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Abstract. Flexible Risers have been widely used in the oil industry, mainly during the last 30 years. Due to the succcessive records in
deep water exploitation, a greater knwoledge of the installation loads has become necessary. When the water depth increases, the
Flexible Riser become progressively heavier, increasing the values of the corresponding installation loads. There are two principal types
of installation loads applied to a Flexible Riser: tension and crushing forces. The first due to its dead weight, the second due to forces
applied by the tensioner’s shoe. This apparatus belongs to the installation vessel and it is used in order to sustain the axia loads that are
imposed on the Flexible Riser during its installation. This work presents an analytical model based on the curved beams theory to study
the strains that arise on the flexible pipe due to crushing loads. Futher, these values will be compared to data from experimental testsin
order to validate the model.
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1. Introduction

Flexible risers have been largdy agpplied in the offshore ail exploitaion, especidly in Brazil. These structures have
sverd advantages over rigid sted risers. It can be mentioned: prefabrication, storage on reds, reduced trangportation and
ingtallation costs and suitability for use with high compliant structures.

Nowadays, the plans of producing oil and ges in waer depths grester than 1500m, chdlenge offshore technology
(Morera, 1999). When water depths increese, the flexible pipe becomes heavier, enlarging the corresponding ingtdlation
loads. The dress that arise due to these loads may damage the dructure. It becomes necessary to study the structurd
behavior of theflexible riser when subject to installation loads in order to fulfill these new challenges.

The two principa types of indalations loads applied to a flexible pipe are: tenson and crushing forces. The first caused
by its dead weight and the second resulting from the forces applied by the tensoner's shoes, which is an apparatus that
belongsto the indalation vessd and is used to sustain the axid |oads that are imposad on the pipe during itsingalation.

There are some works taking about the effects of tenson on this kind of structure, but only few studies have been done
about the flexible riser behavior when subjected to crushing forces.

This paper presents a compaison between the results produced by an andyticd mode and experimenta results from
crushing tests carried out for this purpose.

Theandytica mode predicts the strains arising in the flexible pipe due to crushing loads.


jokamoto


                           Proceedings of COBEM 2003                                                                                17th International Congress of Mechanical Engineering
                           COBEM2003 - 0969     Copyright © 2003 by ABCM                                                                       November 10-14, 2003, São Paulo, SP




Firg of dl, some generd aspects of flexible riser technology are discussed. After that, the andyticd modd and the
experimental procedure are presented. Findly, its shown a comparison between them.

2. Flexible Risersand their Installation

Flexible risrs are composite structures, formed by coupled independent layers designed to interact among them. The
layers have specific cross section shapes and different materid properties intentiondly to resst to different kind of loads.
Figure (1) illustrates atypica non-bonded flexible pipe.

Figure 1. Typicd Non - Bonded Hexible Riser
Table 1 describesthe layersillugtrated in the Fig. (1). Theselayers are built with metdlic and plastic materids.

Table 1. Layers description for the Hexible Riser illustrated in Fig. (1).

Layer Description

A — Inner Carcass Resgsto radid inward forces

C— Internd Thermoplagtic Sheath Works as seding and/or anti-wear components

D — Zeta Spird Supportsinterna pressure and radia inward forces

F — Intermediate Thermoplagtic Shesth Works as seding and/or anti-wear components

G — Double Crosswound Tensle Armour Mainly resststo axid loads
H — Adesve -
| — Externd Thermopladtic Shegth Works as sedling and/or anti-wear components

The inner carcass, zeta spird and the tendle armours are hdicd layers. The inner carcass and zeta pird are wounded at
lay angles doseto 90°, and the tensile armours are cross-wounded in two or four layers at alay angle between 20° and 60°.

Theinner carcass and zeta spiral sustain the radia forcesthat act on the flexible pipe. They are called pressure layers.

Flexible Riser are usudly lad in a catenary shape. During the indalaion, the pay out rate of the pipe must be
coordinated with the movements of the vessd to avoid over-tenson or loops formaion. A machine cdled ‘tensoner’
controlsthe pay out rate. Figure (2) shows atensioner ingtalled on avessdl deck.

Figure 2. Tensoner

The tensoner gpplies a radid compression load in order to sustain the axid loads that are imposed on the pipe during
the indalaion procedure. The compression loads are transmitted by sted actuators cdled shoes, which dso move in the
axia direction controlling the pay out rate of the pipe The shoe has an internd angle, a, and each tendoner has normally
two to four shoes. Figure (3) shows the usua shoe shape.



