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ABSTRACT

Free spans of a subsea pipeline may undergo vortex-induced
vibrations (VIVs) and could be damaged by fatigue failure. The
free span length is a key parameter for determining the structural
natural frequency, which would correspondingly influence the
reduced velocity (Vr) for the VIV responses. The existing flume
tests indicated that the VIVs of a near-bed cylinder may be
triggered effectively in moderate shear flows. This may imply
that the vibration cycles of a free spanning pipeline could be up
to ten-millions, and the very-high-cycle fatigue (VHCF) could
be encountered during the engineering service. On the basis of
the dimensionless vibration amplitude 4/D-Vr curve and the
recommended S-N curve for the high-strength steel pipelines
with cathodic protection under seawater environments, a
prediction method is proposed for the service life of a free
spanning pipeline undergoing VIVs. A case study is then
performed to evaluate the service life (in terms of vibration
cycles) of the free-spans with the focus on VHCEF. It is indicated
that, if the characteristic flow velocity is given, the variation of
the service life with the span length is generally nonlinear, which
is attributed to being involved in various VIV branches of the
A/D-Vr curve.

Keywords: Free spanning pipeline; Vortex-induced vibration;
Service life prediction; Very-high-cycle fatigue; Pipeline-seabed
interaction
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NOMENCLATURE

A Vibration amplitude of the cylinder

a Coefficient in Eq. (8)

Ci Boundary condition coefficient in Eq. (2)

G Boundary condition coefficient in Eq. (2)

Ca Added mass coefficient

D Outer diameter of the cylinder

Do Outer diameter of the pipe

Di Inner diameter of the pipe

e Gap between the pipe bottom and the seabed surface
E Elastic modulus of the pipe

Fes Concrete stiffness enhancement factor for the pipe
Jfa Natural frequency of the pipe or cylinder
f Frequency of vortex-shedding from a fixed cylinder
1 Moment of inertia

K Combined mass-damping parameter

k Exponent on thickness of the pipe

L Free span length of the pipeline

Letr Effective span length

M Bending moment of the pipe

Ma Added mass of the pipeline per meter

Me Mass of the content inside the pipeline per meter
Me Effective mass of the pipeline per meter

mp Mass of the steel pipeline per meter

N Number of cycles to failure

Per Critical buckling load

q Uniform load on the pipeline
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SCF Stress concentration factor

Sefr Effective axial force along the pipeline

t Wall thickness of the pipe

to Reference wall thickness of the pipe

U Flow velocity

Vr Reduced velocity

Vier Critical reduced velocity

w Deflection of the suspended pipeline

wmax  Maximum deflection of the suspended pipeline
B Relative soil stiffness parameter

) Static deflection of the pipeline

Ao Stress range
psteel DenSity of the steel

o) Density of the seawater

‘water

o Normal stress

O Maximum normal stress

v Kinematic viscosity of the seawater

‘water

1. INTRODUCTION

Subsea pipelines have been widely employed for
transporting oil and gas from underwater wells to offshore
platforms and onshore processing facilities. The pipeline free-
span scenario could be permanent when generated by seabed
unevenness or by artificial supports for pipeline crossing, or be
generated with short- to long-term evolution by seabed mobility
and local scour in shallow waters (Drago ef al., 2015). Under the
action of ocean currents, a partially-embedded pipeline may also
be suspended because of the tunnel-erosion (Sumer et al., 1988;
Gao, 2017; Shi et al., 2021). As such, the free-spans could be
frequently encountered or even inevitable, especially for a long-
laid pipeline in the oil and gas exploitation in deep waters.

In the harsh subsea environments, a pipeline free-span may
suffer from vortex-induced vibrations (VIVs), as illustrated in
Fig. 1. For an elastically-mounted cylinder, the transverse VIVs
can be effectively triggered when the reduced velocity (77)
approaches a critical value Vi ~4.0 under wall-free

conditions (Blevins, 1990). The reduced velocity Vr is defined
as:

