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a b s t r a c t

Interlocked armor layers of unbonded flexible risers may crush when risers are being launched. In order
to predict the behavior of interlocked armor layers, they are usually simplified as rings with geometric
and contact nonlinearity ignored in the open-literature. However, the equivalent thickness of the
interlocked armor layer has not been addressed yet. In the present paper, a geometric coefficient g is
introduced to the equivalent stiffness method, and a linear relationship between g and geometric pa-
rameters of interlocked armor layers is validated by analytical and finite element models. Radial stiffness
and equivalent thickness of interlocked armor layers are compared with experiments and different
equivalent methods, which show that the present method has a higher accuracy. Furthermore, hoop
stress distribution of interlocked armor layer under crushing is predicted, which indicates the interlocked
armor layer can be divided into two compression and two expansion zones by four symmetrically
distributed singular points.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Interlocked armor layers of unbonded flexible risers, such as
carcass and pressure armor, are made of carbon helical steel strips
wounded at angles close to 90�, as shown in Fig. 1 (Weppenaar and
Andersen, 2014). The cross section of carcass is usually S-shaped,
while the cross section of pressure armor is Z-shaped (API RP 17B,
2002; de Sousa et al., 2012; Kim et al., 2018). Interlocked armor
layers are both principal layers intended to resist radial pressures
(API RP 17B, 2002), and there are two critical situations for these
two layers (Neto et al., 2009). The first one is the failure of the
external sheath. In this case, as tensile armors and pressure armor
are not watertight, external pressure acts on carcass directly, which
may lead to collapse of carcass in ultra-deep water environment.
The second critical situation is the installation for unbonded flex-
ible risers. In order to increase normal contact force and keep
flexible risers fixed to the vessel through friction, a set of shoes
press the external sheath, applying a large value of pressure to
risers, whichmay lead to crushing of interlocked armor layers (Neto

et al., 2009).
Therefore, predicting the behavior of interlocked armor layers is

important to ensure the safety of flexible pipe. Experimental
studies require large and expensive testing devices, and it is hard to
monitor the buckling behavior precisely (Tang et al., 2016). So
analytical and finite element (FE) methods are widely employed
(Neto and Martins, 2012; Tang et al., 2016). Reviews of the open-
literature show that due to geometric and contact nonlinearity
caused by the complicated cross-section and lay angle of inter-
locked armor layers, carcass and pressure armor were simplified as
rings with rectangular cross-section in analytical model, then
elastic stability theory can be used (Neto and Martins, 2012; Tang
et al., 2016). For FE simulation, both full ring model and equiva-
lent ring model can be used (Neto and Martins, 2012). The former
simulates interlocked armor layers as helical strips with actual
cross-section and pitch considered, while the latter considers
interlocked armor layers as rings with rectangle cross-section.
However, how to get the equivalent thickness of the interlocked
armor layer has not been well addressed yet.

Cuamztzi-Melendez et al. (2015) compared a 2D pressure armor
model (ignoring the pitch) with a 3Dmodel (considering the pitch).
The radial stiffness of the two models agreed well. Neto and
Martins (2012) proposed a correction item, j, to modify the
equivalent stiffness method. Based on the energy conservation law,
Tang et al. (2016) proposed a strain energy equivalence method to
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estimate the equivalent thickness. Axelsson and Skjerve (2014)
compared three different carcass models and analyzed the effect
of radial gaps and bending on the collapse behavior of carcass. Note
and Martins (2014) studied the mechanical behavior of a pressure
armor in wet collapse scenario and discussed the effect of initial
ovalization on the critical pressure. According to experimental re-
sults from Tang et al. (2016), numerical results predicted by the
methods mentioned above have a large error with experimental
results.

