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5 Abstract: This study investigates buckle propagation2 of subsea pipe-in-pipe (PIP) systems under hydrostatic pressure. Unlike in previous
6 studies, PIP systems consisting of carrier pipes with a diameter-to-thickness (Do=to) ratio in the range 26–40 are examined here. Experimental
7 results from ring squash tests (RSTs), confined ring squash tests (CRSTs), and hyperbaric chamber tests are presented and compared with a
8 modified two-dimensional (2D) analytical solution and with numerical results using three-dimensional (3D) finite-element (FE) analysis.
9 The comparison indicates that the proposed modified analytical expression provides a more accurate lower-bound estimate of the propagation

10 buckling pressure of PIP systems compared with the existing equations, especially for higher Do=to ratios. The novel RST and CRST
11 protocols proposed for PIP systems give lower-bound estimates of the propagation pressure. The FE analysis outcomes demonstrate that
12 the lengths of PIP system transition zones are almost twice the corresponding lengths in single pipes. New modes of buckling are discovered
13 in the hyperbaric chamber tests of PIP systems withDo=to ¼ 26. DOI: 10.1061/(ASCE)EM.1943-7889.0001337.© 2017 American Society
14 of Civil Engineers.
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16 Introduction

17 Pipe3 -in-pipe4 (PIP) systems are being used extensively in the design
18 of high-pressure and high-temperature (HP/HT) flowlines because
19 of their outstanding thermal insulation. A typical PIP system con-
20 sists of concentric inner and outer pipes, bulkheads, and centraliz-
21 ers. The inner pipe (flowline) conveys production fluids, and the
22 outer pipe (carrier pipe) protects the system from external pressure
23 and mechanical damage. These two pipes are isolated by central-
24 izers at joints and connected through bulkheads at both ends of the
25 pipeline. The annulus (the space between the tubes) is either empty
26 or filled with nonstructural insulation material such as foam or
27 water (Bai and Bai 2005).
28 Pipe-in-Pipe systems are normally divided into two categories:
29 compliant and noncompliant. In a compliant system, the inner pipe
30 and the carrier pipe are attached at close intervals; in a noncompli-
31 ant system, the pipes are connected only through bulkheads at
32 discrete locations. The relative movement between the inner and
33 outer pipes is arrested in a compliant system, whereas the two pipes
34 can move relative to each other in a noncompliant system. Pipe-in-
35 Pipe systems are exploited in subsea developments, where the car-
36 rier pipe is designed to resist high hydrostatic pressures (water
37 depths up to 3,000 m) and the inner pipe is designed to transmit

38hydrocarbons at temperatures as high as 180°C (Jukes et al.
392009). The HP/HT flow can cause global upheaval (Wang et al.
402015) or lateral buckling (Vaz and Patel 1999) in the system.
41Furthermore, high hydrostatic pressure may trigger a local collapse
42in the carrier pipe, such as propagation buckling or buckle inter-
43action (Karampour et al. 2013; Karampour et al. 2013 5; Karampour
44and Albermani 2014, 2015; Karampour et al. 2015). The structural
45integrity of the PIP system under external pressure is an issue of
46concern because the collapse of the carrier pipe may result in the
47collapse of the inner pipe.
48In a single pipeline under external pressure, a local dent or
49ovalization in the pipe wall can initiate a buckle that rapidly trans-
50forms the pipe cross section into a dog-bone shape. The buckle then
51travels along the pipeline as long as the external pressure is high
52enough to sustain propagation. The lowest pressure required to per-
53petuate the buckle is termed propagation pressure, Pp, which is
54only a fraction of the buckle initiation pressure. The collapse
55and propagation of buckling in single pipelines have been exten-
56sively investigated using analytical, experimental, and numerical
57methods. Most notable are the early analytical studies by Mesloh
58et al. (1973) and Palmer and Martin (1975) and the experimental
59and numerical investigations by Kyriakides and Babcock (1981)
60and Albermani et al. (2011). Recently Karampour et al. (2013)
61and Karampour and Albermani (2014) investigated the possible in-
62teraction between global buckling of water pipelines, such as
63upheaval and lateral buckling (Karampour et al. 2013), and propa-
64gation buckling. They suggested a novel design for ultradeep pipe-
65lines (Karampour and Albermani 2015; Karampour et al. 2015) that
66increases the propagation buckling capacity of the pipeline without
67increasing wall thickness.
68Despite extensive investigations performed on the integrity
69of single pipelines, to date PIP instabilities have only been margin-
70ally addressed. Kyriakides (2002) conducted a thorough experi-
71mental study on propagation buckling of steel PIP systems with
722-in 6.-diameter carrier tubes with diameter-to-thickness (Do=to)
73ratio values of 24.1, 21.1, and 16.7 and inner pipes with various
74diameter-to-thickness (Di=ti) ratio values ranging between 15 and
7537. Kyriakides (2002) observed two dominant modes of buckling.
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76 In the first mode, local collapse of the outer pipe led to simulta-
77 neous collapse of the inner pipe, whereas in the second mode
78 the carrier pipe collapsed without affecting the inner pipe. Based
79 on their experimental study and three-dimensional (3D) finite-
80 element (FE) analyses, Kyriakides and Vogler (2002) suggested an
81 empirical formula for PIP buckle propagation pressure, Pp2. Gong
82 and Li (2015) carried out a finite-element study of propagation
83 buckling of PIP systems with carrier pipes having Do=to values
84 of 25, 20, and 15 and inner tubes having Di=ti values of 15 and
85 20. Although both studies (Gong and Li 2015; Kyriakides and
86 Vogler 2002) covered similar carrier pipe Do=to ranges, two differ-
87 ent empirical expressions were suggested.
88 Previous studies have focused on propagation buckling of PIP
89 systems having carrier pipes with low D=t values. For a subsea
90 pipeline, the use of buckle arrestors (Lee and Kyriakides 2004)
91 is more economical than the use of a carrier pipe with a thick wall
92 (low Do=to value) to resist propagation buckling. The self-weight
93 of the PIP system has to be kept low to ensure that the pipeline is
94 installable. Increasing the wall thickness of the carrier pipe also
95 significantly amplifies the axial force developed in the PIP system
96 due to the internal pressure and temperature which in turn raises the
97 risk of upheaval and lateral buckling in the system (Bokaian 2004).
98 To address the aforementioned issues, the current study aims to in-
99 vestigate the collapse modes and buckle propagation pressures of

