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Offshore pipelines are susceptible to the damage that leads to local 

collapse. If the ambient pressure is sufficiently high, local collapse can initiate a 
buckle that propagates at high velocity catastrophically destroying the pipeline. 

Buckle arrestors are circumferential local stiffeners that are placed periodically 
along the length of the pipeline. When properly designed, they arrest an incoming 

buckle thus limiting the damage to the structure to the distance between two 

adjacent arrestors. Slip-on type buckle arrestors are tight-fitting rings placed over 
the pipe. They are relatively easy to install and do not require welding. As a result 

they have been widely used in shallow waters. It has been known that such 
devices often cannot reach higher levels of arresting efficiency. The somewhat 

deficient performance is due to the fact that a buckle can penetrate such devices 

via a folded-up U-mode at pressures that are lower than the collapse pressure of 
the intact pipe. Because of this they have not seen extensive use in deeper waters. 

The aim of this study is to quantify the limits in arresting performance of slip-on 
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buckle arrestors in order to enable expanded use in pipelines installed in 

moderately deep and deep waters. 
The performance of slip-on buckle arrestors is studied through a 

combination of experiments and analysis. The study concentrates on pipes with 
lower D/t values (18-35) suitable for moderately deep and deep waters. The 

arresting efficiency is studied parametrically through experiments and full scale 

numerical simulations. The results are used to generate an empirical design 
formula for the efficiency as a function of the pipe and arrestor geometric and 

mechanical properties.  
The performance of slip-on arrestors is shown to be bounded by the so-

called the confined propagation pressure. That is the lowest pressure that U-mode 

pipe collapse propagates inside a rigid circular cavity. Therefore, a quantitative 
study of this critical pressure is undertaken using experiments and numerical 

simulations. A new expression relating this critical pressure to the material and 

geometric parameters of the liner pipe is developed. This in turn is used to 
develop quantitative limits for the efficiency of slip-on buckle arrestors.  
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Chapter 1 
Introduction 

 

During the last three decades, oil and gas exploration and production 
offshore has seen a meteoric expansion. Simultaneously significant reserves have 

been and continue to be discovered in increasingly deeper waters, reaching water 

depths of 10,000 ft and beyond. Pipelines installed in deep waters are collapse 
prone due to the ambient external pressure (see Murphey & Langner, 1985; Yeh 

and Kyriakides, 1986; Kyriakides & Corona, 2007). Collapse is designed against 
by selecting the wall thickness and the steel grade appropriate for a given 

diameter. An additional concern is the potential occurrence of a propagating 

buckle. Propagating buckles are usually initiated from local damage to the pipe 
and can spread at high velocities if the ambient pressure is higher than the 

propagation pressure of the pipe. Because the propagation pressure is typically on 
the order of 15% of the collapse pressure, most pipelines are designed to resist 

collapse and are protected against catastrophic failure from a propagating buckle 

by periodic installation of buckle arrestors along the line. Buckle arrestors are 
usually stiff rings that locally increase the circumferential bending rigidity of the 

pipe to a level that can stop the spreading of collapse.  
Figure 1.1 shows a schematic of a pipeline being installed by S-lay and a 

possible scenario for initiating and spreading of a propagating buckle. Pipe 

sections are welded on the lay barge and are paid into the sea over a long boom 
like support structure, the stinger. On the way to the sea floor, the line acquires 

the characteristic S-shape shown in the figure. The length and shape of the 
suspended section are governed by tension applied at the barge. Thus, near the 

surface of the sea the pipe experiences bending combined with tension. Further 

down, the tension decreases, while the pressure increases. In the sag bend, the 



 2 

pipe is mainly under combined bending and external pressure and smaller tension. 

The curvature of the sagbend is typically kept in the elastic range by the tension 
applied at the top. Sudden movement of the vessel or loss of tension for whatever 

reason can result in excessive bending that can lead to local buckling and collapse. 
Local collapse can, in turn, initiate a propagating buckle as shown in the figure. 

Such an event flattens the pipe and renders it useless. The extent of damage is 

illustrated in Fig. 1.2, where the spreading of collapse propagating at the 
propagation pressure was interrupted, capturing the transition region joining the 

collapsed and intact sections. 
The pipeline shown in Fig. 1.1 is equipped with buckle arrestors installed 

at regular intervals of a few hundred feet. Properly designed buckle arrestors 

engage the two propagating fronts of the collapsing pipe and arrest it. The 
collapse is thus limited to the length of pipe between two arrestors. Part of the 

pipeline is then retrieved, the collapsed section is repaired and the installation 

resumes. 
Several types of buckle arrestors used in practice are shown in Fig. 1.3. 

Slip-on type arrestors consist of a tight fitting ring slipped over the pipe 
(Kyriakides & Babcock, 1980). It is often more practical to leave a gap between 

the ring and the pipe which is filled with grout (Langner, 1999). The clamped 

arrestor is a similar concept, in which the ring is split into two parts. The addition 
of flanges enables installation of the device on a continuous line. Such devices are 

commonly used in the case of pipeline installed by reel-lay, where several miles 
of line are prewound on a reel mounted on a seagoing vessel. The line is unwound 

on site and installed to the sea floor. Arrestors are thus clamped periodically onto 

the pipeline during the unspooling process (Bell et al., 20001). 
The spiral arrestor (Kyriakides & Babcock, 1981) is another concept that 

was proposed for use in continuous pipelaying. A rod is wound onto the pipe,  
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forming a spiral as shown in Fig. 1.3. The ends are welded, keeping the spiral 

tightly wound. This arrestor behaves very much like a slip-on arrestor. 
The welded arrestor is similar to the slip-on arrestor, but the ends are 

welded to the pipe as shown in the figure. 
The integral arrestor is a heavier wall section of pipe that is welded 

periodically into the line between two pipe strings. The inner diameter of the 

thicker section matches that of the pipe, and the ends are machined to reduce 
stress concentrations as shown in the figure. Such devices are machined out of 

thicker wall pipe, but often are forgings finished by machining. This, plus the two 
extra girth welds, makes it perhaps the most expensive of the arrestor concepts.  

The fact that slip-on buckle arrestors do not require welding is a 

significant advantage both from the point of view of ease of installation and of  
cost. However, it has been known that such devices often do not reach the highest 

levels of arresting efficiency (Kyriakides, 2002). The deficient performance is due 

to the fact that an incoming propagating buckle can pentrate such devices in a 
characterisitc U-mode, shown in Fig. 1.4, at pressures that are lower than the 

collapse pressure of the pipe. Inadequate understanding of the extent of this 
deficiency has limited the use of slip-on arrestors to relatively shallow waters, 

while the integral arrestor has been preferred for deeper waters. 

This dissertation addresses two main issues of concern in the design of 
slip-on buckle arrestors. The original work on slip-on buckle arrestors was 

experimental and dated back to 1980 (Kyriakides & Babcock, 1980). That study 
dealt with relatively thin-walled pipes used in shallow waters. A new 

experimental study is performed, followed by numerical simulation of the quasi-

static crossover of such arrestors by propagating buckles. The combined 
experimental and numerical results are used to generate new design guidelines for 

such devices. The second issue deals with the limitations of slip-on buckle 
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arrestors. These are addressed by generating bounds for their performance. The 

bounds are based on the confined propagation pressure of a pipe inside a stiff 
contacting circular cavity in the spirit of Kyriakides’s recommendations on the 

subject in 2002.  
 

1.1  Review of the Arresting Efficiency of Slip-On Buckle Arrestors 
The slip-on buckle arrestor was studied experimentally by Johns et al. 

(1978) and by Kyriakides & Babcock (1979, 1980) using mainly small diameter 

tubes and pipes of relatively high D/t ratios. The arresting performance of buckle 
arrestors was established as follows: a buckle was initiated in a long tube and 

propagated quasi-statically under volume-controlled conditions. A ring arrestor 

placed along the tube eventually engaged the buckle and arrested it, in the process 
forcing the pressure in the vessel to increase as the volume is increased. At a 

certain pressure, the buckle crossed the ring; this pressure is defined as the 
crossover pressure (

! 

PX ) of the arrestor. The main thrust of the experiments was 

to establish the parametric dependence of the arrestor crossover pressure. 
The following definition of arresting efficiency (

! 

" ) provides a more 

general measure of the effectiveness of buckle arrestors: 
 

    

! 

" =
PX # PP
PCO # PP

      (1.2) 

 
where 

! 

PCO  and 

! 

PP  are the collapse and propagation pressure, respectively 

(Kyriakides & Babcock, 1979). Thus, an efficiency of 1.0 guarantees that the 

arrestor maintains the integrity of the downstream pipe until it collapses without 

influence from the collapsed pipe upstream of the arrestor. By contrast, in the 
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absence of a buckle arrestor, collapse propagates at the propagation pressure of 

the pipe and thus the system has an arresting efficiency of zero.  
 Kyriakides and Babcock [1980] developed an empirical expression for 

! 

" 

as a function of the geometric and material parameters of pipes and arrestors. The 

formula was based on experiments performed mainly on Al-6061-T6 seamless 
tubes of D/t values in the range of 28.6 to 50. The relatively high D/t values and 

the use of aluminum limit the applicability of this expression to pipelines installed 
in shallow waters (as was the custom in the early 1980s). The present study aims 

to develop new design formulae that are applicable to deepwater pipelines. 

 
1.2  Limits on Slip-On Buckle Arrestor Efficiency 

For slip-on type buckle arrestors, arresting efficiency of 1.0 is not always 
achievable. This is because for standard steel grades, there exists a pipe D/t range 

for which a buckle penetrates the arrestor at a pressure that is lower than the 

collapse pressure, irrespective of how long or stiff the arrestor is (Kyriakides, 
2002). For example, Fig. 1.4 shows a buckle that penetrated a relatively massive 

clamp arrestor by folding up in a characteristic “U-mode.” By definition, if the 
clamp is penetrated, then 

! 

PX < PCO . This point was not emphasized in the early 

studies. Furthermore, because the majority of the experiments of Kyriakides & 

Babcock [1980] were conducted on aluminum alloy tubes of relatively high D/ts, 

this deficiency did not show up in many of the cases considered. Aluminum has a 
lower elastic modulus, and as a result, the buckling pressure of the tubes used was 

of the order of 3 times lower than that of steel tubes with the same D/t. Because of 
the lower collapse pressure, the crossover pressure, which demands on arrestors 

for aluminum tubes, is significantly lower. Indeed, most arrestors were found to 

have an efficiency of 1.0 which, as demonstrated in Kyriakides [2002], is often 
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not the case for steel pipes with the range of D/ts of interest in deep water 

applications. 
The apparent deficiency in performance of slip-on arrestors is related to an 

alternate propagating instability affecting shell liners of stiff circular cavities. A 
third characteristic pressure of long liner tubes exists, known as the confined 

propagation pressure (

! 