A modified equivalent stiffness method is proposed to predict
the behavior of interlocked armor layers under crushing load in the
present paper. A geometric coefficient is introduced to the analyt-
ical model, which has a linear relationship with geometric pa-
rameters. Due to the geometric and contact nonlinearity of
interlocked armor layers, the geometric coefficient is obtained by
finite element models, and the linear relationship is also validated
by finite element models. Radial stiffness and equivalent thickness
of the interlocked armor layer are compared with crushing exper-
iments and different equivalent methods. Furthermore, hoop stress
of interlocked armor layers under crushing load is predicted, which
indicated there are four singular points distributed symmetrically
along the circumference, and the interlocked armor layer can be
divided into two compression zones and two expansion zones
under crushing load.

2. Analytical model

2.1. Radial compression stiffness

In the analytical model, the interlocked helical armor layer with
complicated geometric profile is simplified as a ring with rectan-
gular cross-section firstly. Then elastic stability theory is used (Tang
et al., 2016). The equivalent ring under crushing load is shown in
Fig. 2 (Tang et al., 2016). The angle between the singular point

(hoop bending stress at which equals 0, which will be discussed in
Section 5.3) and the crushing load is close to 39.6� (Sun et al., 2014).
A half circle, shown in Fig. 2, is employed in the analytical model
because of the geometric symmetry of the equivalent ring.
Following assumptions are made in the analytical model (Neto and
Martins, 2012): (1) the influence of lay angle of the interlocked
armor layer can be ignored; (2) the equivalent ring is perfect
without initial imperfections; (3) the deformation of the equivalent
ring is elastic.

Based on the elastic stability theory (Timoshenko and Gere,
1961), the differential equation for the curved beam under
compression can be applied directly to investigate the crushing
behavior of the equivalent ring (Tang et al., 2016), which is
described as (Timoshenko and Gere, 1961):

d2w

dq2
þw ¼ �MR2

EI
(1)

where w is the radial displacement of the equivalent ring, q is the
angle in the hoop direction, M is the bending moment, R is the
radius of the equivalent ring, E is the Young's modulus, and I is the
minimum inertia moment per unit length of the cross section of the
equivalent ring (Neto and Martins, 2012).

M can be described as follows (Timoshenko and Gere, 1961):

M ¼ M0 þ
PR
2

ð1� cos qÞ (2)

where P denotes the crushing load andM0 can be calculated by the
Castigliano theorem (Timoshenko and Gere, 1961; Tang et al.,
2016):

M0 ¼ PR
2

�
2
p
� 1

�
(3)

By substituting Eq. (2) and Eq. (3) into Eq. (1), the governing
equation for deformation can be expressed as follows (Tang et al.,
2016):

d2w

dq2
þw ¼ �M0R2

EI
� PR3

2EI
ð1� cos qÞ (4)

Then, w can be described as (Tang et al., 2016):

w ¼ PR3

4EI

�
cos qþ q sin q� 4

p

�
(5)

Considering plane strain condition, E is converted to E/(1-n2).
Then w can be described as (Tang et al., 2016):

Fig. 1. Schematic diagram of a flexible riser (Weppenaar and Andersen, 2014).

Fig. 2. Schematic diagram of the equivalent ring under crushing load (Tang et al., 2016).
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w ¼ PR3
�
1� v2

�
4EI

�
cos qþ q sin q� 4

p

�
(6)

where v denotes the Poisson's ratio.
When q¼p/2, w can be described as (Tang et al., 2016):

w ¼ PR3
�
1� v2

�
4EI

�
p

2
� 4
p

�
(7)

The radial stiffness Kr of per unit length of the equivalent ring
can be defined as (Tang et al., 2016):

Kr ¼ P
w

¼ 8p�
p2 � 8

� EI�
1� n2

� 1
R3

(8)

where ei¼ EI/(1-n2) is the bending stiffness per unit length of the
equivalent ring.

2.2. Geometric coefficient

To predict Kr in Eq. (8), ei needs to be determined. However, due
to geometric and contact nonlinearity, this problem has not been
well addressed yet. For the equivalent stiffness method, it is
assumed that the equivalent ring must have the same bending
stiffness per unit length as the interlocked armor layer (Note and
Martins, 2012).

