms at the top and
bottom of the specimen, provided accurate measures of the end rotations of the
specimens. The sum of the two end rotations can be estimated from the jack extension

A, the specimen compression A_, and the geometry of the loading frame. The relative

rotation is:
0, =9, +9,=2arctan(Aj +AC)/2e 3.1

where 8, = the sum of the top and bottom rotations, 6, and 8,, and e = the length of the
loading arm. The displacementsA; and A, are of the same sign when they occur in

opposite directions. Equation 3.1 is approximate since it assumes that the loading arms
are infinitely stiff. Therefore, Equation 3.1 gives an upper bound to the magnitude of 9, .
The calculation of 9,, based on Equation 3.1 provides a means of checking the
magnitudes of the end rotations obtained using the electronic rotation meter

measurements.

3.4.1 Influence of End Rotations on Buckling Location

No particular attempt was made during testing to impose equal (and opposite) end
rotations at the top and bottom ends of the specimen throughout the test. The end
rotations were, in general, unequal and they were recorded in order to be subsequently
modeled in the numerical simmulation of the test results. The inequality of the end
rotations is compatible with local buckles that are offset from the middle of the specimen

in some of the tests, as for Specimens DGAS508 and DLR508.

3.4.2 Comparison between Techniques Used in Measuring End Rotations

Figure 3.17 gives a comparison between the end rotations as measured by electronic

rotation meters and as computed from the jack extension for three of the specimens




61

tested. Rotation meters based on electronic rotation meters consistently give higher values
than rotations computed based on jack extension. This is explained by the fact that the
loading arms, having some flexibility, undergo bending deformations under the action of
the eccentric jack load. The values obtained from rotation meters are, therefore,
considered to be more accurate than those estimated from jack extensions and were used

in all subsequent computations.

3.5 Load Measurements

As described in Section 2.6.1, two external loads were applied to the specimen in addition
to the internal pressure. As shown in Figure 3.18, the load, P, was initially applied
concentrically to the specimen and the load, ¥, was applied by an eccentric jack at a
distance e from the pipe. In addition to these loads, the action of the internal pressure on
the end plates P, contributed to the magnitude of the internal axial force in the pipe wall.
From the free body diagram in Figure 2.6, the internal axial force 'C in the pipe wall is
given by

C=P-F-P, (3.2

Equation 3.2 is approximate since it is based on the undeformed configuration of the
specimen. For active tests, the magnitudes of P and F are controlled such that the load in
the pipe, C, is maintained constant. For reactive tests, the magnitude of internal axial
force C is a variable reactive force because the length of the specimen is maintained
constant. Figures 3.19 through 3.25 give the loads P, F, and C versus total end rotation

(sum of top and bottom rotations) for the seven specimens tested.

3.6 Moment Curvature Relationships

The applied moment vs. curvature averaged over the whole length of the specimens for

508 mm and 324 mm OD pipes are presented in Figures 3.26 and 3.27, respectively. The
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way global curvatures and the end moments were computed for these plots is described in

the following sub-sections.

3.6.1 Computation of Curvatures

If the internal moment along the length of a pipe were uniform, average curvatures would
be independent of the length of the segment of pipe considered, as long as no local
buckling takes place. When local buckling occurs, curvatures for a segment of pipe
become length dependent. A curvature based on a small length containing a local buckle
will be higher than that computed over a greater length containing the same local buckle.
The length of pipe upon which a curvature is calculated has to be specified in order to
fully describe a given state of deformation. In Figures 3.26 and 3.27, the average

curvature, @, , also referred to as the global curvature, is based on the whole length of the

specimen and is evaluated as

8,+0, G.3)

where L, the length of the specimen, is 1690 mm.

3.6.2 Computation of End Moments

The end moment M applied to one of the ends of the specimen (see Figure 3.18) is given
by

M =Fxexcos®)+Pxhxsin@®)- Fy xhxcos@®) (3.4

where his the distance from the knife edge (the point of application of the concentric
load P) to the end of the specimen and 9 is the rotation of the loading arm. The force Fy
is a frictional force acting on the knife edge. No attempts were made to measure the force
Fy during the tests. The end moments computed were based on Fy values as determined

from the finite element analyses described in Chapter 4. The second term on the right
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hand side of Equation 3.4 accounts for the second order effect of the concentric load, P.
At a given location along the length of a pipe, second order effects caused by internal
pressure and pipe bending will, in general, affect the magnitude of bending moments in
the wall of the pipe. However, at both ends of the pipe, the internal pressure induces zero
net moment about the centroid of the pipe (Figure 3.18). Therefore, no terms involving
the internal pressure second order effects appear in the computation of internal end
moments in Equation 3.4. The relationship between end moments, as defined by Equation
3.4, and curvature, as defined by Equation 3.3, give a basis for comparison between tests
and analytical procedures (described in Chapter 4). However, because of their

dependency on the length of the specimens tested, they cannot be used as pipe properties.

3.6.3 Moment Curvature Diagrams

3.6.3.1 Effect of Internal Pressure

Figure 3.26 shows the average end moment vs. the global curvature relationships for the
three 324 mm. OD pipes tested. The highest moment capacity is obtained for an
unpressurized specimen, UGA324. The least moment capacity obtained is that of a fully
pressurized specimen, DGA324. The moment capacity for HGA324 lies between the
“other two values. Conversely, the longest plateau observed is that of the highly
pressurized specimen. The length of the plateau decreases as the internal pressure
decreases. The same observation is confirmed in Figure 3.27 where Specimen DGAS508 is
capable of retaining its moment capacity for a bigger deformation range than is Specimen

UGAS08.

3.6.3.2 Effect of Boundary Conditions

Figure 3.27 allows a comparison of the moment vs. curvature between Specimens
UGAS508 and UGRS508, where the only difference lies in the type of axial boundary

condition imposed (active versus reactive). It is observed that the reactive type of axial
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boundary conditions results in a higher moment capacity along with a greater ability to

retain the moment capacity as the specimens undergo further deformations.

3.6.3.3 Effect of Axial Loads

Specimen DLR508 was subjected to a net axial tensile load (See Figure 3.22). All other
specimens were subjected to a net axial corﬁpressive force. In addition, Specimen
DLR508 had a reactive type of axial boundary condition that allowed an increase in the
net axial tensile force in the specimen as deformation progressed. Unlike all other six
specimens tested, Specimen DLRS508 retained all its moment capacity until the end of the

test.

3.7 Moment Capacity

3.7.1 Relevance of Moment Capacity to the Pipeline Problem

The maximum moment carrying capacity of pipelines is not a limiting value for the
design of buried pipelines subjected to imposed deformational loading. This is because
the moments from deformational imposed loads are self limiting in nature. The moment
carrying capacity of a buried pipeline does not, in general, affect its capacity to withstand
the internal pressure to which it is subjected. However, the moment carrying capacity may

be of importance in the design of elevated pipelines.

3.7.2 Estimates of Plastic Moment Capacity

The plastic moment capacity of a pipe depends upon the magnitude of the internal
pressure and on the axial load to which it is subjected. In this section, an equation is
derived for the prediction of the plastic moment capacity for pipes. It is based on some
simplifying assumptions. A more rigorous analysis based on finite element modeling (see

Chapter 4) will provide better prediction of the moment capacity values for the tested
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specimens. The assumptions upon which the moment capacity formulation is based are

discussed in the following sub-sections.

3.7.2.1 Cross-sectional Distortion and Curvature

The cross section of the pipe is assumed to remain circular throughout deformation. This
assumption is justifiable near the ends of the test specimen where the weld connection
between the end plate and the pipe forces the pipe to remain circular. However, this
assumption is not valid for the portion of pipe lying in the middle region of the specimen
length, where the pipe cross section is free to undergo ovalization when subjected to high
applied moments, nor in the region of local buckling where the pipe cross section is free
to take on complex configurations. These cross-sectional distortion effects are neglected
in the formulation presented in this section, but they will be accounted for in the finite

element analyses.

High curvatures will be assumed to occur, so that the whole section becomes plastified.

This assumption gives a limiting maximum value of the pipe moment capacity.

3.7.2.2 Idealized Stress vs. Strain Relationship

The stress vs. strain curves obtained from coupon testing (Figures 2.10 and 2.11) exhibit
strain hardening behaviour without a yield plateau. Strain hardening will be carefully
modeled in the finite element modeling since it significantly affects the deformational
response of pipes. However, an idealized elastic-perfectly plastic relationship is adoptéd
in this section for the computation of plastic moment capacities. The idealized stress vs.
strain relationship consists of a bi-linear relationship. The first line passes through the
origin and has the same slope as the initial slope of tension coupon tests. The second line
has zero slope (strain hardening is neglected) and passes through the yield point (defined
as the stress corresponding to a 0.5% strain). This idealization should not significantly
affect the magnitude of the estimated plastic moment, since the measured slopes of the

material stress vs. strain curves are small after yielding.
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3.7.2.3 Yield Criterion

Pressurized pipes are subject to hoop stresses caused by internal pressure and longitudinal
stresses caused by the action of axial forces and bending moments. The longitudinal
stress that the pipe material can withstand depends on the magnitude of the hoop stress to
which it is subjected. Neglecting any additional stress components that might arise as the

result of pressure and local buckling, the Von-Mises yield criterion can be expressed as

G;-00,+0, =0, (3.5)

where, = longitudinal stress, o, =circumferential stress, and ¢, =yield stress. The
graphical representation of Equation 3.5 is given in Figure 3.28. Solving for G,, one

obtains

2
S _05% 4+ [1-3]% (3.6)
c, o, 4\0,

3.7.2.4 Plastic Momenis

_In all of the tests conducted in this program, the internal pressure was kept at a constant
value throughout the deformation history of the specimen. In addition, for active tests the
magnitude of the applied axial load remained constant. Knowing the magnitudes of both
the internal pressure and the axiat force for a given test, the plastic moment capacity can

be determined according to Section 3.7.2.5.

3.7.2.5 Computation of Plastic Moment Capacity

The location of the fully plastic neutral axis (see Figure 3.29) is determined by

2“! rav mtem +2 ravt(n _wbcomp = Pe (3'7)
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where P = the externally applied axial force acting on the cross section, Y = half the
angle subtending the area of the cross section subjected to tension (see Figure 3.29); and
r,, = the average of the interior and exterior radii of the pipe. The magnitude ofc comp is
equal to the longitudinal compressive stress in the pipe wall that would cause the pipe
material to yield according to the Von-Mises criterion. It is equal to o,, as determined
from Equation (3.6) with the negative sign before the square root. Note thato . has a
negative value because it is a compressive stresses. The value for ¢, is equal to G, as

determined from Equation (3.6), with the positive sign before the square root. The force

P, has a positive value when the load is tensile. Solving Equation 3.7 for y yields

P, -2mr, 10

comp (3.8)
ravt(o- tens — O comp)

Knowing the value of y , the plastic moment capacity M§ o, P, for a given hoop stress o,

and a given axial force P, is computed by

Mge N A —c compAcomp Yo tO tensAtens it (3.9)

where A= the area of the pipe cross section subjected to longitudinal compressive
stresses [ Ay, =29 11, ]; .= distance between the centroid of the compression area of
the pipe cross section and the centroid of the whole cross section of the pipe;
[y, =1, sin(y)/¥ |; A,,= the area of the pipe cross section subjected to longitudinal
tensile stresses [A,,,; =2(r —y Jr,,1; and y,= distance between the centroid of the
tension area of the pipe cross section and the centroid of the whole cross section of the
pipe [y, = 1y, sin(n —y )/(x —y)1.

After the substitutions have been made in Equaticn 3.9, the plastic moment capacity can

be expressed in the non-dimensional interaction equation



P, 2o
4 >/l (3.10)

2
MP
P o
—e =t 4-3 =8| cos;
21,10,

and

2 2
i[c_e]_i 4_3[0_9J Sisl[o_e,]+1 /4_3[0_9]
2 o, 2 o, Py 2 o, 2 o,

For a given hoop stress value ©,, the maximum plastic moment capacity M; . of a

pipe cross section occurs when L7} = %[0—9] and its magnitude is given by
o
y y
M 2
U_Z”"”‘ = |4-3 %8 (3.11)
2ry 10, g, :

From Equation 3.11, substituting in Equation 3.10 for the expression

' 2
G . . . .
2r,, e g4 3[0_—9] , one obtains the following non-dimensional form
y

m, = icos(‘n: pn) (3.12)

where
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MP
m, _—Gof (3.13)
MP
Ty, max

and

(3.14)

>
|
-=i£____
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L)
Y
QIQ
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[ 5]

3.7.3 Interaction Diagrams

Interaction diagrams provide an envelope for all possible combinations of applied
moment and axial load for a given internal pressure (see Figures 3.30 and 3.31). Figure
3.30 gives the interaction diagrams for a 508 mm OD by 7.91 mm thickness cross section
of a pipe made out of grade X56 steel. The two interaction diagrams correspond to hoop
stress ratios of 0 and 80%. Figure 3.31 gives the interaction diagrams for a 324 mm OD
by 6.35 mm thickness cross section a pipe made out of grade X52 steel. Three interaction
diagrams are plotted corresponding to hoop stress ratios of 0%, 36% and 72%.
Superimposed on the interaction diagrams are the loading paths of the seven tests

conducted.

