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DAMAGE ASSESSMENT AND CONFINEMENT IN OFFSHORE PIPELINES
EXECUTIVE SUMMARY

This report presents the results of research carried out at the California
Institute of Technology and the University of Texas at Austin. The subject of the
research was problems of the propagating buckle in marine pipelines. This type
of buckling is of concern during the construction and operation of undersea
pipelines. It can result from construction mishaps or damage inflicted on an

operational pipeline.

The report is divided into three sections. The first section discusses the condi-
tions under which a propagating buckle can be initiated. Two specific conditions
are considered: propagating buckle initiation from a localized damage to the
pipeline and propagating buckle initiation due to a bending buckle. The second
section discusses one method o arresting a propagating buckle once it has been
initiated. This method is to place a larger pipe around the pipe and fill the gap
between the two with a grout. This is known as the "slip-on™arrestor. The third
section deals with the problem of pipe fracture due to a propagating buckle.

This is sometimes referred to as the wet buckling problem.

The objectives o the research are to provide a fundamental understanding of
the subject problems. This is achieved by carrying out experimental and analyti-
cal studies where appropriate. The experimental studies utilize model pipes and
the results are reported in a form that can be transferred to full scale results

through previously established scaling laws.

A propagating buckle can be initiated from a variety of accidental causes.
The most common accidents are those occurring during the construction pro-

cess and accidental damage to an operating pipeline. The latter accident usually
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occurs due to anchors or objects falling off ships and platforms. This type of
damage was chosen for the first study. Damage was produced in the laboratory
on the model pipes with point type and knife (line) type indentors. These dam-
aged pipes were subjected to external pressure and a propagating buckle ini-
tiated. It was found that the point type and line type damage produced similar
initiation pressures, P; , when the damage was characterized by the ovality of
the most damaged section. In order to coalesce the data for scaling to full size
pipe, the initiation pressure is related to the propagating pressure. Therefore, in
order to determine the initiation pressure, the propagation pressure must be
determined either from empirical equations or from tests, Knowing this and the

character of the most damaged section, the initiation pressure can be found.

The experimental results of the work are presented in fig. 16. It should be
noted that the data scatter is larger for slight damage than for large damage.
Therefore, some conservativism is appropriate when using this part of the

experimental results.

A propagating buckle can also be initiated from a bending buckle. This has
been known from previous results, but the influence of the post buckled bend
angle has not been studied. Using model pipes, it was shown experimentally that
further bending of the pipe beyond that needed to buckle it did not have a large
influence on the initiation pressure. The experimental results, fig. 32 and 33,
show that further bending tends to increase the initiation pressure in most
cases. Therefore, provided the pipe is not fractured during the bending process,
the initiation pressure for slight post buckle bending is a reasonable lower

bound of the initiation pressure.

A propagating buckle can be conveniently arrested by using the so called slip-
on arrestor. In practice, this arrestor has a gap between the arrestor and the

pipe, which is usually filled with a grout. It has been shown previously that an
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unfilled gap can considerably degrade the performance of an arrestor. This per-
formance (arrestor efficiency) has been determined empirically. The experimen-
tal work carried out (Ag. 41) shows that the loss in efficiency can be somewhat
mitigated by the use of grout. The grouted arrestors, even with gaps as large as

8% of the radius, suffered a loss of only 25% of their no gap efficiency.

The propagating buckle can cause a fracture of the pipeline due to the large
strains that occur in the flattened pipe. This in turn leads to flooding which can
have serious consequences. This problem is studied by using an analytical
approach. The analysis determined the shape of the collapsing pipe and associ-
ated strains. A separate bend test was conducted to determine the bend radius
to produce fracture. For the particular steel studied, X-80, it was found that a
buckle propagating at the propagation pressure did not produce a wet buckle.
This conclusion can not be extended to higher pressures where the analysis is

no longer applicable.

