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a b s t r a c t

The purpose of this work is to provide a more complete framework for the development of short-term
thermoplastic models to improve the design of liners subjected to external pressure. A device to perform
short-term physical collapse buckling tests on HDPE liners to emulate in-service behavior under con-
trolled conditions was designed and constructed. Tests were performed to explore the effect of tem-
perature (in the range of 0–60 °C) on the buckling parameters of a HDPE pipe confined in a steel host
pipe. The constitutive model for this material was calibrated from compression and tensile tests, per-
formed at various strain rates and temperatures. The Three Network viscoplastic material constitutive
model was adopted to reproduce material behavior. Full 3D FEM simulations of collapse buckling tests
were conducted and validated against experimental data. Once the 3D full FE model was verified a
simplified 2D model was generated to perform an intensive parametric study considering many tem-
peratures and pipe aspect ratios. With data arising from the parametric study a predictive Glock’s type
function was derived, which takes into account the effect of temperature and the viscoplastic constitutive
behavior of HDPE.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Background to the technological problem

Relining deteriorated host pipes with polymeric liners has be-
come an increasingly cost-effective popular method of pipeline
rehabilitation. One of its main applications is for oil and gas pi-
pelines. These liners serve the function of providing internal pro-
tection of metallic tubes mainly in two different situations; namely
in providing enhanced corrosion resistance from aggressive che-
mical agents, and in rehabilitating already damaged pipelines [1].

In principle, any thermoplastic material can be used as a liner
for oilfield pipelines. However, because of its relatively low cost,
widespread availability, ease of production and installation and
long history of service in oil and gas applications, HDPE (high
density polyethylene) is the most frequently used thermoplastic
for oilfield pipeline liners [2,3].

Despite HDPE liners are regularly used in the oil and chemical
industry, they suffer one drawback: during normal operation gases
present in the conveyed fluid permeate into the annulus volume
between the liner and the host pipe. In the case of a sudden (in-
tentional or accidental) loss of pressure, this can cause the liner to
collapse due to external hydrostatic pressure if the wall thickness
and the mechanical properties of the liner are not sufficient. When
the external pressure is higher than the internal one, the liner will
be subjected to a net external pressure that may destabilize the
liner once the net pressure exceeds a critical value. This external
pressure will induce deflections of the liner within the host pipe.
To prevent liner collapse, the thickness of a liner must be chosen to
resist this external pressure over the lifetime of the system [4].

Usually, buckling collapse of HDPE liners induced by external
pressure takes place by the combined action of two separate fac-
tors: i) the permeation of oil derived gases through the liner wall
for extended periods of time, and ii) the rapid decompression of
pipelines that can occur during service stoppages or maintenance
and inspection shutdowns [2,5].

Material failure is associated with the phenomenon known as
physical swelling [2,6–11] which occurred when pipe grade ther-
moplastic is in contact with low molecular weight hydrocarbons
(condensate) to result in a swell by weight of approximately 10%.
At typical operating temperatures the gaseous components, such
as the CO2 and CH4 dissolved in oil, aided by the high pressure
operating conditions can permeate throughout the liner wall and
gradually balance the pressure difference between the inside of
the liner and the annular region or gap between the liner and the
pipe wall. This permeation mechanism worsens recursively since
permeation rate increases with the severity of liner swelling.
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Fig. 1. In-service liner buckling collapse.
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Finally, buckling collapse occurs when the liner is decompressed
and the external pressure, built up by the confined gases in the
annular region, generates a stress state in the liner that induces
the radial buckling failure. Fig. 1 depicts a typical one-lobe col-
lapse. Hydrocarbon absorption causes reduction in modulus,
which reduces the critical buckling pressure. HDPE liners are in-
stalled and operated at temperatures from 0 °C to 65 °C [2,12,13];
this effect is more severe at higher temperatures [2].

The depicted collapse phenomenon typically occurs within 1 h
and it is called short-term collapse. Conversely, when constant
loads are applied over a long time, log-term [4,14,15] or creep
buckling occurs, this type of failure is beyond the scope of this
paper.

