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As a part of the development of edition 5 of NORSOK U-001, 4Subsea has been requested to perform
a study to establish design loads for WH systems. The purpose of the work was to document the
underlying calculations done to support the new annex A "Template in-place design loads and
marine riser drilling loads" in edition 5 of NORSOK U-001. The work included more than 70 000
dynamic global riser simulations of marine riser from 5 different semi-submersible drilling rigs at
water depths from 80 to 1000 m, with the intent of establishing design drilling loads. The five
different rigs are denoted Rig A through E throughout this report. Further details on the different
rigs and analyses models are given in [1].

2.2

Scope of work

The purpose of this document is to utilise this work to formulate general advice on how to reduce
the extreme and fatigue loads on subsea wells from operations with a marine riser suspended from
a semisubmersible drilling rig.

2.3

Load effects on subsea wellheads

The overall effect of variations on the drilling riser setup is summarised Table 2-1. Detailed results
supporting the summary table are given in section 4.
Table 2-1 Load effect summary table

Parameter

Quasistatic
extreme load

Dynamic
extreme load

Riser overpull

Wellhead loads
reduced when
overpull is
reduced

The dynamic effect of changing the
tension depends on riser natural
periods. The general effect is that a
reduction of the riser overpull
reduces the dynamic loads. But for
cases where the closest natural
periods of the riser are moved
towards a BOP resonance period, the
effect might be opposite.
It is
recommended to do site specific
analyses to find the optimum LMRP
overpull in each case.
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Parameter

Quasistatic
extreme load

Dynamic
extreme load

LMRP
submerged
weight

Wellhead loads
reduced when
overpull is
reduced

The dynamic effect of changing the
tension depends on riser natural
periods. The general effect is that a
reduction of the riser overpull
reduces the dynamic loads. But for
cases where the closest natural
periods of the riser are moved
towards a BOP resonance period, the
effect might be opposite.
It is
recommended to do site specific
analyses to find the optimum LMRP
overpull in each case.

See section 4.6

Flex joint
stiffness

Wellhead load reduced when flex joint stiffness is
reduced.

See section 4.3

Riser tally
effects

Limited or low
effect on
quasistatic load.
Increased drag
might increase
the static load
slightly.

Changing the riser tally will in
general mean changing the riser drag
and mass forces by different
combination of buoyancy joints and
joints,
joints
with
protective
fins/riser guards and bare slick
joints. The effect of the riser tally
configuration is more pronounced at
shallow water depths (below 200 m),
where the general recommendation
is to avoid riser guards, buoyancy
joints and protective fins in the
upper section of the riser to reduce
dynamic loads.

See section 4.4

Well support
stiffness

Wellhead load
reduced when
well rotational
support becomes
softer

Effect dependent on natural periods.
It is recommended to do site specific
analyses to confirm the effect in
each case.

See section 4.7

Subsea stack
height

Wellhead load increased when the subsea stack height is
increased.

See section 4.5

Subsea stack
mass

No effect on
wellhead loads

The general effect is that the
BOP/stack mass has no effect on the
wellhead loads. However, in cases
where BOP resonance is present, an
increased BOP mass will increase the
BOP resonance as this will move the
BOP resonance period towards the
peak of the riser load spectra. The
presence of BOP resonance depends
on the well rotational stiffness.

See section 4.7

Drill pipe
tension

Wellhead loads
reduced when
drill pipe tension
is reduced

The dynamic effect of changing the
drill pipe tension depends on riser
natural periods. The general effect
is that a reduction of the drill pipe
tension reduces the dynamic loads.

See section 4.6
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Parameter

Quasistatic
extreme load

Dynamic
extreme load

Dynamic fatigue
load

Comments

Rig orientation

No effect on
wellhead
quasistatic loads

In general, the
most severe
response will be
observed for
beam sea waves.
However, the
design load must
always contain
the most severe
direction (usually
beam sea
waves). The in
situ rig
orientation does
therefore not
impact the
dynamic extreme
load.

For DP operated
rigs,
it
is
recommended to
avoid beam sea
during
the
operation.
For
anchored
rigs,
the optimum rig
heading can be
determined
in
each case based
on wave hindcast
data.

See section 4.8

3

Theoretical background

3.1

General

The following subsections summarise some fundamental concepts on the loading on a subsea
wellhead from operations with a subsea BOP connected to the well.