U

Vr=——
f.D

()

where U is the characteristic velocity of the flow perpendicular
to the cylinder’s axis, fa is the structural natural frequency, and D
is the outer diameter of the cylinder. Once the VIVs are initiated,
the frequency of vortex-shedding and that of the structural
oscillation would collapse into an identical value, which is
known as “lock-in” or “synchronization” phenomenon. The
maximum amplitude of the vibration principally depends on the
combined mass-damping parameter Ks (Williamson and
Govardhan, 2004). In the engineering practices, subsea pipelines
are usually in the proximity to the seabed. For such a near-bed

cylinder, the flow fields around the cylinder would be altered due
to bed-proximity effects, which would affect the VIVs responses
subsequently. Recently, Liu and Gao (2022) investigated the bed-
proximity effects on triggering transverse vibration of a cylinder
under low K conditions. It was found that, as the cylinder getting
closer to the bed boundary (i.e., with the decrease of the gap-to-
diameter ratio e¢/D from 2.0 to 0.1), the values of Vr,

significantly decrease (from 4.0 to 2.85), which is accompanied
by the decrease of vibration amplitudes. Previous flume
observations by Gao et al. (2006) indicated that, once the VIVs
are triggered, the local scour around the vibrating pipe would be
greatly enhanced due to the cyclic vibrations, e.g., the scour
depth could be up to approximately 1.2D, which can be regarded
as the wall-free condition for VIV responses.
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Figure 1. Schematic diagram of a pipeline free-span undergoing
VIVs (not in scale).

In the engineering practice, fatigue may take place under
the cyclic loading after a substantial period of service. The
fatigue limit stress is generally defined as the highest stress at
which the specimen do not fail after 107 loading cycles.
However, the existing studies have extended knowledge by
warning that fatigue failure may occur at lifetime greater than
N =10 at a stress that is lower than the conventional fatigue
limit (Sharma et al., 2020). Generally speaking, fatigue of
metallic materials can be divided into three regions: low cycle
fatigue (LCF), high cycle fatigue (HCF) and very high cycle
fatigue (VHCF) in which the number of cycles to failure is
beyond 107. The fatigue behavior in the VHCF region is quite
different compared to that in the conventional HCF (Murakami
et al., 2000; Shiozawa et al., 2001; Sakai et al.,, 2002; Hong et
al, 2012; Song and Sun, 2020). For instance, the fatigue
behaviors of high-strength steels in the VHCF region show crack
initiation at the inclusion site, while in HCF region, the cracks
are located preferentially at the surface (Sharma et al., 2020).
The influence of hydrogen was found to be crucial for
eliminating the fatigue limit in the extremely high cycle fatigue
(Murakami et al., 2000; Sharma et al., 2020).

For offshore structures subjected to typical wave and wind

loading, significant fatigue damage may occur for N = 10’
cycles, i.e., in the VHCF region (DNVGL, 2016). It is also very
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common that turbine blades experience stress cycles more than
N =107 by vibration. Nevertheless, fatigue test data are normally
derived for number of cycles less than 107, including those for
subsea pipeline steels. For the scenario of free-spanning
pipelines, the fatigue by VIVs is of great concern in the
engineering design (DNVGL, 2017). The allowable span length
of a suspended pipeline was investigated by considering VIV
hysteresis effects (Liu and Gao, 2021). The natural frequency of
free-spans was assessed by using finite element model (He et al.,
2020), and the random ocean current induced fatigue life of free-
spans was further predicted on the basis of the Palmgren-Miner
cumulative damage rule. Nevertheless, the correlation between
the free-span length and the corresponding service life has not
been well revealed, especially in the VHCF region.

In this investigation, a service life prediction method is
proposed for the free-spanning pipeline undergoing VIVs. Based
on the existing test results on transverse VIV response, the 4/D-
Vr curve with four branches is created (note: A/D is the ratio of
the VIV amplitude to the pipe diameter). The bilinear S-N (Stress
range - Number of cycles to failure) curves are recommended by
considering the VHCF of the high-strength steel pipelines with
cathodic protection under seawater environments. A flow chart
is provided for the service life prediction of a free-spanning
pipeline undergoing VIVs. A case study is then performed to
evaluate the service life of the pipeline free-span with the focus
on VHCF. The correlations between the service life and the flow
velocity or the free-span length are finally established.

