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ABSTRACT 
This work is focused on developing a formal optimisation approach to the vessel relocation 
program for steel catenary riser (SCR) touch down zone (TDZ) fatigue management. Vessel 
relocation is the planned repositioning of the vessel within the acceptable limit of the riser 
design to help spread and reduce the fatigue damage over the SCR TDZ. There is a need to 
obtain an optimum vessel relocation program that best reduces the SCR TDZ fatigue damage. 
Hence, the facility operator will need to know the optimum combination of the following: the 
number of stations along the relocation axis, the distance limits for the relocation, and the 
relocation axis direction. The constraints on the problem are imposed by the stress utilisation, 
TDZ compression and top tension. The index-matching optimisation technique is applied to 
solve the optimisation problem. To demonstrate the approach’s suitability, we consider a single 
SCR hosted by a production platform. The fatigue damage responses of the SCR with the 
optimum vessel relocation programs are compared with those without vessel relocation. The 
results obtained indicate that a considerable fatigue reduction can be achieved through a well-
planned and optimum vessel relocation program. 
Keywords: Steel catenary riser, Touch-down zone, Vessel relocation, fatigue damage, fatigue 

damage spreading, relocation program 

1. INTRODUCTION 

Steel catenary riser systems are used for the transportation of hydrocarbon production-related 
materials between the seabed and the host floating platform. Steel catenary risers are the most 
attractive riser solution because of their simplicity, robustness, and lower procurement costs 
[1-6]. A major challenge with SCR application is the high stress and fatigue damage incurred 
around its critical sections, which are the hang off (HO) and the TDZ [5, 7-9], as depicted in 
Figure 1. The high fatigue response in the SCR HO region is relatively easier to control 
compared with those occurring at the TDZ. A suitable material of high strength can be 
employed at the HO region to reduce the high stress and fatigue damage experienced. However, 
at the touchdown zone, a longer section of the SCR interacts in a complex way with the non-
linear seabed, resulting in high and intricate fatigue response patterns that pose great challenges 
to manage.  
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Figure 1. Steel catenary riser schematic showing critical sections where stress and fatigue damage responses 

are higher [10]. 
 
Several efforts have been committed by research institutions and the offshore industries to 
increase the application of SCRs for deepwater hydrocarbon extraction [11-13]. These 
solutions include the SCR configuration change such as steel lazy wave and shaped riser 
solutions [14-32], the alternative material application for SCR design such as high strength 
material including titanium for the riser pipe joint [2, 11, 33-35], the advancement in riser soil 
interaction modelling such as the development of non-linear riser soil interaction models [36-
38], the decoupling of SCR from vessel motion such as the uncoupled steel catenary riser 
systems [39-42], the vessel relocation to effect fatigue damage spreading along the SCR TDZ 
[12, 43-45], the use of upset pipe end and titanium welding connection to improve the life of 
the riser at welded joints [11, 35, 43-50], the use of hydrodynamic dampers which enhances 
the damping of stress wave propagated from vessel motion to the SCR TDZ [47], etc. The 
vessel relocation solution for fatigue mitigation in the SCR TDZ has been referenced in 
literature and have been implemented in real-life projects [12, 43-45]. However, the 
methodology for investigating and conducting an optimum vessel relocation program is still 
absent from open literature. This is what this paper is set to present and to demonstrate through 
an example of a single SCR-vessel system case. The approach presented here can be useful for 
both new risers and brown field risers for life extension purpose. 
 
The fatigue damage in the active SCR TDZ is proportional to its exposure time to the applied 
fatigue load, which in turn depends on the variation in the SCR global position and 
configuration. The relocation of the vessel is a planned variation of the riser host platform from 
its mean position to effect changes in the global riser configuration, resulting in the spatial (arc 
length) variation of the SCR fatigue hot spots. The wider the variation or spread of the active 
seabed section, the higher will be the reduction of the fatigue exposure time and a consequent 
spread or reduction in the SCR TDZ effective fatigue damage.  
 
To demonstrate this variation, we monitor the offsets of SCR touchdown points (TDPs) by 
conducting vessel movement in their azimuth direction or riser planes, as shown in Figure 2. 
Figure 2 (a) presents the SCR TDP offsets from their nominal positions for different SCR 
configurations with hang-off angles ranging from 8deg to 20deg in a fixed water depth of 
1500m, while Figure 2 (b) presents the SCR TDP offset from its nominal position for an SCR 
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with a hang-off angle of 12deg (with the vertical), in various water depths ranging from 1000m 
to 3000m. For both scenarios, the vessel offsets are expressed as percentages of the water 
depths. The negative vessel offsets values are the near vessel offsets where the vessel is 
relocated towards the SCR TDP along the riser plane. On the other hand, the positive vessel 
offsets values are for the vessel far offset where the vessel is moved away from the SCR TDP 
along the riser plane. Note that the vessel in its nominal position (0% offset), incurs no SCR 
TDP offsets. It could be observed from the plots that the vessel relocation in the far direction 
imposes larger riser TDP offsets than those of the near vessel offsets. This implies that the SCR 
TDP horizontal movement is more sensitive to the vessel far offsets.  A combination of 10% 
vessel offsets in both direction for the riser in a water depth of 1500m can be seen to provide 
more than 200m TDP offset for the SCR with a 12deg hang-off angle (Figure 2 (a)). The TDP 
offsets are seen to increase with increasing SCR hang-off angle and water depths. For example, 
it could be observed in Figure 2 (b)) that more than 700m of SCR TDP horizontal travel is 
possible for an SCR with a 12deg hang-off angle, hosted in a water depth of 3000m, and 
subjected to 10% vessel offset in the far and near directions. These TDP offsets translate to the 
spreading of the SCR TDZ fatigue hot spots and a consequent fatigue damage reduction. So, 
with the relocation program, longer sections of the SCR on seabed share the period of intensive 
contact with the seabed over the design life of the riser, meaning different fatigue hotspots 
along the SCR TDZ now receive a reduced number of fatigue load cycles due to the vessel 
relocation scheme. While the vessel relocation strategy is helpful for brownfield SCRs for life 
extension purposes [12, 43-45], pre-planning for vessel relocation for a new field development 
can reduce the stringent requirement for the SCR fatigue design. This can reduce the wall 
thickness specification, reduce the riser weight and the required design load capacities of the 
vessel and the hang-off structures and removes the need for SCR TDZ redesign, such as cladded 
pipe section (e.g. corrosion resistive alloys (CRA)). These potential positive contributions of 
the vessel relocation technique can significantly reduce the overall cost of the greenfield SCRs.  
 

 
 

Figure 2. SCR touch down point relocation (a) risers with different hang-off angle and different vessel offset 
conditions in 1500m water depth (b) a 12deg hang off riser in different water depths and different vessel offset 

conditions. 
 
The planned vessel relocation is a complex operation requiring several inputs, and it is mainly 
feasible for host platforms with catenary shaped sea keeping systems rather than tension leg 
platform (TLP). The input to the vessel relocation operation includes but not limited to the 
directions of the relocation, the number of relocations over the design life of the riser, the 
number of relocation points or stations, the personnel and equipment required for each 
relocation operation, the temporary shutdown of production during relocation operation, etc. 
An appropriate or optimum combination of these variables is required to minimise the fatigue 
damage of the risers. Concerns may be raised about the optimum vessel relocation direction 
for a vessel hosting several SCR systems with different azimuth directions. This will be 

(a) (b) 
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addressed as an extension of this work in the subsequent investigation, but first, we develop 
and demonstrate in this paper a method to achieve an optimum vessel relocation for a single 
SCR.  
 

2. VESSEL RELOCATION METHODOLOGY 

2.1. Definition of terms and SCR TDZ effective fatigue damage 

 Vessel relocation program - All the variables, parameters, activities, and plans involved in 
the movement of the vessel from one point to another to enhance the spreading of fatigue 
damage over longer sections of the SCR TDZ are embodied in the relocation program. 
However, in this paper, the relocation program term is used to refer to a unique set of 
combinations of the relocation axis, the relocation span, and the number of relocation stations. 
These are the inputs variables for the vessel relocation optimisation analysis in this paper.  
 
