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A R T I C L E I N F O A B S T R A C T

Collapse of the inner pipe of a pipe-in-pipe (PIP) system under external pressure is studied experimentally and
numerically herein. Hyperbaric chamber test results of three PIP systems with identical inner pipes and differ-
ent outer pipes are presented. It is observed that the geometric and material properties of the outer pipe affect
the collapse pressure of the inner pipe. Using validated finite element analyses (FEA), a parametric study is con-
ducted and collapse mechanisms of PIPs with various combinations of outer and inner pipes with practical range
of diameter-to-thickness ratios (D/t) between 15 and 40 are discussed. Empirical expressions are proposed for
the collapse pressure of the inner pipe (Pci), and its upper and lower bounds. The proposed empirical equation
for Pci, is shown to agree well with the experimental results of the tested PIPs. Moreover, two distinctive modes
of collapse in the inner pipe are identified and discussed.

Nomenclature

Do outer pipe diameter
Di inner pipe diameter
D nominal outside diameter
to wall thickness of the outer pipe
ti wall thickness of the inner pipe
Eo modulus of elasticity of the outer pipe
Ei modulus of elasticity of the inner pipe
E'o tangent modulus of the outer pipe
E'i tangent modulus of the inner pipe
σYo yield stress of the outer pipe
σYi yield stress of the inner pipe
ν Poisson’s ratio
Pcr critical collapse pressure of a single pipe
Pco collapse pressure of the outer pipe
Pci collapse pressure of the inner pipe
Pini initial pressure at the onset of contact between outer

and inner pipes
Pp2 propagation pressure of the PIP system
Vo initial internal volume of the PIP system

ΔV volume change of the PIP system
Ωo ovalization ratio

1. Introduction

Subsea pipe-in-pipe systems are preferred to conventional sin-
gle-walled pipelines due to their superior thermal insulation perfor-
mance. The PIP system consists of a concentric inner pipe (also known
as the product pipe) and the outer pipe (sometimes called the carrier
pipe) [1,2]. The inner pipe is designed to carry the high temperature
and high pressure (HT/HP) of the hydrocarbons inside the pipe. The
outer pipe protects the system from external pressure and mechanical
damage. The annulus (the space between the tubes) is either empty
or filled with non-structural insulation material such as foam or wa-
ter. Pipe-in-pipe systems are exploited in subsea developments, where
the carrier pipe is designed to resist high hydrostatic pressures (water
depths up to 3000m) and the inner pipe is designed to transmit hydro-
carbons at temperatures as high as 180°C and internal pressure up to
10MPa [3]. The HP/HT flow can cause global upheaval [4,5] or lateral
[6–8] buckling of the system.

In a single pipeline under external pressure, a local dent or oval-
ization in the pipe wall can cause a local collapse. The collapse pres-
sure of a single pipeline (Pcr), with perfectly circular cross-section can
be approximated by the classical expression for buckling of elastic
tubes under uniform external pres
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sure [9]:

(1)

In offshore applications, the pipelines typically have diame-
ter-to-thickness ratios (D/t) ranging from 15 to 40. It should be noted
that, in thick pipes (15<D/t<20), the collapse mechanism is inelas-
tic, and thus Eq. (1) may not yield accurate results [10–13]. In single
pipelines, once the buckle is triggered in the pipe, the pipe cross-sec-
tion is rapidly transformed into a dog-bone shape. The buckle then trav-
els along the pipeline as long as the external pressure is high enough
to sustain propagation. The lowest pressure required to perpetuate the
buckle is termed propagation pressure, Pp, which is only a fraction of
the collapse pressure. The collapse and propagation of buckling in sin-
gle pipelines have been extensively investigated using analytical, exper-
imental, and numerical methods. Most notable are the analytical stud-
ies by Mesloh et al. [14] and Palmer and Martin [15], the experimental
and numerical investigations by Kyriakides and Babcock [16] and Al-
bermani et al. [17], the study of collapse pressure under confined buck-
ling [18], and investigations of interaction between global buckling and
propagation buckling of submarine pipelines [19–22].