Liners buckling resistance under short-term loads is typically
examined by performing the so-called short-term tests [16]. In a
short-term test a uniform external radial pressure is applied on a
liner encased in a rigid chamber. The pressure is increased gra-
dually until it reaches a maximum value known as collapse pres-
sure or critical pressure (Pc). At this moment the liner collapses
and pressure decreases while lobes volume increases.

The purpose of this work is to provide a more complete fra-
mework for the development of improved short- term liner design
models. To this aim we designed and constructed a test device to
develop short-term collapse buckling tests on HDPE liners under
controlled conditions. Tests were performed to examine the effect
of testing temperature (from 0 to 60 °C) on the buckling char-
acteristics of a HDPE pipe confined in a steel host pipe.

The predictive capacity of a recently obtained mathematical
procedure for the calculation of buckling pressure under visco-
plastic regime [17,18] is evaluated by comparing predictions with
laboratory testing. This mathematical procedure combines FEM
structural simulation with Three Network viscoplastic material
constitutive model [19]. Material behavior was calibrated from
compression and tension tests data determined at various strain
rates and temperatures.

Full 3D FEM simulations were conducted and validated against
experimental buckling collapse data. Once the validity of the
model was univocally verified, simplified 2D simulations were also
carried out and recursively validated against full 3D simulations.
Based on these 2D simulations, an intensive parametric study
considering many temperatures and pipe thickness-to-diameter
aspect ratios (W/t) was conducted. From the obtained parametric
data, a predictive Glock’s type function [20] was constructed
which takes into account the effect of temperature and the vis-
coplastic constitutive behavior of HDPE. We believe that this
model could be used in the future to represent long term behavior
as well.
1.2. Prediction of time-temperature dependent buckling collapse
pressure

In recent years a considerable amount of research has been
undertaken to better understand and quantify the structural per-
formance of lined pipe systems [14–16,21–31]. Although existing
design methodologies do recognize the importance of liner buck-
ling, they have been extensively criticized for being too simplistic
[26].

Most of the earlier studies for the instability of liners were only
concerned with elastic instability and did not consider any mate-
rial inelasticity or plasticity [31]. Therefore, those studies may help
in estimating the buckling pressure of thin liners that are only
expected to buckle elastically, prior to any material yielding.
However it is known that material yielding would affect the me-
chanical and buckling behavior of liners [23].

One of the main shortcomings regarding modeling HDPE liners
performance is the intrinsic non linearity of polymer behavior
[32]. In contrast with steel which exhibits well-defined material
yielding, polymers have no well-defined yield stress and their
mechanical behavior is time dependent.

The non-linear characteristics of the problem generate con-
vergence issues that make it difficult for classical FEM to re-
produce experimental behavior. Moreover, these models are not
adequate to reproduce the complex multiaxial stress response and
rate-dependent deformation evolution that will take place during
an actual rapid pipe depressurization situation. Consequently, a
different approach was devised and implemented in previous in-
vestigations [17,18,33] by the authors. On one hand we demon-
strated the pertinence of using fluid elements in finite element
modeling (FEM) to simulate collapse buckling of confined liners.
This innovative approach allowed simulating the post-collapse
pressure drop, to reproduce dynamic loading histories and to in-
corporate time-dependent material constitutive models. The hy-
drostatic elements introduced by the authors enabled FEM mod-
eling of the whole process of elastic and inelastic collapse of
polymer liners, under dynamic or static conditions.

On the other hand, it was also shown that an advanced vis-
coelastic–viscoplastic model available in literature, the so-called
Three Network Model, TNM, [19] is able of reproducing the com-
plex mechanical response of an HDPE liner at different loading
rates [17,18]. The strain rate and pressure dependent mechanical
response of HDPE liners was assessed by modeling the buckling
collapse dynamic event as an increasing volume of fluid entering
the gap cavity between liner and host pipe. It was found that the
material strain rate dependency has a significant effect on the
collapse pressure (Pc). The influence of w/D in the non-linear in-
elastic bucking behavior was established, thus extending El Sawy
analysis [23] to time dependent materials.

