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ABSTRACT

Spoolable thermoplastic composite pipe (TCP) consisting of fibre-reinforced laminate with inner and outer
liners is an ideal candidate to replace steel counterparts in deepwater. In this paper, a 3D finite element (FE)
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model is developed to analyse stresses in TCP under combined bending and uniform temperature change

illustrative of spooling in different environments. Thermal load causes deviation from the stress symmetry
expected at the top/bottom of the pipe in simple bending. Maximum stress, Tsai-Hill and Hashin failure
responses are analysed for [+£55], [+42.5],4, [£30], and [(£55),/(£30),] laminates at low and high
temperatures. The [+42.5], configuration displays superior spooling capacity as layers orientated at +55°
and +30° exhibit high utilisation of relatively weak transverse tensile and fibre compressive strengths,
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thermomechanical analysis;
composite failure criteria

respectively. The failure criteria are in closest agreement at the top of the pipe (under axial tension) but

differ more significantly at the bottom (axial compression).

Nomenclature
E Elastic modulus (isotropic)
E, E,, E; Elastic moduli in material coordinates

fH, fMS, fTH, fVM Hashin, Maximum stress, Tsai-Hill, von Mises failure
coefficients

£ 2 5, 4 Hashin mode coefficients

Gy3, Gi3, Gy Shear moduli in material coordinates

K Curvature

k Layer number

L Section length

M Bending moment

m, n Cosine of fibre angle, sine of fibre angle

N Number of layers

QRS Shear strengths in material coordinates (23, 13, 12)

R Bending radius

r Radius

To Ta Inner radius, outer radius

T Temperature

ury, Ury, ury, Rotations about global axes

ux, Uy, Uz Displacements in global coordinates
X Yo, Zc Compressive strengths in material coordinates (1, 2, 3)
X1, Y1, Z71 Tensile strengths in material coordinates (1, 2, 3)

o Thermal expansion coefficient (isotropic)

a1, Oy O3 Thermal expansion coefficients in material coordinates
Rotation about longitudinal axis

A Thermal conductivity (isotropic)

A Az As Thermal conductivities in material coordinates

v Poisson’s ratio (isotropic)

V23, V13> V12 Poisson’s ratios in material coordinates

01, 03, 03 Normal stresses in material coordinates

ay Yield strength (isotropic)

0, 0g, O Normal stresses in cylindrical coordinates
T3, T13> T12 Shear stresses in material coordinates

Tor Tap T26 Shear stresses in cylindrical coordinates
1) Fibre angle

1. Introduction

Compared to traditional steels, fibre-reinforced plastic (FRP)
materials offer a number of advantages for offshore exploration
and production (E&P) applications, including reduced weight,

superior fatigue performance and corrosion resistance. The uptake
of composite materials in the industry was historically hindered by
the lack of performance track records, regulatory requirements and
efficient design procedures (Guz et al. 2017). However, in recent
years, the spotlight has shifted to composites and particularly
FRPs as enabling technologies for exploiting deeper waters and
harsher environments. Thermoplastic composite pipe (TCP) is a
spoolable pipe solution gaining prominence, driven by the advent
of its own design standard (DNV GL 2018).

TCP is operating in downline and jumper applications world-
wide and is attracting interest for ultra deepwater riser systems
(Smits et al. 2018). TCP consists of an inner thermoplastic liner,
fibre-reinforced thermoplastic laminate and outer thermoplastic
liner (coating). The composite laminate, comprising unidirectional
layers stacked in engineered orientations, is formed by automated
winding and serves as the primary load carrier. Thick layers can
be produced by continually winding at the same fibre angle. The
liners are extruded and provide fluid-tightness and protection
from the environment. Thermoplastics including polyethylene
(PE), polyamide (PA), polyvinylidene fluoride (PVDF) and poly-
etheretherketone (PEEK) can be used, preferred over thermosets
for ductility, fracture toughness, impact resistance and the ability
to consolidate in a single step. The laminate is typically reinforced
with carbon or glass fibres. A melt-fusion process typified by lead-
ing manufacturers is used to bond the thermoplastic throughout the
wall, which prevents non-bonded pipe problems such as rapid gas
decompression (van Onna et al. 2012). During subsea operation,
TCP is subjected to combinations of mechanical loads and thermal
gradients arising from the mismatch between internal and external
temperatures. The pipe is subjected to large bending moments
when spooled for storage and installation.

The behaviour of FRP tubulars under pure bending has been
well studied. Xia et al. (2002) presented an exact solution based
on classical laminated-plate theory for sandwich pipes with
filament-wound skins. They showed that stresses and strains
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Figure 1. TCP under bending.