Unlike single pipelines, collapse mechanisms of PIPs have only been
marginally addressed [23–28]. Moreover, these studies have been
purely focused on the buckle propagation pressure (Pp2) of the PIP sys-
tems. The existing knowledge on buckling of single-walled pipelines un-
der external pressure can be used to predict the collapse pressure of the
outer pipe of a PIP system. However, as will be discussed later in this
paper, the buckling mechanisms of the inner pipe and its collapse pres-
sure (referred to as Pci in this paper) are different from those of a single
pipeline. To the authors’ knowledge there is no existing study on col-
lapse of the inner pipe of a PIP system under external pressure.

The current study aims to provide insight on buckling mechanisms
and capacity of a non-pressurised inner pipe within a PIP system, fol-
lowing the collapse of the outer pipe under external pressure. In Section
2 experimental results from hyperbaric chamber tests of three PIPs with
different outer pipes and identical inner pipes are presented. In Section
3, a parametric study on the collapse pressure of the inner pipe (Pci) is
conducted using validated FE analyses, and an empirical expression for
Pci is provided. The buckle mechanisms and accuracy of the proposed
empirical equation in comparison with the experimental results are dis-
cussed in Section 4. The paper is concluded with brief outline of signifi-
cant outcomes of the study.

2. Collapse of pipe-in-pipe systems under external pressure:
Experimental observations and validation of the finite element
analysis

2.1. Mechanical properties of the PIPs

Three sets of concentric aluminium (Al-6060-T5) PIP systems with
parameters given in Table 1 were selected for the experimental study.
To compare

the collapse pressures of the inner pipes (Pci) from the three PIPs, iden-
tical inner pipes were adopted. The diameter to thickness ratio of outer
and inner pipes (Do/to and Di/ti), designated by subscript “o” and “i” for
outer and inner pipe respectively, are between 25 and 40 which is the
practical range in offshore pipeline application. The stress-strain history
of the aluminium tubes were obtained from tensile tests conducted on
coupon samples (transverse strips), cut from the tubes and having the
full thickness of the wall tube according to AS1391-2007 (R2017) [29].
The stress-strain curve of the 80×2 mm aluminium tube is depicted in
Fig. 1a. Since the coupon strips cut from the tube are not flattened, the
modulus of elasticity obtained from such tensile test may not always be
accurate. Thus, the modulus of elasticity of the samples were obtained
from compressive tests of stub columns with length equal to the tube
diameter (D), as shown in Fig. 1b. According to AS1391-2007 (R2017))
[29], the length of the stub column should be at least equal to D/4.
The modulus of elasticity (E) of the samples listed in Table 1 were ob-
tained from two compressive stub tests (Fig. 1b) conducted for each D/
t. The material tangent modulus of E/=1% was adopted for the inner
and outer pipes. Previous studies [17,26,30] have shown that the ring
squash test is a reliable method to calculate the yield stress in metallic
tubes. Therefore, the ring squash test was utilised herein to obtain the
yield stress of the samples. The yield stresses were calculated based on
results of two ring squash tests (RST) shown in Fig. 2. The ring squash
test (RST) [17,26,30] is conducted on a short segment of the pipe spec-
imen compressed between two rigid indenters of the same diameter as
the pipe specimen (Fig. 2). The yield stress, σY, is calculated from

(2)

where F0 is the RST load shown in Fig. 2 at which the four plastic hinges
are developed in the pipe wall. LRST is the length of the RST sample
which is 150mm [26].