100 PIP systems (see Table 1) with carrier pipes having higher Do=to
101 values than those in Gong and Li (2015) and Kyriakides and
102 Vogler (2002).
103 A lower-bound analytical solution for PIP system propagation
104 pressure is proposed herein. Hyperbaric chamber tests are con-
105 ducted on 1.6-m aluminum (Al-6060-T5) PIP systems. Ring squash
106 test (RST) and confined ring squash test (CRST) protocols are
107 proposed to provide estimates of propagation pressure in the PIP
108 systems with respect to buckling modes observed in the experi-
109 ments. The paper concludes with a discussion of the FE results with
110 emphasis on failure modes.

111 Analytical Solution of Propagation Pressure

112 Numerous analytical solutions have been suggested to estimate the
113 propagation pressure of a single pipe. Unlike propagation pressure,
114 initiation pressure is very sensitive to initial imperfections such as
115 local dents or ovalizations. Propagation pressure is related to the
116 plastic properties of the pipe and is only a fraction of the buckle
117 initiation pressure. Both buckle initiation pressure and buckle
118 propagation pressure are related to the pipe’s ratio of diameter to
119 wall thickness; however, previous studies have suggested that there
120 is no evident relationship between the two (Albermani et al. 2011;
121 Mesloh et al. 1973). The simplest propagation pressure model
122 was established by Palmer and Martin (1975), which only consid-
123 ered the initial and final configurations of the pipe cross section.
124 Fig. 1(a) shows the four plastic hinges developed in the pipe at dif-
125 ferent stages of propagation buckling. Palmer and Martin assumed
126 a rigid–perfectly plastic material with yield stress σYo. By equating

127the plastic work expanded in the four hinges (internal work) to the
128work done by hydrostatic pressure due to the change in pipe vol-
129ume, they found the following expression for single-pipe propaga-
130tion pressure (Pp):

Pp ¼ πσYo

�
to
Do

�
2

ð1Þ

131where Do and to = outside diameter and wall thickness of the car-
132rier pipe, respectively. Experimental studies (Albermani et al. 2011;
133Kyriakides and Babcock 1981) showed that Eq. (1) underestimates
134the propagation pressure of the pipeline, specifically at lower
135D=t values. Considering the collapse under the plane strain condi-
136tion, propagation buckling of a single pipe can be expressed as
137(Chater and Hutchinson 1984; Kyriakides et al. 1984)

P̂p ¼ 2πffiffiffi
3

p σYo

�
to
Do

�
2

ð2Þ

138Kyriakides and Vogler (2002) investigated the collapse of
139PIP systems using the plane strain condition and adopting a
140four-hinge mechanism in the carrier pipe and in the inner pipes.
141They considered the strain-hardening behavior in the material
142model of the plastic hinges and proposed the following expression
143for PIP propagation pressure:

Table 1. Properties of PIP Systems

T1:1 Identifier Carrier pipe Inner pipe Do=to Di=ti Di=Do ti=to E (MPa)
E 0

E
ð%Þ

σYo (MPa)
σYi

σYo

T1:2 PIP-1 OD ¼ 80, t ¼ 2 OD ¼ 40, t ¼ 1.6 40.0 25.0 0.50 0.80 69,000 1.01 169 0.93
T1:3 PIP-2 OD ¼ 60, t ¼ 2 OD ¼ 40, t ¼ 1.6 30.0 25.0 0.75 0.80 69,000 0.97 139 1.12
T1:4 PIP-3 OD ¼ 80, t ¼ 3 OD ¼ 40, t ¼ 1.6 26.7 25.0 0.50 0.53 69,000 1.02 209 0.75

Note7 : All dimensions are in millimeters; OD = outer diameter; t = thickness.