For active tests (Specimens UGAS508, DGAS08, UGA324, HGA324, and DGA324), the
axial load to which the specimen is subjected remains constant throughout the test.
Therefore, the loading path for these tests is represented by a vertical line in Figures 3.30
and 3.31.

For reactive tests, the axial load to which the specimen is subjected is deformation
dependent. The plastic moment capacity is a function of the axial load applied. Therefore,

it is not possible to predict the plastic moment capacity for a reactive test as a single
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value. Therefore, the axial load to which the specimen is subjected is obtained from test
measurements, and the corresponding predicted plastic moment capacity of the specimen
at this stage is determined from the interaction diagrams. The moment capacity thus
obtained provides a limiting value that should not be exceeded by the moments as
measured in the tests. If assumptions of Sections 3.7.2.1 through 3.7.2.3 hold true, then
the loading paths for UGRS508 and DLRS508 should remain inside the interaction diagram

envelopes.

Excellent agreement between measured moment capacities and those predicted by
Equation 3.10 is obtained for unpressurized specimens. For highly pressurized tests,
Eqguation 3.10 is found to underestimate the plastic moment capacity. This is due to the
fact that higher strains take place in these cases. Therefore, the effect of strain hardening

becomes more pronounced for pressurized cases.

It is possible (and desirable from a design viewpoint) to combine the interaction diagrams
for all possible combinations of cross-sectional geometries, yield strength, and internal
pressure into a single non-dimensional interaction diagram that would be valid for all
these cases. This is done in Figure 3.32, where a unique relationship between the non-

dimensional moment m,_ as defined by Equation 3.13 and the non-dimensional axial load

D, as defined by Equation 3.14 is presented.
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Table 3.1 Strains at the Initiation of Buckling Based on Demec Gage Readings

Test Lower Limit of| Corresponding Gage
(dentifier Strain at End Rotation Length
Bucklin (Degrees) {mm)

DGAS508 2.81% 3.37 256
DLR508 2.00% 5.33 224
UGA324 2.20% 4.40 167
HGA324 2.36% 6.89 167
DGA324 3.24% 6.12 167
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Table 3.2 Estimated Plastic Moment Capacity for Test Specimens

Initiai | Axial Force | Estimated Measuredf
Average Yield | Axiaf | Constant | Moment | Moment
Test ¥= &= Radius |Thickness| Stress | Force | During | Capacity | Capacity
Descriptor | Ghoop/Oyieid| Trension/Oyietd | Tomp/Tyiein|  (Mm} {mm) |(MPa}| (kN} Test? (kNm) {kNm}
UGAS508 0.00 1.00 -1.00 | 250.05 7.90 386 | 1303 yes 694 685
UGR508 0.00 1.00 -1.00 250.05 7.90 386 | 1303 no 694 -762 769
DGAS08 0.80 1.12 -0.32 | 250.05 7.80 386 | 218 yES 311 416
DLRAS08 (.80 " 142 -0.32 250.05 7.90 386 | -1163 no 517 - 549 579
UGA324 0.00 1.00 -1.00 158.8 6.35 359 | 644 yos 208 21
HGA324 0.36 1.13 -0.77 158.8 6.35 359 | 409 yes 181 192
DGA324 0.72 1.14 -0.42 158.8 6.35 359 184 yes 114 146
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End Rotation =3.12 ¢ End Rotation = 7.30°

End Rotation = 5.87 ° End Rotation = 8.10°

End Rotation = 6.86 ° End Rotation =9.17 °

Figure 3.1 Bucling Progression for UGA324
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End Rotation = 0.00° End Rotation = 4.27°

End Rotation = 0.83° End Rotation = 5.50 °

End Rotation = 1.94 ° End Rotation = 7.40

Figure 3.2 Buckling Progression for DGAS08
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Figure 3.3 Buckled Configurations for 324 OD Specimens (from left to right DGA324,
HGA324, and UGA324
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Figure 3.7 Radial Displacements on Maximum Compression Fiber for DGA508

1600
+ DLAS508
1400 9 \
1 A
1200 1
1 4
- 1000 ¢ L
E
E 1
£ L 4
-] -+
g 900‘ |
) Rotation
é 800 —o—Seriest
4 —i Safies3
—0— Seriesd
400 - —¥— Sarigst
w@- Seriesh
1 ——Series?
200% T Sonesd
——— Saries9
—0- Serigs10
4] + + + + +
] 10 20 30 49 50 60

Aadisl Displecement (mm)

Figure 3.8 Radial Displacement on Maximum Compression Fiber for DLR508




79

1800
L'y UGA324
1400 +
L
1200 +
- y
End Rotation
-~ TOOO o L ——0.00
E —i—0.59
£ f ~0-0.90
i 800 1 —y=1.21
——1.53
_!. L 3 4 b 1.88
& .
600 1 —z18
1 —259
—o—283
400 3 —-305
——351
J» ——4.32
2007 —©—4.76
0 + + + + : ;
0 10 2 30 40 50 60 70 80

Radial Digplacement (mm)

Figure 3.9 Radial Displacements on Maximum Compression Fiber for UGA324

1500
4 HGAZ24
1400;
-
1200 +
. TO00 o
3
5 L 3
L ]
§ ooy . Rotation
é- o ——0.00
600 § ——102
1 ——191
282
0o —-—376
L —+—4.70
l —_—562
2003 — 689
—o—7.88
896
[ + + + } ’ ' '
[ 10 20 %0 40 50 & 70 80 20

Radial Displacement {mm}

Figure 3.10 Radial Displacements on Maximurn Compression Fiber for HGA324



80

1600
L DGAIZ4
1400 3
<
1200 1
L
End Rotation
- 1000 4 .
_g 4 r's -0
= L 4 ——0.78
i‘ wor | —6=1.37
8 L ~X—1.96
T —a—2.86
o0 4 ——4,05
1 ——4.03
——§.12
400 3 —e—753
] —a—10.03
200 L —a—10.80
0 + ' + t
0 20 40 &0 80 100 120

Radial Displacement {mm)

Figure 3.11 Radial Displacements on Maximum Compression Fiber for DGA324

1600
1400 1 DG
-
1200 1
End Potation
— 1000 ¥ = (.00
£ —-—082
E —02.52
& 800 4 —x=2338
: * —--4.27
£ —s550
800 + ——T.40
—B.34
-
400 1
2009
0 + + + t t
o 2 4 8 ] 10 12

Lomgitudinal Compreasive Strain (%)

Figure 3.12 Demec Strains on Maximum Compression Fiber for DGA508



81

Pipe Height (men)
g

9.0 05 1.0 15 20 25 3.0 35 4.0
Lompitudinal Comprassive Strain (%)

Figure 3.13 Demec Strains on Maximum Compression Fiber for DLR508

UGA324

:

Pipe Holght {mm)
R
|

N 7

! End Rotation
w0l —-—0
4 —312
4 —o—d.41
200 4 —¥—5.87
——g.10
|
o ' " " ' ' ' |
0.00 200 4.00 6.00 8.00 10.00 1200 14.00

Lomgitudinal Comprossive Strain (%)

Figure 3.14 Demec Strains on Maximum Compression Fiber for UGA324



82

Pipa Helght (mm)
%

S

.00 2.00 4.00 6.00 .00 10.00 12.00 14.00
Lomgitudinal Compressive Strain (%)

Figure 3.15 Demec Strains on Maximum Compression Fiber for HGA324

1600

1400 ¥ 0GA324

Pipo Helght (mm)

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14,00 16.00 18.00 2000
Lomgitudinal Compressive Strain (%)

Figure 3.16 Demec Strains on Maximum Compression Fiber for DGA324




83

9 g
Total lon .
a9 Glven - A
8 T Rotaton . /
Gages .-
7 /
. -
5 L
4 —
s > ~—DEA508
— —=-DLRS08
. —aUGAS08
» .
1 ” ’
1]
0 1 2 3 4 5 [ 7 8 ]

Totsl Rotation as Computed from Jack Extension

Figure 3.17 Comparison Between End Rotation Measurement Techniques



Figure 3.18 Free Body Diagram for a Specimen in a Deformed State
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Figure 3.22 Load vs. End Rotation for DLR508
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Figure 3.24 Load vs. End Rotation for HGA324
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Figure 3.25 Load vs. End Rotation for DGA324
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Figure 3.29 Idealized Stress Distribution
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4. ANALYSIS

4.1 General

The purpose of this chapter is to devise 2 numerical model that will be verified against the

the results of the experimental program detailed in Chapter 3.

The comparison between the analytical predictions and the experimental results focuses
on both the strength and the deformational behaviour of the specimens. In structural
analysis problems, researchers primarily focus on strength comparisons (moment
capacity), and less interest is given to the deformed structural configuration. This is
justified for those cases where the structural strength of the element constitutes the
primary design limit state. For buried pipelines, however, moment capacity is not the
| primary limit state because the moments induced in pipelines are self-limiting in nature.
Therefore, emphasis is placed on an analytical and experimental comparison of the
deformational behaviour of the pipe segments tested. Excessive deformation might affect
the operation and maintenance of pipelines and this aspect is therefore a design limit

state.

The verification of analytical techniques to predict the deformational behaviour of pipe
segments includes the moment vs. curvature relationships, the buckling configurations,

and the location of the buckles along the specimens.

A reliable prediction of the deformational behaviour of pipelines under the combined
action of axial load, internal pressure, and imposed curvatures requires that a number of
factors must be taken into account. These include: (a) a proper representation of the
constitutive law of the pipe material, (b) a proper representation of the boundary
conditions, and (c) the ability to address large deformations, large rotations, and finite
strains. The complexities arising from these factors make a mathematical closed form

solution unobtainable. Instead, a numerical solution to the problem is sought through the
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finite element technique. The finite element analysis is a well established numerical tool

that can be used to predict behaviour of complex problems in the area of mechanics.

In this research, the commercial finite element analysis package ABAQUS was used to

predict the pipe behaviour. The selection of this package was based on the following

features.

1.

It has a built-in elasto-plastic isotropic hardening material model, suitable for modeling

pipe material.

. It includes an element type (S4RF) that is an efficient and reliable large displacement,

large rotation and membrane finite strain shell element.

. It is capable of accurately modeling both test and field boundary conditions, either

through built-in multi-point constraints or through a user—written subroutine appended

to the main program.

. It has a buiit-in feature capable of modeling the internal pressure as a follower force.

. It includes both the load control and the deformation control capabilities needed to

simulate the test loads.

. It includes post-processing capabilities that allow the user to view deformed

configurations, contour lines of a variety of variables, and plots relating variables. The
user has the flexibility of appending his own post-processing routines to the main
program in order to perform problem-dependent analyses. This feature was used

extensively in obtaining the results presented in Chapter 5.

4.2 Finite Element Formulation

In the finite element formulation, the principle of virtual work, together with assumed

shape functions, are used to transform the differential equations of equilibrium into
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algebraic equations. An incremental updated Lagrangian formulation is used in the

solution.

Several shell formulations are available in the finite element analysis literature (and in
ABAQUS). These include formulations for small strain problems, and large
displacement-large rotation-small strain problems, and large displacement-large
rotation—finite strain problems. The latter is the most general and therefore the most

elaborate formulation.

4.3 Shell Element Features

Since local buckling of pipes involves large displacements and rotations, a large
displacement—large rotation formulation needs to be adopted. In addition, Bathe (1982)
suggests the use of finite strain formulation if the total equivalent plastic strains exceed
2% anywhere in the structure. After experimenting with the problems in hand, total
equivalent plastic strains as high as 20% were found to be present at points lying in the

mid-surface in some cases. This necessitates the use of a membrane finite strain

formulation.

The shell element selected, S4RF, is a four-noded shell element and each node has five
independent degrees of freedom. These are three translations in the direction of the global
axes and the change in two independent components of a vector normal to the mid-
surface of the shell from the original to the deformed configuration. The third component
of the normal vector is obtained from the condition that the length of the normal vector is

equal to unity.

The membrane strains on the reference surface are obtained from the derivatives of the
position vector of a point in the reference surface in the deformed configuration with
respect to the position on the surface. For the S4RF element, the membrane strains follow

a finite strain formulation (Hibbit et al., 1993). The bending strains are derived from the
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derivatives of the normal to mid-surface. Unlike membrane strains, strains due to bending

are assumed to be small.

A direct implication of a membrane finite strain formulation is that the thickness of the
shell element in the deformed configuration will differ from its value in the undeformed
configuration. A further simplifying assumption used in S4RF is that the strain in the

direction of the normal to the shell at the reference surface remains constant throughout

the shell thickness.

The element has an iso-parametric formulation, (i. e., the same interpolation functions are
used to interpolate both displacements and position vectors). The interpolation functions
have Cq continuity. The components of the vector normal to the surface are interpolated

independently from the translational degrees of freedom.

In the S4RF element, transverse shear strain is measured as the change in the projection
of a vector initially normal to the reference surface onto the tangent to the reference
surface of the shell. The transverse shear acts as a penalty function imposing a constraint
that enforces approximately that a material line originally normal to the shell reference
surface remains normal to the surface throughout deformation. This is known as the
Kirchhoff assumption in classic plate and shell literature. The Kirchhoff assumption is
thus satisfied in an approximate sense. The transverse shear strain components are
calculated at mid-points of element edges. The selection of these locations prevents the

occurrence of the hourglass mode of deformation (Hibbit et al., 1993).

