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The deformed shape at different curvatures has shown in Figure 7.16 and 7.18. As expected 

with the increase of applied curvature deformation was being severe.  

The simulations also shows even a small amount of curvature say 2% introduce a considerable 

amount of distortion in the umbilical although its amount is not much severe. So the impact or 

functionality of straightener is very important from where umbilical can leave with curvature.  

When the steel leave the straightener machine with big curvature say 50% then the deformation 

pattern is very inconvenient to handle.  

 

 

 

 

Figure 7.16: Deformed Droshky at 2% (top left), 10% (top right), 20% (bottom left), 50% (bottom 

right) residual curvature.  

 

 



 

 

 

 

Figure 7.17: Resultant curvature along length at 2, 10, 20 and 50 percent (from top) residual 

curvature.  
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To investigate the effect of steel tube diameter on deformation severity, simulation has done on 

the model that has 30% residual curvature. The deformation picture of above Figure 7.14 and 

7.16 was for steel tubes of 10.45 millimetre dia and 1.85 millimetre thickness.  

For 14.45 millimetre dia and 2.0 millimetres thickness there happen Increment of deformation 

in form of pitch length (Figure 7.18, 7.20 and Table7.4). The reason is larger the dia , greater the 

unbalanced bending moment it introduces in the structure, so larger deformations occur.  

 

Figure 7.18: Deformation pattern at 30% curvature and larger dia 

 

 

 Figure 7.19: Resultant curvature along length at 30% and larger dia 

 

Dia (mm) Maximum Pitch Length (m) Maximum Double Amplitude (mm) 

10.45 4.5 140 

14.45 5 130 

Table 7.4: parametric study of diameter at 30% curvature 
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7.3 Kipper 

The phenomenon modelled here is reeling of kipper with residual axial strain. The modelling has 

been done to investigate deformation at two stages of operation. First one is when the kipper has 

wound on the turntable after extrusion and second one is when it has spool out from the storage 

reel. Modelling has done to investigate the existence and severity of friction effect on creating these 

deformations. As a way of introducing friction in the model axial strain has been developed on it 

before the start of rolling. Having axial strain means that, the model is squeezed to an extent and it 

has contact between the internal elements. 

Deformation in the model start to create as it starts to roll on the reel. The deformation increases 

with rolling, as shown in Figure 7.20(a) to 7.20(d). The deformation picture after completing the 

spooling has found as in Figure 7.20(d), which is quite similar to the picture of kipper on turntable 

(Figure5.10). The deformation pattern is not like helix. It is like, some plastic hinges are forming after 

some interval of length and the umbilical is moving out from the contact with roller at that position. 

6 plastic hinges has formed (marked with circle) on a full wound. High amount of stress is generated 

at the hinge point as found from the stress plot (Figure 7.21). Both compressive and tensile stress is 

resulted at hinge point.  

  

  

Figure 7.20: Development of deformation with spooling in. 

(a) (b) 

(c) 
(d) 
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Figure 7.21: Axial stress distribution at plastic hinge point (both tension and compression) 

The deformation formed in the model after spooling off has been found as in Figure 7.22. Here the 

pattern is like helix as that found in the real case of Aker’s manufacturing plant (Figure5.10). Many 

twisted spot has been found along the length (marked with circle and zoomed in Figure 7.22) and 

the twisting was forming in both ways. Having low torsional stiffness might be the reason of twisted 

deformation. The helical shape of the deformation is not repeating and changing along the length. 

So it is having variable pitch length and amplitude along length.  

 

 

Figure 7.22: Snaking deformation, after spooling off.  

Twisted spot  



Pitch length and amplitude of the deformation can be found from the curvature plot of the model 

along its length. Coordinate along Y and Z axis for the deformed model after spooling out has been 

found as in Figure 7.23. Z coordinate is coming very high as the umbilical is 8.4415 meter from the 

center of global coordinate system along Z axis. The resultant of these two pictures can be made by 

taking their square root. The calculation table of Figure 7.23 has attached in Appendix C. 

 

 

 

 

 

 

 

Figure 7.23: Curvature along Y axis (up), Z axis (middle) and resultant (bottom).  