In the present paper the constitutive TNM model's perfor-
mance is directly assessed by comparing experimental and pre-
dicted failure pressures of HDPE liners, confined in a steel host
pipe pressurized to failure at different environmental
temperatures.
2. Experimental

Theoretical and numerical treatments in principle enable the
development of improved design procedures, however, there is an
acute shortage of good quality physical test data in the literature
with which to verify and calibrate the mathematical models. So
that a device was designed and constructed in order to generate a
physical collapse of HDPE liners.
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2.1. Materials

One meter long HDPE tubes with 0.054 w/D aspect ratio
(114 mm outside diameter and 6.2 mm wall thickness) were used
for calibration of constitutive models and buckling collapse tests.
Pipe samples were processed with HDPE DGDA 2490, kindly
provided by DOW.

2.2. Testing setup for experimental collapse of liners

The layout of the apparatus shown in Fig. 2, main parts and
working principle are represented in the schematic diagram of
Fig. 3. Briefly, the equipment consists of a steel host pipe swage-
lined with the plastic “liner” to be tested.

The device allows progressively increasing pressure in the in-
terstice between the pipe and the liner, up to achieving the col-
lapse of the latter. The pressure within the inner volume of the
liner is maintained constant and equal to atmospheric pressure, so
that the interstitial volume must be confined and sealed separately
from the inner volume of the liner. This generates the necessary
pressure difference between the outside and the inside of the
“liner” to achieve collapse.

A key consideration in the design of the device was the need to
emulate the same plane strain condition to which liners are sub-
jected in service. This is associated to the fact that liners are in-
stalled in lengths that range from 200 to 1200 m [34]. This sup-
presses boundary conditions of the endings of the liner in the
collapsed area. As a primary approximation, in order to meet the
minimum length needed to reproduce this effect, finite element
modeling and simulation of collapse were done at different pipe
lengths assuming a perfect elasto-plastic material behavior as in
our first paper [33]. We observed an asymptotic trending to plane
strain condition with increasing pipe length, as shown in Fig. 4.

For a length of the pipe above four times its diameter (in this
case, about 0.45 m), the results are independent of length. Under
Fig. 2. Liner insertion system for buckling collapse tests.
these considerations the devise was designed to accommodate a
one meter long liner. A 14 mm thick seamless tube was used; its
bore was machined to achieve a controlled interference with the
outer diameter of the liners. Four circumferentially distributed ¼
BSP connections were provided in the central part of the tube to
communicate interstitial pressure. The design of sealings (Fig. 5) at
pipe endings contemplates the need for suppressing longitudinal
restraint to the liner. This was achieved using O-rings confined
between flanges and pipe, in 45 degree conical seats.

A system to insert the liner within the hosting pipe using the
technique known as swagelining (Fig. 2) was also designed. Two
API 150 flanges serve as structural elements for fixing the rig and
tension the “liner” during the insertion procedure, while ensuring
gap sealing. The inner diameter of the insertion side flange is
smaller than the other flange, to secure the swaging process by
Poisson effect during insertion. Four threaded rods connect both
flanges to preload the assembly, and their tips serve as fixing bolts
for the pulling rig. The rig is long enough for the liner to be ex-
tracted out of the hosting pipe once finished the test.

Numerical simulation reproducing test conditions showed that
maximum insertion load for the liner is, roughly, 12,000 N. This
value, with an appropriate safety factor, was used to dimension
the loading structures. A winch was used to exert the load through
a pulling head that ensures load concentricity and uniform
distribution,.

The test procedure included increasing the external pressure
exerted on the “liner” by pumping water into the gap until col-
lapse. Interstice (gap) pressure and the evolution of the water
volume during were continuously measured using digital gauges
during the buckling process.