Seven points for through-thickness integration are selected. The integration through the

element thickness follows the Simpson Rule of numeric integration.




99

4.4 Material Model Idealization

The average true stress-true strain curves observed in tension tests for both X52 and X56
materials are shown in Figure 2.11. They exhibit an initial elastic behaviour followed by

gradual softening characterized by plastic flow with hardening.

The tensile coupons were taken in the longitudiﬁal direction of the pipe. Since no material
tests were performed to measure the stress vs. strain relationship of the pipe material in
compression, the compressive stress vs. strain behaviour is assumed to be identical to the
tensile behaviour. No attempts were made to determine the pipe material properties in the
circumferential direction. In general, the properties of the pipe material in the longitudinal
and circumferential directions are different, as observed by Workman (1988). For the
scope of this work, the orthotropy of the material was neglected and material was
assumed to be isotropic and to follow the observed longitudinal tensile stress vs. strain

relationship as determined from coupon testing.

Strictly speaking, kinematic hardening is more representative of steel behaviour than
isotropic hardening. However, the kinematic hardening models available in ABAQUS
provided only a bi-lincar representation of the stress vs. strain relationship. An accurate
representation of the yield surface expansion as measured in the tension tests (see Chapter
2) necessitates the use of a multi-linear stress vs. strain relationship. Therefore, the
advantage of using of a kinematic hardening model was offset by the disadvantage of
modeling the yield surface through a bi-linear representation. On the other hand, since the
analysis did not involve cyclic loading, the difference between the predicted behaviour of
the pipes based on a kinematic model and that based on an isotropic model should not be
significantly different. A multi-linear isotropic hardening stress strain model was
therefore selected for the analysis. The material model obeyed the von Mises yield

criterion, with an associative flow rule.
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4.5 Residual Stresses

Residual stresses exist in the pipes tested. These are:

1.

The through-thickness residual stresses in the pipe material, both in the longitudinal
and hoop directions, that are created during the forming process. These were not

measured, and therefore no attempt has been made to include their effect in the

analysis.

The residual stresses caused by seam welding. Since longitudinal welds were
intentionally kept at the extreme tension fiber of the pipes during testing, it was
judged that these residual stresses would not significantly affect local buckles

occurring in the compression zone.

The residual stresses caused by the welding process of the pipe edges to the end
plates. Since the buckles were forced by the collars to occur at least 200 mm away
from the end plates, these residual stresses were judged that these did not significantly
affect the local buckling behaviour of the test specimens and they were not modeled

in the analysis.

4.6 Modeling of Confining Collars

In the full-scale tests, the two confining collars described in Section 2.6.1 and shown in

Fig. 2.3 were successful in preventing the pipe from buckling locally at the ends of the

specimen. A perfect representation of the problem would necessitate the modeling of the

collar-pipe interaction as a contact problem. However, in order to avoid the

complications of such a model, the top and bottom 150 mm of the specimen length (the

region confined by the collars) was modeled as perfectly-elastic and with the same

properties (elasticity modulus and Poisson's ratio) as that of the pipe steel. The top and

bottom parts of the specimens were, therefore, prevented from deforming plastically. This

forced the local buckle away from the specimen ends in the same way that the confining
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collars affected the location of the buckle in the tests. This modeling simplification was,

therefore, judged not to compromise the integrity of the analytical model.

4.7 Finite Element Mesh

In order to take advantage of the symmetry of the problem with respect to the plane of
bending, only one longitudinal half of the specimen is analyzed.

In order to minimize the number of degrees of freedom, attempts were made to use a
refined mesh in the circumferential direction in the location where the local buckle was
expected to occur (as observed in the test). A coarser mesh was used to model the rest of
the specimen. A triangular element transition zone was used to connect the two groups of
rectangular elements. It was noticed, however, that the transition mesh forced the local

buckle to occur in the transition zone. Therefore, this type of mesh was abandoned.

Another alternative mesh investigated was to make finer elements in the longitudinal
direction in the location where the buckle was expected to occur, and to use relatively
coarser elements in the rest of the specimen. It was found that the location of the buckle
was initiated within the boundary separating the two groups of elements. Therefore, a

regular mesh has been used to model the test specimens.

Experimenting with the number of elements along both the circumferential and
longitudinal directions indicated that the number of elements need not exceed 18
elements along half of the pipe circumference and 60 elements along the specimen height
(see Figure 4.1) for specimens exhibiting diamond shape buckling patterns. For
specimens with outward bulging patterns, 18 by 40 elements were used. Any further

refinements did not yield any significantly different results from the meshes selected.



102

4.8 Boundary Conditions

The kinematics of the tests is such that each of the end rings of the pipe remains perfectly
circular after deformation because the specimens are welded to end-plates having
“infinite” in-plane rigidity. Also, all points of the end rings remain in one plane after
deformation. This plane undergoes a rigid body rotation (8x) around the pivot of the knife
edge (Figure 4.2) as the specimen is deformed. The pivot of the bottom knife edge is
stationary whereas the top one is only free to move in the vertical direction as the pipe
deforms. The boundary conditions described were carefully modeled and tested by
combining the built-in ABAQUS capabilities with model boundary conditions.

4.9 Sequence of Load Application in the Analysis

For active tests (as defined in Section 2.4.2.2), the axial load was first applied to the
model and then maintained constant in subsequent loading steps. Secondly, the internal
pressure, if any, was applied and kept constant throunghout the subsequent loading steps.
Finally, the two end rotations as measured in the tests were incrementally imposed within
the analytical model. The incrementing process followed the same path as the one

- recorded in the test,

For the reactive tests (as defined in Section 2.4.2.2), the internal pressure was applied

first. Then the following steps were performed for each increment:

1. The axial load recorded in the test at the increment considered was applied to the

specimen.

2. The end rotations were applied, while maintaining the axial load for this step

constant.

3. Go to the next loading increment.



103

Attempts to impose the end moments as measured from tests were successful only in
modeling the pre-buckling response of the specimens. In order to trace the post-buckling
response of the specimens deformation-controlled loading had to be used instead. The

two end rotations (see Figure 4.2) were used as deformation controlling parameters for

this purpose.

4.10 Computer Hardware

The ABAQUS finite element runs were performed on IPC and IPX Sun Workstations that
had 16 MB of RAM. The workstations use the UNIX operating system. Computer runs
took from a few hours to a few days of computing time. The running time was problem-
dependent in some aspects (number of degrees of freedom, number of increments,
number of iterations required for convergence per increment, number of the through-
thickness integration points selected) and system-dependent in some other aspects
(number of jobs simultaneously run on a machine, amount of RAM available, availability
of temporary space, machine speed in performing floating point operations, etc.).
ABAQUS Version 5.2 was used to perform the runs presented in this chapter while the
upgraded ABAQUS Version 5.3 was used to perform the runs of the parametric study
presented in Chapter 5.

4.11 Moment vs. Curvature Relationship

Figures 4.3 through 4.9 show a comparison between the moment vs. curvature
relationships for the seven specimens tested. The experimental moments obtained in the
tests and by the analysis are the average of the moments at the top end and the bottom end
of the specimens. The curvature values are those based on the whole length of the
specimen. Experimental moment and curvature calculations were based on Equations 3.3

and 3.4, respectively. The analytical moments (designated as FEA in Figures 4.3 through



104

4.9) are those obtained from averaging the two end moment reactions resulting from the

finite element analyses.

For unpressurized tests (UGAS08, UGR508, and UGA324), the analytical moment vs.
curvature curves exhibit the same trend as do the experimental curves and good
agreement between analysis and tests is obtained in these cases. Excellent agreement is
obtained for pressurized tests, DGAS08, DLR508, and HGA324. The agreement between
the analysis and test results for DGA324 is adequate. For DGA324, the maximum
difference between the experimental and analytical moments is in the neighborhood of 30
kNm. However, due to the fact that the moment capacity of Specimen DGA324 is only
120 kNm, the 30 kNm moment capacity difference corresponds to the largest relative

error of the seven specimens tested.

4.12 Buckled Configurations

Figures 4.10 through 4.16 present the deformed configuration of the seven specimens
tested. Each figure consists of two parts. The first part is a photograph of the tested
specimen in the deformed configuration. The second part consists of a wire mesh in the
deformed configuration of the same specimen as predicted by finite element analysis. The
finite element analysis model was capable of predicting the correct mode of buckling in

all but one case.

Both the analyses and the test results give outward bulge buckles for pressurized
specimens and inward buckles for unpressurized specimens. The buckled configuration of
Specimen UGA324 (Figure 4.14) as predicted by the finite element model consisted of
one depression (Brazier mode). In contrast, the same specimen exhibited one large
depression with two small side depressions adjacent to it (diamond shape buckling)
during the test. The finite element model was unable to reproduce the two small side

depressions.
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All pressurized specimens exhibited an outward bulging mode and all unpressurized tests
exhibited a diamond shape pattern. According to both the physical tests and the analysis,
only one local buckle occurred in each specimen. The buckle covered a length rangihg
from 0.25 OD to 0.50 OD for outward bulges and a length of 0.60 to 0.80 OD for inward
buckles.

In most cases, reasonable agreement is obtained between the predictions of the analytical
mode] of the location of the local buckles along the specimen length and the location of
the buckles as obtained in the tests (Figure 4.10 to 4.16). The best agreement is obtained

in pressurized specimens.

4.13 Conclusion

The agreement between analytical and experimental results, as demonstrated in this
chapter, gives confidence that the anaiytical model devised is able to predict the physical
test in a reasonable way. The analytical model can therefore be used in order to perform
the parametric studies that will be used to a reliably predict deformation limit states for

design purposes. It is within the scope of Chapter 5 to present these findings.
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Figure 4.1 Finite Element Meshes
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Figure 4.14 Deformed Configuration for Specimen UGA324
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Figure 4.15 Deformed Configuration for Specimen HGA324
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Figure 4.16 Deformed Configuration for Specimen DGA324
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5. Parametric Study

5.1 Parameters Influencing Pipe Behavior

In this section, the parameters that are likely to influence the deformational behaviour of
pipeline segments are presented. Three categories of parameters are identified; those
describing pipe geometry, those defining the material constitutive law, and those

describing pipe loading history.

The parameters defining the pipe geometry are the pipe length (L), the outside diameter
(OD), and the thickness (¢). Parameters pertaining to the weld geometry (longitudinal,
helical, or circumferential) are outside the scope of this research, and will not be

considered.

An adequate representation of the material model of a pipe requires at least four
parameters; the elasticity modulus (E), the Poisson’s ratio (|1), the plasticity exponent (n)
(see Chapter 2), and the yield strength (0,). A more accurate description of the material
model could include a multi-linear representation of the expansion of the yield surface

instead of using only using one parameter, the plasticity exponent, for this purpose.

During the operation of a buried pipeline, a pipe segment is subjected to an axial load due
to the temperature differential (P,) and an internal pressure that induces a hoop stress (G,)
in the wall of the pipe, in addition to imposed rotations caused by differential settlement
or slope movement. An additional action to which a pipe segment may be subjected is the
change of the axial force caused by pipe extension due to the catenary action as the pipe is
deformed. A description of the histories of the axial forces and those of the rotations at

the ends of the pipe segment are necessary to accurately predict the pipe response.

Any chosen measure of deformation (e.g., longitudinal strain) becomes a function of a

number of variables. Consequently one may write
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e=e[ODt LEWnG,, BG4 m(0) ;) hs(B) 1y ()] (5.1)

where A (91) is the history of the imposed rotation at end 1 of the segment under
examination, ,(8,) is the history of the imposed rotation at end 2 of the segment, h,(F,)
is the history of the axial load at end 1, and h,(F,) is the history of the axial load at end
2,

For pipeline steel, the elasticity modulus is assumed not to vary significantly from the
nominal value of 207,000 MPa for all grades of steel. The Poisson’s ratio does not vary
significantly from 0.3. Therefore, these two parameters are not varied in the parametric

study. For practical purposes, the list of variables reduces to

e=e[0D,4 L1, B.0umh®) ®;) s(R) h(R)] (5.2)

For a given segment of pipe, the end rotation and axial load histories are problem
dependent, and may be obtained from a soil-structure interaction modeling of the problem
for any given differential settlement or landslide scenario (see Zhou, 1993). They depend
on a number of factors, and will not be addressed in this study. Instead, the axial load in
the pipe will be assumed constant (and equal to the combined effects of the temperature
differential and Poisson's ratio effects) throughout the loading process. The end rotations
will be applied monotonically and equally at both ends of the analyzed segment. These

assumptions allow further simplification of Equation 5.2 to

e=¢(0D,,L,no,,P,0}) (53)

5.2 Dimensional Analysis

Applying the Buckingham ® theorem (Langhaar 1951), the eight terms of Equation 5.3

lead to six possible independent non-dimensional terms (7n-terms). These are
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’ . , dll
t OD "m(OD-t)o, o,

1]

where the combination of terms was carefully selected to give meaningful non-
dimensional variables for use in current pipeline practice. For instance, the second term,
the outside diameter to thickness ratio, is frequently used in the literature and often
considered as a major descriptor of the local buckling behaviour of a cylinder. The fifth
term is the ratio of the axial load corresponding to a given temperature differential, in a
fully restrained pipe, to the axial yield load. The sixth term is the ratio of the hoop stress

induced in the pipe wall as a result of the internal pressure to the yield strength.