depend strongly on winding angle. Natsuki et al. (2003) adopted
laminated-plate theory to study bending of filament-wound pipes.
Maximum stress failure predictions agreed closely with four-point
test results. The theoretical framework was used by Menshykova
and Guz (2014) to compare stresses in carbon/epoxy pipes with
inner steel or 0° fibre layers and by Cox et al. (2019), who assessed
spooling of different pipe geometries and layups. Shadmehri et al.
(2011) closely predicted experimental bending stiffness of carbon/
polyetherketoneketone (PEKK) tubes by non-classical beam theory
accounting for shear deformation. They found the moment of iner-
tia approach closely predicted stiffness of cross-ply tubes only. Geu-
chy Ahmad and Hoa (2016) later showed agreement between
bending stiffness of thick carbon/PEEK tubes determined exper-
imentally and calculated using the 3D elasticity formula derived
by Jolicoeur and Cardou (1994). Tubes comprising a high number
of alternating +25° layers were marginally stiffer than tubes with
only two thick layers. Ashraf et al. (2014) studied nonlinear bending
of carbon/PEEK TCP with different thickness-to-diameter ratios
and fibre orientations by finite element (FE) shell modelling.
Increasing axial strength by orienting plies at a low angle comes
at the expense of larger spooling radii. Huang et al. (2020) devel-
oped a continuum shell model for progressive failure analysis
(PFA) of carbon/epoxy pipes under bending. Damage was evalu-
ated according to the Hashin criterion with an energy-based linear
softening rule to describe damage evolution. Moshir et al. (2020)
accurately determined strains in thick carbon/PEEK tubes under
bending by 3D finite element analysis (FEA).

‘Reinforced thermoplastic pipe (RTP)’ is a term for pipe resem-
bling the TCP arrangement consisting of layers of unidirectional
tape-wound aramid/high-density polyethylene (HDPE) with
HDPE liners. Bai et al. (2015a) developed a simplified model for
ovalisation instability of RTP under bending based on the metallic
pipe theory of Kyriakides and Ju (1992) and Ju and Kyriakides
(1992). Composite layers were modelled as HDPE with a reduction

Table 1. TCP dimensions.

Dimension Value
Inner radius, ry (mm) 76
Inner liner thickness (mm) 8
Composite laminate thickness (mm) 8
QOuter liner thickness (mm) 8
Quter radius, r, (mm) 100

factor for omitted fibres. Yu et al. (2015) studied the flexural behav-
iour of RTP with different diameter-to-thickness ratios and ply
angles by FEA. They accounted for strain-dependent behaviour
and geometric nonlinearity in their shell model. Cao et al. (2017)
investigated the bending of RTP during pipe-lay installation by
numerical simulations incorporating validated nonlinear vessel
motions. RTP behaviour under bending combined with external
pressure (Bai et al. 2015b) or tension (Bai et al. 2014) has been
investigated.

The E&P sector continues to expand globally and TCP may be
deployed in cold or hot climates. It is therefore important to inves-
tigate how TCP responds when spooled at different temperatures.
Tubulars consisting of multiple isotropic layers, orthotropic layers
or a combination have been studied under thermomechanical load-
ing. In general, the literature mostly covers analytical or semi-
analytical modelling of tubulars subjected to pressure combined
with uniform temperature change (Xia et al. 2001; Ak¢ay and Kay-
nak 2005) or through-wall thermal gradient (Bakaiyan et al. 2009;
Zhang et al. 2012). FEA has not been extensively employed. Yousef-
pour and Nejhad (2004) performed a nonlinear FEA of a carbon/
PEEK vessel under external pressure and hygrothermal loading.
Varying the temperature 0-60°C (from initial 23°C) with 0.23%
absorption by weight had a negligible effect on strength or buckling.
Rodriguez and Ochoa (2004) developed an FE shell model account-
ing for geometric nonlinearity and thermal residual stresses to
simulate four-point bending tests of filament-wound tubes. Their
model incorporated a progressive damage subroutine based on
Maximum Stress, Hashin or Hashin-Rotem failure criteria.
Almeida et al. (2014) investigated carbon/epoxy pipes with winding
angles ranging from +35° to +75° under pressure considering
hygrothermal conditioning by 3D FEA. Predicted burst pressure
decreased by 2-3% based on coefficients obtained from 30-day sub-
mersions of specimens at 80°C. Hastie et al. (2019a, 2019b, 2020)
performed 3D FEA to investigate the influence of thermal gradient
on the failure of carbon/PEEK TCP under combined pressures and
tensions illustrative of deepwater riser operation. The effects of
increasing operating temperature are less pronounced under high
pressure where the laminate experiences greater utilisation. A simi-
lar study demonstrated the effects of varying temperature profiles
on pressurised sandwich pipe with carbon/PEEK skins and PEEK
core depend on whether loading is hoop-dominated or biaxial
(Hastie et al. 2021).

TCP is subjected to various operational, environmental and
potentially accidental loads during its lifetime. Dedicated FE soft-
ware packages afford the ability to introduce a variety of loads to
established models. For example, one could study spooling of
TCP and subsequently operating loads (pressure, tension) or acci-
dent scenarios (lateral impacts). Furthermore, imperfections can
be incorporated, whereas this may prove analytically unfeasible.
In this paper, a 3D FE model is developed to analyse stresses in
TCP under combined bending and uniform temperature change
illustrative of spooling in different environments (the effects of
large, rapid temperature fluctuations associated with operation
are left for a future study). To the authors’ best knowledge, the
response of TCP under such combination has not previously
been studied. The nearest existing work appears to be the shell
modelling of filament-wound tubes performed by Rodriguez and
Ochoa (2004), who added residual stresses to corresponding com-
ponents in the first increment of incremental bending. Here, we
analyse static bending and thermal load applied simultaneously
accounting for temperature-dependent 3D properties. Carbon/
PEEK is attractive for deepwater applications and was selected to
extend the aforementioned carbon/PEEK research. Elastic moduli
under compression are assumed to be equal to the tensile moduli
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Figure 2. TCP model, global coordinates and constraints (symmetric at both ends). (This figure is available in colour online.)

considering simple bending in line with the above-reviewed litera-
ture, including recent works on carbon/PEEK (Ashraf et al. 2014;
Geuchy Ahmad and Hoa 2016; Moshir et al. 2020), i.e. known
differences in moduli (around 10%) are deemed negligible. Failure
predictions based on the limit, interactive and mode-based criteria
are compared for different laminate configurations under bending
at reduced and elevated temperatures and the implications of
fibre angle optimisation on practical spooling radii are evaluated.

