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ABSTRACT

If an offshore pipeline locally buckles in the presence
of sufficiently large external pressure, a propagating buckle
is initiated. The buckle propagates along the pipeline until
it encounters a region of adverse conditions -- low pressure
or an arresting device. The lowest pressure at which a
buckle propagates is defined as the Propagation Pressure. An
experimental study of this quantity is presented and a semi-
empirical expression derived by examining various models of
the phenomenon. The dynamics of the Propagating Buckle are
also examined and a parametric study of the steady state
velocity of Propagation is carried out. A systematic way of
empirically deriving the parametric dependence of arresting
devices is presented and experimental results of two such
arrestors are discussed. During this study a unique "flip-
flop'" mode of propagation was discovered and studied. An

explanation of the phenomenon is also attempted.
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1. INTRODUCTION

In recent years the seas, off the continents, and the
oceans beyond are being looked upon with ever increasing
interest as main sources of fossil energy for the future
(30% of total U.S. oil production by 1983). As exploration
of the continental shelf continues the deeper waters beyond
are being leased by the government and exploration of oil and
gas in depths of up to 5000 ft. (1.5 km) is already under way.

This endeavor has demanded a whole new technology to be
established rather quickly and in many cases industry is
hard pressed to meet the demand. Existing technology was
modified to suit the new field conditions. In many cases
restricted methods are used in order to obtain quick answers
to new problems.

Offshore pipeline design, construction and opera-
tion is one of the new industries which had to be devel-
oped. Based on the experience obtained from pipelines laid
in shallow waters as early as the 1940's, a number of pipe-
laying methods have been developed. Ref. 1.1 gives an
up to date summary of these. Pipelaying off a barge,
an early favorite, still remains the most commonly used
method. References 1.2-1.6 give extensive studies of
the equilibrium of a pipe during such laying operations
(fig. 1.1). Although a few problems still exist, such

as the stinger contact problem and elastic-plastic



pipe material behavior, this problem area is fairly well
understood. In recent years the development and deployment
of barges equipped with reels [1.1, 1.7] have made this type
of process much faster.

During such a pipelaying operation (fig. 1.1) the pipe
is under the combined effect of bending, pressure, tensional
and buoyancy loads. The tension applied at the barge usually
controls the bending stresses in the pipeline. If tension
is lost either due to sudden ship movement or malfunctioning
of the tensioner the bending stresses in the sag bend area
(area of maximum moment) can exceed the buckling limit and
cause a bending buckle. Bending buckles are local in nature
affecting a region less than ten diameters long (fig. 1.2a,b).
If the extermal pressure at this point is high enough the
local buckle transforms ifself into one that propagates,
driven by the pressure (fig. 1.2c). Once initiated this
buckle continues propagating, completely flattening the pipe
behind it. This continues until an area of low pressure is
reached, where propagation cannot be sustained or until some
mechanical obstacle 1s encountered which hinders further flatten-
ing of the pipe. In any case, it is clear that practically
the whole pipeline is potentially in danger.

It is important to make clear that the role of the
bending moment is important only until the initial local
buckle is formed which initiates the. Propagating
Buckle. In fact, a buckle can be initiated from any type of

local dent or damage. For example, once the pipe becomes



operational, many external factors can cause damage to the
pipeline even though the pipeline is not under the effect

of any substantial bending moments. Earthquakes, sea bottom
instabilities and sea floor currents can all cause local
buckles or damage to the pipeline. Another common cause of
damage is heavy equipment or debris falling onto the pipe.
Ship anchors falling onto the pipe or becoming hinged to it
is another serious danger.

Other ocean energy extraction schemes such as Ocean
Thermal Energy Conversion (OTEC) and Kelp Farming involve
suspended pipes up to 15,000 ft. (4.57 km) in length [1.8]
(fig. 1.3). Through these pipes, large quantities of water
are pumped from deep down in the éea to the surface, providing
the temperature difference for a heat engine or for nutrients for
growing kelp. The pipes are subjected to loads due to cur-
rents, to pumping pressure differences and motion induced by
the floating structure to which they are attached. Buckling
of these structures can occur from the combined effect of
bending and external pressure. This can create the condi-
tions necessary for a Propagating Buckle to be initiated,

Although this problem has been observed primarily in
offshore pipeline applications it is by no means restricted
to these, 1In fact, any long cylindrical structure under
external pressure can be Propagating Buckle critical pro-
vided the potential danger of local dents, buckles or other
damage occurring, exists. One rather interesting example is

described in ref. 1.9. 1In that case a small diameter gas
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pipeline is placed inside an existing large diameter one.
(See fig. 1.4.) 1In some circumstances water fills the space
between the two pipes. During the winter this water freezes
and for a range of pipe diameter ratios the expansion of ice
can cause buckling and complete flattening of the pipe. 1In a
case like this buckling always occurs at the weakest point
along the pipeline. The result is a long pipe with a section
that is damaged. This acts as an initiating point for a
Propagating Buckle., It is driven by the pressure provided

by the expanding ice. The rate of propagation depends on the
rate of ice expansion.

The problem of the Propagating Buckle and its potentially
catastrophic results were first noticed by a number of dif-
ferent researchers in the early seventies. The first pub-
lished report on the problem came from researchers at
Battelle in July 1973 [1.10]. Industry responded by sponsor-
ing a multiyear research program for tackling this and other
related buckling problems of offshore pipelines [l.ll].

Quite independently Palmer,in a short article [L.12]},made a
first attempt at quantifying the so called Propagation
Pressure. His experimental and theoretical work

were not taken far enough to produce a useful formula for
this critical quantity. In 1976 (ref. 1.13) fthe Battelle
group expanded on their earlier report. Although practi-
cally all aspects of the problem were touched, the restric;
tive nature of these projects caused the fundamental under-

lying mechanics problems to be slighted, 1In all fairness
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many of the problems involved are rather difficult in

nature involving large deformation plasticity, post buckling
effects as well as hydrodynamic effects. However, the above
reports served the very useful purpose of making industry

conscious of the problem.

This report is a record of a systematic effort, which
started in the summer of 1976, to better understand the
mechanics of the problem in all its stages. Experiments on
model pipes carried out in controlled environments were
conducted  in order to decide the importance of the various
parameters on the exhibited phenomena. With these results
established, modelling of some of the problems involved was
attempted with the general objective of obtaining approxi-
mate but useful expressions for the various critical
quantities. ‘

In order to help understand the wvarious aspects of
the problem and the mechanical processes involved in initiat-
ing, propagating and arresting a buckle, the problem has
been subdivided into 6 sub problems. Each of these is

briefly described below.

(a) Causes of Local Buckles

As already mentioned a Propagating Buckle is always
initiated from some local damage or dent on the
pipe. Clearly the best way of avoiding the problem is to
make sure that the conditions that cause these local imper-
fections are restricted. As far as the pipelaying opera-

tions are concerned this goal has been achieved to a great



extent due to the addition of a number of new pipelaying
methods for special applications [1.1] and the perfection of
existing techniques. The advent of dynamically positioned
laying vessels (barges, reel ships and semi-submersibles) has
also helped reduce accidents due to sea roughness. It is safe
to say that today most buckling problems during offshore pipe-
laying are caused by human error. In addition, better
trenching and dredging techniques [1.14-1.16] coating the
pipe with protective coating, securing the pipe to the ocean
floor, [1.17], better sea bottom survey methods, etc., have
all contributed to increasing the safety of the pipeline

during its operation.

(b) Buckling of a Circular Pipe Under External Pressure

Since offshore pipelines are under the influence of a
variety of compressive loads there exist conditions under
which the pipe becomes buckling critical. For the purposes
of this report the simplifying assumption that the pipe is
under external pressure loading only, will be made. In such
a case the buckling pressure of an infinitely long pipe is

given by the classical result:

p - 2E_ (%)3 (1.1)

This equation assumes purely elastic buckling. For typical
steel alloys (g ~ 50 x 10° psi) this formula is good for
D/t 2 25. For pipes having diameter: thickness ratios

smaller than the above an elastoplastic buckling correction



factor for 1.1 as calculated by ref. 1.18 can be used.

P =n P
cp y ¢ (1.2)
sl 2 k]
e " E a7 4 E
S

(¢) Initiation of a Propagating Buckle

As already mentioned a Propagating Buckle will only
occur if a local damage exists from which it can be initiated.
The pressure at which such a local imperfection transforms

itself into a propagating one is called the Initiation

Pressure (Pi). If a pipe under purely lateral pressure is
considered, it has been shown experimentally that a Propa-
gating Buckle prefers a '"dogbone'" type of collapse. This is
independent of the way the buckle was initiated. The Initia-
tion Pressure then can be looked at as the pressure at which
an imperfection, having a general shape transforms itself into
the correct profile which collapses the pipe into the dogbone
shape. It is clear that the value of pressure at which this
happens depends on the characteristics of the specific im-
perfection considered, These include the type of imperfec-
tion (e.g., local dent of the type introduced by bending
buckles or some kind of random imperfection) and its magni-
tude (i.e., length and amplitude). The relation of the
geometry of the imperfection to the required profile of a
Propagating Buckle is another factor. For example, a longi-

tudinally extending and symmetrically placed dent of small



amplitude, can have a lower initiation pressure than an
irregular and awkwardly oriented dent of much bigger ampli-
tude. If one considers the more complicated case of pres-
sure, moment and tension interacting, then the additional

problem of the local stress state has to be considered.

It became clear that since an infinite number of initial
dents can be defined, the problem of quantifying the Initia-
tion Pressure in a systematic way (analytical or experimen-
tal) is enormous. On the other hand,one is faced with the
real demand for this knowledge in the field. Some kind of
rule that will enable an evaluation of the seriousness of a
given situation where a dent exists on a pipeline is neces-
sary in order to make a decision about the course of action
to be taken. Stopping a laying operation or the pumping
process are extremely costly decisions. Any advice that
might help in evaluating the seriousness of the damage is
very useful.

If engineering judgment and experience derived from
recorded mishaps are used, the imperfections to be considered
can be restricted to a manageable small number and in such a
case the parametric dependence of the Initiation Pressure
can be studied in a systematic way with the hope that the
results derived will apply to a high percentage of the cases
encountered.

Such a study has not been one of the objectives of the
reported work but represents a long term objective of the

investigator.



(d) Buckle Propagation

Once a buckle is initiated it propagates down the pipe
flattening it. Typical pictures of Propagating Buckles on
three different size pipes are shown in fig. 1.5. It is
clear that the damage is extensive and terminal.

Due to the large deformation, cracking at the sharp
corners sometimes occurs. This can be very hazardous because
any oil in the pipe at the time of the accident spills into
the ocean with adverse effects to the environment. In addi-
tion if this occurs during the laying operation flooding of the
pipe occurs which can cause loss of the pipeline. Any analy-
sis of the above problems has to involve the nonlinear
material behavior as well as nonlinear large deformation
kinematics.

As mentioned by ref. 1.10 there exists a critical

pressure below which a Propagating Buckle cannot be sustained.

This is given the name Propagation Pressure (Pp) and an em-

pirical value for this pressure is given by ref. 1.10 as
t\25-
P, = 340, ()7 (1.3)

The validity of this expression-is tested experimentally

in chapter 2 and an effort to derive a more general expres-

sion is also made. It is important to note that for each pipe

Pp < Pog PLF (1.4)

For buckles initiated at pressures higher than I%) the

buckles were recorded to propagate at substantial velocities.

*At least for D/t <100 and metallic pipes.
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The dynamics of this propagation and the dependence of the
velocity on the various parameters of the problem is studied
in chapter 3. Chapter 4 deals with a new mode of propagation
termed the "flip-flop" discovered during the process of this

investigation.

(e) Propagating Buckle Arrest

Accepting the potentially catastrophic results of the
Propagating Buckle one would like to restrict its effects
to as small a section of pipe as possible. This is done by
using strengthening devices called Buckle Arrestors so that
if an accidental buckle occurs the damage is restricted to a
sacrificial length of the pipeline. The final chapter deals

with the design of such devices.
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2. ON THE PROPAGATION PRESSURE

2.1 Introduction

When a circular cylindrical pipe is subjected to ex-
ternal pressure there exists a pressure above which a Propa-
gating Buckle can occur. Above this pressure plastic defor-
mations of a local nature that might arise from a variety of
sources, such as local buckles or local dents, can cause a
Propagating Buckle. The magnitude and configuration of these
local imperfections required to cause such a buckle
depends primarily on the operating pressure. The Lowest
pressure at which a Propagating Buckfe can be sustained i3
defined as the pipe's Propagation Pressure, (Pp). As shown
in fig. 2 the Propagation Pressure is well below the critical
buckling pressure of the same pipe under external pressure,
at least for pipes with D)t of interest for pipeline abplica—
tions (25 < D/t < 100). Thus buckle propagation can occur
for pressures anywhere between Pp < P < P,. For pressures
closer to the buckling pressure, any kind of local imperfec-
tion that will cause local buckling will automatically cause
a Propagating Buckle. For pressures closer to the Propaga-
tion Pressure a Propagating Buckle is more difficult to
initiate. Propagating Buckles prefer a dogbone type of
collapse. This is independent of the way the buckle is
initiated. As a result, ann = 2 imperfection is much more
likely to cause a Propagating Buckle, at pressures closer to
Pp’ than other modes of imperfection are. Investigation of

the problem of buckle initiation has not been one of the
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objectives of this study. 1In this section a concentrated
effort is made to understand the governing parameters that
determine the value of the Propagation Pressure once it is
initiated. The problem is simplified even further by avoid-
ing the perplexing issue of propagation under combined load-
ing such as bending, pressure and tension. Instead, propaga-
tion under purely external pressure conditions is considered.
The problem is first examined experimentally and then
some simplifying models are considered in order to help ex-

plain some of the experimental results.

2.2 Experimental Determination of the Propagation Pressure

2.2.1 Experimental Set-up

The experiments were conducted in a specially built
pressure tank shown in fig. 2.1. This tank has a diameter
of 8 in. (.2m) and a length of 12 ft. (3.6Im). It is made
from three different segments each one of which can be used
independently. The first is a 2 ft. (.6m) long initiator
section shown in fig. 2.2. A pneumatically operated knife
edge is part of this assembly and was used for initiating
a buckle at one end of the pipe under test. The pneumatic
cylinder was operated through a solenoid valve remotely and
used up to 125 psi (8.62 bar) air pressure. This device was
essential for the dynamic tests, described in chapters 3 and
4 where it was necessary that a buckle be initiated at a
specific pressure.

Two more sections can be added to the initiator section

making the tank 6 or 12 ft. (1.8 or 3.6m) in total length.
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The tank was pressure tested to 1000 psi (69.0 bar) but has
an operating pressure of 800 psi (55.2 bar). Fig. 2.3 shows
a 4 ft. (1.2m) long transparent section which was designed, fabri-
cated and used for observation of the Propagating Buckle.
It is made of a floating (no axial stresses present) inner
cylindrical acrylic transparent tube turned to the design
diameter and repolished. This was slid into a steel casing
which was honed allowing only 0.01 in. (.25mm) between the
two cylindrical surfaces. Two "0'"-rings provided the neces-
sary sealing. Through this design the hoop stresses were
taken primarily by the acrylic tube and the axial stresses
wholly by the steel casing. The discontinuity at the window
was designed as shown in the figufe to reduce stress concen-
trations.