F1:1Fig. 1. Schematic of deformation stages in propagation buckling:
F1:2(a–c) single pipe; (d–f) pipe-in-pipe system
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P̂p2 ¼
2πffiffiffi
3

p σYo

�
to
Do

�
2
�
1þ σYi

σYo

�
ti
to

�
2
�

ð3Þ

144 where subscripts o and i = outer pipe and inner pipe, respectively.
145 Albermani et al. (2011) proposed a modification to the lower-bound
146 Palmer and Martin (1975) solution by accounting for both the cir-
147 cumferential membrane and the flexural effects in the pipe wall

Wex ¼ ðWinÞf þ ðWinÞm ð4Þ

148 where Wex = external work done by the net hydrostatic pressure;
149 and Win = internal work due to the circumferential flexure, f, and
150 membrane,m, effects. The initially circular cross section of the pipe
151 [Fig. 1(a)] deforms into a dog-bone [Fig. 1(b)] and eventually
152 a nearly flat segment [Fig. 1(c)]. Accordingly, Eq. (4) can be
153 written as8

~PpðΔAÞ ¼ 3πmp þ ðprÞðΔlÞ ð5aÞ

154 where ΔA = change in cross-sectional area [Fig. 1(a–c)]; Δl =
155 change in circumferential length; and mp = plastic moment; these
156 are given by

ΔA ¼ πr2 ð5bÞ

Δl ¼ 2πr − 4r
ffiffiffi
2

p
¼ 0.626r ð5cÞ

mp ¼ σY
t2

4
ð5dÞ

157 Substituting Eqs. (5b) and (5c) into Eq. (5a), the propagation
158 pressure, ~Pp, is obtained as

~Pp ¼ 3

2.515

�
πσY

�
t
D

�
2
�

ð6Þ

159 The values of P̂p and ~Pp suggest a 15 and a 19% increase, re-
160 spectively, in the propagation pressure of the single pipe compared
161 with Palmer and Martin’s (1975) expression, Pp, regardless of the
162 D=t value of the pipe.
163 The analytical lower-bound solution to propagation buckling of
164 a single pipe given by Eq. (6) can be extended to pipe-in-pipe sys-
165 tems by accounting for the membrane and flexural effects of the
166 outer and the inner pipes

WPIP
ex ¼ ðWinÞPIPf þ ðWinÞPIPm ð7Þ

167 whereWex = external work done by hydrostatic pressure; andWin =
168 internal work due to circumferential flexure, f, and membrane, m,
169 effects. Based on experimental observations from hyperbaric cham-
170 ber and ring squash tests, the initially circular cross section of the
171 outer pipe [Fig. 1(d)] has been shown to deform into the shape in
172 Fig. 1(e). Further increase in external pressure causes the PIPsys-
173 tem to eventually deform into the dog-bone shape [Fig. 1(f)]. Thus
174 Eq. (7) can be written as9

~Pp2ðΔAÞ ¼ 3πðmpo þmpiÞ þ ~Pp2ðro:Δlo þ ri:ΔliÞ ð8aÞ

175 whereΔA = change in cross-sectional area;Δl = change in circum-
176 ferential length; and mp = plastic moment (Albermani et al. 2011);
177 these are given by

ΔA ¼ πr2o ð8bÞ

Δlo ¼ 0.626r0; Δli ¼ 0.626ri ð8cÞ

mpo ¼ σYo
t2o
4
; mpi ¼ σYi

t2i
4

ð8dÞ

178where subscript o = outer pipe; and subscript i = inner pipe. Sub-
179stituting Eqs. (8b)–(8d) into Eq. (8a), the propagation pressure,
180~Pp2, of the PIP system is obtained as

~Pp2 ¼
�
3πσYo

2.515

�
to
Do

�
2
��

1þ σYi

σYo

�
ti
to

�
2
��

1

1 − ð Di
2D0

Þ2
�

ð9Þ

181When Di ¼ ti ¼ 0, Eq. (9) yields the propagation pressure of a
182single pipe as given by Eq. (6). Unlike Eq. (3), Eq. (9) accounts for
183the effect of Di=Do along with that of ti=to and σi=σo.
184Propagation buckling pressures of single pipes (outer pipes) and
185PIP systems determined from the analytical expressions in Eqs. (2),
186(3), (6), and (9) are listed in Table 2 and compared with the exper-
187imental results (Pp for a single pipe and Pp2 for a PIP system) ob-
188tained from the hyperbaric chamber tests.

189Hyperbaric Chamber Tests

190The experimental protocol comprises end-sealing concentric PIP
191systems, with parameters given in Table 1 and a length of 1.6 m
192(L=D > 20), pressurized inside the hyperbaric chamber shown in
193Fig. 2. The chamber has an inner diameter of 173 mm and a length
194of 4 m and is rated for a working pressure of 20 MPa (2,000-m
195water depth). The intact PIP system was sealed at both ends by
196gluing on thick aluminum disks to ensure that the inner pipe
197was completely sealed from the outer pipe. Two valves were con-
198nected to each end of the PIP system, one on the carrier pipe and the
199other on the inner pipe. One valve was used for bleeding the pipe
200while filling it with water. The second valve was used to vent the
201carrier and inner pipes and to collect water from the inner pipe and
202the cavity between the inner and outer pipes during buckle propa-
203gation [through the hoses shown in Fig 11. 2(b)]. Volume-controlled
204pressurization with a high-pressure pump [shown in Fig. 2(a)] was
205used, and the pressure was increased until collapse of the system
206due to external pressure under quasi-static steady-state conditions.
207By maintaining a low rate of pumping, the chamber pressure was
208stabilized at propagation pressure, Pp2, with buckling longitudi-
209nally propagating along the PIP system sample accompanied
210by water flow from the vents. The change in volume of the system
211(ΔV) during the test was calculated by measuring the weight of
212water being discharged from the inner pipe and the cavity between
213the pipes separately using the digital weighing scales shown
214in Fig. 2(a). Control tests using a single pipe (outer pipe) were
215conducted first.

