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ARTICLE INFO ABSTRACT

Keywords: As offshore hydrocarbon production moves towards ultra-deep water, flexible risers have to
Fl'?x_lble pipes withstand the huge hydro-static pressure without collapse. They are designed with strong collapse
Critical pressure capacities, allowing them to operate under the condition where their annuli are flooded by the
Ovalization o a1 . .

Radial gap seawater. However, initial imperfections can weaken the collapse capacity under such a flooded

condition, triggering the so-called “wet collapse”. Two common initial imperfections, the carcass
ovality and the radial gap between the carcass and pressure armor, would reduce the collapse
strength of flexible risers significantly. Mostly, collapse analyses are performed through numer-
ical simulations, which are less feasible for the design stage of flexible risers comparing with
analytical models. To date, there are few analytical models available in public literature to predict
the wet collapse pressure of flexible risers accounting for initial ovality and gap. To meet this
demand, an analytical model is established in this paper to address these issues. This model is
developed as a spring-supported arch, solving the collapse pressure with stability theories of ring
and arched structures. This analytical model is verified by numerical simulations, which gives
prediction results that correlate well with the numerical ones.

Wet collapse

1. Introduction

Flexible risers are multi-layer pipe structures which offer the operators a robust method to exploit hydrocarbon products in harsh
ocean environments [1]. A typical flexible riser is designed using a mixture of helical wound armor wires and polymeric sheaths, which
enables this structure a unique flexibility to withstand large dynamic motions imposed by floating units [2]. Fig. 1 illustrates the main
layers in a flexible pipe [3]. The carcass and pressure amour are two self-interlocking layers which provide resistances to external and
internal pressure, separately. The polymeric inner layer in-between acts as a water barrier which contains fluids within the pipe bore.
Tensile armor usually forms in pairs to take the tension, bending and twist loads. The outer sheath is the outermost polymeric layer to
help prevent the riser annulus from being flooded by seawater.

As the oil and gas production is heading towards the ultra-deep water reservoirs at a depth of 3000 m or more, higher collapse
resistance of flexible risers is being required to counter the huge hydro-static pressure [4-6]. Normally, the external pressure is resisted
by all the layers within the riser body. However, the frequent movements of flexible risers on the seabed can damage the outer sheath
[7], leading to a flooded annulus. In this situation, the carcass and pressure armor are the main layers for collapse resistance, as they
contribute the most to the riser radial stiffness. Once the external pressure exceeds the collapse capacity of a flexible riser, the collapse
failure occurs, which is referred as “wet collapse” [8].
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Mostly, the wet collapse pressure is higher than the collapse limit of the carcass because of the radial constraints provided by the
surrounded pressure armor [9]. However, this critical pressure might be reduced by two initial imperfections: ovalization of the
carcass, and inter-layer gap between the carcass/liner and pressure armor. The ovalization of the carcass is a defect generated from the
manufacture process while the inter-layer gap is caused by the volume change or extrusion of the liner [10,11], as shown in Fig. 2 [12].
Although tensile armors can reduce the interlayer gaps by squeezing the pressure armor, it is hard to close these gaps completely if the
pipe is under a low longitudinal tension. For a flexible riser facing the flooded annulus situation, its collapse strength is sensitive to
those two imperfections [10,11,13,14]. Besides, those imperfections may also affect the collapse modes of an encased carcass [15].
Collapse is known to take place as two modes, one is called “heart” (singly symmetric) mode and the other is “eight” (doubly sym-
metric) mode [16,17], as shown in Fig. 3. Critical pressure of the confined carcass corresponds to each collapse mode would be
different.

To date, most collapse analyses of flexible pipes on initial imperfections were conducted numerically. This is less feasible for the
design stage of flexible risers. Although analytical approaches are usually a first natural choice for predicting the collapse pressure of
flexible risers, there are few of them available in public literature to address the initial imperfections [18]. To meet this demand, an
analytical model is presented in this paper. This analytical model is developed based on the stability theories of ring and arched
structures, which could take the initial ovality and inter-layer gap into account. Additionally, this model is able to consider either
“heart” or “eight” collapse mode based on the imposed initial ovalization type. The content of this paper is organized as follows:
Section 2 summarizes the analytical models that have been developed for predicting the critical pressure and their limitations for
addressing the initial geometric imperfections of flexible pipes. After that, an analytical approach for assessing the collapse strength of
the flexible pipes with initial imperfections is presented in Section 3. In Section 4, numerical simulation is employed to check the
reliability of the proposed analytical approach with case studies. Conclusions are drawn in the final section.