PPC ) (Kyriakides, 1986). This is the pressure at which the 

liner folds up in the U-mode shown in Fig. 1.5 and propagates quasi-statically 

inside the cavity (Kyriakides, 1986, 1993, 2002). Kyriakides (2002) argued that 
when 

! 

PPC < PCO , a lower bound for the arresting efficiency of such an arrestor is 

given by  

 

    

! 

"PC =
PPC # PP
PCO # PP

.     (1.4) 

 

One of the goals of the present study is to test the veracity of this idea 
experimentally. In addition, for this bound to become more widely acceptable, a 
more accurate expression for 

! 

PPC  will have to be developed. 

 

1.3  Outline of the Present Study 
Several sets of experiments are carried out to establish the parametric 

dependence of the crossover pressure of slip-on arrestors. The experimental set-
ups that are developed and associated their procedures are described in Chapter 2. 

These include the determination of the collapse pressure, propagation pressure, 

confined propagation pressures of tubes and pipes, and the arrestor crossover 
pressure. The characterization of mechanical properties of tubes and arrestors 

used is outlined in the same chapter.  

Chapter 3 presents the experimentally measured collapse, propagation and 
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confined propagation pressures, and the results of the parametric study of slip-on 

arrestor crossover pressure.  
The methodology of developing the new empirical design formula of slip-

on buckle arrestors is described in Chapter 4. This is followed by the presentation 
of an improved empirical expression relating the confined propagation pressure to 

the material properties, which accounts for the post-yield characteristics of the 

material, and geometric parameters of the liner tube. 
The quasi-static propagation of a buckle in a tube, its arrest by a slip-on 

buckle arrestor, the subsequent crossing of the arrestor, and the quasi-static 
propagation of confined collapse have been simulated using finite element models 

developed in this study. A detailed description of models, and results of 

simulations of the problems of interest appear in Chapter 5. 
Chapter 6 contains a summary of the work along with major conclusions. 

In addition, a procedure to be used in the design of slip-on buckle arrestors is 

presented. 
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Chapter 2 
Experimental Set-Up and Procedures 

 

Several sets of experiments were performed in order to establish the 
crossover pressure of slip-on buckle arrestors and its parametric dependence. This 

Chapter describes the experimental set-ups and procedures used. The mechanical 

properties of the tubes and arrestors used had to be determined. The material tests 
performed are also outlined in this chapter. 

 
2.1  Material Tests 

The tests were performed on small scale, seamless stainless steel (SS-304). 

Such tubes typically come in 20 ft lengths. The stress-strain response in the axial 
direction of the tube was measured for each tube used in the structural tests. 

Seamless tubes can exhibit yield anisotropy introduced by the manufacturing 
process. Thus, additional tests were performed to characterize such anisotropies 

when necessary.  

 
a. Uniaxial Tests 

The stress-strain behavior of the tube material was measured using a strip 
cut along the axis of the tube. The strips were approximately 5.5 inches long and 

0.375 inches wide. Two strain gages were mounted on each strip for the purpose 

of measuring the strain up to a level of about 5%. In addition, an extensometer 
was used to measure strains up to 15%. 

Each specimen was pulled in tension in an electromechanical testing 

machine at a constant strain rate of about 

! 

10
"4 . During the test, the signals from 

the strain gages, suitably amplified, the extensometer and the load cell were 

monitored, and recorded by a computer-operated data acquisition system 
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(LabVIEW). Post-processing the data involved averaging the signals from the two 

gages. A typical engineering stress-stain response is shown in Fig. 2.1. In this 
case, strain gage data shown in Fig. 2.1(a) was recorded up to a strain of 7.5%. By 

contrast the extensometer data extended to a strain of 16%. The elastic modulus 
and yield stress of the material were obtained from the strain gage response. The 

large strain response was obtained from the extensometer data.  

The arrestors were machined from a solid round stock. In this case a strip 
3 in long, 0.35 in wide, and 0.05 in thick was extracted from the axial direction, 

and used to measure the mechanical properties of the stock. 
 

b. Anisotropy Tests 
Yield anisotropy in tubes and pipes is adequately represented through 

Hill’s quadratic yield function (Hill, 1948, Kyriakides and Yeh, 1988). The plane 

stress version of this yield function can be written as 

 

! 

f ="e = " x
2 # 1+

1

S$
2
#
1

Sr
2

% 

& 
' ' 

( 

) 
* * " x"$ +

1

S$
2
"$
2

+
1

Sx$
2
" x$
2

+ 

, 
- 
- 

. 

/ 
0 
0 

1/2

="emax  (2.1) 

 

where 

! 

S" =
#o"

#ox
, 

! 

Sr =
"or

"ox
, 

! 

Sx" =
#ox"

#ox
 and 

! 

{"ox ,"or ,"o# }  are the yield 

stresses in the respective directions and 

! 

"ox#  is the yield stress under pure shear. 

These are determined through four independent experiments as described in 

Appendix B of Kyriakides and Corona, 2007.  
 In the present study, anisotropy characterization was limited to measuring 

! 

S" . This was determined by conducting a lateral pressure test on a section of tube 

as follows: The test was performed in a biaxial servo hydraulic testing machine 
that was coupled with a closed loop control pressurizing system as shown in Fig. 
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2.2. A section of tube was mounted in the testing machine using custom 

circumferential grips shown in the figure. The specimen was filled with a 
pressurizing fluid such as hydraulic oil. The pressuring unit consists of a 10,000 

psi pressure intensifier that operates on standard 3,000 psi hydraulic power. It has 
its own independent closed-loop control system, and is operated under volume 

control. A pressure transducer whose output was amplified so that it had an output 

of 10V at 10,000 psi was used to monitor the pressure. The testing machine was 
operated in load control. The pressure, axial force, axial strain, and 

circumferential strain were recorded on a data acquisition system for later 
processing. 

Pure lateral pressure loading was accomplished by providing an axial 

compressive load to compensate the load due to the internal pressure at the end of 
the tube (

! 

PAi  where 

! 

Ai  is the internal cross sectional area of the tube). The 

output of the pressure transducer, suitably amplified through an inverting 

amplifier, was used as the command signal for the axial servo-controller. As the 
pressure in the tube was gradually increased, the actuator moved to maintain the 
axial force at 

! 

"PAi . In this fashion, the axial force due to internal pressure was 

reacted by the testing machine, and as a result, the tube experienced stresses 

! 

" x = 0, and 

! 

"# = PR / t . 

Typically, when anisotropy was present the stress-strain response in the 

circumferential direction had a somewhat lower yield stress than the one in the 
axial direction. Figure 2.3 shows a comparison of two such responses from one of 

the SS-304 tubes used in the structural experiments. The yield stress in the 
circumferential direction is seen to be lower resulting in 

! 

S"  = 0.880. 

! 

Sr  was 

assumed to be the same as 

! 

S"  while the material was assumed to exhibit no 

anisotropies in shear.  
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2.2  Collapse Experiments 
The collapse pressure of tubes used in the buckle arrest experiments is 

required for establishing the arrestor efficiency. For this reason at least one 

collapse test was conducted for each set of tubes used. A section of tube typically 
20D long was used in such tests. Several diameter measurements were made at 

intervals of about 4D in length. The mean value of the measurements was 

designated as the diameter of the tube (D). At each location the ovality was 
established as follows: 

 

! 

"o =
Dmax #Dmin

Dmax + Dmin
.     (2.2) 

 
The biggest value in the set was designated as the ovality of the tube (

! 

"o ). 

Wall thickness measurements were performed at each end of the tube. The 

average value of the measurements was designated as the thickness of the tube (t). 
Wall eccentricity parameters were also established from the measurements as 

follows: 

 

! 

"o =
tmax # tmin

tmax + tmin
.     (2.3) 

 
 The eccentricity of the tube (

! 

"o ) is the biggest value of the two measured values. 

The tube was sealed at both ends with plugs, and placed inside the 
pressure vessel. The experimental set-up used is shown schematically in Fig. 2.4. 

The vessel is vertically arranged, and has inner diameter and length of 3 in and 

68.5 in respectively. It has a pressure capacity of 10,000 psi. Once the specimen 
was installed, the vessel was sealed and the cavity was completely filled with 
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water. The system was pressurized using a positive displacement pump which 

discharges water into the system at a nearly constant rate. This loading can be 
considered to approximate volume-controlled loading. The pressure of the system 

was monitored by pressure gages and a pressure transducer. It was recorded via a 
computer operated data acquisition system as well as a strip-chart recorder (see 

Fig. 2.4).  

In such a test the pressure typically rises nearly linearly as shown in the 
pressure-time history in Fig. 2.5. Collapse is sudden and catastrophic and results 

in the formation of a locally flattened section as shown in Fig. 2.6. The maximum 
pressure recorded is defined as the collapse pressure (

! 

PCO ).  

 

2.3  Experimental Determination of the Tube Propagation Pressure and 
Arrestor Crossover Pressure 

An effective buckle arrestor should arrest a propagating buckle 

propagating at a pressure corresponding to the maximum water depth of a given 
pipeline. This pressure usually lies between the propagation pressure (

! 

PP ) of the 

pipe and its collapse pressure (

! 

PCO ). The main objective of this set of 

experiments was to establish parametrically the effectiveness of slip-on rings as 
buckle arrestors. The test facilities and experimental procedure used are described 

in the following. 

The experiments were carried out in the same facility as the collapse tests. 
The tubes used in the experiments were measured in the same manner to obtain 

the geometric parameters. The arrestor rings were machined from either a solid 

SS-304 stock (A4) or from a thick tube of the same material (A3). The rings were 
machined individually to slip-fit over the tube on which they were mounted, and 

great care was taken to ensure not hardening the arrestor material during 
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machining. The dimensional tolerance allowed for the arrestor was 

! 

10
"3in for 

arrestor length, and 

! 

0.5 "10
#3 in for arrestor thickness.  

Arrestors were usually tested in pairs using the experimental set-up shown 

in Fig. 2.7. The test specimen usually had an overall length of 48 tube diameters. 

The two arrestors were placed far enough apart on the tube so as not to influence 
each crossover event. After mounting the rings on the tube, it was sealed at both 

ends with solid plugs. A dent was induced at one end (about 5D from the plug) in 
order to initiate local collapse. In order to keep the length of tube that collapses 

initially to a minimum, the dent should be large enough. After placing the 

specimen in the vessel it was filled with water and pressurized using a pump that 
discharges a nearly constant volume of water per unit time. 

A typical pressure history from Exp. No. 2 on a tube with nominal 

! 