2. VIBRATION AMPLITUDE AND STRESS
DISTRIBUTION ALONG THE FREE-SPANNING
PIPELINE

2.1 Amplitude of VIVs

The natural frequency of a free-span or suspended pipeline
is a key factor in identifying the reduced velocity (see Eq. (1)).
The natural frequency or the first eigen frequency of a free-
spanning pipeline is influenced by many factors (such as span
length, elastic modulus of the pipe steel, boundary conditions,
effective mass, and moment of inertia of the pipe, etc.), which
can be evaluated with the following equation:

1
272
+h+c3 (éj D (2a)
Ly D

where L is the effective span length; m, is the effective

N —
Ly m

€

e [(1+FCS)EI|:1

mass of the pipeline; F is the concrete stiffness enhancement

factor; E is the modulus of elasticity of the steel pipeline; / is the
inertia moment of the steel pipeline; Serr is the effective axial
force (negative in compression); P is the critical buckling load
(positive sign); ¢ is the static deflection; C, and C, are the

end boundary condition coefficients, which depend on the

support conditions of the free-span boundary (DNVGL, 2017).
The effective span length L, can be determined by

473 5227
Ly | -0.066f>+1.024+0.63 )
L 4.73 527

0.0363 +0.615+1.0
in which, g is the relative soil stiffness parameter. The basic

rules for the ideal end conditions are as follows (DNVGL, 2017,
Guo et al., 2014):
(1) Pinned-Pinned: used for free-spans where each end is
allowed to rotate about the pipeline axis;
(2) Fixed-Fixed: should be used for the free-spans that are
fixed in place by some sort of anchor at both ends.
The following values of C1 in Eq. (2a) have been widely used for
these typical end conditions: (1) Ci1=1.57 for the Pinned-Pinned
end condition; (2) C1= 3.56 for the Fixed-Fixed end condition.
The effective mass per meter (me) is the sum of mass of the steel
pipe per meter (mp), the mass of the content inside the pipe per
meter (mc) and the added mass per meter (m1.):

m,=m_+m_+m, (3a)
T D’
m, = C, T (3b)

where Ca is the added mass coefficient (for a circular pipeline,
Ca=1.0);and p, .. 1is the density of the seawater.

If the effective axial force and the static deflection are not
taken into account, Eq. (2a) can then be simplified as:

/i

C IFCSEI%
() “

~ 2
chf me

In the past few decades, the VIVs of an elastically-mounted
cylinder have been investigated by quite a few researchers, see
the comprehensive reviews, e.g., Williamson and Govardhan
(2004), Sarpkaya (2004), Bearman (2011) and Wu et al. (2012).
In this study, the VIV amplitudes of wall-free cylinders in the
region of low mass-damping parameter Ks (broadly Ks < 0.05,
see Williamson and Govardhan, 2004) are collected from some
benchmark flume observations. The whole curve for the
nonlinear variation of 4/D with Vr is created as shown in Fig. 2.
As indicated in Fig. 2, in such a low mass-damping system, four
distinct stages of VIV responses can be identified, namely the
“initial excitation branch”, the “upper branch”, the “lower
branch” and the “desynchronization” (also see Khalak and
Williamson, 1997). In the “initial excitation branch” (i.e.
Vr<4.5), the cylinder starts to vibrate with a relatively small
amplitude; in the “upper branch” (4.5 <Vr <7.0), the cylinder
vibrates with large amplitude; in the “lower branch”
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(7.0<Vr <12), the cylinder vibrates with a moderate amplitude;
and in the ‘“desynchronization” ( Vr>12 ), the vibration
amplitude of a wall-free circular cylinder is further reduced.

1.2 Upper brankh ®  Khalak and Williamson (1997)
A Wangetal (2013)
1.0F ¢ de Oliveira Barbosa et al. (2017)
= Daneshvar and Morton (2020)
= Liuand Gao (2022)
0.8 E
Sos6f :
~ Initial excitation

branch Vr<4.5
0.4 F

Desynchronization

*
2 : ]
0 1 1 1
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Figure 2. A/D-Vr curve for a wall-free circular cylinder with low
mass-damping parameter.

Above analyses indicate that once the pipeline parameters
and the flow velocity (U) are given, the corresponding reduced
velocity (V) can be calculated with Eq. (1) and Eq. (4), and the
vibration amplitude can be obtained with the reference to Fig. 2.