Vessel relocation axis – From the operational and analysis point of view, it may be relatively 
easier to conduct a vessel relocation program in a straight line known as the relocation axis, as 
shown in Figure 3. A direction characterises the relocation axis (𝛼) measured from a suitable 
referenced line. The axis extends from one limit on the riser nearside to the other limit on the 
riser far side, with the relocation stations equally distributed in between the limits. The 
optimum relocation axis is one of the design variables for the vessel relocation optimisation 
problem.  
 

 
Figure 3. A symmetric vessel relocation program layout, depicting equally spaced relocation stations (𝑝) 

between the relocation span limits (𝐿) along a relocation axis (𝛼). 
 
Relocation span limits - The limit on the extent to which the vessel can be moved on either 
side of the nominal station, along the relocation axis, is constrained by factors including the 
stress utilisation, the top tension, and the compression around the TDZ of the SCR. The 
allowable limits within which the relocation program is feasible is referred to as the span limit, 
𝐿,  as seen in Figure 3. For the symmetric relocation program considered in this study, the 
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distance of any of the two-span limits from the nominal station is referred to as the span radius 
of relocation, 𝑅 = 𝐿/2. The span radius is expressed as percentage of the water depth in this 
study, and it's one of the design variables for the vessel relocation optimisation. 
 
Relocation stations - In any relocation program, the vessel is moved intermittently from one 
position to another, starting from the nominal position (mean or nominal station). These 
positions are referred to as the relocation stations, 𝑝. For a symmetric vessel relocation 
program depicted in Figure 3, 𝑝 will have to be odd, e.g.  𝑝 = 3, 5, 7, 9 etc., as seen in Table 1. 
For  𝑝 = 1, the vessel is in its nominal station.  
 

Table 1. A symmetric vessel relocation program pattern. 
No of 

stations 
 (𝑝) 

Station index (𝑚) 
Nearside  Nominal  Farside  

No relocation       1       
3      2 1 3      
5     3 2 1 4 5     
7    4 3 2 1 5 6 7    
9   5 4 3 2 1 6 7 8 9   
⋯  ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯  
𝑘 (𝑘 + 1)/2 ⋯ 5 4 3 2 1 6 7 8 9 ⋯ 𝑘 

 
Relocation cycle - Considering the relocation program in Figure 3, a relocation cycle will be 
the complete movement of the vessel from its nominal station to and from both span limits. 
The planned journey of the vessel between these span limits involves relocation from one 
station to another on both sides of the nominal station as indicated by the arrow on A, B, C and 
D. Each of A, B, C, and D represents a quarter of one relocation cycle and each consist of 
relocation stations as shown in  Figure 3. For example, considering the nine-relocation station 
program (𝑝 = 9) in Table 1, one cycle of relocation will consist of the quarter cycles (A, B, C 
and D) with the following relocation patterns: 
 

1 relocation cycle =  {

 𝑨: 1 → 2 → 3 → 4 → 5.
 𝑩: 5 → 4 → 3 → 2 → 1
 𝑪: 1 → 6 → 7 → 8 → 9
 𝑫: 9 → 8 → 7 → 6 → 1

   (1) 

 
Note that the spread of the fatigue hotspots (fatigue reduction) around the SCR TDZ is related 
to the time spent at each relocation station and will be independent of the number of relocation 
cycles. Hence, the methods presented in this paper is based on one relocation cycle. 
 
Number of relocations - The number of times the vessel is moved from one station to another 
is referred to as the number of relocations (𝑛). Referring to the 9-station (𝑝 = 9) relocation 
program depicted in equation (1), each quarter of the relocation cycle contains 4 vessel 
movement. The total number of movements of the vessel for the symmetric 9-station relocation 
program will be 16. Generally, the number of relocations can be related to the number of 
relocation station, 𝑝, as follows: 

𝑛 = 2(𝑝 − 1) (2) 

When 𝑝 = 1 as seen in Table 1, 𝑛 = 0 i.e., no vessel relocation. This is the case representing 
the traditional approach layout for fatigue analysis where no vessel relocation is considered.  
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Relocation offsets - The direct distance between two neighbouring stations is referred to as the 
relocation offset (Δℎ) (see Figure 3). This is the distance over which the vessel is moved during 
each of the 𝑛 relocations. For equally spaced relocation stations, the relocation offsets can be 
obtained from the relocation span, 𝐿, and the number of relocation stations, 𝑝, as follows:  
  

Δℎ =
𝐿

𝑝 − 1
=

2𝑅

𝑝 − 1
 (3) 

 
Rest and transition time during relocation - The time spent by the vessel at each of the 
stations before being moved to a neighbouring station is referred to as the rest time (𝑇𝑟). The 
time it takes to move the vessel from one station to another is referred to as the transition time 
(𝑇𝑡). The following can be observed for the 9-relocation station example from equation (1): 
 

 The nominal station (1) is reached 3 times. This means that the vessel spends a rest time 
of 3𝑇𝑟 at the nominal station. 

 Each of the two span limit stations (5 and 9) are reached once. This means the vessel 
spends a cumulative rest time of 𝑇𝑟 each at station 5 and 9.  

 The other relocation station (9 − 3 = 2) are each reached two times. This means that 
the vessel spends a rest time of 2𝑇𝑟 at each of these other (𝑝 − 3) stations.  

 
This pattern can be generalised for 𝑝 number of stations (𝑚 = 1  to 𝑝) as follows: 
 

𝑇𝑟𝑚 =  {

3𝑇𝑟 𝑚 = nominal station
𝑇𝑟  𝑚 = span limit1 station
𝑇𝑟 𝑚 = span limit2 station

2𝑇𝑟 𝑚 = other (𝑝 − 3)stations

   (4) 

 
Where 𝑚 is the station count ranging from 𝑚 = 1 to 𝑝, hence, the cumulated rest times across 
all stations can then be expressed as:  
 

𝑇𝑟𝑐𝑢𝑚𝑚 = ∑ 𝑇𝑟𝑚 =

𝑝

𝑚=1

 3𝑇𝑟 + 𝑇𝑟 + 𝑇𝑟 +  2𝑇𝑟(𝑝 − 3)  

𝑇𝑟𝑐𝑢𝑚𝑚 = 𝑇𝑟(2𝑝 − 1)  
 

(5) 

For  𝑛 number of relocations, the cumulative transition time will be: 

𝑇𝑡𝑐𝑢𝑚𝑚 =  𝑛𝑇𝑡 (6) 

The total exposure time, 𝑇𝑐𝑢𝑚𝑚, can then be expressed as: 

𝑇𝑐𝑢𝑚𝑚 = 𝑇𝑟𝑐𝑢𝑚𝑚 + 𝑇𝑡𝑐𝑢𝑚𝑚 = 𝑇𝑟(2𝑝 − 1) + 𝑛𝑇𝑡 (7) 

The time in transit, 𝑇𝑡, is negligible compared with the rest time 𝑇𝑟. Operationally, the 
movement of the vessel from one station to another may take less than a day or a few days, 
compared with the rest time, which can run into years. Hence, we can rewrite (7) as: 

𝑇𝑐𝑢𝑚𝑚 = 𝑇𝑟(2𝑝 − 1) (8) 
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The total exposure time, 𝑇𝑐𝑢𝑚𝑚 is equal to the design life of the SCR, i.e., 𝑇𝑐𝑢𝑚𝑚 = 𝑇𝐷 . Hence,  
 

𝑇𝑟 =
𝑇𝐷

(2𝑝 − 1)
 (9) 

 
Substituting equation (9) into equation (4), the resulting coefficient of 𝑇𝐷 is expressed in 
equation (10). This is referred to as the fatigue damage fraction,  𝑓𝑚. 
 

𝑓𝑚 =

{
 
 
 
 
 

 
 
 
 
 

3

(2𝑝 − 1)
𝑚 = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑠𝑡𝑎𝑡𝑖𝑜𝑛.