Using the non-dimensional parameters thus defined, the number of variables involved in

Equation 5.3 can be reduced to

g=e|92 L . il Sk (5.4)
t OD '=(0OD-t)o, o,

Since this study is only concerned with local buckling and not with overall buckling or
any possible interaction between the two buckling modes, the length of pipe segment
analyzed will be maintained constant and equal to three diameters for the finite element
runs in the parametric study. A length of three diameter is chosen so as to provide enough

length for local buckles to fully develop away from the ends of the specimens.

The plasﬁcity exponent varies according to the grade of steel used. Its magnitude may be
determined from curve-fitting of tension coupon test results for different grades of steel.
This factor may influence the deformational behaviour of pipelines, and it should play a
part in a comprehensive parametric study. However, in order to keep the parametric study
to a manageable size, only the value of the plasticity exponent as obtained from the stress
vs. strain curves of X52 materials (see Chapter 2) will be used in the finite element runs

in this parametric study. These two simplifications lead to the following relationship
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e=c| 2P 5 O (5.5)
t 'B,o,

in which Py is the axial yield load of the pipe.

5.2.1 Non-Dimensional Parameters Studied

The parametric study presented in this chapter focuses on the effect of the three non-
dimensional parameters in the right hand side of Equation 5.5 upon deformation limits for

buried pipelines. The non-dimensional parameter OD/t will be given one of three values
that lie in the practical range of pipe geometries: these are 51, 77 and 100.

In practice, temperature differentials lie between 30 C° (inducing tensile force in the pipe)
and 45 C° (inducing compressive force). Therefore, the values of P, /Py were selected to

correspond to those associated with these differential temperature bounds, along with a
third value corresponding to a temperature differential at mid-range. These temperature

differentials correspond to values of P, /Py of 0.195, -0.049, and -0.293 for an X52

material, where the minus sign identifies compressive axial forces.

The term G, /0‘ y is given the values 0.0, 0.36, and 0.72. These correspond to the extreme

pressure magnitudes (and a mid-range value) as allowed in pipelines according to the

Canadian code for oil pipeline systems CAN/CSA Z183-M84 (Canadian Standard

Association, 1984).

5.2.2 Scope of the Study

The results of this study are not intended to be applicable for all grades of steel. They are
applicable only for steel grades possessing a plasticity exponent close to that of an X352

material pipe, as measured in the experimental component of this study.
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5.2.3 Notation for the Parametric Runs

Each finite element run in the parametric study is denoted by an identifier of the form
nnXttHhh. The term nn denotes the diameter to thickness ratic and takes the values 51,
77, and 100. The character group Xtt denotes the temperature differential for the run. The
letter X is either C (if the temperature differential induces a compressive force in the
pipe) or T (if the force is tensile). The number tt takes on the values of 45, 7.5, and 30,
denoting the magnitude of the temperature differentials in degrees Celsius. The character
group Hhh takes on the one of the values HOO, H36, or H72. The last two digits denote
the magnitude of the hoop stress as a percentagé of the specified minimum yield strength.
The actual pipe sizes were selected based on the geometry of the pipes currently produced
by manufacturers in Canada. The three cross section geometries selected were 324 mm.

OD x 6.35 mm, 610 mm OD x 7.92 mm, and 711 OD x 7.11 mm.

5.3 Analytical Model for the Parametric Study

5.3.1 Material Model

All the specimen models are assumed to be of X52 grade steel. In order to force the
buckle to occur away from the ends of the pipe segment, a length of 0.23 OD at each of
the ends of the specimen is assumed to remain elastic. The elastic properties of the end

portions of the model are identical to the elastic properties of the X52 material.

5.3.2 Finite Element Mesh

The element vsed in the parametric study is ABAQUS’ S4RF, the same as that used in the
verification runs presented in Chapter 4. The mesh consists of 18 elements around half of
the circumference and 40 elements in the longitudinal direction. Only a longitudinal half
of the specimen is modeled, thereby taking advantage of symmetry. Every node has five
degrees of freedom, as described in Chapter 4. (The deformed meshes are shown in
Figures 5.26 to 5.28).
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5.3.3 Loading Sequence

The axial load is applied first and maintained constant. Then, if applicable, the internal
pressure is introduced and kept constant throughout deformation. Finally, equal and
opposite rotations at both ends are applied, such that the specimen is subjected to

monotonically increasing single curvature.

5.3.4 Boundary Conditions

5.3.4.1 Boundary Conditions of Pipes in the Field

In Chapter 4, the finite element runs were performed with boundary conditions such that
the ends of pipe segments remained perfectly circular throughout deformation. While this
assumption accurately describes the kinematics of the tested specimens, it is not
necessarily representative of a typical pipe deformation condition in the field. In the field,
the end cross sections of a buckled segment of pipe have some freedom to undergo in-
plane deformations (ovalization). Also, at a distance far enough from the location of a
buckle in the field, the pipe cross section would remain plane throughout deformation and
would be expected to behave in an elastic manner. These latter boundary conditions have
been adopted for the parametric study. The way these boundary conditions are

mathematically expressed is outlined in the next section.

5.3.4.2 Modeling of Boundary Conditions
The boundary conditions on the end of the specimens are modeled as follows. The reader

should refer to Figure 5.1 for the notation and reference axes

(a) The boundary conditions on the longitudinal vertical plane of s.ymmetry of the
specimens are such that, for all nodes on the extreme compression fiber and extreme

tension fiber, the following conditions hold true:

utX =0 - (5.6)
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0,%=0 5.7

0,7 =0 (5.8)

where the superscript EX denotes all the nodes on the extreme compression and
extreme tension fibers (see Figure 5.1). Subscripts 1, 2, and 3 denote the global
directions of displacements u and the finite rotations 0 .

(b) It is convenient to relate the nodal displacements and rotations at the top end of the
specimen to the displacements and rotations of a fictitious point CT, originally
located at the geometric centroid of the top cross section of the specimen (see Figure
5.1). Point CT is free to move in the vertical direction (global-3 direction) and rotate
about the axis of bending (global-1 direction). The other components of displacement

and rotation at point CT are restrained, as expressed in the following the relations:

W =0 5.9
W7 =0 (5.10)
0, T =0 (5.11)
0,7 =0 (5.12)

where the superscript in Equations 5.9 through 5.12 denote quantities pertaining to

fictitious point CT .

The nodes at the top edge of the specimen remain in one plane throughout
deformation. Their displacement and rotation components are related to the degrees of

freedom of point CT through the following constraints:

8," =0, 7 (5.13)
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Moz ulT 4 4™ sin(92 CT) (5.14)

where superscript n¢ denotes any of the nodal points at the top edge of the specimen.
Distance &% 1is the projection of a vector joining point CT and nodal point nt, as
depicted in Figure 5.1. Expressing d™ in Equation 5.14 in terms of the undeformed
coordinates and nodal displacements of points CT and n, the following relation is

obtained:

ul = ulT ‘/[X’"+u"‘ ] [ Fruft) Xfr]zsin(92 €r) (5.15)

where symbols X[ and X;* denote the coordinates of nodes nf in the undeformed

configuration in the global-1 and global-3 directions, respectively.

(c) In a similar fashion, it is convenient to relate the nodal displacements and rotations at

the bottom edge of the specimen to the displacements and rotations of a fictitious
point CB, originally located at the geometric centroid of the bottom cross section of
the specimen. Point CB is free to rotate about the axis of bending (global-1 direction).
The other components of displacement and rotation at point CB are restrained as

expressed in the following the relations.

U =0 (5.16)
4 =0 5.17)
u® =0 (5.18)
6, F=0 (5.19)

8,%=0 (5.20)

~———— —e
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where superscript CB denotes the centroid of the bottom cross section. End rotation

0,8 is assigned a monotonically increasing imposed rotation equal to 8 2 T with an
opposite sign.

The nodes at the bottom edge of the specimen remain in one plane throughout
deformation. Their displacement and rotation components are related to the degrees of

freedom of point CB through the following constraints:

0 =0, (.21

u? = ‘\/ [(Xl"b +uf?)- x5 ]2 + [(X;” +ul)- x{® ]2 sin(8, %) (5.22)

where superscript nb denotes all the nodes at the bottom edge of the specimen. The
distances Xf‘b and X;* are the coordinates of nodes nb in the undeformed

configuration in the global-1 and global-3 directions, respectively.

The boundary conditions described in Sub-Section 5.3.4.2 were coded into a FORTRAN
subroutine and appended to ABAQUS, where they were enforced using Lagrangian

multipliers.

5.3.5 Gage Length

The magnitude of the average moment, average curvature, and average compressive strain
of a pipe segment in the post-buckling range of deformation are dependent on the length
of the segment considered (Yoosef-Ghodsi et al., 1995). It is therefore important to
specify the length of pipe considered in the computation of these quantities. In order to
contain the complete strain localization, the length of pipe chosen must be equal to or
exceed the length of buckle in the pipe. For all loading conditions investigated in this

research, the length of local buckle in the pipe did not exceed one diameter in length.
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Therefore, a gage length of one diameter that includes the entire local buckle was adopted

in the computations of the results presented in this chapter.

5.3.6 Local Curvature

For a given gage length of a pipe segment, of length d, in the undeformed configuration,
the average curvature is computed using the following procedure. A plane is fitted
through the position of nodes in the deformed configuration of each of the end cross
sections (originally spaced at a distance d,) through linear regression analysis. The
direction cosines of the normals to the planes are determined. The coordinates of the
geometric centroid of the end cross sections are determined as described in Section 5.3.7,
and the straight line distance d between the two centroids is calculated. The average

curvature can be computed approximately as:

1 _2sin(@,/2)
R d

©.= (5.23)

where @, is the local curvature, R is the average radius of curvature, and 6 is the angle

between the two normals at the planes passing through the end cross sections of the

- segment.

The average global curvature is the curvature based on the whole length of the specimen

considered (based on a three-diameter length).

5.3.7 Computation of Internal Moments

At any stage of deformation, the internal bending moment acting on a pipe cross section
lying at the transverse boundary of two adjacent layers of finite elements is computed
according to the following procedure. The coordinates of the geometric centroid of the

cross section in the deformed state are computed as:
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Xop = 3 2 (5.24)
=1 R :

Yes =0 (5.25)

_ i=n Zi

Zog = 9 =& (5.26)
= I

where the summations are performed for all the nodes at the cross section considered, n
is the number of nodes at the cross section, terms Xegs Ve, g,,zc.g. are the coordinates of
the geometric centroid in the deformed configuration, and terms x;,y; z; are the
coordinates of point i of_ the cross section. The coordinates x, y, and z correspond to the 1,
2, and 3 directions, respectively, in Figure 5.1.

The equivalent nodal forces and moments f,, f,, f,, m,, m, and m, at the nodes of each

finite element are output by the program, where subscripts x, y and z denote the global

directions. The internal moment M; at a given cross section is computed as:

My =3 X [yt + £ (08 = Fen ) - £ (2~ Zes )| (5.27)

" where the first summation is over all the elements (denoted by the identifier ¢) on one
side of the cross section, the second summation is over each node n that lies on the cross

section (nodes 1 and 2, or 3 and 4 depending on the location of the cross section with

respect to the layer of elements), and x¢ and z; are the coordinates of node n of element
e in the deformed configuration.
The average value of the local internal moments computed from the element nodal forces

acting at nodes located on the transverse lines of element boundaries over a length of pipe

of one diameter, including the buckled segment, will be referred to as the average local
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moment. This moment will be used in the local moment vs. local curvature relationships

in the moment diagrams to be presented in Section 5.5.3.

The end moments of the specimens are obtained as reactive quantities output by the

analyses.

5.3.8 Selection of a Longitudinal Strain Measure

Several definitions of compressive strains are possible. The strain definition is length
dependent. The compressive strain measure adopted is based on fibers with an initial

length of one diameter. The longitudinal strain expression used is

(5.28)

where L, is the distance between the end points of the extreme compression fiber, at mid-
surface. (For a segment length of one diameter, this distance would be equal to a

diameter). The length L; is the distance on a straight line between the same two points,

in the deformed configuration.

5.3.9 Limiting Strain Criteria

No industry consensus on the definition of deformation limit state criteria seems to exist
currently. However, it seems desirable to relate any proposed deformation criterion to a
measure of longitudinal strain. The longitudinal compressive strains corresponding to
different criteria are used in this research. These criteria are defined in the following

sections.

5.3.9.1 Limit Point Strain

The limit point (the peak point in a moment vs. curvature relationship) is a limit state that
has been used by a number of researchers as a deformation limiting point. Although there

is little justification for the selection of this point as a deformation limit for a buried pipe,
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it seems to be the most widely accepted deformation limit criterion in current pipeline
practice (see Section 1.5.1.3). The limit point is dependent on the length of the pipe
segment. Therefore, the length of the pipe segment has to be specified for a complete
definition of a deformation limit state. Defining the longitudinal compressive strain as in
Section 5.3.8, the local moment as in Section 5.3.7, and the local curvature as in Section
5.3.6, the limit point strain is defined as the longitudinal compressive strain
corresponding to the peak point in an average local moment vs. average local curvature
curve based on a gage length of pipe of one diameter that includes one complete wave of

local buckling.

5.3.9.2 Strain Corresponding to 95% Peak Moment

In all the cases studied in this chapter, the local moment vs. local curvature exhibits a
peak value of moment after which the slope of the curve becomes negative. The steeper
the negative slope, the more susceptible is the buckled segment to undergo large local

deformations for small increases of imposed curvature.

