
1 INTRODUCTION 
 
Pipe-in-pipe systems (PIP) are exploited in ultra-
deep subsea developments, where the carrier pipe is 
designed to resist high hydrostatic pressures (water 
depths up to 3000 m) and the inner pipe is designed 
to transmit hydrocarbons at temperatures as high as 
180°C (Jukes et al., 2009). PIP systems are normally 
divided into two categories, namely; compliant and 
non-compliant systems. In a compliant system, the 
inner pipe and the carrier pipe are attached at close 
intervals, whereas both inner and carrier pipes are 
only connected through bulkheads at discrete loca-
tions in a non-compliant system. 

Deep subsea pipelines are typically untrenched 
which makes them susceptible to instabilities due to 
currents (Gao et al., 2003, Yang et al., 2008, Cha et 
al., 2011) and high external pressures (Karampour 
and Albermani, 2015, Karampour et al., 2013). In a 
single pipeline under external pressure, a local dent 
or ovalization in the pipe-wall can initiate a buckle 
that will rapidly transform the pipe cross-section into 
a dog-bone shape. The buckle then travels along the 
pipeline as long as the external pressure is high 
enough to sustain propagation. The lowest pressure 
required to perpetuate such buckle is termed as 
propagation pressure Pp which is only a fraction of 
the buckle initiation pressure. The collapse and 
propagation of buckle in single pipelines have been 
extensively investigated using analytical (Xue and 
Gan, 2014, Yu et al., 2014), experimental 
(Albermani et al., 2011, Kyriakides and Babcock, 
1981) and numerical methods (Gong et al., 2012, 

Yan et al., 2015). However to date, instabilities of 
PIPs have been only marginally addressed. Kyriaki-
des (Kyriakides, 2002) and Gong and Li (Gong and 
Li, 2015) carried out experimental and finite element 
studies of propagation buckling of PIPs with carrier 
pipes having Do/to values between 15 and 25. Alt-
hough both studies covered similar Do/to range of the 
carrier pipe, two different empirical expressions for 
propagation pressure of PIP (Pp2) were suggested. 

In this study a lower-bound analytical solution for 
propagation pressure of PIP systems is proposed. 
Hyperbaric chamber tests are conducted on 1.6 m al-
uminium (Al-6060-T5) PIP system with parameters 
shown in Table 1. The experimental result is used to 
validate the FE model. A parametric study is con-
ducted on the effect of diameter, wall-thickness and 
yield stresses of the outer and the inner pipe on 
propagation buckling capacity of the PIP. Results are 
compared with empirical expressions proposed by 
Kyriakides (Kyriakides, 2002) and Gong and Li 
(Gong and Li, 2015). 

 
Table 1.  Properties of the pipe-in-pipe system 
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ABSTRACT: This paper presents analytical and numerical models for predicting buckle propagation pressure 
of pipe-in-pipe (PIP) systems. The 2D analytical solution is based on flexural and membrane deformations of 
the cross section of the PIP system under external pressure. The numerical model uses 3D finite element anal-
ysis which is verified against hyperbaric chamber results for a particular PIP system. Results show that the 
proposed analytical equation provides a lower bound for propagation pressure of PIPs. A parametric study is 
performed using the FE analysis that shows the significant factors affecting the propagation pressure of PIP 
systems. The FE models provide valuable information about the buckling modes and progress of the buckle in 
the carrier and inner pipes.  



Numerous analytical solutions have been proposed 
to estimate the propagation pressure of a single pipe. 
The simplest model was established by Palmer and 
Martin (Martin and Palmer, 1975), which only con-
sidered the initial and final configurations of the 
cross-section of the pipe. Fig. 1a shows the four 
plastic hinges developed in the carrier (outer) pipe at 
different stages of propagation buckling. Palmer and 
Martin assumed a rigid-perfectly plastic material 
with yield stress Yo . By equating the plastic work 
expanded in the four hinges (internal work) to the 
work done by the hydrostatic pressure due to the 
change in the volume of the pipe; they found the fol-
lowing expression for propagation pressure (Pp) of a 
single pipe: 
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where Do and to are the outside diameter and wall-
thickness of the carrier pipe respectively. Experi-
mental studies showed that Eq. (1) underestimates 
the propagation pressure of the pipeline, specifically 
at lower D/t values. Considering the collapse under 
plane strain conditions, propagation buckling of sin-
gle pipe can be expressed as (Chater and 
Hutchinson, 1984): 
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Kyriakides and Vogler (Kyriakides and Vogler, 

2002) investigated the collapse of PIPs, using the 
plane strain condition and by adopting a four-hinge 
mechanism in each of the carrier  and the inner 
pipes. They considered the strain hardening behav-
iour in the material model of the plastic hinges and 
proposed the following expression for the propaga-
tion pressure of the PIP system: 
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where subscripts o and i correspond to the outer pipe 
and inner pipe respectively. Albermani et al. 
(Albermani et al., 2011) accounted for the circum-
ferential membrane as well as flexural effects and 
proposed the following equation for the propagation 
pressure of a single pipe, P p: 
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It is worth mentioning that pP  and PP suggest 

15% and 19% increase in the propagation pressure 

of the single pipe respectively, compared to Palmer 

and Martin’s expression pP , regardless of the D/t 

value of the pipe.  