2. Methodology
2.1. Finite element model

Let us consider a section of TCP with N total layers in cylindrical
coordinates under bending moment, M, as illustrated in Figure 1.
Layers k=1 and k=N are isotropic liners and the remaining are
orthotropic layers that constitute the composite laminate. A 3D sec-
tion of TCP with dimensions in Table 1 was modelled in Abaqus/
CAE 2019. The laminate is composed of eight 1 mm thick uni-
directional layers. Perfect bonding is assumed. In this paper, we
investigate the response of different laminations that will be later
described. The TCP resembles a real-world configuration but is
not intended to emulate any one product exactly.

The model, global coordinates and constraints are shown in
Figure 2. A single part is partitioned into layers with discrete

9

8 = FE model =
=7 Reference
g
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~ 5
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5 4
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0

0 2000 4000 6000 8000

Axial microstrain

Figure 3. Comparison between validation model and theoretical moment vs. axial
strain for carbon/PEEK [+£25] pipe presented by Geuchy Ahmad and Hoa (2016).

orientations. Bending is imposed via rotation ury applied to refer-
ence points located at the centre of each end. Boundary conditions
are defined at the points to keep end sections circular and allow
axial displacement, i.e. ux = uy = ury = urz = 0. All available degrees
of freedom at the end face nodes are constrained to the correspond-
ing points via kinematic couplings. The total angle of rotation in
radians is L/R, where L =8 m is the length of the section (L/r,=
80) and R is the bending radius (R = 1/K; K is the curvature). Results
are measured through the middle of the pipe.

Moshir et al. (2020) demonstrated that 3D FEA can accurately
predict experimental bending strains in thick carbon/PEEK tubes.
They simulated four-point bending instigated via vertical loads
and supports. To validate the present constraints, a model of the
thick carbon/PEEK tube with [+25] stacking sequence studied by
Geuchy Ahmad and Hoa (2016) was created. In the previous
work, they calculated stiffness using 3D elasticity theory, which
yields more accurate solutions than classical or shear deformation
theories for thick laminates that exhibit cross-sectional warping
and zigzagged distribution of through-thickness in-plane displace-
ment. A comparison of moment vs. axial strain plots computed
using the FE model and calculated by Geuchy Ahmad and Hoa
(2016) is shown in Figure 3. Close agreement between methods
demonstrates the suitability of the FE modelling approach for a
thick carbon/PEEK pipe with linear elastic response. The model
was meshed using quadratic reduced-integration elements
C3D20R that do not experience the hour-glassing phenomenon
that affects linear elements.

In the bending-thermal TCP model, the loads are applied sim-
ultaneously in a coupled temperature-displacement step. Tempera-
ture is applied as a boundary condition. Element type C3D20RT
was used (thermal version of C3D20R). Appropriate mesh density
and model length were determined by convergence. Tempera-
ture-dependent properties of unidirectional AS4/APC-2 and neat
APC-2 used to define the materials are presented in Tables 2 and
3. APC-2 has a glass transition temperature of 143°C and can be
used up to 260°C due to its semi-crystalline nature (Cytec 2012).

A comprehensive source for temperature-dependent properties
of unidirectional carbon/PEEK is not readily available. Tempera-
ture-dependency has often been overlooked in composite analyses,
one infers due to the difficulty in sourcing properties or practical/
cost limitations associated with experiments (which were outwith
this work scope). Properties here were compiled from the literature
(Coquill and Adams 1989; Cytec 2012; Grove 1988; Jones et al.
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Table 2. Properties of AS4/APC-2 carbon/PEEK.

Property 0°C 50°C

E, (GPa) 145.29 138.15

E, =E; (GPa) 9.90 9.25

G»s (GPa) 3.73 3.47
G13=Gyy (GPa) 6.36 5.58

Va3 0.328 0.332
Vi3=Viy 0.368 0.373

a, °C7Y) —0.18x 10="° —0.18%107°
a=a; (°C 23.94x107° 23.94%107°
A Wm™Tec™h) 3.82 422
A=A Wm™'°C) 0.40 0.45

Xr (MPa) 2088.50 2048.24
Yr=27r (MPa) 82.88 74.44

Xc (MPa) 1257.70 1134.34

Y =Zc (MPa) 187.17 166.58

Q (MPa) 96.48 86.09

R=S5 (MPa) 195.09 174.02

1985; Ramey and Palazotto 1989; Rule and Sparks 1990; Sun and
Rui 1989; Yousefpour and Nejhad 2004). To the authors’ best
knowledge, this list represents the most complete compilation of
properties for the temperature range. The following assumptions
were made to fully define the materials. For the real-world design,
the properties should be actively determined experimentally and
the configuration here represents achievable performance only.

e Auvailable data are linearly inter/extrapolated over the tempera-
ture range.

e E,, E, and E; are tensile moduli and assumed to be the same
under compression, which is typical in FRP modelling (e.g.
works surveyed earlier) and follows simple bending theory. In
reality, FRP compressive moduli are around 10% lower than
the tensile (Meng et al. 2015) and scarcely quantified at tempera-
ture. Switching moduli in the constitutive equations for negative
strain directions would increase complexity with relatively little
practical gain. We note that legislating for differences becomes
important when studying phenomena linked with pure
compression.