1

(2𝑝 − 1)
 𝑚 = 𝑠𝑝𝑎𝑛 𝑙𝑖𝑚𝑖𝑡1 𝑠𝑡𝑎𝑡𝑖𝑜𝑛

1

(2𝑝 − 1)
 𝑚 = 𝑠𝑝𝑎𝑛 𝑙𝑖𝑚𝑖𝑡2 𝑠𝑡𝑎𝑡𝑖𝑜𝑛

2

(2𝑝 − 1)
   𝑚 = 𝑜𝑡ℎ𝑒𝑟 (𝑝 − 3) 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑠

   (10) 

 
Where: 

∑ 𝑓𝑚

𝑝

𝑚=1

= 1 

 

(11) 

The resulting (effective) fatigue damage (𝐷𝑒𝑓𝑓) at any fatigue hotspot in the SCR TDZ for the 
relocation program can then be expressed as follow: 
 

𝐷𝑒𝑓𝑓 = ∑ 𝑓𝑚𝐷𝑚

𝑝

𝑚=1

 (12) 

Where: 
 
𝐷𝑚 = fatigue damage at station 𝑚. 
𝑝    =  number of relocation station for the program  
𝑚    = relocation station counter from 1 to 𝑝  

2.2. Fatigue damage for Greenfields and Brownfields 

For a new field (greenfield) with an included vessel relocation plan, the fatigue damage of the 
SCR at the relocation stations, 𝐷𝑚, can be obtained considering the design life of the riser 𝑇𝐷, 
appropriate safety factors and other design variables and factors. For example, considering a 
single occurrence fatigue load case, the Rain flow counting technique [51] can be used to 
express the varying SCR TDZ stress spectrum as a histogram of stress reversals. The Miner’s 
rule presented in equation (13) can then be applied to cumulate the fatigue damage for the SCR 
at each of the 𝑚𝑡ℎ station, where 𝑛𝑖  is the number of cycles of the 𝑖𝑡ℎ stress range components 
at (station 𝑚) and 𝑁𝑖 is the number of cycles to failure associated with the 𝑖𝑡ℎ stress range (at 
station 𝑚) as obtained from the S-N curve.  
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𝐷𝑚 = ∑
𝑛𝑖
𝑁𝑖

𝑖

 (13) 

  

For an existing field (brownfield), the objective of the vessel relocation program will be to 
extend the life of the SCR.  Let the remaining or residue fatigue life of the SCR be 𝑇𝑟𝑒𝑚 and 
the remaining design life of the SCR be 𝑇𝐷𝑟𝑒𝑚 . The effective fatigue damage can be calculated 
using the expressions already presented in equation (12) but with design factors appropriate for 
existing risers. Also, for brownfield fatigue calculation, 𝑇𝐷 will be replaced by 𝑇𝐷𝑟𝑒𝑚i.e.: 

𝑇𝐷 = 𝑇𝐷𝑟𝑒𝑚  (14) 

The life extension, 𝑇𝑒𝑥𝑡, of the SCR can then be obtained as: 

𝑇𝑒𝑥𝑡 =
1

𝐷𝑒𝑓𝑓
− 𝑇𝑟𝑒𝑚 (15) 

 

3. ANALYSIS METHODOLOGY 

3.1. Vessel relocation optimisation 

Each of the relocation programs consists of a unique combination of the axis of relocation (𝛼), 
the span radius (𝑅 = 𝐿/2) and the number of stations (𝑝). These are the vessel relocation 
design variables. A change in any of these variables will result in a different relocation program. 
Therefore, there is the need to obtain an optimum relocation program that will yield the 
minimum effective damage (𝐷𝑒𝑓𝑓) around the SCR TDZ. However, the resulting SCR 
configuration obtained from any combination of the design variables (𝛼, 𝑅 and 𝑝) must satisfy 
the design limit for the SCR design storm responses. The vessel relocation optimisation 
problem can, therefore, be cast as follow: 
 

find 𝐗 =  {

𝛼
𝑅
𝑝
}  which minimises  𝐷𝑒𝑓𝑓 

                               
(16) 

 
Subject to the following constraints, 𝐠: 
 

𝐠 =  {

𝑈𝑇𝐷𝑍 < 1
𝑇𝑡𝑜𝑝 < 𝑇𝑦
 𝑇𝑇𝐷𝑍 > 0

   (17) 

Where: 
 
𝛼         = relocation axis measured from a reference axis.  
𝑅         =  span radius. 
𝑝        =  number of relocation station. 
𝐷𝑒𝑓𝑓   = effective fatigue damage per relocation program. 
𝑈𝑇𝐷𝑍  = stress utilisation in the SCR TDZ. 
𝑇𝑡𝑜𝑝    = maximum effective tension at the riser top.  
𝑇𝑇𝐷𝑍   = minimum effective tension around the riser TDZ. 
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𝑇𝑦        = yield tension of the riser pipe  =  0.9𝑆𝐴. 
𝑆        = Specified minimum yield strength. 
𝐴        = SCR pipe cross-section area. 

 
Once the design space (𝛼, 𝑅, 𝑝) is defined for the problem, any suitable optimisation technique 
can be applied, using the result data obtained for the evaluated objective and constraint 
functions. In this paper, the index matching optimisation technique is used. Details of the index 
matching technique are provided in the following section. 

3.2. Index matching optimisation technique. 

Given a general engineering optimisation problem: 
 

Minimise: 𝑓(𝐗) =

{
 
 

 
 
𝑓1(𝐗)

𝑓2(𝐗)
.
.
.

𝑓𝑛(𝐗)}
 
 

 
 

   

 

(18) 

subject to the following constraints:  
 

gj(𝐗) ≤ 𝐛𝐣, 𝑗 = 1,2,3… , 𝑟 
 

Where: 
𝐗 = {𝐱𝟏, 𝐱𝟐, 𝐱𝟑, … , 𝐱𝐩}

𝐓
 

 
Where: 
𝑓(𝑿)  = a set of objective functions to be optimised. 
gj(𝐗) = a set of constraint function. 
𝐗        =  a set of the design variable vectors 
 

The design space can be defined by a unique combination of elements from each vector in 𝐗. 
For 𝑘 such combinations (design points) at which the objective and the constraint functions are 
evaluated, there will be 𝑘 elements in each objective function. Let the collection of index 
vectors, 𝐈, each containing 𝑘 indices be assigned to represent the 𝑘 elements in each of the 
functions in 𝑓(𝐗) as depicted in Figure 4, where 𝐈 is expressed as: 
 

𝐈 =  

{
 
 

 
 
𝑰𝟏
𝑰𝟐
.
.
.
𝑰𝒏}
 
 

 
 

     (19) 
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Figure 4. Index system of vectors representing elements in each objective function. 

 
The feasible design space, 𝐗𝐅𝐃𝐒, is the region where the constraint functions are satisfied. The 
objective functions’ values at the feasible design points can be obtained by evaluating them at 
𝐗𝐅𝐃𝐒 as shown in equation (20). The corresponding feasible set of index system, 𝐈𝐅𝐃𝐒, which is 
a subset of 𝐈 is expressed as shown in equation (21). 
 

𝐘 = {𝑓(𝐗𝐅𝐃𝐒)} =  

{
 
 

 
 
𝑓1(𝐗𝐅𝐃𝐒)

𝑓2(𝐗𝐅𝐃𝐒)
.
.
.

𝑓𝑛(𝐗𝐅𝐃𝐒)}
 
 

 
 

     (20) 

 

𝐈𝐅𝐃𝐒 = {𝐈(𝐗𝐅𝐃𝐒)} =    

{
 
 

 
 
𝑰𝟏(𝐗𝐅𝐃𝐒)

𝑰𝟐(𝐗𝐅𝐃𝐒)
.
.
.

𝑰𝒏(𝐗𝐅𝐃𝐒)}
 
 

 
 

     (21) 

 
If the columns of 𝐘𝐓 are sorted in ascending order (for minimisation) problem or descending 
order for maximisation problem, we will have 𝐘′ as presented in equation (22). We can then 
rearrange elements in the vectors of  𝐈𝐅𝐃𝐒 such that their orders match the previous element 
they represented in vectors of  𝐘 before they were sorted. The re-ordered 𝐈𝐅𝐃𝐒 is expressed in 
equation (23). 
 

𝐘′ =   sort{𝐘T}      (22) 
 

𝐈′ = (𝐈𝐅𝐃𝐒 )reordered   =

{
 
 

 
 
𝑰′𝟏
𝑰′𝟐
.
.
.
𝑰′𝒏}
 
 

 
 

 

   

(23) 

The intersection of the indices in the first 𝑞 rows and across all columns of (𝐈′)𝐓 gives a family 
of index numbers that represent or point to the sets of optimum design points, i.e.: 
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𝐈𝐨𝐩𝐭 =  ⋂{(𝐈′)T} 

𝑞

1

     (24) 

 
The family of optimum design variables, 𝐗𝐨𝐩𝐭, and the corresponding optimum values of the 
objective functions, 𝐘𝐨𝐩𝐭, can then be obtained through the following matching: 
 

𝐗𝐨𝐩𝐭 =   𝐗(𝐈𝐨𝐩𝐭)      (25) 
 

𝐘𝐨𝐩𝐭 =   𝐘(𝐈𝐨𝐩𝐭)      (26) 
 

The flow chart for the index matching optimisation technique is presented in Figure 5. For 
a single objective optimisation problem such as the vessel relocation problem in this paper, 
where the fatigue damage is the objective function, the first index in 𝐈𝐨𝐩𝐭 points to the best 
design point or relocation program.  
 

