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Abstract

This study explores how parametric uncertainties in the production affect failure tensile loads of reinforced thermoplastic
pipes (RTPs) under combined loading conditions. The stress distributions in RTPs are examined with three-dimensional
(3D) elasticity theory, and the analytical micromechanics of composites are evaluated. To evaluate the failure mecha-
nisms for RTPs, 3D Hashin—Y eh failure criteria are combined with the damage evolution model to establish a progressive
failure model. The theoretical model has been validated through numerical simulations and axial tensile tests data. To
analyze how randomness of relevant parameters affects the first-ply failure (FPF) tensile load and final failure (FF)
tensile load in RTPs, many samples are produced with the Monte—Carlo approach. The stochastic analysis results are
statistically evaluated through the Weibull probability density distribution function. For the randomness of production
parameters, the failure tensile load of RTPs fluctuates near the mean value. As the ply number at the reinforced layer
increases, the dispersion of failure tensile load increases, with a high probability that the FPF tensile load of RTPs is

lower than the mean value.
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1 Introduction

Reinforced thermoplastic pipes (RTPs), commonly used
in ocean engineering, are widely used for diverse applications
due to their distinctive features, such as anti-corrosion and
high flexibility, which ensure that these pipes can be easily
transported, installed, and operated (Bai et al., 2014; Wang
et al., 2020; Lou et al., 2020; Reis et al., 2017; Toh et al.,
2018). The reinforced layer with the sandwich-structure
pipe is a special composite composed of two materials. The
properties of the composite contribute to the overall structure
performance. Therefore, the micromechanics analysis of
composite laminates and the accurate prediction of their
mechanical parameters are critical. RTPs can be alternatives
of metal pipelines for traditional offshore applications. The
pipes are exposed to harsh environments. Therefore, devel-
oping advanced methods for evaluating the load-bearing
capacity for RTPs under different loading conditions is critical
(Bakar et al., 2021; Yu et al., 2017; Liu and Wang, 2019a;

Wang et al., 2021a, 2021b ).

Multiple models have been developed to predict the
response of composite cylinders to varying loads. Bai et al.
(Bai and Bai, 2014; Bai et al., 2015) investigated the stress
distribution of RTPs under various loading conditions
through a combination of theoretical analyses, numerical
simulations, and experimental studies. Xin et al. (2019) pro-
posed analytical and numerical homogenisation approaches
for simulating the macroscopic characteristics in composite
lamina to establish an excellent reference for the structural
design of fibre-reinforced composite structures. According
to Sun et al. (2014a, 2014b), in cylindrically orthotropic
composite risers, homogenised elastic constants can be
determined using force deformation equivalence and consid-
ering stress and strain distribution at each layer. Based on
the results of Sun et al., Liu et al. (2021a, 2021b) presented
a theoretical model for forecasting RTP failure load subject
to axial loads by using the existing homogenisation method
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with the nonlinear stiffness degradation model. Betts et al.
(2019) studied five filament-wound composite pipe samples
with uniaxial compression. The analytical model constructed
with the current approach concerning composite flat plates
was adopted to verify the results during the experiment,
which proved that pipe strength augmented with a decrease
in the diameter-thickness ratio. Xing et al. (2015) developed
elasticity theory with anisotropy by studying the deformation
and stress of a thick filament-wound composite cylinder in a
multiangle winding pattern subject to axial loading and
internal and external pressures.

For RTP, predicting the progressive damage during
loading is challenging due to anisotropy in the composite
material. Progressive failure has been studied extensively.
Maimi et al. (2007) presented the progressive damage
model to simulate damage evolution in composite materials.
Hashin (Hashin, 1981; Hashin and Rotem, 1973) and Yeh
(Yeh and Chern, 1998; Yeh and Kim, 1994) studied the dis-
tinct failure models of composite laminates and proposed
failure criteria under various failure modes. The failure cri-
teria of Hashin and Yeh were further studied in the analysis
of composite laminate failure, and their results conformed to
experimental results (Chen et al., 2017, 2018; He et al.,
2019). Thus, the Hashin—Yeh failure criteria are typically
used for the progressive damage analysis on composite
materials. Rafiee (2013) conducted experimental studies on
the fibre-reinforced composite pipes of various sizes for
predicting longitudinal and apparent hoop tensile strengths.
Gemi (2018) conducted low-velocity tests on three composite
pipes, observed the results through scanning -electron
microscopy, and established a systematic experimental
approach to evaluate composite pipe failure.

Studies concerning composite pipe-related mechanical
performance have been mostly performed using the deter-
ministic research method. However, design parameters,
such as the winding angle and fibre volume content, exhibit
randomness due to uncertainty during composite production.
Thus, the randomness of design parameters must be consid-
ered to precisely predict the mechanical properties of com-
posite pipelines. Limited studies have been performed to
examine the mechanical properties of RTPs (Rafiee et al,,
2015b). In this study, the stress distribution of RTPs under
combined axial loading and internal pressure were analyzed
by using 3D elasticity theory, and the analytical microme-
chanics of the composites were evaluated. In consideration
the effect of temperature, the 3D Hashin—Yeh failure criterion
was combined with the damage evolution model to establish
the progressive failure model. The theoretical model was
tested through numerical simulations and axial tensile test
data. With considering the parameter randomness of the
fibre content and winding angle at the reinforced layer, the
Monte—Carlo approach was utilized to generate adequate
samples. Tensile failure loads were randomly analyzed with
the progressive failure model, and stochastic analysis results
were statistically assessed using the Weibull probability

density distribution function.

