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Pipelines are one of the most important and key elements that align with transferring hydrocarbon products in coastal and
offshore industries which are exposed at various risks during their servicing. In this project, we are studding and describing
free spanning of marine pipeline based on DNVGL-RP-F-105 regulation applying the finite element method by Abaqus
software. For modeling, case studies of Gorze to Kish oil pipeline have been used. In order to provide and study the
integrity of the structure against fatigue, the exact place as well as the free span length using software under environmental
loading based on DNVGL-RP-F205 has been determined. Since based on DNVGL-TS-F101 free span causes local buckling,
fatigue, and pipe burst then given to the servicing as well as environmental conditions, pipe condition has been monitored.
Finally, using sensitivity analysis, the effect of different soil classes, elasticity module, and temperature on the pipe
condition has been studied. At the end, the question if it is allowed to use a cross model for bed has been answered in
previous studies.

1. Introduction

Marine pipelines are used to align with transferring gas
and oil products under the sea water. Increasing demand
for oil and gas with expansion of industry and, conse-
quently, deficiency of fossil sources of energy causes
offshore projects to develop dramatically to discover,
extraction, and hydrocarbon transfer. &e first marine
pipe line to transfer fuel for the Second World War was
the PULTO project which was installed using a ship and a
large spool, a small diameter pipe between Europe and
Britain with a gun. &e first offshore pipeline was installed
in the Gulf of Mexico. Afterwards, with the development
of offshore industry, pipelining in various regions in-
cluding the North Sea, Gulf of Mexico, Mediterranean,
Australia, Southeast of Asia, Persian Gulf, and Latin
America was conducted [1]. Iran as one of the countries
which is located at this sensitive region has great, in
Asalouyeh gas field, Oman Sea, etc., oil productions that
this issue can be understood well, Figure 1.

1.1. Literature Review. Around 7000 years before, the Chi-
nese invented a pipeline from Bambuseae to transfer the
water and Assyrians, Egyptians, Greeks, and Romans made
pipes from baked clay and created pipelines by placing clay
water pipes beside each other [1]. &e first pipeline to
transfer oil materials was established after digging the first
well in America in 1874 (1253 SH). &e length of this pipe
was 10 km, and it was made of wood and transferred
Pennsylvania state reservoirs to Petersburg industrial city
[2]. Four years later, pipelines made of iron with 5 cm di-
ameter and with 8 km length were constructed in America
that carried 250 tons of oil a day using a steam pump. In 1878
(1257 SH), a 160 km pipeline was constructed too which
passed through the Allegheny Mountain Range in America
[3]. &e first oil pipelines in the world were established to
transfer the oil from extracted underground reservoirs to the
refineries and further and the advantage of transferring
using pipelines over other devices was revealed, and the
pipeline entered the area of oil product transferring oper-
ation as well [4]. Natural frequency of free span is considered
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as a key parameter in free span. Determining the natural
frequency of a marine pipeline at the free span state and
effective parameters on it were studied by Yaghubi, Maza-
heri, and Jabari [5] in 2011.

In this study, the natural frequency of the marine
pipeline was calculated analytically and the effect of pipe
mass, axial force, soil type, and friction between the pipe and
soil parameters was assessed at different support conditions
so that the effect of each parameter on the natural frequency
of free span in different lengths and soils can be seen [6].
Results indicated that the natural frequency of free span of
marine pipelines depends on so many factors such as
boundary conditions of the supports, axial force, internal
pressure, and bed soil that, if ignored, can lead to errors in
calculations of the natural frequency and, consequently,
amplitude of vibration, tension cycles, and fatigue damages
[7].&e fatigue of the free spin of the marine pipelines under
repetitive loads is one of the most important failure states in
the free span of the marine pipelines, which should be in-
vestigated. For this purpose and to simplify the static
analysis of the fatigue phenomenon resulting from free span
in marine pipelines, the DNV-RP-F-105 regulation cate-
gorizes pipeline behavior into four categories based on the
ratio of free span length to the diameter of the pipeline.
Amir-Heidari et al. [8] have studied fatigue analysis results
from free span of the marine pipelines of the South Pars gas
field. In this study, theoretical models of force have not been
considered. Meanwhile, using finite element modeling and
taking into account a linear model for soil behavior, soil
behavior against vortex flow has been predicated [9].

