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ABSTRACT

The increasing use of flexible risers in oil and gas exploration
projects is a big challenge for engineers to design better riser
systems to improve further the efficiency and safety of exploration
and production activities in offshore oil and gas fields. SPM is
often used as an offloading facility connecting FSO or FPSO as
recipients of oil and gas products from subsea templates or wells.
Under operating conditions, SPM can move freely following the
movement of environmental loads. Drifting or changes in position
due to the load on the SPM can threaten the riser response,
whereas the riser response can be different whether the SPM is
moving or drifting in its stress or bending response. The results in
this study also contain the effect of this phenomenon on their
fatigue life. As a result, the difference in riser response due to the
distance from SPM to PLEM is that the farther the distance from
SPM from PLEM, the greater the stress response and bending
radius it has. Fatigue life also follows the same results, where the
farthest distance from the SPM configuration to PLEM has the
lowest fatigue life compared to the closest distance from the SPM
to PLEM configuration, with the highest fatigue life at 128.31
years and the lowest at 124.78 years.
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1. INTRODUCTION

Flexible risers are an important component in offshore
developments because they provide a means to transfer
fluids or power between subsea units and floating structures.
This riser can withstand the movement of floating structures
and can also withstand hydrodynamic loads such as waves
and currents. They have high axial stiffness and low bending
stiffness so that they can withstand considerable
deformation due to waves, ocean currents, or the movement
of the structure above them.

According to Yilmaz and Incecik [7], the dynamic
response of the structure will be known by calculating
environmental loads comprehensively. The purpose of
calculating the dynamic response of a structure is to obtain
the extreme response of the system. One way to conduct the
analysis is to analyze the structural response for an
environmental data design such as 100-year significant
waves, 100-year wind speed, and 100-year current [8].

With the possibility of a change in the position of the SPM
concerning PLEM or TDP, dynamic response analysis of
various riser configurations is needed to see if there is a
significant effect on the fatigue life of the riser when there
is a difference in the position of the SPM. The fatigue life of
the riser must also meet or exceed the planned service life or
length of operation for the riser to operate optimally.
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Figure 1. Lazy Wave Riser Configuration

The goal of this paper is to find out the effect of SPM
distance or offset from PLEM in their dynamic responses,
which consist of tension and bending radius or bending
moment. After that, the difference in fatigue life due to their
respective variation could be seen from the trendline on riser
responses due to SPM distance to PLEM.

2. THEORY AND METHODOLOGY

2.1 Flexible Riser

The riser system combines components such as tensioning,
buoyancy modules, etc. According to the API [1], the riser
system usually consists of the riser, top interface, and
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bottom interface. In an oil or gas field, there is not only one
riser but many riser bodies and interfaces. This is because a
reservoir allows for fluid differences in pressure and type.
The bathymetry conditions of each well can also be
different. This can lead to differences in the design of a riser
in a riser system. Hybrid concepts such as SHR or HRT are
strong and more resistant to fatigue damage, but operating
costs and challenges during installation may be why hybrid
types are rarely used in deep sea conditions and harsh
environments. Therefore, a Lazy flexible riser and SLWR
are the most feasible concepts for deep sea conditions [2].
Flexible pipes usually have high axial tensile stiffness and
low bending stiffness. This can be achieved by modifying
the pipe wall into a composite construction. This type is
more often applied as an unbonded flexible pipe.

2.2 Fatigue Life Analysis

Fatigue is a phenomenon of structural fatigue due to cyclic
loading. Fatigue failure is very dependent on the load that
occurs and the strength of the structural material itself. In
this paper fatigue calculation method used is the S-N curve
method, in which the S-N curve approach aims to find out
how many stress cycles are needed until a crack occurs,
which can trigger failure. DNV RP F204 [3] explains that
the components forming the nominal cyclic stress (o) in
pipes are generally a linear combination of axial stress and
bending stress, as shown in the following equation.

o(t) = a,(t) + o,(0,1) 1)