Table 2. Comparison of Hyperbaric Chamber, Analytical, RST, and FE
Results

T2:1Identifier

Hyperbaric
chamber Analytical RST FE

T2:2Pp
(kPa)

Pp2
(kPa)

P̂p

Pp

P̂p2

Pp2

~Pp

Pp

~Pp2

Pp2

PRST
p2

Pp2

PFE
p2

Pp2

T2:3PIP-1 700 780 0.55 0.78 0.56 0.86 0.76 1.28
T2:4PIP-2 900 1,620 0.62 0.59 0.64 0.69 0.49 0.86
T2:5PIP-3 1,400 2,020a 0.76 0.64 0.79 0.66 0.49b–0.98c 0.96

aCorresponds to dog-bone buckle shape shown in Fig. 5(a).
bDog-bone buckle shape.
cU-shape buckle.
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216 Figs. 3–5 show the experimental results of the buckle propaga-
217 tion response. The pressure inside the chamber is plotted against
218 the normalized change in volume of the carrier pipe (60 × 2 mm)
219 of PIP-2 in Fig. 3(a). The chamber is gradually pressurized until the
220 initiation pressure, PI , is reached at which a section of the pipe
221 collapses, resulting in a drastic drop in the chamber’s pressure.
222 The pressure is then maintained at the propagation pressure, Pp,
223 with the dog-bone buckle shape longitudinally propagating along
224 the length of the pipe. The buckle propagation response of the PIP-
225 2 system is shown in Fig. 3(b). The change in system pressure is
226 plotted against the normalized change in volume of the inner pipe,
227 40 × 1.6 mm, and the outer pipe, 60 × 2 mm (the space between
228 the two pipes). Buckle is initiated first (PI2) on the outer pipe; then
229 the energy is released through ovalization of the outer pipe until the
230 outer pipe touches the inner pipe.
231 Buckle initiation pressures, PI and PI2, have been shown to be
232 closely related to geometric imperfections in the form of dents12 or
233 ovality of the outer pipe (Karampour and Albermani 2014; Zheng
234 et al. 2014). Because the main focus of the present study is buckle
235 propagation pressures, the parameters affecting buckle initiation
236 pressure are not discussed. Following the contact between the car-
237 rier pipe and the inner pipes of PIP-2, the inner pipe collapses
238 and the buckle propagates longitudinally as long as the pressure

239is maintained at Pp2. When the stiff end caps fall within the vicinity
240of the buckle transition zone, a higher pressure is required to per-
241petuate the buckle which corresponds to the stiffening part of the
242PIP-2 response shown in Fig. 3(b). A dog-bone buckle shape sim-
243ilar to that observed in carrier pipe buckle propagation [Fig. 3(a)]
244was detected in the PIP-2 hyperbaric chamber test [Fig. 3(b)].
245Changes in volume of the outer and inner pipes are plotted against
246the test time in Fig. 3(c). The time history shows an initial discharge
247from the outer pipe that is higher than that from the inner pipe.
248However, after the outer pipe touches the inner pipe at ΔV=Vo ¼
2490.1 [shown in Fig. 3(b)], discharge from the inner pipe is triggered
250and at ΔV=Vo > 0.2 [shown in Fig. 3(c)] the discharge rate of the
251inner pipe exceeds that of the outer pipe. This shows that the col-
252lapse of the outer pipe is rapidly transferred to the inner pipe and is
253then followed by the longitudinal propagation of the buckle in both
254carrier and inner pipes. The rate of discharge in the carrier pipe and
255the inner pipe gradually decays as time lapses because of the in-
256troduction of the end caps in the buckle zone.
257The hyperbaric chamber propagation buckling results for the
25880 × 2-mm carrier pipe and the PIP-1 system are shown in Fig. 4.
259A small dent was made in the PIP-1 carrier pipe in the single-pipe
260test, which explains the lower buckle initiation pressure of the car-
261rier pipe compared with that of PIP-2. As shown in Fig. 4(b),

F2:1 Fig. 2. Experimental setup at Griffith University (images by Hassan
F2:2 Karampour): (a) hyperbaric chamber, high-pressure pump, scales,
F2:3 pressure gauge, and vents; (b) pipes and fittings

F3:1Fig. 3. Buckle propagation response inside the hyperbaric chamber:
F3:2(a) pressure versus normalized change in volume of the 60 × 2-mm
F3:3carrier pipe; (b) pressure versus normalized change in volume of
F3:4PIP-2; (c) normalized volume versus time for PIP-2