2. Materials and Methods

2.1. Designing a Marine Pipeline. To ensure the maximum
level of safety for the pipeline, pipe parameters should be
assessed and selected carefully [10]. Various methods for
design and analysis are studied in this article. Meanwhile,
selecting pipeline parameters as the results of various
analysis are studied [11]. Although some of these elements
may not fit in, the installation includes most applications
such as measurement of flow characteristics, hydrodynamic
forces, internal pressure, pipe oscillation resulting from the
vortex, soil-pipeline stability, buckling of the pipeline, the
effect of big movements of the soil, faults, the existence of
obstacles at the bed, and unevenness that may cause span at
the pipeline [12]. &e first step toward the construction of a
structure is the design, which is described in some references
as the foundation of the building. Generally, designing
methods of marine structure are based on several principles
[13].

&is method is based on the determination of fixed
decreasing and increasing coefficients, which provide a fix
coefficient for the load and resistant amounts taking into
consideration the contingency of maximum critical envi-
ronmental conditions [14]. One of the most important
achievements of this method is the optimization of the initial
designing cost. &is method is based on possible changes of
the loads and material properties [15]. &e limit state
method considers uncertainties related to the loads and
material properties; therefore, it uses relative safety factors to
gain loads and stresses of the design [16]. &e limit state
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Figure 1: OPEC share of the world crude oil reserve, 2018 (OPEC Annual Statistical Bulletin, 2019).
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method is based on estimations. &is method is unlike the
allowable stress design in which it is assumed that the loads,
safety factors, and stress of the materials are exactly specified
[17]. In the limit state method, relative safety factors are
obtained using statistics and probability. Safety factors are
different for different mixtures of loads, and then, designing
is carried out with a more logical and scientific method. If we
want to state the designing process of a marine pipeline, we
can list the stages as in Figure 2.

2.2. Hydrodynamic Loads. It is a process which is generated
from the intervention of a pipeline with the environment
[19]. First, they are generated from the intervention of the
wave with the flow and include gravitational forces such as
net weight, buoyancy, and hydrostatic pressure [20]. Other
environmental loads include the pressure of the soil and
other natural activities such as ambient temperature [21].
&e pipeline which is laid down at the seabed is affected by
the loads resulting from the waves and sea flows (Figure 3)
[23]. In some regions, these forces work laterally or as a
lift. In this situation, designing according to the most regu-
lations, a safety factor should be take into consideration too.

c FD − FI( 􏼁≤ μL wsub − FL( 􏼁, (1)

where c � safety factor (usually higher than 1.1), FD � drag
force, FI � inertia force, μL � friction coefficient of the bed,
and Wsub � submerged weight.

Wave and flow data to calculate input forces should be
indicative of the most critical state. For example, to design a
pipeline during its lifetime, waves with return period of 100
years is used [24]. Return periods of 1 and 5 years are used to
analyze at the installation state in which no pipe has been
placed under the operation [25]. &e friction coefficient can
be ranged from 0.1 to 1 depending on the material on the
pipe and soil of the seabed [26].

2.3. Fatigue Failure Criterion. Breakdowns resulting from
fatigue are a major concern in engineering design [27].
Economic costs of the failure and its prevention are very
high, and it is taken into consideration that nearly 80% of
these costs include the situations that cyclic loading and
fatigue are at least one contributing factor [28]. &erefore,
the annual cost of material fatigue to the U.S economy is
nearly 3% of the GDP and the same percentage is anticipated
for other industrial countries. Currently, three methods exist
for assessing fatigue, which have been provided in Figure 4
[29].