Te(t) )
7.(0D = trar) . trae

Axial Stress = o,(t) =

Bending Stress = 0,,,(0,t)

- tfat

oD 3)
= (My(t) sin(8) + M,(t) cos(6) ) ( 5] )

The stress range used in calculating accumulated fatigue
damage is the value obtained from applying the stress
concentration factor and the thickness correction value to
the nominal stress range. In this case of riser fatigue
analysis, the nominal stress is obtained from the stress
generated due to wave forces and ocean currents. This stress
range is determined by rainflow-counting, which counts
how high the stress could occur and how many times it
happened. This method reduces highly variable stress cycles
to a more detailed data set. Cycle calculation using the rain
flow-counting method uses the analogy of falling water
from the roof of a pagoda. Examples of this method's results
are shown in the table below.

Table 1. Example of Rainflow-Counting Method Results
Stress Range (MPa) Total Cycle

10 0
0,5
1
0
0,5
0
15
0,5
0
0

P NWMAOOIO N OO

From DNV [3], S-N curve for flexible risers are
manufactured and specified and cannot be found on any
literature. This is because every type of flexible riser was
built for specified fields and owner specifications. So there
was a good probability that every flexible riser in this world
has different specifications. In this paper, however, due to
limited data, S-N curve used was based on Chen [4] thesis
research which is S-N curve for the armored flexible riser.
S-N curve could be expressed as:

log(N) = log(a) — mlog (S) (4)
Alternatively, it could be rearranged as:
N=as™ ()
Fatigue damage calculation used in this paper is the Miner-
Palmgren rule. This rule allowed fatigue damage calculation

from several sets of stress range data. Miner-Palmgren rules
were stated, such as:

)
g ‘;N(si)

Where fatigue life could be calculated using this equation:

(6)

1
Ture =4 @

From DNV [5] for fatigue analysis, damage calculation
should consider design fatigue factor like table below.

Table 2. Design Fatigue Factor
Design Fatigue Factor
Safety Class
Low Normal High
3.0 6.0 10.0
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3. RESULTS AND DISCUSSION
3.1 Floater Modelling and Validation
The following are the SPM properties used in the research.

Table 3. SPM Main Dimension

Parameter Unit  Value
Outside Diameter of Body Buoy m 135
Diameter of Skirt m 16.0
Inner Diameter m 49
Body Buoy Height m 7.1
Draft m 4.78
Weight MT 550.70

Figure 2. SPM Model

Table 4. FSO Main Dimension

Parameter Unit Value
Helideck End m 297.54
LOA .
Centerline of Buoy m 314.64
Length Between Perpendicular
(LBP) m 272.00
Breadth Moulded m 43.40
Depth Moulded m 20.60
Ballasted m 8.49
Draft Fully Loaded
Condition m 12.88
Di Ballasted MT 82245.64
1SP- Full Load MT  127410.90

Figure 3. Maxsurf FSO Model

Figure 4. FSO Model

From ABS 2021 [6], model in software should be
validated based on printout or handout data. Below are

validation of model in this paper from the stated data above.

Table 5. Floater Validation Check

Paramet ~ Unit  Maxsurf Moses Gap (%) Check
er

Displace  Tons

127410. 12953  1.67% OK

ment 0 6.9

LCB m 1324 129.8 1.95% OK
KB m 6.6 6.6 0.09% OK

KMT m 18.5 18.6 0.59% OK

BMT m 11.9 12.0 0.98% OK

BML m 428.3 430.9 0.60% OK

TPc Tonne 108.7 108.4 0.24% OK
/cm

From software, both floater model will be simulated to
obtain hydrodynamics parameter that needed to be an input
in software modelling in the next step. This parameter
consists of RAO, wave drift force, added mass, and
damping.

3.2 Software Modelling

In this step, results from past steps in software were used as
input data to create our model in software. Another addition
is riser system data and environment data. For environment
data, wildly wave and current data were used at each
loading, in which used in this paper used 8 directions
loading every 45° to achieve in-line and between-line
simulation. For wave and current used area combination of
100 years return period data, each direction has its wave and
current data.