The model here has done reeling for a length of 49.64 meter. So the deformation is quite dense in 

this length. It is very hard to find pitch length and amplitude from this kind of deformation picture. 

The portion between 22 and 37 meter (red circled) is quite similar to the real picture (Figure5.10). It 

has three pitch lengths with twisted deformation. Average pitch length here is 5 meter with average 

double amplitude of 0.08 meter. Maximum deformation is 0.26 meter. Pitch length and amplitude 

values has difference with real picture but the deformation is quite similar in shape with the real 

picture. So it can say that friction in the internal structure is the reason of snaking in kipper, as 

suspected.  
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Formation of twist tells that twisting moment generating at the twisted spots is higher than the 

torsional stiffness of Kipper. This can be checked by observing the twisting moment generates in a 

twisted spot. Figure 7.24 shows the twisting moments at a twisted spot. The maximum moment 

generate is over 7000 Nm2 , whereas the torsional stiffness is  980.7 Nm2. So model kipper has low 

torsional stiffness and this is the reason of twist formation.  

 

Figure 7.24: Twisting moment history at twisted spot 

Moreover bending moment generates at the plastic hinge points can be checked, for instance as 

found in Figure 7.25 below.  

 

Figure 7.25 Bending moment history at twisted spot 

In this plastic hinge point bending moment generates is around 38000 Nm2 and much higher than 

the bending moment of Kipper 5470 Nm2. So umbilical kipper has low bending stiffness and this is 

the reason of plastic hinge formation. 

 

 



7.3.1 Parametric Study  

To introduce friction, 0.02% axial strain had applied in the tubes of the above model (Kipper1). A 

certain amount of tension was present in the spooling process to control it smoothly. The amount of 

tension required in this modelling was very high which is differing very much with the real field. The 

possible reason could be the low torsional stiffness of kipper, because of which plastic hinges and 

twisting was forming. Bflex was facing difficulties to overcome these deformations and high amount 

of tension needed to get convergence. So this modelling has been abled to trace out friction as the 

reason from the quality point of view not quantity.  

Tension has been applied gradually to get numerical stability of the spooling process. In the model 

above (Kipper1), tension amount in spooling in process has increased from 10 to 70 KN and in 

spooling out process decreased from 1000 to 200 KN.  

 

7.3.1.1 Tension 

Tension applied in the spooling in process has effect on the shape of deformation. To figure out the 

tension effect parametric study has been done with two other sets of tension, one with 20 to 100 KN 

(Kipper2) and other with 5 to 30 KN tension (Kipper3) for spooling in. Since tension straighten out 

the curved section so with the increase of tension, intensity of deformation has reduced (Figure 

7.26).  

 

Figure 7.26: Deformation pattern after spooling in, Kipper3 (left) and Kipper2 (right). 

For spooling out process the tension needed for Kipper2 is 1000 to 500KN and for Kipper3 is 1000 to 

150KN. There curvature plot has found as in Figure 7.27 below 
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Figure 7.27: Resultant curvature along length after spooling out, Kipper3 (up) and Kipper2 (bottom). 

Kipper2 is more regular and have less twisting than Kipper3. The Maximum deformations of them 

are 0.37, 0.26 meter respectively. So the results suggest that applying more tension lessen the 

severity of deformation. But too high tension also introduces internal friction in the helical umbilical 

structure, which in turn can increase the deformation and need to take in concern.  

 

7.3.1.2 Friction  

Friction amount can be changed by changing the axial strain value. More the axial strain more the 

contact between the elements and more the friction in the process. Yield strain of steel is 0.2%, so 

during modelling this value has taken in the consideration so that plasticity doesn’t arise.  

To find the behaviour of the model at different friction level one other axial strain level has applied 

on the Kipper1 model, that is keeping everything unchanged of the Kipper1 model axial strain has 

increased to 0.06% (Kipper4). 
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Figure 7.28: Deformation pattern after spooling in with 0.02 % (left) and 0.06% (right) axial strain. 