 
Figure 5. Index matching optimisation technique flowchart. 

3.3. Numerical modelling and analysis 

The OrcaFlex numerical software package is used to conduct the analysis for this study. The 
analysis simulations are performed in the time domain, applying the implicit integration 
scheme in the numerical solution process. The pre-processing, modelling, simulations and post-
processing are automated using MATLAB programs integrated with the OrcaFlex 
programming interface, OrcFxAPI [52]. The developed MATLAB program pre-processes 
analysis data and computes additional data required for the numerical modelling in OrcaFlex. 
The program then generates OrcaFlex models for the relocation programs based on equations 
developed in this paper. The regular design storm and fatigue wave loads are modelled with 
the Dean Stream theory, with the wave load acting on the vessel beam to effect maximum roll 
motions on the SCR.   
 
The storm response analysis is conducted using a single representative regular (design) wave 
to evaluate the constraint functions. The SCR TDZ stress utilisations, TDZ compressions and 
top tensions are calculated from the simulated design storm numerical models. The stress 
utilisation is post-processed using the DNV-OS-F201 combined load (bending, tension, and 
pressure) resistance factor design criteria. Detailed information about the DNV-OS-F201 
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criteria can be found in [53]. Similarly, the fatigue analyses for the relocation programs are 
also conducted using a single regular fatigue wave load to evaluate the SCR TDZ fatigue 
damage. The objective function (effective fatigue damage, 𝐷𝑒𝑓𝑓) is then post-processed from 
the SCR TDZ fatigue damage results. For the fatigue calculation, the S-N D-curve in seawater 
with cathodic protection is used [54]. Once the design storm and effective fatigue damage 
responses are calculated, the index matching optimisation technique is applied to obtain the 
indices representing the optimum solutions lying within the shaded region depicted in  Figure 
6. The applied procedure for the analysis is presented in Figure 7 and summarised as follows: 
 

 Assemble all possible combinations of the design variables (𝛼, 𝑅, 𝑝). 
 Run numerical analyses (for each combination) to determine the values of the 

constraints (𝑈, 𝑇𝑇𝐷𝑍 , 𝑇𝑡𝑜𝑝). 
 Run numerical analyses (for each combination) to determine the values of the objective 

function (effective fatigue damage). 
 Eliminate combinations that do not satisfy the constraints. 
 Order the remaining combinations in ascending order of the objective function to find 

the combination that minimises the objective function while satisfying the constraints. 
 

 
Figure 6. Optimum configuration index space.  

 
 

 
Figure 7. Analysis flow chart 
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4. ANALYSIS DATA 

4.1. Riser pipe data and relocation design variables 

The SCR investigated in this work is an 8-inch X70 steel grade pipe hosted by a generic floating 
production, storage, and offloading (FPSO) unit at an azimuth of 90deg to the vessel heading, 
as shown in Figure 8. The SCR is connected to the FPSO via a flex joint. The SCR minimum 
wall thickness required for burst and collapse pressure resistance is calculated based on DNV-
OS-F201 criteria  [55]. Table 2 presents the analysis data for the study. 
 

Table 2. Analysis data. 
SCR data Values 

Pipe size 8inch 
Internal Design pressure 10ksi 
Pipe thickness (fixed) 16.7mm 
SMYS 482 MPa 
Hang off angle with the vertical   12o 
Content density 600kg/m3 
Flex joint stiffness (linear) 12kN.m/deg 
Water depth  1500m 
S-N curve (seawater plus cathodic protection) D-Curve [54] 
Riser design life (𝑇𝐷) (greenfield) 30 years 
Relocation axis(𝛼) [0,30,60] deg 
Span radius (𝑅)(%water depth) {𝑅:1≤ 𝑅 ≤ 20} 
Number of station (𝑝) {𝑝:3≤ 𝑝 ≤ 19} 

 
The range of values for the optimisation design variables (𝛼, 𝑅, 𝑝) presented in Table 2 are 
briefly discussed as follows: 
 
Axes of relocation (𝛼) – To cover the full range of relocation directions, six axes are 
considered. The axes are at 30deg offset from each other and are measured relative to the 
positive x-axis. As seen in Figure 8, five out of the six axes extend from one side (portside) of 
the vessel to the other side (starboard), which in this analysis are the SCR nearside and the 
farside, respectively. The axis-4 aligns with the heading of the vessel. The single SCR system 
is hosted on the port side and at 90deg to the vessel heading. Since the SCR is perpendicular 
to the vessel heading, vessel relocation along the axis-4 will cause little variation of the SCR 
TDZ fatigue hotspots. Hence, axis-4 will not be included in the analysis. The floating 
production vessel implemented for this study has response amplitude operators (RAOs) that 
are symmetric about the axis-1 and axis-4. That means, with the SCR orientation, vessel 
relocation along axis-2 and axis-6 as well as vessel relocation along axis-3 and axis-5 will result 
in the same response at the SCR TDZ. Hence, vessel relocation along axis-5 and axis-6 will be 
excluded from the analysis, leaving us with three discrete values of 𝛼  which are axes-1, axis-
2 and axis-3. These axes correspond respectively with 0deg, 30deg, and 60deg measured from 
the reference axis, as have been presented in Table 2. 
 
Span radius (𝑅) –  Different span radii are considered for the analysis and are expressed as 
percentages of the water depth. As shown in Table 2, 𝑅 ranges from 1% to 20% of the water 
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depth on each of the far and near side of the SCR, i.e., on both side of the nominal station. The 
span radius is discretised at 1% interval, resulting in 20 discrete values for 𝑅. 

 
Figure 8. The layout of the vessel relocation axes for this study. 

 
Number of relocation stations (𝒑) – The number of the equally spaced relocation stations 
along each axis (𝛼) and for each span radius (𝑅) is an odd number, considering a symmetric 
vessel relocation pattern. As presented in Table 2, the number of stations ranges from 3 to 19 
at intervals of 2. This gives 9 discrete values of  𝑝. 

4.2. Vessel motion data 

A generic response amplitude operator (RAOs) for the FPSO is implemented. Considering the 
SCR azimuth and connection to the vessel mid-length, the heave and roll RAOs are the most 
relevant vessel responses to the beam wave acting on the vessel and are presented in Figure 9. 
The RAOs are symmetrical about the central longitudinal and lateral axes of the FPSO 
 

 
Figure 9. Vessel heave and roll RAOs to wave load in the beam sea direction (90deg and 270deg) 
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4.3. Environmental data 

The non-linear hysteretic riser soil interaction model detailed in [36] is used in this study. A 
single regular design storm wave and fatigue sea state are applied during the numerical storm 
and fatigue analyses. This means the probability of occurrence of the fatigue sea state is 100%. 
All wave loads are Beam Sea to impact maximum roll motions on the SCR. Both the fatigue 
and the extreme wave sea state used are presented in Table 3. 
 

Table 3. Single wave load data for storm and fatigue analysis  
Analyses Wave type Data Values 

Extreme Regular 𝐻 8m 
𝑇 13sec 

Fatigue Regular 𝐻 4.5m 
𝑇 9.5ec 

 
The main objective of this study is to develop and demonstrate the vessel relocation 
methodology. Hence the single wave loads for design storm conditions and fatigue analysis are 
selected arbitrarily, with periods around the peak of the heave RAO, for demonstration 
purposes. However, a single representative regular storm and fatigue wave load can be obtained 
from the irregular wave data available through preliminary screening of the riser hang-off 
motion at the vessel interface by conducting vessel spectral response calculations [56]. We can 
use the wave height and associated period causing significant hang-off vertical velocity to 
represent the design storm wave data. This is reasonable since the SCR vertical hang off 
velocities correlate with the stress response and compressions of the SCR at the TDZ [57-59] 
and that different SCR configuration will respond proportionately to different design wave with 
resulting excitation periods not matching the SCR natural periods.  Also, the SCR TDZ fatigue 
damage correlates with the vertical hang off root mean square (rms) velocity values. With such 
correlation, a screening of the fatigue wavetable can be conducted to obtain the most effective 
wave height and associated period that will represent the fatigue wavetable for the optimisation 
simulations. Note that the single wave data are representative. It will be essential to confirm 
the performance of the derived optimum riser solution through detailed analysis using the 
actual storm and the full seastate fatigue wave data.  
 