2.2. Hyperbaric chamber tests

The experimental study on collapse of PIPs under external pressure
is carried out in a specially designed and fabricated hyperbaric cham-
ber shown in Fig. 3a. The chamber has an inner-diameter of 173mm
and a length of 4m and is rated for working pressure of 20MPa (2000m
water depth). Three sets of concentric aluminium (Al-6060-T5) PIP sys-
tems with parameters given in Table 1 and length of 1.6m i.e. L/
Do>20, were end-sealed and pressurized inside the hyperbaric cham-
ber. To end-seal the PIP system, thick aluminium discs were glued
to the ends, ensuring that the inner and outer pipes were concen-
tric and that the inner pipe was completely sealed from the outer
pipe. To measure the collapse pressures in the outer (Pco) and in-
ner pipes (Pci), a set of two valves were connected to the end of
each of the outer and inner pipes of the PIP system. For each pipe,
one valve was used for bleeding the pipe while filling it with wa-
ter before the test commence. The second valve was utilized to

Table 1
Geometric and material parameters of PIP systems tested in the hyperbaric chamber.

ID
D
(mm)

t
(mm) Do/to Di/ti Di/Do ti/to

E
(MPa)

E//E
(%)

σYo
(MPa) σYi/σYo

PIP-1 Outer
pipe

60 2.0 30.0 25.0 1.20 0.67 0.80 66,680 1.0 139 1.12

Inner
pipe

40 1.6

PIP-2 Outer
pipe

80 2.0 40.0 25.0 1.60 0.50 0.80 66,680 1.0 169 0.93

Inner
pipe

40 1.6

PIP-3 Outer
pipe

80 3.0 26.7 25.0 1.07 0.50 0.53 66,680 1.0 209 0.75

Inner
pipe

40 1.6

2
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Fig. 1. (a) Experimental and FE stress-strain curves; (b) Compression stub test, (left) before failure and (right) after failure.

vent each of the carrier and inner pipes, as well as to separately collect
water from the inner pipe and the cavity between the inner and outer
pipes during the buckle propagation (through the red and black hoses
shown in Fig. 3b). A volume-controlled pressurization with a high-pres-
sure pump (shown in Fig. 3a) was used. The change in volume of the
system (ΔV) during the test was calculated by measuring the weight of
water being discharged from the inner pipe and the cavity between the
pipes separately using digital weighing scales shown in Fig. 3a.

Fig. 4 shows the experimental pressure-volume change response for
the outer and inner pipes of PIP-1, 2 and 3, separately. The pressure
levels inside the chamber are plotted against the normalized change in
volume of the outer pipe, (change in the volume of the annulus and
the inner pipe), and that of the inner pipe, separately. Each test was
conducted three times and the curves in Fig. 4 show the average val-
ues of three tests. As shown in Fig. 4, the pressure initially rises sharply
until the collapse pressure Pco, is reached at which a section of the
outer pipe collapses. Following the collapse of the outer pipe the pres-
sure inside the chamber drops drastically until the outer and the inner
pipes come into contact at a pressure level Pini, not shown in the fig-
ure. This is followed by the collapse of the inner pipe at collapse pres-
sure Pci. The collapse progresses in the outer and inner pipes and quickly
spreads throughout the length of the outer and inner pipes at a slightly
lower pressure Pp2, known as the propagation pressure of the PIP system
[23,25,26,28]. Longitudinal and cross-sectional views of the deformed
shape of PIP-2 are shown in Fig. 4b. Other tested PIPs showed similar
deformed patterns.

The collapse pressure in the outer pipe Pco, is very sensitive to imper-
fections in the cross-section of the outer pipe [11–13] which is defined
in terms of ovalization ratio Ωo [31]:

(3)

where Dmax and Dmin are the maximum and minimum diameters of the
outer pipe, and D is the nominal outside diameter represented in Table
1. The initial ovality of outer pipes of the tested PIPs were measured as
Ωo=0.5%, 0.2% and 0.6% for PIP-1, 2 and 3, respectively. The collapse
pressures (Pco) of PIP-1, 2 and 3 (averages of three tests) are 13%, 1%
and 16% lower than the corresponding elastic collapse pressures pre-
dicted from Eq. (1) for the outer pipes of each PIP system respectively.