The analytical lower bound solution to propaga-

tion buckling of a single pipe given by Eq. (4), can 

be extended to thee pipe-in-pipe systems by account-

ing for the membrane and flexural effects of the out-

er and the inner pipes:  
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where Wex is the external work done by the hydro-

static pressure and Win is the internal work due to 

circumferential flexure, f and membrane, m, effects. 

Based on the experimental observations from hyper-

baric chamber and ring squash tests, the initially cir-

cular cross-section of the pipe (Fig. 1a) has found to 

deform into a dog-bone shape (Fig. 1b). Thus Eq. (5) 

can be written as: 
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where ∆A is the change in the cross-section area, ∆l 
is the change in the circumferential length and mp is 
the plastic moment. These are given by: 
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where the subscript “o” denotes the outer pipe, and 

“i” represents the inner pipe. Substituting Eqs. (6-1) 

to (6-3) into (6), the propagation pressure, P p2, of 

the PIP system is obtained as: 
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When Di=ti=0, Eq. (7) yields the propagation pres-

sure of a single pipe given by Eq. (4). Unlike Eq. (3), 

Eq. (7) accounts for the effect of Di/Do as well as 

that of ti/to and σi/σo. Propagation buckling pressures 

of single pipes (outer pipe) and PIPs determined 

from the analytical expressions (Eqs. 2, 3, 4 and 7) 

are given in Table 2 and compared with the experi-

mental results (Pp for a single pipe and Pp2 for PIP) 

obtained from the hyperbaric chamber tests.  

 



Table 2.  Comparison between hyperbaric chamber, 

analytical and FE results 
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Figure 1. A schematic of deformation of carrier and inner pipe 
in propagation buckling 

3 HYPERBARIC CHAMBER TESTS 
 
The experimental protocol is comprised of end-
sealing concentric PIP systems with parameters 
shown in Table 1 and a length of 1.6 m (L/D >20), 
being pressurized inside the hyperbaric chamber 
depicted in Fig. 2. The chamber has an inner-
diameter of  173 mm and a length of 4 m and is rated 
for working pressure of 20 MPa (2000 m water 
depth). The intact PIP was sealed at both ends by 
gluing on thick alumium discs ensuring that the 
inner was completely sealed from the outer pipe. 
Two valves were connected to each end of the PIP, 
one on the carrier pipe and the other on the inner 
pipe. A volume-controlled pressurization with a high 
pressure pump (shown in Fig. 2) was used and the 
pressure was increased until collapse of the system 
due to external pressure occurred under quasi-static 
steady-state conditions.  

 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. The hyperbaric chamber test set-up 

 
By maintaining a low rate of pumping, the chamber 
pressure was stabilized at propagation pressure Pp2, 
with buckle longitudinally propagating along the PIP 
sample accompanied by water flow from the vents. 
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. 2. Control tests using a single 
pipe (outer pipe) were conducted first. 

Figs. 3 presents the experimental results of buckle 
propagation response of the PIP system. The change 
in pressure of the system is plotted against the nor-
malized change in volume of the inner pipe and the 
outer pipe (the space between the two pipes). Since 
the main focus of the present study is only on buckle 
propagation pressures, the parameters affecting the 
buckle initiation pressure are not discussed herein. 
As shown in Fig. 3, following the collapse of the 
carrier pipe the pressure inside the chamber drops 
drastically until the carrier pipe and inner pipe come 
into contact. Subsequently, a dog-bone buckle shape 
propagates along the PIP while the pressure is main-
tained at Pp2. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 3. Buckle propagation response of the PIP system in 
Table 1 inside the hyperbaric chamber 



4 FINITE ELEMENT ANALYSIS 

Finite element simulation of 1.6 m long samples of 
PIPs used in the hyperbaric chamber tests were con-
ducted using ANSYS 16.1 (ANSYS 16.1 Release). 
Thin 4-node shell elements (181) were used to mod-
el the carrier pipe and the inner pipe. Frictionless 
contact and target elements (174 and 170) were used 
in three pairs to define the non-linear contact be-
tween the carrier and inner pipes as well as the inner 
surfaces of the inner pipe wall. Due to symmetry, a 
one half model of the pipe wall (180

o
) was discre-

tized using 20 elements in the circumferential direc-
tion with 7 integration points through the thickness 
of the carrier pipe and inner pipe. In order to control 
the nonlinear analysis, a small ovality was intro-
duced at mid-length on the carrier pipe in the FE 
model. A von Mises elastoplastic material definition 
with isotropic hardening was adopted. The modulus 
of elasticity (E) and tangent modulus (E

/
) used in the 

FE models are shown in Table 1, based on the stress-
strain curves obtained from the tensile longitudinal 
coupons taken from the pipe wall. The yield stress 
used in the FE model is taken from the ring squash 
test (Albermani et al., 2011) (which incorporates 
strain-hardening effect) rather than the coupon test. 