In this paper, a variation of SPM location from PLEM also
varied to see the effect of the distance riser span on their
responses, including the fatigue life. The variation is far,
nominal, and near, where the nominal is Om variation as a
control variable. Far and near means the SPM will change
their position in line with the riser span 15m away or closer
to the PLEM coordinates.

3.3 Dynamic Simulation Results
The results of the dynamics simulation of each variation are
shown in each table below.

Table 6. Nominal Dynamic Response Result

Lazy Wave Flexible Riser Effective Tension (kN)
Connection Headings

(° 45 90°  135°  180° 225 270°  315%°
SPM 13646 10559 10179 10752 13517 10046 12772 10418
Sagbend Section 3690 3048 2319 2414 2555 2356 2192 1600
Hogbend Section 2342 2010 1745 1680 2076 1697 2348 1544
PLEM 2002 1046 1570 1885 2474 2300 2555 2598
Highest E Tension - 10550 10079 10752 13517 10946 12172 10418

Allowable Check 0Kk 0K O OK O Ok O oK
<1530 kN
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Lazy Wave Flexible Riser Minimum Bending Radius (m)
Comnection Headings
A S D St > S [ | 6
SM 315338 436166 651523 499818 S606.19 538041 665125 11020.63
Saghend Section 1828 1837 1398 1467 1597 1366 1033 1308
Hoghend Section 519 467 401 421 438 406 375 4#
PLEM 71286 66390 77606 TELIT 75535 9B 98301  1169.10
HgsElasin 519 467 401 421 438 406 [N 464
Allowable Check  OK 0K 0K OK 0K Ok PRl (K
2392618

Table 7. Far Dynamic Response Result

FAR VARIATION Lazy Wave Flexible Riser Effective Tension (k)

Conmection Headings
[ 45° 90° 135°  180°  225°  270° _ 315°
SPM 135.03 106.11 103.80 108.60 139.27 111.05 134.83 106.55
Sagbend Section 4570 3714 2957 2068 3369 2808 3457  22.00
Hogbend Section 3161 2539 21.60 2203 2542 2198 3107 2126
PLEM 2672 1747 2039 2331 2942 2673 3104 2881
Highest E.Tension  135.03 106,11 103.08 108.60 |JNESISENN 111.05 13483 106,55
Allowable Check OK OK OK OK OK OK OK OK
<1530 kN

FAR VARIATION Lazy Wave Flexible Riser Minimum Bending Radius (m’

C Heading;
0° 45° 90° 135 180° _ 225° _ 270° 3157

SPM 305633 418220 G194.87 4793.14 5533.74 _5427.73 _5809.94 1146868
Sagbend Section __ 23.08 2248 1671 17.06 2057 1783 1411 1775
Hogbend Scction __ 5.83 562 4.80 504 536 4.78 4.45 549

PLEM 73112 699.02 84442 85425  834.09 974.23 105424 122946
Highest E.Tension __ 5.83 562 4.89 5.04 536 478 S 549
Allowable Check OK OK OK OK OK OK OK OK

>3.926 kKN

Table 8. Near Dynamic Response Result
NEAR VARIATION Lazy Wave Flexible Riser Effective Tension (kN)

Connection Headings
0 45° 90° 135° 180° 225° 270° 315°
SPM 13559 10562 10027 107.58 13142 108.39 129.14 10276

Sagbend Section 30.15 24.90 18.24 18.89 19.40 18.48 15.18 11.36
Hogbend Section 17.59 15.70 13.03 12.29 17.77 14.70 1741 13.14
PLEM 15.10 426 1248 14.57 21.97 2118 2225 23.99
Highest E. Tension - 10562 10027 107.58 13142 108.39 12914  102.76
Allowable Check OK OK OK OK OK OK OK OK

