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ABSTRACT

Submarine pipelines failures lead to oil spills in water and may even lead to
explosions with heavy financial and environmental damages. Trawl gear is
one of the main factors in the failure of the submarine pipelines. In this paper,
sensitivity analysis is performed on influence of height and span length
alternations on the response of pipeline against the traction caused by
trawling pull-over load. The FE model is presented using OrcaFlex software
including modeling of seabed, pipeline and trawl gear parameters. To model
soil and reinforced concrete, nonlinear parameters are considered. To verify
the models, DNV-RP-F111 and results of modeling by SAGE Profile
software is used. The results indicated that increase in span gap resulted in
the increase in pipeline responses, but with the increase in span length, only
the lateral displacement exhibited a considerable increment. Finally,
Maximum time for pipeline to fail and system response to become greater
than the standard level has been calculated.

1. Introduction

Today, sixty percent of the world's energy resources
are composed of oil and gas. One of the safest and the
most economical methods to transform oil and gas is
using pipeline system. Prediction and prevention of
pipeline failures during its assessed lifecycle has
considerable importance from industrial experiences
point of view. The most comprehensive database of
offshore pipeline failure is available in the report of
UK Health and Safety Executive PARLOC 2001 [1].
The PARLOC database indicates that about 53% of
pipeline failures are caused by Accidental Limit State
(ALS) factors in the submarine pipelines including
trawling, dropped object, anchoring and natural
hazards  [1-3]. The pipeline damage due to the
fishing gear is dependent on the type of fishing gear
and the pipeline conditions, e.g. the weight and
velocity of the fishing gear and the wall thickness,
coating, and flexibility of the pipeline [4]. Several
different types of fishing gear are used in the
commercial fishing industry around the world. The
three conventional types of trawl systems are shown
in Figure 1. Based on the opening mechanism, the
trawl bag is classified as [5]:

a) beam trawl by use of transverse beams,
b) twin trawl with clump weight, and

c) Otter trawl by use of trawl boards which
include V-Board, Polyvalent Board and
Polyfoil Board.

Generally, assessment of the interaction between

bottom trawl gears and pipelines is divided into three

phases including [5]

i. Impact phase: In this phase, energy absorption
and denting of the cross-section is focused due to
the initial impact load.

ii. Pull-over phase: The “pull-over” phase is when
the trawl gear drags over the pipeline on the
seabed for a short time. This response is dynamic
and requires the use of nonlinear finite element
methods (NFEM) due to large lateral
displacements, seabed contact, axial force changes
and possible elasto-plastic material response.

iii. Hooking phase: In some cases, the trawl gear
may actually be hooked under the pipeline and
move it along with the trawl equipment, leading to
a very severe loading situation. Hooking design
load effects may be obtained by static nonlinear
FE analysis of the pipeline subjected to a
prescribed vertical lifting height.

In practical cases, pull-over loading is more likely

than the other phases to be involved in trawl gear
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accident. So, this paper concern about the prediction
of loads and responses in the pull-over phase.

Beam
s Beam Shoe

(a) Beam trawl

Clump Weight

/4

(b) Twin trawl

\ P

£ Sweenline
_/~—Sweepline A\

) ¢ \ ~Trawl board
\
~Trawl net N
(c) Otter trawl
Figure 1. Different types of trawl gear [5].