This section was pressure tested to a pressure of 240
psi (16.6 bar) but had a working pressure of 200 psi (13.8
bar). It was used primarily for experimental visualization
as it restricted the range of D/t that could be tested.
The tank was periodically pressure tested for possible fail-
ure of the acrylic due to the cyclic loads that the tank
was subjected to. A release safety valve was added to the
system when this section of the pressure tank was in opera-
tion.

The complete tank assembly is shown in fig. 2.1. The
tank can be pressurized with a ﬁotally liquid medium, a
totally gaseous medium or it can be partly filled with a

liquid and pressurized by a gas. In our case all three
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situations were encountered; the liquid was water and the
gas, alr or just nitrogen.

For quasistatic experiments, the tank had to be com-
pletely filled with water in order to allow control over the
speed of prcpagation. To achieve this the tank was posi-
tioned at an inclination of 2° to the horizontal. The test
procedure was as follows. The tube to be tested was pre-
pared and placed into the tank. One end of the tube was
directly connected to the atmosphere in order to ensure
the pressure inside the tube was atmospheric as the buckle
propagated (decreasing its volume). The end flanges were
secured to place. '"0O"-rings between the end flanges and the
slip-on flanges of the tank provided the necessary seals.
Referring to fig. 2.1 with valves D, E, and F closed and
A, B, and C open, water was pumped into the tank. As water
filled the tank the air escaped through B-C. Valve B is
positioned at the highest possible point ensuring that all
the air escaped out of the tank through B-C. Water was
pumped until it started escaping through exhaust C. Valve
C was first closed and then wvalve A.

A Teledyne S-216-C single piston air driven pump with a
pressure ratio of 10 was used for pressurizing the tank (fig.
2.1). This pressurizing procedure was as follows. With
valves A, C, and D closed, valve E was opened. Valve F was
used to control the rate of pumping and to monitor the pres-
sure. The pressure in the tank could be read from a cali-

brated pressure gage. In addition a pressure transducer
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signal was recorded on a chart recorder giving a continuous
time-pressure reading.

For experiments in air the tank was pressurized with
compressed air or nitrogen from high pressure cylinders
through valve D with A, E and F closed.

For dynamic experiments in water the tank was partially
filled with water leaving an air gap at the top. The system
was then pressurized with compressed air. The air gap was
big enough to allow near constant pressure experiments.
(Pressure difference from the beginning to the end of the
experiment was 2-3%; for the case of the tank being completely
filled with air the pressure difference was less than 1% -
these apply to the biggest diameter pipes used in dynamic

experiments 1.5 in. (.38m) OD).

2.2.2 Experimental Procedure

As defined earlier the Propagation Pressure is the low-
est pressure at which a buckle will propagate. A series of
experiments were carried out on a number of aluminum alloy
as well as on stainless steel pipés to find an experimental
value for the Propagation Pressure of each. The geometric
characteristics of the pipes tested can be found in Table
2.1. Longitudinal tensile test specimens were cut from each
of the pipes tested and the stress-strain behavior of the
pipe material was obtained up to a maximum strain of about
1%. Typical results from these tests are shown in fig. 2.4.

The experimental procedure was as follows. A pipe was

sealed and placed in the tank as shown in fig. 2.1. A large
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local initial imperfection was inflicted to the pipe either
externally or by the knife edges available in the initiator
section. The tank was completely filled with water andslowly
pressurized by the water pump. A typical pressure time
history of how the experiment progressed is shown in fig.

2.5. For T

0 £T<Ty the pressure rises to a maximum value

P called the Initiation Pressure of the specific imperfec-

tion. For T1 <T< Tz the initial imperfection deforms
plastically and rapidly until at T2 it has taken the geometry
of the profile of a Propagating Buckle. A typical profile of
a quasistatically Propagating Buckle is shown in fig. 2.5.
For T2 < T < T4 the buckle slowly propagates in a dogbone
type of collapse. (Typical crossections of collapsed pipes
are shown in fig. 2.6.) The rate of propagation depends
wholly on the rate water is pumped into the tank; this was
usually left constant for T, < T< T,. The buckle continues
to propagate at relatively constant pressure until it starts
"feeling" the effect of the end plug, at about 15 pipe
diameters away from the end. At this point the constraining
effect of the plug makes the pressure rise and this usually
signalled the end of the experiment.

Due to the fact that the pump used is a single piston
pump, small variation in pressure occurred in the experiment.
These variations were of periodic nature and the mean pres-
sure was very easily obtained. This was taken to be the
Propagation Pressure.

As shown later the Propagation Pressure is very sensitive
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to pipe thickness variations as well as to yield stress
variations. Wall thickness irregularities of about max

|at] = 7% exist in all drawn tubes. As a result sometimes
the Propagation Pressure was position dependent. Careful
measurement of wall thickness at different points along the
pipe and at different points around the perimeter partly
negated this error. Other sources of error were instrumenta-
tion inaccuracies and human error. The Propagation Pressure

results are tabulated in Table 2.1.

2.2.3 Experimental Results-Discussion

Accepting the fact that this phenomenon is primarily
governed by rather large plastic deformations, in a first
attempt to plot the results in some logical fashion, the
assumption that the whole-stress—strain behavior of the
material can be characterized by one parameter only, i.e.,
the yield stress, is accepted (see ref. 2.1). For comparison
reasons the yield stress g, is taken to be the same as ref.

2.1, i.e.,

go = {o] e = 0.005}
This definition has been standardized by API for steel pipes.
From fig. 2.4 it can be seen that for steel, this definition
gives 4-87% higher values for the yield stress compared to the
.2% offset strain criterion. On the other hand in the case
of aluminum alloys the first criterion gives 5-15% lower
values than the latter one.

The Propagation Pressure normalized by the yield stress
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is plotted on log-log scales, vs D/t in fig. 2.7. Theresults
are fitted with a straight line (least squares fit). This
straight line has a slope of -2.281. The small scatter of the
results is due to experimental errors described above but
probably the biggest contribution is due to discrepancies in
the determination of the yield stress. As mentioned earlier
the yield stress was obtained from tests carried out on
specimens cut along the axis of the pipes. 1In the case of
drawn tubes the properties in the transverse direction are
different by as much as + 57%. Due to the size of the pipes
used, obtaining the properties in the transverse direction
was very involved so the compromise solution of longitudinal
specimens was accepted. Using the slope obtained from fig.
2.7 the results are plotted on natural scales in fig. 2.8.
On the same figures results from ref. 2.1 are also
plotted. These were carried out using 2 in. (.051lm) and 12
in. (.305m) OD steel pipes of different thicknesses. The
slope of the fitted straight line is -2.254. Comparing the
steel results with those from aluminum alloys, it is evident
that the slope is practically the same (1% difference) but
the two straight lines are shifted in the log-log plane.
Two experiments carried out by the author on stainless steel
pipes (SS-304) which has similar ¢ - ¢ behavior as the steels
used by ref. 2.1 are also shown in fig. 2.8. They are in
good agreement with the other steel results reinforcing the
suspicion that a fundamental difference exists between the

two sets of results.



- 19 -
The equations of the fitted curves for the two sets of

results are as follows:

P < B
_ t
2 =2 () (2.2.1)
A ) B
Aluminum Alloys 11.3 2.281
Steel Alloys 14.5 2.254

Very clearly, replacing the complete stress-strain behavior
by one parameter only is not a very good approximation. A

more realistic assumption seems to be

» _ . (E E_'B | | (2.2.2)
Oo f<00’u)<D)

where E is the Young's modulus of the material and y is a
strain hardening parameter which could depend on the stress
state. The effect of the elastic deformation and strain
hardening will be examined in conjunction with some simpli-

fied models of the phenomenon, which follow.

2.3 Theoretical Modeling

Having obtained some knowledge about the phenomenon,
effort was made to somehow model it in some simplified way
that included the main mechanical parameters of the problem.

Remseth, Holthe, Bergan and Holland in ref. 2.2 looked
at the problem of combined bending and external pressure
acting on a pipe and the associated initiation and propaga-

tion of a buckle. Due to the combined loading considered
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most of their effort went into initiating the buckle which

as will be explained later depends very much on the load

time history used or in deformation terms it depends on the
initial imperfection. This is because in practical sense all
the bending moment does 1is induce an initial local imper-
fection. Once the buckle was initiated their solution became
unstable and no data, of usable value, for the propagation
pressure are presented in their paper. Possible modifications
to their loading and procedure are suggested at the end of
this chapter.

Although solution of the problem numerically, through a
large deformation shell numerical analysis-with plasticity
included, is feasible this route was avoided due to the com-
plicated numerical work necessary. Instead it was decided to
look at various simplifiea-models of the problem with a
varying degree of complexity. The purpose of these models
was first to understand the governing physical processes
that go on when the buckle quasistatically propagated a dis-
tance x; second, to look in more detail at the structure
of f in equation (2.2) and third, to obtain, if possible,

an approximate theoretical expression for Pp

2.3.1 One-dimensional Model

As a first approximation to the problem, collapse of a
circular ring (or infinitely long pipe) under external pres-
sure is examined. At first this is done through the limit
load placticity theory and at a more advanced stage the

problem is examined numerically.



(a) Collapse load of a circular ring under external pressure,

Consider a ring of radius R, thickness t, under external
pressure P. The limit theorems of plasticity will be used to
establish bounds on the collapse load of this ring. (See refs.,

2.3, 2.4, and 2.5.)

(i) Upper Bound Theorem

Let the ring material be idealized to a rigid (or
elastic)-perfectly plastic one. Consider the kinematically
admissible deformation field shown in fig. 2.9a. Four hinges
are placed as shown and the ring quadrant between the hinges
are made rigid. The system becomes a mechanism whose motion
is restricted to the one shown in fig. 2.9b. The moment at
the hinges is assumed to be the fuil plastic moment

= 00t2
MO

FIG. 2.9. A KINEMATICALLY ADMISSIBLE DEFORMATION FIELD FOR
A COLLAPSING RING
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If the hinges are rotated as shown in fig. 2.9b through

an angle 0 the internal energy dissipated is given by

U = 8M06 = ZOOtze (2.3.1)

The volume change is given by

AV = 2R*{1 - sin (5 - o) |
or ' (2.3.2)

oV = 2R%{1 - (1 - D [1+ 25 -(3)7]

Since 8 f
0 = - sin~! L R | |
S ' 0 (2.3.3)

ISE

|

Thus the external work done is 5

W= PAV = 2PR? {1 - (1 - é)[l + 28 _(8)2 g ?(2.3.4)
R’ R R i

The upper bound limit theorem says that 'the structure
must collapse if for any kinematically admissible deformation
the rate at which the external forces do work is equal (or

1

bigger) to the rate of internal dissipation." Thus for no

collapse from (2.3.1), (2.3.3) and (2.3.4)

T . =-1f{1 - &§/R

t. Z"Sln (—-—————f_——-————)

P<O’0—~\j - 2

- R § S S\ A% (2.3.5)
( 1- 1-g U_+-2§-Ga Jk
Note: from (2.3.5)

§ oo t ?

g=1 = P=z0g

5 i

_R_—-»O =5 P-v)»OO :



Thus

T ([t}
Pcollapse <% OO(?)

(ii) Lower Bound Theorem
The same assumptions are made for the ring as in (i).
Due to the double symmetry consider the equilibrium of only

one quadrant as shown in fig. 2.10.

o~
——R—* \{/ Mo
: : \Y
FIG. 2.10. STATICALLY ADMISSIBLE
STRESS FIELD

H, V, and MO define a statically admissible force field if

the ring is in equilibrium.

V=PRJ;—(1—%)2

H=PR(1 . %) (2.3.6)

v, - 2Ot (L - - B (2 - 8)(8)

The lower bound theorem states that if the internal forces
equilibriate the external forces and the material is at yield

or below yield the structure will not collapse.



Note > 0= P » (2.3.7)

73] o

2
> 1 =2 P - %‘Uo(‘%)

If we thus combine the results of (2.3.5) and (2.3.7) and

o

define collapse when % = 1, then
1 t)? ™ t
7‘”3(§) < P collapse * & O”(F) (2.3.8)

Expressions (2.3.5) and (2.3.7) are plotted as functions
2 8

of A (A == §>. in fig. 2.11. The problem of collapse of
a circular ring under external pressure is solved numerically
in the next section. The post buckling displacement of point
A is also plotted on fig. 2.11. (Note a = 10*.) Excluding
the behavior for A < .1 the equilibrium path of the statically
admissible path described above is very close to the exact
one. For A > .1 the error in pressure is 1.5 < Ap < 2.5%,

but is always positive. According to the lower bound theorem
the error should be negative. It is thought that since the
error is so small this discrepancy is probably due to trunca-
tion and roundoff errors in the numerical scheme used to

solve the problem exactly. The kinematically admissible
mechanism gives a clear upper bound at all points.

If we associate the propagation pressure with the col-

lapse pressure and remember that we have assumed a rigid



perfectly plastic material behavior from (2.3.8), we can say

that

A

11 <t>2 1 o (t>?
— 5 Oplw) < P e Uols ]
(1 -v'2D? R/ = P = (1 -yt R/

i
i
!

(2.3.9)

N

|
|
< A < 1.047 !

i=A<z>2
O

As expected this model does not give us a good representa-
tion of the propagation pressure. The material o-e¢ behavior
is represented by only one parameter o, and the power of (%)
is only 2. Of course this is to be expected due to the fact
that the third dimension of the problem has been neglected.
If we take the maximum value for A then in fig. 2.12 we see
the difference between thé experimental and the predicted
result.

As a next step we look at the exact solution of the
problem of the collapse of a ring, numerically. Examining
the collapsed cross sectional configuration of a buckled pipe
in fig. 2.6 we see that the configuration of the actual cross
section is not very different from what assumed, if the region
close to the plastic hinge is neglected. In fact the four
quadrants remain practically undeformed on collapse. This
leads us to the next problem where the effects of including
the complete o-¢ behavior (Elastic-Linear strain hardening)
to the problem of ring collapse under external pressure are

examined numerically.
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(b) Large Deformation Collapse Analysis of an Inelastic Ring

Under External Pressure

In the last section the collapse analysis of a ring was
examined assuming a rigid perfectly plastic material and using
theorems of limit load plasticity. It has already been men-
tioned that the effect of including the complete o-¢ behavior
in the problem is probably critical. Since the complete
problem will not be solved it was thought prudent to examine
the effect this has on at least the ring model which, after
all, includes the fundamental mode of deformation that the
pipe undergoes (Strip Theory Approximation). For this reason
the large deformation response of an inextentional ring under
external pressure is examined. The nonlinear equilibrium
equations are used and the material behavior is approximated
by an elastic linear stra{h hardening o-¢ curve symmetric
about the zero strain axis. The problem is solved numerically
and the deformations are followed until complete collapse of
the ring. A parametric study of the problem is carried out
in order to examine the dependence of the collapse load on

the various parameters of the problem.

(c¢) The Problem

Consider a circular ring of radius R and thickness t, as
shown in fig. 2.13. The ring can have an initial imperfec-

tion. For convenience this will be taken to be of the form

w; = W, cos 2¢ (2.3.10)
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Equilibrium Equations

The nonlinear equilibrium equations can be obtained by
considering an elemental segment of the ring as shown in '
fig. 2.14.

dH

a3 - -P cos 8

dv _ .

a”s""' ‘P sS1in 6 (2‘3'11)
aM

il

& Hcos 8 +V sin 8

H and V are the horizontal and vertical forces whereas
M is the moment as defined by fig.2.l4. S is the coordinate
along the midsurface of the ring and 6 is the angle the normal
at any point makes with the x-axis.
Geometry

Only inextensional deformations of the ring will be
considered, as a result

dx

Js = sin 6
(2.3.12)
%% = ¢co0s B

where (x, y) defines a point on the deformed ring relative
to the Cartesian frame shown in fig.2.14.