5. ANALYSIS, RESULTS AND DISCUSSION. 

Recall from Table 2 that there are 3 discrete values of 𝛼, and 20 discrete values of 𝑅. These 2 
variables provide 60 𝛼-𝑅 design points i.e., 2-D design space bordered by 𝛼 and 𝑅. Each of 
these 60 points relates to the 9 discrete values of 𝑝, with  𝑝 ranging from 3 to 19 stations at an 
interval of 2. This gives 540 design points or relocation programs for this study. Now, each of 
the 540-design points will consist of a varying number of numerical models ranging from 𝑚 =
1 to 𝑝 as seen in the relocation pattern provided in the annotated Table 4. Hence, the index 
matching technique index system will have indices ranging from 1 to 540 relocation programs, 
each containing several models ranging from 𝑚 = 1 to 𝑝. An alternative way of considering 
the number of numerical models is to associate the 99 stations in Table 4 to each of the 𝛼-𝑅 60 
design points resulting in 5940 models. Since the storm and the fatigue wave load are different 
(see Table 3), the number of models simulated for the problems for both the design storm and 
the fatigue wave load is 11880. For the 540-relocation programs, if any constraint function is 
not satisfied at any of the 𝑚 = 1 to 𝑝 station, that relocation program or design point will be 
deemed infeasible and eliminated from the solution process. 
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Table 4. Vessel relocation patterns 

 
For comparison purposes with the optimum relocation programs, Table 5 presents the TDZ 
maximum fatigue damage, the stress utilisation, the top effective tension and the TDZ 
compression for the no-relocation case. For this case, the vessel is kept in the nominal station 
over the design period, 𝑇𝐷 . The first 35 members of the feasible optimum relocation programs 
are presented in Table 6 in their order of performance in terms of 𝐷𝑒𝑓𝑓 . The following are data 
columns reported in the table. 
 

 The index representation of the optimum family members. 
 The sets of optimum input design variables (𝑝, 𝑅, 𝛼) for the optimum design points. 
 The effective fatigue damage (𝐷𝑒𝑓𝑓) in the active SCR TDZ, which is the objective 

function for the problem. 
 The percentage reduction in 𝐷𝑒𝑓𝑓 in the SCR TDZ compared with the no vessel 

relocation case. 
 The maximum stress utilisation (𝑈𝑇𝐷𝑍) in the active SCR TDZ. This is a constraint 

function on the optimisation problem, which must be less than 1 (see equation (17)). 
 The maximum top tension (𝑇𝑡𝑜𝑝) around the SCR hang off region. This is a constraint 

function whose value must be less than 90% of the yield tension of the riser pipe (see 
equation (17)). 

 The compression in the active SCR TDZ measured as the minimum effective tension 
(𝑇𝑇𝐷𝑍). This is a constraint function on the optimisation problem, which must be 
positive, i.e., greater than 0 (see equation (17)). For values less than zero, the riser TDZ 
is said to be in compression, which is unacceptable during the solution process. 

 
A comparison of the fatigue damage response of the first six optimum relocation programs 
(index-225, 224, 215, 223, 216, 214) with the no-vessel relocation case is presented in Figure 
10. It could be observed for these optimum relocation programs that the 𝐷𝑒𝑓𝑓 are at least 78% 
lower than the fatigue damage for the no vessel relocation case. This significant reduction is 
attributed to the effective spreading of the SCR TDZ fatigue hotspot region over a longer riser 
TDZ section. The redistribution or spreading of the fatigue damage can be seen for each 
relocation program in Figure 10 compared with the no-relocation case where the fatigue 
damage is concentrated over a shorter section of the TDZ. It can also be seen that the relocation 
programs are more effective in reducing the fatigue damage towards the riser anchor rather 
than towards the riser hang off. The higher reduction in fatigue damage towards the anchor 
side is caused by the vessel relocation in stations at the riser far side, which causes higher 
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variation in the active TDZ section than vessel relocations on the riser near side. This SCR 
TDZ hotspot region variation difference is also demonstrated in Figure 2. 

 
Table 5. Fatigue damage and storm responses of SCR for the no-relocation case. 

S/N Index [𝑝 , 𝑅, 𝛼] 
[(-), (%), (deg)] 

𝐷𝑒𝑓𝑓 
(/year) 

Damage 
 reduction 

(%) 
𝑈 𝑇𝑡𝑜𝑝 

(kN) 
min  𝑇𝑇𝐷𝑍  

(kN) 

0 NA [NA, NA, NA] 6.0134E-05 NA 0.792 1532.3 12.40 
 

Table 6. The first 35 members of the optimum relocation programs (design points). 

S/N Index [𝑝 , 𝑅, 𝛼] 
[(-), (%), (deg)] 

𝐷𝑒𝑓𝑓 
(/year) 

Damage 
 reduction 

(%) 
𝑈𝑇𝐷𝑍 𝑇𝑡𝑜𝑝 

(kN) 
min  𝑇𝑇𝐷𝑍  

(kN) 

1 225 [19, 5, 30] 1.1148E-05 81.46 0.84 1677.74 6.15 
2 224 [17, 5, 30] 1.1306E-05 81.20 0.84 1677.74 6.15 
3 215 [17, 4, 30] 1.1611E-05 80.69 0.82 1645.62 7.38 
4 223 [15, 5, 30] 1.1618E-05 80.68 0.84 1677.74 6.15 
5 216 [19, 4, 30] 1.1619E-05 80.68 0.82 1645.62 7.38 
6 214 [15, 4, 30] 1.1683E-05 80.57 0.82 1645.62 7.38 
7 36 [19, 4, 0] 1.1805E-05 80.37 0.83 1664.32 6.65 
8 234 [19, 6, 30] 1.1897E-05 80.22 0.84 1711.68 5.02 
9 222 [13, 5, 30] 1.1945E-05 80.14 0.84 1677.74 6.15 
10 35 [17, 4, 0] 1.1947E-05 80.13 0.83 1664.32 6.65 
11 213 [13, 4, 30] 1.1977E-05 80.08 0.82 1645.62 7.38 
12 34 [15, 4, 0] 1.2148E-05 79.80 0.83 1664.32 6.65 
13 45 [19, 5, 0] 1.2305E-05 79.54 0.84 1702.33 5.35 
14 44 [17, 5,0] 1.2332E-05 79.49 0.84 1702.33 5.35 
15 221 [11, 5, 30] 1.2395E-05 79.39 0.84 1677.74 6.15 
16 232 [15, 6, 30] 1.2468E-05 79.27 0.84 1711.68 5.02 
17 233 [17, 6, 30] 1.2584E-05 79.07 0.84 1711.68 5.02 
18 33 [13, 4, 0] 1.2587E-05 79.07 0.83 1664.32 6.65 
19 43 [15, 5, 0] 1.2633E-05 78.99 0.84 1702.33 5.35 
20 25 [15, 3, 0] 1.2669E-05 78.93 0.82 1628.42 8.01 
21 27 [19,3,0] 1.2671E-05 78.93 0.82 1628.42 8.01 
22 212 [11, 4, 30] 1.2743E-05 78.81 0.82 1645.62 7.38 
23 243 [19, 7, 30] 1.2751E-05 78.80 0.85 1747.49 4.01 
24 26 [17, 3, 0] 1.2755E-05 78.79 0.82 1628.42 8.01 
25 441 [19, 9, 0] 1.2834E-05 78.66 0.83 1693.05 6.52 
26 24 [13, 3, 0] 1.2861E-05 78.61 0.82 1628.42 8.01 
27 54 [19, 6, 0] 1.2864E-05 78.61 0.85 1742.42 4.16 
28 431 [17, 8, 0] 1.2971E-05 78.43 0.83 1672.23 6.98 
29 432 [19, 8, 0] 1.2979E-05 78.42 0.83 1672.23 6.98 
30 242 [17, 7, 30] 1.3034E-05 78.33 0.85 1747.49 4.01 
31 231 [13, 6, 30] 1.3042E-05 78.31 0.84 1711.68 5.02 
32 422 [17, 7, 0] 1.3083E-05 78.24 0.82 1651.90 7.50 
33 421 [15, 7, 0] 1.3115E-05 78.19 0.82 1651.90 7.50 
34 32 [11, 4, 0] 1.3120E-05 78.18 0.83 1664.32 6.65 
35 211 [9, 4, 30] 1.3163E-05 78.11 0.82 1645.62 7.38 
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Figure 10. Effective fatigue damage for the first 6 optimum relocation programs compared with the no-

relocation case where the vessel is kept in the nominal station over the SCR design life. 
 