Tests at different temperatures were conducted in a thermo-
static water bath). Predetermined temperatures were maintained
either by controlled direct injection of steam into the bath or by
adding ice. All test times were within the so-called “short term”

regime, that is a loading time no longer than 30 min [16]. Sample
number, test temperature, and total test time are summarized in
Table 1.

2.3. Uniaxial tensile and compression tests

Constitutive material behavior was determined by performing,
tensile and compression tests on an Instron 4467 universal testing
machine. Tensile and compression specimens were machined out
from a supplied liner (Fig. 6); nine specimens for each loading case
were used. Tests were carried out at 3 different cross head speeds
and 4 different temperatures, according to the configuration
shown in Table 2.

Tensile tests were performed in 2.5 mm�2.5 mm cross-section
dogbone-shaped specimens (remaining dimensions correspond to
type VC specimens in ASTM D638-03 [35]). Compression tests
were carried out in 10 mm long, 5 mm diameter specimens, fol-
lowing the 2:1 (height: diameter) ratio recommended in [36]. For
a complete characterization of deformation evolution, both load-
ing and unloading responses were recorded at each temperature.
3. Computational modeling

3.1. Material constitutive model

In what follows the main features of the Three Network model,
TNM, adopted as constitutive framework for through this work are
described. More details on the formulation can be found in the
original works [19,37] and in our previous paper [17]. The TNM
model consists of three networks acting in parallel. A simplified
one-dimensional rheological representation can be seen in Fig. 7.



Fig. 3. Schematic diagram of liners buckling tests setup.
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Networks A and B represent the initial viscoplastic response,
which is captured using two separate energy activation deforma-
tion mechanisms corresponding to amorphous and semicrystalline
domains of the polymer. Network C captures the overall non-vis-
cous hyperelastic component of the material response, i.e. the
entropic chain stretch hardening. The total deformation gradient
(Fapp) of the assembly is decomposed into a thermal expansion
component (Fth) and a mechanical deformation component (F):

= ( )F FF 1app th

The mechanical deformation gradient of networks A and B are
further decomposed into elastic and viscoplastic components:

= ( )F F F 2n
e

n
v

Where n takes the value A and B, for networks A and B corre-
spondingly. Fn

e is the elastic component of the deformation gra-
dient, which is constitutively determined from Eq. (3). Fn

v is the
viscoplastic component of F and is constitutively determined from
Eqs. (5) and (6).

The Cauchy stress acting in networks A and B has the following
form:
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Fig. 4. Buckling collapse critical pressure as a function of pipe length obtained by
FEM assuming a perfect elastic-plastic material behavior.
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shear modulus of network n and κ is the bulk modulus. These
material constants can be interpreted as analogous to the linear
elastic shear and bulk modulus, with the difference that in the
TNM model the shear modulus is scaled by the Langevin function.
λL is the locking stretch and gives a measure of the hyperelastic
hardening response at large strains.
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is the ramp function; pn is the hydrostatic pressure; &n is the Frobe-
nius norm of the deviatoric part of &n; τn is the flow resistance of
network n and gives a measure of the shear stress at which plastic
flow becomes a dominant deformation mechanism; m is the stress
exponential of the power-law equation and mainly determines the
material strain-rate sensitivity.

The Cauchy stress acting in network C has the following form:
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Finally, since they are in parallel, the three networks have equal

mechanical deformation gradients and the total stress of the sys-
tem is the sum of each network stress.



Fig. 5. Detail of sealing design.

Table 1
Buckling collapse test conditions.

Liner Temperature °C (K) Test duration (min)

1 24 (297) 15
2 61 (334) 10
3 58 (331) 10
4 32 (305) 15
5 4 (277) 15

1
2

Fig. 6. Tension (1) and compression (2) specimens as machined from the original
pipe.
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The TNM model was executed as a user material subroutine
(UMAT/VUMAT) for ABAQUS using the PolyUmod material li-
braries [38].