2.2 Stress distribution along the free span

It is supposed that the ocean current is perpendicular to the
axis of the free spans, as illustrated in Fig. 1. As stated above, the
shoulders for a free-span can be simplified as the Pinned-Pinned
or the Fixed-Fixed end condition. The maximum deflection in
the middle of the span (Wmax) under the action of a uniform load
(g) can be calculated with Eq. (5a) for the Pinned-Pinned end
condition, and with Eq. (5b) for the Fixed-Fixed end condition,
respectively:

5 4
Wy = (52)
384E]
L4
w =1 (5b)
384FEI

where L is the span length. Similarly, the maximum bending
moment correlated with the maximum deflection in the middle
of the free span can be calculated with Eq. (6a) for the Pinned-
Pinned end condition, and with Eq. (6b) for the Fixed-Fixed end
condition, respectively:

_ 48EI
max 5 Lz Wmax (63)
_ 32EI (6b)

w
max 2 max
L

Fig. 3 (a) and (b) show the distributions of bending moment
along the free-span under these two end conditions. It is
indicated that the bending moment reaches its peak value in the
middle of the span under the Pinned-Pinned end condition. But
under the Fixed-Fixed end condition, the two ends connected
with the span shoulders undertake the maximum bending
moment.
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Figure 3. Distributions of bending moment along the free-span:
(a) under the Pinned-Pinned end condition; (b) under the Fixed-
Fixed end condition.

Consequently, the maximum normal stresses ( o, )

correlated with maximum deflections (wmax) can be expressed as

- 24DE " (7a)
ax 77 Wi a
max 5 L2 max
16DE
O-max = L2 Wmax (73.)

for the Pinned-Pinned and the Fixed-Fixed end condition,
respectively.

3. RECOMMENDED S-N CURVES

The fatigue design is generally based on use of S-N curves,
which were obtained from fatigue tests. The number of cycles to
failure (V) at a stress range ( Ao ) is defined by an S-N curve. As
aforementioned, significant fatigue damage to offshore
structures usually occurs for N >10" cycles (VHCF region).
On the VHCF mechanism of metallic materials, a few studies
have already been carried out, e.g., Murakami ef al. (2000),
Shiozawa et al. (2001), Sakai et al. (2015), and Hong et al.
(2016). It has been generally recognized that the cracks usually
initiate from the surface of materials in LCF and HCF regions,
while the cracks preferably emerge in the interior of the materials
with fish-eye morphology in VHCF region. As illustrated in Fig.
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4, an inclusion was found at the center of the fish-eye zone. The
rough area surrounding the inclusion within the fish-eye zone,
named fine granular area (FGA), is the crack initiation region,
which is critical to the VHCF occurrence. The initiation and early
growth of cracks could be attributed to the grain refinement
caused by the dislocation interaction over a number of cyclic
loads followed by the formation of micro-cracks; but the micro-
cracks could also be formed, irrespective of the grain refinement
during the cyclic loading (Song and Sun, 2020).

~Inclusion

Figure 4. (a) The fracture surface of a high strength steel (Sakai,
2009) (b) A close-up for the crack initiation region of a high
strength steel (Song, 2021).

For the sake of service safety, an unfavorable scenario is
considered in this case study, e.g., the weld joint is happened to
be installed in the middle of the span for the Pinned-Pinned
boundary condition and in one end of the span for the Fixed-
Fixed boundary condition. The service environment is
considered to be in the seawater and with cathodic protection
(CP).

The fatigue test data are normally derived for number of
cycles less than 107. As such, how to extrapolate the fatigue test
data into the VHCF region is important in order to achieve a
reliable assessment procedure (DNVGL, 2016). The bilinear S-
N curves, i.e., F3 and C1 (see Fig. 5), are recommended to define
the number of cycles to failure at stress range Ao . Note that,
the F3 curve is for the circumferential butt weld made from one
side without a backing bar; and the C1 curve is for the
circumferential butt welds made from one side that are machined
or ground flush to remove defects and weld overfill (see
DNVGL, 2016). Meanwhile, the existing fatigue test data for the
high strength steels under various environments are also
provided in Fig. 5 for references. The structural stress
concentration factor SCF = 1.61 for the S-N curve F3, and SCF
= 1.0 for the S-N curve Cl1. As shown in Fig. 5, the S-N curves
in VHCEF region get more horizontal as the number of cycles to
failure N becomes larger than 10°. The recommended S-N curves
can be expressed in the form:

Log,,(N)=Log,, (a)—mLog, AO‘[L] ] (®)

of the S-N curve,

where m, is the negative inverse slot)e
is the

Log,, (a) is the intercept of Log,

reference wall thickness of the pipe for welded connections, and
k is the thickness exponent on fatigue strength.