From the analysis result in Table 6, it is observed that the best relocation program (index-225) 
is not necessarily along the riser plane axis (𝛼 = 0deg) as is generally expected, but along the 
(𝛼 = 30deg) axis. However, a relocation program along the riser plane axis (index-36) also 
provided a significant improvement in the fatigue damage response. It appeared as the seventh-
best relocation program with 80.37% fatigue damage reduction. Index-225 and index-36 are 
similar in terms of the number of station (𝑝 =19) but different in terms of the span radius (𝑅 =
 5% and 4% respectively), and relocation axis (𝛼 = 0deg and 30deg respectively). To compare 
the relocation programs for these different 𝑅 and 𝛼, the 𝐷𝑒𝑓𝑓 range graph maximum is plotted 
in Figure 11 (a) for  index 45, index-225 and index-405 (𝑝 = 19, 𝑅 = 5%, 𝛼 = 0deg, 30deg 
and 60deg respectively), and index-36, index-216 and index-396 (𝑝 = 19, 𝑅 = 4%, 𝛼 = 0deg, 
30deg and 60deg respectively). The maximum values of the 𝐷𝑒𝑓𝑓  are presented in Figure 11 
(b). Here, the 𝐷𝑒𝑓𝑓 along the 30deg axis for 𝑅 = 4% and 𝑅 = 5% are lower than 𝐷𝑒𝑓𝑓 along 
0deg. 
 
To explore why the relocation program along other axes could have higher performance than 
relocation along the SCR plane axis, a three-station vessel relocation program is considered, 
with 5% vessel offset from the mean station. Instead of the three-axis (0deg, 30deg and 60deg) 
considered during the optimisation solution process, we conduct the vessel relocation analysis 
along 180 directions ranging from 2deg to 358deg at 2deg interval. The maximum fatigue 
damage around the SCR TDZ at each station (apart from the mean station) along each 
relocation axis follows the behaviour presented in Figure 12(a). The figure shows that the most 
significant fatigue damage is experienced when the vessel is relocated towards the SCR TDZ 
(near-near offset, 180deg), causing higher fluctuating bending stress response and more 
significant TDZ fatigue damage. However, when the vessel is relocated in the direct opposite 
direction (far-far offset, 0deg), the fatigue damage is minimum, resulting from the stretching 
and associated reduced fluctuating bending stress around the TDZ. Since the relocation station 
in both directions of any axis plus the nominal station makes up the number of station (𝑝 = 3) 
along that axis, the effective damage, 𝐷𝑒𝑓𝑓 , will be a sum of the stations’ fatigue damages 
factored by their damage fractions. Similar consideration can be made for all axes consisting 
of vessel offset in both directions, as shown in Figure 12(b). It is evident from Figure 12(b) 
that there will be some axes of relocation that provide reduced 𝐷𝑒𝑓𝑓 than the axis coinciding 
with the riser plane (𝛼 = 0deg/180deg). This indicates that the optimum relocation program 
may not be along the riser plane. Extending the same for the optimum case in this study (index-
225, see Table 6), with a higher number of stations (𝑝 =19), similar findings are applicable. 
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Figure 11. (a) 𝐷𝑒𝑓𝑓 range graph maximum for relocation program along the three axes for (𝑝 = 19, 𝑅 = 5%, 𝑅 = 4%), (b) Maximum 𝐷𝑒𝑓𝑓 for relocation program 

along the three axes for (𝑝 = 19, 𝑅 = 5%,𝑅 = 4%),  
 

  
Figure 12. Maximum SCR TDZ fatigue damage response for 3-station relocation program (𝑝 = 3) with vessel offset of 5% (from nominal station) in all direction, (b) 

Resulting maximum effective fatigue damage for the 3-station relocation program (𝑝 = 3) with vessel 5% along all axes. 
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Revisiting Table 6, it can also be observed that the improvement in fatigue damage response 
increases with increasing 𝑝. For a given 𝑝, the fatigue exposure time over the design life (𝑇𝐷) 
does not (in general) change with respect to 𝛼 and 𝑅. However, 𝛼 and 𝑅 affect the configuration 
of the SCR, which in turn influence the configuration of the fatigue hotspots and a 
consequential impact on the fatigue damage. Larger 𝑅 will result in higher TDZ fluctuating 
bending moments for stations in the riser near directions, causing more significant fatigue 
damage. It can be observed from Table 6 that the first 22 best relocation programs are limited 
to about 𝑅 = 6% of the water depth. Relocation programs with higher values of 𝑅 such as 
index-243 (𝑅 = 7% of water depth) and index - 441 (𝑅 = 9% of water depth) perform less 
than the best six relocation programs. However, it is noted that their performances are still 
significantly higher than those of the SCR for the no-relocation case. For even higher values 
of 𝑅, the fatigue performances for the corresponding relocation programs decreases and are 
located down the performance list or removed from the solution process for violation of the 
constraint functions (especially the 𝑈𝑇𝐷𝑍 and 𝑇𝑇𝐷𝑍). 
 

5.1. Constraint function responses 

The index matching technique retains the relocation programs which satisfy the constraint 
function, as seen in the constraint function columns in Table 6. All the values of the three-
constraint functions (𝑈𝑇𝐷𝑍 ,  𝑇𝑡𝑜𝑝 and 𝑇𝑇𝐷𝑍) for the optimum relocation programs are within the 
constraint’s limits (see equation (17)). The order of performance of the SCR response to the 
design storm wave condition does not necessarily have to be in the order of fatigue performance 
if the constraint inequalities are satisfied. Updating any of the constraint limits in equation (17) 
will result in new sets of optimum relocation programs. For example, if it should be considered 
that the SCR TDZ minimum tension (compression) must be greater than 8kN, then the best 
relocation program becomes index-25, while others before and after it that do not satisfy this 
new constraint are eliminated. This indicates how sensitive the relocation program is to the 
constraint functions imposed by the SCR storm responses and the designer’s choice. The index 
matching technique can capture these changes when constraint functions are updated without 
the need to rerun the simulations.  

 
The range graph maximum of the stress utilisation (𝑈𝑇𝐷𝑍) for the first six best relocation 
programs from Table 6 and that of the no-relocation case are presented in Figure 13. Note that 
these response profiles connect the nodal maximum across the stations  (𝑚 = 1 to 𝑝) for each 
relocation program, with an observable spread of higher 𝑈𝑇𝐷𝑍 over longer section of the SCR 
TDZ. However, for the no-relocation case, the riser range graph is maximum within short 
sections of the TDZ since the SCR remains in the nominal station (station-1) all through its 
design life. It is observed from Figure 13 for the six optimum programs that the stress utilisation 
resulting from the combined load can be higher than that of the no-relocation case, especially 
in the TDZ section towards the vessel. Higher 𝑈𝑇𝐷𝑍 occur during vessel positions in stations 
on the near side of the riser, as these impose higher bending stress around the TDZ, hence 
higher 𝑈𝑇𝐷𝑍 than that of the no-relocation case. Index-215, 216 and 214 relocation programs 
with 𝑅 = 4% have equal 𝑈𝑇𝐷𝑍 although they have different 𝑝. Similarly, equal 𝑈𝑇𝐷𝑍 is 
observed for index-225, 224 and 223 relocation programs with 𝑅 = 5%. As expected, 
𝑈𝑇𝐷𝑍 increases with increasing 𝑅 as the vessel is relocated towards the SCR anchor as observed 
with relocation programs with 𝑅 = 5% compared with relocation programs with 𝑅 = 4%. 
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Figure 13. Maximum stress utilisation in the active SCR TDZ across the stations for the best 6 relocation 

programs. 
 