3.2. Constitutive model calibration

Model parameters calibration was performed using uniaxial
tensile and compression experimental data specifically de-
termined for this purpose (see experimental section). The con-
stitutive parameters were determined using a parameter-extrac-
tion software, namely MCalibration [39], which enables semi-au-
tomatic extraction of material parameters using as input different
loading cases (monotonic, dynamic mechanical analysis, creep,
etc.) with several loading modes (uniaxial, biaxial, plane stress,
etc.) for a variety of advanced constitutive models, including the
TNM model. This software determines parameter values using a
minimization algorithm based on the Nelder-Mead simplex
method [40]. This method uses iterations to evaluate the differ-
ence between the model predictions and the experimental results
in a least-squares sense, i.e. using a minimum squares cost func-
tion. In each iteration, the method tries a new estimation for the
constitutive parameters using an approximation criterion and the
iterations continue until the cost function reaches an established
minimum. Initial values and upper and lower bound values for the
optimization method are already predefined in the calibration
software using typical thermoplastic material constitutive para-
meters [19].

3.3. Numerical simulation of collapse buckling test

3.3.1. Full 3D FEM simulations
Buckling collapse tests were simulated by FEM model in ABA-

QUS/Standard 6.10 using the TNM model. The FEM model was
performed in a 3D simplified geometry of a quarter of the original
as showed in Fig. 8a. A small elliptical curvature (i.e. a 0.4% dif-
ference between the lower-half y-radius and the upper-half y-ra-
dius values) was introduced in the upper part of the liner along the
y-axis in order to induce single lobe buckling (Fig. 1) in this region.
Single lobe buckling is considered the most critical failure mode
and the most frequently observed in practice.

The thermoplastic liner was modeled using C3D20R elements
and assuming the steel pipe holder as a discrete rigid. The fluid
was modeled using F3D3 hydrostatic fluid elements and the de-
pressurization event was modeled by imposing a fluid volume flux
using the “fluid flux” option in ABAQUS/Standard. A classical static
FEM analysis would have involved imposing a continuously in-
creasing pressure on the outer liner surface. However, for the
present analysis, this approach typically fails at the peak (i.e.
buckling) pressure. In other words, pressure evolution in the cavity
cannot be imposed beforehand as an independent variable.
Therefore, the fluid volume flux approach is more pertinent since
it models the real cause of pressure increase, i.e. the entrance of a
fluid into the annulus. An example of the application of this
method in modeling liner buckling collapse can be found in [33].
The hydrostatic fluid elements are surface elements that cover the
boundary of the fluid-containing cavity and provide the coupling
between the deformation of the fluid-filled solid and the pressure
exerted by the contained fluid on the solid surface defined as
cavity boundary [41].

Prediction capabilities of these simulations are validated
against physical collapse experiments. Thus, simulations were run
for every of the three temperatures selected for the physical col-
lapse experiments. The imposed fluid volume flux in FEM model



Table 2
Uniaxial tensile and compression tests: temperature and cross head speed conditions.

273 Kº 298 Kº 333 Kº 353 °K

Cross head speed T C T C T C T C

1 mm/min

10 mm/min

50 mm/min

Fig. 7. Rheological one-dimensional representation of the TNM constitutive model.

Fig. 8. Simplification of FEA by symmetry for 3D (A) and 2D (B) models.
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was 130 cm3/min, approximately the same fluid volume flux of the
physical experiment, to achieve in both cases a total test time
between 10 and 15 min. The latter procedure allows to univocally
validate 3 �D FEM geometric simulation and TNM constitutive
model as illustrated in Section 4.3.
3.3.2. 2D FEM simulations and parametric analysis
With the aim of exploring the influence of temperature and