2 Theoretical analysis

RTPs exhibit multiple winding angle filament-wound
structures, and the structure of RTPs is shown in Fig. 1.
Both liner and outer coating layers are high-density
polyethylene (HDPE). The reinforced layer comprised fibre-
glass inserted into an HDPE matrix wrapped around the
inner liner at a specific angle (such as the winding angle)
with ply numbers. The alternate-ply layer served as the
orthotropic layer. RTPs were under axial loading, and the
effects of internal pressure and temperature were considered.
Stress analyses and failure assessment were performed on
RTPs.

Coating

<

Laminate

Fig. 1. Structure of RTPs.

2.1 Theoretical model of RTP

For laminated structures in RTPs containing N layers,
the principal axis in the single-layer material is inconsistent
with the coordinate system of the pipe direction. Thus, the
cylindrical coordinate system is set as (z, o, r), and the asso-
ciated material coordinate system at the tap layer is set as (1,
2, 3) with o denoting the winding angle in directions 1 and z

(Fig. 2).

(1,2,3): Local material coordinate system
(z,8,r): Cylindrical coordinate system

Fig. 2. Coordinate systems for RTPs.

The adjacent layers of RTPs are completely bonded, and
the materials of each layer are uniform and continuous with
no manufacturing defects. When RTPs are under axisym-
metric loads, including internal pressure ¢,, axial force 7,
deformation occurs in three directions. The relevant radial,
annular, and axial displacements of RTPs are u(r), v (7, z),
and w(z), respectively. The strain-related geometric equations
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can be presented as follows:
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where ¢,, €,, €., Yo Yoz a0d 7., denote the strain components.
In accordance with the geometric conditions in RTPs,

the equilibrium equation of layers £ = 1, 2, -+, N can be
expressed as follows:
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The positive axial stress—strain relation at each layer in
the reinforced layer of the cylindrical coordinate system is
given as follows:
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where C® refers to the stiffness compliance at the k-th
layer.

In accordance with the conservation of strain-related
energy and stress-strain relationship, the stiffness matrix for
RTPs in the cylindrical coordinate system is measured with
the formula (Xing et al., 2015):

ch=1"cr,, 4)

where T, is the coordinate transformation matrix with the
following specific expression:
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where m = cosa and n = sina.

Because the thermal expansion coefficient along the
fibre direction is substantially smaller than the transverse
thermal expansion coefficient, the thermal gradient in the
RTPs structure can considerably affect the stress distribution
of'the structure. The temperature distribution and the resulting
thermal stress should be considered in the design of RTPs
(Bakaiyan et al., 2009). The stress—strain relationship for
RTPs in cylindrical coordinates is expressed as follows:
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where Cl- ; represents the stiffness constant, and e, is the

thermal expansion coefficient. AT denotes the temperature
difference.

Subject to axisymmetric internal-to-external temperature
difference, AT is determined through radial temperature dis-
tribution 7(r) and reference temperature 7., as follows:

AT =T(r) — Thet. (7)

The radial temperature distribution of RTPs is as follows
(Hastie et al., 2019):
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where 4, is the radial thermal conductivity.

In accordance with the equilibrium and strain geometry
equations, general expressions for axial and annular dis-
placements are obtained using the following equations:

w=2¢gpz, v=Hrz. )

The radial displacement equation is calculated as fol-
lows:



WANG Yang-yang et al. China Ocean Eng., 2022, Vol. 36, No. 4, P. 614-628 617

=) [=0) . . .
2u® 1 ou® E(i) 0 E(k) E(k) . ZE(k) E(k) When s, = C(22) / c§3) is determined, expressions for
du™ low™ Cpu™ Cip-Cizen 203 —Cx