We note that a shorter conference version [19] of this paper appeared in OMAE 2019 conference. Our initial conference paper did
not address the problem of collapse modes. This issue is addressed in this paper and corresponding analyses along with the case studies
are also presented.

2. Existing analytical models for collapse prediction

Although collapse of flexible risers has been studied for years, the analytical models, for the most part, are developed from ring
buckling theories [20].
3EI

Pcr:m (1)

where E and v are respectively the Young’s Modulus and Poisson’s ratio of the material; I is the inertia moment and R is the ring radius;
P, is the elastic critical pressure.

If no radial gaps are present between the layers, the sum of elastic collapse pressure from the carcass and pressure armor is regarded
as the critical pressure of the whole flexible pipes [21].

S 3(ED),
SR @

where the subscript ‘n” represents the parameters of corresponding metallic layers, N, denotes the number of the related layers.
However, such a formula is not applicable for the wet collapse situation. The wet collapse of flexible pipes can be described as the
radial buckling of the confined carcass under external pressure [9]. In terms of this kind of buckling, a closed-form analytical solution
of a thin-walled ring confined in a rigid cavity was presented by Glock [22].

INNER LINER

PRESSURE ARMOUR

TENSILE ARMOUR

OUTER SHEATH

Fig. 1. Typical configuration of a flexible riser [3].
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Fig. 2. Extrusion of the liner into the adjacent interlocked carcass [12].

Fig. 3. “Heart” mode (left) [16] and “Eight” mode (right) [17].

where t is thickness of the cylinder and D is the mean diameter. Glock’s formula was then extended [23,24] to consider a tightly (small
gap) or loosely fitted (large gap) concentric rings. Although those formulae could consider the gap effect, they overestimate the critical
pressure of flexible pipes since the pressure armor supports the carcass more like an elastic medium rather than a rigid cavity. In this
regard, an elastic ring model with horizontal spring supports was proposed in Ref. [9]. This model treats the pressure armor as springs
which support the inner carcass at the horizontal direction, as depicted in Fig. 4.
With this model, the formula for predicting the collapse pressure of the carcass takes the form
_3EL 2 8E,

TR *3 (2 -7k @

cr

where the subscripts ‘i’ and ‘o’ represent the inner and outer ring, separately. This model gives an elastic solution of the critical
pressure for the risers subjected to wet collapse, without considering the effects of initial imperfections. For the flexible risers used in
deep water condition, however, collapse usually occurs with the material plasticity of the inner carcass layers [25], especially under
the influences of initial imperfections.

Although various models have been proposed as listed above, a well-developed analytical model is still lacking for initial imper-
fection issues of the flexible riser with a plastic wet collapse. To meet this demand, an analytical model is established in the following

Fig. 4. Buckling of the inner cylinder with spring supports [9].
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section based on the stability theories of ring and arched structures.
3. Analytical model for initial imperfections

For conventional steel pipes, their plastic collapse pressure can be determined based on the assumption given by Timoshenko and
Gere [20], which has a definition as: pipe collapses when its maximum hoop compressive stress reaches the material yield stress. This
assumption is also adopted in our model development for the wet collapse of flexible risers. The wet collapse pressure can be solved by
equaling the maximum hoop compressive stress of the carcass (or its equivalent layer) to its material yield stress.

Such a wet collapse pressure is not easy to be determined for flexible pipes, especially for the ones with initial imperfections. For a
carcass confined by the pressure armor, it would go through two different collapse phases if there is an interlayer gap in-between.
Depending on whether the gap closes or not, the whole collapse process can be divided as: pre-contact and post-contact phases, as
depicted in Fig. 5. During the pre-contact phase, the carcass and inner liner are deformed together as a buckled single layer ring. The
pressure armor provides no constraints on the radial deformation of the carcass/liner in this period. Once the contact occurs, the
carcass starts to be divided into two portions: attached and detached portions. During this post-contact phase, the wet collapse pressure
of the carcass is dominated by the buckling strength of the detached portion.

The presented analytical approach adopts two sub-models for each phase. For the pre-contact phase, formulae of the ring buckling
are used to solve the external pressure P o, that making the contact occurs. For the post-contact phase, formulae of the arch buckling
are employed to determine the plastic buckling pressure Py}, of the detached portion. With those two sub-models, the wet collapse
pressure of a flexible riser with initial imperfections is the sum of P, and Pych.