Deformation pattern after reeling in is almost same for both friction level (Figure 7.28) but quite 

different after reeling out (Figure 7.29). With the increase of friction, magnitude of deformation has 

increased but density of deformation that is twisting amount was reduced. So with the increase of 

friction, severity of deformation increases in terms of magnitude and decreases in terms of twisting 

but it is confirmed that, friction effect introduce the deformation in the model.  

 

 

Figure 7.29: Resultant curvature along length after spooling out with 0.02 % (up) and 0.06% (below) 

axial strain.   
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7.3.1.3 Torsional Stiffness  

Low torsional stiffness is the reason of forming twist, after spooling out. So increase of stiffness will 

reduce the intensity of twisting. To check this, keeping everything unchanged of Kipper1 model, 

torsional stiffness has increased to 2980.7 Nm2 (Kipper5). Figure 7.30 shows their deformation 

pattern after spooling out, where it seen that Kipper1 has twisted spots much severe than Kipper5. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.30: Snaking deformation, after spooling out with 980.7 Nm2 (left) and 2980.7 Nm2 (right) 

torsional stiffness. 

Amount of twisting forms after spooling out can also be figure out by looking over the curvature plot 

along length (Figure 7.31). Here it is found that; model having high torsion stiffness has less twisting. 

Kipper1 has larger number of sharp and irregular peaks. So it is confirmed that torsional stiffness of 

original model of kipper is such a low that, it get twisted. 

 

 

Figure 7.31 (a): Resultant curvature along length after spooling out with 980.7 Nm2  torsional 

stiffness. 
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Figure 7.31 (b): Resultant curvature along length after spooling out with and 2980.7 Nm2 torsional 

stiffness. 

 

7.3.1.4 Bending Stiffness  

Deformation of a flexible structure like umbilical is also related to its bending stiffness. Bending 

stiffness should be low so that it can be bent for reeling, but not so low that create deformation like 

plastic hinge.  

Each umbilical has minimum bending radius (MBR) beyond which it cannot bend. In Figure 7.32, the 

model in left (Kipper3) has low bending stiffness then the right one (Kipper6) so it forms more severe 

plastic hinge. The model with high bending stiffness also shows less deformation after spooling out 

(Figure 7.33). 

Plastic hinge point experiences very high bending moment.  Tension applied in the reeling process 

and bending stiffness of umbilical is the two main factor of plastic hinge formation here.   

Higher the bending stiffness, larger the resistance against being bent, so lower the bending amount 

generates which means lower intensity of plastic hinge (Figure 7.32). 

Axial tension reduces the bending amount. So larger the tension lower the bending moment 

generation, so lower the intensity of plastic hinge (Figure 7.26).  
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Figure 7.32: Deformation pattern after spooling in with 5470 Nm2 (left) and 54700 Nm2 (right) 

bending stiffness. 

 

 

Figure 7.33: Resultant curvature along length after spooling out with 5470 Nm2 (up) and 54700 Nm2 

(below) bending stiffness. 
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Table 7.5 below presents the all models discussed above and Table 7.6 presents the results of the 

above parametric studies.  

Model 
Name 

Tension, spooling 
in (KN) 

Tension, spooling 
out (KN) 

Strain 
(%) 

Torsional 
Stiffness 

(Nm2) 

Bending 
Stiffness (Nm2) 

Kipper1 10 to 70 1000 to 200 0.02 980.7 5470 

Kipper2 20 to 100 1000 to 500 0.02 980.7 5470 

Kipper3 5 to 30 1000 to 150 0.02 980.7 5470 

Kipper4 10 to 70 250 to 200 0.06 980.7 5470 

Kipper5 10 to 70 550 to 150 0.02 2980.7 5470 

Kipper6 5 to 30 400 to 150 0.02 980.7 54700 

Parametric study of tension between Kipper 1, 2, 3 

Parametric study of friction between Kipper 1, 4 

Parametric study of torsion stiffness between Kipper 1, 5 

Parametric study of bending stiffness between Kipper 3, 6 

Table 7.5: Models of Kipper parametric analysis. 