3.2

Loads on subsea wellheads from operations with subsea
BOP connected

The loads on a subsea wellhead can be divided into two main groups:
-

Quasistatic loads – These are loads where dynamic effects are negligible. This is the case
when the acceleration (and hence the mass forces) is negligible. Examples of quasistatic
loads are loads due to vessel offset and current forces on the well.

-

Dynamic loads – These are loads where the accelerations are significant. Examples on
dynamic loads are loads due to wave loading and vessel motion.

Further, in design of subsea wellheads these loads contribute in two different design conditions
-

Extreme load design – This covers Ultimate Limit State and Accidental Limit State load
cases, and the limiting load is the sum of the maximum dynamic load and the maximum
quasistatic load. The maximum dynamic load is found as the extreme response for the most
severe sea state within the disconnect criterion.

-

Fatigue design – Fatigue damage is driven by dynamic variations (the size and number of
load cycles).The quasistatic loads have no impact on the fatigue loading. The total fatigue
damage is the accumulated sum of the damage from all cycles throughout the lifetime of
the well.
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Figure 3-1: Loads on a subsea wellhead from a semisubmersible

3.3

Quasistatic loads

3.3.1

General

Quasistatic loads are defined as loads where dynamic effects are negligible (inertia forces due to
acceleration can be ignored). The purpose of the following subsections is to summarise the theory
on the quasistatic loads on a subsea wellhead when a subsea BOP is connected to the well.

3.3.2

Riser and subsea stack static mechanics

The static load is attributed to rig offset, current, and riser sag. The physical system for static loads
while drilling on a subsea well is shown in Figure 3-2 and Figure 3-3. The bending load on the
subsea wellhead can be shown to be a function of the relative angle between the riser and the BOP
and a rig specific stack factor (ref [1]).
𝑀
𝑓

≈𝑓
,

,

=𝑘

∙𝜃
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Where:
𝑀
𝑀
𝐻
𝜃

-

𝑘

-

𝑇

-

Is the static bending moment at the wellhead datum.
Is the bending moment generated from the flex joint stiffness.
Is the height of the BOP stack.
Is the relative angle between the riser and the BOP (𝜃 = 𝜃
− 𝜃 ) given in
radians.
Is the flex joint stiffness (note that 𝑘 must be given as load per radian, e.g.
Nm/rad).
Is the riser tension directly above the lower flex joint.
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Figure 3-2: Drilling riser static mechanics (ref [2]).
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Figure 3-3: Components driving the static wellhead bending loads, ref. [3].

In the ideal case where the flex joint stiffness is ignored, the angle of the riser near the subsea flex
joint comes from 3 main effects:
𝜃

≈𝜃

,

+𝜃

+𝜃

/

Where
𝜃

,

-

𝜃
𝜃
𝜃

-

/

-

Is the total relative angle between the riser and the BOP, for flex joint stiffness
equal to zero.
Is the riser angle due to rig offset, meaning the angle of the riser in a straight
line between the upper and lower flex joint.
Is the wellhead inclination
Is the angle from current load and riser sag

The actual relative angle will depend on the flex joint stiffness, an increased flex joint stiffness will
lead to a reduced relative angle (ref Figure 3-4 where a parametric study of changing the flex joint
stiffness for Rig A is shown). The following relationship applies for the angle reduction from
increasing flexjoint stiffness:
𝜃

≈𝜃

,

− 𝑐

∙𝑘

Where:
𝜃
𝑐
𝑘

-

Is the relative angle
Is an empirical constant, can be found from riser analyses
Is the flex joint stiffness
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Figure 3-4: Riser angle over subsea flex joint as a function of flexjoint stiffness from quasistatic analyses without
current. All point are for 7% rig offset.