<1530 kN
NEAR VARIATION Lazy Wave Flexible Riser Mini Bending Radius (m)
C i Headings
0° 45° 90° 135° 180° 225° 270° 315°
SPM 3223.66  4495.19 6781.13 5149.59 5649.84 5354.38 6540.31 10695.39
Sagbend Section 15.06 1529 11.28 11.83 1240 10.26 7.88 9.95
Hogbend Section 4.57 4.03 3.40 3.50 3.78 3.14 322 4.10
PLEM 69281 613.58 684.88  697.04 661.66  866.13  945.52 1116.70
HighestE.Tension 457 403 340 350 378 341 |[ESSN 410
Allowable Check 0K OK Fail Fail Fail Fail Fail Fail

>3.926 kN

Focusing the results in 90° and 270° loading directions
parallel with the riser span, the comparison of each
connection at three variations could be seen as having a
uniform trendline in decline, shown better in the graph
below.

Comparation E. Tension Value of Each Variation on 80° Loading Direction

lnmm

Location

Figure 5. Effective Tension Comparation at 90° Loading

Comparation E. Tension Value of Each Variation on 270° Loading Direction

Location

onsicn (kN)

Far mNominal

Figure 6. Effective Tension Comparation at 270° Loading

For minimum bending radius comparison are follows.
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Figure 7. MBR Comparation at 90° Loading

Comparation MER Valwe of Each Variation on 270 Loading Direction
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Figure 8. MBR Comparation at 270° Loading

A trendline graph was created to better visualize the effect
of SPM distance from PLEM on riser dynamics responses,
and it could be seen that there is declining trendline if SPM
position is closer to the PLEM at each response.

Trendline of SPM Distance from PLEM influence on Riser
Dynamics Response
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Figure 9. Trendline of SPM Distance from PLEM influence
on Riser Dynamics Response

3.4 Focus Point of Fatigue Analysis

Before calculating fatigue damage, the location on which the
fatigue analysis focused should be selected. In this paper,
the criteria used to select the appropriate location of fatigue
analysis is by comparing the nominal stress along the risers
and select the biggest one to be the location of fatigue
analysis.

18
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The results found in this paper stated that the selected
point or location along the riser that will be the fatigue
analysis location is at 0.05m from the hang-off connection
at the SPM-Riser connection. At this point of every
variation, the biggest nominal stress was located in the
risers. This point will be the location stress range and cycle
counting focusing on in the next step of the analysis.

3.5 Stress Range and Cycle Counting Calculation
From the dynamics simulation before we will have a time
history data of riser response. From this time history data,
we could calculate the stress range and cycle at each range
by using rainflow-counting methods. Using software, we
could find the stress range and cycle from nominal stress at
each loading direction of each variation. This result,
however, was not adjusted with the probability of wave
occurrence at each loading direction or wave scatter. By
adjusting the cycle value with the probability at each
direction, we will have the result with adjusted value
according to the table below.

Table 9. Adjusted Rainflow Counting Results

Probability Rainflow Counting Results

Stress

Range 0 45 90 135 180 25 270 315 Total

(Mpa)
5

465E+06 3TTEH07 SOTEH06 359E+06 138E+07 105E+07 141E+06 TA3EH0S T775EH0T
4 35TE+0S 28)E+06 638E+05 828F+04 135E+06 4.00E+05 857E+04 2355E+04 5.76E+06

6 S.19E+05 113E+05 1.I8E+04 420E+05 661E+4 T7.66E+03 694E+03 122E+06
8 2.12E+05 0.00E+00 0.00E+00 272E+05 278E+M O0.WEHI0 926EH)2 337EH)S
pli] 3 236E+04 0QO00EH00  0.00E+00 142E+05 139E+4 0.00E+00 4.63EH02  1.90E+03