One of the shortcomings of the limit point strain criterion is that it does not take into
consideration the effect of the moment curvature slope in the post-buckling range of
deformation in determining the critical strains. Defining the longitudinal compressive
strain as in Section 5.3.8, the local moment as in Section 5.3.7, and the local curvature as
in Section 5.3.6, we define the longitudinal compressive strain corresponding to 95%
moment capacity as the longitudinal compressive strain corresponding to a moment in
the post-buckling range of deformation equal to 95% of the peak moment in an average
local moment Vs. average local curvature relationship, based on a gage length of pipe of

one diameter that includes one complete wave of local buckling.

5.3.9.3 Limitations of Strain Criteria Based on Moment Capacity

The two deformation criteria defined in Sub-Sections 5.4.9.1 and 5.4.9.2 were based on

the fact that moment vs. curvature diagrams possess a peak moment value, after which
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the pipe segment exhibits softening. Although this assumption appears to be valid for
cases in which the axial load is maintained constant throughout deformation, it is not
necessarily true when the axial load decreases as the specimen is deformed. An example
illustrating this case is Specimen DLR508 (Figure 4.6). The specimen does not reach the
limiting strains according to the criteria suggested in Sub-Sections 5.3.9.1 and 5.3.9.2.
However, an outward bulge was observed at the bottom of the specimen around the end
of the test (Figure 4.13). More general criteria for limiting deformation are needed. Such
deformation criteria should be solely based on the deformational behaviour of the
specimen, regardless of its ‘moment carrying capacity (Zhou and Murray, 1993). Two
local conditions that may hinder the functionality of the pipeline are excessive ovalization
and excessive hoop strains. Limits for these conditions are suggested in the following

sub-sections.

5.3.9.4 Strain Limit at 15% Ovalization
The ovalization of a pipe cross section was defined in Chapter 1 as (D - D,,;,,)/D. The

need for limiting the ovalization of a pipe cross section arises because excessive inward
buckling may prevent the passage of inspection devices through the interior of the
pipeline, thereby causing operational problems. Acceptable limits for ovalization are
dependent upon pipe and inspection device geometries, and are case dependent. However,
in the absence of particular information for specific cases, the present limits of
ovalization in the current pipeline practice (see Section 1.5.2) are adopted here as a

deformation limit state. For inward and outward buckles, these are

D=Du (15 (5.29)
D

D=Du 406 (5.30)
D

respectively.
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For all 18 pressurized cases in this parametric study, local buckling took place in the form
of outward bulges and in no case did ovalization exceeded 0.03. Therefore, for

pressurized pipes, the 0.06 limit does not seem to be attainable in practical situations.

For all nine unpressurized cases of the study inward buckles were formed, however, and
the 0.15 limit was attained within the range of deformation analyzed. Therefore, the 0.15
limit can be considered as a limiting value of ovalization for inward buckling. Defining
the longitudinal compressive strain as in Section 5.3.8, the strain limit at 15% ovalization
is defined as the longitudinal compressive strain corresponding to an ovalization of the
pipe cross section of 0.15 at the point of maximum distortion, when the pipe cross

section exhibits inward buckling.

5.3.9.5 Strain Limit at 8 % Hoop Strain

For an outward bulging mode of buckling, a deformation limit condition can take place
when the hoop strains at the crest of a wrinkle reach limiting values of steel ductility as
specified in the Canadian code for steel line pipe CAN/CSA -Z245.1- M90 (Canadian
Standard Association, 1990).

Clause 8.2.2.5 of the code states that, “For tests of longitudinal, helical, and skelp end
welds of submerged arc welded pipe, the elongation in 50.8 mm shall be a minimum of

10%.” The gage length must include the weld and the necking region.

Clause 8.2.1.1 specifies the required transverse ductility of the pipe material for welded
pipes 219.1 mm OD or larger, in accordance with the grade of the steel and the cross-
sectional area of the coupon, as '

0.20

_ 10403
E = 1940;y[W (5.31)
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where E; is the elongation as a percentage of a 50.8 mm gage length of the tension

coupon, G, is the specified yield strength, and A, the cross sectional area of the tension

coupon.

For a combination of Cy= 550 MPa and A, = 30 mmz, the required value of E; as

determined by Equation 5.31 is 12%. Therefore, the ductility limit of a welded pipe

material appears to be governed by the requirement of Clause 8.2.2.5.

The percentage elongation from tension coupon tests is measured after fracture. A safe
design necessitates that necking be prevented, and it is assumed that the material can
undergo 80% of the minimum ductility specified at fracture without experiencing
necking. Thus, for all grades of steel and pipe thicknesses, hoop strains can reach a value

of 8% without the pipe material exhibiting necking.

In all the runs of this parametric study, it has been found that values of transverse tensile
strain in the neighborhood of the 8% are attained only for outward bulge cases. Defining
the longitudinal compressive strain as in Section 5.3.8, the strain corresponding to an 8%
hoop strain is defined as the longitudinal compressive strain corresponding to a
transverse hoop strain of 8% at the crest of the buckle when the pipe cross section

exhibits outward bulging.

5.3.10 Selection of a Design Limiting Strain

One of the purposes of this research is to propose design limits based on finite element
runs for each of the previously defined limiting strains. The selection of particular
deformation limit criteria for design purposes is left to the designer. However, it is the
opinion of the writer that, for buried pipelines, the strain corresponding to 0.15
ovalization (for diamond shape buckles) and that corresponding to a 0.08 hoop strain (for
outward bulge buckles) provide a more justifiable rationale than that based on local

moment vs. curvature diagrams.

Lo
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5.4 Plastic Moment Capacity

The attainment of the maximum moment in a pipe cross section does not necessarily
produce failure in a buried pipeline. However, in many situations, fully plastic moment
capacity is a good approximation of the maximum moment that the pipe can sustain.
Furthermore, if it can be shown that, within specific ranges of the parametric variables,
the fully plastic moment is a good approximation of the limit point moment for a pipe
that buckles locally, then the maximum moment capacity of the pipe can be estimated
satisfactorily by Equation 3.10. This would eliminate the need to carry out complex finite

element analyses in order to establish the limit point moment for the pipe.
A number of possible applications might then be possible. Some of these are:

1. For elevated pipe, the limit point represents a failure condition that can trigger

collapse of the line.

2. A lower bound on the curvatures at the limit moment can be established quickly and
easily by assuming elastic response up to the fully plastic moment capacity. This
bound may be sufficient to eliminate the cause for concern associated with observed

curvatures on buried pipelines in field situations.

3. Non-dimensionalized moment vs. curvature curves in which the fully plastic moment
and the associated elastic curvature at this value are used as non-dimensionalizing
values, are a common way of synthesizing behavioral characteristics of structural
elements. Examination of such relationships over a range of pipe parameters may
permit the limit point curvatures (i.e., those for the initiation of softening) to be

estimated in a simple manner.

The following developments are intended to facilitate the exploration of such

possibilities.
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5.4.1 Interaction Diagrams

Figures 5.2 through 5.4 give the interaction diagrams for the 324 mm OD x 6.35 mm, the
610 mm OD x 7.92 mm, and the 711 mm OD x 7.11 mm pipe cross sections that were

used with the parametric finite element runs. The material was grade X52 steel

(G , =3774 MPa). Each plot has three interaction curves, one for each of three different

values of the internal pressure used, i.e., 6, /6, =0.0, 0.36, and 0.72.

The curves are evaluated using Equation 3.10. Superimposed on each curve are three
points based on the results of the runs of the finite element parametric study. The
closeness of the points to the appropriate curve gives an indication of the agreement
between the plastic moment of the cross section predicted by Equation 3.10 and the
moment at the limit point from the finite element results. For the three cross sections
studied, the best agreement is obtained for half-pressurized conditions. In general, finite
element analyses yielded slightly higher values of plastic moments for fully pressurized
cases and slightly lower values for unpressurized cases. This may be explained by the fact
that the strain values at the limit points for pressurized cases are higher than
unpressurized ones. Therefore, the effect of strain hardening is more pronounced in the
case of fully pressurized pipes. The overestimation of moment capacity by the interaction

curves (as compared to finite element results) is always less than 15% (for 77C45H72).

5.4.2 Non-Dimensional Interaction Diagram

It 1s possible to consolidate all of the curves in Figures 5.2 to 5.4 onto one non-
dimensional interaction diagram that will be valid for all cross section geometries,
internal pressures, and axial load combinations. The non-dimensional form of this
interaction equation is given by Equations 3.12 through 3.14 and is plotted in Figure 5.5.
The non-dimensional axial forces and corresponding non-dimensional moments obtained

from the 27 runs of the parametric study are superimposed on the interaction curve.
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The closeness between the points representing the finite element runs and the curve
indicates sufficiently good agreement between the limit moments predicted by the finite
element analysis and the fully plastic capacities predicted by Equation 3.12 to 3.14. Thus,
these equations may be considered satisfactory for the purpose of estimating maximum

moment capacities for design.

5.4.3 Local Moment vs. Local Curvature Relationships

Figures 5.6 through 5.8 give the local moment (as defined in Section 5.4.4) vs. local
curvature (as defined is Section 5.4.2) for the runs having a diameter to thickness ratio of
51, 77, and 100, respectively. For all three cross section geometries studied, pipe
segments exhibit more rotation capacity as the magnitudes of both the internal pressure

and the axial tensile force acting on the pipe increase.

5.4.4 Non-Dimensional Moment vs. Curvature Relationships

At a given ratio of hoop stress, local moments can be normalized with respect to the fully

plastic moment capacity, Mg .. as predicted by Equation 3.11. The elastic curvature
corresponding to M7 _ is given by Mé’a’m /H , where E is the elasticity modulus and 7

~ the moment of inertia of the pipe cross section. Moments and curvatures in Section 5.4.5

are normalized with respect to M, and Mge_ max /EI, respectively.

5.4.5 Parametric Study for Moment Capacity

Nine non-dimensional local moment vs. local curvature diagrams are presented in Figures
3.9 through 5.11. The grouping of the diagrams is such that only one of the three non-

dimensional parameters OD/t, F,/P,,and G, /S, is varied, the two others being held

constant in the figure.

The initial slope is the same for all cases, since the stiffness of the pipe segment is the

elastic stiffness. As deformation progresses, the slope of the moment vs. curvature
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deviates from the original slope and lessens until it reaches the limit point (the point of

zero slope), after which the curve exhibits a negative slope.

The non-dimensional moment vs. curvature diagrams of the pipe segment exhibit a lesser
slope in the post-buckling range as the diameter to thickness ratio decreases (Figure 5.9).
Consistent with the results presented in Section 5.4.3, the ability of a pipe to retain its
peak moment capacity increases as the temsile axial force increases, ie., as the
compressive axial force decreases (Figure 5.10) and as the hoop stress ratio increases

(Figure 5.11).

In all cases, the limit point takes place at curvatures larger than the elastic curvature
corresponding to M, ... This is due in part to the gradual yielding in accordance with the
pipe material behaviour (Figures 2.10 to 2.13) but primarily the result of the penetration
of the yielding into the cross section as the specimen is subjected to monotonically

increasing imposed curvature.

The magnitude of the non-dimensionalized curvature corresponding to the limit point
increases as the diameter to thickness ratio decreases (Figure 5.9). Also, it increases with
the increase in tensile axial load (Figure 5.10) and with the increase of the hoop stress

ratios (Figure 5.11).

The ratio of the finite element moment capacity to that predicted by Equation 3.10
increases as the D/t ratio decreases (Figure 5.9). It increases as the tensile axial force to
the yield axial load increases (Figure 5.10), and as the hoop stress ratio increases (Figures

5.2,5.3, 5.4 and 5.11). The latter factor seems to be the most significant one.

5.4.6 Moment Capacity for Elevated Pipelines

Table 5.1 gives the ratio of the moment capacities as predicted by the finite element runs

to those predicted by Equation 3.10. Overall, both values are equal since the average

value of M/ Mge p. is unity. However, there is a scatter in the agreement of the two
He
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values depending on the load combinations considered. For the runs performed in this

study, the Mgz, / Mé’o' P ratio ranged from 0.85 to 1.29 with a standard deviation of

0.09. Graphical representations of these results are given in Figure 5.5 and in Figure 5.12.

A closer prediction of the actual moment capacity M., can be obtained by introducing a

function f such that
M;ap - f[OD, Flot ,G_h} Mﬁ‘EA =1 (5.32)
Tq.0 d PJ’ G)’ Mce,p

where f is a correction function, Py, is the total internal axial force in the pipe wall

Fot = Fpmp + B (5.33)

and F, is the axial load resulting from the Poisson’s ratio effect for hoop stresses as

defined in Equation (2.2). The moment capacity M., is given by

oD B, ©
Meop =M£,,,,,f[7,;,—;‘, #J (5.34)

In order to satisfy Equation (5.32) at all the points corresponding to all the finite element

parametric runs, a twenty-seven constant function f is needed. Using the findings of

Section 5.4.5 on the effect of ODJt, B;/P,,G /5, on M/M? , ,a simplified form for

the function f may be assumed as:

OD Fy 04 |_ [f] For Sk
f[ t 'Py’(’y] i oD Xf2[Py *Js Oy 53
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The functions f}, f,,and f; are assumed to take on the simplest possible form i.e., to
have a linear variation with the variables #/OD, £, /P,,6 [0 , , respectively. This leads

to the foliowing form of the function f

r-cliva(gs)| ol el

where C, C,, C, and C, are constants to be determined by regression analysis. They are

selected such that they minimize the function.