D / t  = 
25.5 is shown in Fig 2.8(a). A sequence of deformed configurations 

corresponding to the points identified on the response with numbered flags is 

shown schematically in Fig. 2.8(b). The exact parameters of the tube and arrestors 
involved are given in Table 3.5. The pressure initially rises sharply with time until 

the dented section collapses at a pressure of approximately 770 psi. Collapse is 

accompanied by a sharp drop in pressure. The resulting unloading of the closed 
system makes fluid available for spreading the collapse. The high stiffness of the 

vessel and the relatively small volume of pressurizing fluid limited the extent of 
this initial spreading of collapse. Subsequently, the collapse propagates essentially 

quasi-statically at a rate dictated by the rate at which water is pumped into the 
closed system. The first pressure plateau represents the propagation pressure (

! 

PP ) 

of the tube, which in this case was 507 psi. The propagating collapse eventually 

engages the first arrestor and stops, causing a rise in pressure. The rise is not 

instantaneous, because as the pressure increases the collapsed section flattens 
further. At a pressure indicated in the figure by 

! 

PX1  the buckle crosses the 
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arrestor. This pressure is defined as the crossover pressure (

! 

PX ) of the arrestor. 

The pressure drops, but in quasi-static manner for this particular arrestor. 
Continued pumping of water into the system spreads the collapse to the second 
arrestor where it is once more halted. The pressure rises to a level of 

! 

PX2, when 

the second arrestor is crossed. This crossover event is accompanied by dynamic 
drop in pressure. The experiment is terminated at this stage, and the test specimen 

is removed from the vessel.  

Buckles crossed slip-on buckle arrestors in two modes. Relatively thin and 
short arrestors, like the first one in Exp. No. 2, were deformed by flattening by the 

incoming buckle as shown in the photograph in Fig. 2.9a. In the process, the tube 
just downstream of the arrestor ovalized, and at some stage allowed the buckle to 

cross. This particular arrestor crossed the arrestor at a pressure of 

! 

PX1
=1.507PP . 

Relatively thick and long arrestors were not deformed significantly by the 

incoming buckle. Instead, the collapsed pipe folded up, and crossed the ring in the 

characteristic U-mode shown in Fig. 2.9b. This mode of crossing was observed in 
the second arrestor of Exp. No. 2 in which the crossover pressure was 

! 

PX2
= 2.639PP . A third mode in which the arrestor is crossed by flipping of the 

mode of collapse by 

! 

90°, as reported in Kyriakides and Babcock (1980), was not 

obtained in this study. This mode was observed to take place in the past for 
relatively short and stiff arrestors. In the present study, all arrestors tested were 

0.5D long or longer. 
 

2.4  Experimental Determination of the Confined Propagation Pressure 
As mentioned in Chapter 1 slip-on buckle arrestors often are incapable of 

achieving efficiency of 100% irrespective of how long, thick or stiff they are 

made. Collapse penetrates them in the U-mode at a pressure that is lower than the 
collapse pressure of the downstream tube. Kyriakides (2002) showed that the so-
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called the confined propagation pressure (

! 

PPC ) can serve as a dependable lower 

bound of arresting efficiency. Because of the importance of 

! 

PPC  in arrestor 

design, in this study the subject was revisited in order to develop a more 
dependable relationship for 

! 

PPC . A number of quasi-static confined propagation 

tests were conducted to enrich the previously developed database. The procedure 

followed is described next. 
The confined buckle propagation experiments were conducted in the 

manner first set up in Kyriakides (1986). The test specimen was 50D to 60D long 
depending on the D/t of the tube. It was placed concentrically inside a thick steel 

shell as shown in Fig. 2.10(a). The specimen surface was first lubricated. 

Subsequently, the annulus between the tube and the steel shell was filled with 
plaster of Paris for higher D/t tubes, or with Portland cement for lower D/t 

specimens. Close fitting aluminum centralizing rings were used at the two ends of 
the mold. This arrangement leaves a section approximately 20 tube diameters long 

outside the mold. The free end of the tube was dented as shown in the figure in 

order to help initiate local collapse. Once the grout was cured, the whole assembly 
was placed in a pressure vessel as shown in Fig. 2.10(b). 

The pressure vessel has a 7 in internal diameter, a length of 13 ft and a 
pressure capacity of 9,000 psi. It is pressurized with water using a constant 

discharge pump. The pressure was monitored in the same manner used in the 

collapse experiments. 
A typical pressure-time history from such an experiment is shown in Fig. 

2.11. At pressure 

! 

PI  the dented section collapses initiating a propagating buckle 

in the unconfined section of tube. The buckle propagates quasi-statically in the 
typical “dogbone” collapse mode. In the process, it traces a pressure plateau, 
which represents the propagation pressure (

! 

PP ) of the tube. The buckle stops 

propagating once it reaches the edge of the confined section (

! 

t3). Continued 
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pumping of water into the vessel leads to a relatively sharp rise in pressure. The 

pressure does not increase instantaneously, because a finite volume of water is 
required to further flatten the already collapsed section of tube and to expand the 

vessel. The confined part of the tube remains virtually undisturbed until the 
collapsed section at the entrance of the confinement snaps into a U-shape, 
enabling the buckle to start penetrating the confinement (

! 

t4 ). The pressure at 

which this occurs (

! 

PIC ) is usually the highest pressure experienced during such 

an experiment. 

! 

PIC  represents the initiation pressure of the confined propagating 

buckle under the particular experimental conditions described here. In some 
experiments 

! 

PIC  was not well-defined as it was affected by the tightness of the 

ring at the entrance of the confinement.  
The profile of steady-state confined propagation is fully developed within 

about five tube diameters from the edge of the confinement. The profile of the 

buckle connecting the U-shaped collapsed section behind it and the circular tube 
ahead of it is relatively short (2.5 tube diameters long for the case in Fig. 2.12). 

This implies that, in addition to bending deformations, parts of the profile undergo 
significant stretching. Note also that for the case shown in the figure the walls of 

the collapsed cross section are in contact for a significant part of the perimeter. 

This again is a sign of very significant deformation. The corresponding 
experimental responses are shown in Fig. 2.13. As the buckle reaches steady-state 

propagation, the pressure stabilizes at a new plateau. The rate at which water was 
discharged into the vessel was maintained constant until most of the tube had 

collapsed. The value of the second pressure plateau is defined as the confined 

propagation pressure (

! 

PPC ) of the tube. It is emphasized that the steady-state 

confined propagation process is independent of the initiation process. By contrast, 
the confined initiation pressure (

! 

PIC ) depends on the condition of the entrance of 

the confinement. In Fig.2.13 the confined initiation pressure is not defined.  
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Chapter 3  
Experimental Results 

 

3.1  Parametric Study of the Crossover Pressure of Slip-On Buckle Arrestors 
The crossover pressure (

! 

PX ) of arrestors was studied parametrically 

through experiments by varying the major non-dimensional parameters of the 

problem. If the arrestor is too short, the buckle crosses over via the flipping mode 
at pressures lower than 

! 

PCO  (see Fig. 4c in Kyriakides, 2002). The shortest 

arrestor required to avoid this depends on the tube D/t and its material properties. 

In this study the length was selected to be 

! 

" 0.5D. Stainless steel tubes (SS-304) 
of three different D/t ratios in the range of 18 to 35 were used in these 

experiments. The material properties of tubes used were measured as described in 

§2.1, and are summarized in Table 3.1. The yield stresses of the tubes ranged 
between 38 and 56 ksi. The majority of the experiments were conducted using an 

arrestor material with a yield stress of 41.6 ksi. A select number of tests were 
conducted using a second arrestor material with a yield stress of 86.2 ksi. The 

stress-strain responses of two arrestor materials are compared in Fig. 3.1. Their 

major parameters are listed in Table 3.2. 
Two major sets of tests were performed for each of three tubes D/t ratios. 

In the first set, the arrestor length was kept constant, and the thickness was varied; 
in the second series, the thickness was held fixed, and the length was varied. 

 

a. Effect on the Variation of Arrestor Thickness  
Figure 3.2(a) shows a set of experimental results for tubes with a nominal 

D/t of 25.5. Here the length of the arrestor was 0.5D, while the arrestor thickness 
(h) was varied from about 0.65t to 3.0t. The crossover pressure is seen to increase 

in a powerlaw manner with h. The monotonic increase with h stops at around 
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2.53t. Further increase in h is seen to produce the same crossover pressure of 
about 

! 

PX " 3.3PP . The U-mode crossover occurs irrespective of the arrestor 

thickness. Included in the figure is the calculated collapse pressure based on the 

average geometric and material properties of the tubes used in this series of tests 

(

! 

P CO=

! 

PCO PP  = 5.184). Clearly, for this combination of pipe geometric and 

material parameters the slip-on arrestor does not develop an efficiency of more 

than about 0.53. 
It is interesting to test the validity of the two bounds in arrestor 

performance based on 

! 

PIC  and 

! 

PPC  as suggested in Kyriakides (2002) (see 

Chapter 4 for details). The two tube characteristic pressures were estimated from 
the empirical relationships from the following empirical relationships using the 
mean values of D, t and 

! 

"o  for the tubes involved in these tests (Kyriakides 1986, 

2002): 
 

! 

P""

#o
= A

t

D

$ 

% 
& 

' 

( 
) 
*

.     (3.1) 

 
where 

! 

"o  is the yield stress of the material. The parameter A and 

! 

"  obtained from 

least squares fits of data listed in Table 3.3 along with the corresponding 

(multiple) correlation coefficients (

! 

R
2). 

! 

PP  was based on the average value 

measured in the tests involved. The two bounds represented by 

! 

P IC  (=

! 

PIC PP ) 

and 

! 

P PC  (=

! 

PPC PP ) are included in the plot, and are listed in Table 3.4. They 

are seen to bound the maximum arrestor performance quite well. 

! 

P PC  is a bit 

conservative while 

! 

P IC  is closer to the actual performance.  

Figures 3.3(a) and 3.4(a) show similar plots for tubes with respective 

nominal D/t values of 19.2 and 34.7. The arrestor thickness was varied from 0.65t 
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to 3.31t for the first and from 0.84t to 4.25t for the second. Once again the 
powerlaw increase of 

! 

PX  with h can be seen in the figures, and is bounded by 

these two the confined initiation and propagation pressures, 

! 

PIC  and 

! 

PPC . For 

tubes with the nominal 

! 

D / t  = 19.2 the maximum arresting efficiency was about 
0.76, and the corresponding crossover pressure was around 

! 

PX = 3.3PP . For tubes 

with the nominal 

! 

D / t  = 34.7 the crossover pressure ceases to increase at a 
pressure level about 

! 

PX = 3.4PP , corresponding to an arresting efficiency of 

approximately 0.61. The data once more are seen to agree well with these two 

bounding pressures. The experimental results of this series are listed in full detail 
in Tables 3.5-3.7. 

 
b. Effect on the Variation of Arrestor Length 

In the second series of experiments the arrestor thickness was kept 

constant while the arrestor length was varied. The constant arrestor thickness of 
each set was chosen based on the results from the experiments of the first series. 