0.00E+00 0.00E+00 000E+00 105E+05 0.00E+00 0.00E+00 0.00E+00 121E+05
14 313E+03 000E+00 0O00E+00 000E+00 495E+04 O0.00E:00 0.00E+00 0.00E+00 526E+04
16 0.00E+00 000E+00 0O00E+00 000E+00 247E+04 O000E+00 0.00E+00 000E+00 2 47E+04
18 000E+00 000E+00 000E+00 000E+00 124E+04 000E+0 O0.00EH00 0.00E+00 124E+04
20 000E+00 0.00E+00 0.00E+00 0.00E+00 6.18E+03 0.00E+00 0.0EH00 (Q.00E+00 6.18E+03
22 000E+00 0.00E+00 0.00E+00 0.00E+00 1.85E+04 0.00E+00 0.00E+00 0.00E+00 18SE+4
24 000E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.0E+00 0.00E+00 0.00E+00

3.6 Fatigue Life Calculation
Using SN-curve data below we could calculate the damage
using Miner-Palmgren rule.

log(N) = 12.5 — 3 log (S) (8)

Table 10. Nominal Variation Fatigue Calculation

Nominal Fatigue Calculation

Stress. Cycle Factor N Calculation > 10*6

Range m=3 N Damage D.DFF
(MPa) Log(A)=12.5

2 7.75E+07 1.16E+01 3.95E+11 3.95E+11 1.96E-04 1.96E-03
4 5.76E+06 1.07E+01 494E+10 494E+10 1.17E-10 1.17E-03
3 1.22E+06 1.02E+01 146E+10 146E+10 831E-05 8.31E-04
5 5.57E+05 9.79E+00 6.18E+09 6.18E+09 9.01E-05 9.01E-04
10 L.90E+05 9.50E+00 3.16E+09 3.16E+09 5.99E-05 5.99E-04
12 1.21E+05 9.26E+00 1.83E+09 1.83E+09 6.60E-05 6.60E-04
14 5.26E+04 9.06E+00 115E+09 L15E+09 4.56E-05 4.56E-04
16 247E+04 8.39E+00 7.72E+08 7.72E+08 3.20E-05 3.20E-04
18 1.24E+04 5.73E+00 542E+08 5.42E+08 2.28E-05 2.28E-04
20 6.18E+03 B8.60E+00 3.95E+08 3.95E+08 1.56E-05 1.56E-04
22 LBSE+04 B.47E+00 297E+08 2.97E+08 6.24E-05 6.24E-04
24 [ 8.36E+00 2.29E+08 2.29E+08 0.00E+00 0.00E+00
Total Damage year 7.90E-03

Fatigue Damage (Years) 126.55

By multiplying the damage before summing up with DFF
at high safety class with the value of "10". The total damage
for nominal variation at 0.05m from the hang-off connection
is at 7.90E-03 or with the fatigue life at 126.55 years. Using
the same methods, we could have the rest of the variation
fatigue life as follow.

Table 11. Far Variation Fatigue Calculation

Far Fatigue Calculation

Stress Cycle Factor N Calculation > 10*6

Range m=3 N Damage D.DFF

(MPa) Log(#)=12.5
2 T68EH07  LIGEFOL 3.95E¢11 395E+11 L9I4E-04 LIGE-03
4 SSIEH06  LOTEFOL 494E¢10 494E+10 L11E-04 L11E-03
[3 1236406 1L0ZE+01 LA6E+10 146E+10 8.39E-05 8.39E-04
[} SS9EH0S  9.79E+00 6.18E+09 6.18E+09 9.04E-05 9.04E-04
10 L90EV05  9.50E+00 3.16E+09 3.16E+09 599E-05 599E-04
12 L21EH05  9.26E+00 LE3E09 183E+09 6.60E-05 6.60E-04
12 402E404  9.06E+00 LISE+09 L1SE+09 349E-05 349E-04
16 371E+04___ 8A89E+00 7.72E+08 7.72E+08 4.B0E-05 +80E-04
18 1286403 8.73E+00 S42E+08 542E+08 2.28E-05 2.28E-04
20 0.00E+00 __ 8.60E+00 3.95E+08 3.95E+08 0.00E-00 0.00E-00
22 185E+04 ___ BA7E+00 297E+08 3.97E+08 6.24E-05 6.24E-04
24 6.18E+03_ 8.36E+00 2.29E+08 329E+08 _ 2.70E+05  2.70E+04