The results of the research work have provided unique data on four separate
problems. In addition, experimental and analytical approaches to the problem
areas have been established for other investigations, The results of this study
and future studies will allow a more rational approach to the structural design,

construction and operation of subsea pipelines.
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1. PROPAGATING BUCKLE INITIATION

In the design of an offshore pipeline, there are two buckling pressures that must
be considered. The first is the classical buckling pressure, P,, which is deter-
mined by considering the buckling of an infinitely long pipe under the action of
uniform external pressure (Ref. 1).If the pipe has a large diameter-to-thickness
ratio (D/t) and is relatively free o geometrical initial imperfections, this pres-
sure is accurately given by

3
=2 _git
SR "

Corrections to this formula are available to take into account thick wall effects,
initial out of roundness, plasticity, etc. (Ref. 2). However, these corrections do

not change the basic nature of this buckling or collapse pressure.

The second pressure is known as the propagation pressure P, (Ref. 3,4). This
pressure is defined as the minimum pressure at which established buckle can be
propagated along the pipe. In general, in order to find this pressure experimen-
tally, the pressure must be raised above the propagation pressure to 'initiate" a
propagating buckle. Once .initiated, the buckle can be propagated at constant

pressure along the pipeline.

The propagating pressure has only been determined empirically. Attempts to
calculate this pressure using numerical approaches have not been successful,
An analogue problem was solved in reference 5 to explore the influence of

material properties on the propagation pressure.

The range of pressures between P, and P, is the subject of this part of the
research work. It should be clear that if a pipe is 'perfect” it will collapse at P,
suitably medified to account for thick wall and plasticity effects. If the pipe is

damaged in a very specific manner, a buckle may be propagated along the pipe
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at the propagation pressure, P,. Any damage to the pipe between these two lim-
its will lead to a propagating buckle at a pressure that is dependent upon the
damage. At this critical pressure a propagating buckle will initiate from the
damaged area. The Initiation Pressure, Py, is therefore, deflned as the pressure
that will initiate a propagating buckle. This pressure is dependent upon the
damage (i.e. initial imperfection) and must be characterized in terms of the

parameters of the initial imperfection.

This type o characterization has not been attempted for the buckling of
undersea pipelines. From an analysis standpoint, the problem involves large dis-
placement, large strain, elastic plastic behavior. The parameters o the initial
imperfection (damage) are also ill defined. For this reason it was decided to
attempt a characterization experimentally for a special class of imperfections.
The imperfections considered are ones that are thought to be reasonable based
upon the survey of accidents involving undersea pipelines. For most o the
accidents, the damage was caused by buckling due to bending or by localized

impact.

The next two sections of this report will describe the experimental work car-
ried out to determine the Initiation Pressure for these two speciflc types of
imperfections. The conclusions drawn from this work must necessarily be lim-

ited to imperfections of these specific types.
1.1 Propagating Buckle De to Localized Damage

This section is concerned with determining the initiation pressure for pipes that
are locally damaged. This damage is assumed to occur from some object con-
tacting the pipe. A typical example would be a piece o equipment which has
been dropped overboard and then strikes an unburied pipeline. The variety of

this type d damage is great and it seemed necessary to look at two extreme
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types. For this purpose, the damage inflicted on the model pipes was produced

by either a point type indentor or a knife edge indentor.

After the damage was inflicted on the pipe, careful measurements were taken
in order to quantify the imperfection. Complete imperfection scans were carried
out and the data recorded automatically. Next the pipes were buckled and the
initiation pressure determined. The details of the experimental program and the

data correlation are given in the next sections,

1.1.1 Ezperimental Procedure The pipes used for these experiments were made
of steel. The bulk of the data was taken on model-size pipes with diameters rang-
ing from 1.250in to 1.500 in. Two tests were performed on larger diameter pipe
to determine if any scaling problems existed. The steel used for the pipes was
1018 or 1010, The material properties of the steel were not directly measured.
Instead, the propagation pressure of each pipe size was found experimentally
and this quantity was used to correlate the data. This seemed preferable to the
use of a defined yield stress and an empirical equation for the propagation pres-
sure. The dimensions of the test pipes and the propagation pressure are given in

Table 1.