 

Parametric Study Results 

Increase of Tension Decrease of snaking severity 

Increase of Friction Increase of magnitude, decrease of snaking twisting 

Increase of Torsional Stiffness Decrease of twisting, after spooling out 

Increase of Bending Stiffness Decrease of plastic hinge formation after spooling in 

Table 7.6: Summery of parametric study of Kipper. 
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Chapter 8: Concluding Remarks 

 

8.1 Conclusions 

This thesis work has studied and analysed the loads and deformations in the umbilical structure 

in manufacturing and installation field in regard to three snaking scenarios. Modelling of six 

different phenomenon and corresponding simulations have done to find out the reasons of 

these scenarios. From the simulation results, reason of each snaking scenario has found as: 

Agbami: Combination of residual curvature from creeping with gravity load and twisting. 

Droshky: Residual curvature in the component steel tubes. 

Kipper: Internal friction.   

 

From the parametric study following conclusions have found regarding the deformation of 

umbilicals.  

- It is expected that friction effect will always create some curvature in the umbilical after its 

reeling operation but the opposite might happen, there might not generation of curvature 

after reeling operation; as found from the Agbami reeling model. 

- Internal friction arises from the orientation of umbilical components in its cross section, 

especially when the components have no gap with PVC profile and this creates deformation 

both during spooling in and spooling out on reel; as the Kipper simulations showed.  

- The insufficient stiffness of umbilical structure will introduce deformation like creation of 

plastic hinges due to low bending stiffness and twisting from low torsional stiffness; as 

happened in Kipper model.  

- The load arises on one of the component tube of umbilical during installing in water, due to 

not getting compression in tensioner might not large enough to create snaking in the whole 

umbilical as Agbami tensioner effect model showed. 

- If two opposite curvatures appear in the same length then it is obvious to happen snaking 

deformation, presence of twisting rotation will intensify the snaking and can create 

torsional instability also; as found from Agbami torsional instability model.  

- Presence and severity of snaking not only depend on the type and amplitude of load but 

also on the appearance sequence of loads; as found from Agbami torsional instability 

model. 

 



The reason of snaking can be identified by knowing when and where it has appeared, if it 

appears in 

- Manufacturing plant, then the reason is curvature of the component steel tubes which 

arises from straightener machine. The intensity of this snaking proportionally depends on 

the amount of curvature on tube and diameter of the tube; as showed by the Droshky 

model.  

- During reeling operation, then development of internal friction in the reeling process is the 

reason beside residual curvature; as found from the simulations of Kipper.  

- During unreeling after long time of storage, then creeping of outersheath is the reason. This 

has been confirmed from the Agbami reeling model, as friction did not generate any 

curvature.  

 

To reduce the snaking deformation in umbilical, care need to take in it’s designing so that less 

internal friction and unbalanced bending moment develops. Also cares need to put in the 

manufacturing plant operations, like:  

- Estimation of storage time by considering the material property of outersheath and 

temperature of the storing place, to avoid creeping.  

- Using bending shoe in the straightening process. 

- Using a supporting structure while transferring from storage reel to installation work, which 

will guide the umbilical not creating any unsupported length. 

 

8.2 Proposals for Future Work and Recommendations  

1. The analysis of this thesis work is done by doing simulations in software USAP and Bflex. 

In few cases, simulations has faced convergence problem for example reeling simulation 

of Kipper.  

The reason of the problem needs to find and need improvement in the solution 

algorithm.  

2. The phenomenon of not finding friction effect in Agbami reeling is not what supposed to 

be happen. So it needs some more investigation and analysis like modelling in Bflex etc. 

3. Improvement in the analytical model of torsional instability, for the consideration of 

curvature from gravity load.  

4. For each umbilical more information is needed to make complete evaluation of their 

deformation reasons. Like deformation history starting from straightening, then 

extrusion, transferring to reel, storage and transferring for installation work, when and 

where other deformation had found. 