Neto and Martins (2009) proposed a method in which ei is
expressed as:

ei ¼ E�
1� n2

� 2IGmin
b

(9)

where IGmin is the minimum inertial moment of interlocked armor
layer, b is the length of the interlocked armor layer cross section
profile.

Then, Neto and Martins assumed that depending on the inter-
locked armor layer profile superposition, the factor in Eq. (9) should
not be 2, but could be a number between 1 and 2. Then a coefficient
(1þj) is introduced, and ei is modified as (Neto and Martins, 2012):

ei ¼ E�
1� n2

� ð1þ jÞIGmin
b

(10)

The rate of superposition j is defined as (Neto and Martins,
2012):

j ¼ super
pitch

(11)

where super and pitch are shown in Fig. 3. It can be seen that
0<j < 1, so 1<(1þj)<2.

Further studies were carried out by Sævik and Ye (2016), in
which ei is given by:

ei ¼ E�
1� n2

� KnIGmin
Lp

(12)

where n is the number of helical strips, K is a factor that depends on
lay angle and the moment of inertia in the section (for massive
cross section, the value is about 1), and Lp is the pitch as show in
Fig. 3, which can be calculated from (Sævik and Ye, 2016):

Lp ¼ 2pR
tan a

(13)

where a denotes the lay angle of the interlocked armor layer.
Particularly, the analytical model is two-dimensional with a

ignored, so we can assume tana¼ c. Then, by substituting Eq. (13)
into Eq. (12), ei can be expressed as follows:

ei ¼ E�
1� n2

� KncIGmin
2pR

(14)

Comparing Eq. (14) with Eq. (10), a new geometric coefficient g
is introduced and defined as:

g ¼ 1þ j ¼ Kncb
2pR

(15)

For a fixed cross section profile and n, K and c only depend on a.
We found the influence of a on g can be ignored, which is consis-
tent with what found by Neto and Martins (2012). Then, it can be
seen from Eq. (15) that g has a liner relationship with R, which will
also be proved by finite element models in Section 5.1.

By substituting Eq. (14) and Eq. (15) to Eq. (8), the radial stiffness
of the interlocked armor layer can be defined as:

Kr ¼ 8p�
p2 � 8

� EIGmin�
1� n2

� g

bR3
(16)

In order to get g, another model is introduced. This model is
named the ringmodel, which simulates the interlocked armor layer
as a rectangular profile, and the radial stiffness of the ring model is
defined as:

Kc ¼ 8p�
p2 � 8

� EIGmin�
1� n2

� 1
bR3

(17)

Comparing Eq. (16) and Eq. (17), the geometric coefficient g can
be calculated as:

g ¼ Kr

Kc
(18)

2.3. Equivalent thickness

Due to the geometric and contact nonlinearity of interlocked
armor layers, it is difficult to obtain g by analytic analyses, so both
Kr and Kc in Eq. (18) will be predicted by finite element models.
Before getting the thickness of the ringmodel whose radial stiffness

Fig. 3. Schematic diagram of superposition and pitch (a) carcass (Neto and Martins, 2012), (b) pressure armor (Note and Martins, 2014).
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is determined by Eq. (17), we introduce several analytical models to
predict the equivalent thickness teq of interlocked armor layers.

Loureiro Jr and Pasqualino (2012) calculated teq as follows:

teq ¼ nAprofile

Lp
(19)

where n is the number of helical strips, Aprofile and Lp represent the
area of the cross section and the pitch of the interlocked armor
layer, respectively.

de Sousa et al. (2012) proposed a method as follows:

teq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12Ieq
Aprofile

s
(20)

where Ieq is equivalent moment of inertia.
The equivalent stiffness method proposed by Neto and Martins