In the case of tubes with nominal 

! 

D / t  = 25.5, the arrestor thickness was set at 
1.73t inches while the arrestor length was varied from 0.04D to 1.199D. Results 

showing how the crossover pressure depends on the arrestor length for this tube 
D/t are shown in Fig. 3.2(b). 

! 

PX  increases nearly linearly with L. (A similar trend 

was observed in Kyriakides and Babcock [1980] in experiments on aluminum 

tubes and arrestors.) The crossover pressure stops increasing after a length of 

about one tube diameter; it peaks at around the same pressure level as the results 
in Fig. 3.2(a). Further increase in L has no effect on the arrestor performance. The 
bounds on the maximum performance based on 

! 

PIC  and 

! 

PPC  were estimated in 

the manner discussed above, and are included in the plot. Again, they are seen to 
bound nicely the three experimental points at maximum arrestor performance.  
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Similar plots for tubes with respective nominal D/t values of 19.2 and 34.7 

are shown in Fig 3.3(b), and Fig. 3.4(b). Both plots show the same linear 
dependence of crossover pressure on the arrestor length. In Fig. 3.4(b) the two 

bounds of arrestor performance are once more seen to agree with the trend of the 
experimental results. By contrast, in Fig. 3.3(b) the experimental points 

corresponding to the maximum crossover pressure fall somewhat lower than both 
the 

! 

PIC  and 

! 

PPC  bounds. This particular set of tubes had wall thickness 

eccentricities, which were consistently larger than those of other tubes in this D/t 

category. We established that this could influence all three of the characteristic 

pressures involved in establishing the bounds. We thus suspect that this effect 
may be responsible for the discrepancy between the bounds and the measured 
maximum values of 

! 

PX PP . The experimental results of this series are listed in 

detail in Tables 3.8-3.10.  
 
c. Effect on the Variation of Arrestor Material Property 

In the study of the arresting efficiency of slip-on type buckle arrestors the 
arrestor rings were mainly machined from a thick SS-304 tube of the same 

material (A3) with a yield stress of 41.6 ksi. In order to assess the effect of the 
yield stress of the arrestor material on the crossover pressure, an additional set of 

tests were performed using a SS-304 arrestor material (A4) with a yield stress of 

86.2 ksi. These tests were performed on tubes with nominal 

! 

D / t  = 25.5. The 
arrestor length was kept constant at L = 0.5D, and the arrestor thickness was 

varied from about 0.815t to 2.080t.  
The measured crossover pressures are listed in Table 3.11 and are plotted 

against h/t in Fig. 3.5. Included in the figure are corresponding data obtained from 

the same tube D/t for arrestor material A3 (with the lower yield stress). The usual 
powerlaw dependence of the crossover pressure (

! 

PX ) on the arrestor thickness (h) 
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is observed for both sets of results. However, for the higher yield stress arrestors, 

a lower thickness is required to achieve a chosen crossover pressure. The tubes 
used had approximately the same mechanical properties. Since the bounding 

pressure (

! 

P IC ) depends strictly on the tube geometry and material properties, the 

two sets of tubes have similar values. Material A4 reaches the bounding pressure 

at h = 1.76t whereas material A3 achieves this crossover pressure at h = 2.53t. 
Once again we observe that increasing the arrestor wall thickness beyond these 

values does not produce a higher crossover pressure.  

 
3.2  Effect of Material Hardening on 

! 

PP  and 

! 

PPC   

The maximum performance of slip-on type buckle arrestors measured 

experimentally has confirmed that the confined initiation and propagation 
pressures can be used to generate bounding limits for the efficiency of slip-on 

type buckle arrestors. In view of the importance of these characteristic pressures, 

a new set of experiments was conducted in order to enrich previously developed 
data, and thus enable the development of more accurate empirical expressions for 

them. In particular, the new experiments were conducted using stainless steel 
materials that exhibited a lower hardening than the previous set as described 

below. 

Table 3.12 (Set II) lists eleven sets of confined and unconfined 
propagation pressures first reported in (Kyriakides, 2002). Included are the yield 
stress and post yield modulus (

! 

" E ) of the SS-304 material used. 

! 

PP /"o  and 

! 

PPC /"o  were then fitted to powerlaw fits of D/t as mentioned in Eq. (3.1). It has 

been long known that the post-yield hardening of the material can affect these 

characteristic pressures (Dyau and Kyriakides, 1993). The simplest extension of 

these fits is to include a term that approximately represents the post-yield modulus 
of the material. This was pursued by fitting the post-yield part of the stress-strain 
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data linearly from the yield strain to a strain of about 10%. The slope of this line, 

depicted as 

! 

" E , is included in Table 3.12. The range of D/t ratio in experimental 
Set II was approximately from 14.5 to 45.9. The yield stress of this set of tubes 

ranged between 38 and 58 ksi, and the post-yield slopes varied between 195 and 
280 ksi.  

The new set of experiments (Set III) was conducted on SS-304 1/8 Hard 

tubes. This alloy has a higher yield stress and significantly lower hardening as 
illustrated in the comparison of two typical stress-strain responses of the two 

materials in Fig. 3.6. Five tests were conducted on tubes with nominal D/ts that 
ranged between 19.25 and 37.46. The yield stresses of this set ranged from about 

81 to 99 ksi while the post yield moduli ranged from 70 to 99 ksi.  
The measured values of 

! 

PP /"o  and 

! 

PPC /"o  from Set II and Set III are 

plotted against D/t in log-log scales in Fig. 3.7. Powerlaw fits of the type given in 
Eq. (3.1) are also included in the figure. The parameter A and 

! 

"  obtained from 

least squares fits of each set of data listed in Table 3.13 along with the 

corresponding (multiple) correlation coefficients (

! 

R
2). As observed in 

(Kyriakides, 1986, 1994, 2002), 

! 

PPC  is significantly higher than 

! 

PP . For both 

characteristic pressures, the main effect of the lower hardening slope of data Set 

III is a shift of the data downwards. This suggests that a more accurate 
representation of the two characteristic pressures must include a measure of the 

post-yield hardening. Such a fit will be presented in Chapter 4. 
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Chapter 4 
Efficiency of Slip-On Buckle Arrestors 

 
The arresting performance of slip-on buckle arrestors will now be 

established using the arresting efficiency (

! 

") introduced in Kyriakides and 

Babcock [1980] defined as follows: 

 

    

! 

" =
PX # PP
PCO # PP

.    (4.1) 

 
where 

! 

PX  is the crossover pressure of the arrestor, and

! 

PCO  and 

! 

PP  are the 

collapse and propagation pressures of the pipe respectively. Thus, an arresting 
efficiency of 1 means that an incoming buckle is held, and arrested until the 

collapse pressure is reached, at which level the intact downstream section of pipe 

collapses without any influence from the collapsed section upstream. On the other 
hand, the arresting efficiency is zero in the absence of the arrestor.  

We will now use the experimental results to develop an empirical relation 

of arresting efficiency as a function of all problem parameters. Following the 
procedure of Kyriakides and Babcock [1980], dimensional analysis considerations 
result in the following parametric dependence of 

! 

PX  (parameters defined in Fig. 

4.1): 
 

   

! 
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Alternatively, it can be expressed in terms of the following series: 
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For physical consideration 

! 

PX

PP

"1, thus 

! 

Ao = 1. As in the Kyriakides and 

Babcock [1980], just the first term of the series is considered leading to 
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Using (4.1), the arresting efficiency can be then be written as follows: 
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The constants 

! 

A1, and 

! 

"i , i=1,5, are evaluated from the experimental data.  

 

4.1  Procedure for Fitting Experimental Data 
The exponent 

! 

"5 is evaluated first using the experimental results in which 

the arrestor thickness was varied. Figure 4.2(a) shows plots of 

! 

PX PP  vs. 

! 

h / t( )
"5  for three tubes of different D/t using arrestor material A3. For 

! 

"5 = 2.1 

the three sets of results fall on linear trajectories.  For D/t of 19 and 34, the results 

merged quite well, whereas the slope of the 

! 

D / t  = 25 data is different. This 
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discrepancy is caused by differences in the mechanical properties of the three sets 

of tubes.  
Figure 4.2(b) shows the same plot but with results from arrestor material 

A4 included. A4 had a yield stress of 86.8 ksi whereas A3 yielded at 41.6 ksi. 

This difference is accounted for with the parameter 

! 

"oa /"o( )
#2 . In Fig. 4.3 the 

crossover pressure is plotted against 

! 

"oa /"o( )
0.8

h / t( )
2.1 and the four sets of data 

have bundled together. 
We next consider the experiments in which the arrestor length was varied 

while keeping all other parameters constant. Figure 4.4 shows a plot of 

! 

PX PP  

vs. 

! 

L / t( )
"4 . 

! 

"4  = 0.98 results in the three sets of results falling together in nearly 

linear trajectories. All the data from two sets of experiments mentioned so far are 

plotted together against 

! 

"oa /"o( )
0.8

h / t( )
2.1

L / t( )
0.98 . Each set of data is nearly 

linear, but the different sets exhibit some scatter. This scatter can be reduced by 

including parameter 

! 

D / t( )
"3 . Figure 4.5(b) shows that all the data come together 

in a nearly linear trajectory when 

! 

"3 = -0.75. 

The final parameter 

! 

(E /"o)  was dropped because E did not vary 

significantly in the experiments.  

Using these parameters determined from experimental data, the arresting 
efficiency of a slip-on type buckle arrestor can be expressed as 
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The collapse pressures used for determining the arresting efficiency were 

obtained from experiments, for all cases that it was available. Otherwise, the 
collapse pressure was calculated from BEPTICO [1994] using the individual tube 

mechanical and geometric properties. The propagation pressures used were the 
ones recorded in the experiments.  

The efficiency is plotted against the RHS of Eq. (4.6) in Fig. 4.6. The data 

are seen to have coalesced reasonably well to form a linear band. The least 

squares linear fit of the data, which has a correlation coefficient (

! 

R
2) of 0.9349, is 

shown in the figure. It has a slope of 

! 

A1 = 0.3211. Unlike the similar plot for the 

integral arrestor (Park and Kyriakides, 1997), in this case the efficiency stops well 
below 1.0. Consequently, in design, this empirical fit must be used in conjunction 

with one or both of the efficiency bounds as described in Chapter 6. The 

uncertainty in the arresting efficiency calculated through Eq. (4.6) is estimated for 
three representative examples in Appendix B. The same procedure is applicable to 

any use of the formula. 
 

4.2  Efficiency Bounds for Slip-On Buckle Arrestors 
The maximum efficiency of slip-on type buckle arrestors depends only on 

the mechanical properties and geometries of the tubes, and it is independent of the 

material properties and the dimension of the arrestor as long as the arrestor is long 
and stiff enough (Kyriakides, 2002). It has been shown in experiments that the 
confined propagation (

! 

