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ABAQUS is used to create a detailed finite element model for a 10-layer unbonded flexible riser to simulate the riser’s mechanical
behavior under three load conditions: tension force and internal and external pressure. It presents a technique to create detailed
finite element model and to analyze flexible risers. In FEM model, all layers are modeled separately with contact interfaces;
interaction between steel trips in certain layers has been considered as well. FEM model considering contact interaction, geometric
nonlinearity, and friction has been employed to accurately simulate the structural behavior of riser. The model includes the main
features of the riser geometry with very little simplifying assumptions. The model was solved using a fully explicit time-integration
scheme implemented in a parallel environment on an eight-processor cluster and 24 G memory computer. There is a very good
agreement obtained from numerical and analytical comparisons, which validates the use of numerical model here. The results from
the numerical simulation show that the numerical model takes into account various details of the riser. It has been shown that the

detailed finite element model can be used to predict riser’s mechanics behavior under various load cases and bound conditions.

1. Introduction

The unbonded flexible riser is a pipe composed of several
layers without adhesive agents between the layers. It is widely
used in the deep sea oil industry for its capacity dealing with
large deformation and displacement due to its lower bending
stiffness comparing with rigid steel risers. Different layers are
designed for specific functions. Achieving the advantage of
flexible risers requires complicated inner structure. One of
the correlative disadvantages is the difficulty of understand-
ing the mechanical behavior of the riser particularly under
the very deep water.

Current methods are generally divided into two cate-
gories: analytical methods and numerical methods. In the
past decades, researchers have conducted several analytical
works on this subject. Among the first pioneers, Knapp [1]
derived the stiffness matrix for a helically armored cable
subjected to tension and torsion. He took into account the
compressibility of the core and the variation in lay angles.
The research on the response of helically armored cables
subjected to tension, torsion, and bending was conducted by
Lanteigne [2]. In his study, the influences of internal radial
forces and curvature on the effective flexural rigidity were

investigated. Feret and Bournazel [3] presented a formulation
for the slip of tendons undergoing bending on assumption
that armor tendons followed a geodesic path once slip took
place. Kraincanic and Kebadze [4, 5] presented a nonlinear
formulation in consideration of the variation of the bending
stiffness due to frictional sliding between layers, and an
analytical model of an unbonded flexible pipe was proposed.

However, all the analytical models share many simplified
assumptions inevitably [6-8], which significantly limit the
application range of the results. On the other hand, the ana-
Iytical models are quite complicated due to the large nonlin-
earity of the complex structure [9]. What is mentioned above
motivates many researchers to study the refined finite element
models, which takes into account many details of the real
risers that the analytical model can hardly contain. And the
detailed finite element model can be achieved conveniently
benefiting from the wide use of computers. Bahtui et al.
developed a finite element model for unbonded flexible riser
with only two structural layers [10]. However, papers in this
field are still quite rare.

In this paper, a further research on the refined finite ele-
ment model of 10-layer unbonded flexible riser is conducted.
All layers are modeled separately. FEM model considers
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FIGURE 1: Ten layers’ riser.

FIGURE 2: Section and model of carcass layer.

contact interaction, geometric nonlinearity, and friction. The
model includes the main features of the riser geometry with
very little simplification. And the mechanical behaviors of the
riser under three load conditions are obtained.

2. Finite Element Model

A detailed finite element model developed using ABAQUS
by parametric method is shown in Figure1 [11]. Ten layers
are simulated separately considering the contact interfaces.
The coefficient of friction between layers is assumed 0.1.
Hourglass control is considered in this study.

The sequence of layers is listed in Table 1.

The finite element model was created in a global cylin-
drical coordinate system with its origin located at the center
of the riser’s bottom. The model consisted of ten separate
cylindrical layers.

Carcass layer was modeled by 3D 4-node reduced-
integration shell element. There were 55440 elements and
61610 nodes adopted. Its section and interlocking structure
show in Figure 2.

TABLE 1: Layers of the riser.