3.1. Pre-contact phase

For a flexible pipe with all layers are perfectly circular, the initial gap is the radial gap span between the liner and the pressure
armor. If the carcass together with the liner is in an ovalized shape initially, then the initial gap is minimum radial gap span wg between
the layers, as shown in Fig. 6. The carcass encased in the pressure armor may experience two different buckling situations, depending
on the value of the interlayer gap. If the gap width is large enough, the inner carcass collapses as a single ring; otherwise, layer contact
occurs, followed by the post-contact phase.

Due to the initial ovality from the manufacturing process, the carcass always deviates from a perfect circularity (the dash line) with
a small deflection wg. This initial deflection can be calculated according to the definition of ovalization given in API 17B (2014) [26].
For the above-mentioned first situation, the plastic collapse of such an ovalized carcass can be calculated with the formula given as
follow [20].

[ (o5 Oyl
P — |2 1+6—P, | |P Yip =0 5
S {Rc +< + . s + R )

where wy is the initial radial deflection of the carcass, depending on its initial ovality; oy is the material yielding stress; R and t. are
mean radius and equivalent thickness of the carcass; P, is the elastic critical pressure obtained from Eq. (1); Py is the plastic critical
pressure of the single carcass layer. And the maximum horizontal displacement wp,x of the point H on the carcass under that plastic
collapse pressure can be obtained by Ref. [20].

woPy

Onax =55~ 6
Pcr_Py ()

where @,y is the maximum radial deformation of the carcass. If the gap width wy is smaller than wpay, then the radial deformation of
the inner carcass is restrained after the closure of gaps. In this situation, the external pressure at the contact moment can be determined
by the gap width wg, which is given as

Pre-contact Post-contact

Pressure armor

Interlayer gap Attached portion

Fig. 5. Progressive buckling process of an encased carcass in wet collapse.
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external pressure
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Fig. 6. Contact moment of a concentric ring structure.

_ wgPCl'
w, + Wy

(7)

con

where P, is the external pressure at the moment in which the carcass start to contact the pressure armor. However, it should be noted
that the external pressure could cause a reduction on the wall thickness of the inner liner due to its elastic deformation. This reduction
postpones that contact moment between the carcass/liner and pressure armor. Thus, Eq. (7) should be improved as

(a)g + tlr)Pcr
Wy + W + 1y (8)
= tlr(Pcon)

Peon =

where t;; is the reduction of wall thickness of the liner. Both the P.,, and tj, can be determined by substituting the material constitutive
equation of the liner into Eq. (8). Moreover, the maximum hoop compressive stress at the crown point of the carcass under the external
pressure P, is

Pcoch 6Pcoch o
= +

Ocon = 9
o tc tz- 1 - Pcnn/Pcr ( )

After obtaining this maximum compressive stress, the following task is to work out how much additional external pressure is
demanded in the post-contact phase for reaching the material yield stress of the carcass.

3.2. Post-contact phase

Once the carcass/liner contact the surrounded pressure armor, the attached portion starts to extends in the hoop direction until the
critical pressure is reached [27], as shown in Fig. 7. The initial ovalization and interlayer gap guide the carcass to deform in either

Contact Collapse Post-buckling

Bi-symmetrical Olay Per

Symmetrical

Fig. 7. Progressive buckling process during the post-contact phase.
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symmetrical or bi-symmetrical shape, leading to the “heart” or “eight” mode.

The detached portion can be regarded as a circular arch with a new center O’. The geometry of this arch is determined by initial
imperfections together with the collapse shapes. When the point where the carcass/liner separates from the pressure armor at the
moment of collapse is determined, the geometry of this circular arch can be calculated for the carcass in either bi-symmetrical or
symmetrical shapes:

. . 27R. — 2R,(m — 2f3) = 4ap
Bi — symmetrical {psina _ Rising (10)
‘ 27R. — 2R\(m — f) = 2ap
Symmetrical { psina = Resing an

where R; is the distance from the separation point to the ring center at the collapse moment; p is the arch radius referred to the new
center O’; @ and f are the angular quantities displayed in Fig. 7; subscript ‘cr’ represents the parameters at the moment of collapse.