3.4

Dynamic loads

3.4.1

General

The overall mechanics of a marine drilling riser dynamics is illustrated in Figure 3-5. The riser angle
near the subsea flex joint is a combination of the geometric effect due to rig position (illustrated as
the figure on the right-hand side), and the dynamic response of the riser string (left figure). The rig
horizontal movement from wave loading is more or less independent of water depth, and this effect
will decay with increasing water depths.
The dynamic riser response is more complicated. The upper part of the riser will be subjected to
wave loading where the water pushes the riser and drives the motion. A typical surge RAO for a
semi submersible drilling rig is shown in Figure 3-6. For long wave periods, the surge translation has
a phase angle of -90º relative to the wave elevation (for wave periods of ca 9 seconds and up). The
rig surge velocity has a phase angle of +90º relative to the surge translation, meaning that the surge
velocity will be in phase with the wave elevation. The water particle velocity in the centre of the
rig will also be in phase with the wave elevation. So for long wave periods, the rig (and the top of
the riser) will have velocity in phase with the water particle in the rig centre. For wave periods
between ca 5 and ca 9 seconds (ref. Figure 3-6), the rig RAO has a phase shift of ca 180º. The rig
will as a consequence of this move in the opposite direction of the wave particle in the centre of
the rig. The presence of riser natural modes within these periods will increase the riser response
significantly. This effect will be present for both rig surge and sway (depending on hull geometry).
The lower part of the riser will dampen the response, as the riser moves in the part of the water
coloumn with little relative velocity. In shallow water (less than 150 m depth), the damping zone
will be insignificant.
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Figure 3-5: Riser dynamic response. The figure illustrates the riser damping and wave loading zones. For the upper
part of the drag force on the riser due to the water particle velocity will increase the response, while the lower part
introduces damping into the riser.
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Figure 3-6: Rig A vessel RAO for head sea. The highlighted area is the area where the phase angle is such that the rig
moves in the opposite direction to the wave particle in the rig center.

3.4.2

Rig response and natural modes

The angular response of the riser near the lower flex joint is driven by the dynamic response of the
riser. Resonance of the riser play an important role in this dynamic riser response. Figure 3-7
shows the natural periods (inverse of eigenfrequency) of the different marine riser modes vs. water
depth for one of the rigs. The driving load for a marine drilling riser is the vessel surge response at
the RKB and the waves acting directly on the riser. The important parameter for the riser response
is the amount of energy applied around the riser eigenfrequencies. From studies of the riser
response spectrum, it is found that the most important sea states for all depths are those having a
wave period approximately in the range 5-10 s (ref section 3.4.1). Typically riser natural
eigenmodes present within this period range will be exited for each water depth.
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Figure 3-7: Natural periods of the different marine riser modes (40mT overpull) vs. water depth. The thick faded red
line represents the rigs surge amplitude.

3.4.3

Effect of subsea stack on dynamic response

The subsea stack and the top of the well can be simplified as shown in Figure 3-8 (ref [4], [5]). The
subsea stack has a large mass, and dynamic loads from this mass will lead to amplification around a
BOP natural frequency (see example in Figure 3-9). This frequency will depend on the well stiffness
and the mass of the BOP as described by the following equation:
𝑚
𝐾

𝑇 ≈ 2𝜋
Where:
𝑇

-

Is the natural period of the well BOP system

𝐾

-

Is the total rotational stiffness of the well. Note that this is the combined
stiffness of the conductor and the soil support.

𝑚

-

Is the total mass (actual mass and added mass) of the BOP stack

4Subsea has an extensive library of drilling campaigns where the BOP resonance is measured. A
BOP natural periods in the range of 1-5 seconds is typically found during these measurement
campaigns.
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Figure 3-8: Mathematical model of subsea stack (figure from [4], [5]).

Figure 3-9: Example of dynamic amplification specter from one hour of measurement (figure from [5]).
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4

Reducing the loads on subsea wellheads

4.1

General

The work presented herein is based on the analyses results presented in [1]. The following sections
the load effect from parametric variations of the quasistatic load, the dynamic extreme load, and
the dynamic fatigue load will be summarized.
The NORSOK dataset (ref [1]) contains a total of 372 dynamic load cases for 5 different
semisubmersible drilling rigs at water depths from 80 to 1000 m. Further details on the rig and riser
set up for each case is given in [1]. Each load case contains 164 sea states. The purpose of each of
the load cases in the dataset can be divided into two different groups:
1. Fatigue load cases: The main purpose of this load case is to check the effect on dynamic
fatigue loads. The simulation length for each analysis is 1800 s.
2. Extreme load cases: The main purpose of this load case is to check the effect on dynamic
extreme loads. The simulation length for each analysis is 10800 s, and both fatigue and
extreme loads can safely be extracted from these analyses.
The fatigue load cases have not been used to extract NORSOK extreme loads directly, as the
analysis length is too short to get a stable tail of the extreme distribution. However, the extreme
value will in most cases have a strong correlation to the standard deviation of the time series. A
time series length of 1800s will be enough to get a stable standard deviation, and this can hence be
used to illustrate effects on the dynamic extreme load.
The following methodology has been used to calculate the results presented in the following
subsections:


Quasistatic load: All analyses are static analyses where the bending moment at the
wellhead datum at rig offset corresponding to 7% of water depth is extracted.