Constitutive Behavior

The main purpose of this exercise is not to fit any
stress strain curve exactly, but to see how the response of

the ring depends on some well defined material parameter.
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For this reason a material with o¢-e¢ curve as shown in fig.

2.15 was chosen. The symmetry of the

o-¢£ curve about the
zero strain axis should be noted.

The inelastic moment curvature relationship for such a

material is derived in Appendix A and is given by

e[ (- DEY v3(- b))

2

(2.3.13a)
. _ deg _ do

ds ~ dS

This is the nonlinear curvature displacement relation-

. 0 . . e
ship for a curved beam. o, is the initial curvature.
p ds

<o =  {x|M=2L 1 (2.3.13b)

) K
Let G—'K—D—

With these definitions the moment curvature relationship
becomes

¢ + [5G - 1) - ol ]G? - F(@ - 1) =0

2

(2.3.14a)
2
M =M/ Gt |
6

Let the required root of this cubic be

G = G(a, M)

(2.3.14b)
Note that G(1, M) = M.

(2.3.12b), (2.3.14a),

R L CALOE @09

(2.3.14pb) =
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Because of symmetry about the x-axis and y-axis only one

quadrant of the ring need be considered.

conditions then are:

H(0) = 0 e(g-R) = /2
6(0) = 0 V(%R) =0
Non-dimensionalizing equations (2.3.11),
(2.3.16) appropriately, one obtains:
%g = -0 cos 6
0 < s <
gg = -Q sin 0
%% = H cos 6 + V sin ¢
de _ dbo _ B)’ O_Q'_> M
ds ds Tr(t (EI G(a, M)
G(1, M)
G(a, M)
with B. C.
H() =0
86(0) = 0
o (l) = w/2
V(1) =0
In addition (2.3.12) becomes
: = - sin 0 0 < s <

3 B8
il

cos 0

The boundary

(2.

(2.3.16)

3.15) and

(2.3.17)

=l

=l

for

=l
I A
ot

(2.3.18)
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x(1l) = 0
y(0) = 0
where
s = 2S/7R x = 2x/mR | y = 2y/7R
(2.3,19)
M= 6M/o,t? | H = 3wHR/o,t? V = 3nVR/oot?

- ()

(2.3.17) can be expressed in vector form as:

du
—&E:: _:_E_(S: u) ’
- 0 <s <1
u=(H, V, M8 , . (2.3.20)
u,(0) =0 , u, (1) =0 ,
u,(0) =0 , Tu, (1) = w/2

(2.3.20) describes a set of four nonlinear ordinary differential
equations in the form of a two point boundary value problem.
Newton's iterative numerical method is used to solve for u.
The interval sEI[O, 11 is discretized into N discrete points
where 26 < N < 50, depending on the situation.

The convergence criterion used was as follows:

<107

(v+41) (v)
max | u, - u.]
j J J
The numerical method used is described in more detail

in ref. 2.6.

The solution of the elastic small deformation linearized

(0)
problem --ref. 2.7 -- was used as initial guess u to start
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the iteration. The calculation of the initial guesé is shown
in Appendix B:
The pressure parameter Q was increased by AQ and the

solution at Q was used as initial guess for Q-+ AQ, i.e.

9 >

u ("5 W (Q + 4Q

(1) Linearly Elastic_Case (a_= 1)

Linearly elastic material behavior is obtained if o = 1
in (2.3.17). The procedure described above is used to find
the different configurations as a function of pressure (see
fig. 2.16). The ring was assumed to have collapsed when
(y(1), 0) = (0, 0). Figure 2.16 shows how the displacement
(non-dimensional) of the point (y(1l), 0) varies with pressure.
The same study was done for five different values of the im-

perfection. For zero imperfection the following procedure

was used for solution:

Define Y = QVKQ’ %&) the vth iteration value of u
- pressure Q and imperfection wy
R

Suppose that on the vth iteration the solution converged.
Using this definition

w (o)
u (1.5, .009) > u (1.5, 0)

w) (0)
u (1.5, 00 -+ u (1.4, 0)

&, 000 - d @3, 0 etc

Of course once the first point on the curve was obtained then
the same procedure was followed as before.
The problem of collapse of an elastic ring with no

imperfection has been studied in detail by ref, 2.8, where the
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existence of solution is proved both above and below P/PC = 1.
In the same reference Newton's method was used to find the
deformed shape as a function of pressure. For collapse as
defined above, P/PC = 1,68. This compares with a value of
1.75 found in our case. The error depends both on the mesh
as well as on the convergence criterion.

More recently Budiansky and Sills [2.9] looked at the
"initial post-buckling' of a ring with no imperfection, under
external pressure. They showed that the buckling pressure is
not imperfection sensitive. This was in disagreement with
the results of ref. 2.10. The complete pressure-displacement
curves clearly agree with the conclusion of Budiansky and
Sills.

Pressure vs. the volume change curves have also been
drawn and have the same néture as those of fig. 2.1.6 as a

result they are not included.

(ii) Linear Strain Hardening Case (o > 1)

If a>1 then G = G(a, M) is used in equations (2.3.17)
where G is the solution of (2.3.14a). For most metals of
interest oe(50, 250). If this range of o is considered then
the pressure-displacement response changes drastically in
nature. A distinct limit load appears and the ring becomes
unstable beyond this point. Using load increments (AQ) the
solution had difficulty converging for points around the limit
poin?. Arbocz in ref. 2.11, facing the same problem but using
the double shooting technique, successfully modified his

equations so that increments of deformation were prescribed
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instead of load. This enabled him to extend the curve beyond

the limit point. The same idea is used in this case but a

different constraint is used.

From (2.3.18)

d —
a§~= cos 6 , y(0) =0

Suppose we add the constraint that
y(1) = A , where A is to be prescribed each time.
Since displacement cannot be prescribed simultaneously,
and traction at a point, Q is treated as a new unknown to the problem.

Since Q = const

dQ

ds 0

Equations (2.3.17) then become

%g = - Q cos ©
%g = - Q sin 6 0 <s <1
_ (2.3.21)
%% = H cos 8+ V sin9g
de _ de, _ 7,<B.\(f'_f’.)c(a ) G(l, M) =M
ds S t J\E ’ ’ -
- Gla, M =M M<1
ay -
ds cos 6
dQ _ |,
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with B. C's.

H(0) =0

6(0) =0

6(l) = w/2

V(1) =0

y(0) =0

y(1) = A (A prescribed each time)

In addition

dx _
ds

- sin 6, x(1) =0 . (2.3.22)

A separate program was written for equations (2.1). They
were solved in exactly the same ménner. The procedure for
the complete collapse of the tube was as follows:

Using increments of Q (i.e., eqns. (2.3.17)), the pressure
was taken up to point K (see fig. 2.17), asmall distance below
the limit point. The solution usually diverged at this point.
The last converged solution (i.e., solution at point k) was
used as initial guess for the next program where increments
of displacement A were prescribed. FigureZ2.l7 shows in detail
a typical example of the curve around the limit point.
Increments of displacement were used until complete collapse
of the ring. Figure2.16 shows how the pressure displacement
graphs change with the irntroduction of linear strain hardening.
A distinct limit point is present in each case, The maximum
pressure reached in each case is taken to be the buckling

pressure. The post-buckling behavior is unstable. On
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collapse some residual resistance to pressure remains in the
tube. The minimum pressure always occurs for A < 2/u
(collapse condition).

Figure 2.18 depicts a quadrant of the ring at different
stages of collapse. The spread of plasticity along the length
of the ring is also shown. The region of maximum moment,
i.e., at s = 0 goes plastic first, followed by the region at
s = 1. As the deformation continues the two regions spread
inwards as shown in the figure. Fig. 2.19 shows a typical
collapse sequence of a complete ring.

Figure 2.20 shows how the moment at s = 0 (point of
maximum moment for all values of A) varies with displacement.
It should be noted that no unloading occurs at any value of
A. This is true everywhere along the ring. This fact helps
simplify the numerical analysis considerably as no unloading
capability had to be added to the program. The variation of
forces at s = 0 and 1 with displacement are shown in fig.
2.21, Since these are the main reacting forces for the ex-
ternal pressure they follow the pattern of the pressure
behavior with displacement A.

The moment distributions around the perimeter of a ring
quadrant just before buckling and on final collapse are shown
in fig. 2.22. Similar plots for the horizontal and vertical

forces are shown in fig. 2,23.



(iii) Parametric Analysis

The purpose of carrying out the above analysis was two
fold. First to find the dependence of the collapse load on
the various parameters of the problem and second to find the
buckling pressure of a tube with initial imperfection, as a
function of the initial imperfection and D/t. The latter is
needed for analyzing the the "Flip-Flop" mode of dynamic propa-
gation described in chapter 4. It so happens that the buckling
pressure is a direct by-product of the analysis required for
the first problem.

Collapse pressure will be defined as the pressure at
which the two points of maximum displacement finally touch.
(See fig. 2.19). A parametric study of the collapse load has
been carried out to determine its dependence to the wvarious
parameters of the problem:

For the inelastic case, buckling pressure is defined as
the maximum value of pressure reached, or as the maximum
pressure for which %% = 0. Figure 2.16 shows how the collapse
behavior varies with different values of initial imperfec-
tion. Although the initial imperfection affects very much
the buckling load, it has practically no effect on the post
buckling behavior and absolutely no effect on the collapse
load. It is of interest to compare this behavior with that
of the elastic case, where of course the post buckling be-
havior is stable. Obviously the buckling load in this case
is not imperfection sensitive. The initial imperfection

has minimal effect on the collapse load. Varving
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E changes the buckling load. As a result the prebuckling be-
havior is affected. The post buckling behavior very quickly
converges to exactly the same values for all values of E. As
a result the collapse load does not depend on E.

Figure 2.25 shows how the post buckling behavior is
affected by the value of . a = 1 represents the elastic
case and o = 10" represents what is practically an elastic-
perfectly plastic material behavior. It can be seen that the
effect of strain hardening on the buckling load is insignifi-
cant. On the other hand the post buckling behavior, which
after all takes place totally in the plastic regime (at least
for the ring parameters considered), is critically affected
by strain hardening. Figure 2.26 shows how the final collapse
shape is affected by the same parameter.

For bigger values of a the radius of curvature at the
pointed ends becomes smaller increasing the possibility of
cracking at these points due to material failure. Such
cracking leads to flooding of the pipe (Wet Buckle) which is
highly undesirable. | This subject obviously warrants further
investigation.

The next parameter to be varied is D/t where the wvalues
of D/t from 26 to 100 were examined. This is the region of
interest for pipeline application. Also for D/t < 25 the
effect of membrane stresses cannot be ignored.

A study was done for four different values of o and the
results are plotted on log-log scales in fig. 2.27. Straight

line results are obtained indicating a power law dependence
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of the collapse pressure on this parameter. The powers 8 of

t/D were as shown below.

& B
50 2.207
80 2.162
200 2.108
10000 2.05

It is important to note that although good agreement
exists in the powers of these curves they are shifted in the
log-log space giving quite different collapse load for the
same D/t. Comparing these powers with those obtained from the
experiments (from fig. 2.7) we find them a little smaller.
(Steel B = 2.25; A B = 2.28.) It is important to keep in
mind though that this analysis can only be considered as a
strip theory representation of the full three-dimensional
problem. Although the power of the (t/D) parameter is not
exactly the same the shift in the curves observed in the
experiments is repeated in the analytic results.

For the standard ring (D/t = 35.7, 0,/E = 4.2 x 107 %)
the value of o was varied further in order to see in detail
its effect on the collapse pressure. TFor the imperfection
considered (we¢/R = 8 x 107 °) the collapse process is always
unstable if o > 1.2. The value of P/Pc at collapse varies
from 1.73 in the elastic case to 0.145 in the elastic-perfectly
Plastic case (a = 10%"). The dependence of the collapse

Pressure P, on o is shown in fig. 2.28. Clearly its effect
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is substantial. Materials of interest (i.e., aluminum and
steel alloys) have ae(50,200) which as shown in fig, 2.28 is
the region of most variation of the collapse pressure.

The next parameter to be varied was o,/E and the results
are shown in fig. 2.29. Varying the yield stress changes the
point of instability initiation along the elastic collapse
curve. It is interesting to note that only a small increment
in pressure is necessary for collapse to occur once the first
(outside) fiber of the ring yields. The post buckling path
is also affected and consequently the collapse pressure P is
affected. The normalized collapse load is plotted vs. the
normalized yield stress in fig. 2.30. Clearly the collapse
load varies linearly with the yield stress parameter at least
for the range of this parameter examined (range of interest
for pipeline applications).

Summarizing some of the above results: It has been shown
that the collapse pressure does not depend on E but on the
other hand it is heavily affected by E/E' and o,/E. It can
thus be concluded that the ring collapse pressure P has a

parametric behavior as follows:

ool . r (B (&) (2.3.24)

(o)) To

Pcol/co is plotted vs. E'/o, in figs. 2.31 (a) and (b) for
two ranges of E'/o,. Approximating this curve with a straight
line the following expression is obtained for the collapse

pressure of the inelastic ring.



- 40 -

P _ /E' t B
P - [a 4 bk—(;«)}(i—{) (2.3.25)
0 O
where a = 4.6
b = 0.23
g = 2.2

As already mentioned a one dimensional model such as the one
presented above cannot by itself represent the behavior of the
Propagating Buckle. 1In particular, the profile through which
the pipe transforms itself to a dogbone type of cross section
undergoes bending and stretching deformations in the longitudinal
sense; and these cannot be considered by a one-dimensional model.
Even so, it is clear that the one-dimensional model represents
by far the dominant effect. For this reason it is thought prudent
to generalize conclusions abeout its behavior to the behavior of
the complete problem. For instance, the one-dimensional problem
predicts a linear dependence of the collapse load on the yield
stress o (actually OO/E but E does not affect the collapse load).
This of course is in agreement with result (2.2.2) drawn from the
experimental results. A second important conclusion is that the
collapse load of the ring is strongly affected by the strain
hardening parameter E'/o,. A third important conclusion is that
due to the nature of the solution the unstable part of the load-
displacement curve is practically independent of the value of E.
In fact the collapse load is completely independent of E. 1In
addition to the above, as expected, the magnitude of the initial

imperfection has no effect on the collapse load.
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2.3.2 A three-dimensional model

In section 2.3.1(a) a limit analysis on a one-dimensional
ring model was carried out which gave upper and lower bounds to
the collapse pressure of that model. In addition to the single
dimension simplification an inextensionality condition was also
used.

In this section the problem is examined through a more
realistic geometry by considering the energy balance of a slowly
propagating buckle front. The geometry of a typical buckle front
is shown in fig. 1.5. The idealized geometry is shown in fig. C.1;
this geometry represents a kinematically admissible one. The
strain energy required by the material when the buckle moves forward
a unit distance is calculated. The-ﬁﬂlowhmgasamptﬂxm are made

(a) The kinematically _admissible geometry of fig. C.1 is assumed.