)t ool [-<le

where the summation is performed over the 27 FEA runs, and the subscript r denotes the

number of the run.

The minimization process was performed using the Solver utility in the program package
Microsoft Excel 5 and the function f determined accordingly. Using the expression of

function £, Equation 5.16 can be written as

Mg =1.20[1-[7'—3’H 1-0.038| 2 || 1-0.195 Z | |ag? (5.37)
oD B, o, )| "

The values of M_,, as computed from Equation 5.36 using the form in Equation (5.37)

are given in the last column of Table 5.1. Equation (5.36) has an average value of

Mgy / Mé’s, p, Of 1.0 and a standard deviation 0.05. This indicates that the scatter in the
results based on Equation (5.36) is less than that based on the equation M_,, = Mé’w P

with Mé’, p evaluated from Equation 3.10 that has a standard deviation of 0.09. On the
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other hand, the most unconservative estimate of Equation 5.36 is 0.80M_ p rather than

0.85M£_ p - This will probably make equation 5.36 less appealing to designers than

Equation 3.10.

5.5 Deformation Limit State Equations

Using the deformation criteria defined in Section 5.3 deformation limits are proposed in
this section. The results of the finite element parametric runs are presented in Table 5.2
and the proposed equations are obtained by regression analysis of these results. Where
equations are devised to approximate the finite element results, an assessment of the
quality of agreement between the two sets of values is presented. The assessment is based

on the average value and the standard deviation of the error. A measure of the correlation

in the obtained equation is provided by the coefficient of determination r? (Wesolowsky,

1976) defined as

i=27

Y (/™ -¢; :
r’=1- ;‘:;,( )2 (5.38)
&™)

where each value of the subscript i denotes one of the 27 loading conditions investigated
in the parametric runs, ef EA is the longitudinal strain for loading condition number i as
determined by finite element runs, €; is the longitudinal strain for loading condition

number i as determined by the predicting equation, and & is the average strain as
obtained from finite element results. A value of 72 of unity indicates perfect ability of the

proposed function to represent the values af EA  On the other hand, a value of zero

indicates a poor correlation between €= and ;.
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5.5.1 Limit Point Strain Criterion

The relationship of the limit point strains vs. the axial load ratio is presented is Figure
5.13. It can noticed that the limit point strains increase with an increase in the tensile
force and with a decrease in the diameter to thickness ratio. No clear trend is apparent

relating the effect of the hoop stress ratio and the limit point strain.

5.5.1.1 General Form

In this sub-section, an equation that passes through the values of each of the 27 values of
strains based on the limit point criterion as obtained from the finite element analysis is
fitted. The proposed design equation has 27 constants. A polynomial function is assumed

for this purpose. The resulting equation is

€ im = 0.04068 — 668310 x +9.115x 102 y + 0.13272 +3.246 x 100 2
— 1849 X103 xy - 0.2663y% — 0.7705yz — 0109922 — 3.069 x 10> zx
+5816x 1072 xy2 +9.841x1070x2y +3411x10 3222 + 1726 x 1079 222
+0.8795y27 + 0.9726y22 +1.777x 102 xyz - 3229 x 100 x2y 2
~2154x1079 222 ~1.038x 10 x2 7 ~ 1483 x 102 xy? — 2.579xy72yz2
~1478x 102 222 4 03103y222 + 65141070 x2)% 2 + 1625 x 104 2

+1.165><10‘4x2y2z2

(5.39)
where x=0D/t, y=F[P,,and z=06,/0,

Two groups of curves for the longitudinal compressive strain at limit points as predicted
by Equation 5.34 are provided in Figures 5.14 and 5.15. In each figure, the strain at the
limit point is plotted against the outside diameter to thickness ratio. The first group of

curves (Figure 5.14) is for a hoop stress ratio of zero and the second group of curves
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(Figure 5.15) is for a hoop stress ratio of 0.80. Each group of plots consists of a series of

curves for axial load ratios F,/P, ranging from 0.2 (tension) up to 0.30 (compressive).

5.5.1.2 Simplified Form

Equation 5.39 is too complex to use for design calculations. For this purpose, a simplified
equation is suggested, although the simplification results in a penalty in the accuracy of
the solution, as will be demonstrated. For simplicity, the function is assumed to consist of
the product of three functions. The argument of each function is only one of the variables

ODft,0,fc,,and F, /P, .

0D E oy)_o(on)y p[B), (00
oo PR ]S al4(

y Y

v

In the examination, for a given value of OD/f and F,/P, there are three parametric runs
as the parameter 0, /G, is varied. Based on the results of the three runs, the relationship
between €, and the parameter ¢, /0, is quadratic, in general. Therefore, function f; is

assumed to take a quadratic form. (A more elaborate form of the proposed relationship
necessitates a larger number of parametric runs). Using the same argument, the function

f7 is assumed to take also a quadratic form.

The same argument could be extended to function f3. However, it was noticed that a
nearly linear relationship exists between log(ey,) and log(ODft). This observation
suggests that a good representation of the relationship between £, and OD/t can be
achieved if the function f; is assumed to take a power form. The assumption of a power
function for function f; reduces the number of regression constants by one as compared

to an assumed quadratic function, leading to a simpler form. The proposed simplified is
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2 2
_C6
Eim =| G +C, [-G—"] +G5 [c—"] x| 100+ C, [iJ +Cs [ﬁj X [Q]
g, o, P, P, t

(5.41)

where constants C, through C, are to be determined by regression analysis such that

EA

27
they minimize the function E (e im — E L ) w, , subject to the conditions
r
r=1

_ o FEA ;

[8;,-,,, <, ] 004 (5.42)
81‘!'1'1'1 r

Each value of subscript 7 denotes one of the 27 finite element runs presented in Table 5.2.

The ¢/ is the longitudinal compressive strain corresponding to the limit point as

predicted by finite element runs, and w is a weighting function defined by

w, = ot (5.43)

r
Dro9s

where @, is the local curvature at the limit point, and ¢, is the local curvature at the

_ point of 0.95% moment capacity in the post-buckling range of deformation.

The purpose of the constraints given by inequality 5.42 is to force the resulting design
equation to yield more conservative results in the case where the post-buckling slope of
the moment curvature diagram is steep and to tolerate more error on the unconservative
side when the post-buckling slope is mild. The numerator of the right-hand side of the
constraint in (5.42) is a measure of the average error on the unconservative side that is to
be tolerated, Its value is arbitrary. However, for a feasible solution, its magnitude has to
be increased as the number of constants in the suggested approximate equation is

decreased.
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27
. 2 - : .
In the function E (E tim —sf,f‘)rw,, the coefficients w, place more weight in the
r=1

regression analysis on loading cases with steep moment vs. curvature slopes. Performing

the required minimization, the result is

o, Oy Y P t

2 2 -1.20
€ 1o = | 163 + 0.456[“—"] + Lzl[ﬂ] x| 1.00 + o.%z[—ﬁf—} - 4.44{3] x [92]
¥

(5.44)

FEA
where the error (defined as 8"”‘—F;""—’” ) has an average value of -0.21, and a standard

lim

deviation of 0.23 (refer to Table 5.3).

Equation 5.40 has a coefficient of determination of 0.25. The low value of the coefficient
of determination can be attributed to two facts. These are; (a) the simplicity of the form of
the assumed function; and (b) the imposition of the constraints in Equation 5.42 forces
the resulting equation to yield conservative results in most cases rather than yielding the
best fit curve. The scatter in the relationship between the limit point strains as predicted
by the finite element results and those based on the results of Equation 5.44 is presented

in Figure 5.16.

5.5.1.3 Range of Applicability
Both Equations 5.39 and 5.44 are based on the finite element results on pipe segments of
a diameter to thickness ratios ranges of 51 to 100, a hoop stress ratio range of 0.00 to
0.72, an axial load corresponding to a temperature differential range of +30 to -45 C°, and
hardening properties consistent with X52 steel (n=12). The equations are therefore
applicable to any combination of parameters inside or close to the borders of the domain

defined by the stated ranges.
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5.5.2 Strain at 95% Moment Capacity

The relationship of the strains at 95% moment capacity vs. the axial load ratio is
presented is Figure 5.17. It can noticed that the strains at 95% moment capacity increase
with an increase in the tensile force and with a decrease in the diameter to thickness ratio.
No clear trend is apparent relating the effect of the hoop stress ratio and the strain at 95%

moment capacity.

5.5.2.1 General Form

Following the same procedure as that used to obtain Equation 5.39, but with values of
longitudinal compressive strains corresponding to a local moment value of 95% of the

moment capacity in the post-buckling range, the equation for predicting strains is

€005 = 0.06145-9.118x10 ™% x +9.806 X102 y+0.1600z +3.940x 100 x2

~2140x103 xy—0.1524y2 — 0.9619yz - 6331x 10222 3353 x10 3 ¢

+3.089%10 3 xy2 +1.221x10 0 x2y +2.785x10 > xz2 +1.779x10 D x27

+1267y%2+1.027yz% +1.974x 102 xyz - 1.789% 1072 x2y2 +1.267y22

+1.027yz2 +1974x10™2 2y -1764 x10™> 222 9346107 x2yz

~2352x10 2 xy27 - 2620 x 102 xyz2 +0.3803y%2% + 788510 x2y2¢

+1167x10 % x2522 —1.483x 102 23222 +2.301x 10~ x 25272

(5.45)

Equation 5.45 is plotted in Figures 5.18 and 5.19 for 6, /0, values of 0.00 and 0.80,

respectively. For the case of no internal pressure, the plotted strain varies from 0.008 to

0.028. For fully pressurized cases (¢, /¢, = 0.80), the strain varies from 0.016 to 0.116.

In the two cases, the general trend of the 95% moment capacity strain is to drop as the

diameter to thickness ratio increases.
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5.5.2.2 Simplified Form

Following the rationale explained in justifying the form of Equation 5.41, the same

simplified form may be used for an approximate equation that predicts strains based on

27
the 95% moment capacity criterion. When the function 2 (80_95 —gf%s ),Wr is minimized
r=1

subject to the constraints (5.42), the following equation is obtained

2 2
-1.41
€005 =|487+15.6) Sk |+375 Sk | x| 100105 f1 |~ 1042 £ X[Q]
' o, o, P, P, t

(5.46)

The average error in Equation 5.42 is -0.20 with a standard deviation of 0.21 (refer to
Table 5.4). The coefficient of determination is 0.70 and the scatter between the finite
element results as predicted from Equation 5.46 is shown in Figure 5.20. The range of
applicability of Equations 5.45 and 5.46 is the same as that of Equations 5.39 and 5.44.

5.5.3 Ovalization Criterion

As mentioned in Section 5.3.9.5, the ovalization criterion is relevant only for design and
assessment of unpressurized pipes, where it can reach magnitudes of 15% or higher. The
longitudinal compressive strain corresponding to an ovalization of 15% can be used as a
deformation limit state. Referring to Table 5.5, multiplying the strains at 15% ovalization
as determined by finite element analyses by the diameter to thickness ratio and plotting

this result against F, /P, , one finds the relationship between the two variables is found to

be nearly linear. Therefore, an equation of the form

oD P,

815% = —t—[Cl + CZ 'IiJ (547)
y
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is assumed to yield an appropriate representation of the relationship between ODjt,

P,/Py ,and €150 -

Through regression analysis of the nine finite element runs presented in Table 5.5, the
following equation is obtained

t B,
815% = '—[]76 + 3.66 _‘] (548)
oD P,

where the average error in the prediction of €,,; is nearly zero, with a standard deviation

of 0.066 and a coefficient of determination of 0.99 (refer to Table 5.5). Equation 5.48 is
both simple and accurate and can be used for design and assessment calculations based on

the 15% ovalization criterion. A group of curves of €54 as computed from Equation
- (5.48) versus OD/t at different values of F,/P, is presented in Figure 5.21. It is observed
that the strains at 15% have a maximum value of 0.058 and a minimum value of 0.01.
Equation 5.21 is valid for unpressurized pipes with a OD/t value ranging from 51 to 100
and a F, /P, value ranging from 0.20 (tension) to 0.30 (compression). The scatter of the

strains corresponding to 15% ovalization as determined by equation 5.48 in relation to

those predicted by finite element analyses is presented in Figure 5.22.

5.5.4 Hoop Strain Criterion

The hoop strain criterion is of interest in the design of pressurized pipes. For pressurized

pipes, only two values of hoop stress ratio ¢, /0' y were investigated. These are 0.36 and

0.72. It is observed that the magnitude of hoop stress ratio (at least in the 0.36 to 0.72
range) does not significantly affect the magnitude of the longitudinal compressive strain
corresponding to a hoop strain value of 0.08. Also, no significant effect of the axial load

ratio F, /P, is observed (Table 5.6).




149

The elimination of these two parameters leads to considerable simplification in the form
of the proposed equation. It is noticed that the lowest value of the longitudinal

compressive strain at 8% hoop strain, £4g, is in the neighborhood of 0.03. The
longitudinal strain corresponding to 8% increases as the #/OD ratio increases. The

maximum value of strain attained is 0.046.