Layer Type

Carcass layer

Internal pressure protection armor
Interlocking pressure protection armor
Preparatory pressure protection armor
Antiwear layer

Tension armor 1

Antiwear layer

Tension armor 2

O ® N N U s W

Antiwear layer
Outer sheath

—_
(=]

As shown in Figure 3, internal pressure protection armor
layer was modeled by 3D 8-node linear brick, reduced-
integration element. There are 25200 elements and 38052
nodes for this layer.

Interlocking pressure protection armor and preparatory
pressure protection armor layers were composed of channel
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FIGURE 3: Model of internal pressure protection armor layer.

FIGURE 4: Section and model of the pressure protection armor layers.

steel strips; they made up the pressure protection armor
together (as shown in Figure 4). Both of the layers were
modeled by 3D 8-node linear brick, reduced-integration
element. 113280 elements and 264348 nodes were used here.

There are three antiwear layers modeled between prepara-
tory pressure protection armor, tension armor 1, tension
armor 2, and outer sheath. The model of antiwear layer is
shown in Figure 5. 3D 8-node linear brick, reduced-inte-
gration element was selected for the modeling. There are
89000 elements and 178712 nodes in total.

As shown in Figure 6, two tension armor layers are spi-
rally woundF in opposite directions. Tension armor 1 con-
sisted of 58 steel strips while tension armor 2 consisted of
60. Both of them were modeled by 3D 8-node linear brick,
reduced-integration element. There are 7772 elements and
23664 nodes for tension armor 1 and 8040 elements and
24480 nodes for tension armor 2.

Figure 7 shows the detailed dimensions of the riser’s
cross section composed of 10-layer element model. Due to
the complication and scale of the structure, a parametric

FIGURE 5: Model of antiwear layer.

FIGURE 6: Model of tension armor layers.

modeling procedure was adopted. The model is solved in
ABAQUS analysis module after modeling.

3. Material Properties

The material properties for layers of the flexible riser are
shown in Table 2.

4. Load Case, Calculation Results,
and Analyses

Three typical loads (tension, internal pressure, and external
pressure) were applied on a 3.0 m long riser to demonstrate
the accuracy and reliability of the method. The bottom end of
the riser was constrained in all directions while the other end
was totally free.

4.1. Load Case I: Tension. In this case, a 150 kN concentrated
load was applied on the free end of the riser. Figure 8 shows
the axial-deformation of the riser. The maximum stretching
of the riser in axial direction is 1.935 mm, and the elongation
is about 0.0645%. The maximum Mises-stress results of each
layer are listed in Table 3.

As shown in Table 3, stress mostly concentrated at the
tension armor layers. The maximum Mises stress for tension
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TABLE 2: Material properties.

Internal pressure Pressure Antiwear Tension
Carcass layer P protection Outer sheath
protection armor layer armor
armor
. Low- i . . . Low- i
Steel strip ow-density Steel strip Nylon braid Steel strip ow-density
polyethylene polyethylene
Density (kg/m?) 7800 920 7800 920 7800 920
Young’s modulus (GPa) 207 0.18 207 0.18 207 0.18
Poisson’s ratio 0.3 0.38 0.3 0.38 0.3 0.38
TABLE 3: Maximum Mises stress of each layer.
Internal Interlocking Preparatory
Carcass pressure pressure pressure Tension Tension Outer
layer protection protection protection armor 1 armor 2 sheath
armor armor armor
Mises stress (MPa) 6.410 0.1104 14.32 19.61 98.48 91.51 0.1241
. B Lay angle for interlocking S, Mises
Outer diameter = 229 mm pressure protection armor 88° (Avg.: 75%)
\ +9.848¢ + 07
+9.759¢ + 07
+9.671e + 07
+9.582¢ + 07
Lay angle for tension +9.493¢ + 07
armors 30° +9.405e + 07
+9.316e + 07
+9.228e + 07
+9.139%¢ + 07
di +9.051e + 07
Inner diameter = 178 mm +8.962¢ + 07
+8.874e + 07
+8.785¢ + 07

FIGURE 7: Detailed dimensions of the riser’s cross section.

FIGURE 8: Axial-deformation of the riser under tension.