The range graph maximum of the second constraint function (𝑇𝑡𝑜𝑝)  for the first six best 
relocation programs from Table 6 and that of the no-relocation case is presented in Figure 14. 
Again, it should be noted that these values are the maximum across the relocation stations 
contained in each of the relocation programs, except that of the no-relocation case where the 
riser remains in nominal position throughout the design life. All the six best relocation 
programs give maximum tension around SCR hang off that is higher than that of the no-
relocation case but are, however, below 90% of the yield tension (see equation (17)). Higher 
top tension than the no-relocation case occurs when the vessel is in stations on the far side of 
the SCR. This results in a more extended hanging riser section and a consequent increased in 
top tension. Index-215, 216 and 214 relocation programs have equal maximum top tension as 
should be expected since their span radii (𝑅 = 4%) are equal, although they contain different 
stations (𝑝), which are 17 19, 15, respectively. Similar behavior is seen for the top tension of 
index-225, 224 and 223 relocation programs, where they possess the same 𝑅 value of 5%. The 
relocation programs with 𝑅 = 5% are expected to have higher top tension than those with 𝑅 =
4% as observed from Figure 14. This is because farther vessel position from the nominal station 
in the riser far direction causes a longer hanging riser section resulting in higher top tension.  

 
Figure 14. Maximum effective tension in the SCR hang-off region across the relocation stations for the best 6 

relocation program. 
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The range graph minimum of the third constraint function (𝑇𝑇𝐷𝑍)  for the first six best 
relocation programs from Table 6 and that of the no-relocation case are presented in  Figure 
15. Like the SCR TDZ stress utilisation, we expect higher compression in the active TDZ for 
these six relocation programs when compared with the no-relocation case. This is because the 
SCR experiences higher compression around the TDZ when the vessel occupies stations on the 
nearside of the riser. The TDZ compression response for index-215, 216 and 214 relocation 
programs have a common span radius, 𝑅 = 4%, and hence same TDZ compression responses. 
A similar behaviour is observed for index-225, 224 and 223 relocation programs with 𝑅 = 5%. 
For the same reason given for 𝑈𝑇𝐷𝑍 , considering equal number of stations 𝑝, the compression 
for relocation programs with 𝑅 = 5% will be (slightly) higher than those with 𝑅 = 4%  as can 
be seen from Table 6 and  Figure 15. 

 
Figure 15. Maximum compression (minimum effective tension) in the active SCR TDZ across the stations in 

the best 6 relocation programs. 

5.2. A detailed discussion of the Index-225 relocation program. 

The index-225 represents the best relocation program for the vessel relocation optimisation 
analyses in this paper. A detailed consideration of this first and best optimum program (the first 
row in Table 6 shows that there are 𝑝 = 19 equally spaced stations, with relocations limited to 
a span radius, 𝑅 = 5% of the water depth in both the far and the near direction of the SCR. 
This means that to satisfy the constraint functions and obtain minimum fatigue damage, the 
vessel movement is limited within 75m (5% ×1500m), each in the far and the near direction 
along the axis, 𝛼 = 30deg. This gives a relocation span (𝐿 = 2𝑅) of 150m. The relocation 
offset (Δℎ), i.e., the distance between two neighbouring stations is 8.33m, obtained using 
equation (3) and the number of times (𝑛) that the vessel is relocated over the SCR design life 
𝑇𝐷 , is 36 times, obtained using equation (2). For the 𝑝 =19 stations in this relocation program, 
the cumulative exposure time over the SCR design life (𝑇𝐷 =30yrs.) at each station will follow 
the pattern depicted by the damage fraction (𝑓𝑚) presented in Figure 16. It should be recalled 
that the exposure time is 𝑇𝐷 factored by 𝑓𝑚, where the 𝑓𝑚 at each of the stations (𝑚 = 1 𝑡𝑜 𝑝) 
are calculated from equation (10). The exposure times at each of the 19 stations are presented 
in Table 7. The unfactored fatigue damage responses of the active SCR TDZ at each of the 19 
stations are shown in Figure 17, and the corresponding constraint function responses 
(𝑈𝑇𝐷𝑍, 𝑇𝑡𝑜𝑝, 𝑇𝑇𝐷𝑍) at each of the 19 stations are presented in Figure 18, Figure 19 and Figure 
20, respectively. 
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Table 7. Fatigue damage fraction (𝑓𝑚) and exposure time (𝑇𝑟𝑚) for the 19 stations of the index-225 
relocation program over the SCR design life (𝑇𝐷) of 30yrs. 

Station ID 
(𝑚 =) 

Station 
Description 

Damage 
 fraction 

Exposure 
Time (yrs.) 

1 Nominal 0.081 2.43 
10 Span limit1 0.027 0.81 
19 Span limit2 0.027 0.81 

Others (𝑝 − 3) stations 0.054 1.62 
 

 
Figure 16. Fatigue damage fraction for the 19 relocation stations in the index-225 vessel relocation program. 

 
 

 
Figure 17. SCR TDZ fatigue damage at the 19 stations for index-225 relocation program: 𝑝 = 19, 𝛼 =

30𝑜, 𝑅 = 5% 
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Figure 18. SCR TDZ stress utilisation at the 19 stations for index-225 relocation program: 𝑝 = 19, 𝛼 =

30𝑜, 𝑅 = 5% 

 
Figure 19. SCR maximum top tension at the 19 stations for index-225 relocation program: 𝑝 = 19, 𝛼 =

30𝑜, 𝑅 = 5% 
 

 
Figure 20. SCR TDZ compression (min. effective tension) at the 19 stations for index-225 relocation program: 

𝑝 = 19, 𝛼 = 30𝑜𝑅 = 5% 
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It could be seen from Figure 17 that the highest of the maximum fatigue damage occur at 
station-10, which is the span limit station on the SCR near side (towards seabed anchor). The 
vessel position in station-10 causes significant global compression and higher fluctuating 
bending moments in the SCR TDZ compared with configurations at other relocation stations. 
This result in a higher fatigue damage response, as seen in Figure 17. The reverse is the case 
for station-19, where the SCR global configuration is stretched, and less fluctuating bending 
occurs at the TDZ resulting in minimum fatigue damage compared with other stations. The 
vessel in station-1 (nominal station) imposes fatigue damage of magnitude between the above 
extreme configuration conditions.  
 
The effectiveness of any vessel relocation program is measured by its ability to level out the 
peakedness of the fatigue damage response in the active SCR TDZ, i.e., the capacity to impose 
a wider spread of the fatigue hotspot region. It could be seen from Figure 17 that the fatigue 
damage is concentrated within short regions of the SCR TDZ with the vessel in each of the 19 
stations. Table 8 presents the maximum fatigue damage responses and the arc length where 
they occur within the active SCR TDZ for the 19 stations in the index-225 relocation program. 
The leading diagonal terms are the maximum fatigue damage at the respective 19 stations, with 
the corresponding critical arc lengths in the first column of the table. The off-diagonal terms 
are the associated damages occurring at other stations’ critical arc lengths.  For example, the 
critical damage arc length when the vessel is at station-1 is 1846.8m, and the critical damage 
arc length when the vessel is at station-19 is 1937.8m. When the vessel is at station-1, the 
fatigue damage at arc length 1937.8m is about 60000 times smaller than the fatigue damage at 
arclength 1846.8m. On the other hand, at station-19, the fatigue damage at arc length 1846.8m 
is about 115 times smaller than the fatigue damage at arclength 1937.8m. The maximum fatigue 
damage when the vessel is at stations 1 and 19, with the associated fatigue damage occurring 
at other stations’ critical arc lengths, are presented in Figure 21 and Figure 22, respectively. 

 
Figure 21. Fatigue damage at station-1 with the associated fatigue damage at other stations’ critical arc lengths  
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Figure 22. Fatigue damage at station-19 with the associated fatigue damage at other stations’ critical arc lengths 
 
Table 8. Fatigue damage in SCR TDZ at the 19 relocation stations for index - 225 relocation program: Shaded 
diagonal terms are the maximum damage, and the corresponding arc length is the point the maximum damage 
occurs; The off-diagonal terms are the associated damage at other arc lengths where the critical damages occur 

for other relocation stations.