A proposed function of the form

C,\©
€008 =C + [O—ZDJ (5.49)

is assumed. It should provide a minimum value of predicted strain of C; (in the

neighborhood of 0.03) and an additional value that is proportional to (t/OD)C’ that is
nearly zero for an OD/t value of 100 and a maximum value (in the neighborhood of
0.016) at a OD/ft value of 51. These conditions are achieved by varying the constants C,
and C,.

Through regression analysis, the following equation is obtained.

108
€00 = 0.034 + [%] (5.50)

The average error of the strains predicted by Equation (5.50) is nearly zero (refer to Table
5.6), with a standard deviation magnitude of 0.066 and a coefficient of determination of
0.727. The relationship between €4z and OD/r as given by Equation 5.50 is plotted in

Figure 5.23.
Equation 5.50 is valid for OD/r values ranging from 50 to 100, F,/F, values from 0.20
(tension) to 0.30 (compression), and ©,/c, values ranging from 0.25 to 0.80. The

suggested limits for 6, /G, are based on engineering judgment, rather than on analytical
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results. More runs in the range of ¢, /0, value of 0.0 to 0.36 are needed in order to

determine the bounds of applicability of Equation 5.50. The scatter of the strains
corresponding to 8% hoop strains as determined by equation 5.50 in relation to those

predicted by finite element analyses is presented in Figure 5.24.

5.5.5 Comparison Between Different Deformation Criteria

Three of the design criteria presented are relevant in the design of unpressurized
pipelines. These are the longitudinal compressive strains that corresponding to the limit
point, the point of 95% moment capacity, and the point of 15% ovalization. With
reference to Table 5.2 and Figures 5.14, 5.18, and 5.21, the limit point criterion yields the

least strain values and the 15% ovalization the highest strain values.

The three criteria that are relevant to the design of pressurized pipelines are the
longitudinal compressive strains corresponding to the limit point, the point of 95%
moment capacity, and the point of 8% hoop strain. The strains based on the first criterion
are the most conservative (Table 5.2). No such clear observations can be made for the two
other criteria. In some instances, the 95% moment capacity yields smaller values of

strains than does the 8% hoop strain criteria, and in other instances the reverse is true.

5.6 Deformed Configurations

5.6.1 Buckled Length

Figures 5.25 to 5.27 are the wire mesh plots of the deformed configurations of the 27
specimens of the parametric finite element runs. It is observed that, with the exception of
77C45H72 and 100C7.5H00, each specimen exhibits a buckle near each end of the
specimen. The buckles are symmetric with respect to a horizontal plane passing through

the specimen mid-height.
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The application of equal and opposite rotations to the ends of Specimens 77C45H72 and
100C7.5HO0 resulted in two identical buckles near the center of the specimen. The two
buckled zones interfered with each other. It was judged that such a case, which is unlikely
to occur in the field, is not of practical importance. In order to force only one buckle to

occur in these two cases, unequal rotations were applied to the ends of the specimens.

It was also observed that, as the end rotation progressed, the buckles that initially formed
near the ends of the specimens were amplified and no additional local buckles formed in

the specimens.

All pressurized cases considered exhibited outward buiging buckles. For these cases, the
buckled length to outside diameter ratio ranged between 0.38 and 0.53 (refer to Table
5.7). All unpressurized cases considered exhibited inward buckling patterns with a
buckled length to diameter ratio ranging from 0.53 to 0.75. Seven of the unpressurized
cases exhibited a Brazier mode of buckling, while the remaining two cases (77C45H0C
and 100C45H00) exhibited diamond buckling patterns. This observation suggests that
diamond shape buckling is more likely to occur for unpressurized pipes having a high

diameter to thickness ratio subjected to high axial compressive loads.

5.7 Effect of Boundary Conditions

The loading conditions and cross section geometry of Specimens UGA324, HGA324, and
DGA324 of the experimental program (see Chapter 2) are similar to those of the
parametric runs 51C45H00, 51C45H36, and 51C45H72. The difference between the two
groups lies in the type of boundary conditions imposed at the top and bottom ends. A
comparison of the limit point strains obtained by the two groups is given in Table 5.8. It
is noticed that the strains based on test results are either slightly higher (Specimens
UGA324 and HGA324), or equal (Specimen DGA324) to those based on the
corresponding parametric runs. This may be caused by the fact that the end boundary
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conditions in the tests provides more stiffness to the specimens than provided by the

boundary conditions in the parametric runs.

5.8 Summary and Conclusions

In this chapter, the parameters affecting the local buckling behaviour of pipes were
identified. The number of parameters that need to be studied was reduced through
dimensional analysis. A parametric study was conducted using a finite element model
similar to the one devised in chapter 4. The non-dimensional parameters varied are

Djt, By, [P,,and G, /0, . The parametric study consists of twenty-seven combinations

of lJoading conditions and pipe geometry. Four definitions for deformation limiting
criteria for pipelines were proposed. Equations for predicting longitudinal compressive

strains corresponding to each of the proposed deformation limiting criteria are provided.

The parametric study was carried out using the true stress vs. true strain relationship for
X352 Steel as obtained from coupon tests. Therefore, the results of the study are limited to
pipes made of gradual yielding steel having a plasticity exponent in the neighborhood of
12. The parametric study needs to be expanded to cover other values of the plasticity

.exponent of practical importance.

The buckling modes obtained consisted of outward bulges for all pressurized pipes and
either diamond shape or Brazier modes for unpressurized pipes. The boundaries
separating the three modes of buckling are not clearly identified. Further finite element

runs are needed for this purpose.
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Table 5.1 Moment Capacity Ratios

Dimensionless Parameters Moment Ratios
M M
. MP fM“J
Identifier | ODA | P/Py | onw/o G,.P, Oy, P:
51T30H00 51 -0.195 0.00 0.95 0.98
77T30H00 77 -0.195 0.00 0.93 1.01
100T30H00 100 -0.195 0.00 0.85 1.05
51C7.5H00 51 0.049 0.00 0.94 0.97
77C7.5H0D 77 0.049 0.00 0.93 1.00
100C7.5H00| " 100 0.049 0.00 0.84 1.03
51C45H00 51 0.293 0.00 0.95 0.96
77C45H00 77 0.203 0.00 0.91 1.00
100C45H00 100 0.293 0.00 0.82 1.04
51T30H36 51 -0.301 0.36 1,03 1.00
77T30H36 77 -0.301 0.36 0.99 1.00
100T30H36| 100 | -0.301 0.36 1.02 1.05
51C7.5H36 51 -0.057 | 0.36 1.00 0.96
77C7.5H36 77 -0.057 0.36 0.96 0.96
100C7.5H36| 100 -0.057 0.36 0.97 1.00
51C45H36 51 0.188 0.36 1.03 0.98
77C45H36 77 0.188 0.36 0.94 0.96
100C45H36( 100 D.188 0.36 0.93 0.98
51T30H72 51 0406 072 1.15 1.03
77T30H72 77 -0.406 0.72 1.09 1.02
100T30H72| 100 | -0.406 | 0.72 1.00 0.96
S1C7.5H72 51 0.162 | 0.72 1.15 1.02
77C7.5H72 77 -0.162 0.72 1.07 0.99
100C7.5H72] 100 -0.162 0.72 1.05 1.00
51C45H72 51 0.082 0.72 1.29 113
77C45H72 77 0.082 0.72 0.85 0.79
100C45H72 100 0.082 0.72 1.07 1.03
Average 1.00 1.00
St. Dev. 0.09 0.05
Min. 0.85 0.79
Max. 1.29 1.13
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Table 5.3 Longitudinal Compressive Strains at Limit Point

Dimensionless Parameters|{Strain at Limit Point |Error |Weight|Upper Limit

identifier |ODR| PJP, | ow/oy, | FEA | Eq.5.44 for Error
51T30H00 | 51 | -0.185 0.00 | 0.0086| 0.0085 | 0.10| 0.39 0.10
77T30H00 | 77 | -0.195 0.00 | 0.0067 | 0.0058 |-0.13| 0.55 0.07
100T30H00| 100 | -0.195 0.00 | 0.0051| 0.0042 |-0.17| 0.60 0.07
51C7.5H00 | 51 0.049 0.00 | 0.0160| 0.0153 | -0.04] 0.59 0.07
77C7.5H00 | 77 0.049 0.00 |0.0088| 0.0094 [ 0.06 | 0.63 0.06
100C7.5H00| 100 | 0.049 0.00 | 0.0065| 0.0068 | 0.05| 0.76 0.05
51C45H00 | 51 0.293 0.00 |0.0170| 0.0133 |-0.22| 0.65 0.08

77C45H00 | 77 | 0.293 0.00 |0.0097 | 0.0081 |-0.16| 0.67 0.08

100C45H00| 100 | 0.293 0.00 | 0.0070| 0.0058 |-0.15] 0.74 0.05

51T30H36 | 51 | -0.195 0.36 |0.0280| 0.0114 |-0.59| 0.63 0.06

77T30H36 | 77 | -0.195 0.36 | 0.0130| 0.0069 |-0.47| 0.44 0.09

100T30H36| 100 | -0.195 0.36 | 0.0090| 0.0051 |-0.44| 0.34 0.12
51C7.5H36 | 51 0.049 0.36 | 0.0230| 0.0183 |-0.20] 0.59 0.07

77C7.5H36 | 77 | 0.049. 0.36 | 0.0110| 0.0112 | 0.02 | 0.54 0.07
100C7.5H36| 100 | 0.049 0.36 | 0.0076| 0.0082 | 0.08 | 0.52 0.08
51C45H36 | 51 0.293 0.36 |0.0220| 0.0159 (-0.28| 0.67 0.06
77C45H36 | 77 | 0.293 0.36 |0.0110| 0.0097 [-0.12] 0.63 0.06
100C45H36] 100 | 0.293 0.36 | 0.0073| 0.0071 [-0.03| 0.62 0.06

51T30H72 | 51 | -0.195 0.72 |0.0440| 0.0151 |-0.66| 0.47 0.09
77T30H72 | 77 | -0.195 0.72 |0.0270  0.0092 |-0.66| 0.37 0.11

100T30H72] 100 | -0.195 0.72 | 0.0160| 0.0067 |-0.58| 0.24 0.17
51C7.5H72 | 51 0.049 0.72 |0.0330| 0.0243 |-0.26| 0.57 0.07
77C7.5H72 | 77 0.049 0.72 | 0.0190| 0.0148 |-0.22| 0.50 0.08
100C7.5H72| 100 | 0.049 0.72 | 0.0130| 0.0109 |-0.16| 0.50 0.08
51C45H72 | 51 0.293 072 |0.0320| 0.0211 |-0.34| 0.60 0.07
T7C48H72 | 77 0.293 0.72 | 0.0120| 0.0129 | 0.07 | 0.53 0.07
100C45H72| 100 | 0.293 0.72 |0.0130| 0.0094 |-0.27| 0.66 0.06

Average Error -0.21

Coef. of. Det. 0.25

Standard Deviation  0.23
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Table 5.4 Longitudinal Compressive Strains at 95% of the Moment Capacity

Dimensionless Parameters|Strains at 95% Mom. Capacity |Error |Weight | Upper Limit
Identifier |OD/t | PJyP, | ow/cy FEA Eq. 5.46 tor Error

51T30H00 51 -0.195 0.00 0.0200 0.022 0.05 | 0.39 0.10
77T30H00 77 -0.195 0.00 0.0120 0.012 0.00 | 0.55 0.07
100T30H00 | 100 | -0.195 0.00 0.0080 0.009 0.05 | 0.60 0.07
51C7.5H00 | 51 0.049 0.00 0.0260 0.018 -0.37 | 0.59 0.07
77C7.5H00 | 77 0.049 0.00 0.0147 0.010 -0.36 | 0.63 0.06
100C7.5H00| 100 0.049 0.00 0.0100 0.007 -0.34 | 0.76 0.05
51C45H00 | 51 0.293 0.00 0.0280 0.011 -0.58 | 0.65 0.06
77C45H00 | 77 0.293 0.00 0.0140 0.006 -0.57 | 0.67 0.06
100C45H00 | 100 0.293- | 0.00 0.0098 0.004 -0.57 | 0.74 0.05
51T30H36 51 -0.195 0.36 0.0550 0.050 -0.10 | 0.63 0.06
77T30H36 | 77 -0.195 0.36 0.0320 0.028 -0.12 | 0.44 0.09
100T30H36 | 100 | -0.195 0.36 0.0210 0.019 -0.06 | 0.34 0.12
51C7.5H36 | 51 0.049 0.36 0.0410 0.040 -0.06 | 0.59 0.07
77C7.5H36 | 77 0.049 0.36 0.0210 0023 0.05 | 0.54 0.07
100C7.5H36| 100 0.049 0.36 0.0160 0.016 -0.03 | 052 0.08
51C45H36 | 51 0.293 0.36 0.0340 0.026 -0.27 | 0.67 0.06
77C45H36 | 77 0.293 0.36 0.0180 0.014 -0.22 | 0.63 0.06
100C45H36 | 100 0.293 0.36 0.0120 0.010 -0.18 | 0.62 0.06
51T30H72 51 -0.195 0.72 (.1030 0.082 0.21 | 047 0.09
77T30H72 | 77 -0,195 0.72 0.0820 0.046 -0.44 | 0.37 0.1
100T30H72 | 100 | -0.195 0.72 0.0790 0.032 -0.59 | 0.24 0.17
51C7.5H72 | 51 0.049 0.72 0.0620 0.066 0.02 | 0.57 0.07
77C75H72 | 77 0.049 0.72 0.0390 0.037 -0.07 | 0.50 0.08
100C7.5H72 | 100 0.049 0.72 0.0260 0.026 -0.03 | 0.50 0.08
51C45H72 | 51 0.293 0.72 0.0550 0.042 -0.26 | 0.60 0.07
77C45H72 | 77 0.293 0.72 0.0220 0.024 0.05 | 0.53 0.07
100C45H72 | 100 0.293 0.72 0.0200 0.016 -0.19 | 0.66 0.06