Total Damage year 8.01E-03
Fatigue Damage (Years) 124.78

Table 12. Near Variation Fatigue Calculation

Near Fatigue Calculation

Stress  Cycle Factor N Calculation > 10°6
Range m=3 N Damage D.DFF
(MPa) Log(4)=125
2 7.58E+07 L16E+0L 3956+11 395E+11 1.92E-04 192E-03
4 6.07E+06 LO7E+0L +94E+10 454E+10 123604 123603
6 130E+06 L.02E+01 146E+10 146E+10 8.88E.05 8.88E-04
8 5.22E+05 _ 9.79E+00 6.18E+09 6.18E+09 8.45E05 84SE-04
10 165E+05 __ 9.50E+00 3.16E+09 3.16E+09 5.21E-05 5.21E-04
12 121E+05  9.26E+00 1.83E+09 183E+09 6.60E-05 6.60E-04
.26E+ .06E+00 A5E+09 A5E+09 S6E-| LS6E-04
47E+ .B9E+00 72E+08 72E+08 20 20E-04
24E+ .73E+00 42E+08 42E+08 28E-| 28E-04
24E+] .60E+00 95E+08 95E+08 13E- I3E-04
22 1248404 B.47E+00 2.976+08 257E+08 416E-05 4.16E-04
24 0 8.36E+00 2.298+08 2.296+08___ 0.00E#00 ___0.00E+00
Total Damage year 7.79E-03
Fatigue Damage (Years) 12831

From the calculation of every variation above, there is a
trend in which the closer the SPM to PLEM, the fatigue life
of riser will increase, but this is not always permissible due
to the result on riser response before, stated that the closer
SPM to PLEM the dynamic response will exceed the
allowable criteria such as effective tension and minimum
bending radius. The visualization of this trend can be seen
in this graph below.

Trendline of Fatigue Life Due To SPM Distance to PLEM

) 34.78 126,55 128.31

SPM Distance to PLEM

Figure 9. Trendline of SPM Distance from PLEM influence
on Fatigue Life

4, CONCLUSION

Based on the result above, the conclusion of this paper is as

followed:

1. According to the results of the previous trendline graph,
it can be concluded that the farther the SPM is from
PLEM, the average effective tension value is greater than
the nominal and near variations. This also applies to the
minimum bending radius, which will increase in value as
the distance between SPM and PLEM increases. The
largest effective tension value in the nominal
configuration is 136.46 kN in the 0° loading direction
and the smallest MBR at 3.75 m in the 270° loading
direction. For the far configuration, the largest effective
tension was found at 139.27 kN in the 180° loading
direction and the smallest MBR at 4.45m in the 270°
loading direction. For the near configuration, the largest
effective tension was found at 135.59 kN in the 0°
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loading direction and the smallest MBR at 3.22 m in the
270° loading direction.

2. For the nominal stress value which is the resultant
axial stress and bending stress, where the axial stress
result is influenced by the effective tension and the
bending stress is influenced by the bending moment, the
results of each of the largest nominal stresses
experienced by each configuration are as follows: For the
largest nominal stress value obtained in the Far
configuration or the farthest distance from SPM to
PLEM with a value of 22.79 MPa. The smallest value is
obtained in the Near configuration with a value of 21.53
MPa where in this configuration the value of effective
tension produced is smaller than the other
configurations, resulting in a smaller nominal stress. The
nominal configuration is between the other two
configurations with a value of 21.87 MPa

The fatigue life obtained from the results of this study
shows that the farther the distance from the SPM to the
PLEM or the more interested the riser configuration, the
smaller the fatigue life compared to the more compressed
riser configuration or the distance from the SPM to the
PLEM is smaller. This is proven by the fatigue life of the
Far configuration at 124.78 years for the nominal
configuration at 126.55 years and the Near configuration
at 128.31 years.
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