dr2 + r or =k g2 —k) — (k) . stress and radial displacement vary with s;.
C33 2C3; C33
(10) When s, = 1:
=& =E)\ (4= =k —(k)—=(k)
kN (= =\ ) 2 2(C12 +C13)(2C36 _CZG)_3C16C33
Ozzlr=ri,y =(C12+C13)D1 +(C12_C13)D2 Tev1 — —k) Hrps
3Cx3
k&) =0\ =k (=R =R (=R =k
—h) (C31 _CZI)CIS +(C12 +C13)(C31 —Czl)ln"kﬂ
2C3;3
— (k) =B\ [, =k) =k —(k)—=(k)
S N S S (C32 +2C33)(2C36 _C26)_3C36 Ca3
Orrlr=riny = (C33+C32)D1 +D, (C32"’k+1 —Cs3 'rk+l)_ —® Hriee
—(k) =) —k) =k, =k =k
+ 3C31 —Cy1 | (C3 +C33)(C31 —Cyy) | (11)
&0 2 + —® Nrr+q
2C3;
—(k) =0\ [ =) =k
=0 =0\ k) (A =0\ 2w | =R (2ng) +C(63))(2C§6) ~Ca )
ol | = (C62 +C63)D1 +(C62 _C63)rk+1D2 +|Co6 ~ —e Hrir
—k) =)\ (=K =k —&) (=) =k
—® (C62 +C63)(C31 _CZI) Ce3 (C3l _CZI)
— (k) — (k)
—k) =k —k) =)
" o1 Cpnh—-C 2C3, —C,
Urrlyzry,, = D(l Drie1 + D(z )rk+11 t—— B orker Inrgy — —36_(k) 6 rfﬂ
2C3; 3C3;3
When s, = 2:
—k)  =®)\ (=) =k
_(c*. +2c".\p® F_oF \pw,3 L, |E0 (C‘2 +C‘3)(C3‘ _C21)
(Fed rereel C12+2C13 Dl Tk+1 + C12—2C13 D2 rk+1 + &0 Cll + —®
3Cs3
=k (A=K =(k) =K A= (=R =)
— G (2C36 _C26) (CIZ +2C13)(2C36 —Czs)
+C6— —® - —% Inrger |Hrist
4Cx3 4Cx;
=& =®)\ (=k) =k
—k —k %) (k) —k —k 3 —(k) (C32 +C33)(C31 _CZI)
O'rr|r:rk+1 :(C32+2C33)rk+1D1 +D2 (C32—2C33)rk+1 + &0 C31 + —®
3Cx3
—=&) | A=0)\ (A mK) —=K)
(c32 +2cs )(2036 - C26) el >
- Iy — =236 " =26 | g, (12)
—h k+1 4 k+1
4Cs5
—k)  =®) (=K =)
chic )(c - )
I © (=0 =0\ 3 @ |=® ( 62+ Ce3 || C31 = Coy
O'Zﬁ|r:rk+l = C62 +2C63 rk+1D1 + C62 _2C63 rk+1D2 +€() C61 + —®
—®) (=K (k) e ORI (AW = (I R=(9)
—® Ces (2C 36~ C26) (Csz +2Cq; )(2C36 - sz,)
+ C66_ —(k) - — 1HVk+1 Hrk+1
4C53 4C33
=k =k —(k) =)
Cc,H-C 2C;c —C
_pk,2 k) ~2 12 ~C3 36 —C26 1,2
Urrly=ryyy =Dy 1, + DT+ — —g 0Tkl THrkH N7y
Ci3 4C33



618

When s,#1 and s5;#2:

WANG Yang-yang et al. China Ocean Eng., 2022, Vol. 36, No. 4, P. 614-628

=k =B\ (=& =k
—k S A G © st = (CIZ +C13)(C31 —C21)
Oz2lr=ryy =(C12+2sk)D1 e +(C12_C135k)D2 Tev1 Te0|Cri = e a—r
C33-Cx
= R (AN G (9 I (9)
— (Clz +2C13)(2C36 _C26)
+1Ci6— Hrip
=k =k
4C3 -Cp
=k =B\ [(=E =k
(= =k ®) -1, (= = o —k) (C32+C33)(C31 _C21)
Orrlr=rie =\Caa+ Cazsi Dy +(Coo = Coazse | Dy 420\ Cap = 0 _—®
C35-Cxp
=k =B (=R =K
—k) (C32 +2C33 )(2C36 _C26) 13
€36~ —0 =k Hrieg
4C33 - Cxp
=k =)\ (k) k)
Cz +Cis ) (C31 - o)
(70 =k ®) -1, (7O =® ®) —s5p—1 —(k) ( 62 63 31 21
O-Z0|V=rk+1 =\Co2 +Ce3sk) Dy 1 +|Coa ~Coask) Dy r " +40|Cop — —k) =k
C33-Cx
= R (AW (9 B= (9]
—® (C62 +2C3 )(2C36 - C26)
*+|Cos — Hryry
=& =k
4C33 - Cxp
=k =k —k) =k
| —p® s 4 p®-si Cn-Ci3 et — 2C36 —Ca6 4, »
rrlr=r =M1 Ty 2 Tkl =) —=(k) 0%kl — k) =) k1
2 ~C3 33~ Cn
: : . k
Integral constants D, and D, are derived under Z J"’i oDrdr =Ty + qum 2 16)
" . . " zz
boundary conditions for RTPs and continuity conditions for = i : 0

the radial stress and radial displacement of the interface
between neighbouring layers (Wang et al., 2021b):
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2.2 Analytical micromechanics evaluation

In laminates, the fibre volume content and winding
angle are the primary factors affecting the RTP-related
mechanical behaviour. Theoretically, the effect of the fibre
volume content on mechanical performance and laminate

Because 2k+2 unknowns are available in the displacement
function, integral constants are derived. Accordingly, the
whole stress and strain fields are calculated.