Although this arch is detached from the surrounded pressure armor, the radial deformation of the arch ends is still restrained. Since
the pressure armor confines the carcass as an elastic medium, it is treated as springs that support at the arch ends. Therefore, a spring-
supported arch model is proposed for this collapse issue, as shown in Fig. 8. The general linear equilibrium equation set for the dif-
ferential element of a circular arch is expressed as [28].

Q, —~N+qp=0

where M, N, and Q,, are the bending moment, hoop force and radial shear force on the differential element; superscript ’ represents 0—”9; 0
is the angle for an arbitrary cross section of the arch; g, and g, are the uniform loads along the radial and circumferential directions, as
shown in Fig. 9. In the wet collapse situation, values of the external loads are given by

where g is the differential pressure between the external pressure P and the pressure P.,, at the contact moment. Using displacements
to reformulate Eq. (12), then

w’+u
—E.A. =0
p

’ E.l,
w +u+7(u"’+2u”+u):qu

(14)

EA.

where u and w are displacements of the differential element along the radial and circumferential directions, separately; A denotes the
cross-sectional area; the items with subscript ‘c’ refer to the parameters of the carcass. If taking K as

3

K= — d
ECIC

w’+u) as)

(Pq +E:A.

Then the general solution of Eq. (14) can be written as

2 =
14 4 g NN NS
W, N \\\&
VAN 0/ g
Ninrust \\\\ a_| 77/ _—p Mrust
)/
OV

Fig. 8. A spring-supported arch model for the post-contact phase.

)}
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Fig. 9. Equilibrium of a differential element of the arch [28].

{u = KC,cosf + KC,6sinf + K (16)

w = —KC;sind — KC,(sind — fcosd) + KC50

where C; ~ Cs3 are constants that determined by the boundary conditions, and therefore, the forces at any cross section, defined by the
angle 0, are

E.AK E.I.K
N:T(1+C3)+ =— (1 +2Cyco0s0)
E.I.K
M = —5—(2C,c086 + 1) a7
P
0, = EJ;K (2C,sind)

For a spring-supported arch model as depicted in Fig. 8, it has boundary conditions at its arch ends as

wly_, = 0,No hoop displacement
N,y = Nuwust, Force equilibrium in hoop direction (18)
Q. + kau = 0,Force equilibrium in radial direction

where Ngyryst is the hoop thrust force at the arch end; k; is the elastic stiffness of the pressure armor together with the liner. The liner
between the carcass and pressure armor reduces the support effect of the pressure armor due to its low stiffness. According to Ref. [25],
the liner and pressure armor should be considered as two series of springs that supporting the carcass. Therefore, the value of k; takes
form as

koki

k= 19
otk 19

where kj and k are the elastic stiffness of the pressure and the liner, separately. They can be calculated by referring to the equations in
Ref. [25]. The formula for calculating the thrust force Ny at the arch ends is given as

E

2 07
cle (7 1— Oy + 1) 1— @y + @g + 1ty (20)
¢ )B @Drmax R,

I
R?

Nt = |:065

which is improved from the formula given by Glock [22] with non-linear regression analysis. Where ¢, is the bending stiffness ratio of
the liner/pressure armor to the inner carcass, which is given as [9].

ki
_k 21
P k 21
with the above boundary conditions, the formulae of C; ~ C3 can be derived
Ds D,
""" Dy DD
k
C, = (1 4 Cycosa) — (22)
D5

c C;sina + C»(sina — acosa)
=
a

And the coefficients in Eq. (22) can be calculated as



X. Lietal Marine Structures 71 (2020) 102732

sina — acosa
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a
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5 K 1 2

sina Dy
D¢ = Di—— + —kcosa 23
o =D+ ptk (23)
sina cosa sin@ — acosa
Dy ="k e
aDG D3D6 a
Do — k. |D4 sina Dykcosa\ sina — acosa
7D |Ds a D;Ds a
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By substituting those coefficients into Eq. (17), the maximum compressive stress at the crown point of the arch can be written as a
function of the external pressure. Since the plastic collapse is defined by material yielding, therefore, the buckling pressure P, of the
arch in the post-contact phase can be worked out as

Ncr 6Mcr

1. 7

c

=0y — Ocon 24)

By substituting Eqs. (9) and (17) into Eq. (24), the buckling pressure P, can be calculated. Finally, the plastic critical pressure Py c;
of the flexible risers with initial imperfections is obtained by

Py‘cr = Peon + Parcn (25)

3.3. Separation point at the moment of collapse

If the position, i.e. Ry and f, of the separation point at the moment of collapse is determined, the arch geometry can also be
determined with Eq. (10) or (11), followed by the calculation of the critical pressure with the above-mentioned approach. However,
the position of the point where the carcass separates from the pressure armor is not easy to be determined since it is affected by initial
ovalization and gap, and the bending stiffness ratio between the outer and the inner layers as well.