Dynamic fatigue load: The fatigue loading is calculated for all load cases for each rig and
presented by means of equivalent WH bending moment range, Meq, calculated from a
single sloped M-N curve from a long term histogram of wellhead loads as:
∆𝑀

=

1
𝑛

𝑛 ∆𝑀

where 𝑛 is the number of cycles at load range ∆𝑀 and 𝑘 is the total number of load ranges
[6]. Meq is a number representing the fatigue loading put on to a structure. The
calculation of the equivalent bending moment range is based on long-term histograms of
the wellhead bending moment from one year operation using the Gullfaks field specific
joint frequency table of wave height and wave period (ref [1]). The long-term histogram is
found as the sum of all the single sea state histograms where the number of cycles in each
sea state is multiplied with the number of occurrences for each sea state per year. The
number of occurrences per year of each sea state is found as the probability for each sea
state multiplied with the number of seconds per year divided by the time series length in
seconds. The sum of equivalent bending moment is normalized with 𝑛
= 10𝑒6 cycles.
Using a one sloped MN curve, the number of allowable cycles at Meq will when divided by
106 cycles yield the same damage as a one year long-term load histogram.


Dynamic extreme load: Each of the load cases in the load case matrix consists of a full
scatter diagram of sea states (i.e 164 HS/TP combinations). The process of selecting the
extreme response from a given scatter diagram is given below:
1. The extreme response for each sea state is calculated. In cases where the
underlying time series have length of 10800s the P57 extreme value is calculated
using the methodology presented in [1]. In cases where the time series length is
1800s, the standard deviation is used to illustrate the effect on estimated dynamic
extreme load. This will be given in the figure caption in the cases where the
standard deviation is used.
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2. The sea states with heave or heave velocity amplitude outside a maximum
allowable value, or HS above the allowable is excluded.
3. Then the extreme response is selected as the maximum of the remaining individual
sea state extreme values.

4.2

Effect of different water depth

4.2.1

General

The water depth is obviously a parameter that cannot be modified for a given well location, and it
is hence not a parameter that can be used to reduce the wellhead load. The main purpose of
showing the effect of the water depth is to help understanding other effects that are water depth
dependent.

4.2.2

Effect on quasistatic load

The quasistatic load increases slightly with increasing water depth (ref Figure 4-1). This is because
the bending load from current and riser sag increases slightly with increasing water depth. The
magnitude of the static load varies for the same water depth depending on the BOP stack factor
(ref section 3.3.2).

Figure 4-1: Quasistatic load at rig offset of 7% of water depth, base case no current. More details on the base case
input parameters are given in ref. [1].

4.2.3

Effect on dynamic extreme load

The dynamic extreme loads versus water depth for the base case beam sea analyses are presented
in Figure 4-2 (for detailed load case description, see [1]). In general, the dynamic extreme load is
reduced with increasing water depth. A load increase for increasing water depths can in some
cases be observed. For these cases the riser natural modes correspond with the periods with most
energy in the wave loading and vessel motion.
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Figure 4-2: Dynamic extreme load for base case (ref. [1]) beam sea for all rigs.

4.2.4

Effect on dynamic fatigue load

The dynamic fatigue loads versus water depth for the base case head sea analyses are presented in
Figure 4-4 (for detailed load case description, see [1]). As discussed in section 3.4.1, the dynamic
bending load at the wellhead datum is a function of the water depth due to a combination of the
following:
-

A decaying response assumed to be driven by two different factors. Firstly, the rig surge
motion and secondly the relative length of the rwave exited riser vs the riser damping
region length.

-

An overlaid sinusoidal response assumed to be due to the proximity of riser natural periods
to the surge peak response at the RKB. An example of the riser natural period as function
of water depth for Rig A in the head sea direction is presented in Figure 3-7. The plot also
shows the surge RAO for the RKB on the rig. Typically, the riser modes within the period
range where the surge motion is opposite to the water particle motion (ref section 3.4.2) is
most likely exited. Figure 4-3 shows the frequency content of the fatigue loading
(accumulated sum of loading for all sea states in a scatter diagram) for Rig A for water
depths between 80 m and 1000 m. This plot clearly shows the effect of the natural periods,
where the dominant period for the 80 m case is ca 6 s (1st mode), the dominant period for
the 100 m and 200 m depth is ca 7.5s (1st mode and 2nd mode respectively)
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Figure 4-3: ∆𝑴𝒆𝒒,𝒇𝒓𝒆𝒒 for Rig A, base case head sea, all water depths. Each curve represents the fatigue loading for a full
scatter diagram representing a one-year operation. The plot illustrates the response frequencies
contributing to the fatigue loading (∆𝑴𝒆𝒒 ). The area under each curve is equal to ∆𝑴𝒆𝒒 . Further details on
how these curves are established is presented in Appendix A.