 
 
For the vessel positioned in any of these stations, it could be seen that the associated fatigue 
damage occurring at other stations’ critical arclength are quite negligible except for the 
immediate neighbouring station’s critical arc length. This is the general behaviour of the fatigue 
damage responses considering other stations in any given relocation program. The effective 
fatigue damage (𝐷𝑒𝑓𝑓) is obtained by summing the SCR fatigue damage at each station (𝐷𝑚) 
factored by the corresponding fatigue damage fraction (𝑓𝑚) across all stations as presented in 
equation (12).  For the index-225 relocation program, the 𝐷𝑒𝑓𝑓 range graph maximum has 
already been presented in Figure 10. From Figure 10, it could be observed for the index-225 
relocation program that the arc length where the maximum 𝐷𝑒𝑓𝑓 occur is 1786.8m, which never 
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appear as a critical arc length for any of the 19 stations in Table 8. However, this arch length 
is very close to 1787.85m, which is the SCR TDZ critical fatigue damage arc length when the 
vessel is at station-8. It should be noted that this arclength is not the point that experienced the 
maximum fatigue damage across the stations. The maximum fatigue damage occurred at 
arclength 1772.8m when the vessel was at station-10 (see Table 8 and Figure 17). It is therefore 
evident that the point of maximum 𝐷𝑒𝑓𝑓 for the relocation program is most likely not the point 
which experienced the highest fatigue damage across the stations. This generally applies to all 
relocation programs and presents the fatigue damage spreading basis either for a newly 
designed SCR or an existing SCR (for life extension purpose). 
 

5.3. Vessel relocation cost  

Although no cost objective function was included in the optimisation analysis in this work, it 
is worth mentioning that the higher the number of relocation station (𝑝), the lower will be the 
effective fatigue damage (𝐷𝑒𝑓𝑓), and the higher will be the number of vessel relocations (𝑛) 
(see equation (2)). The cost of vessel relocation operations will be expected to increase with 𝑛 
over the SCR design life.  Hence, the objective function to reduce 𝐷𝑒𝑓𝑓 will be in competition 
with the cost objective function. A balance can be reached to maximise the benefit of the 
program in terms of 𝐷𝑒𝑓𝑓 at optimum operation cost.  
 
The index-225 relocation program, which is the best program in the analysis example in this 
paper, will not be the best if an objective cost function were to be included in the problem. In 
Table 9, we present a group of other feasible relocation programs (index-217, 218, 219, 220, 
221, 222, 223, 224) having the same relocation axis (𝛼) and span radius (𝑅) as index-225, but 
with varying number of stations (𝑝) (also see Table 6). The maximum effective fatigue damage 
in the SCR TDZ for these programs have been presented in Figure 23. We can see from Figure 
23 that the relocation programs with higher 𝑝 are more effective for fatigue damage reduction 
than those with lower 𝑝. However, it should be noted that the SCR TDZ fatigue performance 
dropped very quickly with increasing 𝑝, as seen in Figure 23. The range graph maximum of 
𝐷𝑒𝑓𝑓 for these programs are presented in Figure 24.  

 
Table 9. Order of performance of relocation programs with varying number of relocation stations, 𝑝 

Index Order of  
Performance* 𝑅 (%) 𝛼 (deg) 𝑝 

No relocation - - - 1 
217 311 5 30 3 
218 195 5 30 5 
219 122 5 30 7 
220 43 5 30 9 
221 15 5 30 11 
222 9 5 30 13 
223 4 5 30 15 
224 2 5 30 17 
225 1 5 30 19 

 
*The order of performance is the relocation program’s position (S/N) in Table 6. Note that only 
the first 35 best relocation program were presented in Table 6.  
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Figure 23. Maximum fatigue damage response with an increasing number of relocation station, 𝑝 

 
 
These result plots show that the increasing cost associated with increasing 𝑝 will not be justified 
in terms of the fatigue performance when 𝑝 exceeds certain values. For example, for 𝑝 > 9 
(beyond index-220 relocation program), there is no appreciable improvement in the fatigue 
performance for the programs. Increasing the number of stations, 𝑝, beyond 9 will result in 
increased operating cost, but with no appreciable benefits to fatigue damage reduction in the 
SCR TDZ. Hence, an optimum relocation program should be selected vis-à-vis the associated 
vessel relocation operating cost during actual project relocation program design. 
 

 
Figure 24. Range graph maximum of a family of relocation programs differing only in the number of relocation 

stations 𝑝. 
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6. CONCLUSION 

The vessel relocation program involves managing, engineering, and operating the riser host 
floating vessel from one location or station to another. This may be required to enhance the 
spread of fatigue damage over a longer section of the SCR TDZ, resulting in effective reduction 
of the fatigue damage when compared with those of the SCRs with the host vessel not relocated.  
An approach to modelling vessel relocation is developed and presented in this paper. The 
relocation programs are modelled in terms of three optimisation design variables, which are 
the axis of relocation (𝛼), the span radius of relocation (𝑅) and the number of relocation 
stations (𝑝). An optimum combination of these variables can be obtained by casting the 
problem as an optimisation type, where the effective fatigue damage (𝐷𝑒𝑓𝑓) is the objective 
function and the SCR design storm responses (stress utilisation around TDZ (𝑈), top tension 
(𝑇𝑡𝑜𝑝) and TDZ compression (𝑇𝑇𝐷𝑍)) serve as the constraint function. In this paper, the index 
matching technique is applied to solve the optimisation problem. The methodology developed 
here is demonstrated using a single SCR hosted by an FPSO relocated symmetrically about the 
mean vessel position (nominal station). 
 
The following can be deduced from the exampled vessel relocation optimisation analyses: 

 
 The resulting SCR TDZ fatigue damage (effective damage, 𝐷𝑒𝑓𝑓) from any relocation 

program depend on the exposure time and the configurations of the SCR. The 
configuration of the SCR is influenced by the combination of the design variables 
(𝛼 , 𝑅, 𝑝) 

 For a given 𝑝, the exposure time over the design life of the riser does not change 
irrespective of the 𝛼 and the 𝑅. However, both 𝛼 and 𝑅 affect the configuration of the 
risers, which in turn impacts the fatigue damage in the active SCR TDZ. 

 Increasing 𝑅 will result in increased variation in the position of the fatigue hotspots in 
the active SCR TDZ, which will enhance the fatigue damage spreading and reduction 
in 𝐷𝑒𝑓𝑓. However, 𝑅 is significantly limited by the constraint functions, which are the 
design storm responses of the SCR. Higher 𝑅 values can cause large compression, stress 
utilisation and fatigue damage in the SCR TDZ when the vessel is relocated to stations 
on the extreme near side of the riser.  

 The optimum relocation axis (𝛼) may not necessarily be along the SCR plane axis as is 
generally expected.  

 The reduction in the SCR TDZ fatigue damage increases with increasing 𝑝. However, 
the higher the value of 𝑝,  the higher will be the number of relocations (𝑛) of the vessel 
over the riser design life, and hence the increased cost of the relocation program. 
Therefore, a practical 𝑝 value should be selected with relocation cost consideration. 

 
The analysis result for the single SCR case study shows that an SCR fatigue damage reduction 
up to 81% can be achieved with the vessel relocation program compared with the case where 
the vessel is not relocated. This indicates that the vessel relocation technique can provide 
significant fatigue performance for the SCRs if properly planned through optimisation. This 
benefit may not easily be achieved from the redesign (modification) of the TDZ section of the 
SCR. The vessel relocation technique provides ample opportunities to extend the life of the 
SCRs for brownfields. If considered during greenfield development, it can result in SCRs with 
reduced wall thickness and a consequent weight reduction. These benefits directly impact the 
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vessel and hang-off structure holding required capacities and the SCR cost. However, the 
operating cost associated with the vessel relocation program and the cost associated with the 
SCR TDZ modification need to be compared to inform the final decision on the SCR fatigue 
improvement options. 

 

RECOMMENDATION 

Although a single SCR case is used to demonstrate the technique presented in this paper, this 
technique can be extended to multiple SCR of different azimuth, hang-off angle, and pipe 
geometry.  In this study, a symmetric vessel relocation about the nominal station along the 
relocation axes is considered. However, a non-symmetric vessel relocation about the vessel’s 
nominal station will allow candidate relocation programs that are not centred on the nominal 
FPSO position to be considered. This may provide further improvement of the effective fatigue 
damage performance. This approach is being explored in the ongoing vessel relocation 
optimisation study for vessel hosting multiple SCR systems. 
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