¢ Thermal expansion coefficients for carbon/PEEK and PEEK at
room temperature (23°C) reported by Yousefpour and Nejhad
(2004) and Coquill and Adams (1989) are assumed to remain
constant with temperature.

e Shear modulus G,; is calculated as

E;

=20+ ) W

Gas

e Poisson’s ratio v,3 at room temperature (Yousefpour and Nejhad
2004) is assumed to vary with temperature at the rate reported
for v1; and vy, (Ramey and Palazotto 1989).

e Shear strength Q at room temperature (Yousefpour and Nejhad
2004) is assumed to vary with temperature at the rate reported
for R and S (Cytec 2012).

Table 3. Properties of APC-2 PEEK.

Property 0°C 50°C

E (GPa) 425 3.95

N 0.406 0.421

a (¢ 50.80 x 107¢ 50.80 x 107°
AWm™'ec) 0.27 0.29

o, (MPa) 117.58 85.22

2.2. Failure criteria

Stresses obtained by FEA are used to evaluate liner yielding accord-
ing to von Mises criterion and failure of FRP layers according to
limit, interactive and failure mode-based criteria. These are the
Maximum stress (herein ‘Max Stress’), Tsai-Hill and Hashin cri-
teria, respectively. We consider first-ply failure (FPF) as opposed
to progressive failure on the basis that an undamaged pipe is desired
beyond spooling.
The von Mises coefficient is expressed as

fVM:\/(O'l —0'2)2+(0'2—0'3)2+(03—0'1)2i’ 2)

2 oy
where oy is the yield strength (failure occurs when ™M =1.0).

Stresses in principal material coordinates are used to assess the
failure of orthotropic layers, related to cylindrical coordinates by

o1 m> n 0 0 0 2mn o,

o n m 0 0 0 —2mn o

o3 | _ 0 0 1 0 0 0 [ 3)
723 0 0 0 m —n 0 Tor ’

T13 0 0 0 n m 0 Tzr

T2 —mn mn 0 0 0 wm?>—n? T20

where m = cos¢ and n = sing; ¢ is the fibre angle with respect to the
pipe longitudinal axis. According to Max Stress, failure occurs when
any principal stress exceeds the corresponding allowable. The
coefficient is

MS {01 oyl oy |ou|l o3 o3
f = maxy{—or——, —or——, —or—,
Xr Xc Yr Yo Zr Zc Q

|23

[T13] |72l
R’ s/
(4)

where X, Y, Z are tensile or compressive strengths (subscripts ‘T’
and ‘C’) along directions 1, 2, 3, respectively; Q, R, S are shear
strengths in coordinates 23, 13, 12. Max Stress is straightforward
and indicates failure mode. However, predictions can be erroneous
due to lack of stress interaction.

A number of quadratic criteria have been developed that
account for stress coupling. Azzi and T'sai (1965) proposed an inter-
active failure criterion, commonly known as Tsai-Hill, based on
Hill’s modified von Mises criterion for homogenous anisotropic
metals (Hill 1948). The coefficient is

>

@ o o 1 1 1
TH _ 71 , 72 , 73 [
=tttz "1"2<x%+y% z%)
(1 1+1> ( 1+1+1>
—0|\ Tt o\~ Tt
xx vtz xtvitz
2, 2 7
+&+ﬁ+§. (5)

We note exclusive use of tensile strengths in Equation (5), i.e. differ-
ences between strengths in tension and compression are unac-
counted for. This is a known shortcoming. One can ‘artificially’
compensate by substituting compressive strengths in directions
along which the stress sign is negative. However, in its original
form based on von Mises, the fundamental assumption is that ten-
sile and compressive strengths are equal. This is generally not the
case for unidirectional FRPs. Another drawback is that no indi-
cation of failure mode is given. Nonetheless, Tsai-Hill is universally
recognised within the composites community.

Early work by Hashin and Rotem (1973), expanded by Hashin
(1980), introduced physical-based criteria that describe hetero-
geneous failures separately. The Hashin criterion distinguishes



Table 4. Laminate configurations.

TCP Stacking sequence
A [£55]4

B [+42.5],

C [+30]4

D [(£55),/(£30),]

four modes: fibre tension, fibre compression, matrix tension and
matrix compression. Coefficients are given below.
Fibre tension (o; > 0)

2
le — max ﬂ +M’ ﬁ . (6(,1)
Xy R Xy
Fibre compression (o3 < 0):
H2 |o]
= 6b
f Xc (6b)
Matrix tension ((o,+03) > 0):
2
fH3 _ (o2 +20'3) + (7%3 — 0,03) + (7%2 + 7%3) ) (6¢)
Ys Q2 R?
Matrix compression ((0,+03) < 0):
= Ye 2_1 (02+03)+(02+03)2
2Q Yc 4Q?
(72, — n03) (7%, + 1)
+ 23 Q22 3 + 12R2 137 (6d)
In practice, we consider the largest failure index, i.e.:
fH — maX{le,sz,fH3,fH4}. (7)
0.8
=
.9
=
=
Q
3
&
=
=02 TCP A - Top
A (S, TCP A - Bottom
0.0
76 80 84 88 92 96 100
7 (mm)
0.8
g 0.6 [~ e 1
2
e | T L
(]
S 04
g
=1
=02 TCP C - Top
- I T R N TCP C - Bottom
0.0
76 80 84 88 92 96 100
7 (mm)
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3. Results and discussion
3.1. Pure bending