(b) The material is assumed to have a rigid perfectly

plastic material behavior.

(¢) Circumferential deformations are assumed to be

inextensional.

(d) Strain energy going into bending and membrane defor-

mations of longitudinal fibers are not neglected.

As shown in fig. C.1 the buckle front has a length a. It
represents a transition region from a circular to a dogbone
cross section of the pipe and is divided into regions A and B.
Each region is assumed to undergo a uniform extension and the
curvature does not vary in the circumferential direction. The
longitudinal fibers of each region are assumed to have a cosine

z dependence. This dependence was found to be realistic enough
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when compared to real life buckle fronts. From these assump-
tions the total strain energy required for the buckle front to

move a unit distance forward can be calculated as

U = U(o,, t, R, a)/unit pipe length flattened .
The above expression then includes contributions from

circumferential and longitudinal bending strain energies as well

as energy gone to longitudinal membrane deformations. The detailed

calculations of U can be found in Appendix C.

The external work done can be calculated in the same way as
the one dimensional problem and can be given by

W = W(P, R) = 2PR/Unit pipe flattened

From Appendix C

~ 2 : 3 2
U = %TTO'otz + g kil (g) Oot2 + (l - %) z—}‘ (%) O'()Rt

U=W =

P=3 ao(g—f[l v 32 (g)z +30 - ./7)#(%)2 (E.)] (2.3.26)
To find the dependence of P on R/t a relationship between R/t and
R/a is necessary. It has not been possible to find such an
expression theoretically; as a result the experimental values of
fig. 4.3are used in order to compare the values calculated from
(2.3.26) with the experimental results for Py,
It should be noted that the numerical values of this calculation
are restricted to A2-6061-T6 for which the measurements were made.
The results are plotted in fig. 2,12, This provides a reasonably
good upper bound for the value of Pp’ The error is of the order

of 15% and is bigger for bigger D/t's. The dominant term in
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expression (2.3.26) is the first one (circumferential bending). The
second and third terms increase the value of P/o, by about 8%.
Due to the fact that this is an upper bound neglecting the
second and third terms brings the answer closer to the experi-

mental results, especially for lower D/t's.

2.4 Conclusions

The value of the pipe propagation pressure (Pp) was found
experimentally for both aluminum and steel alloys. Trying to
find a parametric dependence for Pp it was noted that it is
proportional to o, and to some power of (t/R). However,
describing the complete material o-e behavior of the pipe by
only o, was shown to be inadequate.

From limit plasticity analysis of a one-dimensional ring
model, upper and lower bounds were found for the collapse
pressure which can be associated -- as a first approximation --
to the propagation pressure. A more extensive three-
dimensional model indicated that including longitudinal fiber
bending and membrane deformations increased the predicted
upper bound by 87%. However, these models suffer from the
inherent problem of single parameter characterization of the
pipe material behavior.

The above models, even though crude, have shown that the
circumferential bending represents the dominant deformation
mechanism. With this in mind the behavior of the ring model
was considered using the nonlinear equations of equilibrium
and large deformation kinematics (small strains). This was

done for a class of pipe materials having elastic-linear
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strain hardening material behavior. A parametric study of the
collapse pressure was carried out and it was found that com-
pared to the experimental results relatively good agreement
was found as far as the parameters R/t and o,/E are concerned,
but in addition the collapse pressure depends on E'/o,, in a
simple algebraic form shown in (2.3.25). Based on the above
results the Propagation Pressure is assumed to have the same
dependence on E'/o, as in (2.3.25). The values of (a) and

(b) can be calculated by assuming that for the aluminum alloys
used in the experiments o = 80 and for the steel alloys

a = 200. The Propagation Pressure expression can then be

approximated as:

2.25

gP— . [10.7 +0.54 (9—)](%) (2.4.1)

g
0] (@]
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3. DYNAMICS OF THE PROPAGATING BUCKLE

3.1 Introduction

In the preceding chapter buckle propagation under quasi-
static conditions was discussed. Although that study is very
important in establishing a criterion for the Propagation
Pressure of the pipe, a physically more relevant examination
of the problem cannot ignore the dynamics of the problem. It
has already been stated that the Propagating Buckle phenomen. n
can only occur at pressures P such that

P <P <P
p—_ —"c

If a buckle is initiated at any pressure above PD then it will
propagate at a velocity U which is a function of the wvarious
parameters of the problem. It becomes clear then that quanti-
fying the velocity is important in establishing the correct
arrest conditions when trying to design arresting devices.

An attempt to quantify the velocity of propagation
is given in ref. 3.1. An expression is presented which gives
the velocity as a function of the parameters of the problem.
This expression was derived (personal communication with T.G.
Johns) by considering a steady state pro?agation of an elastic,
small displacement axisymmetric disturbance in an infinitely
long circular pipe. This model has two important drawbacks.
First it does not take into account the inertial effects of
the fluid and secondly it is restricted to elastic deforma-
tions. As established in chapter 2, the Propagating Buckle
Phenomenon is characterized above all by its dependence on

the post yield stress-strain behavior of the pipe material.
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Neglecting this in modeling the phenomenon is inappropriate.
In what follows, an effort is made to treat the problem
in a more general manner by including important parameters
neglected in ref. 3.1. The objective is to obtain empirical
relations for the parametric dependence of the velocity.
Again the experimental path of investigation is followed.
The main parameters of the problem are shown in fig. 3.1.
In addition to those considered in the quasistatic case,
structural as well as hydrodynamic inertial parameters are
included. Some of the problems considered are for instance
the variation of the buckle profile length with pressure
the examination as to whether a steady state propagation con-
dition is reached and the determination of the acceleration
time to the steady state condition. High speed photography
is used in order to observe the propagation and to investi-
gate whether hydrodynamic phenomena such as separation or
cavitation are present. With the guidance of these experi-
mental results an effort is made to obtain a useful parametric

relation with an energy balance type of approach.

3.2 Experimental Determination of the Velocity of Propagation

These experiments were the first to be carried out and the
equipment used was not optimal. Most of the experiments were carried
out in the high pressure test facility shownon fig. 3.2. It con-
sists of a high pressure tank (3000 psi-207 bar-working pressure)
having internal diameter of 22 in. (.56m) and height of 10.5 ft
(3.2m) . Access into the tank was providedby a 2.5 in (.064m)

opening at the bottom end and two 1.25in (.032m) openings
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at the top end. These restricted the pipe dimensions to be
tested to maximum length of 8 ft (2.44m) and maximum diameter of
1.51in (0.038m) . The systemwith its hydraulic connections was
pressure tested to 2000 psi (138 bar).

The facility can operate with wet or dry pressurizing
medium (air or water). For experiments in water the tank was
filled with water but pressurized with compressed air. A suf-
ficiently large air pocket was left to insure nearly constant
pressure experiments. (Pressure drop from the beginning to
the end of the experiment was 2-3%.) The pipe to be tested
was placed into the tank through an opening in the floor.
Lead weights were hung on the bottom of the pipe to keep it
under the water surface at all times. The tank was filled
with water to the necessary level and then pressurized with
compressed air supplied ffbm compressed air (or nitrogen)
bottles (max. pressure 2200 psi (152 bar)). A pressure regulator
kept the pressure at the required level. Pressure gages on the
feed line provided pressure reading. In addition a pressure
transducer, suitably calibrated, was connected to a digital
voltmeter and a strip chart recorder provided continuous
pressure reading.

For experiments in air the tank (capacity 25 cu ft (.7 cum))
was pressurized solely by air supplied from pressurized air
bottles. Depending on the specific operating pressure, up to
four bottles were used to pressurize the tank and the pres-
surization process could take as long as one hour. At the

latter stages of these experiments an air compressor was
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added to the system but its maximum pressure was only 250 psi,
(17.2 bar). The pressure monitering systemwas the same as above.
The pipes were plugged at both ends. In some experiments
the pipe was connected to the atmosphere to ensure (nearly)
constant pressure experiments. Due to the tank construction
it was practically impossible to inflict an imperfection ex-
ternally in order to start the buckle; as a result an imper-
fection had to be machined on the pipe, providing a weaker
~section that could cause local buckling at a predetermined
pressure, With careful machining this imperfection could be
designed to buckle with an accuracy of + 5%. The machined
imperfection was usually about 4-5 diameters long (fig. 3.3b),
placed about 5-6 diameters from one end. The buckling pressufe
of the imperfection was calculated using expression 17 from
ref. 3.2. 1In cases where*accuracy of more than + 5% error was
necessary the following technique was used. An 1 in. plug of
a lower melting point alloy (melting point 150°F (66° C)) was
molded inside the tube under the imperfection. Aheating coil was
placed around the imperfection as shown in fig. 3.3b. The
pressure in the tank was taken up to the required level and
kept constant. Current was passed through the heating coil.
The plug melted removing the lateral support it was providing
to the weakened pipe section, allowing it to locally buckle under
the exact external pressure required, thus initiating a buckle.
Considering that the process had to be carried out inside the
tank with a wet environment it is easy to see that it was a

very inefficient process. At the first opportunity the
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facility described in section 2.2.1 was built. Due to the
design of this facility, it was relatively easy to inflict

a damage to the pipe at a specific pressure externally. The
details of the design and operation of this facility are
explained elsewhere. The experimental efficiency of the
dynamic experiments was increased by a factor of 5 and all
dynamic experiments apart from the ones described in this
section were carried in this improved facility.

The velocity of propagation was measured by means of four
strain gages attached externally to the tube at measured
intervals. As the propagating buckle passed through the
location of a strain gage a large response signal was obtained.
In cases where the pipes were immersed in water, a special
insulation had to be used‘to insulate the gages from the
water (Micro-measurement M-Coat F). This insulation provided
practically no resistance to bending or stretching and it did
not affect the smooth propagation of the buckle in any sig-
nificant way.

The signals were amplified (Astro DATA 810 DC differen-
tial amplifiers) and subsequently recorded on a four channel
variable speed HP 3100 tape recorder. The recording pro-
cedure was as follows. When the pressure was within about
10% of the precalculated buckling pressure of the machined
initiator, the instruments were switched on and the recorder
started. The pressure was then allowed to rise slowly until
buckling of the initiator occurred. This in turn caused a

propagating buckle. The tape recorder and chart recorder



were switched off. The exact pressure at which the measure-
ments were taken could be found from the pressure transducer
which indicated a sudden drop in pressure in the tank. (When
the tube collapses the volume it displaces becomes approximately
30% of its original volume.)

The recorded strain gage signals were played back at 15
times slower speed. The output of the recorder was displayed
on a scope as well as on a high frequency response light pen
galvanometer chart recorder (up to 80 in/sec paper feed).
Through this procedure the time base of the signals could be
stretched as much as necessary decreasing the measurement
error. The period between two signals was measured and
the average velocity between the two points could be calcu-
lated. Figure 3.4 shows a typical visicorder output and a
schematic of the corresponding tube with the strain gages in
place.

Typically, the first of the four strain gages was placed
6-8 diameters downstream of the initiator section. The
second and third were at intervals of 2 ft (.15m) apart and the
fourth was placed about 15 diameters from the other end plug.
Thus, three values of velocity could usually be obtained
although in some cases the elastic wave travelling ahead of
the buckle, or the buckle itself could shear off one or two
of the gages or break one of the electrical connections. 1In
such a case fewer values of velocity were obtained. Usually
the velocity obtained from the first two gage signals was

taken to be the velocity of propagation. If the pipe interior
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was connected to the atmosphere then the three values of
velocity were usually within a 5% difference band with the
first value being the biggest and the third the smallest (this
was mainly due to the decrease in tank pressure caused by the
decrease in displaced volume by the tube). In cases where

the pipe was not connected to the atmosphere then the internal
pressure at the moment the buckle reached the gage could be

approximated by

- Y
P =P s
g :
where L = Length of Pipe
Lg = Distance of gage from point of buckle initiation
Pat = Atmosphéric Pressure

y = Specific gas constant

.

(Note: Adiabatic change of state is assumed.)

Thus the internal pressure when the buckle reaches the
second gage can be calculated to be about 3 psi higher than
the atmospheric pressure. The maximum error produced by this
factor in the cases examined was about 3%. However, the
error produced to the value of velocity obtained by the third
and fourth gages was considerably higher, as a result when-
ever this value of velocity had to be used corrections had to

be made to the pressure to compensate for the above error.

3.2.1 Velocity measurement -- results.

The characteristics of the pipes tested are tabulated in

table 3-1. 1In the first series of experiments the velocity of



- 52 _
propagation was measured as a function of pressure for a cons-
tant D/t (= 35.7). This was carried out for both air and
water to see the significance of the fluid structure inter-
action. Figure 3.5 shows the experimental results. The ex-
periments covered the whole range of pressure between the propa-
gation pressure (115.8 psi (10.7 bar)) and the buckling pressure
(488 psi (33.7bar)). Due to inadequacies of the facility used it
was not possible to carry out experiments below P/Pp = 1.05.
This was mainly due to the fact that near Pp’ whether an
initial dent propagates or not depends heavily on the type of
dent inflicted on the pipe. Specifically it was found that
diagonally opposite longitudinal dents tend to help the
initiation of the buckle as opposed to transverse dents. At
pressures above about 435 psi (30 bar) a new mode of propagation was
discovered; this has been-called the "Flip-Flop" mode of
collapse and is discussed in detail in chapter 4.

By examining the time intervals between the different
gages along the tube it was established that the buckle, in a
relatively short time (6-8 diameters), accelerates to steady
state. Provided that all other variables are kept constant,
it continues travelling at a constant velocity.

As the results indicate, the velocity is dependent on
pressure as well as on the density of the pressurizing medium.
The velocity of the'propagating buckle in water is less than
half of that in air, indicating the considerable importance
of the fluid structure interaction problem. The same data

have also been plotted against a pressure parameter stemming
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from the energy balance calculations that follow. Using this
parameter the data fall on a straight line (see fig. 3.6),

but the experimental lines fail to go through the origin.

The reason for this is still unexplained. Reference 3.1 makes
an attempt to calculate the velocity of propagation (details
are not presented). The prediction of this reference is
plotted on fig. 3.6. Comparing this analysis with the experi-
mental results, the theory is inadequate as it neither pre-
dicts the correct pressure dependence nor is it sensitive to
pressurizing medium density changes.

Additional results for different D/t are shown in fig.
3.7. It is of interest to note that for thicker pipes the
buckle travels faster in both air and water. Note also that
the various straight lines are parallel to each other. The
dependence of velocity on D/t for constant P/Pp (= 1.7) is
shown in fig. 3.8.

During the course of this investigation it was noticed
that the length of the strain gage signals varied substan-
tially with velocity. For one series of experiments (speci-
men 2 of table 3-1) careful measurement of the signal lengths
was carried out and the length of the buckle profile was
calculated as follows. Referring to fig. 3.4, let the length
of a typical signal (usually the average value of the first
two gages was taken) be f sec. It is known that in T: sec.

a distance X, ft is traveled by the buckle. Thus the length

of the profile is given by



- 54 -

It should be noted that the length of the signal depends on
the orientation of the buckle with respect to the gage posi-
tion. Since in these early series of experiments no control
was available as to the orientation of the buckle, some of the
results had to be disregarded. Figure 3.9 shows a plot of
the profile length as calculated vs. a pressure parameter.
This pressure parameter is proportional to the velocity
(different constants of proportionality for air and water).
Although the quantitative value of these results is question-
able, qualitatively they indicate that the profile '"'sharpens"
with higher velocity. This conclusion is tested in the next

section.