For N-layered RTPs, 2N+2 unknown integral constants
are available. Thus, the whole stress and strain fields are
calculated as follows:
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(18)
strength was observed according to micromechanics rules.
Limited studies have been conducted on laminates composed
of the polymer matrix and reinforced fibres by using multi-
scale prediction for modulus and ultimate capacity (Xin et
al., 2019).
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The material parameters for reinforced laminates of
HDPE and glass fibre estimated by using various studies are
presented in Table 1. The data of Table 1 and the stress-
strain relationship for HDPE materials were obtained in the
laboratory using the material supplier, assuming that the
fibre and HDPE were isotropic materials. The anisotropic
elastic constants and ultimate strength parameters of the
reinforced laminates were also measured in the laboratory
by employing the material supplier. Based on the results, the
formulations exhibited sufficient accuracy for research.

Table 1 Material parameters for the sample pipes

Experimental parameters Value
Elastic modulus E¢ (GPa) 72
Poisson’s ratio v¢ 0.2

Glass fibre Thermal expansivity a; (K1) 6.01x10°6
Thermal conductivity A¢ [W (m-K)] -
Tensile strength Fy (MPa) 1834
Elastic modulus E,,, (MPa) 1200
Poisson’s ratio v, 0.38
Ultimate strength o (MPa) 29

HDPE Thermal expansivity a,,, (K1) 120x107°
Thermal conductivity 4, [W (m-K)] 0.49
Yield stress o, (MPa) 19
Tensile strength F,,, (MPa) 30

Thermal expansion coefficients are hypothesised as con-
stants in the temperature scope of this study.

(1) Prediction for engineering constants

Elastic constants for the glass fibre and HDPE and cor-
responding relative volume contents were introduced to pre-
dict elastic constants for composite laminates. The improved
rules of mixtures are as follows (Shen et al., 2013; Xin et al.,
2019):

E|=EfVi+EnVn; (19)
EtEn(Vi+1,V,
Ey = By = CHEmVEt 0 Vi) (20)
Eme+Ef’71Vm
0.5
2 E SE
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0.5
E E
7, =0.388-0.665| —| +2.56—. (23)
Er Ey

Poisson’s ratio v,; and shear modulus G, and G,; mea-
sured with the rules for mixtures disagreed with the experi-
mental results. Therefore, other analysis approaches were
used. The monolayer composite material was reduced to
series model I and parallel model 11, as illustrated in Fig. 3
(Shen et al., 2013).

The formulas used to calculate the elastic constants in
different models are as follows:

Vb1 = VeV + Vi Vins (24)
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Fig. 3. Simplified model of composite materials.
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G}, =G}, = GiVi+ G Vin. (27)

Superscripts I and II correspond to the calculation for-
mulas of various models (Fig. 3).

Because fibres are incompletely parallel, and a lateral
contact exists, the contact coefficient C is adopted to denote
the contact degree. C = 0 suggests the absence of contact,
which corresponds to Model I; C = 1 represents the transverse
complete connection, which corresponds to Model II. Based
on overall considerations, the expressions of v,;, G,, and
G5 are obtained as follows:

Va1 = (1=Cnh + OV v = vi3 = vy (28)

2.
E_]’
Gi2=Gi3=(1-0)G}, +CGY,, (29)
where C represents the contact coefficient of 0.2 (Shen et al.,
2013).

(2) Prediction of ultimate strength

Many factors, such as the strength as well as physical
properties of the fibre and matrix, fibre distribution, and
volume content, affect the strength of composite materials.
The ultimate strength components at fibre-reinforced layers

are calculated using the following formulas (Davydenko,
1970, Xin et al., 2019):

E.V,
XT=Fft(vf+ mf‘“); (30)
EcEnLV
2V ﬂ;—mf in-phase shear mode
Xc = GV Vi (31)
lﬂ "];, out-of-phase mode
-V

The longitudinal compressive strength X represents the
smaller value in in-phase shear and out-of-phase modes.
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The in-phase shear strengths Xj,, X3, and X,; were
assumed not to be considerably affected by the fibre content.
This assumption is based on the experimental observations
of Rafiee and Amini (2015). The calculation results of the
mathematical model were compared with the experimental
results of the material supplier. The comparison results are
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presented in Tables 2 and 3. According to the calculation
results (Tables 2 and 3), the error of numerical and experi-
mental results approached 10%. Therefore, the aforemen-
tioned results exhibit adequate accuracy for the research

objective.