Firstly, we study pure bending prior to bending with temperature
change. Properties at 23°C are assumed. We consider the dimen-
sions in Table 1 with different laminates outlined in Table 4. The
[£55]4 laminate (TCP A) was chosen as the fibre angle of £55° is
optimal for biaxial pressure and therefore widely employed in pip-
ing. It may be prudent to utilise low angles if the TCP is expected to
operate under high tension after unspooling, hence [+42.5], and
[£30], sequences (B and C) are investigated. The sequence
[(£55),/(£30),] is studied (D) as it was previously shown to outper-
form the [£55], counterpart under loads illustrative of a deepwater
riser application (Hastie et al. 2019b). Under bending, the top (6 =0
as per Figure 1 coordinates) and bottom (6=m) of the pipe are
under axial tension and compression, respectively.
Through-thickness failure coefficients based on von Mises cri-
terion through isotropic liners (r=76-84 mm, 92-100 mm) and
Max Stress through fibre-reinforced laminate (r = 84-92 mm) are
shown in Figure 4 for the configurations bent to R =9 m. The lami-
nate coefficient is consistently higher than the liner coefficient and
varies with location. This can be explained with the aid of Table 5,
which summarises laminate principal stresses (‘mode’ is the
strength that governs the coefficient, i.e. most utilised). Top and
bottom stresses are equal in magnitude with opposite sign, which
follows simple bending. TCP A exhibits significantly higher Max
Stress coeflicient at the top of the pipe compared to the bottom.
This is due to the sign of g,. Unidirectional layers are weakest
under transverse tension that acts to pull fibres apart. At the top,
the coefficient is governed by substantial utilisation of transverse
tensile strength, whereas at the bottom, it is governed by in-plane
shear and is ~37% lower. In TCP B and C with lower fibre angle,
the fibre stress, 0y, is increased but the magnitude of o, is reduced.
Consequently, there is no excessive utilisation of transverse
strength. Failure is governed by in-plane shear in TCP B and is

0.8
§ 0.6
2
H
8
S 0.4
L
=
:::c 02 TCP B - Top
= TCP B - Bottom
0.0
76 80 84 88 92 I
7 (mm)
0.8
5 0.6
2 i :
g
S 04
L
=
.,é 0.2 TCP D - Top
-------- TCP D - Bottom
0.0
76 80 84 88 92 96 1%
7 (mm)

Figure 4. Through-thickness failure coefficients based on von Mises criterion through liners and Max Stress criterion through laminate; pure bending, R = 9m.
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Table 5. Laminate stresses; pure bending, R =9m.