3.3 High Speed Photographic Observation of a Propagating Buckle

Although quasistatic observation of the propagating
buckle had been observed both by the author as well as other
investigators, no effort had been made to observe a buckle
propagating under dynamic conditions. Such an endeavor was
worthwhile for a number of reasons. For instance, nothing
was really known about the fluid behavior at the buckle front.
The possibility of cavitation or other fluid effects required
direct observation. The problem of the "flip-flop'" mode of
collapse needed direct observation in order to verify a
theory as to its mechanism. Another problem requiring further
experimental examination was the velocity dependance of the
length of the profile of the propagating buckle.

For these reasons and others the transparent test

facility described earlier was designed and fabricated.
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Figure 3.10 represents a schematic of the circuit used
to initiate and photograph a propagating buckle. With switches
a and b closed and the knife edge retracted the camera was
started. At a prearranged time, to’ after the camera was
started, thé microswitch would automatically close, activat-
ing the solenoid valve which operated the piston and the
knife edge would move down, locally crushing the tube. Thus
a buckle would be initiated. The buckle very quickly would
accelerate to its steady state condition and enter the camera
viewing field at a constant velocity. By this time the
camera would be running at the required speed capturing the
phenomenor.

From the above description it can be seen that the process
required reasonably good timing for a successful experiment.
As a result some side experiments had to be carried out to
determine the order of magnitude of the time elapsed from
the moment of triggering to the moment the buckle entered
the camera viewing field. This was done as follows. A micro-
switch was connected to the pneumatic cylinder and arranged
to open when the piston moved lmm down. This microswitch
triggered a scope as well as a counter. A strain gage placed
on the pipe in the middle of the camera viewing field gave a
signal when the buckle reached that point. This amplified
signal was recorded on the scope and triggered off the counter.
Thus two measures of the necessary period were obtained.
This time was found to be about 40 msec for thesvpecified tube

used in the experiments. (Pressurewas 180 psi (12.4bar)). This
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time transformed into feet of film had to be taken into con-
sideration when arranging the delay system of the camera in
order to obtain the correct framing rate in the period of
interest.

Numerous tests were also carried out in order to test the
uniformity as well as the amount of light necessary for the

photography.

3.3.1 Experimental results.

A total of three films of the propagating buckle were
obtained. The main parameters of each experiment are listed

in table 3.2, below.

Pres. P D Frames/| U ft/sec a

Medium Pg t sec (m/sec) D
350

1 Water .878 50 3,250 (107) 5
372

2 Water .902 50 4,500 (113) 5
. 726

3 Air .890 50 11,500 (221) 4

TABLE 3.2. EXPERIMENTAL PARAMETERS OF
PHOTOGRAPHIC EXPERIMENTS
Two experiments were run with water as a pressurizing
medium in order to investigate the possibility of cavitation.
Figure 3.11 shows the results of experiment 2. No cavitation
is visible. The velocity of propagation was calculated by
knowing the width of the viewing field and the frame rate.

It should be noted that in the cases where the tank was filled
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with water, due to its cylindrical construction the ratio of
the two principal magnifications was about 1.5. As a result
the linear dimensions of the pipe are disproportionate.

The velocities calculated here are in good agreement
with those of fig. 3.7, where direct measurements were made
by the strain gage signal method. As far as can be told from
such a small viewing section (16 in. wide) the velocity of
propagation does not change during the experiment, reinforcing
previous results. By carefully looking at the pictures it
can be seen that somewhere ahead of the profile the diameter
of the pipe is bigger than the undisturbed diameter at the
right hand side. This indicates ovalization with major axis
perpendicular to that of the buckle. More will be mentioned
about this in the next chapter. The film from experiment 1
has nothing to add to the above and is not included.

Figure 3.12 shows the film obtained from experiment 3.
This experiment was carried out in air, as a result the
velocity is much higher. Again the value of velocity is in
good agreement with the value calculated from fig. 3.7. The
major axis of the buckle in this case is in the viewing plane.
As a result this picture complements the previous one. As can
be seen from the figure the profile is much sharper than the
one from a quasi-static buckle (see fig. 3.13). The lengths
of the profiles are measured in both cases and are tabulated
in table 3.2. A difference is noted from air to water. From
fig. 4.3 the value of the a/D for the quasi-static case is

found to be 7.75. This indicates that the profile length
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decreases with velocityv. ©No effort to further quantify this

was made.

3.4 Parametric Dependence of the Velocity of Propagation

As established in the experiments a buckle propagating
in a constant pressure environment achieves steady state con-
ditions (velocity, U) rather quickly (6 - 8 diameters). It
would be useful if the parametric dependence of the velocity
could be found. The complete problem involves all the non-
linear effects described earlier. An energy balance type of
analysis is attempted with the objective of obtaining some
useful parametric relationships. |

For the purpose of this analysis consider a buckle propa-
gating at velocity U (fig. 3.1). The pipe has a diameter D,

a thickness t and is made of a material with a stress-strain
behavior that can be approximated by a bilinear one with
parameters E, E' and oo, these having their usual meaning.
The pipe material density is p. The surrounding medium is
assumed to be inviscid, incompressible and of density Pe-

As the buckle propagates with a velocity U, the structure
absorbs a certain amount of energy in a given time interval
AT. During this time the buckle moves forward a distance
UAT. The energy absorbed by the structure is produced by the
work done by the external pressure. 1In addition to the strain
energy going into deforming the structure kinetic energy is
important to the structure as well as the surrounding fluid.
As energy balance gives a relation between velocity and the

other parameters of the problem. The various terms of this
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energy balance are discussed below,

As the buckle passes through a given location, the pipe
deforms from a circular to a collapsed state (dogbone). If
the material is assumed to be rigid-perfectly plastic, then
the only characteristic material property is the yield stress
o¢. Assuming that only plastic bending deformations occur, a
four hinge mechanism analysis as in section 2.3.1 gives the

plastic strain energy absorbed to be

; 2
WPL v gt UAT

This term is appropriate provided that the pipe goes from its
original circular shape to a developable shape without stretch-
ing and plastic work is confined to the yield hinges. In
actuality, stretching and bending of the longitudinal fibers

do occur. As a result the-plastic work is a function of the
length (a) of the buckle profile and the pipe diameter (D).

In addition, as shown for the quasistatic case in (2.3.25),

the strain energy is also a function of E'/o,. The expression

can then be written as
Wo. = 0,t2F (9 a —-—»)UAT (3.1)
PL 0 PL\ t’ D’ o, : )

The pipe wall will be accelerated as the buckle pro-
gresses. This imparts a kinetic energy to the pipe which is
assumed to be dissipated when the pipe collapses and impacts
the other side. The amount of kinetic energy depends upon the
shape of the buckle, however the parametric dependence can be

€xXpressed as follows:
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where o is the pipe mass density.

Likewise, energy goes into accelerating the surrounding
fluid medium, which is assumed to follow the pipe deformations
at all times. It is assumed that the kinetic energy imparted
to the fluid is subsequently dissipated. The fluid kinetic

energy term then can be written as

Wep = 0gD2U FKF( D)'UAT . (3.3)

The work done by the surrounding medium consists of the
pressure times the change in volume that occurs when the

buckle moves UAT forward. This is given by

Wpg = LPD?UAT . (3.4)

The energy balance is then given by:

Wpp = Wep T Wep + Wpp, (3.5)
(3.1 - 3.4) » (3.5) =
—cQtZFPL + 4pPD? = U? thFKP + prZFKP ; (3.6)

1f the propagation velocity is zero then the pressure

is equal to the propagation pressure (Pp).

o w25 )6
i.e. Pp = ZUOFPL( T D o, 5 . (3.7)

If the complicating effect of the profile length dependence

on velocity is neglected then % = f (%) . Then from (2.4.1)
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The general parametric dependence of the velocity can be seen
in (3.9). FPL is given by (3.8). In the case where experi-
ments are carried out in air gﬁ ~ 0¢10™*), thus the second
term in the denominator can be neglected. In that case an
expression for F_ ., can be obtained by using (3.8) and

fig. 3.8.

The proportionality of the velocity to ‘)% - 1 was
shown in fig. 3.7, where the experimental resultz are shown
to behave in the predicted way. However, in all cases tested
the straight lines failed to pass through the origin, indicating
a different behavior for buckles propagating at pressures close
to the propagation pressure. Both expression (3.9) as well as
the experimental results in fig. 3.7 show the dependence of

velocity on the pressurizing medium properties.

3.5 Conclusions

Experiments have shown that a buckle propagating in a
constant pressure environment rapidly reaches a constant

velocity. The acceleration distance to this steady state was
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found to be of the order of 6 - 8 diameters. The parametric
dependence of this velocity has been discussed through an
energy balance. The velocity has been shown to be proportion-
al to LA 1 . The experimental results showed this pro-
portionality satisfactory over the range of pressure and in
the experiment. However, this dependence could not be tested
for buckles propagating very close to the propagation pressure.
The velocity of propagation has also been shown experimentally
to be influenced by the density of the pressurizing medium.

For instance, differences of more than a factor of 2 were

noticed in velocities of buckles propagating in water and air.

High speed filming of the propagation in water did not
reveal (at least for the cases tested) any cavitation occurring
during propagation of the buckle. However, it was noticed that
the length of the profile of the propagating buckle was
velocity dependent.

For buckles initiated at pressures close to the pipe
buckling pressure a new mode of collapse and propagation was
observed. This is described in detail in the next chapter.

While the analysis and experiments described above do

not lead to a conclusive solution of the dynamic problem, they
do give the important parametric relations which should help

in formulating an analysis of the problem. The completion

of this analysis will probably dictate a numerical approach.
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4., THE "FLIP-FLOP" MODE OF COLLAPSE

4.1 Introduction

"Flip-Flop'" is the name given to a new mode of collapse
discovered in the process of carrying out the dynamic prop-
agation experiments described previously. A picture of a
pipe which suffered this collapse is shown in fig. 4.1. As
can be seen from the figure the pipe underwent a number of
changes in the orientation of the collapse mode. The buckle
was always initiated by some means at one end of the pipe.
Since the pipe was initially undisturbed, the phenomenon was

always considered as a change in the mode of propagation.

In other words the buckle once initiated starts travelling
down the tube until after some distance it changes the
orientation of collapse by exactly 90°. It again propagates
a certain distance and repeats the change in collapse orien-
tation returning to the mode in which it was originally
travelling. The process is repeated a number of times until
the end of the pipe is reached.

Early in this investigation Dr. Martin Mikulas* pointed
out that when a circular pipe is flattened locally, some
distance away from the damaged point ovalization occurs with
major axis perpendicular to the major axis of the flattened
area. The same effect was noted in a series of papers on
the collapse of short tubes under point loads by Reid,

Johnson and others (ref. 4.1). Yuan obtained the same effect

when examining the problem of point load on an infinitely long

P

“Visiting Associate in Aeronautics, 1977-78
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pipe [4.2, 4.3 ]. Although Yuan's problemwas restricted to
small displacement linearized shell theorv, ovalization was ob-
served some distance away from the point of locad apnlication.
The reason for this kind of behavior is thought to be the fact
that through such a deformation the local stretching in the
tube is minimized.

To examine the magnitude of this ovalization in the
plastic deformation regime a series of experiments were carried
out, where long tubes were subjected to local deformations by
knife edge indentors as shown in fig. 4.2. The deformation of
the cylinder along its principal axes was measured carefully
for different values of indentation. The procedure was re-
peated until the two pipe walls were touching at the point of
maximum indentation. The results from one of these experi-
ments are shown in exaggerated form in fig. 4.2. At a distance
of about four diameters away from the point of indentation,
the pipe ovalized with the major axis perpendicular to that
of the indentation deformation. The region of ovalization
was about five diameters in length with the maximum ovaliza-
tion occurring about five diameters away from the point of
indentation. From the analysis of ref. 4.2 it was found that
the length to which ovalization extends, in the elastic,
small deformation analysis was much bigger, however, the point
of maximum ovalization was almost exactly the same as in the
experiment. In light of this and the results of fig. 4.2
it was concluded that the position of maximum ovalization is

not highly dependent on the magnitude of deformation.
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The same experiments were repeated using an indentor
with a different contact diameter. It was found that although
the area close to the indentor exhibited different deforma-
tions the dimensions of the ovalized region remained unaf-
fected. It was thus concluded that some of these results
could be transferred to the case of the Propagating Buckle.

A series of experiments were carried out where a buckle was
allowed to propagate quasistatically halfway down the pipe and
then was stopped. The profiles of the buckles were subse-
quently measured along the two principal directions. The
dimensions of the pipes and the measured results are given in
table 4-1. The nominal length of the profile as defined in
table 4-1 is plotted vs. D/t in fig. 4.3. These results were
be used in calculating the plastic work done during propaga-
tion. The maximum imperfection resulting in the ovalized
region is plotted against D/t in fig. 4.4. The mean ovaliza-
tion over the same region is also given in this figure.

As previously mentioned the profile of propagation
becomes sharper as the velocity increases. From the simple
tests with the different radii indentors it was found that the
magnitude of ovalization was independent of the indentor
radius. As a result it is assumed that the magnitude of the
ovalized region measured from the static experiments is ap-
proximately the same as that which occurs in the dynamic case.
The mean size of the imperfection induced by the buckle,
calculated over a length of three diameters of the affected

region, is given in table 4-1 and can be found as a function



of D/t in fig. 4.4, As previously discussed, Timoshenko's simple
formula (ref. 4.4) for calculating the buckling pressure of an im-
perfect ring compares very well with more accurate analysis. Using
this criterion for buckling and assuming that the imperfection
measured above is of the type R = Ry + wo cos 26 the pressure at
which the imperfect section in front of the Propagating Buckle
collapses canbe calculated. This calculated value is then
assumed to be the lowest pressure at which the "Flip-Flop" mode
can occur. |

"Flip-Flops' were obtained in a number of experiments with two
different pipes. The geometric andmaterial parameters of the
pipes used are tabulated in table 4.2. The calculated values for
the minimum pressure at which flip-flop is predicted to occur (Pff)
and pressures at which flip-floos occurred(P;;"f) experimentally are
given in the table. All the observed pressures are above the calcu-
lated minimum pressure. This criterionwas used in order to es-
tablish the operating pressure of the experiments that are described
next.

4.2 High Speed Photographic Observation of the Formation of

a "Flip-Flop"

A theory as to the mechanismof the "Flip-Flop' was described
inthe preceding section. What follows is an experimental verifi-
cation of this theory. This was done through high speed photographic
observation of a buckle at the instant of "Flip-Flop". The trans-
parent test facility and the photographic technique described in the
dynamic experiments were used to observe the phenomenon. In addition

to the timing problems described in the dynamic propagation
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experiments the problem of calculating the positionwherea "Flip-
Flop' node would occur, a oriori, had to be faced. The simple
theory described above and the repeatability of experiments
made the correct determination of the node position possible.

The same tube used for the other dynamic experiments
was used in this case. After initiation the buckle would
propagate down the tube, undergo one "Flip-Flop" and then
enter the camera viewing field where it would undergo another
flip-over. By this time the camera would be running at the
required speed, capturing the phenomenon.

Three different successful experiments were carried out
where the "Flip-Flop" was photographed. Each has a different
framing rate and different degree of clarity and detail.