Figure 4-4: Base case head sea, dynamic fatigue response versus water depth.
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4.3

Effect of flex joint stiffness

4.3.1

Effect on quasistatic load

The general effect of increasing the flex joint stiffness is that the riser angle is reduced, seeFigure
4-5. The plot shows the relative load (
) versus the flex joint stiffness. The end moment in the
flex joint and the riser shear force at the end of the riser is increased, leading to an increased
𝑓
. The overall stack factor increases more than the angle is reduced, and the overall effect
is that the wellhead quasistatic bending moment is increased with increasing flex joint stiffness.
This is illustrated in Figure 4-5, where the effect on the static wellhead bending moment for all 5
rigs at 9 different water depths and different flex joint stiffness (ref Figure 4-6) is shown. The
vertical axis shows the relative static bending moment (actual bending moment divided by the
moment with 0 flex joint stiffness). The overall trend for all rigs is increasing, and that the relative
effect is bigger for the rigs with low 𝑓 ,
(ref section 3.3.2). Based on this, a typical load
reduction of between 10-20% on the quasistatic WH load could be expected when going from a
typical 6ksi flex joint to a typical 2ksi flex joint.

Figure 4-5: Bending moment vs flex joint stiffness, all rigs, 7% vessel offset and no current. Each curve represents one
water depth. Note that the flex joint stiffness at the horizontal axis is the secant stiffness at the static angle in each
load case.
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Figure 4-6: Flex joint stiffness used in parametric study of the static effect of different flex joint stiffness (ref. Figure
4-5)

4.3.2

Effect on dynamic extreme load

Flex joint stiffness variation was done for rig B and rig C in the NORSOK analysis dataset. The
effect is summarised in Figure 4-7. As for the quasistatic case, the plot shows that the dynamic
extreme load increases with increasing flex joint stiffness. A typical dynamic extreme load
reduction of 5-15% can be expected when changing from a 5ksi to a 2ksi flexjoint, depending on the
BOP data and the water depth.

Figure 4-7: Effect of flex joint stiffness on dynamic extreme load. Note that the flex joint stiffness variation parameter
variation was only done on the fatigue load cases (simulation length = 1800s), and that the presented results
are on the standard deviation of the response, not the actual extreme value.
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4.3.3

Effect on fatigue load

Flex joint stiffness variation was done for rig B and rig C in the NORSOK analyses dataset. The
effect on the dynamic fatigue load is summarised in Figure 4-8. The plot shows that the dynamic
fatigue load increases with increasing flex joint stiffness. A typical dynamic fatigue load reduction
of 12-15% can be expected when going from a typical 5ksi to a typical 2ksi flex joint.

Figure 4-8: Effect of flex joint stiffness on dynamic fatigue load.

4.4

Effect of riser tally configuration

4.4.1

General

The effect on wellhead load from changing the riser tally is a complicated matter. The riser tally
impacts several important parameters for the riser response:


The inertia forces of the riser



The average tension along the riser



The fluid drag and added mass coefficients and associated diameter.

All these parameters will impact the natural period of the riser, which further impacts the dynamic
wellhead bending moment. A systematic parameter variation on this matter has not been
performed, so the full picture of the effect of the tally is not presented. However, a couple of
parameter variations will be used in the following subsections to illustrate possible effects of
changing the riser tally. The NORSOK analysis dataset contains two different parameter variations
used to illustrate possible effects of changing the riser tally:


Rig A riser was run both with the default set up with riser guards and with slick riser
without riser guards for the water depths below 250 m.



Rig B was run with two different riser tallies (ref. Figure 4-9):
o

Tally A: Mainly slick riser, with one or two buoyancy joints near the bottom of the
riser.
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o

Tallt B: The upper 33% of the riser tally as slick joints, buoyancy joints for the
remaining 67% of the riser.

The detailed results illustrating the possible effect on the static, dynamic extreme and dynamic
fatigue of the riser tally is presented in the following subsections.

Figure 4-9: Riser tally A and B used for Rig B.

4.4.2

Effect on quasistatic load

Changing the riser tally will impact the riser drag and tension along the riser. This will again impact
the angle at the LFJ. This effect is small, and the total change of the static load due to different
riser tallies is negligible. This is shown in Figure 4-10, where the effect from changing the riser
tally in the two cases mentioned in section 4.4.1 are presented.
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Figure 4-10: Bending moment at the wellhead datum at 7% rig offset for different riser tallies.