Early research addressing the pull-over phase used to
be based on laboratory and full-scale tests. Extensive
testing was carried out in a Norwegian joint industry
project (JIP) in the 1970s to study the interaction
between pipelines and trawl gear [6-8]. Numerical
methods for response prediction of pipelines subjected
to prescribed pull-over loads were introduced in
Bergan and Mollestad [9] and Guijt and Horenberg
[10] in the 1980s. Verley [11] modeled the effect of
free spans of up to 6 m height on trawl force. The
results were presented including the maximum warp
force, the maximum force applied to the pipeline, and
the shape of the force-time trace. Fyrileiv [12]
discussed trawl loads from clump weights and
presented updated design approaches including pull-
over load estimation. The conclusion was that clump
weights may govern the trawl design of pipelines,
especially for trawl gear impact and pull-over. Igland
and Soreide [13] performed non-linear dynamic finite
element analysis for the interference between clump
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weight and pipeline on seabed using ANSYS software
package. Results of the analysis revealed the pull-over
force magnitude as well as the shape and duration of
the clump weight’s impact on the pipeline. Small-
scale tests have been used to verify the FE model.
Teigen et al. [14] developed FE simulation of the
rather complex interaction between pipelines and
trawl boards for the first time. Herlianto et al. [15]
presented global response of subsea pipeline as a
result of trawl gear pull-over loads. The external
interference from trawl gear pull-over loads can create
substantial imperfections or out-of-straightness on the
pipeline and may generate global lateral buckling. The
pull-over loads can also induce excessive bending
moments and strains in the buckle region. Longva et
al. [16] discussed that finite element analyses can be
used to predict pull-over loads of a trawl board. A
simulation model, which contained a polyvalent trawl
board and a free spanning pipeline, was established.
Several simulations were performed with span gaps
between 0 m and 2 m. In all simulations, the pull-over
force and pipeline response were sampled.

In this research, displacement, bending moment and
stress- strain of submarine pipeline under the effect of
trawl pull-over load has been determined. Then,
sensitivity analysis has been done for span gap and
Span length. A case study of this work is the example
provided in Appendix B of the DNV-RP-F111 [5] -
Recommend Practice on Trawl Gear Interference. The
numerical modeling is performed by OrcaFlex
software. The results of modeling by OrcaFlex are
verified with DNV and results of modeling by SAGE
Profile [17].

2. Pull-Over load

Pullover loads, namely horizontal and vertical forces
from trawl boards, shall be applied as a single point
load to the pipeline under consideration [18]. In this
paper, trawling system type is otter trawl by use of
polyvalent board. The pull-over loads for trawl board
are calculated by using the following empirical
formulae given in DNV-RP-F111 [5].

2.1. Pull-over Loads for Trawl Board

The maximum lateral pull-over load of a Trawl board
F, is given by Eq. (1) [5]:

F,=C mk, (1)

Warp line stiffness is obtained from Eq. (2):
k, =3.5%x107/L, 2

The coefficientC . for Polyvalent and rectangular
boards is calculated by Eq. (3).

C. =8.1—-e ) (3)

In addition, the dimensionless heightH is given by:
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T = H,+D,/2+0.2
- B

For trawl boards, the maximum vertical force acting
in the downward direction can be estimated by Eq.

(5):
F, =F,.(0.2+0.8e **") (5)

(4)

2.2. Trawl Board Pull-over Duration
The pull-over time T, is the total time where the

trawl board is in contact with the pipe and it is given
by Eq. (6) [5]:

{ )

m .

T,=2C, ﬁ +V— (6)
According to DNV-RP-F111 assumed that:

[

v 5 \k

°, _Ce [m, (7)

For a polyvalent board the time history in Figure 2
applies for both the vertical and the horizontal
pull-over load.

Force[N] A

Fo Fz -

Tp

>Time [s]

-

0.6s

Figure 2. Polyvalent and rectangular pull-over force
time history [5].

3. Finite Element Analysis

3.1. Methodology

According to Yong Bia, the summary of Finite
Element Analysis for pull-over load is listed in Table
1[4].

Table 1. Summary of trawl FE analysis [4].

Characteristic Pull-over
Time Second
Time history of horizontal
Load &vertical loads
Solution Time domain dynamic

Design parameter

Span gap
Span length

Design acceptance
criteria

Allowable moment
Allowable Stress/strain
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Pull-over load is estimated by modeling trawl gear
interference as a dynamic load using non-linear finite
element analysis. In this study, The FE analysis is
carried out using the software OrcaFlex9.7a. The
analysis process for trawl gear interaction with
submarine pipelines is shown in Figure3.