TCP Pipe location o, (MPa) 0, (MPa) o3 (MPa) 1> (MPa) MS Mode
A Top 96.99 55.25 -0.19 81.43 0.70 Yr
Bottom —96.99 —55.25 0.19 —-81.43 0.44 S
B Top 311.68 14.60 —1.66 105.80 0.57 S
Bottom -311.68 —14.60 1.66 —105.80 0.57 S
C Top 723.02 —34.12 —2.88 105.32 0.57 S
Bottom —723.02 34.12 2.88 —105.32 0.60 Xc
D Top 881.54° 4133° -6.07° 87.35° 052 Y
Bottom —881.54" —4133° 6.07° —87.35° 073 Xe
+55° layer.
P+30° layer.
0.8 and Hashin modes. At the bottom, the Hashin coefficient is gov-
erned by matrix compression and is markedly lower than Max
‘g Stress (shear-dominated) and particularly Tsai-Hill, which does
'S not account for sign differences. Fibre tension and compression
'da are the dominant Hashin modes for TCP C with lowest fibre
R s SR Ny angle at the top and bottom, respectively. We recall the Hashin cri-
g """""""""""" terion is equivalent to Max Stress for fibre compression (Equation
= 02 (6b)) and hence coefficients are equal at the bottom. At the top, the
< Y TCP A -=----- TCP B R L. . L. .
- Max Stress shear mode is critical and the Hashin criterion predicts a
~~~~~~~~~~~~~~~ TCPC —-—-TCPD : ) : o : o
lower failure coefficient with the inclusion of shear interaction in
00 the fibre tension mode. Overall, the Tsai-Hill and Hashin coeffi-
84 86 88 90 92 . e 1. 1. . . .
) cients are lowest for TCP B, which indicates coefficient is optimal
r (mm

Figure 5. Through-laminate Tsai-Hill coefficients; pure bending, R = 9m.

identical at the top and bottom since shear strength is sign-indepen-
dent. Fibre stresses are largest for TCP C with the lowest fibre angle
(£30°). At the bottom of TCP C, the coefficient is governed by fibre
compressive strength. Fibre-reinforced laminae are weaker under
fibre compression than fibre tension (see Table 2) and the configur-
ation is less optimal than TCP B. Through the multi-angle TCP D
laminate, the coefficient is highest in +55° and +30° portions at the
top and bottom, respectively, and failure modes match the corre-
sponding single-angle configurations. Orientating only a few layers
at a low angle results in particularly large fibre compression and is
detrimental.

Through-laminate Tsai-Hill and Hashin distributions are
shown in Figures 5 and 6 for pure bending. Table 6 summarises
the coefficients and Hashin mechanisms (FT, FC, MT, MC are
fibre tension, fibre compression, matrix tension, matrix com-
pression). The Tsai-Hill distributions are identical at the pipe top
and bottom due to stress symmetry and lack of distinction between
tension/compression. All criteria match well at the top of TCP A
where transverse and matrix tension are the dominant Max Stress
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Figure 6. Through-laminate Hashin coefficients; pure bending, R = 9m.

Failure coefficient

when fibre-reinforced layers are orientated at an ‘intermediate’
angle and large stresses in transverse and fibre directions are
avoided. The Hashin coefficient does not vary significantly with
location and is in reasonable agreement with Tsai-Hill. The Max
Stress coefficient is also optimal for TCP B, although higher than
the alternative criteria. High failure coefficient in the +30° portion
at the bottom of TCP D due to fibre compression is not captured by
Tsai-Hill, highlighting that the criterion may dangerously under-
predict failure of the multi-angle laminate.

3.2. Bending at temperature

In this section, we investigate the configurations bent to R=9 m at
T=0°C and 50°C. The initial temperature of 23°C is assumed.
Through-thickness failure coefficients based on von Mises and
Max Stress criteria are shown in Figure 7. At 0°C, the von Mises
coefficient is higher through both liners at the top of the pipe
under tension. On the other hand, the coefficient is higher at the
bottom at 50°C and the liners are more susceptible to failure at
the elevated temperature (increase of roughly 30% from the maxi-
mum coefficient at 0°C for all configurations).

Laminate stresses for 0°C and 50°C cases are summarised in
Tables 7 and 8. Temperature change causes deviation from the sym-
metry expected between stresses at the top/bottom according to

0.8
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0.6 J- ______________________________
' !

04 l ..............
_____________ 4
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............... TCPD-TOp —.—. TCP D - Bottom

0.0
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Table 6. Laminate Tsai-Hill and Hashin coefficients; pure bending, R=9 m.

TCP Pipe location ™ ' (mode)
A Top 0.68 0.68 (MT)
Bottom 0.30 (MQ)
8 Top 038 0.36 (MT)
Bottom 0.34 (MC)
c Top 0.60 0.45 (FT)
Bottom 0.60 (FC)
b Top 0.58° 0.46 (MT)
Bottom 073" (FO
+55° layer.
P+30° layer.
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simple bending. At 0°C, the magnitude of - 0 at the bottom of the
pipe is larger than o, at the top. The difference is greatest for TCP A
(~79%). Conversely, |oy| at the bottom is smaller than o, at the top
at 50°C (~54% smaller in TCP A). Max Stress coefficient for TCP A
is governed by transverse tension at the top and is virtually identical
at 0°C and 50°C. In other words, there is effectively a balance
between ratios of higher stress and strength at 0°C and lower stress
and strength at 50°C. However, at the bottom, the mode is in-plane
shear and the coeflicient is lower at elevated temperature. Coeffi-
cient for TCP B is governed by in-plane shear and does not vary sig-
nificantly with location or temperature. This may be desirable from
a design point-of-view. Modes for TCP C at 0°C follow pure
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Figure 7. Through-thickness failure coefficients based on von Mises criterion through liners and Max Stress criterion through laminate; R =9m at T=0°C (left) and 50°C

(right).
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Table 7. Laminate stresses; R=9 m, T=0°C. The percentages show the increase/decrease at the pipe bottom with respect to the top.

TCP Pipe location 0, (MPa) 0, (MPa) o3 (MPa) 1> (MPa) Ms Mode
A Top 74.26 58.02 0.66 82.96 0.70 Yr
Bottom —132.84 —56.40 0.89 —89.16 0.46 S
(+78.87%) (—2.79%) (+35.52%) (+7.47%) (—34.29%)
B Top 294.35 17.91 —-1.00 112.63 0.58 S
Bottom —356.25 —13.42 2.40 —-110.47 0.57 S