(2012) can be expressed as:

teq ¼
3 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12ð1þ jÞIGmin
b

r
(21)

where j is predicted by Eq. (11).
According to Eq. (15) and Eq. (21), the equivalent thickness

predicted by the proposed method can be expressed as:

teq ¼
3 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12gIGmin
b

r
(22)

where g is predicted by Eq. (18).
As mentioned above, to solve g, a ring model whose radial

stiffness is determined by Eq. (17) is introduced. According to Eq.
(16) - Eq. (18) and Eq. (22), the thickness of the ring model can be
calculated as:

tr ¼
3 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12IGmin
b

r
(23)

3. Finite element models

3.1. Finite element model

In order to predict g by Eq. (18) and investigate the relationship
between g and 1/R, three different finite element models of the
interlocked armor layer were developed based on the ABAQUS
software (Dassault Syst�emes, 2010; Ren et al., 2014; Bahtui et al.,
2008; Vaz and Rizzo, 2011).

C Full ring model: In order to get Kr in Eq. (18), a full ring model
was developed, in which the interlocked armor layer was
simulated by applying the real cross section profile. Because
actual geometric profile and friction between adjacent sur-
faces of the interlocked armor layer are considered in this
model, compared with the following equivalent ring model,
numerical results from the full ringmodel ismore accurate, so
this model is used as a reference model for deviation
calculation.

C Ring model: In order to get Kc and predict g by Eq. (18), a ring
model whose radial stiffness is determined by Eq. (17) was
developed, inwhich interlocked armor layer is simulated as a
ring with rectangular profile. The thickness of the ring model
is calculated by Eq. (23).

C Equivalent ring model: To verify the proposed method, an
equivalent ring model is developed, in which interlocked
armor layer is simulated as a ring with rectangular profile.
The equivalent thickness is calculated by Eq. (22).

Because the effect of lay angle can be neglected (Neto and
Martins, 2012; Tang et al., 2016), so the interlocked armor layer is
symmetrical after ignoring the lay angle. Meanwhile, due to the
symmetry of both boundary condition and loads, only a quarter of
the finite element is developed to conduct the analysis.

As shown in Fig. 4, the flowchart described the process of
solving the relationship of geometric coefficient g and 1/R by nu-
merical method.

3.2. Geometric and material properties

Cross-sectional schematic diagrams of carcass (Neto and
Martins, 2012) and pressure armor are shown in Fig. 5 and Fig. 6.
In order to get the relationship between g and 1/R, different finite
models with the same cross section profile, pitch and different R are
developed. Geometric (Wang, 2013) and material properties (de
Sousa et al., 2012) are listed in Table 1 and Table 2.

Because the influence of lay angles of interlocked armor layers
can be ignored (Neto and Martins, 2012), a quarter of the inter-
locked armor layers were developed, which can improve compu-
tational efficiency. C3D8I elements were used, which have three
degrees of freedom at each node (Dassault Syst�emes, 2010).

3.3. Boundary conditions and loads

Taking the quarter finite element of carcass layer as an example,

Fig. 4. The flowchart of numerical calculations. Fig. 5. Schematic diagram of the cross section of carcass.
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as shown in Fig. 7, all nodes on the cross section at z¼ 0mm were
fixed in the Z direction, and all nodes on the cross section at
y¼ 0mm were fixed in the Y direction. Axial displacement of a
node at y¼ 0mm was fixed to avoid rigid motion.

In order to apply the crushing load to interlocked armor layers, a
plate with a thickness of tp was also modelled. A point located at (0,

Roþtp/2, 0) was set as a reference point, where Ro is the outer radius
of the interlocked armor layer. The plate was rigidly fixed with the
reference point, and the reference point could only translate along
the Y direction. Uniform pressure was applied on the upper surface
of the plate. General contact was used to simulate the interaction
between interlocked armor layer and the rigid plate. The friction
coefficient was 0.1 (Sævik and Berge, 1995).