The damage was inflicted on the pipes using a knife edge type indentor or a
point indentor. The point indentors are actually rods of different diameters
varying from 1/4 in. to 5/8 in., the ends of which have been radiused. The
different point indentors are shown in figure 1.The knife edge indentors likewise
have finite radii which vary from 3/32in. to 5/4 in. The range of indentors is
shown in figure 2. The dimensions of the ten different indentors are given in

Table 11.

The pipes were damaged using a conventional testing machine. The point

indentors were pushed normal to the pipe surface. Indention depth was varied
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by controlling the displacement of the testing machine. A range of knife edge
indentor damage is shown in figure 3. For the knife edge damage, the edge of
the indentor was aligned normal to the pipe axis. Indentor depth was controlled
in the same manner as for the point indentor. A range of pipe knife indentor

damage is shown in fig. 4.

The character of the knife edge and point damage is dissimilar in the neigh-
borhood of the indentor but has much of the same character otherwise. Use will
be made of this similarity in the data correlation. A comparison of these two

types of damage is shown in two views in Fig. 5.

Each pipe that was damaged and pressure tested to determine its initiation
pressure was carefully measured to quantify its initial imperfection. The meas-
urements were carried out using a scanning device constructed for this purpose.
The device, shown in fig. 8, clamps the pipe in a vertical position. A rotating table
revolves around the pipe clamping. The measuring transducer, an LVDT, is
attached to the rotating table on a vertical slide. The slide and rotating table
and displacement transducer comprise a cylindrical coordinate system. The pipe

shape is then measured referenced to this coordinate system.

The LVDT was calibrated prior to measurements using a micrometer. The
vertical position is adjusted by hand. Measurements were taken every 0.5 inches.
The circumferential motion is hand provided and the circumferential position is
read by a photo diode device indicating off a black and white tape. The tape can
be seen in figure 6.The indicating device is also used to trigger the data acquisi-
tion system to record the data during each circumferential scan. Data points

are taken at 102 locations during each circumferential scan.

The data acquisition system used in this experiment is shown in fig 7. The

system can convert and store data at a rapid rate (40,000 data points per
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second). The data acquisition calculator was also used to convert the voltage
readings to displacements and plot the data in the form o contour plots.
Several typical contours are shown in figures 8 tc 11.Figures 8 and 9 show the
damage resulting from the point indentor. Each contour is displaced 0.5 inches
in the axial direction from the previous contour. Knife edge damage is shown in
fig. 10 and 11. The difference between the point and knife damage is evident in
the vicinity of the contact area. Outside of the immediate region the damage is

similar.

After the imperfections were measured, the pipes were buckled to determine
their initiation pressures. The ends of the pipes were closed by end caps. The
pipes were then placed in a pressure tank and pressurized with water. A con-
stant volume test was achieved by using a piston type water pump. The buckling
could be detected by the drop ob in pressure when the buckle began to pro-

pagate.

The propagating buckle which initiates from the local damage is the typical
dog bone type buckle reported earlier (Ref. 4). A few diameters from the local
damage it is impossible to detect the nature of the initial cause of the buckle.
Two examples of propagation from a point and knife damage are shown in Fig.

12.

1.1.2 Data Correlation The initiation pressure tests provided 43 pipe tests for
correlation. The information obtained consists of the initial pressure, the pro-
pagation pressure and the imperfection survey for each test pipe. The correla-
tion problem is to somehowrelate the initiation pressure to the damage. Unfor-
tunately there does not exist an analysis to help in this correlation. It is neces-

sary to use judgement and trial and error in carrying out the correlation.