In order to tackle this problem, a formula is needed to estimate the Ry at the collapse moment. Since this separation point always lies
on the inner surface of the pressure armor, then the value of Ry is mainly decided by the internal radius of the pressure armor,
influenced by the stiffness of the armor wall. Considering two extreme conditions: (1) the surrounded pressure armor is rigidity; (2) the
stiffness of the pressure armor is close to zero, or the inner surface of the pressure armor is too far away from the liner to provide
supports before the collapse of the carcass. The actual value of Ry is bounded by the two extreme values from these two conditions,
which should have R,; < Rs < Ry, as shown in Fig. 10. Where Ry, is the internal radius of the pressure armor in condition (1) while

(1) Rigid pressure armour (2) No pressure armour

Perfect roundness Initial status with

small deflection

(')max

Collapse status

Fig. 10. Two extreme conditions regarding the stiffness of the pressure armor.
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R is the semi-major axis of the elliptical carcass at the collapse moment in condition (2).
After taking the factors such as initial deflection wo and gap wg, wall thickness reduction of the liner t;, into account, such a formula
is proposed

(0N Jra)g + 4

Ry=R.+ wg+ @ + tiy + (0max — 0 — 1) ( p——
max 0

[
) ’ 0 S wg + Iy < Wmax (26)

with the value of R that estimated from Eq. (26), the buckling pressure Py, can be determined by decreasing fcr (from 7/ 2 to 0)
continually until the bending moments of the attached and detached portions at the separation point equal to each other, as shown in
Fig. 11. The bending moment for the detached arch ends can be calculated by Eq. (17). For the attached portion, the bending moment
at the separation point is obtained by Ref. [20].

1 1

Once M and M, are equal, the angle j.. can be determined as well as the buckling pressure P, of the arch. A flowchart that shows
the whole procedure is given as Fig. 12.

4. Verification of the proposed analytical model

The above sections clarify the development of the proposed analytical model for predicting the wet collapse pressure of flexible
pipes with initial ovalization and gap. To verify its reliability, numerical simulation is employed as a tool to examine the reliability of
this developed model on collapse prediction. The case study is explained in section 4.1 while in section 4.2, discussion is given based on
the results from the studied case.

4.1. Case description

For verification purposes, a 2D FE equivalent ring model with variable initial ovalization and gap was constructed, as shown in
Fig. 13. Half of the cross section with symmetric boundary conditions was built with Abaqus 6.13. With this half cross-section 2D
model, the initial ovalization could be introduced onto the carcass in either singly or doubly way for triggering the corresponding bi-
symmetrical or symmetrical collapse shape.

This 2D FE model was developed from a prototype model that presented by Gay Neto and Martins [8], which is a 3D FE model of a
4” flexible pipe with three layers, i.e., the carcass, the inner liner and the pressure armor. In the prototype model, the carcass was built
with a detailed profile while the liner and pressure armor were represented as two homogeneous equivalent layers, as shown in Fig. 14.
With the material properties presented in their previous work [29], the equivalent layer method could be employed to determine the
equivalent properties of the carcass for this 2D FE model. The reliability of the 2D FE model on predicting the collapse pressure was
examined before using it for the verification of the analytical model.

Table 1 lists the geometric and material data of the prototype model [8,29]. Geometric details of the carcass profile are given in the
source references. The material stress-strain curves of the liner are shown in Fig. 15. With those data, a strain energy-based equivalent
layer method was employed to determine the equivalent properties of the carcass. This strain energy-based equivalent layer is

Detached
. portion

-, Carcass/Liner
Pressure S,
armor

£
Detached
portion

Fig. 11. Bending moments at the separation point.
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Fig. 13. 2D FE ring model for verification.
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Fig. 14. 3D FE model of a 4" flexible pipe [8].