Also it is quite hard to measure the pitch length and amplitude of deformation from 

their pictures so deformation need to measure in the real field when it is appears.  
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Appendix A: Calculation of Material Properties of the 

Models 
 

Agbami Tensioner effect: 

Whole umbilical: 

EA = 4.62E8 N 

EI = 2.68E4 Nm
2 

GIt = 2.06E4 Nm
2 

Weight in air (empty) = 400 N/m 

Inner Dia of big steel tubes = 25.4 mm 

Inner Dia of small steel tubes = 12.7 mm  

Outer dia of Agbami = 178 mm 

Hollow area of tubes =   [ (
    

 
)
 

]      [ (
    

 
)
 

]          mm
2 

Filling factor Ff = 0.95 

So, solid area of umbilical A =   
   

 
                         mm

2
 

Density = 
   

                  
      Kg/m 

 

Helix:  

Solid Area = [ (
     

 
)
 

]  [ (
    

 
)
 

] = 59.1 mm
2
 

I =  [
 

 
(
     

 
)
 

]  [
 

 
(
    

 
)
 

] = 1469.6 mm
4
 

It ≈ 2I = 2939.2 mm
4
 

Mass =                       kg/m 

Mean structure radius = 14.125 mm 

Thickness = 2.85 mm 

       N/m
2 

         N/m
2
 

υ = 0.3 

EA =1.18E7 N 

EI = 293.9 Nm
2 

GIt = 235.14 Nm
2 

 



Core pipe:  

EA =          –                      N 

EI =                          Nm
2 

GIt =                           Nm
2
 

          N/m
2 

υ = 0.4 

           N/m
2
 

 

Droshky:  

Whole umbilical: 

EA = 1.99E8 N 

EI = 8.58E3 Nm
2 

GIt = 6.6E3 Nm
2 

Weight in air (empty) = 154 N/m 

Inner Dia of big steel tubes = 19.05 mm 

Inner Dia of small steel tubes = 12.7 mm  

Outer dia of Droshky = 115 mm 

Hollow area of tubes =   [ (
     

 
)
 

]     [ (
    

 
)
 

]           mm
2 

Filling factor Ff = 0.95 

So, solid area of umbilical A =   
   

 
                         mm

2
 

Density = 
   

                 
         Kg/m 

 

Each Helix:  

Solid Area = [ (
     

 
)
 

]  [ (
     

 
)
 

] = 121.47 mm
2
 

I =  [
 

 
(
     

 
)
 

]  [
 

 
(
     

 
)
 

] = 6684.38 mm
4
 

It ≈ 2I = 13368.76 mm
4
 

Mass =                          kg/m 

Mean structure radius = 10.45 mm 

Thickness = 1.85 mm 

       N/m
2 

         N/m
2
 

υ = 0.3 



III 
 

EA =2.43E7 N 

EI = 1336.9 Nm
2 

GIt = 1069.5 Nm
2 

 

Core pipe:  

EA =                                 N 

EI =                               Nm
2 

GIt =                              Nm
2
 

      N/m
2 

υ = 0.4 

         N/m
2
 

 

Kipper: 

Whole umbilical: 

EA = 1E8 N 

EI = 5.49E3 Nm
2 

GIt = 1E3 Nm
2 

Weight in air (empty) = 106 N/m 

Outer dia of Kipper = 83 mm 

Filling factor Ff = 0.95 

So, solid area of umbilical A ≈   
  

 
             mm

2
 

Density = 
   

              
      Kg/m 

 

Each Helix:  

Dia of each wire = 3.64 mm 

Outer radius of bundle = 6.5 mm 

Helix Thickness = 1. 5 mm 

Mean structural radius = 5.75 mm 

Area =  [ (
    

 
)
 

] = 72.84 mm
2 

Mass =                         kg/m 

I =  [
 

 
(
    

 
)
 

]= 60.34 mm
4
 

It = 2I = 120.68 mm
4
 

       N/m
2 



         N/m
2
 

υ = 0.3 

EA =1.46E7 N 

EI = 12.068 Nm
2 

GIt = 9.65 Nm
2 

 

Core pipe:  

EA =                              N 

EI =                             Nm
2 

GIt =                         Nm
2
 

       N/m
2 

υ = 0.4 

         N/m
2
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Appendix B: Agbami Reeling of 180 and 270 Degree 
 

 

 

Figure: 180 deg.  

 

 

Figure: 270 deg.  
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Appendix C: 
 

Soft copies of 

1. Input files of all models. 

2. Calculation of all the figures and tables.  