The goal of the correlation is to provide a simple and reasonably accurate
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relation between the initiation pressure and the parameters of the imperfection.
The parameters of the imperfection are quite diverse. In addition, in a situation
in practice, the amount of information about the damage would most likely be
limited. It is, therefore, desirable to characterize the damage by the fewest

number of parameters possible.

It is in this spirit that the characterization was undertaken. To begin with it
was decided to find a relationship between the initiation pressure and the
characteristics of the damage rather than the characteristics of the indentor. It
seemed that the details of the damage should not be important. To illustrate
this, several pipes of the same dimensions were damaged with approximately the
same amount of damage by indentors of different diameters. The results of
these tests are shown in figure 13 where the initiation pressure is shown as a
function of the indentor diameter. The data are fairly independent of the inden-
tor diameter with a slight decrease as the diameter increases. Some of this
decrease can be explained by a closer examination of the damage (Table IlI),
which shows that the pipes damaged with the larger indentors have somewhat
larger damage. In any event, the data substantiates the hypotheses that the ini-
tiation pressure should not be a strong function of the indentor parameters, at

least to the accuracy achievable in this correlation.

Next it was decided to attempt a data correlation based upon the parameters
of the "most damaged" cross section of the pipe. This cross section was taken to
be the cross section under the indentor. In most cases this cross section was

visibly the most damaged.

Once this decision was made, the next problem was to somehow characterize
this cross section. A typical cross section is given in fig. 14. Several parameters
are obvious candidates for consideration. Among these are the maximum diame-

ter, Dmax » and the minimum diameter, Do;,. Since the cross section is not
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necessarily convex, these dimensions are defined as measured between parallel
lines. In addition, the section may not have an axis of symmetry so that the D,

and Dmin Mmay not be at right angles to each other.

Other parameters that were tried in the correlation were the diameters of the
circumscribed and inscribed Circles that have a common center and the area
inside the contour. These parameters were not as successful in coalescing the

data and will not be further discussed.

The correlation was achieved by plotting on log paper the initiation pressure
as a function of the various parameters. This was done for the test data points
for each pipe size in order to establish an adequate power law relation. It the
correlation showed sufficient promise the remaining test points were similarly

plotted and then a master curve of all data constructed.

The correlation parameter that appears most promising s the ratio of Dy, to
Dmax. The data for pipe #2 is shown in fig. 15 for both the knife edge and point
indentors. It is seen from this figure that there appears to be very little
difference in the data for the knife edge and point indentor damage when plot-
ted against this parameter.. The overall correlation shows some scatter but the

coalescence is reasonable.

The data is next plotted for all the families of pipes. In order to bring the
various families into agreement, the initiation pressure is normalized by the
propagation pressure. It was also found that a diameter-to-thickness ratio
parameter used to shift the horizontal axis was helpful in correlation o the
data. The improvement in this was slight and can not be substantiated by the
narrow range of diameter-to-thickness tested. The data for all tests is shown in
fig. 16. There is some scatter in the data but it appears reasonable for the type

of problem considered.



-12-

In the spirit of seeking the fewest number of parameters for the correlation,
the initiation pressure data are presented in flg. 17 as a function of the
minimum diameter as divided by the original diameter. This correlation is not
guite as good as the previous one but may be useful for some purposes. The
data for the large diameter pipe (#4) are also given in this figure. The agree-
ment with the small diameter pipe is reasonable although the large diameter
results lie on the lower bound of the data. The propagating pressure for this
pipe was calculated since it could not be measured in the initiation tests
because the pipe fractured at the initiation pressure. Photographs of the pro-
pagated buckle and the fracture are shown in fig. 18, The fracture can be seen

along the edge of the collapsed section of the pipe.