The pressure response and the deformed shape of 
the PIP system from the FE analyses are shown in 
Fig. 4. The pressure is plotted against the normalized 
ovalization of the carrier and inner pipes. By increas-
ing the hydrostatic pressure, the carrier pipe of PIP-1 
in Fig. 9 gradually deforms from the intact shape (I) 
into a deformed shape (II). Following the touchdown 
(II), the pressure is slightly increased and the col-
lapse is simultaneously propagated in the outer pipe 
and inner pipe. As represented in Table 2, the FE 
model predicts the propagation pressure of the PIP 
system with reasonable accuracy. 

5 DISCUSSION AND CONCLUSION 

Table 2 gives a comparison of the analytical and 

experimental results. Pressures Pp and Pp2 corre-

spond to the buckle propagation pressures of the car-

rier pipes and PIPs respectively, obtained from hy-

perbaric chamber tests. The analytical expressions 

provide lower-bounds for the propagation buckling 

of the single pipe and PIP system. Comparison be-

tween the analytical and experimental results in Ta-

ble 2 indicates that Eq. (7) predicts the propagation 

buckling of the pipe-in-pipe system better than Eq. 

(3). Gong and Li (Gong and Li, 2015) showed that 

the propagation pressure of the PIP system is signifi-

cantly affected by wall-thickness, diameter and yield 

stress ratios; i
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. Using the verified 

FE model a parametric study is performed here and 

results are depicted in Fig. 5. The propagation pres-

sure of the PIP system is normalized against the 

propagation pressure of the outer pipe.     

 

 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 4. Finite element results showing pressure against nor-
malized ovality and corresponding deformed shapes of the PIP 
system in Table 1 

 
It is evident from Fig. 5 that increasing the diame-

ter of the inner pipe which is governed by the flow 
demand does not associate with significant increase 
in the propagation pressure of the PIP system. Like-
wise, using an inner pipe with a yield stress that is 
one and a half times higher than that of the outer 
pipe only corresponds to 30% increase in the propa-
gation pressure of the system. However increasing 
the thickness of the inner pipe substantially upsurges 
the propagation pressure capacity of the PIP system. 
The current FE results demonstrate much higher 
growth in propagation pressure of the studied PIP for 
higher inner to outer wall-thickness ratios compared 
to empirical expressions recommended by Kyriaki-
des (Kyriakides, 2002) and Gong and Li (Gong and 
Li, 2015). It is worth mentioning that the authors ob-
served two distinctive buckling modes in the FE re-
sults. In the first mode, the buckle propagated in the 
outer and the inner tubes simultaneously as shown in 
Fig. 4. In the second mode the buckle initiated in the 
outer pipe and propagated until it reached the rigid 
bulkheads at either end. Subsequently higher pres-
sure was required to initiate the buckling in the inner 
pipe. This mode of buckling was observed in PIPS 



with ti/to>0.8 in Fig. 5. We believe that the discrep-
ancies between our results and those found in (Gong 
and Li, 2015, Kyriakides, 2002) for larger ti/to ratios 
can be related to the spacing between bulkheads or 
buckle arrestors adopted in the FE models and the 
corresponding buckling modes. Nevertheless this 
suggests that further investigation is required to pro-
vide better understanding of the collapse mechanism 
of the PIP systems.  
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(c) 

Fiure 5. FE results showing normalized propagation pressure 
against, (a) normalized diameter, (b) normalized thickness and 
(c) normalized yield stress of the PIP system. 

 
In this study experimental, analytical and FE re-

sults for buckle propagation of pipe-in-pipe system 
were presented. Overall, reasonable agreement was 
obtained between thee analytical, numerical and ex-
perimental results. The modified analytical solution 

suggested in this study provides more accurate pre-
diction of the propagation buckling pressure of PIPs 
compared to the previous analytical equations. The 
FE models provide valuable information about the 
buckling modes and progress of the buckle in the 
carrier and inner pipes. The parametric FE study 
showed that the pipe-wall thickness ratio has much 
more significant impact on propagation pressure ca-
pacity of the PIP system compared to diameter and 
yield stress ratios. 
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