© ASCE 4 J. Eng. Mech.
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262 following the collapse of the carrier pipe the pressure inside the
263 chamber drops drastically until the carrier and inner pipes come
264 into contact. Subsequently, a dog-bone buckle shape propagates
265 along the PIP while the pressure is maintained at Pp2. Hyperbaric
266 chamber tests of PIP-1 and PIP-2 were repeated twice each and no
267 significant disparities were observed in the results.
268 Results for PIP-3 with Do=to ¼ 26.7 from three hyperbaric
269 chamber tests are shown in Fig. 5. Unlike the responses of PIP-
270 1 and PIP-2, three distinctive modes of buckling were observed
271 in PIP-3: (1) the dog-bone buckle shape (flat mode), shown in
272 Fig. 5(a); (2) the confined buckle shape (U mode), shown in
273 Fig. 5(b); and (3) a combination of dog-bone and U-shaped buckle,
274 shown in Fig. 5(c). The dog-bone mode of buckling is similar to the
275 responses observed in PIP systems with high Do=to values (PIP-1
276 and PIP-2). In this mode of failure, PIP-3 remains straight after
277 failure and a flat mode of buckling propagates through its length;
278 however, the deformed shape of the inner pipe is not symmetric in
279 the cross section [shown in Fig. 5(a)].
280 In the second hyperbaric chamber test of PIP-3, shown in
281 Fig. 5(b), a confined buckle shape is observed. The confined buckle
282 mode is propagated along the length of the PIP while the pressure
283 in the chamber is escalated followed by rapid discharge of water
284 from the outer and inner pipes. This U-shape buckling mode
285 was previously observed in confined-buckling tests of steel and
286 aluminum tubes (Lee and Kyriakides 2004; Stephan et al. 2016).
287 Stephan et al. (2016) performed an experimental investigation of
288 the collapse of 3-m-long aluminum pipes inserted in a 2-m-long
289 confining steel pipe. They observed a flat mode (dog-bone buckle
290 shape) in the unconfined section of the aluminum pipe and a
291 U-mode buckle shape in the confined section. Their experiments
292 showed that within the studied range (16 < D=t < 48), the confined
293 buckle shape consistently propagated at higher pressure compared
294 with the dog-bone buckle shape. However, a comparison of
295 Figs. 5(a and b) shows that in PIP-3 the U-shape buckling propa-
296 gation (Pp2 ¼ 1,820 kPa) is initiated at a slightly lower pressure

297than the propagation pressure of the dog-bone buckle shape
298(Pp2 ¼ 2,044 kPa). In the third test, PIP-3 showed a dog-bone fail-
299ure mode that had flipped into U mode. The average Pp2 results
300from the hyperbaric chamber tests are summarized in Table 2.

301Ring Squash Tests

302Previous studies (Albermani et al. 2011; Kamalarasa and Calladine
3031988) have shown that the RST is a satisfactory approach that gives
304a lower-bound estimate of buckle propagation pressure in single
305pipelines. The RST is conducted on a ring cut from the pipe speci-
306men in such a way as to produce the dog-bone shape of the de-
307formed pipe observed in the hyperbaric chamber. Fig. 6 shows
308the RST setup for a single pipe (60 × 2 mm). In this test, carried
309out in a universal testing machine, a short segment of the pipe with
310a length l ¼ 150 mm (approximately 2.5D) is squashed between
311two rigid cylinders of the same diameter and length as those
312of the pipe being tested. The two repeated tests are referred to

F4:1 Fig. 4. Buckle propagation response inside the hyperbaric chamber:
F4:2 (a) pressure versus normalized change in volume of the 80 × 2-mm
F4:3 carrier pipe; (b) pressure versus normalized change in volume for
F4:4 PIP-1

F5:1Fig. 5. 10Buckle propagation response inside the hyperbaric chamber:
F5:2(a) buckle propagation response of PIP-3 (outer pipe: 80 × 3 mm; inner
F5:3pipe: 40 × 1.6 mm) with dog-bone buckle shape; (b) buckle propaga-
F5:4tion response of PIP-3 with confined buckle shape; (c) Buckle propa-
F5:5gation response of PIP-3 showing interaction between dog-bone and
F5:6confined buckle shape

© ASCE 5 J. Eng. Mech.
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313 as Tests 1 and 2 [Fig. 6(a)]. The force, F, required to compress the
314 ring is plotted against the deformation of the pipe right under
315 the load (Δ) in Fig. 6(a). The total energy dissipated in the RST
316 process, U, can be evaluated by calculating the area under the
317 force-displacement curve shown in Fig. 6(a). The pressure (PRST)
318 associated with the energy required for plastic deformation of the
319 ring can be calculated from the following equation:

PRST ¼ U
l ×ΔA

ð10Þ

320 where ΔA = difference in area between the original circular shape
321 and the final dog-bone configuration.
322 In this study, the RST has been modified to determine the propa-
323 gation pressure of the PIP system. Short segments of the outer and
324 inner pipes with lengths of 2.5Do (l ¼ 150 mm) are cut from the
325 PIP specimen. The two pipes are held concentric during the test
326 using soft foam in the space between them. The setup and the re-
327 sults of the RST for PIP-2 are shown in Fig. 7. The F-Δ relation-
328 ships for the two repeated tests (Tests 1 and 2) agree well, as evident
329 in Fig. 7(a). Collapse States 1 and 2 [Figs. 7(b and c)] correspond to
330 the onset of plastic hinge development in the outer pipe and inner
331 pipe, respectively. At the ultimate collapse state (State 3) shown in
332 Fig. 7(d), four plastic hinges are developed in each pipe. Eq. (10) is
333 used to determine the RST pressure of the PIP system (PRST

p2 ). Two
334 ring squash tests were conducted for each PIP system, and the aver-
335 ages of the results from the two tests are listed in Table 2 in form of
336 PRST

p2 =Pp2. The ring squash test can be used to determine the yield
337 stress, σY , of the pipe using the following expression:

σY ¼ FoD
2Lt2

ð11Þ

338 where Fo = load level at which the four plastic hinges shown in
339 Fig. 6(a) are developed in the pipe wall. The effective yield stress
340 calculated from the ring squash test implicitly accounts for the
341 strain-hardening response of the material. Yield stresses, σY , of
342 the carrier pipes obtained from the ring squash tests are summarized
343 in Table 1.