Figure 3. Cross section illustrating a usua shape for the shoes (the arrows indicate the loads gpplied)

3. Analytical Method

The modd presented and reviewed here is based on he work developed by Sousa et d (2002), and it is used for a 4"
flexible pipe, which isthe same sample as the one used in the experimentd tests.
The modd relies on the curved beams theory and Cadtigliano’'s theorems (Timoshenko, 1947). The assumptions mede
ae
Only the pressure armours layers resist to crushing loads. The other layers only transmit them.
The pressure armours are assumed to be closed rings.
The crushing loads are assumed to be concentrated forces.
There aren't gaps between the layers, especidly between the pressure armours and the interna thermoplastic
sheath.
Thetota load acting on the structure is the sum of the loads on the pressure armours.
The structure has physical and geometrica linearity.
Accordmg to these assumptions, the generd problem for a flexible pipe subjected to tensioner (composed by four
shoes) isillugtrated in the Fig. (4).
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Figure 4. Generd problem for aflexible pipe subjected to crushing loads (Sousa et d, 2002)
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In Figure (4), W isthe crush load per unit lengthand g = J&;—-a ,Wherea istheinternd angle of the shoe.

The gructurd modd proposed in Fg. (4), can be reduced using the loading and geometric symmetry, where the ends
of the modd are only dlowed to dide in the radid direction. In a dtuation having ng = 2,3,... shoes, applying the loads, a
0

generd proposed model, with angular Sze defined by f = 180 ,isshowed in Fg. (5).
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Figure 5. Generd Problem using the symmetry (Sousa et d, 2002)

The equilibrium eguations (for moments and forces), based in Fig (5), can date the interna norma forces and bending
moments.
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The bending moment M, is ddicdly indeterminate and can be cdculated usng the Cadtigliano theorem. In fact, the
digplacement corresponding to the moment M4 is zero, so:
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Replacing the Eq. (1) in the Eqg. (4), and remembering the condition stated by the Eq. (3), the moment M, could be
expressed by:
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Replacing Eq. (5) in the Eq. (1), the bending moment along the pressure armoursis:

i 0, OE£j £¢q
.\ WxR _écodf xq) .y lu }
M(J)—Zxcosqxg Snf xcos() ) f_H+-:-WxR _sin(j - q) qEj £1 ©
f 2 cos(q) '

The normd dress and the corresponding strains due to the bending moments, given by Eq. (6), and the internd norma
forces, givenby Eq. (2), are:
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Once there aren't gaps between layers and consdering that dl the loads applied to the pipe are entirely supported by the
pressure armours, the radid displacement under the point where the load is applied (j = q, in the Fg. (5)) is cdculated
according to the Cadtigliano theorem again. Theradid displacement, d, is given by:

du
d=— 9
dpP ©

U isthe gtrain energy of bending given by Eq. (4), and P isgiven by:

W
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Deriving the Eq. (4) with respect to P, the radia displacement is given by:
3
d= kd xL)& (11)
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,Where k4 isgiven by:
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Using the Eq. (11), theredia displacements of the zeta spird and the inner carcass arel
3
dc = kd xin (13)
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3
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Since the radia displacements for zeta spird and inner carcass are the same, and the load sum that act on the pressure
armours are equal to the tota |oad applied to the pipe (W=W_+W,), the Eq. (15) became:
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The ¢ and z index represents, respectively, theinner carcass and zeta spira properties.

Once the radid displacement is computed, usng the Eq. (15), the loads acting on each pressure armour are given by
Egs (13) and (14). Subdtituting these results in the Egs. (6), (7), (8), the corresponding bending moments, normd stress and
strain are computed for each pressure armour.

3.1. Characteristics of the Analysed 4—inch Flexible Pipe
A flexible pipe sample, with the generd characterigtics presented in the Tab. (2), was used for the andyticd and
experimenta procedures.



Table 2. Generd Characterigtics of the Andyzed Hexible Pipe

Layer Inner Diameter(mm) Layer width (mm)
Inner Carcass 101.6 4.0
Internal Thermoplastic Sheath 109.6 5.0
Zeta Spird 119.6 6.2
Intermediate Thermoplastic Sheath 1320 20
First Tensle Armour layer 136.0 20
Second Tenslle Armour Layer 140.0 20
Externa Thermoplastic Sheath 146.3 5.0

According to Cruz (1996) and Sousa (1999), the following properties - I, t and E, which are usad to evauate the stress
and drains, have equivaence expressions. These expressions are used to obtain a Smple rectangular equivaent section from
the origina complex cross sections of the flexibleriser’ slayers. These expressions are;

.0
t= 12x§—fea'z (16)
Areal [}
|=firea (17)
Lp
A
E=_re g 18
t (18

3

, where f, A, Lp, n ae, respectively: the inertia factor, cross sectiona area of the pipe armour wire, pitch length of the pipe
armour wire and the number of wires for each layer. In this work, n is assumed to be equa 1. The “red” index refers to the
properties related to the origina sections from the layers of the flexible risers, not the equivaent ones.