Table 1
Geometric and material properties [8,29].
Model Carcass Liner Pressure armor
Internal diameter (mm) 101.6 114.4 var.
Layer thickness (mm) 6.40 5.00 5.86
Young’s Modulus (GPa) 200 - 207
Poisson’s Ratio 0.3 0.45 0.3
Tangent Modulus (GPa) 2.02 - 50.00
Yield stress (MPa) 600 - 650
400
350 ——
—
300 =]
F 250
=
» 200
E ol /
» 150 /
10.0 /
50
00
0.00 020 0.40 060 0.80 1.00 120 1.40 1.60

Strain (mm/mm)

Fig. 15. Stress-strain curve of the liner [29].

proposed in our previous research [30], based on two equivalences between structures, i.e. strain energy, and membrane stiffness. The
equivalent thickness, Young’s Modulus and yield stress for ring models are 4.5 mm, 158 GPa and 473 GPa, respectively. Those
equivalent properties along with other layer data were used to construct the 2D FE ring model.

The reliability of this 2D FE model for critical pressure prediction were examined by the 3D FE model that given by Gay Neto [8].
That 3D FE model gave a critical pressure of 24.90 MPa for the case “B1”, which only considered a 0.5% initial ovalization on its
carcass. The critical pressure predicted by the equivalent 2D FE model was 23.43 MPa, with a 5.9% difference from the result in
Ref. [8]. It should be noted that the collapse in 2D FEA is a plane-stress issue while the 3D FE model studied the collapse in a
plane-strain state. For a better comparison, the above result was transferred to 25.75 MPa to consider a plane-strain state by including
Poisson’s ratio. Therefore, the errors was further reduced to —3.4%. It indicated that the 2D FE model is trustworthy for the following
verification.

Parametric studies were done to examine the reliability of the analytical approach for different level of initial ovalization and
interlayer gap. Firstly, three levels of initial ovalization were considered as 0.5%, 1.0%, and 2.0%. The ovality were imposed to the
carcass and the liner in either singly or doubly type in order to trigger corresponding “heart” or “eight” modes. The surrounded
pressure armor remains a perfectly circular cross section. Secondly, an initial gap was introduced between the pressure armor and the
liner while the initial ovalization of the carcass and the liner was fixed to 0.5%. According to the numerical analysis, the ultimate gap
width for the carcass collapses with layer contacts is 0.36 mm; therefore, the gap width considered in the cases has a range that varies
from 0 to 0.3 mm. The calculated wet collapse pressure of the 4” flexible pipe with initial imperfections were collected and listed with
tables in Section 4.2.

11
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4.2. Results and discussion

The predictions given by the proposed analytical model were compared against the corresponding numerical results. Table 2 shows
the critical pressure that calculated analytically or numerically for varied singly/doubly initial ovalization. The wet collapse pressure
predicted by the analytical model correlates quite well with the numerical results, with a difference below 10%. From the results, it can
be seen that the confined carcass collapses with a bi-symmetrical shape yields a higher critical pressure than the one with symmetrical
shape. This phenomenon is probably caused by the definition of initial ovalization that given by API 17B [26], which imposes a larger
initial deflection on the singly ovalized carcass for the same level of initial ovalization.

In addition, the numerical simulation shows a one-side ovalization could also trigger the detachment on the other side of the
carcass, as displayed in Fig. 16. For a carcass with initial ovalization, there is a length shortage in its circumference comparing with the
one in a perfect roundness. In the numerical simulation of the singly ovalized pipe, the length shortage is spread over two detached
portions rather than one. As a result, the carcass in numerical simulation has a smaller degree of ovalization than that in analytical
models and hence performs a higher critical pressure. This explains why the analytical model gives much lower prediction for the
singly ovality cases, since it assumes the singly ovalized carcass always collapses with a symmetrical shape.

It should be noted that a singly initial ovalization would still lead to a “heart mode”, regardless of whether “symmetrical” or “bi-
symmetrical” shape develops. This is because the snap-through can only occur at a single point if the cross section is not in a perfect
symmetric shape. Once the snap-through takes place, the release of strain energy will stabilize any other possible failure points of the
carcass immediately. This may explain why the “heart” mode is a typical mode shape that usually found in wet collapse tests [16].