(+21.03%) (—25.10%) (+140.95%) (—1.92%) (—1.72%)
C Top 72258 —34.20 —2.42 114.82 0.59 S
Bottom —768.84 33.66 3.42 —-106.77 0.61 Xc
(+6.40%) (—1.57%) (+41.31%) (—=7.01%) (+3.39%)
D Top 876.92° 4567° —6.42° 92.79° 0.55° e
Bottom —-932.26° —40.47° 5.85° —-91.57 0.74° x>
(+6.31%) (—11.39%) (—8.86%) (—1.31%) (+34.55%)
+55° layer.
P+30° layer.
Table 8. Laminate stresses; R=9 m, T=50°C. The percentages show the increase/decrease at the pipe bottom with respect to the top.
TCP Pipe location o, (MPa) 0, (MPa) 03 (MPa) 12 (MPa) ™S Mode
A Top 12231 5223 —0.94 79.42 0.70 Yr
Bottom —56.52 —53.67 —0.83 —72.60 0.42 S
(—53.79%) (+2.75%) (—11.48%) (—8.59%) (—40.00%)
B Top 330.98 10.99 —2.43 97.81 0.56 S
Bottom —261.08 —15.80 0.82 —-100.20 0.58 S
(=21.12%) (+43.67%) (—66.08%) (+2.45%) (+3.57%)
C Top 722.84 —-33.63 —3.42 94.40 0.54 S
Bottom —671.36 34.70 2.29 —-103.14 0.59 S
(—=7.12%) (+3.18%) (—32.99%) (+9.27%) (+9.26%)
D Top 885.72° 36.50° —568° 80.99° 0.49° Y
Bottom —823.40° —42.10° 6.32° -8231° 0.73° X&*
(—7.04%) (+15.34%) (+11.22%) (+1.62%) (+48.98%)
2+55° layer.
b1+30° layer.

bending, i.e. transverse tension at the top and fibre compression at
the bottom. Compressive fibre stress is lower at 50°C and the mode
for both locations is in-plane shear. As per pure bending, there is
very high compressive stress along +30° fibres in TCP D. This stress
and corresponding failure coefficient are higher than the pure bend-
ing case at 0°C and lower at 50°C.

The Tsai-Hill and Hashin distributions are shown in Figures 8
and 9 and coefficients/modes are summarised in Table 9 for the
case of R=9 m at temperature. The Tsai-Hill coefficient for TCP
A does not vary with location and is slightly higher at 50°C than
at 0°C. The coefficient through TCP B and C laminates is higher
at the top of the pipe at 0°C and at the bottom of the pipe at 50°
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Figure 8. Through-laminate Tsai-Hill coefficients; R =9m at T=0°C (left) and 50°C (right).
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Figure 9. Through-laminate Hashin coefficients; R =9m at T=0°C (left) and 50°C (right).

C. The same is true for the +55° innermost layers of TCP D, while
coefficient through the +30° portion does not vary with location.
The Tsai-Hill and Hashin results match closely for TCP A at the
top of the pipe where the failure coefficient is high and the domi-
nant Hashin mode is matrix tension, as was the case for pure bend-
ing. Again, at the bottom, the Hashin mode is matrix compression
and failure coefficient is significantly lower than the top, particu-
larly at 50°C (~59% reduction). The Hashin coefficient through
TCP B does not vary significantly with location or temperature
and is in reasonable agreement with Tsai-Hill. Overall, TCP B
([£42.5],) exhibits the lowest failure coefficients at both tempera-
tures. As was observed for pure bending, the Hashin coefficient
through TCP C with the lowest fibre angle is governed by fibre ten-
sion at the top of the pipe and fibre compression at the bottom and
noticeably higher failure coefficient is observed at the bottom at
both temperatures. Similarly, the Hashin coeflicient is high through
the +30° layers at the bottom of TCP D.

3.3. Comparison of practical bending radii

We now consider practical implications of fibre angle optimisation
on spooling. Liner von Mises and laminate Hashin coefficients vs.
bending radius are shown in Figures 10 and 11 for TCP A and B

Table 9. Laminate Tsai-Hill and Hashin coefficients; R=9 m, T=0°C and 50°C.

T=0°C T=50°C
TCP Pipe location M ' (mode) f ! (mode)
A Top 0.68 0.67 (MT) 0.69 0.71 (MT)
Bottom 0.67 0.31 (MQ) 0.71 0.29 (MC)
B Top 0.39 0.38 (MT) 0.36 0.34 (MT)
Bottom 0.37 0.33 (MQ) 0.39 0.35 (MC)
C Top 0.60 0.47 (FT) 0.59 0.42 (FT)
Bottom 0.57 0.61 (FO) 0.63 0.59 (FC)
D Top 0.62° 0.50% (MT) 0.54° 0.43° (FT)
Bottom 0.53? 0.74° (FC) 0.65° 0.73° (FC)
2+55° layer.
b+30° layer

over the range R=5-10m at T=0°C and 50°C. Liner responses
are very similar for both configurations. The yielding of the outer
liner is expected to occur at roughly R=5m at 50°C. On the
other hand, liner yielding is not expected under R=5m at 0°
with maximum von Mises coefficients of 0.74 for TCP A and 0.80
for TCP B.

It is clear from the Hashin results that TCP B ([+42.5],) can be
spooled to a tighter radius than TCP A (‘classic’ [£55],). The TCP A
laminate is predicted to fail at the top of the pipe at approximately
R=7.5m at both temperatures. We see that for R=7.5m, the
coefficient at the bottom is only 0.44 at 0°C and 0.42 at 50°C,
which emphasises the disparity due to off-axis tensioning of +55°
layers. The bending of TCP A to R = 10 m at 50°C results in a maxi-
mum Hashin coefficient of 0.57, i.e. corresponding to the reciprocal
safety factor of 1.75. A higher factor of 1.85 is exhibited at 0°C.
Meanwhile, failure of the TCP B laminate occurs when R=5.5m
at 0°C and approximately 5.25 m at 50°C. TCP B can be bent to
R=7.5m with maximum coefficients of 0.55 at 0°C and 0.49 at
50°C, giving safety factors of 1.82 and 2.04. In other words, the
TCP B laminate is slightly over and under 50% utilised when
bent to the failure radius of TCP A at 0°C and 50°C, respectively.
At the higher temperature, liner utilisation (almost 70% for outer
liner) would exceed that of the laminate. This is generally favour-
able when we consider the ability to perform field repairs and
greater industry acceptance of isotropic material predictions.

3.4. Discussion

A fibre angle of £55° is optimal for biaxial pressure and widely used
for laminated tubulars. However, TCP A studied here with [+55],
sequence exhibited a high failure coefficient under bending caused
by transverse tensile stress at the top of the pipe. Conversely, layers
stacked in the arrangement [+30]4 (TCP C) are susceptible to failing
at the bottom under fibre compression. This stress is particularly
high at reduced temperature. Moreover, low angles may be unsui-
table if the intention beyond spooling is to operate the TCP in
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Figure 11. Liner von Mises (VM) and laminate Hashin (H) coefficient vs. R; TCP B at T=0°C (left) and 50°C (right).

deepwater under high pressures where circumferential reinforce-
ment is imperative.