. t
) axis, ™

1000 —————rrr———

100 |

[ [~ = = = S-N curve C1 (DNVGL-RP-C203)
S-N curve F3 (DNVGL-RP-C203)
A Lemos et al. (2012)

®  Yaneral (2023)

®  Gaoeral (2021)
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Number of cycles to failure N

Stress range Ao (MPa)

Figure 5. Recommended S-N curves for the high strength steel
pipelines in the seawater and with cathodic protection (adapted
from DNVGL (2016)), and the existing test data by Lemos et al.
(2012) for the saline environments saturated with carbon
dioxide; Yan et al. (2023) for the saturated H2S solution; Gao et
al. (2021) for NACE solution with saturated H»S.

4. FATIGUE LIFE PREDICTION AND DISCUSSIONS
4.1 A flow chart for service life prediction

A flow chart is proposed for the service life prediction of a
free-spanning pipeline undergoing VIVs, as illustrated in Fig. 6.
A brief description of the analysis procedure is given as follows:

(1) For given structural parameters, the natural frequency
(fn) of the free-span is firstly calculated with Egs. (3a),
(2b) and (2a), which is a crucial factor for calculating
the reduced velocity (V7).

(2) Once the value of Fr is obtained, the vibration
amplitude (4/D) can then be evaluated with the
reference to the recommended A/D-Vr curve (Fig. 2).
Subsequently, the maximum stress range ( Ao ) can be
calculated with Eq. (7).

(3) By referring to the recommended S-N curves (Fig. 5),
the service life of the free-spanning pipeline can be
finally obtained.
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Parameters of pipe, water and soil: Give a specified value of flow

Dy, t, pseers Es Cis &, Viyater Pyvater B velocity (U)
Eq. (3a) l Eq. (1)
Calculate effective mass (m,) l ——| Calculate reduced velocity (V)
l Fig.2
Give a specified value of span Obtain dimensionless vibration
length (L) amplitude (4/D)
Eq. (2b)

Eq. (7)

Calculate stress range (Ao) ‘

Calculate effective span length ’

(chf)
i Eq. (2a) Fig. 5
Calculate natural frequency (f;) l— ’ Choose a suitable S-N curve |
Eq. (8)
Obtain the value of number of cycles
to failure (V)

Figure 6. Flow chart for the service life prediction of a free-
spanning pipeline undergoing VIVs.

4.2 Case study and discussions

A subsea pipeline with the outer diameter of 20 inches
(0.508 m) is considered for a case study. The parameters of the
steel pipe, the gas inside the pipe and seawater are shown in
Table 1. The values of the key parameters for the S-N curves are
listed in Table 2. For the extreme scenario of large free-spans,
the values of span length are examined in the range from 60 m
to 130 m. The free-span under the Fixed-Fixed end condition is
considered in the case study. Note that, the end condition of the
free-span has a significant influence on the natural frequency (fa)
of the free-spanning pipeline, which would further alter the
values of V7 (see Eq. (1)). As the variation of A4/D with Vr is
nonlinear (see Fig. 2), the correlations between the service life
and the flow velocity or span length can be obtained by following
the flow chart as shown in Fig. 6.