Table 2 Comparison of elastic constants between the experimental and numerical results

E, (GPa) E, (GPa) E; (GPa) Gy, (GPa) G; (GPa) Gy; (GPa) Vis Vi3 V3
Experimental solution 28 32 32 2.7 2.7 1.23 0.034 0.034 0.3
Numerical solution 29.52 3.31 3.31 3.03 3.03 1.24 0.032 0.032 0.37
Table 3 Comparison of the ultimate strength between the experimental and numerical results
Xt (MPa)  Xc(MPa) Yy (MPa) Z;(MPa) Y.(MPa) Z-(MPa) X;;(MPa) X;3(MPa) X,;(MPa)
Experimental solution 829 146 25 25 59 59 18 18 20
Numerical solution 752 145 21 21 55 55 18 18 20

(3) Prediction of thermal expansion coefficients

In addition to the mechanical performance of composite
reinforced laminates, their thermal performance was
anisotropic. The thermal expansion coefficients of the com-
posite reinforced laminates were assumed to be a;, a,, and
o03. The thermal expansion coefficients a; and a,, of the fibre
and matrix were used to predict the thermal expansion coef-
ficients of composite reinforced laminates. The coefficients
can be expressed as follows (Shen et al., 2013):

a1 = [ViogEs+ (1 = Ve)amEm)/ E1; (34)

(35)
where X1, Xc, Y1, Yo, Z1, Zo» X12, X3, and X553 denote the
strength parameters in the reinforced tape.

The finite element software ANSYS Material Designer
was used to verify the prediction accuracy of thermal expan-
sion coefficients. ANSYS Material Designer is a powerful
tool that replaces expensive experimental testing. Its algo-
rithms are adopted to calculate homogenised material prop-
erties according to the known base material properties. In
this study, the material models were used on the basis of the
representative volume element (RVE). To simulate reinforced
layer composites accurately, the random unidirectional com-
posites, which comprised fibres with random variations in
the orientation direction, surrounded by a matrix material
were selected (Fig. 4). The seed number against which the
random fibre directions and mean misalignment angle were
generated was defined according to the fibre volume content.
The higher were the fibre volume content and the mean mis-
alignment angle, the more difficult was the generation of
RVE. Therefore, the angle of misalignment was considered
0.3 for large values of the fibre volume content.

As displayed in Fig. 4, the direction along the fibre is
defined as the X-direction, and the directions perpendicular
to the fibre are the Y- and Z-directions. The comparison
results are presented in Fig. 5.

az =03 = (1 +vyp)an(l = Ve + (1 +vpoarVe—arviz.

According to the comparison shown in Fig. 5, the differ-
ence between the calculated results of theoretical formulas
and the finite element software is small (smaller than 10%).
The thermal conductivity of reinforced laminates is nearly
the same as that of the matrix material because the conduc-
tivity of the fibre thermal is considerably smaller than that
of the matrix material.

Fig. 4. Random unidirectional composite material.

2.3 Failure criteria

The stress-based failure criterion has been widely used
to predict composite structure failure because it is convenient
to compute stress components (Rafiee and Torabi, 2018). In
the current section, the 3D Hashin—Yeh failure criterion was
adopted to predict the damage against fibre-reinforced lami-
nates. Afterwards, Von—Mises criterion (Liu et al., 2021b)
was used to evaluate the failure modes for isotropic material.
Relevant expressions are presented in Egs. (36)—(43)
(Hashin, 1981; Hashin and Rotem, 1973; Yeh and Chern,
1998).

Von-Mises criterion:

2 2 2
(61 —02)" +(02—03)" +(03—01) +

6(1], + 104 +133) = 202, (36)
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where oy, 0,, 03, 715, 713, and 7,3 denote the components for
normal stress and shear stress along each direction. The failure

factor R; (i = ft, fc, mt, mc, s, td, and cd) represents the dam-
age-induced condition. Damage occurs when the failure factor
exceeds 1 (Hashin, 1981).

Special degradation forms (performance-associated
parameters) could be realized under the axisymmetric load
conditions, as presented in Table 4 (Wang et al., 2021a).

2.4 Numerical analysis procedure

The aforementioned progressive failure model was used
with the MATLAB code to study the damage mechanism in
RTPs. Successive iterations were performed during the sim-
ulation of the relevant loading process. Fig. 6 shows the cal-
culation steps, and iteration and matrix calculation details
are presented in the flowchart.

3 Theoretical model validation

3.1 Stress analysis

Damage conditions were assessed to obtain accurate
predictions in the stress field. The stress prediction accuracy
is important in the progressive failure model for RTPs.
Since the difficulty in observing RTP-related stress distribu-
tion during the experimental process, numerical simulations
were used because it is easy to utilize and is highly efficient
in determining the composite stress distribution. For four-
layer RTP, commercial software ABAQUS was used for
theoretical model verification. Eight-node liner brick ele-
ments containing reduced integration (C3D8R) were
adopted to simulate the liner, laminate, and coating because
of their efficacy in linear and nonlinear problems, including
contact, plasticity, and large deformation (Bai et al., 2016;
Liu and Wang, 2019b). Reference points RP1 and RP2 were

Table 4 Degradation of performance-related parameters for the composite

Eq Es E33 V12 Vi3 V23 G2 Gi3 Gy
. Tensile 1 0.3 1 1 1 1 0.3 1 0.3
Matrix failure .
Compression 1 0.4 1 1 1 1 0.4 1 0.4
. . Tensile 0.07 1 1 1 1 1 1 1 1
Fibre failure .
Compression 0.14 1 1 1 1 1 1 1 1
Lavered failure Tensile 1 0.3 0.3 1 1 1 1 0.3 0.3
4 Compression 1 0.4 0.4 1 1 1 1 0.4 0.4
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Fig. 6. Flowchart of the calculation procedure.