PPC ) can serve as the lower bound of the performance of 

slip-on type buckle arrestors while the confined initiation pressure is a good upper 
bound. Empirical formulae of these characteristic pressures were first established 

in Kyriakides [1986, 1994], and extended in [2002].  

The results in Chapter 3 further extended the databases to include the 
parameter (

! 

" E /#o) as follows: 
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Table 4.1 gives fit parameters of Eq. (4.7) for the two characteristic 

pressures. The fit parameters were established from the experimental data, which 

was enriched with numerical results generated in Chapter 5.  
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Chapter 5 
Numerical Analysis 

 
5.1  Numerical Simulation of Arrestor Crossover 
a. Finite Element Model 

The quasi-static propagation of a buckle in a tube, its arrest by a slip-on 

buckle arrestor, and the subsequent crossing of arrestor have been simulated using 
a finite element model developed within nonlinear the FE code ABAQUS/6.1. 

The general geometric characteristics of the model are shown in Fig. 5.1. The 
model consists of a tube of diameter D and wall thickness t. It has an upstream 
section of length 

! 

L1, a downstream section of length 

! 

L2 , and the section around 

the arrestor of length L, chosen to correspond to the length of the arrestor. The 
boundary conditions used are guided by the pipe deformation seen in the 

experiments. The buckle crosses the arrestor in the two modes discussed in 

Chapter 2: the flattening mode and the U-mode. For both modes, plane 1-2 is 
assumed to be a plane of symmetry. Furthermore, as in past buckle arrestor 

models (Park & Kyriakides, 1997; Olso & Kyriakides, 2003), a local imperfection 
is added in the neighborhood of 

! 

x1 = 0, and the plane 2-3 is also assumed to be a 

plane of symmetry. The end of the tube at 

! 

x1 = (L1 + L + L2)  has radially fixed 

boundary conditions, but is free to expand axially. The local imperfection has the 

following form: 
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where 

! 

wo is the radial displacement, and 

! 

"  is the polar angular coordinate 

(measured from 

! 

x2). Typical imperfection parameters used are 

! 

"o  = 0.02 and 

! 

"  

= 4.6 (this allows the imperfection decay to zero in a length of one tube diameter).  
In the typical case that will be discussed below, 

! 

L1was 9.5D, and 

! 

L2  was 

6.6D. The tubes and the arrestors were discretized by three-dimensional, 27-node 

quadratic brick elements with reduced integration (C3D27R). Two elements were 
used through the thickness of the tube and two through the thickness of the 

arrestor. In the case of the tube, the elements have the following angular spans in 
the top quadrant: starting from the 

! 

x2-axis 50-7.50-7.50-7.50-6.70-6.70-6.70-100-100-

100-50-50-50-50. The mesh of the bottom quadrant is symmetrical to that of the top. 

In the axial direction, the upstream section of the tube has twenty 0.4D long 
elements, followed by six 0.2D elements and two 0.15D elements adjacent to the 

arrestor. Below the arrestor five 0.2L elements were used. In the downstream 

section, four 0.15D elements were used next to the arrestor, the next eight were 
0.5D long, and two were one diameter long. The arrestor was discretized axially 

with four equal length elements. In the circumferential direction, the elements in 
the top quadrant were at: 50-7.50-7.50-12.50-12.50-12.50-12.50-7.50-7.50-50. In the 

lower quadrant the distribution was symmetric. This distribution of elements was 

determined from the usual convergence studies.  
The contact between the tube and the arrestor is a challenging issue for 

slip-on buckle arrestors. The interaction between the tube and the arrestor depends 
on the stiffness of each component, and the friction between them. Proper 

modeling of the friction was necessary in order to avoid rigid-body motion or 

over-constraining of the arrestor. 
Contact between the walls of the collapsing tube and between the tube and 

the arrestor was modeled by using surface-based contact; the strict master-slave 
algorithm was adopted. In this scheme, the specified master surface is defined 
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internally by the code as a surface, whereas the slave surface is defined by the 

surface nodes. The contact direction is always normal to the master surface, and 
the slave nodes are constrained not to penetrate into the master surface. Both 

small sliding and finite sliding options were used. Small sliding was used between 
the arrestor (master: coarse mesh) and the tube (slave: fine mesh) while this 

contact was frictional (the friction coefficient was chosen to be 0.4). Finite sliding 

was prescribed between the collapsing walls of the tube. 
The materials of the tubes and arrestors were modeled as J2-type, 

elastoplastic, finitely deforming solids that harden isotropically. The anisotropic 
yielding observed in the experiments was treated through Hill’s anisotropic yield 

function (ABAQUS Manual). It was assumed that the through thickness and 

transverse yield stresses were the same, but generally lower than the yield stress 
in the axial direction by the factor S established in the experiments. The models 

were calibrated to multilinear approximations of the true-logarithmic strain 

versions of the measured stress-strain response of the tube and the arrestor 
materials.  

A “volume-controlled” loading procedure was adopted using the 
hydrostatic fluid elements of ABAQUS (a combination of F3D3 and F3D4). 

These elements allow prescription of the change in volume inside a control region 

defined around the structure. The pressure becomes an additional unknown, while 
the volume change is enforced as a constraint via the Lagrange multiplier method.  

 
b. Numerical Results 

Results from a typical simulation on a tube with a 

! 

D t  = 25.43 are shown 

in Fig. 5.2. The simulation corresponds to Exp. No. 5b and the properties of tube 
PIP45 (see Table 3.1). The arrestor length was L = 0.5D, and its thickness was h 

= 2.87t. Figure 5.2(a) shows the calculated pressure (P) vs. the change in volume 
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response (

! 

"# /#owhere 

! 

"o is the initial volume of the artificial cavity formed 

around the specimen). Figure 5.2(b) shows the initial and a sequence of deformed 
configurations corresponding to the numbered points on the response. The main 

characteristics of the calculated response are similar to those that were seen in the 

experiments. The structure is initially relatively stiff, and the pressure rises 
sharply. This terminates into a limit load, which corresponds to the onset of local 

collapse in the region that has the geometric imperfection as illustrated in 
configuration . The value of the pressure maximum is governed by the 

amplitude and extent of the local imperfection, and does not affect subsequent 

events. With the pressure dropping, the local collapse grows, until in 
configuration , the walls of the tube come into contact. Local collapse is 

arrested, and the buckle starts to spread down the tube as seen in configurations  
and . The spreading of collapse reaches the steady state, represented by the 

relatively flat pressure plateau that is traced in the neighborhood of configuration 

.  
The pressure plateau at a level of 467 psi is the propagation pressure of the 

tube. This compares with the measured value of 472 psi. As the collapse 

approaches the ring arrestor, its stiffening effect is felt, the buckle is arrested, and 
the pressure starts to rise sharply as in the experiments. Configuration  shows 

that the buckle essentially stopped. As the pressure rises further, the buckle front 
starts folding up, going from the doubly symmetric shape of steady-state 

propagation to the singly symmetric U-shape seen in configuration . At a 

pressure of 1521 psi, the U-shaped collapse penetrates the arrestor with relatively 
little visible deformation of the arrestor. The crossover is followed by a 

precipitous drop in pressure back down to the propagation pressure level. This 

calculated value of crossover pressure (

! 

ˆ P X ) is 35 psi or 2.3% lower than the 

measured value (Table 5.1). The simulation is carried past the crossover pressure 
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to better capture the crossover mode, which is illustrated in configuration . It is 

comparable to the experimental one in Fig. 2.9(b), though in that case the collapse 
propagated further downstream of the arrestor. 

The model was used to carry out direct simulations of several of the 
experiments conducted. For numerical expediency in these simulations, the length 
of the upstream section 

! 

L1 was usually reduced to 5D. This limited and often 

masked steady-state propagation of the collapse, but did not otherwise affect the 
crossover event. Predicted crossover pressures for many of the cases (

! 

D t  = 25.5) 

are included in the Table 5.1. They are also plotted together with the 

corresponding experimental results in Fig. 5.3. Overall, the comparison between 
experimental and predicted crossover pressures is very favorable. For this set of 

results the absolute difference ranged from 1%-7.8%. 

Additional simulations were conducted for experiments on the other two 
tube D/t values used in the study. The predicted crossover pressures are compared 

to the experimental results in Table 5.2. The predictions are uniformly of good 
quality, which raises confidence in the numerical model developed. The 

numerical results are also compared to the experimental ones in Fig. 5.4. 

An alternate model was also developed in which the tube is discretized 
with 8-noded linear elements with full integration (C3D8). In this case, four 

elements were used through the thickness, and the mesh was much more refined 

than the one shown in Fig. 5.1 (27192 linear elements vs. 1612 quadratic elements 
for the tube). The predictions for the cases presented here were of comparable 

accuracy. However, in parametric studies of the problem the model with linear 
elements was found to be more robust. Crossover pressure results from this model 
for tubes with nominal 

! 

D t  = 25.5 are included in Table 5.3. 
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5.2  Numerical Simulation of Confined Buckle Propagation 
a. Finite Element Model 

During the last 20 years, three levels of modeling of increasing accuracy 

have been used to estimate the propagation pressure of unconfined tubes 
(Kyriakides, 1993). The first involves kinematically admissible collapse 

mechanisms where the deformation is concentrated in plastic hinges. Here, the 

work done by the pressure is assumed to be balanced by the energy expended in 
the hinges. The first example of this class of models is the four-hinge model 

(Palmer & Martin, 1975). The second class of models is again two-dimensional 
(2-D) where the collapsing section is modeled in a more numerically accurate 

manner (uniform collapse). Once again, an energy balance is used to estimate the 

propagation pressure, leading to the well-known Maxwell construction 
(Kyriakides et al., 1984; Chater & Hutchinson, 1984; Dyau & Kyriakides, 1993; 

Kyriakides, 1993). The third level model is a full 3-D numerical simulation of the 

localized collapse and its quasi-static propagation. The first level models are 
useful for order of magnitude parametric studies. The second class of models can 
provide engineering type estimates of 

! 

PP  for higher D/t tubes, but become 

increasingly less accurate as the D/t decreases. By contrast, the 3-D models can 
predict the propagation pressure to a very significant degree of accuracy.  

For the confined buckle propagation problem, previous work has shown 
that 2-D models based on energy balance arguments underpredict 

! 

PPC  by 

unacceptably large amounts (Kyriakides, 1993). Thus, the only useful alternative 

is the more complex 3-D simulation. In the following, a FE model developed 
within the framework of the nonlinear finite element code ABAQUS6.3 is used to 

simulate several of the experiments conducted. The result will then be used to 

explain the inadequacies of 2-D uniform collapse models for this problem. 
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The general geometric characteristics of the model are shown in Fig. 5.5. 
A section of tube 9D long (

! 