&e S_N Curve is an appropriate and effective method to
analyse fatigue of the pipeline in which S_N data are usually
determined with a fatigue test. According to DNV-RP-C203,
the S-N initial design curve can be given as follows [30, 31]:

logN � loga − m logΔσ. (2)

&e S-N curve is an appropriate and effective method to
analyse fatigue of the pipeline in which S_N data are usually
determined using a fatigue test. According to DNV-RP-

C203, the S_N initial design curve can be provided as follows
[3, 32, 33]:

loga � loga − 2s, (3)

whereN is the number of the anticipated cycles of failure, Δσ
is the stress amplitude, m is the negative reverse slope of the
S-N curve, and log a is the axis separator of the log N axis by
the S-N curve which is given as follows [34]:
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m
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where a is fixed which is related to the average of the S_N
curve and standard deviation of the log N. Meanwhile, fa-
tigue lifetime can be assumed based on the S-N curve under
cumulative linear breakdown using the Palmgren–Miner
theory [35]:

Tfat life �
η

Dfat_life
. (5)

Here, Dfat-life is cumulative linear breakdown, a is the
meeting place of the S-N design curve with log N, m is the
negative reverse slope of the S-N curve, K is the number of
the stress blocks, ni is the number if the stress cycles in the
tension block i, and Ni is the number of the failure cycles at
the range of fixed stress Δσ. Anticipating fatigue life for the
marine pipeline can be obtained using cumulative break-
down resulting from Dfat-life and η coefficient [26].

2.4. Formulas of the DNV Regulation. DNV-RP-F-105 reg-
ulation has provided a relationship in order to validate the
finite element model [30]; each of the parameters of the
abovementioned relationship is defined as follows [36]:
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, (6)

where C1, C3 � coefficient of boundary conditions, E� steel’s
modulus of elasticity, I� steel’s moment of inertia,
SF� stiffness correction factor of the concrete, Leff � effective
free span length, me � effective mass, D� external diameter
of the pipe, Pcr � (1 +CSF) C2π2EI/L2eff, Δ� static defor-
mation, and Seff � effective axial force.

C1, C2, and C3 are determined given to the boundary
condition of the model which can be determined based on
Table 1.

3. Analysis of Results

3.1. Validation. For validation, numerical modeling and its
comparison with DNV regulation have been used. In the
DNVGL-RP-F-105 reregulation, it is pointed out that, for
validation, the frequency of the numerical model should be
compared with the frequency obtained from the formulas
[37]. In this section, modeling has been conducted both in
two and three dimension and frequency analysis has been
provided in both two- and three-dimensional modeling at
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the end of this section. In this section, two- and three-
dimensional modeling have been provided, respectively, for
the pipe with a free span length of 50m and 40m and depth

of 2m according to the following stages step by step (Fig-
ure 5). In this section, in the three-dimensional modeling, a
pie with the length of 150m has been place on the soil bed
(Figure 6). In order to allocate materials to the free span pipe
as well as soil bed, steel with 2.07 E6modulus of elasticity has
been used and the soil bed has been considered as the
compact sand according to the DNVGL-RP-F-105 regula-
tion. Pipe and soil specifications have been provided at
Table 2.

For interaction of the soil and pipe, the definition of
the friction coefficient has been used [39]. &e assumed
friction coefficient for the pipe and soil bed has been
considered as 0.3. Boundary conditions of the soil bed,
which have been modeled two and three dimensionally,
have been closed at the X- and Y-direction, and the free
span pipe has been defined as one tail joint and one tail
roller at both ends [40]. To analyze the frequency of the
free span pipe, a fine mesh is used for meshing in places
where the pipe contacts with the soil and moderate
meshing is used in the free span places.

Meshing at the places where the pipe and soil bed contact
each other has been considered as the pipe diameter (0.8m).
In Figure 5, meshing is provided two and three dimen-
sionally. In Figure 6, meshing is presented in a three-
dimensional and two-dimensional mode. According to the
DNV regulation, if the difference in the results obtained
from regulation formulas and numerical analysis is placed at
the range of ±5%, then finite-element analysis is acceptable.
In Table 3, numerical analysis conducted by Abaqus finite-
element software and the regulation formulas are provided.
From Table 3 it is specified that results from numerical
analysis and regulation formulas are at the range of ±5; then,
modeling is correct and reliable.