344A confined-buckling ring squash test (CRST) protocol was pro-
345posed by Stephan et al. (2015) to investigate the buckling of a soft
346pipe encased in a stiff pipe. That procedure is modified here to
347model the U-shape buckle observed in the hyperbaric chamber tests
348of PIP-3. In the CRST, a 150-mm-long segment of PIP-3 is posi-
349tioned inside a semicylindrical solid confinement of diameter Do
350and diametrically compressed by a solid cylindrical indenter with a
351diameter of (Do − 2to − 2ti). The softening part of the CRST re-
352sponse between Collapse States 1 and 2, shown in Fig. 8, corre-
353sponds to the development of the U-shape buckle in the outer
354pipe. The drop in response just before the end of Test 2 at Collapse
355State 3 is due to fracture of the pipe wall at one of the fold lines of
356the U shape. Results of the ring squash tests of the PIP systems and
357the confined ring squash test of PIP-3 (U-shape buckle) are sum-
358marized in Table 2.

359Comparison of Analytical Solution and Experimental
360Results

361Table 2 compares the analytical and experimental results. Pressures
362Pp and Pp2 correspond to the buckle propagation pressures of the
363single pipe (carrier pipe) and the PIP system, respectively, obtained
364from the hyperbaric chamber tests. The variables P̂p and P̂p2 refer
365to the analytical solutions proposed by Kyriakides and Vogler
366(2002) for the propagation buckling pressure of the single pipe
367and the PIP system given in Eqs. (2) and (3), respectively. The ana-
368lytical expressions derived in the current study for propagation
369buckling pressure of single pipes and PIP systems are listed in
370Table 2 as ~Pp and ~Pp2, which correspond to Eqs. (6) and (9), re-
371spectively. The propagation pressures from the RSTs of the PIP
372systems (and the CRST for PIP-3) are represented as PRST

p2 . To

F6:1 Fig. 6. (a) Ring squash test results for single pipe (60 × 2 mm);
F6:2 (b) Collapse State 1; (c) Collapse State 2

F7:1Fig. 7. (a) Ring squash test results for PIP systems (outer pipe:
F7:260 × 2 mm; inner pipe: 40 × 1.6 mm); (b) Collapse State 1;
F7:3(c) Collapse State 2; (d) Collapse State 3

© ASCE 6 J. Eng. Mech.



P
R
O
O
F

O
N
L
Y

373 make meaningful comparisons, the analytical and ring squash re-
374 sults are normalized to the hyperbaric chamber results.
375 As represented in Table 2, the analytical solutions provide lower
376 bounds for the propagation buckling of the single pipes and PIP
377 systems. Propagation pressures of single pipes predicted from
378 the analytical solutions, P̂p and ~Pp, are from 55 to 79% of the
379 propagation pressure, PP, from the hyperbaric chamber results.
380 In single pipelines13 , the difference between the analytical and hyper-
381 baric chamber results decreases with a corresponding reduction
382 in the Do=to ratio, whereas in PIP systems the difference between
383 the analytical and hyperbaric chamber results increases with a cor-
384 responding decrease in the Do=to ratio. Comparison of the analyti-
385 cal and experimental results in Table 2 indicates that Eq. (9)
386 predicts the propagation buckling of the PIP system better than
387 Eq. (3) regardless of the Do=to ratio.
388 It can be further observed from Table 2 that the ratio of propa-
389 gation pressure obtained from the ring squash tests (PRST

p2 ) to those
390 from the hyperbaric chamber tests varies from 0.49 to 0.76 for the
391 PIP systems. Albermani et al. (2011) and14 Kamalarasa and Calladine
392 (1988) suggested average ring squash–to–hyperbaric chamber
393 pressure ratios of approximately 0.73 for single pipes. It appears
394 that the ring squash test provides a highly conservative prediction
395 of the propagation pressure of PIP systems with low Do=to ratios.
396 Interestingly, the propagation pressure of PIP-3 from the CRSTs
397 (U-shape buckle) is only 2% lower than the U-shape propagation
398 pressure from the hyperbaric chamber tests.

399 Finite-Element Analysis

400 Finite-element simulation of 1.6-m-long samples of the PIP sys-
401 tems used in the hyperbaric chamber tests were conducted using
402 ANSYS. Thin four-node shell elements (181) were used to model

403the carrier pipe and the inner pipe. Frictionless contact and target
404elements (174 and 170) were used in three pairs to define the non-
405linear contact between the carrier and inner pipes and the inner sur-
406faces of the inner-pipe wall. Because of symmetry, a one-half
407model of the pipe wall (180°) was discretized using 24 elements
408in the circumferential direction with seven integration points
409through the thickness of the carrier pipe and the inner pipe. To bet-
410ter facilitate the nonlinear analysis, a small ovalization ratio Ω
411[Eq. (13)] of 0.5% was introduced at midlength on the carrier pipe
412in the FE model