The collapse pressures of the inner pipes (Pci) measured in the tests
are 1645, 844 and 2050kPa for PIP-1, 2 and 3 respectively. These pres-
sures are not the same and are different from the collapse pressure
9578kPa, predicted from Eq. (1). It is observed that although the in-
ner pipes are identical in the three PIP systems used here, their collapse
pressures (Pci) are considerably different. It suggests that the pressure at
which the inner pipe collapses is related to the geometric and material
properties of the outer pipe of the PIP system. The relation between the
collapse pressure of the inner pipe and the parameters of the outer pipe
of the PIP system, will be discussed in Sections 3 and 4 of the current
study.

3
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Fig. 2. Ring squash test results, single pipe (60×2mm), Initial state 1 (top left), Collapse state 2 (top right) and load deflection response.

2.3. Finite element model and validation against experimental results of
PIP-1

Numerical simulation of the collapse of PIP-1 tested in the hyper-
baric chamber with parameters represented in Table 1 and length of
1.6m was conducted in ANSYS [32]. Thin four-node shell elements
(181) were used to model the carrier and the inner pipes. Frictionless
contact elements (174 and 170) were used in three pairs to define the
non-linear contact between the carrier and inner pipes and the inner
surfaces of the inner-pipe wall. These contact pairs are shown in Fig. 5b.
The first and second pairs are defined between the inner surfaces of the
outer pipe and the outer surface of the inner pipe. The third pair con-
siders the contact between the inner top and bottom surfaces of the in-
ner pipe. Because of symmetry, a one-half model of the pipe wall (180°)
was discretised using 24 elements in the circumferential direction with
seven integration points through the thickness of the carrier and inner
pipes. In order to validate the numerical model, the initial ovality of
Ωo=0.5% (same as that measured in the test sample and defined in Eq.
(3)) was introduced at mid-length on the carrier pipe of PIP-1 in the FE
model. The nodes at either end of the PIP system were restrained from
translation in all directions. A von-Mises elastoplastic (bilinear) mater-
ial definition depicted in Fig. 1a and with parameters shown in Table 1
was adopted. To overcome convergence issues, the Arc-Length method
[33] which is a strong tool for solving non-linear snap-through buckling
problems was used.

The FE response of PIP-1 is plotted in Fig. 5a, corresponding de-
formed configurations are shown in Fig. 5b, and show good agree-
ment with the experimental results. The collapse pressure of the outer
pipe (Pco), of the inner pipe (Pci) and the propagation pressure (Pp2)
of PIP-1 from the FE models are presented in Table 2 together with
the experimental results. These experimental results are the average
of three repeats of hyperbaric chamber tests of PIP-1. Dis

crepancies between the experimental pressures and FE predictions are
negligible.

2.4. Influence of ovality on collapse pressure of the inner pipe

The dependency of the collapse pressure of the inner pipe (Pci) to pa-
rameters of the outer pipe will be discussed in the next section using a
comprehensive parametric study. Prior to the parametric study, the ef-
fect of initial imperfection on collapse of a single pipe and that of an
inner pipe of a PIP system is investigated using the validated FE analy-
sis. According to recommendations of DNV-OS-F101 [31], ovalities be-
tween 0.5% and 3% are adopted in the FE models. Collapse pressures of
single pipelines with D/t=15 and 40 and material properties of Table
1, are plotted against ovality (Ωo), and are shown with dashed lines in
Fig. 6. The collapse pressures are normalised to the elastic critical pres-
sure (Eq. (1)). As expected from previous studies [19,34,35] the col-
lapse pressure of the pipeline decreases with corresponding increase in
the cross section ovality. Also, it’s worth noting that the expression for
elastic buckling pressure (Eq. (1)) does not represent the buckle pres-
sure of the thick single pipe (D/t=15) accurately. Normalised collapse
pressures of the inner pipe (Pci) of PIP systems with the same inner pipe
(same as single pipes studied in Fig. 6), and outer pipes with parameters
shown, are depicted in Fig. 6 with solid lines. It is evident from Fig. 6
that unlike a single pipeline, the collapse pressure of the inner pipe (Pci)
within the PIP system is not sensitive to imperfections.