3.2. Numerical Analysis and Discussion. After determina-
tion of critical free span, local modeling is conducted
[42]. For closer studying and for the sake of parameter
importance, the model should be modeled three di-
mensionally with the soil bed as solid and the pipe as shell
(stress change is not important in the pipe thickness)
[43]. Free span length according to the output of the
previous section is 100 m, and maximum free span depth
is 1.7 m; modeling has been conducted using these
numbers [44]. According to the first chapter, soil spec-
ifications of the place as well as required models for the
model in an operational state have been used from the
report of the study. Hydrodynamic loads according to the
first flow regime in Section 2 should be calculated based
on equation (7) and Table 4. We have
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Figure 2: Steps of designing a submarine pipe [18].
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Table 1: Boundary condition coefficients [21].

Pinned-pinned Fixed-fixed Single span on the seabed
C1 1.57 3.56 3.56
C2 1.0 4.0 4.0
C3 0.8 0.2 0.4
C6 5/384 1/384 1/384
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0.8< α �
UC

Uc + Uw

. (7)

In Shabani’s article [17], it is specified that the alpha
range is higher than 0.8 for the undersea pipes always in the
Persian Gulf. &erefore, hydrodynamic loads only result
from the flow rate. After analyzing finite element by the
software, the output of the maximum stress and displace-
ment is provided as follows. Now, the analysis provided in
Section 2 based on the regulation should be conducted on
the free span.

3.3. Elasticity Modulus of the Soil Bed. In this section, the
modulus of elasticity has been considered to be 15, 20, 25,
and 55MPa. Furthermore, sampling of the conducted
modeling and the effect of bed soil modulus of elasticity on
the output has been seen. It can be clearly understood from
the picture that final result (vertical displacement) has not
been affected by the modulus of elasticity but the main
point is the slope of the graphs that this slope is lower for
soil with lower modulus or it can be better said that the time
arrival to this displacement occurs later, and this analysis is
correct when the higher amount of clay is considered. &e
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Figure 5: Size and dimensions of the soil and pipe bed for the three-dimensional mode.

Figure 6: Display of the bed soil mesh and free opening pipe for three-dimensional modeling.

Table 2: Pipe and bed soil specifications [38].

Poisson’s ratio Modulus of elasticity (MPa) Density (kg/m3) Type of materials
35/0 207000 1300 Soil bed
3/0 20 7850 Pipe

Table 3: Frequency analysis with the results of numerical analysis and code formulas [41].

Regulation formulas (1/s) Frequency of numerical analysis (1/s) No.
2.798 2.628 2D
1.801 1.199 3D

Table 4: &e relationship parameters.

cm csc Msd Ssd αc Mp(t2) Sp(t2) αp

1.15 1.308 1600 (N-M) 16041515.7 (N) 1.035 5720 (N-M) 22903020.1 (N) 0.5
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point which is proposed in the meantime is its effect on the
pipe behavior against imposed loads from the environ-
ment. If, by assuming the correctness of Hooke’s law
(because the stresses are lower than yield stress), we
consider that the relationship between the stress and dis-
placement is direct, then the time that the stress reaches t its
maximum level is higher in the soils with lower modulus,
and this is better for the health of the structure. On the
other word, by increasing the available opportunity for
doing the activity without worry about the condition of the
fatigue of the pipe, cost of missed opportunity can be
decreased and the costs resulting from servicing at other
places can be investigated to increase profitability to the
employer. Alternatively, it can be to answer this basic
question whether it is correct to use a cross model in studies
such as in [17, 28]. Given the abovementioned graph, it can
be said that by considering the bed as a cross, there will be
no significant difference in the answers. &en, this amount
is better not only from scientific but also from applied
perspective to use a cross bed. As it can be seen in the figure,
as the soil hardens, the maximum stress condition worsens

because the fatigue life is a reverse function of the stress
[45]. &en, the situation is worse in the harder than fine
soils (Figure 7).