Figure 4.5 shows a series of pictures obtained at 192 psi
and 4000 fr/sec. The pictures were originally 16mm but were
cut down and rearranged as shown. The film used was Kodak
2476 with an ASA rating of 200. The quality of the pictures
is satisfactory, although some light nonuniformity is present
in the pictures. As can be seen, the buckle entered the
camera viewing field from left to right. The total width of
the viewing fieldwas .4m (16 in). The velocity of the incoming
buckle was calculated to be about 241lm/s (790 ft/sec). from the
first to the fifth frames the severe ovalization in front of the
buckle can be observed. The point of maximum ovalization
travelled at the same speed as the buckle front and remained
in all frames about 5 diameters in front. In the fifth frame

the ovalized section became unstable and in the sixth and
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seventh frames the collapse of the ovalized region is shown.

The incoming buckle is thus stopped and a new one having
its major axis at 90° to the old one starts propagating.
Although the phenomenon can be seen clearly from these pic-
tures it was felt necessary to increase the frame rate in
order to observe the phenomenon in more detail.

Figure 4.6 shows a more elaborate sequence of pictures
obtained in the second experiment. This film was taken at
15,000 fr/sec. The frames were 8mm. The film used was
Kodak PAN 2484 with an ASA rating of 800. 1In spite of the
film sensitivity, the light requirement was tooc high for the
sources available. The pipe was coated with a special illum-
inating coating to help the situation. The light uniformity
was carefully checked with a lightmeter but the right hand
side of the picture still is under-illuminated. Due to the
high film speed the pictures are more grainy. In spite of its
imperfections, this sequence of pictures provides far more
detail of the event than the previous one. It can, for
instance, be seen that the buckle aghead of the node takes
some time to accelerate and develop itself into the usual
profile of propagation. The velocity of the incoming buckle
was calculated tobe 259m/s (850 ft/sec). This compares well
with that given in fig.3.7. Due to the more frames available
this value of the velocity is more acceptable than the one
calculated from fig. 4.5. The mean pressure for this experi-
ment was 192 psi (13.2 bar).

The third picture was taken at 190 psi and 13,000 fr/sec
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per second. The film in this case was Eastman 4-X Neg 7224,
ASA 400. This film was originally underexposed. An effort
was made through photographic tricks to salvage it. The
results can be seen in fig. 4.7. The incoming buckle cannot
be seen very clearly but a better description of what happens
after the ovalized section collapses is shown. The initia-
tion of the new buckle and its development can be
seen in a sequence of frames. The time taken for the ovalized
section to collapse and for the buckle to progress to its
steady state propagation profile can be calculated to be about
400 psecs or 6-8 diameters distance. After this distance the
buckle profile has completely developed and a new section of
pipe ovalizes in the opposite direction. This ovalized section
is about 4-6 diameters away from the buckle front. Thus it
can be concluded that a node will occur every 12-16 diameters.
This was indeed the case in as many as six experiments on the
same tube, out of which only three were photographically
recorded. Figure 4.8 shows a static picture of ohe of the
nodes after the dynamic filming was completed. It can be
clearly seen that the two buckles are circumferentially
exactly 90° out of phase.

In a separate experiment four strain gages were placed
at distances of 6, 7, 8 and 9 diameters away from the knife
edge., The knife edge triggered a microswitch with the
slightest downward movement. All five signals were recorded.
From the gage signals it was found that the velocity of

Propagation reached a maximum value after about seven
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diameters. It was thus confirmed that the profile takes 6-8
diameters to accelerate to its maximum velccity. Although
pictures were obtained only for pipes of D/t = 50, the above
conclusions can be carried over, with reasonable success, to
D/t = 35.7 (the second pipe for which the "Flip-Flop" was

obtained) .
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5. BUCKLE ARREST

5.1 Introduction

In the preceding chapters the emphasis was concen-
trated in better understanding the problem of the Propagating
Buckle and its mechanics. In this chapter an effort is
made to look at the problem from a more practical angle.
With the results established so far, in mind, it is clear
that one way of avoiding the problem completely is to base
the design of a pipeline on its propagation pressure
(2.4.1). However this is considered wasteful due to the
substantial increase in thickness that is required (factor
of 2-3). A second way of dealing with the problem is to
accept the fact that buckles will always somehow be
initiated and look for a method of restricting the damage,
that the pipeline suffefs, to a minimum. This requires
the use of some kind of a buckle arresting device.

Buckle arrestor is the name given to any device which
locally reinforces the pipe and prevents the buckle from
propagating any further. 1In their most common design,
these devices are installed at regular intervals along the
pipeline and if properly designed they restrict the damage
to the iength 2, of pipe, between two arrestors (fig. 5.1).
A designer then has to choose a balance between a more
economical pipeline and the possibility of damage occur-
ring to a length of pipe 2.

Some of the factors that should be considered in

deciding the wvalue of & are the total length of the pipe-
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line, the diameter, thickness and unit length cost of the
pipe, the water depth at which the pipeline is laid, as

well as the cost of retraction and replacement of a unit
length of damaged pipeline. Table 5.1 gives an example

where arrestors were used every 150 m (490 ft.) [5.1].

A number of types of arresting devices have been sug-
gested to date [5.2, 5.3, 5.4]. They vary in shape, cost,
ease of application, etc. Reference 5.2 describes a device
which is temporarily placed on the inside of the pipe to
prevent any local deformation. The device, which operates
in a similar way as a '"pig', is always kept at a critical
distance away from the ship so that it protects the pipe-
line downstream from its position. The main disadvantage
of this device is that it only gives temporary protection
to the pipeline as it cannot be left in place during the
operation of the pipeline. It is also difficult to use in
the case of pipelaying off a reel lay barge, References 5.3
and 5.4 describe devices which are permanently placed on
the outside of the pipe. They have the purpose of locally
strengthening the pipe by increasing its section modulus
so as to prevent a propagating buckle from crossing over
the arrestor. Some of these devices are schematically
shown in fig. 5.2 (a-d).

The "'Slip-On" arrestor is a close fitting ring slipped
on the pipe as shown in fig. 5.2-a. The "Grouted" arrestor
(fig. 5.2-b) is a similar device but with a gap between the

pipe and the arrestor; this is filled with grout--usually
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cement. Figure 2-c represents another version of the Slip-
On but in this case the ends of the ring are welded to the
pipe either all around or in "stitch" form. The '"Heavy
walled cylinder" arrestor (fig. 5.2-d) consists of a length
of pipe having usually the same internal diameter as the
pipe but having a thicker section. This is welded between
two sections of pipe.

Each of these devices has relative merits and problems

associated with its use (ease of application, cost of
installation, etc.). However, one common disadvantage of
these arrestors is the fact that they are difficult to use
in the case of a continuous pipelaying process such as one
where the pipe is laid from a shipboard reel onto which the
pipeline has been prewound (see fig. 5.1). This is because
in such a case no end exists over which the sleeves can be
slipped on or to which the heavier sections can be welded.
Another disadvantage with these arrestors is that due to
their construction, bending stress concentration points

can be created during the laying process due to the thick-
ness discontinuity at the end of the arrestor. This can be
designed against but at the expense of rather extensive
machining.

Figure 5.2-e shows a new arresting device suggested by
the authors which due to its design does not have these
disadvantages. It is called the "Spiral" arrestor and it
can be simply described as a rod closely wound to the pipe

for a number of turns and welded at the ends to keep it in
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place and prevent it from expanding while a buckle propa-
gating in the pipe is arrested. It can be wound onto the
pipe at any stage of the operation (before the pipe is
wound onto the reel, during laying before the tensioner and
straightener, or after these devices). Due to the relative
ease of application it can also be used in laying by
traditional lay barges as well as in cases where the pipe-
line is coated with concrete.

Although arresting devices have been in use for some
time now, their design was based on very limited tests. A
number of tests have been carried out by investigators
at Battelle [Ref. 54] but the parametric dependence of
arrestor performance may not have been explored. In what
follows an effort is made to improve this situation by
putting the problem on the correct basis through dimension-
al analysis and establishing an experimental methodology
for studying the arrestor efficiency. The slip-on and
spiral arrestors are studied through this method both
under quasistatic as well as dynamic conditions. Empirical
expressions for the arrestor efficiency are derived in

each case, and these can be used for designing the device.

5.2 The Problem Parameters

The objective of this study is to find the parametric
dependence of the arrestor efficiency. The slip-on arrestor
will be used as an example for developing the methodology
for tackling the problem but the arguments hold true for any

arrestor, with the appropriate changes in the parameter in



expression (5.2.4).

A slip-on arrester is a close fitting ring slipped over
the pipe with the purpose of arresting an incoming propa-
gating buckle. The goal is to design this ring in an effi-
cient and effective way, given a set of field conditions.
Figure 5.3 schematically shows the various parameters of the
problem. The pipe is characterized by two critical pres-
sures:

(a) Propagation Pressure (Pp): This is defined as the
lowest pressure at which an initiated buckle will propagate.

From (2.4.1) this expression is given by

E- t 2,25
Pp = [10,7 + 0.54 (é;)] (ﬁ) (5.2.1)

(b) Buckling Pressunre (Pc): This is the pressure at
which a long pipe under external pressure becomes unstable
(buckles). A classical result for this pressure (for elastic

buckling) is

p - _2E <E>3 s (5.2.2)
¢  ({d-vE)y \D

The assembly of pipe and arrestor are characterized by
one critical pressure known as the Crossoven Pressure GQQ. This
is defined as the pressure at which an incoming propagating
buckle penetrates the arrestor and continues propagating.

An arrestor efficiency is defined and can be used as a
basis for comparing the merits of various arrestor designs;

it is given by



PO/P -1

n= F;7Pp?i’ . (5.2.3)

Clearly an arrestor which allows a buckle, propagating
at Pp, to go through has an efficiency of zero. On the other
hand, one that has a crossover pressure equal to P, has an
efficiency of 1.

It is required that the crossover pressure (and the
efficiency) be found as a function of the various parameters
of the problem. The problem again involves large deforma-
tions in the plastic regime, post-buckling considerations as
well as contact area problems. Due to these formidable
complications an experimental path was again chosen for
analyzing the problem.

If the study is restricted to the quasistatic problem,
then all intertial parameters can be neglected, which simpli-
fies the problem. The crossover pressure can then be
expressed as

P, = F(Pp, E, 0o, 0§, t, D, L, h),
where the parameters in f( ) are considered to be the main

parameters of the problem. From Buckingham's n theorem

this can be expressed as

§9=f(_E_,oa,
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If it is assumed that this can be expressed in the form of

an infinite power series then,
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From physical considerations Fg > 1, thus AO = 1. If

powers of n > 1 are neglected* then (5.2.5) becomes
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A series of experiments have been carried out to find the

unknown o; for efficiencies ranging from 0 to 1.

5.3 Experimental Procedure

The experiments were conducted in the same facility
described earlier (2.2.1) and shown in fig. 2.1. The trans-
parent section of this facility was also used in order to
observe the engagement of the buckle to the arrestor by
photographic means.

(a) Quasistatic Experiments

In the case of the quasistatic buckle arrest, cont-
rol over the speed of propagation was required so the tank
was completely filled with water. An air driven piston
water pump was used for pressurizing the tank. A buckle was

initiated at one end of the pipe and allowed to propagate at

*The validity of this assumption will be shown later.
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a controlled speed (very small) by monitoring the amount of
water pumped into the tank.

For the quasistatic experiments a number of arrest-
ors (4-6) were arranged on 3.66 m (12 ft.) long pipe speci-
mens. Enough distance was allowed between arrestors to
avoid interference between them (usually 15-20 diameters).

A pressure transducer provided continuous readings of the
pressure in the tank. Figure 5.4 shows schematically the
output from the transducer for a typical experiment. In
order to initiate the propagating buckle the pressure was
slowly increase until propagation started from the damaged
section of the pipe. The pressure then dropped back to the
propagation pressure. On reaching the first arrestor, the
buckle was stopped and the pressure increased. At some
pressure the buckle suddenly (usually) penetrated the
arrestor and continued propagating on the other side of

the arrestor at the propagation pressure of the pipe. This
continued until the buckle encountered another arrestor.

The highest value of pressure reached in each case was taken fo be the
Crossover Presswre of the arreston. The propagation pressure of
each pipe was also recorded.

In the case of the slip-on arrestors, these were

machined from solid stock to tolerances of 0.013 mm (0.0005
in.) in the thickness and 0.025 mm (0.001 in.) in the length.
Stress-strain curves were obtained for both the pipe and
arrestor materials used. The inside diameter of the arrestor

was always kept less than 0.051 mm (0.002 in.) larger than
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the maximum diameter of the cross section of the pipe. The
pipes had typical imperfections in the radius of the order

of AR/R = .006. Thickness imperfections in the pipe could

only be measured in the mean and were taken into considera-
tion. The nominal dimensions of the pipes used are listed

in Table 5.2.

(b) Dynamic Experiments

As already shown in Chapter 3, for pressures above
the propagation pressure, the buckle travels at substantial
velocities. It therefore becomes imperative to examine the
influence of the dynamics on the crossover pressure.

The static efficiency of the arrestor was first
measured and subsequently tests were carried out to find the
efficiency under dynamic conditions. Experiments were car-
ried out both with water and air as the pressurizing medium.
In the case of water, the tank was filled with water so the
pipe was completely covered. An air gap was left in the tank
and the system was pressurized with compressed air. The air
gap ensured nearly constant pressure conditions during the
experiment (pressure drop from the beginning to the end of
the experiment was 2-3%). In the case of the tank being
completely filled with air, the drop in the pressure was
less than 17%.

In each case a number of pipes were fitted with the
same arrestor and tested one by one starting from the static
crossover pressure and increasing (or decreasing) the pres-

sure in each case by 0.34-0.69 bar (5-10 psi). At the
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desired pressure a buckle was initiated at one end of the
pipe and it was observed whether the propagating buckle
penetrated the arrestor. The arrestor was placed far
enough from the initiation point (20-30 diameters) to
ensure that the buckle reach steady state conditions before
engaging the arrestor. If the buckle was arrested, a new
experiment was conducted with higher pressure. This was
repeated until the buckle finally penetrated the arrestor.
The dynamic crossover pressure was taken to be thé mean
between the last pressure at which the buckle was stopped
and the pressure at which it penetrated. Thus an error of
0.14-0.34 bar (2-5 psi) or 1-2% is possible in all the

recorded dynamic crossover pressures.

5.4 Experimental Results

(a) Quasistatic Results

The first series of experiments was conducted
varying the thickness of the arrestor and keeping all other
parameters constant. The crossover pressure normalized by
the propagation pressure is given ag a function of the
arrestor thickness normalized by the pipe thickness in
fig. 5.5 for the range of pressures from PP to Pe. It
should be noted that once the buckling pressure is reached,
the pipe ahead of the arrestor buckles independently,
no further increase in the crossover pressure is possible.
For this set of experiments an arrestor having a thickness
of 3.5 times that of the pipe takes the crossover pressure

up to the buckling pressure. Plotting these results on log-
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log scales, the power of this parameter is found to be 3.
The same results are plotted vs. (h/t)® in fig. 5.6 and
direct proportionality 1s observed.

A similar set of tests was conducted for arrestors
of different yield stresses. Four different values of ogg/o,
were used. The results are shown in fig. 5.7, wvs. (h/t)?3.
If the same results are plotted vs. the parameters
(¢o/00) (h/t)? then the data coalesce to one straight line
indicating direct proportionality with the (cy/0g) parameter
(fig. 5.8).