4. Experiment setup

Due to the limitation of experimental cost and manufacturing
technique, only pressure armor layer shown in Fig. 6 was chosen for
the experimental case study. The specimen in experiments was
processed as follows: (1) the pressure armor model was made of
resin (Somos®WaterShed XC 11122), whose Poisson's ratio is 0.3
and Young's modulus is 2770MPa; (2) originally separated cross
sections were manufactured as one piece. A portion of the simpli-
fied cross section profile is shown in Fig. 8. In this case, contact and
friction could not be considered in the experiment. Numerical
calculations showed that the radial stiffness of the specimen shown
in Fig. 8(b) increased by 23.17% compared with the real pressure
armor shown in Fig. 8(a).

Details of the experimental setup are shown in Fig. 9 and Fig. 10.
The specimen was fixed in a static testing machine between two
steel plates. The length of the specimen was 314.5mm, about 28
times the length of the pitch to avoid the boundary effect. The
diameter of the specimenwas 8 inches, while both of the two plates
had an 800� 500mm2 of area. As shown in Fig. 9, a plate under the
specimenwas rigidly fixed, and the upper plate could only translate
downward or upward. The limiting rod was locked to prevent the
specimen rolling before the experiment began. The static testing
machine automatically recorded displacement and compression
loads during tests, and the loading rate was 5mm/min to satisfy
static experimental requirements. Crushing tests were repeated
three times and the final experimental result was reported as the
average value.

5. Results and discussion

5.1. Comparison of g

g of the carcass layer and pressure armor layer obtained by finite
element models are listed in Table 3 and Table 4, respectively. It can
be seen that different from other equivalent methods, g prosed by
the present work is not constant and it can be less than 1 or greater
than 2.

The g-1/R curves are shown in Fig. 11 and Fig. 12. It can be seen
from Figs. 11 and 12 that g and 1/R has a linear relationship, which
can also been proved by Eq. (15).

5.2. Comparison of equivalent thickness and radial stiffness

Force-displacement curves of pressure armor layer from

Fig. 6. Schematic diagram of the cross section of pressure armor.

Table 1
Geometric and material properties of carcass (Wang, 2013; de Sousa et al., 2012).

No. Diameter
D (in)

Material
parameters

Geometric parameters

1 4 Stainless steel L1¼ 8.6mm L2¼ 2.9mm
2 6 E¼ 193 GPa L3¼ 12.0mm L4¼ 3.1mm
3 8 v¼ 0.3 L5¼ 13.7mm L6¼ 3.4mm
4 10 R1¼ 0.6mm R2¼ 1.2mm
5 12 R3¼ 2.6mm q1¼ 70�

q2¼ 45� q3¼ 90�

Table 2
Geometric and material properties of pressure armor.

No. Diameter D (in) Material parameters Geometric parameters

1 4 Carbon steel L1¼ 9.0mm L2¼ 4.0mm
2 6 E¼ 205 GPa L3¼ 0.5mm L4¼ 2.5mm
3 8 v¼ 0.3 L5¼ 3.0mm L6¼ 3.4mm
4 10 L7¼ 6.5mm R1¼ 0.6mm
5 12 R2¼ 0.6mm q1¼ 80�

q2¼ 75� q3¼ 75�

Fig. 7. Schematic diagram of three-dimensional solid mesh details.

Fig. 8. Cross-sections of pressure armor and the specimen (a) the real cross section profile of pressure armor, (b) the cross-section profile of the specimen in test.
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experimental and numerical model agreedwell, as shown in Fig. 13.
Owing to instrumental errors, after tests began, the force was about
30 Nwhen the computer started to record. Therefore, the intercepts
of the three radial stiffness lines were about 30 N. However, in
radial stiffness calculations, instrumental errors were minimized
through the subtraction of forces.

What should be mentioned here is that in the analytical model,
both top and bottom ends of the ring are radially compressed under
a crushing load of P, and displacements of the two ends are both w,
while the center position of the ring remains unchanged, as shown
in Fig. 2. However, it is difficult to apply this kind of boundary
condition and deformation mode by experiment, so an alternative
experimental method is used to validate analytical and numerical
models, inwhich the bottom end of the ring is fixed and the top end
of the ring is radially compressed (Neto and Martins, 2009; Tang

et al., 2016), as described in Section 4. Different boundary condi-
tions lead to different deformation modes: under a crushing load of
P, the displacement of the top end of the ring got from experiment
is 2w, while the displacement of the top end got from the analytical
model is w. So, the radial stiffness Kr, which is defined under the
boundary condition and deformation mode of the analytical model
and can be calculated by Eq. (8), is twice of the slope of curves
shown in Fig. 13, as listed in Table 6.