L2 ) is surrounded by a rigid circular confining cavity, 

which is in perfect contact with the tube. In the experiments the tubes were well 

lubricated, and consequently a frictionless condition between the tube and the 
rigid cavity was assumed in the model. A section 2.5D long (

! 

L1) is outside the 

confinement in order to initiate the collapse. Guided by the deformation of the 

collapsing tubes observed in the experiments, plane 1-2 is assumed to be a plane 

of symmetry. A local imperfection of the type defined in (5.1) is added in the 
neighborhood of 

! 

x1 = 0, and plane 2-3 is also assumed to be a plane of symmetry. 

The main challenges of modeling confined buckle propagation are the 

large deformations of the deforming pipe and the contact with the cavity wall. It is 
important to select the appropriate element for this particular application. It is 

well known that the first-order elements have better performance for problems 
involving contact and large strains. Therefore, the tube is discretized by 3-D, 8-

node linear brick elements with full integration (C3D8). The following 

distribution of elements was found to be adequate from convergence studies. Four 
elements are used through the thickness of the tube, 66 rectangular shaped 

elements around the half circumference, and 110 elements along the length. The 
contact algorithm mentioned in the previous section is adopted. The finite sliding 

and hard contact option are applied for contact between the walls of the collapsing 

tube, and between the tube and the rigid cavity. 
The tube material was idealized as a J2-type, elastoplastic, finitely 

deforming solid with isotropic hardening. For simulations of individual 

experiments, the true stress-logarithmic strain responses from uniaxial tensile tests 
were approximated as multilinear, and used in the analysis.  
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A fluid cavity was formed around the structure using the hydrostatic fluid 

elements of ABAQUS. The cavity was pressurized by prescribing the volume of 
fluid inside the cavity, resulting in volume-controlled pressurization.  

 
b. Numerical Results of 3-D Simulations  

Results from a representative simulation (Exp. 0425) on a tube with a 

! 

D t  

= 25.6 are shown in Fig. 5.6. Figure 5.6(a) shows the calculated pressure (P) -

change in volume response (

! 

"# /#o where 

! 

"o is the initial volume of the artificial 

cavity formed around the specimen). Figure 5.6(b) shows the initial and a 

sequence of deformed configurations corresponding to the numbered points on the 

response. The structure is initially relatively stiff, and the pressure rises sharply. 

This terminates into a limit load that corresponds to the onset of local collapse in 

the region that has the geometric imperfection. The value of the pressure 

maximum is governed by the amplitude and extent of the local imperfection, and 

does not affect subsequent events. With the pressure dropping, the local collapse 

grows until in configuration  the walls of the tube come into contact. Local 

collapse is arrested, and the buckle starts to spread down the tube in the 

characteristic dogbone cross section seen in configuration . The length of the 

unconfined section is relatively short, and as a result steady-state propagation is 

not achieved. When the collapse reaches the entrance of the cavity, it is arrested. 

The pressure then increases and the collapsed section flattens further. A new 

pressure maximum develops, corresponding to the switch from the dogbone to the 

U-mode of collapse (configuration) which allows the buckle to start penetrating 

the rigid cavity. The initial penetration can be viewed as a transient event, which 

affects a section about 3D long from the entrance to the cavity. Shortly after 

configuration , the U-mode collapse reaches steady state represented by the 

relatively flat pressure plateau that is traced in the neighborhood of configuration 
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 and beyond. The pressure plateau at a level of 2,815 psi is the confined 

propagation pressure of the tube (

! 

ˆ P PC ). This prediction compares very well with 

the measured value of 2,755 psi. The simulation was terminated before the end of 

the tube was reached. 

The extent of the deformation induced by the propagating front of the 

confined tube is illustrated in Fig. 5.7. Figure 5.7(a) shows an axial cross sectional 

view of the model. Figure 5.7(b) shows eight cross sectional views taken through 

the profile of the collapsed profile. This profile length, depicted as a in Fig. 5.7(a), 

is about 2.6D long, and connects the circular cross section of the undisturbed tube 

to the U-shaped collapsed section (distance between the crest of the collapse and 

the point of first contact of the opposite walls). The corresponding profile length 

measured in the tube tested was of similar value. The deformation affects mainly 

the upper half of the cross section, which is seen to progressively become more 

detached from the cavity wall and to collapse inwards. Eventually, the collapsing 

half comes into contact with the other side. The length of the section in contact 

increases, and simultaneously the two wings of the cross section detach from the 

cavity and come closer together, as seen in the last configuration. The 

resemblance of the experimental and calculated profiles is very good indeed. 

As mentioned above, the length of the profile is of the order of two-to-

three diameters. Considering generators in the top half of the tube, they start 

straight, undergo bending, reverse bending and end up straight once more. 

Furthermore, because of the relatively short profile, they undergo significant 

stretching. Thus, the loading seen by points along and across these zones is 

complex and non-proportional. This is the main reason why energy balance type 

analyses based on uniform collapse models yield poor predictions for 

! 

PPC  

(Kyriakides, 1993). This last point will be illustrated by results from a uniform, 

plane strain collapse model of a section of the same tube. 
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c. 2-D Models and Maxwell Construction 
 In this case, we consider the plane strain collapse of a tube confined by a 

rigid contacting and frictionless cavity. The tube has a small initial imperfection 

involving a span of about 20o detached from the wall. The imperfection is 

introduced by a point force, which pulls the crown point a distance 0.5t away 

from the rigid wall. The deformed configuration is frozen, the stresses are 

removed, and pressure is applied in a cavity that surrounds the whole system. 

The 

! 

P "#$  response calculated for a tube with a 

! 

D t  = 25.6 is shown in 

Fig. 5.8(a). A set of deformed configurations corresponding to the points marked 

on the response with numbered flags is shown in Fig. 5.8(b) (the configuration 

count goes from  at the top to  at the bottom). It is quite clear that the ring 

configurations are quite different from those in the buckle profile shown in Fig. 

5.7(b). This is because the stress paths experienced by different points on the 

cross sections in the two models are very different. Despite this, we will use this 

! 

P "#$  response to develop the Maxwell construction as follows: Referring to the 

auxiliary schematic 

! 

P "#$  response in Fig. 5.9, consider a confined buckle 

propagating in a steady-state, quasi-static fashion at a pressure of 

! 

ˆ P PC . The 

external work done when the buckle propagates along a unit length of the tube is 

given by 

 

   

! 

ˆ P PC ("#C $"#A ) .     (5.1) 
 
where A is a relatively undeformed equilibrium state on the initial stable branch 
of the response, and C is a collapsed configuration on the stable post-buckling 
response on the right. We assume that the material behavior is path independent. 
As a result, the change in internal work is strictly a function of the initial and final 
configurations of the cross section, i.e. states A and C. The change in internal 
work will be equal to the external work done, thus 
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! 

ˆ P PC ("#C $"#A ) =     P("#)d"#
"#A

"#C

% .    (5.2) 

 
Equation (5.2) is satisfied when 

! 

ˆ P PC  is drawn at a level that makes the area under 
the 

! 

P "#$  response above the line (

! 

A1) equal to the area below the line and the 
response (

! 

A2 ). In essence, the argument states that equilibrium state C can be 
achieved either by following the response or by propagating the collapse at 

! 

ˆ P PC  
in which case a stationary point goes through a similar sequence of configurations. 
An essential aspect of this argument is material path independence. Thus, for an 
elastic confined shell this argument is exact and yields the estimate of 

! 

ˆ P PC  given 
in (Kyriakides, 1986, 1993). Plastic deformations are invariably path dependent. 
As a result the argument only holds exactly for points, which experience 
proportional loading paths. In the present problem we have seen that this is hardly 
the case. As a consequence, 

! 

ˆ P PC  yielded by (5.2) is 1140 psi, which is only 41% 
of the measured value. Furthermore, the final deformed configuration 
corresponding to this pressure in the 2-D analysis is quite different from the final 
configuration in Fig. 5.7(b). 
 

d. Additional Numerical Results 

Similar simulations were performed for a total of ten of the physical 

experiments conducted. The predicted confined propagation pressures are listed in 

Table 5.4. Overall, the 3-D model does very well in reproducing the experimental 

values. The average absolute difference between predicted and measured 

! 

PPC  

values is 3.8%. In one case the difference is 7.9%, while in the rest it is less than 

5%. As in similar calculations of the propagation pressure, small differences 

between measured and predicted values are due to variations in both geometric 

and material properties along the tube not accounted for, or due to yield 

anisotropy, which was not established for most tubes. Comparisons of measured 
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and predicted confined propagation pressure plotted in log-log scales are shown in 

Fig. 5.10.  

The length of the profile of a confined buckle propagating at steady state 

(a) has been defined as the distance between the crest of the collapse and the point 

of first contact of the opposite walls. Figure 5.11 shows a plot of the profile length 

vs. D/t for all experiments in which it was available. The profile is seen to 

increase nearly linearly with D/t. Also, the results from the 1/8H material (lower 

hardening) are lower than those from the higher hardening material. Measuring 

the profile length is somewhat inexact and this contributes to the observed scatter 

in the results. Included in the figure are the corresponding results from the ten 

simulations, measured in the same manner. The predicted values exhibit less 

scatter, and follow well the trends of the experimental results. As pointed out 

earlier, the profiles vary in length from about 2.5D for the lower D/t values 

considered (~15) to about 3.75D for the higher D/t values (~40). 

The experimental part of this study pointed out that 

! 

PPC  is affected first 

by the yield stress but also by the post-yield hardening of the material. Because 

small-scale steel tubes are only available in limited ranges of post-yield hardening, 

it was not possible to further explore this issue experimentally. Instead, a series of 

calculations were performed in which 

! 

ˆ P PC  was established for tubes of three 

different D/t values and three different post-yield slopes. The engineering stress-

strain response was assumed to be bilinear, with elastic modulus of E = 30 Msi 

and yield stress of 52 ksi. The post yield modulus (

! 

" E ) was assigned values of 80, 

180 and 280 ksi. The three tube D/t values considered are 19.0, 27.0 and 40.0. 

The propagation and confined propagation pressures were evaluated in separate 

calculations for each tube and each material. The results are tabulated in Table 5.5, 

while the values of 

! 

ˆ P PC  are plotted against D/t in log-log scales in Fig. 5.12. For 

completeness, a similar plot of 

! 

ˆ P P  vs. D/t is shown in Fig.5.13. 
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The post-yield hardening affects both propagation pressures, with the 

effect being more pronounced in the case of 

! 

ˆ P PC . For example, for tubes with 

! 

D / t  = 19.0 increasing the hardening from 80 to 280 ksi results in a nearly 24% 

increase in 

! 

ˆ P PC . By contrast, for 

! 

D / t  = 40.0 the corresponding increase is just 

over 12%. In the log-log plot in Fig. 5.12, the data shows once more the powerlaw 

dependence of 

! 

ˆ P PC "o  on 

! 