In another set of experiments, the arrestor length
was varied keeping all other parameters constant. Going
through the same procedure as above it is found that the
unknown power for the (L/t) parameter is 1.5. These results
are shown in fig. 5.9.

This set of experiments was repeated for different
(D/t). The results are plotted vs. (L/t)?® in fig, 5.10,
Note that if D/t.is varied then the maximum crossover pres-
sure (buckling pressure) of each pipe changes. If the ordi-
nate is changed to the arrestor efficiency n and the abscissa
to (t/D) (L/t)?® then the results coalesce.

A final set of experiments in this series was
carried out with E/oce¢ varied. Tests were carried out with

pipes made from:

i

Al - 6061-T6 (oo = 42.0 x 10° psi, E

il

10.0 x 10°® psi)
Al - 2024-T3 (oo

il

55.0 x 10? psi, E

10.2 x 10°® psi)

I

SS - 304 (oo = 49,5 x 107 psi, E 27,6 x 10°® psi)
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Figure 5,11 shows the results. Since no appreciable differ-
ence was observed, it is concluded that the crossover pres-
sure is insensitive to this parameter.

Using the above empirical results the efficiency of

a slip-on arrestor can be expressed as

_ o fon) [\ [L\e/(Fe _
R

The results of fig. 5.8 and fig. 5.10 are plotted
in fig. 5.12 as a function of this parameter. There exists
some scatter in the results which can be attributed to inad-
equate parametrization, experimental error or other uncon-
trolled factors. But the proportionality of this'parameter
to n is quite obvious, indicating that neglecting higher
powers of this parameter is acceptable. The results given
in ref. 5.4 are within this scatter band for n < 0.5 but
show considerable disparity for higher efficiencies.

(b) Dynamic Results

The results from these sets of experiments are
tabulated in Table 5.3. For each pipe (D/t = 35.7 and 50,0)
arrestors of three different static crossover pressures were
tested. Each one was tested both in air and in water. The
normalized static and dynamic crossover pressures as well as
the static and dynamic arrestor efficiencies are tabulated,.
The velocity at which the buckle was travelling on engaging
the arrestor was found from fig. 3.7. For both the air and
water experiments, the dynamic crossover pressure was higher

than the static one. (As a result nDy > nSt’) The dynamic
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vs. the static arrestor efficiencies are plotted on fig.
5.13, for both air and water. Comparing the results for the
same arrestor in air and in water, one notes that the
increase in efficiency is higher for buckles travelling in
air; this difference being quite substantial in some cases.
It should be noted that buckles travel much faster in air
than in water. The increase in arrestor efficiency is much
higher for the higher arrestor efficiencies. For low effici-
ency arrestors (ngg < 0.4) very small difference was noted.

In previous work on dynamic arrest (ref. 5.4) it
was reported that there was very small difference betweén
the dynamic and static crossover pressures. Since the work
of ref. 5.4 was carried out with low efficiency arrestors,
this is consistent with the present results. However, for
high efficiency arrestors; considerable difference exists
between dynamic and static crossover pressures for the slip-
on arrestor.

Figure 5.14 shows a statically and a dynamically
arrested buckle. In the dynamic case, the buckle, which
propagates in a dogbone cross section if unrestricted, pene-
trated the arrestor much further and tried to push its way
through the arrestor in a doubly symmetric mode., Figure
5.15 shows buckles that penetrated the arrestors statically
and dynamically. Without the inertial effects the buckle
usually penetrates in a U-shaped mode (single symmetry mode).
In the dynamic case this becomes impossible due to the deep

penetration of the doubly symmetric mode and a completely
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different mode results for which a higher pressure 1s neces-
sary. These observations are restricted to the slip-on
arrestor. Whether inertial effects have the same effect on
other arrestor configurations has not been investigated.

It should be noted that for both the quasistatic
and dynamic cases a second mode of penetration exists. It
is shown on fig. 5.15¢. It has been called the Flip-Flop
mode of penetration due to its resemblance to the Flip-Flop
mode of collapse. Like the Flip-Flop mode of collapse it
occurs for pressures very close to the buckling pressure of
the pipe. 1In such a case a small ovalization occurs ahead
of the arrestor once the buckle is arrested. The axis of
ovalization is at 90° to the axis of propagation and if the
pressure is high enough this is enough imperfection to cause
the pipe to buckle 1ocaliy.

(c) Gap Effects

In comparing some of the results of ref. 5.4 with
the ones presented above, it was found that considerable
- difference existed in the case of arrestors of efficiency
larger than 0.75. Although some relatively large sized
arrestors (which relative to the pipe could almost be con-
sidered rigid) were used, no arrestor reported in this ref-
erence had an efficiency of 1.0. This indicated that there
existed an upper limit to the arrestor efficiency which was
completely independent of the arrestor dimensions. This is
contrary to the results presented above. In an effort to

investigate the reason for this disagreement, an additional
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series of experiments were carried out which included a gap
between the arrestor and the pipe. In each case the bending
rigidity of the arrestors was kept constant (EI = const.)
but the gap was varied. The results of these experiments are
shown in fig. 5.16. Five different arrestor sizes were
tested. 1In all cases the gap size affected the crossover
pressure. The effect was more pronounced in the cases of
arrestors with higher efficiency. Cross plotting from fig,
5.16 the effect of gap size on the crossover pressure can be
obtained (fig. 5.17). Please note that these results hold
only in the case examined and should not be used for design
purposes. In the light of these results it is thought that
the gap size may be the main reason for disagreement between
the results presented here and in ref. 5.4.

It should be pointed out that as pipes are inher-
ently imperfect gaps will always exist for this type of
arrestor. Careful manufacturing of the arrestor can mini-
mize the problems but this will remain a definite disadvan-

tage for this arrestor.

5.5 The "Spiral' Buckle Arrestor

As already mentioned, the spiral arrestor consists of
a rod wound tightly and clocely onto the pipe to form a num-
ber of turns. The ends of the rod are secured, as by weld-
ing, to the pipe (fig. 5.18a) to the rod itself (fig. 5.18b)
or to the rod and pipe simultaneously, thus forming an
obstacle which a propagating buckle must overcome. The turns

may also be individual and unconnected (fig. 5.18c). Due to
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the relatively small bending rigidity the device has, in the
pipe's longitudinal direction, the pipe can be bent to rela-
tively small radii without any arrestor induced restriction.
Thus the arrestor can be applied before the pipe is wound
onto the reel or at any stage during the laying operation.
The latter can be achieved since this device does not
require a free pipeline end for installation. 1In the case
of the traditional section by section laying process, the
arrestor can be prewound on some of these sections which can
be welded in place at the required intervals. If the pipe
has to be coated with concrete then the arrestor can be
placed underneath the concrete as shown in fig. 5.19, thus
providing a smooth outside surface which can be important
for the tensioner. If the pipe does not have a concrete
coating but some kind of ﬁorrosion coating instead, then the
arrestor can be placed after the coating and it can also be
coated.

The arrestor rod can be of any cross sectional shape
although shapes maximizing the bending rigidity of the cross
section of the rod should be preferred as they are more
efficient. Some possible cross sectional configurations are
shown in fig. 5.20. Of these, the circular cross section
is considered the easiest and most economical to use. This
was therefore chosen to carry out a series of experiments to
verify the effectiveness of the arrestor and obtain some

design specifications.
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5.5.1 Parametric Study of the Spiral Arrestor Efficiency

As in the case of the slip-on arrestor, the experi-
mental path is again followed in order to parametrize the
arrestor efficiency. The methodology established in Section
5.2 will be used here as well. The crossover pressure can

be written as

P
...2 food E___’ g___:)_: _12, 1'__1, L, N 3
Pp Go o £t t t (5.5.1)

where the symbols are as defined in fig. 5.2.1. According

to 5.2.5-5.2.7 the efficiency can then be approximated by

o a1 ah Q2 D 3 L Oy Os h O P
- N c
n = Al — — — — - = -1{. (5.5.2)

Oo O t t t Pp
A: (a constant) together with the unknown powers g have to
be found experimentally.‘

The experimental procedure was the same as for the slip-
on arrestor. One of the parameters shown to be important in
the case of the slip-on arrestor was the gap between the
arrestor and the pipe. Care was taken to avoid this by
applying some tension to the rod during the winding process,
thus making sure of good contact. From preliminary experi-
ments it was found that the way the end of the rod was welded
did not have an effect on the crossover pressure. On the
other hand welding it to the pipe sometimes caused breakage
of the weld when it was forced to follow the large deformation
through which the pipe undergoes as it buckles. Because of

these reasons the ends of the rod were usually welded to the
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last complete turn of the spiral. This technique was used
in all experiments.

All the pipes used were AL-D-6061-T6. Four different
thicknesses of drawn rod were specially made and used, hav-
ing the same material properties (same grade and heat treat-
ment) .

For the slip-on arrestor it has been shown that the
quasistatic efficiency underestimates the efficiency under
dynamic conditions. A number of tests were conducted in
order to test the validity of such an assumption as far as
the spiral arrestor is concerned. Exactly the same behavior
was observed for all experiments. As a result, further work
on the subject was not considered necessary and the quasi-
static crossover pressures for the spiral arrestor are con-

sidered to be conservative for the dynamic conditions,

5.5.2 Experimental Results

Figure 5.22 shows a spiral arrestor stopping a buckle
and fig. 5.33 shows a buckle that was forced through the
arrestor. As in the case of the slip-on arrestor, the mode
of penetration is usually the U-type mode. For low effici-
ency arrestors the arrestor usually follows the contour of
the flattened pipe and for arrestors with efficiency close to
1 the flip-flop mode of penetration described in chapter 4
was observed.

In the first series of experiments all the parameters
were kept constant and the pitch of the arrestor winding was

varied. It was found that the closer the winding, the
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greater the efficiency. As a result, all further experi-
ments were wound with no spacing between each turn. 1In this
case the arrestor length L is equal to Nh and the fifth
parameter in 5.5.1 is a product of the fourth and sixth,
i.e., it is no longer an independent quantity; it can thus
be dropped from 5.5.2. Figure 5.24 shows how the crossover
pressure of a specific arrestor was affected by the arrest-
or's pitch. It is considered safe to generalize the result
and say that the drop in efficiency is small (less than 10%)
if the pitch is kept less than half of the rod diameter.

In the next experiment the number of turns (N) in an
arrestor was varied with all other parameters constant. The
results are shown in fig. 5.25, from which the crossover
pressure (and the efficiency) is shown to be directly
proportional to N (thus as = 1).

In another experiment the rod diameter (h) was varied.
The results appropriately plotted in fig. 5.26 indicate that
as = 3. It should be noted that this value is in agreement
with that found for the power of the corresponding thickness
parameter (h/t) of the slip-on arrestor.

From the tests discussed so far it is clear that a great
similarity exists between the behavior of the slip-on and the
spiral arrestors. Thekmethod of resisting penetration and
the mechanism of the crossover are much the same. In fact
the spiral arrestor can be considered as a series of narrow
slip-on rings slipped onto the pipe with no spacing between

them (in our case). Due to these similarities between the
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two arrestors it was considered reasonable to expect the

dependence of the efficiency D/t, E/oo and o¢/0¢ expres-

sion (5.5.2) to be the same as in the corresponding expression
for the slip-on arrestor (5.2.7). With this assumption
a1 = 0, az = 1 and as = -1.

Accepting the above values of o all the experimental
results are plotted on an efficiency vs. parameter plot in
fig. 5.27. The results thus plotted exhibit a linear behav-
ior indicating that the assumptions made in the dimensional
analysis in (5.2.6) were reasonable. Some scatter in the
results is present and can be attributed to possible small
differences in the material behavior of each tube, differ-
ences in the tension that was appiied in winding the differ-
ent arrestors and differences in the size and orientation,
with respect to the buckle direction, of the end welds. How-
ever the scatter is acceptable for design purposes.

Like the slip-on arrestor, this arrestor's performance
exhibits a bifurcation behavior when the crossover pressure
reaches the buckling pressure. Any further reinforcement
of the arrestor above this pressure does not help because

the pipe buckles in front of the arrestor independently.

5.6 Conclusions

A relatively extensive parametric study of the crossover
pressure and efficiency of the slip-on arrestor has been
carried out. A new arrestor design termed the spiral

arrestor has been suggested and was shown to behave in very
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much the same way as the slip-on arrestor. It has the
advantage of not restricting the pipe in longitudinal bend-
ing. In addition, this device can be used in continuous
pipelaying operations such as the case of pipelaying off a
reel.

Empirical design formulas have been derived for both
these devices. The empirical method established can very
easily be used for testing other arrestor designs as well,
It has been shown that with careful design arrestor effici-
ency of 100% can be achieved. Any gap between the arrestor
and the pipe was shown to decrease the arrestor efficiency.
Finally, for these two types of arrestors, quasistatic
design criteria always underestimate the arrestor effici-

encies under dynamic conditions.

It should be noted that for each pipe a limit pressure
exlists above which a buckle will always penetrate a rigid
infinitely long arrestor. For the materials considered this
pressure was always higher than the pipe buckling pressure.
However, it is possible that with the right choice of pipe
material this maximum efficiency pressure may be lower than
the buckling pressure. 1In such a case arrestors cannot
achieve an efficiency, as defined by (5.2.3), of 100%. The
parametric dependence of this limit pressure still remains

to be found.
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APPENDIX A

Moment-Curvature Relationship

Thin Inextentional Ring

The stress-strain curve assumed is shown in fig. A.1.
Consider a section of a curved ring as shown below. The

ring is assumed to have unit length.

f {%, t/o

-~

FIG. A.1 RING SECTION

= (980 _ dO)_ - 48, _ d8
e = o ) R (A.1)
6 and s are as defined in fig. 2.14.

Stress-strain

Only one stress and one strain are present in the

problem.

For | ¢ | <&/2 o = gEx

(A.2)

i

t/2 < | 7 | <t/2 O
a

go + E'(e - gy) = a(l - l)-+ E
\ o

t/2 t/2
M= Z{fEc:Kd:. + f[(?o(l—*l—) z + gczx] d;} (A.3)
0 t/2
s _ 20 _ 20 t s
Define o = T <= T £ (A8)

(A4) > (a.3) => M = gL | & (%) - 7 -3) (%’“)* 20 - ?-l?)]

LK



APPENDIX B

Calculation of Initial Vector H(o)

The problem of the response of a circular ring with an
initial imperfection under external pressure was solved by
Timoshenko in ref. 2.7. His analysis of course is restricted
to small deflections and linearly elastic solids. In the
notation of chapter 2 for the elastic case the moment at any
point is given by

7T2

M=% Q (§£>( ) —lP FZ> cos s (B.l)

Looking at the equilibrium of a quadrant of the ring the forces

H and V can be derived as follows:
Y

M A
H—

For small deflections 6=¢ and

H = - PR sin 8

- (B.2)
V = PR cos §
= 2 LT

or H= - pos Q sin 5 8
(B.3)

= _ 2 i
V = pos Q cos 75 S
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.. 0o . .
Thus, the inital guess u” is given by:

] - 0 sin —;— S
u(® =3 NO? = %_ Q cos g_ S >(B.4)
MO % s
0 b g (v L 08 7
L0 Sl (R) (r= ‘P7PC) cos m s
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APPENDIX C

Calculation of Strain Energy in Buckle Profile

Consider the kinematically admissible assumed geometry
for the buckle froﬁt shown in fig. C.1. The strain energy
required (gone to plastically deform the pipe) for the buckle
to move a unit length forward can be separated into three
categories as follows:

(I) Strain energy due to circumferential bending.