placed in the central part of two cross-sections, which
exhibited kinematic coupling with the nodes of the cross-
sections. In particular, RP1 was stationary, whereas RP2
was allowed to move in the longitudinal direction. The
internal hydrostatic pressure of 1 MPa was exerted on the
RTP inner surface, and the axial tension of 1 kN was used
on the reference point RP2. A temperature difference of 1°C

6
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(c) Hoop stress distribution

(1°C higher than the reference temperature) was added to
the whole pipeline. An explicit quasi-static analysis with
ABAQUS was performed.

Furthermore, the axial stress 6., radial stress 4,9, hoop
stress o,(), and shear stress 7,,() were used. The analysis
results for stress prediction under the analytical model and
numerical simulation are shown in Fig. 7.

As indicated by the calculation results presented in Fig.
7, the results of theoretical model-based calculation are con-
sistent with those of numerical simulations, with an error of
approximately 5%. Simultaneously, due to different material
properties, the bearing capacity and winding angle of each
layer of RTPs, the axial stress, hoop stress, and shear stress
lead to the stress mutation phenomenon. Thus, the model
can effectively provide stress distribution predictions.

3.2 Experimental analysis

To validate the theoretical model and obtain experimental
proofs for the theoretical analysis results, three groups of
sample pipes were used in the study to investigate the tensile
performance of RTPs subject to internal pressure. The struc-
ture of the sample pipe, obtained from Weihai Nacheon
Pipeline Co., Ltd, is displayed in Fig. 8a. Both the coating
and liner comprised HDPE, whereas composite laminates
consisted of glass fibre/HDPE tapes. Corresponding winding
angles for the neighbouring reinforced layer were 55°/—55°
(£55°). The experiment was performed in the closed labora-
tory of Qingdao Ocean Engineering and Subsea Equipment
Inspection & Testing Co., Ltd, which ensured the stability
and safety of the experimental environment. Simultaneously,
to ensure the stability of internal pressure in the sample pipe
during the experiment, a sealed clamping joint was designed.
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Fig. 7. Stress distribution of the cylindrical coordinate system.
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A high-frequency fatigue testing machine (Fig. 8b) was
adopted in the experiment, and each sample pipe was loaded
using an invariant speed control at the tensile speed of 10
mm/min. Tensile trials were conducted based on ASTM-
D2105-01 (ASTM, 2000). The internal hydraulic pressure
of 2 MPa was applied to each sample pipe before tensile
tests at 22°C. Table 5 presents the geometric parameters of
the sample pipes.

. 24
(b) High-frequency fatigue
testing machine

(a) Sample pipe

Fig. 8. Experimental apparatus.

Table 5 Geometric parameters of the sample pipes

Number of reinforced layers

Geometrical parameters

4 12 16
Inner diameter (mm) 48 50 50
Outside diameter (mm) 62 64 66
Inner PE liner thickness (mm) 4.0 4.0 4.0
Reinforced layer thickness (mm)  4x0.25 12x0.25 16%0.25
Protective layer thickness (mm) 2 0 0
Length (mm) 900 900 900
Joint length (mm) 195%2 195%2 195%2

The outer protective layer above the four-layer sample
pipe was disassembled. A preliminary test revealed that this
layer remained undamaged even when the inner layer and

623

reinforced layers were damaged. Therefore, during the test,
the outer protective layer of twelve- and sixteen-layered
sample pipes was removed, the fibre-reinforced layer was
intact, and the thickness of the protective layer was 0. The
tensile load-axial strain relationship of four-, twelve-, and
sixteen-layer fibre-wound RTPs was measured using the
theoretical model described in Section 2. Relevant RTP
parameters used with this theoretical model and experimental
parameters were equal. The theoretical and experimental
results were studied comparatively. In practice, if the tensile
strain in RTPs exceeded 10%, the scenario was invalid (Bai
et al., 2014; Lou et al., 2020). Therefore, the results of the
experimental measurements and theoretical calculations for
strains of smaller than 10% were measured. These results
are presented in Fig. 9 and Table 6.

When the axial strain was smaller than 10%, the theoret-
ical results conformed to the experimental results (Fig. 9). A
comparison of elastic stiffness is presented in Table 6. For
elastic stiffness, the maximum error of the theoretical and
experimental results approached 10%. Limited experimental
conditions and the mechanical model were considered,
which revealed that the differences were in an acceptable
range.

4 Stochastic analysis

Different design parameters, such as the pipe diameter,
winding angle, fibre volume content, and layer thickness,
considerably influence the pipe structure and mechanical
performance. To manufacture RTPs, the winding angle and
fibre volume content associated with the reinforced tape
cannot be constant. The parameters substantially affected
mechanical properties, such as elastic modulus, ultimate
strength, and thermal expansion coefficients of RTPs. The
stochastic analysis has extensive applications in composite
laminates. However, limited studies have been conducted
for forecasting mechanical properties in RTPs (Rafiee and
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Fig. 9. Comparison of the theoretical results with the corresponding experimentally measured values.