3. Parametric study on collapse pressure of the inner pipe (Pci) of
PIPs using finite element analysis

The hyperbaric chamber results disused in the previous section sug-
gest that, the collapse pressure of the inner pipe of the PIP system,
(Pci), is a func

4
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Fig. 3. Experimental setup (a) hyperbaric chamber, high-pressure pump, scales, pressure gauge, and vents; (b) PIP sample and fittings.

tion of geometric and material parameters of both inner and outer pipes:

(4)

In the parametric study carried out herein, both outer and inner
pipes are assumed to be of the same material i.e. Aluminium
(Al-6060-T5). Therefore, the same modulus of elasticity (E) represented
in Table 1 and the Poisson’s ratio (ν=0.33) are adopted for all PIPs. Us-
ing dimensional analysis, Eq. (4) can be written in terms of three non-di-
mensional geometric groups and two non-dimensional material groups:

(5)

Obviously, Di/ti can be presented in terms of other two geomet-
ric groups in Eq. (5). However, since the collapse pressure of sin-
gle pipeline is significantly related to the diameter to thickness ra-
tio (Eq. (1)), this term needs to be accounted for in the proposed
empirical expression. Knowing that Pci/Pcr<1, the

following constitutional power-law is considered:

(6)

Using the validated FE model, a parametric study is conducted
herein to establish the best estimates for the unknown power coeffi-
cients of Eq. (6).

3.1. Effect of Di/Do

To explore the influence of the annulus on the collapse pressure of
the inner pipe of PIPs, the thickness ratios are varied while the mate-
rial properties of the two pipes are kept identical. Fig. 7 shows nor-
malised collapse pressures of the inner pipes versus Di/Do for four differ-
ent Di/ti ratios of 15, 25, 30 and 40 and in two sets of ti/to i.e. 0.8 and 1.
The parametric study covers a practical range of Di/Do between 0.4 and
0.9. A relatively cubic nonlinear relationship is observed between nor-
malised pressure and diameter ratio for both ti/to values. By decreasing
the annulus, the collapse pressure of inner pipe increases considerably,
and this is more evident in the PIPs with thin inner pipes (larger Di/ti).

5
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Fig. 4. Hyperbaric chamber test results of PIP-1, 2 and 3 in Table 1, showing (a) pressure against change in volume normalised to initial volume of the PIP system, and (b) the deformed
shape of PIP-2.

Fig. 5. (a) Pressure versus normalized change in volume for PIP-1 in Table 1, (b) Deformed shape of the FE model and the frictionless contact pairs.

Table 2
Comparison between experimental and numerical results for PIP-1.

Experimental FEA FE/Exp

Pco (kPa) 4820 4795 0.99
Pci (kPa) 1645 1539 0.94
Pp2 (kPa) 1610 1511 0.94

For a fixed value of ti/to and assuming identical yield stress and tan-
gent modulus in the outer and inner pipes, Eq. (6) is reduced to

(7)

Using non-linear least-squares fitting for eight sets of data in Fig. 7,
the coefficients a=3.2 and A2=0.595 are obtained.

3.2. Effect of ti/to

Effect of wall thickness on the collapse pressure of the inner pipe
of PIPs is studied for a range of ti/to between 0.5 and 1.2 and two
sets of Di/Do. Normalised pressures are plotted against normalised thick-
nesses in Fig. 8. To generate data-points for each Di/ti, diameter of
the outer pipe of the PIP system is kept constant (to retain the Di/Do),
and its thickness is changed. In all PIPs, reduction in the thickness of
the outer pipe results in a decrease in the collapse pressure of the in-
ner pipe. The decreasing trend in collapse pressure Pci, becomes less
pronounced as ti/to approaches 1. Given the material properties of

6
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Fig. 6. Normalized collapse pressure vs. ovality curves for single pipe and inner pipe of PIP systems of different Di/ti.

the outer and inner pipes are identical, Eq. (6) can be written as

(8)

Using the non-linear least square fitting of the data in Fig. 8, the co-
efficients b=−1.88 and A3=0.472 are obtained.