1.1.3 Conclusions The pressure at which a local damage initiates a propagating
buckle has been studied experimentally. The local damaged area was produced
by point and knife edge indentors o different diameters. It was shown that the
diameter of the indentor did not have much influence on the value of the initia-
tion pressure. Tests with pipes of different dimensions showed that the data
could be successfully correlated using the propagating pressure to normalize
the initiation pressure and characterizing the damaged area by the geometric
properties of the most damaged section. The parameter that gave the best
correlation was the minimum diameter divided by the maximum diameter which
is a common measurement of out of roundness. For the application at hand the
data are fairly well correlated for large out of roundness but considerable
scatter exists for small out of roundness. Other simple correlations were
attempted and one, minimum diameter divided by nominal diameter, was fairly

successful.

Two tests of large diameter pipe were carried out of assess scale effects. No

significant differences were noted in these tests as far as the initiation pressure



- 13-
is concerned. It should, however, be emphasized that the present tests are
confined to local damage. Tests of pipes with damaged areas that are elongated

in the axial direction will produce lower initiation pressures.
12 Buckling Due to Bending and External Pressure

The implications o local dents on pipelines under external pressure were dis-
cussed in section 1.1.0ne of the other most common types of pipeline damage is
bending buckles. These can be due to earthquakes, sediment instabilities, severe
sea floor currents that tend to move the pipeline, anchors pulling on the pipe-
line, as well as buckles induced during the laying process. Since the pipe is
under external pressure, such local damage can initiate a propagating buckle.
The pressure at which a local damage transforms itself into the correct profile
to become a propagating buckle is called the initiation pressure, P;. Its value
depends on the geometric characteristics of the dent. These include both the
geometry as well as the amplitude of the damage. To establish these, it is neces-
sary to find the conditions that lead to buckling and then to examine the post-

buckling configuration that results.

Although a great deal of- work has been done on pure bending as well as com-
bined bending and external pressure of cylindrical shells [8-14], only relatively
thin elastic structures have been considered (D/t > 100). For pipelines, the
diameter to thickness range is 15 < D/t < 80. For this range of D/t plastic
effects are unavoidable. In what follows, the experimental equipment and metho-
dology developed for studying the response, stability and post buckling behavior
of pipes having D/t in the above range given are described. The response under
combined bending and pressure is recorded, the point of instability established
and the stability envelope as a function of both pressure and moment is
obtained. In addition, the conditions under which a local buckle initiates a pro-

pagating one are studied for the two classes of damages identified in these
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experiments.

1.2.1 Combined Loading Test Facility The experimental facility for the com-
bined loading experiment was designed and built in house. It consists of a pure
bending device which slides into a pressure tank and can be operated remotely
while under external pressure (Fig. 19). Figure 20 shows a schematic representa-
tion of the bending device. Two pairs o sprockets, 9 in. in diameter, symmetri-
cally placed 36 in. apart on a beam frame provide the bending moment. The dis-
tance that separates the two sets of sprockets can be varied so that different
lengths of pipe can be tested. The sprockets support two rollers which apply
point loads in the form of a couple at each end of the test specimen. Chains
running over the sprockets are connected to a load cell and a hydraulic cylinder

as shown in the figure.

Rotation of the sprockets can be achieved by contracting or extending the
hydraulic cylinder. A hydraulic control system, which allows reversal of the flow,
was designed and built in order to carefully control the movement o the
cylinder. A load cell in series with the cylinder continuously monitors the ten-
sion in the chains. The applied moment can be found by multiplying the tension

load by the sprocket radius.

The rotation of each sprocket is measured by an LVDT as follows. A thin steel
cable runs over the hub of the sprocket and is in turn connected to the LVDT
core. The LVDT is fixed at a position such that its axis is aligned with the hor-
izontal tangent of the sprocket hub. Angular movement of the sprockets pro-
duces linear movement of the LVDT core. The cable is kept in tension by insert-
ing a soft spring in series as shown in the figure. Each LVDT independently meas-
ures the rotation of each sprocket rotates. The two signals are electronically
added and the resultant voltage is directly proportional to the curvature. (Note

that this is a pure bending device so the curvature is constant across the length
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ofthe test specimen.)