' Average Error -0.20

Coef. of. Determination 0.70

Standard Deviation 0.21
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Table 5.5 Longitudinal Compressive Strains at 15% Ovalization

Dimensionless Parameters | Strain at 15% Ovalization Error
Identifier ODA PJ/P, FEA Eq. 5.48

51T30H0Q0 51 -0.195 0.021 0.021 -0.023
77T30HO0 77 -0.195 0.014° 0.014 -0.030
100T30H00 100 -0.195 0.0096 0.010 0.083
51C7.5H00 51 0.049 0.040 0.038 -0.052
77C7.5H00 77 0.049 0.026 0.025 -0.032
100C7.5H00 100 0.048 0.022 0.019 -0.134
51C45H00 51 0.293 0.056 0.056 -0.008
77C45H00 77 0.293 0.034 0.037 0.076
100C45H00 100 0.293 0.027 0.028 0.047
Average Error -0.008

Coef. of. Determination 0.99

Standard Deviation 0.068

Table 5.6 Longitudinal Compressive Strains at 8% Hoop Strain

Dimensionless Parameters Strain at 8%Hoop Strain |Error
Identifier  |ODA PJ/Py chicy FEA Eq. 5.50
51T30H36 b1 -0.195 0.36 0.046 0.042 -0.084
77T30H36 77 -0.195 0.36 0.038 0.034 -0.104
100T30H36 100 -0.195 0.36 0.037 0.034 -0.083
51C7.5H36 51 0.049 0.36 0.042 0.042 0.003
77C7.5H36 77 0.049 0.36 0.035 0.034 -0.028
100C7.5H36 100 0.049 0.36 0.035 0.034 -0.030
51C45H36 51 0.293 0.36 0.041 0.042 0.028
77C45H36 77 0.293 0.36 0.036 0.034 -0.055
100C45H36 100 0.293 0.36 0.037 0.034 -0.083
51T30H72 51 -0.195 0.72 0.044 0.042 -0.042
77T30H72 77 -0.195 0.72 0.034 0.034 0.001
100T30H72 100 -0.195 0.72 0.033 0.034 0.029
51C7.5H72 51 0.049 0.72 0.041 0.042 0.028
77C7.5H72 77 0.049 0.72 0.032 0.034 0.064
100C7.5H72 100 0.049 0.72 0.03 0.034 0.131
51C45H72 51 0.293 0.72 0.04 0.042 0.054
77CA5H72 77 0.293 0.72 0.031 0.034 0.098
100C45H72 100 0.293 0.72 0.034 0.034 -0.002
Average Error -0.004
Coef. of. Determination  0.727
Standard Deviation 0.066
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Table 5.7 Buckled Lengths and Buckling Modes

Buckled
dentitier | "eM9 10 | By ciied Shape
Diameter
Ratio

51T30H00 0.53 Brazier
51T30H36 0.45 Qutward Bulge |
51T30H72 0.53 Qutward Bulge
51C7.5H00 0.60 Brazier
51C7.5H36 0.53 Qutward Bulge
51C7.5H72 0.53 Qutward Bulge
51C45H00 0.75 Brazier
51C45H36 0.45 Quiward Bulge
51C45H72 0.53 Outward Bulge
77T30H00 0.53 Brazier
77T30H36 0.45 Qutward Bulge
77T30H72 0.45 Qutward Bulge
77C7.5H00 0.60 Brazier
77C7.5H36 0.38 Outward Buige |
77C7.5H72 0.45 Qutward Bulge |
77C45H00 0.75 Diamond Shape
77C45H36 0.38 Outward Bulge
77C45H72 0.45 Outward Bulge |
100T30HOO 0.53 Brazier
100T30H36 0.38 Qutward Buige
100T30H72 0.45 Outward Buige
100C7.5H00 0.60 Brazier
100C7.5H36 0.38 Qutward Bulge
100C7.5H72 0.45 QOutward Bulge
100C45H00 0.75 Diamond Shape
100C45H36 0.38 Qutward Buige
100C45H72 0.45 Outward Bulge |

Table 5.8 Limit Point Strains based on Experimental and Finite Element Results

Corresponding
Parametric Results
dentifier |LIMIt POINt | tifier | LiMIit Point

: Strain Strain
UGA324 2.00% [51C45H00 1.70%
HGA324 2.30% |51C45H36 2.20%

DGA324 3.20% |51C45H72 | 3.20%

Experimental Results
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(a) Top Portion of Specimen (b) Side View of Top Portion
of Specimen

Figure 5.1 Boundary Conditions
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6. SUMMARY AND CONCLUSIONS

6.1 Summary of Research

This research focused primarily on the deformational behavior of pipelines. The

following is a summary of the tasks performed.

1.

An experimental program consisting of the testing of seven full scale pipes
was carried out. The pipes were subjected to internal pressure, axial loading,
and imposed curvatures of magnitudes comparable to those that might occur

in the field.

A numerical finite element model was devised for the ABAQUS program in
order to predict the deformational behaviour of the specimens tested. The
model includes the effects of material elasto-plasticity, large displacements,

large rotations, and finite strains.

A comparison between the experimental results and those based on the finite
element analyses was performed. The comparison was based on the global
moment vs. global curvature relationship and on the deformed configuration
of the specimens. The mode] was found. to be capable of reasonably predicting
the moment vs. curvature response and the deformed configurations of the
specimens considered. The agreement between the two sets of results
established the ability of the analytical model to predict the behaviour of pipe

for similar problems.

The boundary conditions of the finite element model devised in step two were
modified in order to yield a closer resemblance to those expected in the field.
The modified numerical model was used in analyzing pipe for 27

combinations of loading and cross-sectional geometries. Dimensional analysis
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was used to reduce the number of parameters that needed to be considered in
the study. The study focused on the effect of the non-dimensional parameters

Dft, Py, /Py, and 6, /o, on local buckling of pipes.

5. Attempts were made to define rational deformation limit criteria for pipelines.
The deformation limit criteria proposed were the limit point, the point of 95%
post-peak moment capacity, the point of 15% ovalization (for unpressurized
pipes), and the point of 8% hoop strain (for highly pressurized pipes). The
deformation limits corresponding to each of the proposed criteria were related
to longitudinal compressive strains for design purposes. Based on the
proposed deformation limit state criteria, equations for predicting the
longitudinal compressive strains corresponding to each of the suggested
criteria were proposed. The equations were based on the results of the

parametric finite element runs.

6.2 Critique and Recommendations

6.2.1 Testing Procedure

" The tests reported in this research were performed on pipe with seam welds.
However, in all the tests, the seam weld was placed on the extreme tension fiber
of the specimens. Therefore, the effect of longitudinal welds on the deformational
behavior of pipes was not studied. In the field of course, local buckling can take
place at the location of the longitudinal weld. Therefore, an experimental study on
the effects of longitudinal welds on the pipe deformational behaviour is needed.
Future tests are also needed for spirally welded pipes. An experimental program
on the effect of girth welds on the deformational response of the pipe has recently

been completed at the University of Alberta (see Yoosef-Ghodsi et al., 1994).
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6.2.1.1 Material Properties

Workman (1987) performed an experimental study on the material properties of
steel pipes, that included a number of steel grades. He observed that the
mechanical properties of the pipe steel in the longitudinal direction are different
from those in the circumferential direction. In the test program descﬁbed herein,
only the longitudinal material properties were obtained. A more complete
description of the mechanical properties of the pipe steel would necessitate
obtaining the stress vs. strain relationship of the pipe material in the
circumferential direction as well. Based on the full description of the orthotropic
behaviour of the pipe material, a more elaborate material model that accounts for
the material orthotropy could be devised and used in the finite element parametric

runs.

6.2.1.2 Test Set-up

In the test setup, the frictional horizontal force Py (see Figure 3.18) was not
measured. In the design stage of the experiment, it was assumed that the
magnitude of the force Py would be close to zero throughout the test. This
assumption was based on an assumed deformation pattern approximately
symmetric with respect to a horizontal plane passing through the mid-height of the
specimen. As it turned out, this was true only in the pre-buckling range of
deformation of the tested specimens. It was found from the finite element runs
described in Chapter 4 that the magnitude of the force Py is large enough to
significantly affect the end moment values as computed by Equation 3.4.
Therefore, in the computation of experimental end moments, values of force Py

were obtained from the finite element analysis.

The strain gage readings on the compression side of the specimen were of little
importance since their readings were highly dependent on the location of the

gages with respect to the location of the local buckles. The strain readings based
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on the Demec gages provided a better measure of longitudinal compressive

strains.

The tensile strains recorded were based on strain gage readings. Demec gage
readings along the maximum tension fibers might have been appropriate in
determining both tensile strains and curvatures based on segments of the tested

specimens.

‘The radial displacement measurements for the tested specimens were based on the
electronic readings of LVDTs. The resolution of the mesh traced by the LVDTs
was too coarse to allow a reconstruction the pipe surface to be performed.
However, the LVDT readings provide a data-base against which displacements

determined by other means (e.g., photogrammetry) could be compared.

The elongation of the specimens was recorded through longitudinal LVDTs
placed along the specimen. The reading of the longitudinal elongation was
particularly important in controlling the reactive tests (Specimens UGR508 and
DLRS508). In these tests, it was intended that the specimens be maintained at a
constant length throughout the deformation process. This condition was achieved
only approximately because of the high sensitivity of the applied axial load (as
determined by the controlling program) on any errors in the readings for specimen

clongation.

In general, the end rotations applied to the specimens tested were unequal. It was
not possible to impose equal rotations to the end of the specimens, since the
rotation of both the toi) and bottom loading arms were controlled by only one
force, that of the eccentric jack (i.e., force F in Figure 3.18). Applying equal end
rotations to a specimen would necessitate controlling each of the loading arm
rotations by a separate jack. An advantage that would be gained by applying equal

end rotations to the specimens is that local buckling would be forced to occur at
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the center of the specimen. This could not be achieved for Specimens DGAS508
and DERS508 with a one eccentric jack setup.

Another way to force local buckles to occur in the middle of the specimen is to
increase the P-A effect of the concentric axial load P (see Figure 3.18). This can
be achieved by using relatively long specimens. The P-A effect was large enough
to force local buckles of all 324 mm OD specimens to occur near the center of the
specimens. For two of the 508 mm OD specimens, however, the buckles occurred
near the bottom ends of the specimens. For these tests, longer specimens might

have been more appropriate.

6.2.2 Deformation Limiting Criteria

Four deformation limiting criteria for buried pipelines are proposed as an outcome
of this research. Although criteria based on moment capacity have considerable
acceptability in the current pipeline industry, the criteria proposed herein, which
are based on maximum ovalization and maximum hoop strains, provide a more

rational basis in the design of buried pipelines.

Although the ovalization deformation limit state as defined in this research is a
suitable limiting deformation criterion, the proposed 15% limit on ovalization is
arbitrary. Better allowable limits on ovalization need to be obtained from the
industry. These could be based on the through-flow capacity of ovalized pipes or

on the dimensions of pigging devices used in the inspection of pipelines.

For the maximum hoop strain criterion, the 8% limit is suitable for longitudinally
welded pipes. For seamless pipes, this limit may be significantly increased in
accordance with the thickness of the pipe and its steel grades. Nevertheless, the

8% value remains a conservative limit for the design of seamless pipe.
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6.2.3 Parametric Study

The parametric study presented in Chapter 5 was based of the finite element runs
that used the material properties of X52 Steel. A comprehensive set of design
rules should include the steel grade as a design parameter. The stress vs. strain
characteristics of other steel grades need to be experimentally determined and
more parametric runs based on the properties of these steel grades should be

performed.

No attempts were made to study weld effects on the deformational behavior of
pipes. 1t is possible that the residual stresses caused by the welding processes may
significantly affect the pipe deformation limits. More research is needed in this

arca.

The effect of depressurization on pipe deformational behaviour has been outside
the scope of this study, although it might be of practical interest to designers.

Research in this area is needed.

More numerical studies are needed in the pressure ratio ranging between 0 and
36% so that the border between inward buckles and outward bulge buckles can be
delincated.

6.3 Impact of Research

It is the writer's opinion that the results of this research will have a significant
impact in the design philosophy and practice of buried pipelines. It is hoped that
the current design practices based on elastic criteria (being overly conservative)
will be abandoned in favour of the proposed deformation limit states that
recognize the ability of buried line pipes to deform well into the plastic range
while remaining fully operational. If the proposed deformation limits based on

ovalization and hoop strain limits are adopted by the industry, they will result in a
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significant economic impact. Also, by relaxing the design rules on buried
pipelines, it is expected that the pipeline industry will be able to avoid the more

expensive alternative of constructing elevated pipelines.
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