Fig. 9. Schematic diagram of experimental setup.

Fig. 10. Experimental setup of pressure armor layer under crushing load.

Table 3
g of the carcass layer.

Diameter (in.) 4 6 8 10 12

Note and Martins (2009) 2 2 2 2 2
Neto and Martins (2012) 1.7703 1.7703 1.7703 1.7703 1.7703
Present work 0.9162 1.1529 1.3033 1.4062 1.4811

Table 4
g of the pressure armor layer.

Diameter (in.) 4 6 8 10 12

Note and Martins (2009) 2 2 2 2 2
Neto and Martins (2012) 1.3441 1.3441 1.3441 1.3441 1.3441
Present work 2.1725 2.2225 2.2393 2.2591 2.2766

Fig. 11. The g-1/R line of carcass.

Fig. 12. The g-1/R line of pressure armor.
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Radial stiffness of the 8 inch pressure armor layer got from
different models under the boundary condition and deformation
mode of analytical model are listed in Table 5. As mentioned in
Section 3.1 and Section 4, in the full ring model, the lay angle of
interlocked armor layer was neglected (Neto and Martins, 2012;
Tang et al., 2016), and interlocked armor layer was simulated with
their real cross section profile, as shown in Fig. 8(a); in the equiv-
alent models, interlocked armor layer was simulated with as a ring
with simplified rectangular profile; in the experimental model, due
to the limitation of experimental cost and manufacturing tech-
nique, the cross section profile was simplified as Fig. 8(b).

It can be seen from Table 5 that compared to pressure armor
shown in Fig. 8(a), the radial stiffness of the tested specimen shown
in Fig. 8(b) increased 23.17%. Radial stiffness calculated by other
equivalent methods were conservative, with an error margin of
30%. However, the radial stiffness difference between the full ring
model and the proposed model was 3.32%, which indicates the
equivalent thickness got from Eq. (22) has a higher accuracy.

Fig. 14 shows the force-displacement curves of pressure armor
layer got from different equivalent models under the condition and
deformation mode of the analytical model, which demonstrated
that the presented model has a higher accuracy for equivalent
thickness estimation.

5.3. Comparison of hoop stress distribution

Hoop stress distribution of carcass under crushing load is shown
in Fig.15. There are four nodes where hoop stress equals 0 along the
circumference, and they are named singular points. Those singular
points are distributed symmetrically along the circumference.
Taking singular points as boundaries, the ring can be divided into
four zones with two compression zones and two expansion zones
as shown in Fig. 16 (Sun et al., 2014). The hoop stresses at the
external surface of the ring are negative in the compression zones
and positive in the expansion zones. On the contrary, the hoop
stresses at the internal surface of the ring are positive in the

Fig. 13. Force-displacement curves of the specimen by experiments and numerical
models.

Table 5
Comparison of teq and Kr of the 8 inch pressure armor layer with different models.

Models teq (mm) Radial stiffness

Kr (N/mm) Deviation (%)

Full Ring Model e 173.44 0.00
Equivalent ring model Loureiro Jr and Pasqualino (2012) 4.76 112.28 �35.26

Neto and Martins (2012) 4.83 117.20 �32.43
de Sousa et al. (2012) 4.86 119.74 �30.96
The proposed model 5.41 167.68 �3.32

Experimental model Experimental (Average) e 220.86 27.34
Numerical e 213.62 23.17

Table 6
Comparison of teq and Kr of the 4 inch carcass layer with different models.