3.3. Effect of Di/ti

Fig. 9 shows the normalised pressure against Di/ti ratio, for three dif-
ferent Di/Do and in two sets of ti/to. The normalised collapse pressure of
the inner pipe increases as the inner pipe gets thinner. This is more pro-
nounced at larger Di/Do. Given the material properties of the outer and
inner pipes are identical, Eq. (6) can be written as

(9)

Based on the non-linear least squares fitting of the data, the coeffi-
cients c=0.64 and A4=0.093 are obtained.

3.4. Effect of σyi/σyo

PIPs with σyi/σyo between 0.6 and 1.4, ti/to and E'i/E'o equal to 1 and
in two sets of Di/Do were modelled and the results are shown in Fig.
10. In all PIPs shown in Fig. 10, the collapse pressure of the inner pipe
plummets when the yield stress of the outer pipe decreases. To identify
the power exponent of σyi/σyo, Eq. (6) can be represented as

(10)

Based on the total eight sets of data presented in Fig. 10, and using
non-linear regression, d=−0.6 and A5=0.474 are calculated.

3.5. Effect of E'i/E'o

Previous studies [11–13] have shown that the pipeline may ex-
perience collapse under external pressure, at stress levels beyond the
proportional limit. Thus, Eq. (1) is normally modified to account for
material nonlinearities by in

corporating the tangent modulus (E') [11,12]. In order to investigate
the effect of the tangent modulus on the collapse of the inner pipe, the
geometric and yield stress parameters of outer and inner pipes are kept
identical and the E'i/E'o is altered. Results are plotted in Fig. 11 for vari-
ous Di/ti and with Di/Do=0.5. As evident, compared to the thickness, di-
ameter and yield ratios, the tangent modulus has little impact on the col-
lapse pressure Pci. Collapse of PIPs with Di/Do=0.8 were modelled (not
shown here) and no significant changes in results were observed. Know-
ing that except the tangent modulus, other parameters are unchanged,
Eq. (6) can be re-written as

(11)

where e=−0.3 and A6=0.591 are obtained from least square nonlin-
ear regression.

3.6. Empirical expression for collapse pressure Pci of PIPs

The parametric study carried out in previous sections ascertained the
dependency of the collapse pressure Pci of the PIP systems on geometric
and material parameters of the outer and inner pipes. Based on the re-
sults of the parametric study in the previous section and using non-lin-
ear square fits of sets of data taken from the FE results, the following
normalised expression is derived for the collapse pressure of the inner
pipe of PIPs

(12)

The coefficient (0.05) in Eq. (12) is determined using the Leven-
berg-Marquardt algorithm with a correlation factor (R2) of 0.9882. Com-
parison between the FE results and the proposed expression (Eq. (12)) is
depicted in Fig. 12 for the studied range of Di/ti. The maximum differ-
ence between FE results and empirical expression (Eq. (12)) is less than
6.0%.The normalised collapse pressures obtained from the proposed em-
pirical expression (Eq. (12)) and those acquired from the hyperbaric
chamber for the tested PIPs are represented in Table 3. The differences
are less than 5%. As represented in the last column of Table 3, the em-
pirical expression predicts the experimental results with good accuracy.

7
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Fig. 7. Collapse pressure of the inner pipe as a function of Di/Do with (a) ti/to=0.8 and (b) ti/to=1.0.

4. Discussion of results

In Section 3, a comprehensive parametric study was conducted us-
ing the validated FE model to predict the collapse pressures (Pci) of PIP
systems with various wall thickness ti/to, diameter Di/Do, diameter to
thickness Di/ti, material yield stress σYi/σYo, and tangent modulus E′i/E′o
ratios. After reviewing results of the parametric dependency of collapse
pressures Pci of PIPs, it is worth discussing the collapse modes of the in-
ner pipe observed in the FE simulations. Based on results of FE analy-
ses with various parameters adopted for the outer and inner pipes, two
dominant modes of failure under external pressure were observed in the
PIPs.