Four hinges are placed on the pipe's circumference as
shown below. The ring quadrants between the hinges are made

rigid. The moment in the hinges is assumed to be

2
Mo = 24 ey €D
For perfectly plastic material v' = 1/2, thus (1) =
2
w - ogt’ (c-2)

The strain energy required to take a unit length of the pipe
from the undisturbed to the collapsed configuration can be

found to be

U,,. = SMO}} = LZyg,t? (C-3)

BC
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(II) Strain energy due to longitudinal fiber bending.

(a) Region A
Consider first region A as shown in fig. C.2 (note that there

are two of these). Assume that its geometry is given by:

o

o
N

1_._..__...._ —— —
a +

T

FIG.C.2 ASSUMED GEOMETRY OF REGION A.

Io»

where

D] gt

(cos %} - 1) (C-4)

[e2]

0
Then the elemental longitudinal bending strain energy,

AUBLA is given by

AU = M d*s dz
BLA 0 dz?
Thus bz
2a a
_ d?s _ bs,
UBLA = f de Moa? dz = a M . (C"‘S)
bz 0
But -5 2
o =R, b= 7R ,6 M, = 91%_ . (C-6)

Thus, strain energy per unit length is given by

Uppa = %(%5 t?/ unit pipe length (C-7)

(b) Region B.

Let the geometry of region B be as follows:
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FIG. C.3 ASSUMED GEOMETRY OF REGION B

1
2

where Hoo- (cos L. 1)
g a

In a similar manner as region A the bending strain energy

is given by Cr
2a
? a? CM
C -
UBLB f}f(b<J/‘M°dc2 dg = —51 My (C-9)
_Cz %
a Got?
Where ¢, = (Y2-1) Rz yR , M, = Z , C = 1uR. (C-10)
Thus the strain energy is given by
Ty Rz 2 . .
Uprg = 5 7 Oot®/ unit pipe length (C-10)

(III) Strain energy due to longitudinal membrane stretching.

Again assume that the strain in each region is equal to
that of the longest fiber of that region.

(a) Region A

Let the deformed length of the biggest longitudinal fiber

be a' then from fig. C.2.



a
_ 1 /déy? .. .
a —/ 1+ 2 (a”z‘) dz (C-12)
o
(C-4) » (C-12) =
. _a' -a_1 8o \?
A T a T4 <2a ) (C-13)

Thus the stretching energy/unit pipe length is given by

2[ ]
USLA a[t//Agc,EAt

i

bdz = ”ga . 8, =R (C-14)
_n® [R}? . .
Ugta = 16 \z ooRt/unit pipe length. (C-15)

(b) Region B

In a similar manner

_ 2[ 4 ~ -
Ug g = 2| Fyoeeyt] (C-16)
Wh /, = = L (GomY’ = =
ere ffp = mRa » fp = 7 \7a , Co = (VY2-1) R = «R
(C-17)
(C-17) » (C-16) =
7T3 2 R 2 . .
Usrp = 1gY (5) coRt/unit pipe length. (C-18)

Thus the total strain energy per unit length of pipe

flattened is given by
U= Ugc ¥ [UBLA + UBLB] M [USLA + USLB]

(c-3), (c-7), (C-11), (C-15), (C-18) — (C-19) =

R2 3 R?.
U = %~woot2+ (1 + y)%—(a) oot?+ (1 +~y§%6-(5)ooRt

|

y = V2 -1 : (C-20)
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(a) Bending buckle on pipe (AL) with D/t=35.7.

(b) Diamond bending buckle on pipe (AL) with D/t=39.3

(¢) Bending buckle initiated a propagating one.

FIG. 1,2 BENDING BUCKLES,
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OTEC |

CE33
iy

Binding Strap

A-A Polyethylene

Cold Water Pipe Pipe

Weight

FIG.1.3 OTEC COLD WATER SUPPLY SYSTEM

/— Outside Stesl Pipe

lce \
Inner Plastic Pipe

FIG.1.4 GAS LINE ARRANGEMENT PRONE TO BUCKLING
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(a) Propagating buckle on a 12 in.
pipe.

(b) Propagating buckle on a 32 in. diameter pipe.

(c) Propagating buckle on model pipe (1.25 in. diameter)

FIG. 1.5 PROPAGATING BUCKLES CN DIFFERENT SIZE PIPES.
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L/\*\Sfoﬁcolly Admissible Mechanism

' ~Kinematically Admissible Mechanism

§

l‘ (‘ Exact Solution(Elastic-Perfectly Plastic)
|

|

T T T ¥
0 R . .

FIG.2.HUPPER AND LOWER BOUND PATHS FOR THE

COLLAPSE PATH COMPARED TO THE EXACT
SOLUTION
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FI1G.2.15 ELASTIC-LINEAR STRAIN HARDENING
MATERIAL BEHAVIOUR ASSUMED
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------ Elastic

inelastic

1.8

.6

.4

P/ PC

FiG.2.16 COMPLETE POST BUCKLING BEHAVIOUR IN

ELASTIC AND INELASTIC CASE
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Po o Increment of P
fc ® Increment of A

Limit Point

1 [ 1 . | ]
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FIG.2I7DETAILED DRAWING OF LIMIT POINT
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F1G.2.19 COLLAPSE SEQUENCE OF A CIRCULAR RING
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FiG2.20VARIATION OF MOMENT AT S=0 WITH DISPLACEMENT
AT S=1
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F1G.2.2I VARIATION OF END FORCES WITH DISPLACEMENT
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P -0.176(Collapse
R Condition)

.-PE=O.804 (Prebuckling
c Condition)

FIG.222 MOMENT DISTRIBUTION JUST!
BEFORE BUCKLING AND ON |

COLLAPSE
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t ot%103

.0 : D/t R IR R R VTS
in (mm) in{mm) psi{bar) |[psi(bar)
1.00] .035 243 a2

V1 (25.43) (889) 28.6 (16.75) (2.895) 5.783
{.503 .049 225 43

2 | (38.18) (1.245) 30.67 (15.51) (2.965) 5.233
1. 126 .036 178.5 43

3 | (28.6) (9144) 31.25 (12.31) (2.965) 4.156
254 *| .03e5 262 52

4 | (31.85) (s271) 34.36 (18.00) (3.585) 5.038
1.251 **| 0355 5 163.4 50

5 | (3178 (.9017) 5.24 11.27) (3.447) 3.268

6 1.253 .035 35.8 I157.4 53 2 970
(31.85) (.889) (10. 85) (3.654)
{.376 036 128 45

7 {34.95) (91.44) 38.22 {8.825) {3.103) 2.844
1.003 021 74.6 50

8 (25.48) (5334) 47.76 (5.143) (3.447) 1.492
1.500 .029 57.3 42

9 | Gs.n (7366) 51.72 (3.950) (2.895) 1.364
1.375 .020 32.9 43

10 | (34.93) .508 68.75 (2.268) (2.965) 765
2.500 .035 29.6 49

1 (e3.5) (.889) 71.43 (2.041) (3.378) 604
2.003 022 ' 17.5 42.5

12 | (50.88) (.5588) 91.05 (1.207) (2.93) 412
2.750 029 15 41.5

13| (69.85) (7366) 94.83 (1.034) (2.861) - 361

+

++ O~ Ogoos

*
*%

All

TABLE 2.1 CHARACTERISTICS OF PIPES TESTED
AND PROPAGATION PRESSURE RESULTS

1 bar = 10° N/m® = 14.5 psi

$5-304
AR~-2024~-T3

others A2-6061-T6
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FIG.3.5PROPAGATING BUCKLE VELOCITY VS PRESSURE
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FIG.3.7 PROPAGATION VELOCITY FOR DIFFERENT D/t
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FIG. 3.8 PROPAGATION VELOCITY AS A FUNCTION OF
PIPE GEOMETRIC PARAMETERS
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aL Triggering Circuit

internal Microswitch

6 Hycam
l .
Valve Solenoid ' .
Pneumatic Cylinder
Knife Edge 7 Pipe
\ P
g / l 3
N

FIG.3.10TRIGGERING CIRCUIT AND SOLENOID
OPERATED PNEUMATIC CYLINDER USED

FOR INITIATING BUCKLE
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372 ft/sec, Water)

U =

.902,

3.11
DYNAMIC BUCKLE PROPAGATION--FRONT VIEW

(4500 fr/sec, P/PC

FIG.



FIG. 3.12
DYNAMIC BUCKLE PROPAGATION--PLANE VIEW
(11,500 ft/sec, P/PC = 890, U = 726 ft/sec, Air)
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t P, R
mm (in) mm (in) D/t P c
bar (psi) bar (psi)
38.1 1.27 15.5 62. 2
' (1.50) (050) 30.0 (225) (902)
5 31.8 0.89 35.7 10.8 33.7
(1.25) {(035) {(156) {488)
31.8 0.74 6.55 20.4
3 (1.25) (029) 44.6 (95) (296)
25.4 0.51 o 4.97 12.9
4 (1.00) 1.020) 50. (72) (187)

TABLE 3.1 PROPERTIES OF PIPE USED IN DYNAMIC
PROPAGATION EXPERIMENTS

* Expsrimental Results

E=6.90x 10° bar (10x10%PsSI) v=0.3

o, = 2.41x10%bar (35 x10°PSI)




Fig. 4,la A buckle that propagated and then came to a stop. Note the
"dogbone" collapse mode.

Fig. 4.1b The "flip-flop" compared to the normal collapse mode.
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0 ft/sec, Air)

79

2

FLOP MODE OF COLLAPSE
P/P

(4000 fr/sec

4.5 FLIP

FIG.



FIG. 4.6

FLIP-FLOP MODE OF COLLAPSE
(15,000 fr/sec, P/PC = .934, U

850 ft/sec, Air)



FIG. 4.7
FLIP-FLOP MODE
(13,000 fr/sec

OF COLLAPSE
, P/PC = .925, Air)
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t wom
04 | it
/2 |
- ! . - —
k a .
D t
in in D/t 2/ a/0 | W /D
(mm) (mm) om
1.126 0386
(28.6) (914) 31.3 4.9 7.6 .0027
1. 250 035
(31.8) (.885) 35.7 6.0 8.0 .0036
1.001 022
: 10.0 9.0 .0050
(25.4) (559) 417
1.500 029
(38.1) (737). 51.7 6.0 9.3 .0053
1.375 .020
(34.9) (508) 68.7 8.0 0.5 .0038
2.500 035
(63.5) (889) 71.4 45 .2 0060
2.003 | .022
(50.9) ( 559) 9l.1 7.7 2.7 .0057
1.741 029 ‘
(44.2) {(737) 94.5 73 10.2 .0058

TABLE 4.1 MEASURED DIMENSIONS OF
PROFILE OF PROPAGATING BUCKLE
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D t P Py,
(in) mm (in)mm D/t . ff ._ﬁ_
- Pe Pc
1.25 035 94
(31.8) (.89) 35.7 .887 .96
995
1.00 021 . | 909
953

E=10' PSI

o= 42,000 PSI

# Experimental Pressures At Which Flip-Flop
Was Observed

TABLE 4.2 FLIP-FLOP EXPERIMENTS
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LTI IITT]
_—_ - - - - Slip-0n Arrestor
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e - - - - Grouted Arrestor
rrrrrrra
STITTTTIN
_— — - — -——  Welded Arrestor
NLLL L L L LY
LT 77T
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F1G.5.2 DIFFERENT ARRESTOR DESIGNS
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FIG.5.3 PROBLEM PARAMETERS
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FIG.5.13 DYNAMIC VS STATIC ARRESTOR EFFICIENCY

FOR AIR AND WATER AS PRESSURIZING
MEDIA
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(b)

FIG. 5.14 BUCKLE ARREST
(a) Buckle arrested by slip-on arrestor
under quasi-static conditions.

(b) Buckle arrested by slip-on arrestor
under dynamic conditions.



(a)

(b)

(c)

FIG. 5.15 BUCKLE CROSSOVER

(a) Buckle penetrating an arrestor in "'U"
shaped mode under quasistatic conditions.

(b) Buckle penetrating an arrestor under
dynamic conditions.

(c) Flip-flop mode of penetration common
to dynamic and quasistatic cases.
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FIG.5I8DIFFERENT SPIRAL ARRESTOR ARRANGEMENTS
AND WELDING METHODS
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FIG.5.2| PARAMETERS OF THE ARREST PROBLEM
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FIG. 5.22 SPIRAL ARRESTOR STOPPING A PROPAGATING
BUCKLE

FIG. 5.23 BUCKLE PENETRATED ARRESTOR IN "U" MODE.
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e Buckling Pressure
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] T T J 0 ¥
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F1G.5.25 VARIATION OF CROSSOVER PRESSURE WITH
NUMBER OF TURNS IN SPIRAL

1
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pO . ’
P Buckling Pressure
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FI1G.5.26 VARIATION OF CROSSOVER PRESSURE
WITH SPIRAL ROD DIAMETER
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D t Pp Pe
‘mm(in) mm (in) D/t bar(psi) | bar(psi)
25.48 0.508 _4.482 13.034
(1.003) (0.020) 50.0 (65) (189)
38.18 0.889 492 724} 19.931
{1.503) {0.035) ) {105) {289)
31.83 0.889 10.207 34.482
(1.253) (0.035) 38.8 (148) (500)
28.65 0.889 12.070 46 897
(1.128) (0.035) 32.2 (175) (680)
25.43 0.889 16.759 64.828
(1.001) (0.035) 28.6 (243) (940)
31.83 0.889 358 1H.241 33.655
(1.252) (0.035) ’ (163) (488)
31.85 0.889 35.8 18.070 92.900
(1.254) (0.013) ) (262) (1347)

TABLE 5.2 CHARACTERISTICS OF PIPES USED
IN ARRESTOR EXPERIMENTS
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meoium| 2t | Mt | bse L Polpy | Feo sy [ Urug | T | Moy "Dy""’St/ns{’./o
AR |50 | 245 |12.5 |1.454 | 155 60 |.246 | .275 1.8 %
AR |50 | 275|125 | 1708 | 268 | .91 |.384 | .012 137.5%
WATER | 50 | 2.75 | 12.5 | 1.708 | 2.02 | 30 |.384 | .528 375%
AR |50 | 325|125 | 2.23 | 2.8l 95 | 681 | .937 37.6 %
WATER| 50 | 3.25 | 125 | 223 | 268 | .36 |.681 |.916 34.5%
AIR | 357 286|571 |1.557 | 1.sa | 85 |.265]| .397 49.8%
waTER| 357| 2.86 | 5.71 | 1.557 | 1.68 36 | .265| .322 21.5%
AIR | 357 286 | 857 | 2.25 | 2.8 11 | 588 | .853 45.1%
WATER| 357 2.86 | 857 | 2.25 | 2.59 43 | 588 | 750 27.6 %
AR | 357 286 | n43| 255 | 3.12 *x | .729| 1.000 37.2 %
WATER| 357| 2.86 | 1143 | 255 | 2.9l *x | 729 .02 25.1%
TAB‘LE 5.3! COMPARISON OF DYNAMIC AND STATIC

* Flip- Flop Mods

ARRESTOR EFFICIENCY
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