Models teq (mm) Radial stiffness

Kr (N/mm) Deviation (%)

Full Ring Model Carcass considering lay angle e 6772.18 0.00
Carcass ignoring lay angle e 6364.46 �6.02

Equivalent Ring Model Loureiro Jr and Pasqualino. (2012) 3.89 4840.02 �28.53
Neto and Martins (2012) 5.65 14487.20 113.92
de Sousa et al. (2012) 6.76 24402.78 260.34
The proposed model 4.32 6565.48 �3.05

Fig. 14. Comparison of radial stiffness of pressure armor between different models.
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compression zones and negative in the expansion zones.
The equivalent thickness and radial stiffness of the 4 inch

carcass shown in Fig. 5 calculated by different models are listed in
Table 6.

The hoop stresses along the external and internal circumference
of carcass predicted by different models are shown in Fig. 17 and
Fig. 18. Fig. 15 shows the stress path outside the carcass considering
lay angle along the circumference. From Figs. 17 and 18, the hoop
stresses of carcass ignoring lay angle and considering lay angle
agreed well. Stresses of carcass ignoring lay angle changed

cyclically along the circumference because this model is symmet-
rical. The stress distribution of carcass considering lay angle was
not completely symmetric. However, the trends of hoop stress
variation were consistent for the two models. The amplitudes of
hoop stress predicted by different equivalent methods have dif-
ferences, and singular points' locations are the same along the
circumference.

Compared with carcass ignoring lay angle and considering lay
angle, the hoop stresses of the models proposed by Neto and
Martins (2012) and de Sousa et al. (2012) were lower and too
conservative, and the hoop stresses of the model proposed by
Loureiro Jr and Pasqualino (2012) were higher. Compared with
other equivalent rings, the proposed model calculated by Eq. (22)
was more accurate to predict the hoop stresses in expansion
zones. In brief, the proposed model can predicted hoop stresses
more accurately compared with other equivalent methods.

6. Conclusions

In this study, a modified equivalent stiffness method is proposed
to study the crushing behavior for interlocked armor layers, and a
geometric coefficient g is introduced to the formulae of equivalent
stiffness method. An analytical model is developed based on the
elastic stability theory, which reveals that the geometric coefficient
g has a linear relationship with geometric parameters.

Due to the geometric and contact nonlinearity of interlocked
armor layers, g is predicted by finite element models. A full ring FE

Fig. 15. The stress distribution of carcass considering and ignoring lay angle.

Fig. 16. Compression zones and expansion zones of the ring.

Fig. 17. The hoop stresses distribution at the external surface of carcass along the circumference.

S. Ren et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 521e529528



model and an equivalent ring FE model of interlocked armor layer
are developed to predict g. A linear relationship between g and 1/R
is found by numerical results. Meanwhile, it also indicates that g
can be less than 1 or greater than 2. Radial stiffness and equivalent
thickness of interlocked armor layers are also compared with
crushing experiments and different equivalent methods, which
show that the present method has a higher accuracy.

Stress distribution of interlocked armor layers show that four
singular points are distributed symmetrically along the circumfer-
ence, and angles between the four singular points and the crushing
load are 39.6�, 140.4�, 219.6� and 320.4�, respectively. Meanwhile,
the interlocked armor layer can be divided into four zones by the
singular points with two compression zones and two expansion
zones. Compared with other equivalent rings, the proposed model
has a higher accuracy for the prediction of hoop stress in
compression zones and expansion zones.

Acknowledgements

This work is supported by the National Natural Science Foun-
dation of China (51609051) and China Postdoctoral Science Foun-
dation (2017M621251).

References

API RP 17B, 2002. Recommended Practice for Flexible Pipe, third ed. American
Petroleum Institute, Washington D.C.

Axelsson, G., Skjerve, H., 2014. Flexible riser carcass collapse analyses - sensitivity
on radial gaps and bending. In: Proceedings of the ASME 2014 33rd Interna-
tional Conference on Ocean, Offshore and Arctic Engineering, San Francisco,
California, USA.