Trawling equipment

Pipeline parameters

OrcaFlex model
(Dynamic analyses) No

Verification of model
Compare with DNV-RP F111 and SAGE
Profile

yes

Sensitivity analysis

A 4

Conclusions and recommendations

h 4
End

Figure 3. Flowchart of the analysis process used for
trawl gear interaction with submarine pipelines.

3.2. Finite Element Model

The FE model in OrcaFlex includes modeling of
seabed, pipeline parameter and trawl gear parameters.
The considered trawl gear configuration is shown in
Figures 4. In OrcaFlex, both static and dynamic
analysis can be performed. There are two objectives
for static analysis [19]:

e determining the equilibrium configuration of
the system under weight, buoyancy,
hydrodynamic drag, etc., and

e providing a starting configuration for dynamic
simulation.

The dynamic analysis is a time simulation of the
motions of the model over a specified period, starting
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from the position derived by the static analysis. The
period of simulation is defined as a number of
consecutive stages defined as input [19]. In this paper,
OrcaFlex is used in a dynamic analysis of a case of
trawl gear and pipeline interference by using implicit
methods.

Towing node

7

Warp line

9 Pipeline

Figure 4. Trawl gear configuration, vertical plane.

Trawl board

Trawl net

3.2.1. Seabed model

In the event of trawling, sea bed friction resulting
from soil-pipe interaction can have a major influence
on pull-over loads when it is in full contact with the
seabed as it develops a lateral restraint. However, this
soil friction effects on free spanning pipelines are
negligible, and hence, the soil friction for free span
pipelines is not a significant parameter to consider
[18]. OrcaFlex applies Coulomb friction between the
line and the seabed. The applied friction force never
exceeds uR where R is the seabed reaction force and u
is the friction coefficient. Lines lying on the seabed
often move axially more readily than laterally. To
enable this effect to be modeled, different friction
coefficients | can be specified in normal (i.e. lateral)
and axial motion relative to the line direction. For
intermediate  directions of motion, OrcaFlex
interpolates between these two values to obtain the
friction coefficient p to be used [19]. The soil
condition for the case study in this paper is shown in
Table 2. Soil stiffness is applicable only to pipelines
resting on the seabed. No soil stiffness is assumed for
pipeline free spans. A flat seabed is a simple plane
which is modeled for the pipeline with span gaps of 0
m. A profiled seabed is one where the shape is
specified by a 2D profile in a particular direction.
Normal to that profile direction, the seabed is
horizontal. A profiled seabed is designed for the
pipeline with free span.

Table 2. Soil condition.

assumed to occur at a location where the water depth
is 300 m. The detail of pipeline parameter is shown in
Table 3. According to Figure 5, pipeline ends
boundary conditions are considered as fixed
supported.

OrcaFlex uses a finite element model for a line pipe as
shown in Figure 6. The line is divided into line
segments, which are then modeled by straight mass
less two nodes element with 6 DOF at each node. The
elements can model the axial and torsional properties
of the line. The other properties such as mass, weight,
and buoyancy are all lumped to the nodes, as indicated
in Figure 6. In this study, the pipeline is a
homogeneous standard steel pipe type with predefined
material properties including material density,
Young's modulus and Poisson ratio [19].

Table 3. Pipeline data.

Parameter Value Unit
Sand , friction angle, @ 35 [deg]
Axial friction coefficient 0.4

Lateral friction coefficient 0.6

3.2.2. Pipeline model
A 14 in OD line pipe was modeled as a 13 km straight
pipeline. The pipeline and trawl gear interference is

Parameter Value Unit

Outer diameter 356 [mm]

Wall thickness 16 [mm]

Corrosion allowance 3 [mm]

Steel quality SML4501 U

Specified minimum yield [N/mm2]

stress 450

Specified minimum tensile [N/mm2]

strength 535

Coating type Concrete

Coating thickness 40 [mm]

Coating specific weight 1900 [kg/m3]

Drag coefficient 2.0

Added mass coefficient 2.0

Content Qil

Content specific weight 800 [kg/m3]

Design temperature 40 [°C]

Design pressure 100 [bar]

Water depth 300 [m]

Ambient temperature 5 [°C]

Safety class Normal

Load effect factor 11

Load effect factor 1.07

( )
7770 77

Lsp Hy

Figure 5. Boundary condition end pipeline.
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Figure 6. OrcaFlex line element model [19].