The load is transferred to the test specimen through two rollers that produce
a couple on each end o the pipe. The rollers allow free horizontal movement of
the test specimen. This is necessary in order to avoid axial loads in the pipe.
The test specimen is closed at both ends by solid steel plugs as shown in Fig. 21.
These plugs extend about 12 in. on either side of the pipe specimen so that the
rollers are always in touch with the solid bars rather than the thin pipe. This
was necessary in order to avoid loading the thin pipe directly through point
loads which can prematurely cause local dimpling of the pipe. The end plugs
were designed in such a way so as to reduce the stress concentration due to the
discontinuity in the pipe cross section. The plug and pipe assembly is positioned
in the device as shown in Fig. 19. Pipes having diameters from 0.75 - 1.5in. and

lengths from 25 - 50 in. can be tested.

The testing machine is capable dof applying moments up to 10,000in-Ib. The
whole apparatus was designed in a manner to ensure a 'rigid"” machine situation
as far as the test specimen is concerned. This type of design is necessary in
order to guarantee minimum effect from the testing machine on the pipe post-
buckling configuration. The energy absorbed by the testing machine is less than

5% of the energy in the deformed pipe.

The whole device with the test specimen slides into a pressure tank. The tank
has a diameter of 18 in.,length of 8 ft. and working pressure of 800 psi. It can be
pressurized by water or air or filled with water and pressurized with air. Each of
the three pressurization methods establishes different experimental conditions.
The bending device can be remotely controlled from outside the tank. The
LVDT's and load cell are hermetically sealed and can operate under high pres-

sure in water.
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1.2.2 Fzperimental Procedure TWO series of experiments were carried out. In
both cases aluminum 8081-T8 tubes were used due to their availability in good
quality. In the first series, the tubes had a nominal diameter, D, of 1.215in. and
thickness, t, of 0.035 in. and in the second series D= 0.980in. and t= 0.020 in.
These two sizes were chosen because of the differences exhibited in their post-

buckling behavior. All tubes tested had an effective length of 29 in.

The tubes were sealed on both sides using the long plugs described earlier
(see FIg- 21). The ends of the plugs were epoxied to the tubes to ensure atmos-
pheric internal pressure at all stages of the experiment. After positioning the
pipe In the testing machine, the instruments were zeroed and the bending device
was placed in the tank (see Fig. 19).As explained earlier, the tank can be pres-
surized in any of three different ways, each of which establishes different experi-
mental conditions. For most experiments the tank was filled with water leaving
an air pocket that was subsequently pressurized by air. This arrangement simu-
lates a "nearly" constant pressure condition similar to the physical situation
that the pipe encounters in the ocean. On buckling, the volume displaced by the
pipe suddenly decreases and the air pocket expands to fll the extra volume gen-
erated. If the ratio of the volume of the air pocket to the volume generated by
buckling is large enough, the pressure in the tank remains practically constant.
On buckling under combined loading, a propagating buckle may be initiated
from the resultant local damage. This must be determined without opening the
tank so the following procedure was devised. As soon as buckling occurred (noise
and sudden drop in the moment), loading was stopped and the pressure trans-
ducer output checked. The air pocket in the tank was arranged to be of such a
size that if the local buckle propagated, collapsing the total length of the pipe,
then the pressure in the tank would drop by 2-3 psi. Such a discontinuity in

pressure can easily be observed on the pressure-time record kept during the
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experiment. If such a step change was observed the experiment was considered
completed. If not, the pressure was increased until a propagating buckle was

finally initiated from the damaged section of the pipe.

For experiments where only the moment-curvature response was sought, the
tank was completely filled and pressurized with water using a single piston pres-
sure pump. The pressure tank and pressurization system are arranged in such a
way so that the whole system can be vented and practically all the air bled out
of the system. For pressures below 500 psi the volume expansion of the tank is
negligible.The pipe specimen tested under such