The comparison of critical pressure regarding initial gap is given in Table 3. According to the results listed in Table 3, the proposed
analytical model provides conservative estimation of the collapse pressure with comparison to numerical results. Notable differences
occur between the numerical and analytical predictions, especially for the large gap cases. This is because the proposed analytical
model treats the pressure armor as springs which could only provide the constraints on the radial deformation of the carcass from their
contact regions. In the numerical simulation, however, the surrounded pressure armor restrains not only the radial deformation but
also the rotation of the detached portions of the carcass. Therefore, the bending stiffness of the carcass was largely enhanced after
getting in contact with the pressure armor.

For the flexible pipes, its wet collapse pressure is mainly decided by the bending and membrane stiffness of the carcass [28,31].
When the encased carcass is deformed from a perfect roundness to an ovalized shape under the external pressure, the dominated
stiffness of the carcass for collapse resistance is gradually switched from the hoop membrane stiffness to the bending stiffness. With the
increase of the initial gap width, the carcass is more oval-shaped when the contact occurs. Therefore, the bending stiffness of the
carcass plays an important role in those large gap cases. Since the analytical model neglects the rotation restraints from the pressure
armor, it underestimates the bending stiffness of the carcass in the post-contact phase. As a result, much conservative predictions are
given by the analytical solution.

5. Conclusions

With more and more ultra-deep water reservoirs are being targeted for oil and gas production, the collapse resistance of flexible
risers becomes one of the main concerns for designers. Collapse analyses are required to take initial imperfections into account since
the collapse capacity is susceptible to them. This paper presents an analytical approach to predict the wet collapse pressure for the
flexible risers with initial ovality and gap. Stability theories of ring and arched structures are employed to address the collapse be-
haviors of the encased carcass subjected to wet collapse. With those theories, the plastic wet collapse pressure of the imperfect flexible
pipes can be determined.

Numerical simulation was adopted as a tool in the case studies to verify this proposed analytical model. The verification shows the
analytical model has a good performance on predicting the wet collapse pressure for flexible pipes regarding the initial ovalization. The
prediction given by the analytical model is in good agreement with the numerical results, with differences that no more than 10%. By
contrast, the performance of the analytical approach was not as good as that in ovality cases. The collapse strength of the carcass in the
analytical model was underestimated due to the neglect of rotation restraint imposed by pressure armor. As a result, the analytical
approach gives much conservative prediction on wet collapse pressure for the flexible risers with initial gaps.

Additionally, one noticeable phenomenon from the case study is the comparison differences displayed in the singly ovality cases are
relatively larger than those in doubly ones. To trigger different collapse modes of the carcass, the initial ovalization was imposed as
singly and doubly type respectively in all the cases. For the analytical model, it assumes the singly ovalized carcass always collapses

Table 2
Comparison of collapse pressure between FE and analytical models for singly and doubly ovality.
Initial ovalization Critical pressure (MPa)
singly doubly
FEA Analyt. Diff. (%) FEA Analyt. Diff. (%)
0.5% 22.68 20.48 9.72 23.43 23.21 0.94
1.0% 20.63 18.73 9.19 21.97 21.95 0.11
2.0% 17.60 17.39 1.17 19.71 20.42 —3.63
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Initial Collapse Post-collapse

Fig. 16. Collapse process of the singly ovalized pipe performed by 2D FE model.

Table 3
Comparison of collapse pressure between FE and analytical models for interlayer gap.
Initial gap (mm) Critical pressure (MPa)
singly ovality doubly ovality
FEA Analyt. Diff. (%) FEA Analyt. Diff. (%)
0.05 22.41 19.44 13.27 23.09 20.40 11.64
0.1 22.14 18.33 17.18 22.83 18.92 17.10
0.2 21.61 15.38 28.82 22.26 16.83 24.39
0.3 21.11 14.12 33.13 21.72 16.68 23.21

with an “symmetrical” shape. However, the simulation shows that a singly initial ovalization could also trigger a approximate “bi-
symmetrical shape” of the carcass when coming to collapse. This results in a smaller maximum ovalization level of the carcass and
hence increases the collapse pressure of the FE models.

Up to now, analytical models that developed for collapse prediction of flexible pipes are limited, especially for the initial imper-
fections. Collapse pressure of an actual flexible pipe is not easy to be predicted since it is affected by those imperfections. In this regard,
this paper presents an analytical model which can take initial ovalization and interlayer gap into account, aiming to facilitate the
collapse analysis of flexible risers in its design stage. The verification given by numerical simulation indicates that this analytical model
can be a good choice for ovalization issue. As for interlayer gap, this model should be further improved to enhance its prediction
accuracy.
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