According with Souza (2002), the inertia factor is given by:

f=8 Area © (19)
&lp rea
Thelay angle, for any layer, isrelated to the pitch length by:

L :ﬂmemédiog
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The |;eq, Which gopears in the Egs. (6) and (7), is the minor inertia of the cross sectiond area of the pipe armour wire.
Figures (6) and (7) are achieved, respectively, by measurements of the cross sectiona shapes of the carcass and zetawires.
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Figure 6. Cross sectiond shape for theinner carcass
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Figure 7. Cross sectiona shape for zetaspiral

The corresponding inertia matrix for the sectionsillugtrated by Figs. (6) and (7) are:

#4428 3440 4
& gmm™ (inner carcass)
84,4 187104

=g 28 18450 ¢ (zetaspiral)
“&e45 500"

The minor inertiamoments achieved by Egs (21) and (22) aregivenin Tab. (3):

Table 3. Minor Inertiamoments for the plane areas showed in Figs. (6) and (7)

Inner Carcass Zeta Spird
I e (M) 422 660.8
The pitch length was measured for both pressure armourstoo. Table 4 illustrates the results.
Table 4. Aitch Length for theinner carcass and zeta spira

L,(mm) Inner Carcass Zeta Spira

1 255 9.5

2 245 9.0

3 27.0 9.5

4 26.0 9.0

Avaage 28.8 9.3

Findly, Egs. (16), (17), (18), (19), (20) plus the information avalable in Tabs (3) and (4), give the source parameters

to the anaytical model. These parameters are described in Tab. (5).

Table 5. Source parametersfor the andytical mode

Properties Inner Carcass ZetaSpird
Inner diameter 101.6mm 119.6mm
Layer mean radius 52.8mm 62.9mm
Lay agle 14932rd 15473rd
Redl dadticity modulus 207000M Pa 207000MPa
Equivaent dadticity modulus 802333MPa 230370MPa
Equivaent thickness 248mm 4.75mm
Equivdent inertia 1222 109.00
Cross sectiond area 32.0mm’ 49.2mm’
Pitch length 25.8mm 9.3mm
Inertiafactor (f) 0.39 0.85




4, Crush Tests

An apparatus was built to simulate the bad applied by a tensioner on a flexible pipe. Figure (8) illustrates the apparatus
used for the tests. Strain gauges were glued in the inner surface of the carcass in order to measure the deformation produced
by theloads. A load cell controlled load levels.

Three different kind of specimens were tested. The first group was composed by dl the layers of a common non bonded
flexible riser. On the second, the specimens have the carcass and zeta spird layers. And findly, the last one, only with inner
carcass and the interna thermoplagtic sheath only.

Figure 8. Apparatus used in the crush tests

During the tests, the specimens were subjected to crushing forces applied by 2 shoes (two actuators an two supports) of
190 mm width and an internd angle of 160°. A configuraion with 2 shoes was chosen because it is the one commonly
found in aningallation ves..

The procedures and details described here are a short overview of the procedures performed in the laboratory. Only few
aspects of these tests were presented.

4. Discussion

In this section, experimental tests results are compared to the andyticd modd proposed. The same specimen and load
levd were taken in condderation for both andyticd and experimenta methods, in order to compare the corresponding
drains for the inner carcass. The pictures shows that the vertical axes were achieved dividing the strains vaues by the loads
imposed to the specimens.

In the Figure (9) , the experimentd and numerical results for a load of 3 KN are compared. The inner carcass and the
internal thermoplastic sheath compose the specimen taken into consideration.

Sample: inner carcass + plastic sheath / Layer:inner carcass / Load:3 KN
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Figure 9. Reaults for the sample composed by: inner carcass and the interna thermoplastic sheath



Although the theoreticd mode has the same behavior showed by the experimentd data, the vaues for the drains dl
over the pipe cross section are significantly different. The modd consders that only the carcass will resst the radid forces
inthis case, but the information learned in experimenta procedures isthat the thermoplastic sheaths resist to loads too.

Figure (10) presents the same corrdating results for the specimens composed by the inner carcass, the thermoplastic
sheeth and zeta spiral, under aload of 20 KN.

Sample:inner carcass + zeta spiral / Layer:inner carcass / Load:20 KN
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Figure 10. Resultsfor the sample composed by: inner carcass, zeta spird and the internal thermoplastic sheath

For this specimen, the difference between the response gained by the theoreticd modd and the experimental procedure
is much more closer than the resultsillugtrated in the Fig (9).

The lagt result is presented in the Fig. (11), which consders the specimens composed by al the layers. In other words,
it isbased on the full flexible pipe. The strains are taken under the load of 20 KN.

Sample: Full pipe / Layer:inner carcass / Load:20 KN
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Figure 11. Reaultsfor the sample composed by: whole flexible pipe

The andyticd modd fits better than in the other cases. The experimenta data and the solution given by the theoretica

model show the same behavior. This occurs because dl the layers resst to crushing loads, and not only the pressure
armours.



5. Concluding Remarks

In order to study the drains arising in a 4 inch non-bonded flexible riser due to crushing loads, the andyticd method
showed to be useful for a firg edimation for the whole pipe and for the specimens composed by the pressure armours
layers. For a specimen composed only by the inner carcass the model result was not so good.

In generd, the theoretical solution is not so rigid. The next steps to understand the behavior of the flexible line will be
to change the inertia properties of the modd for the inner carcass s0 as to adjust the results for the experimentd and
andytica procedures. These changed properties will be used for the whole pipe modd in order to compare the val ues.

The experimenta testsled to the conclusion thet al layersresist to the crush force.
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