Ω ¼ Dmax −Dmin

Dmax þDmin
ð12Þ

413where Dmax and Dmin = maximum and minimum outer diameters
414along the pipe length, respectively. The nodes at either end of the
415PIP systems were restrained from translation in all directions. Avon
416Mises elastoplastic (bilinear) material definition with isotropic
417hardening was adopted. The modulus of elasticity, E, and tangent
418modulus, E=, used in the FE models are also listed in Table 1 and
419are based on the stress-strain curves obtained from the tensile lon-
420gitudinal coupons taken from the pipe wall shown in Fig. 9(a). The
421yield stresses used in the FE models are taken from the ring squash
422tests using Eq. (11) and are listed in Table 1 as σYo and σYi for the
423outer pipe and inner pipe, respectively. The FE predictions for PIP-
4242 and PIP-3 propagation pressure in Table 2 represent 86 and 96%,
425respectively, of the experimental results. However, the propagation
426pressure obtained from the FE analysis overestimates the experi-
427mental results for PIP-1.
428The pressure response and the deformed shape of PIP-1 and
429PIP-2 from the FE analyses are shown in Figs. 9(b) and 10,

F8:1 Fig. 8. (a) Confined ring squash test results for PIP systems (outer
F8:2 pipe: 80 × 3 mm; inner pipe: 40 × 1.6 mm; (b) Collapse State 1;
F8:3 (c) Collapse State 2; (d) Collapse State 3 F9:1Fig. 9. (a) Experimental and FE stress-strain curves; (b) FE results

F9:2showing pressure against normalized ovality and corresponding
F9:3PIP-1 deformed shapes
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430 respectively. The pressure is plotted against the normalized ovali-
431 zation of the carrier and inner pipes (ΔD=D). By increasing
432 the hydrostatic pressure, the carrier pipe of PIP-1 in Fig. 9(b) gradu-
433 ally deforms from an intact shape (Stage I) to a deformed shape
434 (Stage II). At this stage, the outer and inner pipes come into contact
435 and a small deformation is observed in the inner pipe. The local
436 collapse in the inner pipe is arrested, which is followed by a slight
437 increase in pressure. The collapse is then propagated in the outer
438 pipe until detained by the end caps, as depicted in the deformed
439 shape (Stage III). In the vicinity of the end-caps, a higher pressure
440 is required to perpetuate the collapse in the outer pipe. However, the
441 increase in pressure causes a collapse in the inner pipe at the pres-
442 sure level (Stage IV) and initiates a buckle that is propagated
443 through the length. This mode of buckling, in which the collapse
444 propagates over the inner pipe, was reported by Gong and Li (2015)
445 and Kyriakides (2002) as occurring in a PIP system where the inner
446 pipe is stiffer (has larger thickness and yield stress) than the outer
447 pipe. However, in the present study this buckling mode was ob-
448 served in PIP-1, in which the inner pipe is softer than the outer pipe.
449 The buckling response of PIP-2 is shown in Fig. 10. Following
450 the touchdown (Stage II), the pressure is slightly increased and the
451 collapse is propagated in the outer pipe in a length of approximately
452 8D. The inner tube is then collapsed, and buckle propagation is
453 distributed along the length of PIP-2 (Deformation Stages IV
454 and V). Knowing that the inner pipes in PIP-1 and PIP-2 are iden-
455 tical, comparison of the buckling responses in Figs. 9 and 10 dem-
456 onstrates that the collapse pressure of the inner pipe in PIP-2 is
457 significantly higher (68%) than that of the inner pipe in PIP-1. This
458 difference in collapse pressures of identical inner pipes in different
459 PIP systems is an important factor in the design of PIP systems
460 where the inner pipe is intended to safely carry the internal fluids.
461 The pressure response and the deformed shape of PIP-3 from the
462 FE analyses are shown in Fig. 11. This dog-bone buckle mode is
463 similar to the failure mode shown in Fig. 5(a), which was obtained
464 from the hyperbaric chamber tests. To explain the U-shape buckling

465modes observed in the hyperbaric chamber tests of PIP-3, shown
466in Figs. 5(b and c), some scenarios were assumed in the FE models.
467To account for potential manufacturing defects, nonconcentric PIP
468models were created and the inner pipe was located 1–5% off-
469center from the outer pipe in the horizontal and vertical directions.
470No significant change in propagation pressure of the eccentric
47115PIP systems was observed, and all FE models exhibited dog-bone
472failure modes.
473To account for the rigid foundation boundary condition in the
474nonlinear FE model, the nodes at the very bottom of the carrier
475pipe were constrained against translation along the left one-third
476of PIP-3’s length. The FE response of the PIP-3 model is shown in
477Fig. 12. Buckle propagation is triggered in the middle of PIP-3
478and is then propagated in a dog-bone shape to the right of the
479specimen. The pressure required to propagate this dog-bone
480buckle mode, shown in Stage III in Fig. 12, is close to the pressure
481measured in the hyperbaric chamber test shown in Fig. 5(c). When
482the dog-bone buckle mode reaches the end cap at the right end of
483the PIP system, the U-shape mode is triggered at the left end of
484PIP-3, 16as shown in Stage IV. The U-shape buckle then propagates
485toward the left end cap and is accompanied by an increase in sys-
486tem pressure, as suggested by the transition from Stage IV to
487Stage V in Fig. 12.
488To further investigate nonlinear buckling response, another FE
489model for PIP-3 with different boundary conditions was created.
490The nodes at the very bottom of the carrier pipe were restrained
491from translation along the entire length of the PIP system. The
492FE results are shown in Fig. 13 and depict a U-shape buckle that
493is initiated in the carrier pipe and quickly transferred to the inner
494pipe. The propagation pressure and failure mechanism of PIP-3
495from the FE results, shown in Fig. 13, are similar to the response
496observed in the hyperbaric chamber test shown in Fig. 5(b). The
497global curvature observed in the inner pipe in Stage V of the FE
498response was also detected in the failed PIP-3 specimen from
499the hyperbaric chamber test. It is worth mentioning that the collapse
500pressure of the inner pipe in the U-shape buckling mode of Fig. 13