Bahtui, A., Bahai, H., Alfano, G., 2008. A finite element analysis for unbonded flexible
risers under torsion. J. Offshore Mech. Arctic Eng. 130 (4), 041301.

Cuamatzi-Melendez, R., Castillo-Hern�andez, O., V�azquez-Hern�andez, A.O.,
Albiter, A., Vaz, M., 2015. Finite element modeling of burst failure in unbonded
flexible risers. Eng. Struct. 87, 58e69.

de Sousa, J.R.M., Viero, P.F., Magluta, C., Roitman, N., 2012. An experimental and
numerical study on the axial compression response of flexible pipes. J. Offshore
Mech. Arctic Eng. 134 (3), 031703.

Dassault Syst�emes, 2010. Abaqus Analysis User׳s Manual. Dassault Syst�emes Simulia
Corp., Rhode Island, USA, Version 6.10.

Kim, K.S., Choi, H.S., Kim, K.S., 2018. Preliminary optimal configuration on free
standing hybrid riser. Int. J. Nav. Archit. Ocean Eng. 10, 250e258.

Loureiro Jr., W.C., Pasqualino, I.P., 2012. Numerical-analytical prediction of the
collapse of flexible pipes under bending and external pressure. In: Proceedings
of the ASME 2012 31st International Conference on Ocean, Offshore and Arctic
Engineering, Rio de Janeiro, Brazil.

Note, A.G., Martins, C.A., 2009. A comparative buckling study for carcass layer of
flexible pipes. In: Proceedings of the ASME 2009 28th International Conference
on Ocean, Offshore and Arctic Engineering, Honolulu, Hawaii, USA.

Neto, A.G., Martins, C.A., Pesce, C.P., 2009. A numerical simulation of crushing in
flexible pipes. In: 20th International Congress of Mechanical Engineering,
Gramado, RS, Brazil.

Neto, A.G., Martins, C.A., 2012. A comparative wet collapse buckling study for the
carcass layer of flexible pipes. J. Offshore Mech. Arctic Eng. 134, 031701.

Note, A.G., Martins, C.A., 2014. Flexible pipes: influence of the pressure armor in the
wet collapse resistance. J. Offshore Mech. Arctic Eng. 136 (3), 031401.

Ren, S.F., Tang, W.Y., Guo, J.T., 2014. Behavior of unbonded flexible risers subject to
axial tension. China Ocean Eng. 28 (2), 249e258.

Sævik, S., Berge, S., 1995. Fatigue testing and theoretical studies of two 4 inch
flexible pipes. Eng. Struct. 17, 276e292.

Sævik, S., Ye, N., 2016. Aspects of Design and Analysis of Offshore Pipelines and
Flexibles, first ed. Southwest Jiaotong University Press, Cheng Du.

Sun, Y.C., Meng, Q.H., Wang, P., Wang, R., 2014. Goldbach Conjecture in Mechanics.
Metallurgical Industry Press, Beijing.

Tang, M., Lu, Q., Yan, J., Yue, Q., 2016. Buckling collapse study for the carcass layer of
flexible pipes using a strain energy equivalence method. Ocean Eng. 111,
209e217.

Timoshenko, S.P., Gere, J.M., 1961. Theory of Elastic Stability, second ed. McGraw-
Hill, New York.

Vaz, M.A., Rizzo, N.A.S., 2011. A finite element model for flexible pipe armor wire
instability. Mar. Struct. 24 (3), 275e291.

Wang, Y., 2013. Investigation of Design and Analysis for Unbonded Flexible Pipe
Structural. Dalian University of Technology, Master Thesis.

Weppenaar, N., Andersen, B., 2014. Investigation of tensile armor wire breaks in
flexible risers and a method for detection. In: Proceedings of the ASME 2014
33rd International Conference on Ocean, Offshore and Arctic Engineering, San
Francisco, California USA.

Fig. 18. The hoop stresses distribution at the internal surface of carcass along the circumference.

S. Ren et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 521e529 529