4.4.3

Effect on dynamic extreme load

An example of the effect of different riser tallies is presented in Figure 4-11. Tally A consists
mainly of slick elements (one buoyancy at the bottom for water depths above 100 m. Tally B has
buoyancy modules along 67% of the riser (bottom end), the rest are slicks.. Consequently, tally B
will have more riser mass and increased fluid drag and added mass. This has a significant impact on
the riser response for the shallow water depths, where tally A gives up to 30% lower dynamic
extreme load than tally B. For deeper water depths, the effect can be the opposite. A clear
recommendation for how to set up the riser tally will need a more thorough parameter study, but
this example illustrates that there might be a potential for reducing dynamic extreme loads by
optimizing the riser tally, and that this should be optimized in each case.
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Figure 4-11: Example on the effect on dynamic extreme load from changing the riser tally.

4.4.4

Effect on fatigue load

Two examples of the effect of different riser tallies is presented in Figure 4-12. The upper plot
shows the effect of removing riser guards on Rig A. This is a riser with riser guards where
entrapped water significantly increases the mass following the riser. As a consequence of this, the
wellhead dynamic fatigue load increases with up to 40% in the most severe case, compared to a
slicks only configuration.
The bottom plot shows the same comparison for fatigue as described in section 4.4.3. The effect
on dynamic fatigue load is similar as seen in the dynamic extreme case.
A clear recommendation for how to set up the riser tally to reduce the dynamic fatigue load will
need a more thorough parameter study, but these examples illustrate that there might be a
potential for reducing dynamic extreme loads by optimizing the riser tally, and that this should be
optimized in each case.
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Figure 4-12: Example on the effect on dynamic fatigue load from changing the riser tally. The upper plot shows riser
with and without riser guards for Rig A and the lower plot shows Rig B with two different riser tallies

4.5

Subsea stack height

4.5.1

General

The effect of BOP size on subsea drilling loads has received much attention. From a mechanical
perspective, the BOP size has three main effects that have to be handled separately to explain the
effect of the BOP size:


The height of the BOP from connector hub to the flex joint pivot point: This is the height of
the shear force.



The submerged weight of the LMRP: Maintaining an overpull on the LMRP connector, the
submerged weight of the LMRP contributes to the tension at the flex joint. Consequently,
an increase of the submerged weight of the LMRP has the same effect as increased overpull
(further described in section 4.6).
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BOP mass and associated inertia forces: This will contribute to the potential dynamic
amplification of the BOP near the BOP resonance frequency. This is closely connected to
the well stiffness effects and is further described in section 4.7.

The following subsections present the parameter variations done to show the effect of changing the
subsea stack height.

4.5.2

Effect on quasistatic load

The subsea stack height will have insignificant effect on the riser angle near the subsea flex joint.
So based on the mechanics presented in section 3.3.2, the effect on the quasistatic load can be
shown by a hand calc example where (equation presented in section 3.3.2):
𝑀

≈ 𝑘

∙ 1+𝐻∙

𝑇
+𝐻∙𝑇 ∙𝜃
𝐸𝐼

Figure 4-13 shows a hand calculation where the change in wellhead bending moment from varying
the subsea stack height (H in the equation above) using 𝑘 , T and EI for rig A through E is shown.

Figure 4-13: The effect on the quasistatic wellhead bending moment from changing the subsea BOP stack height.

4.5.3

Effect on dynamic extreme load

The base case analyses in the NORSOK load cases is for an infinite stiff well. The effect of BOP
resonance is in these cases negligible and adding a XT to the BOP stack will hence be similar to
increasing the BOP stack height. The effect on the dynamic extreme load is shown in Figure 4-14
where the base case results are compared with results with an XT for 3 different rigs and 3
different water depths. The conclusion is that an increase of stack height by ca 2.5 m increases the
dynamic extreme load by 4-30% depending on rig and water depth.
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Figure 4-14: Effect of stack height on dynamic extreme load. Note that the parameter variation was done on the
fatigue load cases only (simulation length = 1800s), and that the presented results are on the standard deviation of the
response, not the actual extreme value.

4.5.4

Effect on fatigue load

The effect on the dynamic extreme load is shown in Figure 4-15 where the base case results are
compared with results with an XT for 3 different rigs and 3 different water depths. The conclusion
is that an increase of stack height by ca 2.5 m increases the dynamic fatigue load by 15-28%
depending on rig and water depth.