aspect ratio (w/D) on Pc, a numerical parametric analysis was
performed. Simpler 2D FEM simulations were executed and their
pertinence verified against full 3D FEM simulations. In the 2D si-
tuation a unit length strip of the liner is only considered because of
the long cylindrical geometry of the liner (i.e. plane strain condi-
tions prevail) and half of the liner is only modeled due to sym-
metry (Fig. 8b). The thermoplastic liner is now considered to be a
planar bidimensional deformable solid using CPE8R elements and
assuming plain strain conditions, i.e. neglecting the effect of re-
straint at the liner ends. This assumption has proven to be valid for
length to radius values greater than 6 [42]. A small elliptical cur-
vature (i.e. a 0.4% difference between the lower-half y-radius and
the upper-half y-radius values) was introduced in the upper part
of the liner along the y-axis in order to induce single lob buckling.
The external metallic tube was assumed as discrete rigid and the
fluid was modeled following the same approach as 3D model but
using F2D2 bi-dimensional hydrostatic fluid elements. The aspect
ratio was varied from 0.03 to 0.11 and the temperature with an
increment of 0.015 to cover some practical ranges involving thin
and thick liners. The temperature was varied from 265 K° to 345 K°
with an increment of 10 K° to cover practical operating range
[2,12,13].
4. Results

4.1. Uniaxial tensile and compression tests

Tensile and compression tests results at different strain rates
and temperatures are shown together in Fig. 9. Stress-strain traces
are presented for 1, 10 and 50 mm/min cross-head speeds and
temperatures of 273, 298, 333 and 353 K. Points and solid lines are
experimental and model prediction values, respectively.

At a stress value between 5 and 10 MPa the material enters the
visco-elastoplastic regime, this region corresponds to the complex
onset of different plastic flow mechanisms in the amorphous and
semicrystalline domains of the thermoplastic material [19,37]. In
the constitutive model, the deformation gradients of the dashpots,
which were at first negligible, start to flow at these stress values.
Also in this regime, hardening is observed with increasing the
strain rate and decreasing temperature, as expected. The material
shows strain rate and temperature sensitivity both in tension and
compression. When increasing the crosshead speed from 1 mm/
min to 50 mm/min at constant temperature of 298 °K, aE30%



Table 3
Constitutive parameters for TNM model.

Symbol Name Value

μA Shear modulus of network A 212.16 MPa

λL Chain locking stretch 2.12

θ̂ Temperature response of stiffness �92.72 K

κ Bulk modulus 2000 MPa

τ̂A Flow resistance of network A 5.78 MPa

a Pressure dependence of flow 0.45
ma Stress exponential of network A 13.1
mb Stress exponential of network B 22.37
n Viscosity parameter 117.18

τ̂B Flow resistance of network B 21.43 MPa

μBi Initial shear modulus of network B 255.8 MPa

μBf Final shear modulus of network B 120.3 MPa

μC Shear modulus of network C 10.79

q Relative contribution of I2 of network C 0
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increase in the value of the maximum attained stress can be ob-
served. At constant crosshead speed of 1 mm/min, when de-
creasing temperature from 353 °K to 273 °K, E400% increase in
the value of the maximum attained stress can be observed. Pres-
sure dependency can be observed as the maximum stress achieved
in compression is higher than in tension for equal deformation
rates. For the TNM model, a very good fit was obtained between
experimental and TNM model predictions, with a R2 (Coefficient of
Determination) value of 0.976. The constitutive parameters ob-
tained for the TNM model are presented in Table 3.

4.2. Physical buckling collapse tests

A single lobe collapse mode was verified for all of the buckling
collapse tests, as showed in Fig. 10. As expected, due to the effect of
restricted ends, the lobes appeared always in the middle of the
liner. Furthermore, there was no preferential angular lobe location
in the liner. This clearly indicates that there are no defects induced
by the steel host pipe contact.

Pressure and cavity volume data were recorded continuously
during all buckling tests, for each of the three temperatures, and
then plotted together as depicted in Fig. 11. Deformed geometries
obtained by FEM simulations are showed at four stages of collapse,
indicated by arrows over each curve. Irrespectively of the test
temperature, all of the curves display the typical shape already
reported for short-term buckling collapse test [27].