Table 1. Parameters for a case study

Parameters Values Units
Outer diameter of the steel pipe (D) 0.508 m
Wall thickness of the steel pipe (7) 0.0379 m
Density of the steel ( o) 7.870x10°  kg/m’®
Density of the gas inside the pipe ( o, ) 0.200x10°  kg/m’
Density of the seawater ( p,_ ... ) 1.024x10°  kg/m®
Kinematic viscosity of seawater (0. ) 1.565x 106 m?/s
Elastic modulus of the steel (E) 2.10x 10" Pa

Moment of inertia for the steel pipe (/) 1.56x107 m*
Relative soil stiffness ( ) 4.0

Reference wall thickness of the pipe (#.r) 0.025 m

Table 2. Parameters for the S-N curve

N<10° N>10°
S-N curve — — k
m Log,, (al) my LOgla(az)
C1 3 12.049 5 16.081 0.10
F3 3 11.146 5 14.576 0.25

For a given span length L = 90 m, the variations of fatigue
life with flow velocity are shown in Fig. 7. In the “initial branch”,
ie. U <041m/s(Vr<4.5),the free-span starts to vibrate. With
the increase of the flow velocity, the fatigue life decreases. In the
“upper branch”, i.e. 0.41<U <0.65m/s (4.55Vr<7.0), the
free-span vibrates with large amplitudes, so that the fatigue life
is reduced. In the “lower branch”, i.e. 0.65<U <1.10 m/s
( 70<Vr<12 ), the free-span vibrates with moderate
amplitudes, and the corresponding fatigue life becomes longer.
Similarly, in the “desynchronization”, i.e. U >1.10 m/s
(Vr 212), the free span vibrates with smaller amplitudes and the
fatigue life becomes longer.

1OX E T T T I T T T T T
—®&— Predicted with S-N Curve C1 /
—®— Predicted with S-N Curve F3

10" £

Upper branch Lower branch

1o kb 041<U<065  ge5<U<1l

|

10° g 3

Desy. hchronization]
> oo U=11 ]

E_Initial branch

U<0.41
10° 1 1 1 I I I I 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Number of cycles to failure N

Flow velocity U (m/s)

Figure 7. Variations of number of cycles to failure (V) with flow
velocity (U) for the typical value of span length (L = 90 m).

For a given flow velocity U = 0.57 m/s, the variations of
fatigue life with span length (L) are shown in Fig. 8. For L <77
m, the free-span starts to vibrate with the increase of the span
length, i.e. the “initial branch”. When the span length
77<L <96 m, the free span vibrates with a very large
amplitude, i.e. the “upper branch”, so the fatigue life is very
short. For 96 <L <125 m, the vibration amplitude becomes
smaller, i.e. the “lower branch”, therefore the fatigue life
becomes longer. For L>125 m, the vibration amplitude
continues to decrease, i.e. the “desynchronization”, the fatigue
life becomes larger.
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Figure 8. Variations of number of cycles to failure (N) with span
length (L) for the typical value of flow velocity (U = 0.57 m/s).

From the analysis above, it may be found that the
relationships between the fatigue life (in terms of number of
cycles to failure N) and the flow velocity (U) or the span length
(L) are generally nonlinear, which is attributed to the nonlinear
variation of the reduced velocity (V7) with the dimensionless
vibration amplitude (4/D). As shown in Figs. (7)-(8), when the
flow velocity (U) or the span length (L) is relatively small, i.e.,
the vibration falls into the initial branch with small amplitudes
the pipeline could be damaged by very-high-cycle fatigue
(VHCF). This situation happens to be the VIVs of a near-bed
cylinder, which could be triggered effectively with small
vibration amplitudes in a moderate shear flow (see Liu and Gao,
2021; 2022).

5. CONCLUDING REMARKS

(1) In this study, with the reference to the benchmark flume
observations on VIV response amplitudes of a low
mass-damping system, the whole curve for the
nonlinear variation of A/D with Vr (i.e. the A/D-Vr
curve) is recommended, in which four distinct stages of
VIV response can be identified, i.e. the “initial
excitation branch”, the “upper branch”, the “lower
branch” and the “desynchronization”. Bilinear S-N
curves were chosen to describe the relation between the
stress range and the service life of free-spanning
pipelines under the complex seawater environment.

(2) On the basis of the recommended A/D-Vr curve and the
S-N curve for the very-high-cycle fatigue of a high-
strength steel in the seawater and with cathodic
protections, a prediction method is proposed for the
service life of free-spanning pipelines undergoing
VIVs. If the pipeline and environmental parameters are
given, the service life in terms of number of cycles to
failure N can be evaluated following the flow chart.

(3) The results of a case study indicate that the variations
of the fatigue life with the flow velocity or the free-
span length are generally nonlinear, which is attributed
to being involved in various VIV branches in the A/D-
Vr curve.
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