3.2.1. Trawling equipment model

In this paper according to Figure 7, polyvalent and
rectangular trawl board was used in the FE analysis.
This type of trawl board has been found to give the
highest loads on pipelines [5]. The properties of
polyvalent and rectangular trawl boards are presented
in Table 4.

Figure 7. Polyvalent and rectangular trawl boards [4].

The elastic stiffness of the warp line in OrcaFlex is
obtained by Eq. (2). The warp line tension is given by
[19]:

de
t=Ke+CK —

Warp line strain rate is obtained using Eq. (8) for each
loading and unloading in every time step.
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Table 4. Polyvalent trawl gear data.

Parameter Value Unit
Trawl board steel mass 4000 [kal
Trawl size (length x height) ~ 4.5*3.5 [m]
Trawl velocity 2.8 [m/s]
Warp line length 900 [m]
Warp line diameter 38 [mm]
Load effect factor 11

Condition load effect factor 1.07

3.3. OrcaFlex model

In order to perform sensitivity analysis on the
response of submarine pipeline under the influence of
variations of height and span length, the pipeline is
modeled with different heights of free span (0, 1 and 2
m) and different lengths of free span (20, 60 and 100
m), which is pulled in the direction of 90 degrees by
trawl gear. Interaction between pipeline and trawl
board for span gap 1 m and span length 100 m at three
main time intervals — before, during and after collision
—is shown in Figure 8.
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Figure 8. Trawl board and pipeline simulation a) before,
b) during and c) after collisions.

4. Results and Discussion

According to Eqg. (1-5), pull-over load and time
duration depend on span gap. Therefore, for any span
gap will be pull-over load and time duration that is
shown in Table 5. The results presented for four
subsequent trawl pull-over load.

Table 5. Pullover forces according to DNV-RP-F111 for
span gap 0, 1,2m.

Hsp [m] Fp[kN] Tp[s]
0 48.6 0.98

1 133.767 )7

2 187.13 3.77

4.1. Verification of model

In this research FE modeling has been done using
OrcaFlex software. For verification purpose, the
displacement responses of pipeline resulted from
OrcaFlex modeling is compared with the DNV-RP-
F111 and the results of modeling by SAGE Profile
software proposed by Van Den et al. [17].

As shown in Figure 9, OrcaFlex predicts the response
with similar trend and acceptable divergence.

4.2. Response of submarine pipeline under pull-
over load

The effect of variation span gap on the pipeline
response is investigated considering constant span
length equal to 20 meters and span gap changes as 0, 1
and 2 meters. As shown in Figure 10, as the span gap
is increased, the friction soil decreases resulting in a
considerable amplification in responses with different
trend as compared to span gap zero meter, which is
increasing over time.

In initial time steps of system response of dynamic
analysis, there is a minor difference between span gap
one and two meter, which shows an increasing rate as
time, passes.

The results indicating the effect of span length on
response of pipeline were presented in Figure 11 for
span gap one meter. The displacement of pipeline
under the action of pull-over load strictly depends on
the length of the free span and as the span length is
increased, the oscillation period and amplitude is
increased sharply. Bending moment and strain
response are not affected by changing free span
length.

The amplitude changes in system response are
presented in Figure 12. Changing the span gap from
zero to one meter leads to more changes in system
response than changing from one to two meter does.
This means when span gap changes from zero to one
meter it is more expectable that pipeline fails. As the
time passes with dynamic analysis, the response
difference between span gap changes becomes
greater. In other word, the diagram diverges. Pipeline
response increases by increasing the span gap. In
other words, pipeline fails sooner. By increasing the
span length, only lateral displacement increases
considerably while strain and bending moment do not
change relatively.