Figure 4-15: Effect of stack height on dynamic fatigue load.
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4.6

Overpull, drill pipe tension and LMRP submerged weight

4.6.1

General

As mentioned in section 4.5.1, changing the LMRP submerged weight will lead to a change in the
marine riser tension at the flex joint, in the same manner as changing the overpull will. The
mechanical effect of these two changes is hence similar. In [1] it was shown that increasing the drill
pipe tension will have a similar effect as a change of the marine riser tension, for a quasistatic
case. In the dynamic case, an change in the marine riser tension will give a more pronounced
effect than the same change in drill pipe tension.

4.6.2

Effect on quasistatic load

A parameter variation on changing the riser overpull has been done for 3 rigs at 3 different water
depths. The results are presented in Figure 4-16. Increasing the marine riser tension at flex joint
(increase overpull, LMRP weight or drill pipe tension) will lead to increased quasistatic wellhead
bending moment.

Figure 4-16: Effect of changing overpull on the quasistatic wellhead bending moment. The results are extracted at 7%
vessel offset.

4.6.3

Effect on dynamic extreme load

Change of the tension at the lower flex joint will alter the riser natural periods. As explained in
section 3.4.2, the dynamic riser response is highly dependent on the water depth due to
coincidence of riser natural modes response and the rig surge response. When the riser (or drill
pipe) tension is altered, the response will hence also be highly dependent on the water depth. This
is illustrated in Figure 4-17. The figure shows the effect of varying either drill pipe or riser overpull
(blue or yellow points). The dots are for cases where the tension has been increased while the
crosses are for cases where the tension is reduced. The conclusion is the total effect on the
dynamic extreme load is dependent on the water depth, and will hence have to be investigated
case by case.
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Figure 4-17: Example on the effect of changing drill pipe tension on the dynamic extreme wellhead bending moment.

4.6.4

Effect on fatigue load

When the riser (or drill pipe) tension is altered, the response will be highly dependent on the water
depth. This is illustrated in Figure 4-18. The figure on the left shows the dynamic fatigue load for
rig C with drill pipe tension of 75 mT and 150 mT. The figure shows that for some water depths we
see a reduction of the load when increasing the drill pipe tension, while for most water depths the
fatigue load increases. The figure on the left shows the effect on reducing either overpull or drill
pipe tension for Rig E. Also here the effect is water depth dependent.
A summary of all load cases where the overpull and drill pipe tension is varied is presented in Figure
4-19. The figure shows the effect of varying either drill pipe, riser overpull or both (blue, magenta
or yellow points). The dots are for cases where the tension has been increased while the crosses
are for cases where the tension is reduced. The overall recommendation with respect to overpull
and drill pipe tension is that this will have to be investigated on a case by case basis.

Figure 4-18: Example on the effect of changing the drill pipe tension and the LMRP overpull on the dynamic fatigue
load. The plot to the left shows the effect of increasing the drill pipe tension for Rig C, while the right plot shows the
effect of reducing the overpull (by 47 mT) and reducing the drill pipe tension (from 75 mT to 0) for Rig E.
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Figure 4-19: Summary of the effect of changing overpull and drill pipe tension on the dynamic fatigue bending moment
at the wellhead datum for all rigs. The vertical axis shows the effect relative to the base case.

4.7

Well rotational stiffness and BOP resonance

4.7.1

General

Changing the well rotational stiffness have different effect on the quasistatic and the dynamic
behavior. In the quasistatic case, the well stiffness will have impact on the relative angle between
the riser and the BOP stack, while the consequence of changing the stiffness in the dynamic case is
a combination of the quasistatic effect and changing the BOP resonance period (ref section 3.4.3).

4.7.2

Effect on quasistatic load

A parameter variation for 4 rigs at 3 water depths with variable well rotational stiffness is
presented in Figure 4-20. The general effect is that the quasistatic load is reduced as the well
rotational stiffness is reduced.
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Figure 4-20: Percentage load reduction. Effect on quasistatic wellhead bending moment from changing the well
rotational stiffness. The vertical axis shows the load reduction relative to the base case with infinite wellhead
rotational stiffness. The results are extracted at 7% vessel offset.

4.7.3

Effect on dynamic extreme load

The effect on the dynamic extreme load by changing the well rotational stiffness is illustrated in
Figure 4-21. The dynamic effect of the well stiffness is highly dependent on the water depth. Two
different mechanisms are added together:


A soft well will reduce the relative angle between the riser and the BOP, as the BOP
rotation will increase for a softer well at a given load.