Of the configurations studied, the optimal failure coefficient is
achieved using the intermediate fibre angle of +42.5° where in-plane
shear is dominant and excessive transverse tensile and fibre compres-
sive loads are avoided. In practical terms, TCP B can be spooled to
tighter radius than its counterparts. Furthermore, failure predictions
for the TCP B laminate did not vary significantly with location or
temperature. It is desirable for performance to remain as constant as
possible for both cold and hot environments. This may allow the

TCP to be stored and deployed in a wider range of thermal settings
while remaining within desired safety margins. It should be noted
that isotropic liners exhibit asymmetric von Mises coefficient at the
top and bottom under bending with temperature change and are
more susceptible to yielding at raised temperature. Higher utilisation
of isotropic layers relative to composite layers is favourable in terms of
repairability and greater industry confidence in isotropic predictions.
Given that the liner function is wear resistance and fluid-tightness, it
could be suggested that yielding does not necessarily constitute loss of
function. Alternative failure rules could be investigated.



The optimisation of fibre orientation for spooling will have
implications on the performance of the TCP when in subsequent
operation and subjected to different loads. Thus, both spooling
and operating stages must be carefully considered in conjunction
during the design phase. For the same dimensions, the [(£55),/
(£30),] arrangement was previously shown to be effective when
operating under combined pressures, thermal gradient and high
tension illustrative of a deepwater riser application (Hastie et al.
2019b). Based on results of the current paper, tailoring the laminate
for deepwater operation by orientating a portion of layers at a low
angle would have a detrimental effect on spooling capacity due to
high utilisation of fibre compressive strength. This would ultimately
necessitate larger spools.

In this work, Max Stress, Tsai-Hill and Hashin criteria were
employed to evaluate macroscopic failure. These have been used
over many years with varying success. Rodriguez and Ochoa
(2004) notably employed the Hashin criterion for plane stress in
predicting progressive damage of FRP tubes under bending with
thermal residual stresses. More recently, Huang et al. (2020) pre-
dicted failure of filament-wound pipes under bending accurately
by progressive damage modelling with 2D Hashin modes. TCP is
high cost and an experimental programme to assess the accuracy
of criteria for the 3D case and bending/thermal combination was
outwith this project scope. Nevertheless, the comparisons here pro-
vide useful insight for design of TCP in line with industry guide-
lines, which dictate Max Stress is satisfied and other criteria are
permissible provided they are ‘equal or conservative’ (DNV GL
2018). Renowned Tsai-Hill and Hashin criteria will always likely
enter discussions on failure. Max Stress, Tsai-Hill and Hashin
agreed on [+42.5], being the superior configuration here. The cri-
teria were in close agreement at the top of the pipe under axial ten-
sion when transverse/matrix tension was dominant. Tsai-Hill failed
to capture significant differences at opposing locations, which is
shown to be particularly significant in a multi-angle laminate
with portion of low angle layers. With respect to Hashin, Max Stress
over-predicted failure when in-plane shear was dominant and stress
interaction was unaccounted for. Comprehensive experimental
work to assess the accuracy of criteria for the combined loading
condition can be conducted in future. This can be undertaken
with a view to informing standards and improving utilisation. In
an industrial scenario, the present modelling approach can provide
a solid foundation for early design prior to qualification testing.

4. Conclusions

A 3D FE model was developed to analyse stresses in a section of
TCP under combined bending and uniform temperature change
illustrative of spooling in different environments. Material tempera-
ture-dependency was considered.

The following important findings were made:

e Temperature change causes deviation from the symmetry
expected between stresses at the top and bottom of the pipe in
simple bending. As such, stress-based failure coefficients depend
on circumferential location.

e TCP can be optimised for spooling by orientating unidirectional
layers at an intermediate fibre angle that avoids excessive loading
along transverse and fibre directions.

e The [+42.5], configuration exhibited the superior spooling
capacity of those studied here. Utilisation of the [+42.5], lami-
nate was 55% and 49% when bent to the failure radius (roughly
R=7.5m) of the [£55], counterpart at 0°C and 50°C, respect-
ively, according to the Hashin criterion.
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e Max Stress, Tsai-Hill and Hashin criteria were in closest agree-
ment at the top of the pipe under tension when transverse/
matrix tension modes were dominant. Coefficients differed
more significantly at the bottom, which exhibited large compres-
sive or in-plane shear stresses. Tsai-Hill may critically under-
predict failure at the bottom of a multi-angle pipe with few
low angle layers under high fibre compression.

e Tailoring TCP for spooling can have a negative effect on operat-
ing performance and vice versa. A laminate configuration of
[(£55),/(+30),] was shown in earlier work to be effective
under axisymmetric loads illustrative of deepwater operation
but in this study was found to exhibit high failure coefficient
in low angle layers under bending. Spooling and operating stages
must be considered in conjunction during the design phase.

The presented results illustrate response of a carbon/PEEK TCP
and manufacturers may use an identical approach to quantify the
performance of alternative configurations and materials (e.g.
glass- or hybrid-reinforced PA, PVDF etc.). In real-world design,
material properties should be actively determined by testing rather
than relying on properties listed elsewhere, as was the case here in
order to show representative results.
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