FIGURE 9: Mises-stress contour for tension armor 1 under tension.

armor 1 is 98.48 MPa. The result shows good agreement with
result obtained from Recommended Practice for Flexible Pipe

U, U3 [12]. It can also be seen that Mises stress in tension armor
+1.935¢ - 03 1 is slightly greater than that in tension armor 2 due to the
+1.761e — 03 difference in their radii. In order to achieve a better view of
+1.587¢ — 03 the maximum stress distribution, only stress results of tension
+1413¢ - 03 armor 1 are shqwn in Figure 9. .

The analytical result from recommended practice for
+1.239e - 03 . . . L.

tensile stress in the tension armor is given by
+1.065e — 03
2 >

+7.175¢ - 04 (2t,rDcos’6)
+5.436¢ - 04 where T is tensile load, t, is equivalent armor thickness, and
+3.696¢ — 04 D is mean diameter of armor.
+1.957¢ - 04 The analytical result is 87.01 MPa, 8.4% smaller than the
+2.183¢ — 05 average simulation result 94.99 MPa. There is a good agree-
C152le— 04 ment between the analytical and numerical results. The ana-

Iytical method considering the riser is more likely a contin-
uous structure, so it cannot take full account of contact, slip,



Mathematical Problems in Engineering

TABLE 4: Maximum Mises stress of each layer.

Internal Interlocking Preparatory
Carcass pressure pressure pressure Tension Tension Outer
layer protection protection protection armor 1 armor 2 sheath
armor armor armor
Mises stress (MPa) 1.598 2.602 102.0 99.44 21.41 27.22 0.1629
CPRESS U, U1 (CSYS-1)
General_Contact_Domain +3.368e — 04
+6.761e + 06 +2.410e — 04
+6.198e + 06 +1451e — 04
+5.634e + 06 1931
+5.071e + 06 +4.931e =05
+4.507¢ + 06 —4.651e - 05
+3.944e + 06 —1.423e - 04
+3.381e + 06 —2.382¢ — 04
2.817e + 06
reser ~3.340¢ - 04
+2.254e + 06
+1.690¢ + 06 ~4.298 — 04
+1.127e + 06 —5.256e — 04
+5.634e + 05 —6.214e — 04
+0.000e + 00 _7173¢ — 04
FIGURE 10: Contact pressure contour for tension armor 1 under ten- -8.131e - 04

sion.

S, Mises
(Avg.: 75%)

+1.069¢ + 08
I +1.038e + 08
+1.007e + 08
—t +9.762e + 07
—t +9.452¢ + 07
+9.142e + 07
I +8.833¢ + 07
+8.523e + 07
I +8.213e + 07
+7.904e + 07
+7.594e + 07

+7.284e + 07
+6.974e + 07

FIGURE 11: Mises-stress contour for nonfriction tension armor 1
under tension.

and friction effect between steel strips of the tension armor.
However, as it shows in Figure 10, for discrete structure
like tension armor, stress concentration caused by theses
interactions between strips could not be ignored.

Extrusion and slip appear between strips when tension is
applied. From Figure 10, the distribution of contact pressure
can be observed easily. The effect of friction makes stress of
the strips smaller than that from nonfriction model. This can
be easily verified by comparison of Mises stress from model
without friction effect (shown in Figure 11) and that from

FIGURE 12: Radial deformation contour for the riser under internal
pressure.

model with friction effect (shown in Figure 9). Calculated
stress result decreases by 7.8% when friction is considered.

4.2. Load Case 2: Internal Pressure. In this load case, a
6.4 MPa internal pressure was applied on the carcass layer
of the riser. The radial deformation of the riser shows in
Figure 12 (deformation scale factor 25). The results for the
maximum Mises stress of each layer are listed in Table 4.
It illustrates that the internal pressure transits from internal
structure to external structure layer by layer through contact.

Under internal pressure, the pressure protection armor
layers (interlocking pressure protection armor layer and
preparatory pressure protection armor layer) are the main
structures to resist load. The maximum hoop-stress in the
two pressure protection armor layers is 98.57 MPa as shown
in Figure 13.

The numerical results are compared with those from
Lame’s formula in elastic mechanics shown as the following
equation [13]:

2, 2
Oy = _%q’ 2)
[r*—1
where R is the external radius of the cylinder, p is the radius
of an arbitrary point of the cylinder, and r is the inner radius
of the cylinder.