0.4
0.35 \
0.3 ;
E QA
=025 “
o - \
; [
0.2 - / f
g i \\ vv\/’ L
£0.15 & | DNV-RP-F111
g . ARROLY
0 e e OrcaFlex
0.05 SAGE Profile
O 1
JLENEE ARt SN S AR U G S S Ak SO A ol ot G P N ot I U SR o Gl 2
0.05 S S Y > < o T 330 T gl YT e s S YTy
— — — — ~ — — — -~ — > I »r >

Pull-over time (s)

Figure 9. Pipeline response to subsequent trawl gear pull-over load.
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4.5. Checking design acceptance criteria for
trawling pull-over load

According to Table 1, allowable Moment and
allowable stress/strain are design acceptance criteria
for trawling pull-over load. The amount of allowable
moment is obtained from load controlled combined
buckling check in accordance with DNV-0OS-F101,
which is shown in Eq. (9). The amount of allowable
stress/strain is obtained from displacement controlled
combined buckling check in accordance with DNV-
OS-F101, which is shown in Eq. (10). For the case
study of this work, allowable moment and allowable
strain are 571.2 [KN/m] and 0.572 [%], respectively.

M aitowable = e - (24 m
Y Vec P o Py

v 5. 2

_M} M, . 1 ©)
ac Ve Ve

078 ( t i
=2 ool [psmPelils i, O

75'7/50 pb

700

== == 3llowable moment

Bending moment (KN.m)
! w

o

o

200
100 e— H5p=0 M
0
TR T LR
- > 3+ > > > < o — > 3+ 9 *~ < o
Pull-over time{(s)” =~ =~ =~ 7

2 .
== = jllowable strain

=
wn

— Hsp:]_m

Strain (%)

> - & L ~ > ¢ - < > > - - < 3 > 9

. . > e . ~ 9 - - o~ -
- < > 9 - 3 > o 9 < > ~
— » » 3 3 - a9 49 a >~ >

As we know, changing span length does not
influence strain and bending moment responses. So,
we determine the maximum endurance time for
meeting design criteria for model with the span
length of 100 meter, which is shown in Figure 13.
Results for different span gap are tabulated in Table
6. As one can see by increasing the height, endurance
time is decreased.

5. Conclusion

As the results show, submarine pipeline response
under trawling pull-over load is more sensitive to the
span gap than to the free span length. This sensitivity
is more considerable when the span gap is changed
from zero to one meter than when it is changed from
one to two meter. Because of the soil friction,
Endurance time for passing the design acceptance
criteria when span gap is approximately zero meter,
is three times greater than the cases in which free
span gap is one or two meter. Based on these results,
one should notice the importance of height over
length in primary design of free span for pipelines.

800
700
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400
300
200
100

== == allowable

— Hsp:]_ m

Hsp=2m

Bending moment (KN.m)

-100

Strain (%)

9

2R

o

Figure 13. Comparison between Submarine pipeline response and design acceptance criteria trawl gear pull-over
load for Lsp=100m.

Table 6. Endurance time According to span gap.

Hsp [m] Bending moment Endurance time[s] Strain Endurance time[s]
0 191 141
1 73 48
2 53 36 List of
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maximum lateral pull-over load [kN]
Warp line Stiffness [kN]

Trawling velocity [m/s]

Trawl board steel mass [kg]

Length of the warp line [m]
Span gap [m]
Pipe outer diameter [m]

Half-height of the trawl board [m]
Coefficient

Dimensionless height

Maximum vertical force [kN]

Pull-over time [s]

Displacement of the pipe at the point of
interaction

wire tension [kN]
Wire Stiffness [kN]
Wire Strain [m]

Material damping factor
Wire Strain Rate [m/s]

Span length [m]

Allowable moment

Plastic moment capacities

Internal pressure

External pressure

Minimum internal pressure

Burst pressure

Normalized effective force

Flow stress parameter

Pressure factor

Characteristic bending strain resistance
Safety class resistance factor
Material resistance factor

Load effect factor for functional load
Resistance factor

Yield strength / tensile strength ratio
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X Girth weld factor (strain resistance)
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