3.4. Studding the Friction Coefficient of the Soil with the Pipe.
To study the friction coefficient of the soil bed with the pipe,
the friction coefficients were considered 0.3, 0.6, and 0.9.
One can understand from Figure 8 that, for smaller coef-
ficients, greater oscillation range will be obtained, which will
be obvious by taking into account friction as the only factor
against the pipe vibrations. Contrary to what was seen above,
it was expected that, for finer soils, more stress can be
obtained for the greater displacement amplitude, but the
highest stress was gained in the soil with 0.6 friction coef-
ficient, which, of course, is much smaller than the stress with
0.9 friction coefficient (nearly 0.067159%). But, if we assess
the general condition of he stresses relative to each other,
percentage difference is nearly lower than 0.15 in three
models. On the other hand, it can be understood that, in the
present model, this factor does not affect significantly the
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Figure 7: Display of time diagram-vertical displacement and Von Mises of a pipe with different moduli of elasticity of bed soil.
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fatigue life that it is expected to be due to the smallness of
tension and the need to repeat a lot to achieve fatigue. If the
amount of stress (loadings) was very high, this condition
would have been completely different.

3.5. Studying the ;ickness of the Pipe. In this study, the
thickness of the pipe was considered as 25.4mm and pipes
with 30mm and 20mm thicknesses have been considered as
well to study the effect of increasing and decreasing the
thickness on the free span stress. According to Figure 9 and
comparison of the pipes with 20, 25, and 30mm thicknesses,
it was specified that increasing the thickness of the pipe does
not change the amount of vertical displacement of the pipe
significantly. Another point which can be understood from
the abovementioned graph is the arrival time to the given
displacement that, in 20 and 30mm diameters, no specific
change is observed but in the mode of 25mm diameter, this
amount increases to 16.67%. According to Figure 9 and
comparison of the pipes with 20, 25, and 30mm thicknesses,
it was specified that by increasing the thickness of the pipe,
consequently, the total weight of the pipe increases and the
amount of stress decreases with the increase of thickness.

4. Conclusions

In the present study, we first reviewed previous activities in
the free span field and further proposed the method by the
regulation which was used to study the health status of the
Gorze to Kish pipeline against free span. To determine and
identify free spans andmeasure the length of each span, total
pipeline was modeled in the Abaqus software environment
and the sizes of three spans have been obtained. As it was
required that trivial stresses be studied, trivial modeling for
each span has been conducted by taking different boundary
conditions into account. Meanwhile, the proposed criterion
of the regulation has been used for validation which is the
same as the natural frequency of oscillations. Finally using
one-way sensitivity analysis, the effect of soil modulus of
elasticity, coefficient of friction, span diameter, and opera-
tional temperature has been studied. According to the ob-
tained results, pipe fatigue life (without taking into account
corrosion conditions, collision, erosion or landslide, and so

on) was much higher than the required amount. Meanwhile,
the safety status of the pipe against other accidents was at the
safe margin of the regulation. Meanwhile, results indicated
that as soil hardens, displacement will not change signifi-
cantly but required time to arrive at the final point will be
lower that confirms assuming the bed model as a cross in
previous studies and correctness of this assumption. But,
these changes of Young’s modulus do not have any influence
on the obtained stress and cannot practically affect the fa-
tigue life. Naturally, as the soil becomes finer (lack of friction
between the soil and the pipe), the amplitude of the dis-
placements increases, but this amount of displacement does
not affect the maximum amount of the stress. &erefore,
significance index of this factor on the fatigue life is nearly
zero. Another point that has been obtained from this study is
the passiveness of the pipe thickness. On the other word, by
increasing the thickness of the pipe, generated stress in the
pipe reduces.&erefore, this can be used as a factor by taking
the economy situation into account in the regions where
predictive operations such as earth filling, using concrete
plates or artificial support, are impossible. Another issue that
is seen in this study is that operational temperature does not
have any influence on the amplitude of the displacements
but increases the stress in the pipes.
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