D / t . Increase in the post-yield hardening results in a 

nearly upward shift of the linear plot. This trend is similar to that seen in the 

experiments. In the case of 

! 

ˆ P P , the effect of increasing the post-yield hardening 

from 80 to 280 ksi has the same upward shift trend, but only 12% increase in 

! 

ˆ P P  

for tubes with 

! 

D / t  = 19.0. For 

! 

D / t  = 40.0, the corresponding increase in 

! 

ˆ P P  is 

about 9%.  

The data obtained from this parametric study are used to enrich 

experimental results, and to find an improved empirical formula in the case of 

! 

ˆ P PC (see Table 4.1). 
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Chapter 6  
Summary and Conclusions 

 

This dissertation presented a combined experimental/analytical study of 
slip-on buckle arrestors for pipes with lower D/t values (18-35) suitable for 

application in moderately deep and deepwater pipelines. The main thrust of the 

work involved a parametric study of the efficiency of slip-on buckle arrestors. 
The second part of the work involved quantifying the confined propagation 

pressure that serves as a lower bound of efficiency limits of slip-on type buckle 
arrestors. Both problems were first examined experimentally using small-scale 

tubes, followed by numerical models that can simulate the associated nonlinear 

phenomena.  
 

6.1  Arresting Efficiency of Slip-On Buckle Arrestors 
The effectiveness of slip-on buckle arrestors has been evaluated through 

combined experimental and numerical efforts. The parametric dependence of the 

crossover pressure and the efficiency of this arrestor were established through a 
broad set of experiments. The experiments involved small-scale SS-304 tubes 

with D/t values in the range of 18-35. Arrestors of various lengths, wall 
thicknesses and of two different yield stresses were mounted on the tubes. The 

experiments involved quasi-static propagation of buckles, engagement of an 

arrestor, and the eventual crossing of it at a specific crossover pressure. In each 
family of tests, the arrestor parameters were varied until the highest crossover 

pressure was achieved. Results from 84 such experiments are reported. The 
results were used to develop a new empirical design formula for arresting 

efficiency.  
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The quasi-static buckle propagation, arrest and crossover events observed 

experimentally were simulated numerically using a custom FE model. The model 
was used to simulate a number of the experiments conducted for the three tube D/t 

ratios analyzed spanning all pressure levels. The simulations were shown to 
capture successfully all important aspects of the experiments including accurate 

prediction of the crossover pressure. Although such calculations remain somewhat 

lengthy, they provide a way of proving a design based that is based on empirical 
design procedure developed. 

The results of the study confirmed that slip-on type buckles arrestors do 
not always reach efficiency of 1. This is because often a buckle penetrates such 

arrestors by folding up into a characteristic U-mode at a pressure that is lower 

than the collapse pressure of the pipe. This takes place irrespective of how long, 
thick or stiff the ring arrestor is made. The results clearly demonstrated that a 

lower bound for the maximum efficiency of such arrestors is the confined 

propagation pressure of the pipe. 
 

6.2  Buckle Propagation in Confined Steel Tubes 
The problem of propagation of collapse in a long circular tube surrounded 

by a relatively stiff confinement has been revisited. The lowest pressure at which 

confined collapse will propagate is defined as the confined propagation pressure 
(

! 

PPC ). This is a characteristic pressure of confined tubes and is an important 

parameter in the design of liner tubes. In addition, 

! 

PPC  has been shown provide a 

lower bound for the maximum crossover pressure of slip-on buckle arrestors. The 
present work used experiments and analysis to develop a more accurate empirical 
relationship between 

! 

PPC  and the material and geometric parameters of the liner. 

 A previously developed set of experimental data of confined propagation 
pressures has been extended by the addition of results from new experiments from 
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SS-304 tubes with lower hardening slopes. It was known that 

! 

PPC  is proportional 

to the yield stress of the tube material and has a powerlaw dependence on D/t. The 
new results have demonstrated that 

! 

PPC  also depends on the hardening 

characteristics of the material. Lower hardening leads to lower values for

! 

PPC .  

The quasi-static initiation and propagation of confined collapse was 

modeled using 3-D finite elements. The model accounts for the finite 
deformations associated with this type of collapse, and it also addresses the 

contact nonlinearities, which govern the phenomenon. The material is modeled as 
a finitely deforming elastic-plastic solid. The model was first validated by 

simulating successfully several of the experiments performed. One-to-one 
comparisons between experimentally and predicated values of 

! 

PPC  showed that 

this critical pressure can be predicated to a very significant degree of accuracy 

(differences generally were less than 5%). 2-D uniform collapse models of steady-

state propagation and associated energy balance arguments leading to Maxwell 
pressure estimates of 

! 

PPC , where shown to lead to unacceptably low values. 

Measurements and predictions of the length of confined propagation profile were 

shown to be in the range of 2.5D to 3.5D. The shortness of the profiles and the 
severity and nature of the associated deformations indicate that material points 

undergo very complex loading histories, including reverse and generally 
nonproportional loading. This complexity in the induced stress histories is a 

significant contributor to the failure of the Maxwell pressure to be representative 
of 

! 

PPC . An important condition for the Maxwell construction to be applicable is 

path-independent material behavior. The 3-D model was used to conduct a 
parametric study of 

! 

PPC . The experimental data enriched with the numerical 

values generated were used to develop an improved empirical relationship for 

! 

PPC , which also accounts for the post-yield modulus of the material. The new 

formula can provide engineering level estimates 

! 

PPC . More accurate predictions 



 44 

can be obtained by a full numerical simulation of the collapse and propagation 

process along the lines of the FE model presented here. 
 

6.3  Recommended Design Procedure 
Based on the results of this study, we recommend the following procedure 

to be followed in the design of an effective slip-on buckle arrestor (see Example 

in Appendix A): 
1. Calculate the collapse and propagation pressure of the pipeline. 
2. Calculate 

! 

PIC  and 

! 

PPC  using the empirical formula. 

3. Calculate the desired crossover pressure 

! 

PX  based on the maximum 

pipeline depth, and ensure that 

! 

PX < PPC . If this test fails, then the 

pipeline thickness or steel grade must be increased, and return to step 1. 
4. Use 

! 

PX  to calculate the required arrestor efficiency 

! 

". 

5. Use the problem variables in the empirical expression for efficiency to 
evaluate either the arrestor thickness or its length. 

6. Test your design by a dependable numerical model like the one discussed 
in Chapter 5, or preferably, by a full-scale test conducted as outlined in 

Chapter 2. 
7. If 

! 

" >"PC , then a slip-on arrestor is not appropriate for this pipeline. If 

increase of the pipeline wall thickness or steel grade is acceptable,  

implement such a change and return to step 1. If such changes are not 

possible, an integral buckle arrestor should be considered for this project. 
 

It should be noted that like all empirical expressions of results of complex 
phenomena can be a dependable design tool provided that the parameters of the 

arrestor and pipe being designed do not deviates significantly from the range of 

variables of the data used to generate it. If the problem parameters deviate 
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significantly from those of the present database, new dependable data must be 

added to it, and if necessary, a new fit should be attempted before such an 
empirical formula is used directly in design. 
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Table 3.1 Mechanical properties of tubes used in the slip-on buckle arrestor 
experiments 

 

Tube 

! 

D

t
 

! 

E  
ksi 

! 

"o  
ksi 

! 

" # o  
ksi 

! 

" E  
ksi 

! 

S =
"#

" x
 

PSO2 35.71 28.47 48.42 50.50 268.6 - 
PSO4 35.71 29.25 47.07 49.35   242.0 - 
PSO8 35.71 26.99 45.30 47.10 219.4 - 
PSO5 25.51 28.45 49.60 51.24 222.3 - 

PSO12 25.51 29.84 41.60 44.10 331.6 - 
PIP44 25.51 28.59 42.64 44.67 242.3 - 
PIP45 25.51 26.79 37.75 39.24 229.0 - 
PIP46 25.51 27.10 40.00 41.41 219.6 - 
PSO1 19.23 29.90 55.92 57.97 221.5 0.86 
PSO3 19.23 30.81 49.73 51.38 235.2 - 
PSO6 19.23 30.13 52.65 54.57 221.5 - 
PSO7 19.23 30.45 52.75 54.83 207.1 0.88 

PSO16 19.23 26.56 46.42 47.75 201.2 - 
PSO17 19.23 27.08 50.99 52.24 200.6 - 
PSO21 19.23 27.29 47.86 50.28 209.9 - 
PSO22 19.23 29.04 46.14 48.77 223.4 - 

 
 

Table 3.2 Mechanical properties of arrestor materials 
 

Mat. 

! 

E  
ksi 

! 

"o  
ksi 

! 

" # o  
ksi 

! 

" E  
ksi 

A3 26.26 41.59 44.35 230.4 
A4 26.14 86.82 84.69 79.21 
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Table 3.3 Powerlaw fit parameters of three critical pressures (Kyriakides, 2002) 
 
 

 A β 

! 

R
2  

! 

PP

"o
 39.25 2.500 0.9679 

! 

PIC

"o
 34.85 2.095 0.9885 

! 

PPC

"o
 61.61 2.301 0.9771 
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Table 3.13 Powerlaw fit of two critical pressures with two parameters 
 

Exp.   Set II   Set III  
 

! 

A  

! 

"  

! 

R
2  

! 

A  

! 

"  

! 

R
2  

! 

PP

"o
 36.68 2.482 0.9478 20.69 2.362 0.9930 

! 

PPC

"o
 27.05 2.039 0.9290 17.54 1.956 0.9945 
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Table 4.1 Powerlaw fit of two critical pressures with three parameters 
 

 

! 

B 

! 

C  

! 

"  

! 

PP

"o

a

 25.37 0.62 2.429 

! 

PPC

"o

a

 15.59 1.43 1.975 

! 

PPC

"o

b

 17.27 1.43 2.000 

   

! 

aExperiments only 
   

! 

bExperiments with numerical results 
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Table 5.5 Calculated propagation and confined propagation pressures for tubes 
with different hardening characteristics 

 

! 

D

t
 

! 

" E 

#o

 

! 

ˆ P P

"o

×103 

! 