F10:1 Fig. 10. FE results showing pressure against normalized ovality and
F10:2 corresponding PIP-2 deformed shapes

F11:1Fig. 11. FE results showing pressure against normalized ovality and
F11:2corresponding PIP-3 deformed shapes
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501 is higher than the corresponding collapse pressures in the dog-bone
502 and flip-flop modes shown in Figs 11 and 12, respectively.
503 The length of the transition zone in the carrier pipes (lt) from
504 the finite-element models are listed in Table 3. Kamalarasa and

505Calladine (1988) performed a dimensional analysis and found
506the following expression for the length of the transition zone in
507single pipes:

l̂t ¼ 3.6

ffiffiffiffiffi
r3

t

r
ð13Þ

508Carrier pipe transition lengths obtained from the FE models are
509on average 13% greater than those predicted by Eq. (13). The aver-
510age transition length of a single pipe (approximately 8D) obtained
511from the current FE analysis is close to 10D, as reported by Chater
512and Hutchinson (1984), and 6D, as reported by Albermani et al.
513(2011). With regard to the PIP systems, two distinctive transition
514lengths can be defined from the FE results: one corresponds to the
515onset of first contact between the carrier pipe and the inner pipe
516(lit2), and the other represents the length of the transition zone in
517full dog-bone buckle propagation mode in the PIP system (lFt2).
518The transition lengths lit2 and lFt2 are important parameters for effi-
519cient design of buckle arrestors in PIP systems (Kyriakides and
520Netto 2004). A value of lit2=lt > 1 essentially means that buckling
521is propagated along the carrier pipe without affecting the inner pipe,
522which is important from a design point of view. The full propaga-
523tion transition lengths of the PIP systems (lFt2) listed in Table 3
524range from 10 to 20Do with an average of 14Do—almost twice
525the corresponding transition lengths in single pipes.

526Conclusions

527Experimental, analytical, and FE results for buckle propagation of
528pipe-in-pipe systems were presented. Hyperbaric chamber tests
529were conducted on 1.6-m-long aluminum pipe-in-pipe systems.
530Confined buckling and flip-flop buckling modes were discovered
531in the hyperbaric chamber test of PIP-3 which had not been re-
532ported in the literature. These buckling modes occurred at propa-
533gation pressures close to that observed in a dog-bone buckle shape.
534Based on observations from the hyperbaric chamber test results of
535PIP systems, RST and CRST protocols were proposed. Nonlinear
536FE analyses were conducted and verified against the hyperbaric
537chamber tests. The FE models provided valuable information about
538the buckling modes and progress in carrier and inner pipes. The
539following conclusions can be drawn from the present study:
540• The modified analytical solution suggested in this study ac-
541counts for the Di=Do ratio and provides more accurate predic-
542tions of PIP propagation buckling pressure compared with
543previous analytical equations;
544• The RST and CRST provide lower-bound estimates of PIP pro-
545pagation pressure; for PIP systems with intermediate Di=to va-
546lues, the RST pressure is almost half the propagation pressure as
547measured by the hyperbaric chamber tests; however, the CRST

F12:1 Fig. 12. FE results showing pressure against normalized ovality and
F12:2 corresponding PIP-3 deformed shapes with bottom constraint on a third
F12:3 of the length

F13:1 Fig. 13. FE results showing pressure against normalized ovality and
F13:2 corresponding PIP-3 deformed shapes with bottom constraint along the
F13:3 entire length

Table 3. FE Results for Transition Lengths of Single Pipes and PIP
Systems

T3:1Identifier Do=to

Carrier pipe
Pipe-in-pipe

(FE)

T3:2l̂t (mm)
Eq. (10)

lt (mm)
FE

lt
Do

lit2
lt

lFt2
Do

T3:3PIP-1 40.0 644 698 8.72 1.02 19.26
T3:4PIP-2 30.0 418 487 8.11 0.79 12.87
T3:5PIP-3a 26.7 526 611 7.64 0.90 10.77

aDog-bone buckle shape.
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548 result is very close to the confined buckling propagation pres-
549 sure obtained from the hyperbaric chamber tests;
550 • The nonlinear FE results suggest that the new buckling modes
551 observed in PIP-3 are in accordance with different boundary
552 conditions that the carrier pipe may adopt;
553 • The FE results show that the length of the transition zones of PIP
554 systems are almost twice the corresponding lengths in single
555 pipes; and
556 • The present study focused on the propagation pressure of PIP
557 systems with identical inner pipes but different carrier pipes; the
558 FE results presented in Figs. 9–13 showed substantial differ-
559 ences in the collapse pressure of the inner pipes in different
560 PIP systems; further investigation is recommended to fully
561 understand the failure mechanisms of the inner pipe of PIP
562 systems.
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