Table 6 Comparison between the theoretical and experimental results

Ply number 4 12 16
Theoretical results (kN) 2258.1 3548.5 4627.1

Elastic stiffness Experimental results (kN) 2512.8 3816.3 41713
Differences (%) 113 7.5 10.9
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Torabi, 2018). Therefore, the fibre volume content and
winding angle in the reinforced tape were used as random
parameters to study how manufacturing inconsistencies
affected tensile properties in RTPs. The internal pressure of
all the pipes was 1 MPa; their initial temperature (7o) was
25°C; their ambient temperature was 25°C; and their fluid
temperature was 70°C. Egs. (19)—(35) (Section 2.2) were
adopted to predict the elastic modulus, ultimate strength,
and thermal expansion coefficients of the reinforced tape.

4.1 Failure analysis

To analyze the potential failure modes in RTPs, the the-
oretical model was adopted for calculating the failure modes
and failure tensile loads in axial loading. The geometric
parameters of RTPs are presented in Table 5. The corre-
sponding material parameters are consistent with the data of
Section 2.2. The calculation results are displayed in Table 7.

Table 7 Failure tensile loads of reinforced layers
Failure mode

Elll}r/nber Fibre tensile (kN) Matrix tensile (kN) Fibre matrix shear (kN)
Inner  Outer Inner Outer Inner Outer

4 1289  12.94 11.05'  11.08 21.79 21.822

12 21.28  21.49 18.841  19.00 29.01 29.052

16 2722 2759 24.50'  24.61 35.98 36.022

I denotes the FPF tensile load; 2 denotes the FF tensile load.

The results presented in Table 7 reveal that FPF is pri-
marily subject to matrix tensile failure. As tensile load
increased, matrix tensile failure first emerged from the
innermost layer at the reinforced layer. Next, the resulting
fibre tensile failure as well as the fibre matrix shear failure
resulted in RTP failure. With the failure of the fibre and
matrix, the stiffness at the reinforced layer reduced quickly,
resulting in fibre matrix shear failure, which led to catas-
trophic damage to the whole pipeline.

4.2 Stochastic prediction for failure load

From the data provided by the material supplier in Section
2.2, the fibre volume content of the reinforced tape is 40%
and the winding angles are 55° and —55° (£55°). With +2.5°
deviation, the winding angles changed between 52.5° and
57.5° (Rafiee and Torabi, 2018). The fibre content fluctuation
range (35%—45%) was based on the statistical data provided
by the manufacturer. For four-layer RTPs, the failure model
presented in Section 2 was randomly enforced with the
Monte—Carlo approach (Rafiee et al., 2015a; Rafiee and
Torabi, 2018), and the random sampling was performed for
the fibre volume content and winding angle (Fig. 10). The
coefficient of variation (CV) denotes the ratio of standard
deviation to the mean, which can be used as a statistical
measure to compare the degree of variation from one data
series to another, even with the huge difference in the mean
values. Therefore, the number of random samples was
determined using CV of the FPF and FF tensile load predic-
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tion. According to the definition of traditional statistical
methods, weak variation is defined as CV'<:0.1, moderate
variation is defined as 0.1 < CV < 1, and strong variation is
defined as CV=1 (Lei et al., 1988). The convergence trend
of CV is displayed in Fig. 11, which shows the convergence
results of 100 samples.
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Fig. 10. Random sample distribution.
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Fig. 11. Convergence trend of CV.

According to Fig. 11, the results converged after the
generation of the 100 samples, and the CV value was
smaller than 0.1. Therefore, the 100 samples were generated
for the random analysis. By comparing CV (Fig. 11), when
the number of random samples reached 100, CV of the FPF
tensile load stabilized at approximately 0.03, and that of the
FF tensile load stabilized at approximately 0.02. Therefore,
the influence of parameter randomness on the FPF tensile
load was considerably less than that of the FF tensile load.
To explore how random parameters affected the failure tensile
load, the FPF and FF tensile load histograms were obtained
for random analysis (Fig. 12). The calculation results are
shown using the Weibull probability density distribution
(Fig. 13).

According to the calculation results presented in Figs.
12 and 13, in consideration of randomness in various
parameters, the failure tensile load of RTPs fluctuated
within a certain range. Based on Weibull probability density
distribution (Fig. 13), the probability to obtain a value of the
FPF tensile load below the average was 0.575. For the FF
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tensile load, the probability was 0.455 lower than the mean
value. In consideration of randomness in production param-
eters, a certain probability that both the FPF and FF tensile
loads were lower than the mean value and that the FPF tensile
load exhibited a higher probability to be lower than the
average exceeded 0.5. Hence, in the manufacturing process,
manufacturing parameter adjustment and prudent monitoring
for consistency in the production system can maximize the
load-bearing ability for the manufactured RTPs.