ˆ P PC

"o

×103 

19.0 1.538 20.71 56.94 

19.0 3.462 21.88 63.94 

19.0 5.385 23.29 70.40 

27.0 1.538 8.942 27.40 

27.0 3.462 9.231 29.50 

27.0 5.385 9.538 31.90 

40.0 1.538 3.327 12.39 

40.0 3.462 3.481 13.00 

40.0 5.385 3.615 13.92 
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Slip-On Arrestor

Grouted Slip-On Arrestor

Clamped Arrestor

Spiral Arrestor

Welded Ring Arrestor

Integral Arrestor

 
 
 

Fig. 1.3  Buckle arrestor concepts for offshore pipelines 
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Fig. 1.4  U-mode crossover of a long and thick two-part slip-on buckle arrestor 
 
 

 
 

Fig. 1.5  Profile of confined propagating buckle with its characteristic U-mode 
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Fig. 2.1  Stress-strain response of uniaxial tests from: (a) Strain gage (b) 

Extensometer 
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Fig. 2.3  Comparison of stress-strain responses in axial and circumferential 

direction 
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Fig. 2.4  Experimental set-up used to establish the collapse pressure 
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Fig. 2.5  Pressure-time history of a typical collapse experiment 
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Fig. 2.7  Experimental set-up and assembling used to establish arrestor crossover 

pressure 
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(b) 

 
Fig. 2.8  (a) Pressure-time history of a typical experiment and (b) corresponding 

specimen deformed configurations illustrating buckle initiation, quasi-
static propagation, arrest and crossover 



 77 

 

 
 

(a) 
 

 
 

(b) 
 
Fig. 2.9  Two slip-on arrestor crossover modes: (a) the flattening and (b) the U-

mode 
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Fig. 2.10  (a) Schematic of a tube partially confined by cement, and  

(b) Experimental set-up to establish the confined propagation pressure 
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Fig. 2.11  Pressure-time history of a typical quasi-static test on a partially 

confined tube 
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Fig. 2.13  Pressure-time histories from the confined propagation pressure 

experiment on tubes D / t  = 23.4 
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Fig. 3.1  Comparison of stress-strain responses of two arrestor materials 
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Fig. 3.2  Crossover pressures for tubes with nominal D / t  = 25.5: (a)PX  as a 

function of arrestor thickness (b)PX  as a function of arrestor length 
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Fig. 3.3  Crossover pressures for tubes 

! 

D / t  = 19: (a)

! 

PX  as a function of 
arrestor thickness (b)

! 

PX  as a function of arrestor length 
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Fig. 3.4  Crossover pressures for tubes with nominal 

! 

D / t  = 35: (a)

! 

PX  as a 
function of arrestor thickness (b)

! 

PX  as a function of arrestor length 
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Fig. 3.5  Comparison of arrestor crossover pressure as function of arrestor 

thickness for two arrestor materials 
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Fig. 3.6  Comparison of the typical stress-strain responses of two SS-304 

materials 
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Fig. 3.7  Propagation and confined propagation pressure measured for two SS-304 

alloys as a function of tube D / t  
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 90 

 
Fig. 4.2  Crossover pressure as a function of powerlaw parameter h / t( )!5 : 

(a) for arrestor material A3 only and (b) A3 & A4 
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Fig. 4.3  Correlated data for arrestor materials A3 and A4 
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Fig. 4.4  Crossover pressure as a function of powerlaw parameter L / t( )!4  
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Fig. 4.5  Crossover pressure as a function of powerlaw parameters: (a) without 

and (b) with the effect of the parameter D / t( )!3  
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Fig. 4.6  Empirical expression for arresting efficiency of slip-on buckle arrestors 
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Fig. 5.2  Simulation of buckle initiation, propagation, arrest and crossover.  

(a) Pressure-change in volume response 
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Fig. 5.2  (b) Sequence of corresponding deformed configurations 
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Fig. 5.3  Comparison of measured and predicted crossover pressures for 

tubes with nominal 

! 

D / t  = 25.5 
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Fig. 5.4  Comparison of measured and predicted crossover pressures for tubes 

with (a) nominal D / t  = 19.2 (b) nominal D / t  = 35.7 
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Fig. 5.6  (a) Pressure-change in volume response recorded in numerical 

simulation of a confined buckle propagation test
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Fig. 5.6  (b) Sequence of deformed configurations of confined propagating 
collapse corresponding to response in Fig. 5.6(a) 
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 105 

 
Fig. 5.8  (a) Calculated pressure-change in volume response for a confined tube 

collapsing uniformly and (b) sequence of deformed configurations 
corresponding to points marked on response in Fig. 5.8(a) 
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Fig. 5.9  Schematic of P−δυ uniform collapse response and the Maxwell 

construction 
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Fig. 5.10  Comparison of measured and predicted confined propagation pressures 

of two sets of SS-304 tubes tested: (a) Set II (b) Set III 
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Fig. 5.11  Profile length vs. tube 

! 

D / t : experiments and predictions 
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Fig. 5.12  Calculated confined propagation pressure vs. tube 

! 

D / t  for different 
material hardening parameters 
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Fig. 5.13  Calculated propagation pressure vs. tube 

! 

D / t  for different material 
hardening parameters 
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Appendix A: Design of Slip-On Buckle Arrestors: An Example 
 

Pipe Parameters: 

! 

D 
in 

! 

t  
in 

! 

D

t
 

! 

"o  
(ksi) 

! 

"o  
% 

10.625 0.4183 25.4 41.4 0.5 
 

Arrestor Parameters: 

! 

Di  
in 

! 

"oa  
(ksi) 

! 

La  
in 

! 

h  
in 

10.625 41.4 53.125 --- 
 

Unknown parameter:  
Arrestor thickness (h) 

 

Pipe Critical Pressures: 

! 

ˆ P CO  
psi 

! 

ˆ P P  
psi 

! 

ˆ P PC  
psi 

2096 500 1493 
 

The collapse pressure of the pipe with the initial imperfection 

! 

"o  = 0.005 

is calculated using BEPTICO. The propagation and confined propagation 

pressures, which determine the limits of arresting efficiency, are obtained from 

Eqs. (3.1).  
The first step involves comparison of the pressure at the maximum 

operating depth of the pipeline with the confined propagation pressure (see flow 
chard in Fig. A.1). If the design pressure is lower than the confined propagation 

pressure then the empirical formula for the arrestor efficiency can be used 
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directly. In this example the arrestor length is chosen to be 0.5D long. If we 

assume the design pressure is 1298 psi, which makes the arresting efficiency of 
0.5. The corresponding arrestor thickness can be obtained from the arresting 

efficiency Eq. (4.6), which yields 

! 

h  = 0.205 in. On the other hand, if the design 
pressure is higher than the propagation pressure, the pipe wall thickness or grad 

can be increased and the process is repeated. Alternatively the pipe dimensions 

can stay the same and the integral buckle arrestor option explored.  
 

 
Fig. A.1  Design flowchart 

 

Begin: Slip-On Buckle arrestor 
Given Water Depth, D/t, Steel Grades 

! 

PCO , 

! 

PP  and 

! 

PPC  
Eqn (3.1) 

 

Desired 

! 

PX " PPC  

True 

Increase t, 
or 

! 

"o  False 

True 

False 

Integral Buckle 
arrestor 

End 

Desired 

! 

"# h,La  

Eqn (4.6) 

FE Model or Full-scale test 

End 
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Appendix B: Error Analysis 
 

In Chapter 4 a set of experimental results were used to derive the 
following expression for the arresting efficiency of slip-on buckle arrestors in 

terms of the major problem parameters: 
 

 

! 

" =

A1
#oa
#o

$ 

% 
& 

' 

( 
) 

0.8
t

D

$ 

% 
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( 
) 
0.75

L

t
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( 
) 
0.98

h

t
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% 
& 
' 

( 
) 
2.1

PCO

PP

*1
$ 

% 
& 

' 

( 
) 

   (B.1) 

Each parameter (

! 

x) was either measured or calculated with some small 
uncertainly (

! 

ux), which is usually known or can be estimated. The uncertainly of 

the arresting efficiency (

! 

u") can then be estimated as follows: 

 

! 

u"

"
=

0.75
uD

D

# 

$ 
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2

+ 2.33
ut

t
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2

+ 0.98
uL

L
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( 
2
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uh

h

# 
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% 

& 

' 
( 
2

+ 0.8
uoa

)oa

# 

$ 
% 

& 

' 
( 

2

+ 0.8
ua

)a

# 

$ 
% 

& 

' 
( 

2

+
PCO

PCO * PP

uPCO

PCO

# 

$ 
% 

& 

' 
( 

2

+
PCO

PCO * PP

uPP

PP

# 

$ 
% 

& 

' 
( 

2
 (B.2) 

 
The collapse pressure used in (B.1) was calculated using the custom 

computer program BEPTICO. Consequently the uncertainty had to be evaluated 

numerically by varying the key parameters one at a time within its range of 
uncertainty. If we accept that the collapse pressure is a function of the following 

major parameters 
 

   

! 

ˆ P CO = ˆ P CO D,t,"o,E( )     (B.3) 
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its uncertainty (

! 

u ˆ P CO

) is given by: 

 

 

! 

uˆ P CO

=
" ˆ P CO

"D
uD

# 

$ 
% 

& 

' 
( 

2

+
" ˆ P CO

"t
ut

# 

$ 
% 

& 

' 
( 

2

+
" ˆ P CO

")o

u) o

# 

$ 
% 

& 

' 
( 

2

+
" ˆ P CO

"E
uE

# 

$ 
% 

& 

' 
( 

2

 (B.4) 

 

The measurement uncertainties of diameter and thickness are 0005.0± . 

The uncertainty in the yield stress stresses is given by: 

  

! 

u"

"
=

uF

F

# 

$ 
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& 

' 
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2

+
ut

t

# 
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& 
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+
uw
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2

     (B.5) 

 

where 

! 

F  is the measured force and 

! 

t  and 

! 

w  are the specimens cross sectional 

dimensions. 

 The uncertainty of the strain measured in uniaxial tests is given by 

 

  

! 

u"

"
=

u#R

#R

$ 

% 
& 

' 

( 
) 
2

+
uR

R

$ 

% 
& 

' 

( 
) 
2

+
uG

G
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& 

' 

( 
) 
2

     (B.6) 

 

The specification gives 3% uncertainty in resistance (R), and 0.5% uncertainty in 
Gage Factor (G).  

 The uncertainty in the elastic modulus 

! 

E  in modulus is estimated using 

(B.5) and (B.6) as follows: 
 

  

! 

uE

E
=

u"

"

# 

$ 
% 

& 

' 
( 
2

+
u)

)

# 

$ 
% 
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' 
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2

      (B.7) 
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Three representative examples in which this procedure was used to estimate the 

uncertain first of the collapse pressure and second of the arresting efficiency are 
listed in Table B.1. The same procedure can be used to estimate the uncertainty of 

any efficiency calculation.  
 

Table B.1 Parameters and uncertainties for three examples 

(L/D = 0.5, and h/t = 1.94)  

! 

D 
In 

! 

t  
in 

! 

"o  
ksi 

! 

ˆ P CO  
psi 

! 

ˆ P P  
psi 

! 

uˆ P CO

ˆ P CO

% 

! 

u"

"
% 

1.2500 0.0366 47.75 1434 281 4.49 8.78 
1.2515 0.0495 41.36 2597 501 2.29 4.92 
1.2511 0.0649 49.56 4693 1075 1.46 3.45 
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