As expected, pressure increases with the increase in the cavity
volume up to a maximum value corresponding to the collapse
pressure, Pc. A linear trend is only evident at low volumes. After
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Fig. 9. HDPE uniaxial tensile (A) and compression (B) stress-strain traces.
this maximum an abrupt drop of pressure was verified and a
subsequent asymptotic decrease of pressure was detected in
correspondence with lobe propagation. The influence of tem-
perature on the phenomenon is evident to the naked eye. The
lower the temperature, the higher Pc and the steeper the slope
value.

4.3. Numerical simulation of buckling collapse tests: 3D full FEM

Fig. 11 also shows the results of numerical simulations plotted
together with data recorded during physical buckling collapse
tests. Traces show pressure evolution against the increase of cavity
volume while FEM frames depicting geometry evolution during
collapse test. As in physical tests, all numerical simulations
showed one lobe collapse buckling. Fig. 12 (a) shows a simplified
deformed geometry as used in FEM model. Fig. 12 (b) shows a
mirror pattern of (a), for a cross-cut view of buckling at the middle
of the liner.

An excellent agreement between simulations and physical ex-
perimental results (single points in the Fig. 11) was found. Only
small discrepancies of 4,4% for 4 °C, 8% for 24 °C and 1% for 61 °C
were found for Pc, considering percentage difference as Pc (ex-
perimental)/Pc(numerical)*100. These excellent results serve as a
verification of the predictive quality of the TNM constitutive model
for HDPE engineering applications.

4.4. Parametric analysis

The 2D FEM results of the parametric study are presented in
this section. As stated in the “computational modeling” section, the
3D problem was approximated by a simplified 2D analyses as-
suming plane strain conditions and symmetry. To check the va-
lidity of 2D assumptions Pc values are compared in Table 4.
Maximum discrepancies of 5.7% were measured between 3D and
2D FEM Pc values.

Two sets of parametric contour curves were then constructed
using the 2D approximation. In Fig. 13a PC (log) is plotted against
temperature at constant w/D ratios while in Fig. 13b Pc (log) is
plotted against w/D ratio for every tested temperature. Experi-
mental data points (hollow points in Fig. 13) are plot together with
simulated data which further support the validity of our
predictions.

The parametric analysis performed for pipes having different
w/D relationships showed a linear decreasing trend of Pc with
temperature in the semilogarithmic plot (Fig. 13a). Then, the



Fig. 10. Collapsed liner after laboratory buckling collapse test: a) while the pipe is
extracting outside the host steel pipe b) an inside view.

Fig. 11. Buckling collapse curves. Dotted and solid lines are experimental and
predicted FEM results respectively.
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Pc(T) contour lines corresponding to each (w/D)i values may be
fitted to an exponential function. It is also noted that the resulting
lines are nearly parallel. This justifies the use of a common scale
parameter, for different aspect ratios.

Conversely, Pc (log) vs. w/D plot shows an increasing curvi-
linear trend at every temperature. This suggest that data con-
densed in Fig. 13b can be fitted to a single power law since curves
are also nearly parallel.

In 1977 [20], Glock derived an analytical expressions relating
buckling pressure with pipe geometry (w/D) valid within the
elastic regime,

⎜ ⎟⎛
⎝

⎞
⎠υ

=
− ( )

P
E w

D1 7c 2

2.2

Inspired in this famous relation we derived a Glock-like relation
by fitting the data arising from the parametric study to Eq. (8) as
follows:
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w
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The C parameter was calibrated from data at constant tem-
perature condensed in Fig. 13 (b)). A value of 1.95 was determined
for this particulate case.

The parameter S(T) involves temperature dependent stiffness
of the system and it can be calculated from data condensed in
Fig. 13 (a)) as follows:

( )
( )
( )

( ) =
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/ 9
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C
0

0

(w/D)0 is a reference aspect ratio and Pc(T) is the critical pres-
sure expressed as a function of temperature at (w/D)0. Taking any
w/D value as reference, S(T) is calibrated by scaling curves to the
reference value

( )( ) = ( )
−

S T x e4.37 10 10
T

42.09

Then, from Eq. (8) a full expression of the equation relating Pc, T
and (w/D) was developed:
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Where Pc is the buckling collapse critical pressure expressed in
Mpa, T is the test temperature expressed in K and (w/D) is the
aspect relation of the pipe.