4.3 Random variable study
This study explored how a single variable affected FPF
and FF tensile loads. First, the fibre content in the reinforced

L (x10Y
J

(§]

Failure tensile load (N)

AT WA AN
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Number of samples

tape was a random variable, and the winding angle in the
reinforced tape was maintained constant at +55°. Next, the
winding angle in the reinforced tape was a random parame-
ter, whereas the fibre content was maintained constant at
40%. Standard deviation (SD) was considered a statistical
measure for dataset dispersion relative to the mean. In this
section, SD was used to calculate the dispersion degree of
the failure tensile load influenced by different random
parameters. Figs. 14—16 display the calculation results.

The calculation results were comparatively studied to
examine the dispersion degree for FPF and FF tensile loads
with different random variables. Table § presents the calcu-
lation results.
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Fig. 14. Failure tensile load and SD under the random fibre volume content assumption.
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Table 8 Estimated FPF and FF tensile load and SD values under various random variables

. FPF tensile load (kN) FF tensile load (kN)
Random variable - B
Mean value Min. Max. SD! Mean value Min. Max. SD!
Fibre content 11.5 10.8 12.2 0.41 23.8 22.6 24.9 0.63
Winding angle 11.5 11.4 11.6 0.06 23.8 22.8 24.8 0.53
Combined variable 11.5 10.8 12.2 0.45 23.8 223 252 0.75

! denotes the SD for 100 samples.

Based on the statistics of Table 8, influenced by random
parameters, the average FPF tensile load was maintained
constant at approximately 11.5 kN, and the average FF tensile
load was 23.8 kN. The results revealed that parameter ran-
domness had a negligible effect on averages. Under the
combined variable condition, the gap between the maximum
and minimum failure tensile loads peaked, with the highest
dispersion degree. Further analyses indicated the randomness
of the fibre content as the major factor controlling the fluc-
tuation of the FPF tensile load, and the winding angle at the
reinforced layer seldom affected the fluctuation in the FPF
tensile load. For the FF tensile load, the fibre content and
winding angle exhibited obvious effects. The failure tensile
load of 6-, 8-, 10- and 12-layer RTPs was measured for
analyses, and SD of the failure tensile load with different
random variables was summarized (Fig. 17).

The calculation results (Fig. 17) showed the SD value,
and the fluctuation scope for the failure tensile load progres-
sively increased with an increase in the ply number at the

reinforced layer in RTPs. Practical applications for RTPs
require multiple plies at the reinforced layer for protection
against the harsh marine environment. Therefore, the incon-
sistencies of production parameters were strictly controlled.
Fig. 17a proves the insignificant impacts of the winding
angle on the FPF tensile load and that the fluctuation of the
FPF tensile load was mainly controlled by using the fibre
content. According to Fig. 17b, the randomness of the fibre
content exerted insignificant effects on the winding angle
for the FF tensile load.

5 Conclusions

This study provided a stochastic tensile failure assessment
of RTPs subject to axial loading and internal pressure with
analytical, experimental, and numerical approaches. The
stress distribution of RTPs was under axial loading and the
internal pressure was studied with 3D elasticity theory, and
the analytical micromechanics of composites was evaluated.
By considering the effect of temperature, the 3D Hashin—
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Fig. 17. SD values in 100 samples of 4, 6, 8, 10, and 12-layer RTPs.

Yeh failure criterion was combined with the damage evolution
model to construct the progressive failure model. Theoretical
model-derived results were verified by using the explicit
quasi-static analysis through ABAQUS and experiments.
The comparison revealed that the progressive failure model
exhibited the same trends with the finite element method
and experimental results. Moreover, the model can calculate
the stress distribution, identify failure modes, predict failure
sequences, and evaluate the ultimate tensile load of RTPs.

In consideration of the parameter randomness of the
fibre content and winding angle at the reinforced layer, the
Monte—Carlo approach was adopted to generate adequate
samples. The random analysis was performed on tensile
failure load with a progressive failure model featuring itera-
tion and cycling, and the stochastic analysis results were sta-
tistically assessed by the Weibull probability density distri-
bution function. The thermal expansion coefficients and
ultimate strength of the reinforced tape under the influence
of the fibre volume content were used as random parame-
ters.

The influence of producing inconsistencies in the tensile
properties in RTPs was studied with the random analysis
method. The results demonstrated that FPF is primarily sub-
ject to matrix tensile failure, whereas FF is subject to fibre
matrix shear failure. In consideration of the randomness
under different parameters, a certain probability exists that
the tensile loads of FPF and FF are lower than the mean val-
ues, which increases the probability to obtain a lower value
for the FPF tensile load than the mean value. The randomness
of parameters rarely affects the average of the failure tensile
load. The randomness of the fibre content is the main factor
controlling the fluctuation of the FPF tensile load, and the
fibre content and winding angle exert the same effect on the
FF tensile load. As the ply number at RTP-reinforced layers
increases, the fluctuation range of failure tensile load gradu-
ally increases. Therefore, the inconsistencies in production
parameters should be strictly controlled.
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