The interaction between higher order riser natural modes and the BOP resonance period has
impact on the riser loads. The riser response spectrum near the flexjoint will have multiple
response peaks. The BOP natural period will be located somewhere between these
response peaks. The load spectrum at the wellhead datum will depend on how the BOP
resonance period coincides with these riser response peaks. If the BOP resonance moves
towards the nearest riser response peak, the wellhead dynamic load will increase, while if
the BOP resonance period moves away from the nearest riser response peak, the wellhead
dynamic response is reduced. As the water depth increases, there will be more higher
order riser modes near the BOP resonance. This way, the BOP resonance effect is more
pronounced as the water depth increases.

The total effect on the dynamic extreme load will from the well rotational stiffness will hence have
to be investigated case by case.
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Figure 4-21: Example showing the effect on the dynamic extreme wellhead bending moment from changing the well
rotational stiffness. Please note that the parameter variation was only done on the fatigue load cases (simulation length
= 1800s), and that the presented results are on the standard deviation of the response, not the actual extreme value.

4.7.4

Effect on fatigue load

The effect on the dynamic fatigue load by changing the well rotational stiffness is illustrated in
Figure 4-22. As for the extreme case (ref section 4.7.3), the dynamic fatigue effect of the well
stiffness is highly dependent on the water depth. The total effect on the dynamic fatigue load will
from the well rotational stiffness will hence have to be investigated case by case.
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Figure 4-22: Effect of well stiffness on dynamic fatigue wellhead bending load.

4.8

Rig orientation

4.8.1

General

The effect of the rig orientation in the field is illustrated through riser response due to different
incoming wave directions.

4.8.2

Effect on quasistatic load

In terms of the quasistatic load, the rig and riser model is symmetric, and the rig orientation will
not have any impact on the quasistatic wellhead bending moment.

4.8.3

Effect on dynamic extreme load

In design, the extreme load is the most severe load that can occur during a well operation. The
dynamic load is normally more severe for waves in the beam sea direction, however more
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pronounced for shallow water than for deeper water. This is shown in Figure 4-23 where the head
and beam sea extreme response for Rig A is shown.

Figure 4-23: Effect on the dynamic extreme wellhead bending moment from different wave directions. 180 deg
represents head sea direction, 90 deg represents beam sea waves. Please note that the parameter variation was only
done on the fatigue load cases (simulation length = 1800s), and that the presented results are on the standard deviation
of the response, not the actual extreme value.

4.8.4

Effect on dynamic fatigue load

As for the dynamic extreme response, the dynamic fatigue response will depend on the weather
direction relative to the rig (see Figure 4-24). The fatigue load is the accumulated sum of all
response through the lifetime of the well. Two different scenarios exist in this context:


The rig is operating on DP: The rig heading can normally be altered during the operation,
and a significant benefit in trying to keep away from beam sea.



The rig is anchored: The rig cannot be rotated from the anchored position. But based on
hindcast data it is possible to anchor the rig in such way that the most probable weather
direction is in the head/quartering sea region. This can significantly reduce the fatigue
damage. Further details on this are shown in [1].
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Figure 4-24: Effect of weather direction on the dynamic fatigue wellhead bending moment. 180 deg represents head
sea direction, 90 deg represents beam sea waves.
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Calculation of fatigue load density
spectra
A.1

General

The purpose of this section is to present how the ∆𝑀

presented in section 3.4.2 is calculated.

,

Assumptions for each frequency band (f1 to f2):

𝑠𝑡𝑑(𝑥) =

𝑉𝑎𝑟(𝑥)

=

,

∆𝑀

𝑆 𝑑𝑓

≈ 𝐶 ∙ (𝑠𝑡𝑑(𝑥)) ∙

𝑑𝑎𝑚
𝑑𝑎𝑚

𝑉𝑎𝑟(𝑥) =

,

(𝑓1 + 𝑓2)
2

𝑝𝑟𝑜𝑏 ∙ 𝑑𝑎𝑚

=

𝑑𝑎𝑚
∑

∙ ∆𝑀

,

𝑑𝑎𝑚

,

Where:
𝑥-is the bending moment signal
𝑆 - is the power spectral density of the signal
m – is the SN curve slope for a one sloped curve
f1 and f2 – is the upper and lower bound frequency for the frequency band in question.

4Subsea AS, Hagaløkkveien 26, N-1383 Asker

Page 34 of 34

© Copyright 2021 4Subsea AS