The collapse pressure and deformed shapes of PIPs with Di/ti of
25 and 30 are shown in Fig. 13a and b respectively. In Fig. 13a, the
change in the pressure of the system is plotted against the ovality of
the inner pipe of the PIP. The collapse mode A is shown for a PIP sys-
tem with Di/ti of 30, thickness ratio of ti/to=0.8 and with identical
materials properties in outer and inner pipes. In Mode A, by increas-
ing the external pressure, the outer pipe collapses and gradually de-
forms into the deformed shape (I), at a pressure level called initial pres

sure Pini. At this stage the outer and inner pipes come into contact. Fol-
lowing the touchdown, the pressure stays at the same level (stage II),
and the inner pipe collapses at Pci almost equal to Pini. Then, the collapse
is propagated along the lengths of the outer and inner pipes simultane-
ously as shown in stages (III) to (IV) in Fig. 13b for Mode A.

Mode B is depicted for the PIP system with Di/ti of 25 and ti/to of
1.0. The mechanical properties of the inner and outer pipes are alike. In
mode B, following the initiation of collapse in the outer pipe, the pres-
sure in the system plunges. Since the corresponding change in ovality of
inner pipe only is analysed herein, the associated drop in pressure due
to collapse of the outer pipe is not shown in Fig. 13a. At pressure level
Pini, (stages (I) of Fig. 13c) the outer and the inner pipes touch, and the
collapse is propagated along the PIP but only in the outer pipe. In the
vicinity of the end-caps, a higher pressure is required to perpetuate the
collapse in the outer pipe. However, the increase in pressure causes a
collapse in the inner pipe as shown in stage (II), at a higher pressure Pci,
shown in Fig. 13a. The collapse is then propagated through the length
of inner pipe (stages (III and IV)). As suggested in Fig. 13a, the collapse
pressure Pci is substantially larger than the initial pressure Pini, in failure
mode B, compared to mode A.

8
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Fig. 8. Collapse pressure of the inner pipe as a function of ti/to with (a) Di/Do=0.5 and (b) Di/Do=0.8.

To understand the distinction between modes A and B, collapse
mechanisms of PIPs with outer and inner pipes of similar mechanical
properties are investigated. Collapse pressures normalized by the initial
pressures of the inner pipe of PIP systems with σyi/σyo=1.0, E'i/E'o=1.0
and thickness ratios between 0.3 and 1.2 are presented in Fig. 14. The
results correspond to four sets of Di/ti and two sets of Di/Do. With respect
to Fig. 13, the collapse modes A and B are associated with Pci/Pini ≈1 and
Pci/Pini>1, and correspond to ti/to ≤0.7 and ti/to>0.7 respectively as
shown in Fig. 14. It can be inferred from Fig. 14, that in PIPs with outer
and inner pipes of similar material properties, the separation between
collapse modes A and B occurs at thickness ratio ti/to=0.7. Regardless
of Di/ti ratio, the upsurge in Pci/Pini at ti/to>0.7, is more pronounced in
PIPs with smaller Di/Do (i.e. larger annulus).

Fig. 15 shows the normalized collapse pressures of the inner pipe
against the normalized diameter-to-thickness ratios of outer and inner
pipes, for 150 PIPs with 0.3≤ ti/to ≤1.2 and 0.4≤Di/Do ≤0.9. As sug-
gested by the trend in Fig. 15, when the outer pipe of the PIP is thinner
than the inner pipe, (Do/to>Di/ti), failure mode B occurs in the PIP. The
distinction between failure modes A and B corresponds to Do/to=1.25
Di/ti in Fig. 15.