The analytical result is 93.34 MPa, smaller than the
numerical result 98.57 MPa by 5.3%. Contact pressure distri-
bution of channel steel strips is shown in Figure 14. The results
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TABLE 5: Maximum Mises stress of each layer.

Interlocking Preparatory
Inner pressure . .
Carcass . pressure pressure Tension Tension Outer
1 protection . .
ayer armor protection protection armor 1 armor 2 sheath
armor armor
Mises stress (MPa) 4.917 0.09979 71.70 75.37 59.62 50.89 0.9359

S, 8§22 (CSYS-1)
(Avg.: 75%)
+9.857e + 07

+9.776e + 07
+9.695e + 07
+9.614e + 07
+9.532e + 07
+9.451e + 07
+9.370e + 07
+9.28%¢ + 07
+9.208e + 07
+9.127e + 07
+9.045e + 07
+8.964¢ + 07
+8.883e + 07

FIGURE 13: Hoop-stress contour for the pressure protection armor
layers under internal pressure.

CPRESS
General_Contact_Domain

+1.198e + 07

+1.098e + 07
+9.985e + 06
+8.987e + 06
+7.988e + 06
+6.990e + 06
+5.991e + 06
+4.993e + 06
+3.994e + 06
+2.996e + 06
+1.997e + 06
+9.985e + 05

+0.000e + 00

FIGURE 14: Contact pressure contour for channel steel strips under
internal pressure.

from the simulation agree well with the analytical results from
Xu [13].

4.3. Load Case 3: External Pressure. The external pressure is
2 MPa, acting on the outer sheath layer. The radial deforma-
tion of the riser under external pressure is shown in Figure 15
(deformation scale factor 25). The maximum Mises-stress
results of each layer are listed in Table 5. It illustrates that the
external pressure transits from external structure to internal
structure layer by layer through contact.

U, U1 (CSYS-1)
+5.121e — 04

+4.003e — 04
+2.885e — 04
+1.768e — 04
+6.504e — 05
—4.672e — 05
—1.585e — 04
—2.702e — 04
—3.820e — 04
—4.937e - 04
—6.055¢ — 04
~7.172e — 04

—8.290e — 04

F1GURE 15: Radial deformation contour for the riser under external
pressure.

S, §22 (CSYS-1)
(Avg.: 75%)
+7.663e + 06

+3.766e + 05
-6.910e + 06
—1.420e + 07
—-2.148e + 07
—-2.877e + 07
—-3.605¢e + 07
—4.334¢ + 07
—-5.063¢ + 07
-5.791e + 07
—6.520¢e + 07
—-7.24%¢ + 07
-7.977e + 07

F1GURE 16: Hoop-stress contour for the pressure protection armor
layers under external pressure.

The external pressure is mostly resisted by the pressure
protection armor layers (interlocking pressure protection
armor layer and preparatory pressure protection armor
layer). The maximum hoop-stress in the two pressure protec-
tion armor layers is 7.663 MPa as shown in Figure 16. Contact
pressure distribution of channel steel strips is shown in
Figure 17.
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CPRESS
General_Contact_Domain

+1.046e + 07
+9.591e + 06
+8.720e + 06
+7.848e + 06
+6.976¢ + 06
+6.104e + 06
+5.232e + 06
+4.360e + 06
+3.488e + 06
+2.616e + 06
+1.744e + 06
+8.720e + 05
+0.000e + 00

F1GURE 17: Contact pressure contour for channel steel strips under
external pressure.

5. Conclusions

(1) A detailed finite element model for a10-layer unbond-
ed flexible riser has been created for the analysis of its
mechanical behavior. It takes into account geometric
nonlinearity, contact interaction, and friction.

(2) From the calculation in ABAQUS, detailed stress and
deformation results of each layer of the riser under
three load cases are obtained. The calculation results
show a satisfactory agreement with those from ana-
lytical method. It verifies the numerical method’s
validation.

(3) It suggests that the finite element model can be used
to predict mechanical behavior of the riser in other
different load cases. The numerical model enables
cost-effective parametric investigations, which can in
turn lead to improved riser design.
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