Eq. (11) is plotted in a 3D XYZ graph. Both Pc values arising from
physical and FEM experiments are plotted together in Fig. 14 (a).

Predictions by Eq. (11) and the original Glock equation are
contrasted against physical and FEM data harvest for the three
temperatures of physical collapse buckling test in Fig. 15. Young’s
modulus values used in Glock equation were those determined in
the uniaxial tensile experiments at each individual temperature
(Fig. 9). This figure clearly shows that Glock equation overestimates
Pc, consistently with the idea that collapse buckling of HDPE liners
is highly inelastic [17,18,33] whereas, Glock equation only considers
elastic deformations. Nevertheless, it can be appreciated that Glock
predictions become more accurate at lower temperatures and low
w/D ratios, for which less inelastic deformations are developed.
5. Conclusions

Short-term collapse buckling phenomena of HDPE liners con-
fined in a steel host pipe was explored in this work. Tests under-
taking increasing external pressure to failure were physically



Fig. 12. Von Misses stress contours of deformed geometry obtained by FEM simulation The box on the left side shows color references of Von Mises stress values. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Comparison between 2D and 3D FEM simulations results.

Temperature (K) Pc (MPa)

Experimental FEM 2D FEM 3D

277 1.94 2.1 2
297 1.14 1.17 1.22
334 0.53 0.58 0.55

Fig. 13. Pc (log) against temperature (a) and Pc (log) against aspect ratio. Hollow
and solid points are physical experimental results and numerical experimental
results respectively; dotted lines are numerical results fittings.
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performed and then, simulated using FEA. The main outcome of
this research is the developing of a predictive mathematical pro-
cedure for the calculation of buckling pressure under viscoplastic
regime.

Material constitutive response was determined from com-
pression and tension tests performed at various strain rates and
temperatures. As in previous work, a Three Network viscoplastic
constitutive model was adopted [17].

The effect of testing temperature (from 0 to 60 °C) in the
buckling characteristics of a HDPE pipe confined in a steel host
pipe was examined. Critical buckling collapse pressure resulted
highly dependent of test temperature, decreasing four times be-
tween 0 °C and 60 °C respectively.

Full 3D FEM simulations of the short-term (less than 30 min)
collapse buckling experiments were conducted and validated
against experimental data. The laboratory tests exhibited an
excellent correlation with the theoretical predictions. So, this
paper serve as a univoque verification of the predictive quality
of Three Network viscoplastic constitutive model for HDPE pipe
engineering applications [17,18]. From these results it also
emerges that hydrostatic elements first introduced by us [33] is
a suitable FEM tool for time-dependent problems allowing to
reproduce the whole collapse event and not only the critical
pressure.

In addition, in-service plane strain conditions were verified
comparing results of complete 3D buckling collapse test simula-
tion with planar bidimensional simulation assuming plain strain
conditions. This allowed to use simplified 2D simulations as pre-
dictive tool. A parametric analysis were conducted by using 2D
simulations at many temperatures and aspect ratios. Parametric
results were used to modify Glock’s elastic solution in order to
represent HDPE liners viscoplastic behavior. The proposed equa-
tion is capable of predicting critical collapse pressure taking into
account for the effect of temperature, strain rate and aspect ratio.
This relationship may be very useful at the time of designing new
polyethylene liners since it only requires the knowledge of mate-
rial constitutive response.
We believe that mathematical procedure developed could be
used in the future to represent long term behavior as well.



Fig. 14. Pc (log) against temperature and aspect ratio. Hollow points and crosses are
physical and numerical results respectively; solid lines are the graphical re-
presentation of Eq. (11).
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