The upper and lower bounds of data points in Fig. 15 can be
estimated, assuming the material properties of the outer and inner
pipe are identical. Thus,

Eq. (12) can be written as

(13)

In the current study and in practical PIPs, Di/Do and Di/ti range
between 0.4–0.9 and 15–40, respectively. Inserting Di/Do=0.9 and
Di/ti=40 in Eq. (13), the upper bound can be predicted by Eq. (14):

(14)

The lower bound is obtained by adopting Di/Do=0.4 and Di/ti=15
in Eq. (13), and can be shown with the following expression:

(15)

Eqs. (14) and (15) are shown with solid lines in Fig. 15 and provide up-
per and lower bounds of the FE results.
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Fig. 9. Collapse pressure of the inner pipe as a function of Di/ti with (a) ti/to=1.0 and (b) ti/to=0.8.

5. Conclusions

The buckling mechanisms and capacity of the inner pipe of the PIP
system, under external pressure were investigated experimentally and
numerically herein. The hyperbaric chamber test results showed that
in PIPs with identical inner pipes and different outer pipes, the inner
pipe may collapse at different pressures (Pci). To find an expression for
Pci, a comprehensive parametric study was conducted using validated
nonlinear geometric and material FE analyses. In the parametric study,
effect of the wall thickness ti/to, diameter Di/Do, diameter to thickness
Di/ti, material yield stress σYi/σYo, and tangent modulus E’i/E’o ratios,
on collapse pressure of the inner pipes were investigated. It was under-
stood that unlike single pipelines, the collapse pressure of the inner pipe

is not significantly affected by the ovality in the cross-section of the
inner pipe. Results showed that the collapse pressure of the inner
pipe (Pci), drastically drops with corresponding decrease in Di/Do (PIP
with larger annulus), or with corresponding increase in ti/to (PIP with
thick outer pipe). These decreasing trends were shown to be more pro-
nounced in PIPs with thin inner pipes (30<Di/ti<40). The effects of
material properties such as σYi/σYo and E’i/E’o, on the collapse pres-
sure of the inner pipe were shown to be less significant. Two buck-
ling modes were observed in the FE results. In mode A, the inner
pipe collapses straight after the outer and inner pipes make contact.
However, in mode B, after the two pipes touch, the buckle propa-
gates in the outer pipe first and collapse of the inner pipe occurs
at a greater pressure. It was shown that in PIPs with outer and in-
ner pipes of similar material properties, the separation between col-
lapse modes A and B occurs at thickness ratio ti/to=0.7.

10
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Fig. 10. Collapse pressure of the inner pipe as a function of σYi/σYo with (a) Di/Do=0.5 and (b) Di/Do=0.8.

Also, a thorough examination of all buckle modes showed that, the dis-
tinction between failure modes A and B corresponds to Do/to=1.25
Di/ti. This is confirmed through observation of failure mode B in hyper-
baric chamber response of PIP-2 (Fig. 4), with ti/to=0.8, Do/to=1.60
Di/ti, and σYi/σYo almost equal to

one. An empirical expression for Pci was proposed and was shown to be
in good agreement with hyperbaric chamber test results. Through com-
bining all FE results, expressions for upper and lower bounds of the col-
lapse pressure of the inner pipes were advised.
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Fig. 11. Collapse pressure of the inner pipe as a function of E'i/E'o with Di/Do=0.5.

Fig. 12. Comparison between FE results and those predicted by Eq. (12).

Table 3
Comparison between empirical and experimental collapse pressures.

Pci/Pcr (Eq. (12)) Pci/Pcr (Exp.) Difference (%)

PIP-1 0.173 0.166 4.05
PIP-2 0.077 0.077 0.00
PIP-3 0.188 0.184 2.13
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Fig. 13. Finite element results showing (a) pressure against normalized ovality, (b) corresponding deformed shapes of the inner pipe of PIP system exhibiting collapse mode A and; (c)
mode B.
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Fig. 14. Collapse pressures normalized by the initiation pressures of the inner pipe, showing effect of ti/to.

Fig. 15. Collapse pressures of the inner pipe against the normalized diameter-to-thickness ratios of outer and inner pipes of PIPs.
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