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The vertical moment is given by constraint (35). 

(35)             

Where: 

   Vertical moment of the columns 

   Weight of columns 

       Vertical distance from keel to COG of columns 

 

Braces 

The bracing comes in various configurations depending on the structural loads the floater must 

withstand. To limit the complexity of the model, it was assumed that weight of the braces is 

decided by a fraction of the total weight, which is given as an input parameter. The weight of the 

braces is then given as a function of the pontoon and column weights and is given by constraint 

(36). 

(36)    
  

    
        

Where: 

   Weight of braces 

   Weight of pontoons 

   Weight of the columns 

   Bracing weight fraction of total hull weight 

 

The volume displacement for the braces can be expressed by assuming a volume and weight 

distribution which is evenly distributed from the start of the bracing to the top of the deck. It is 

necessary to express the displacement as a function of the draft. By introducing a density factor 

for the braces the total volume can be found by dividing the weight of the braces by the density. 

It is now possible to divide the total volume by the height of the braces to obtain an expression 

which gives the displacement of the braces as a function of the draft. Bracing usually start right 

above the top of pontoons and ranges up to the deck structure, hence it is assumed that no bracing 
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are submerged during transit. The volume displacement of the bracing is expressed through 

constraints (37) and (38).  

(37)   
  

    

         
         

(38)   
         

 

Where: 

  
  The volume displacement of the braces is condition   

   Weight of the braces 

   Draft in survival and operational condition  

   Weight density of braces 

   Column height 

   Distance from top of pontoons to the start of the bracing 

 

Based on the assumption of evenly distributed volume, the COB for the braces can be expressed 

through constraint (39) and (40). 

(39)   
             

     

 
           

(40)   
      0      

Where:  

  
      Vertical distance from keel to COB of the braces in condition t 

   Pontoon height 

   Draft in survival and operational condition  

 

Using the same assumptions, the center of gravity of the braces is expressed by constraint (41). 
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(41)              
 

 
         

Where:  

       Vertical distance from keel to COG of the braces 

   Pontoon height 

   Column height 

   Distance from top of pontoons to the start of the bracing 

The vertical moment of the braces is expressed through constraint (42). 

(42)             

Where: 

   Vertical moment of the braces 

   Weight of the braces 

       Vertical distance from keel to COG of the braces in condition   

Buoyancy and Weight Equilibrium 

Archimedes principle states that a body submerged in fluid will experience an upward buoyant 

force equal to the weight of the displaced volume of the fluid. It is necessary to formulate some 

constraints which ensure this equilibrium between weight of the rig and amount of displaced 

water. The total volume displacement of the floater is given by the sum of pontoons, columns and 

bracing displacement. This is formulated through constraint (43). 

(43)      
    

    
      

Where: 

   Volume displacement in condition   

  
  The volume displacement of the pontoons in condition   

  
  The volume displacement of the columns in condition   

  
  The volume displacement of the braces is condition   

 

The weight displacement is given by multiplying the volume displacement with the density of 

seawater and is formulated in constraint (44). 
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(44)            

Where: 

   Weight displacement in condition   

  Density of seawater 

   Volume displacement in condition   

 

The total weight of the rig can be expressed as the sum of the weight of the pontoons, columns, 

braces, ballast, topside and the variable deckload. To ensure equilibrium between the buoyancy 

and weight the weight displacement are set equal to the total weight of the rig. Because the 

displacement is a function of the draft, the equilibrium equation can be reformulated to an 

equality constraint demanding that the amount of ballast will create equilibrium between 

buoyancy and weight at the targeted draft. The relationship is expressed in constraint (45). 

(45)   
                          

        

Where: 

  
        Weight of the ballast water in condition   

   Weight displacement in condition   

   Weight of the pontoons 

   Weight of the columns 

   Weight of the braces 

    Topside weight  

  
    VDL capacity in condition   

 

This is an important constraint which decides the necessary amount of ballast to reach a targeted 

draft. It is also necessary to formulate a constraint which ensures that the ballast must have a 

positive mass. This is implemented through constrain (46). 

(46)   
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Where: 

  
        Weight of the ballast water in condition   

 

Further on it is necessary to ensure that the amounts of ballast water in the pontoons are 

controlled by a upper boundary which is dependent on the ballast capacity of the pontoons. This 

relationship is implemented through constraint (47). 

(47)   
                     

Where: 

  
        Weight of the ballast water in condition   

   Pontoon length 

   Pontoon breadth 

   Pontoon height 

  Factor describing the ballast capacity of the pontoons 

 

If the maximum ratio of water ballast in the pontoon is equal to one implies that the total volume 

of the pontoons can be filled with ballast water. The value of the factor describing the filling 

capacity of the pontoons should not exceed one. 

In order to maintain a low center of gravity to maximize the amount of VDL the rig is usually 

ballasted by using the pontoons. When the rig is ballasted the engineers will fill the pontoons, 

tank by tank, in order to avoid large free surface effects. After discussions with Aker Solutions it 

was agreed that the COG of the ballast is assumed to be located in the center of the pontoons. 

This is formulated through constraint (48). 

(48)              
 

 
    

Where: 

             Vertical distance from keel to COG of the ballast water 

   Pontoon height 
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The vertical moment of the ballast used in the stability calculations is formulated through 

constraint (49). 

(49)   
                      

            

Where: 

  
        Vertical moment of the ballast in condition   

             Vertical distance from keel to COG of the ballast water 

  
        Weight of the ballast water in condition   

 

It is also necessary to formulate constraints which enable the model to calculate the distance from 

the keel to the COG for the VDL and the topside. In the early design phase engineers estimates 

the COG relative to the deck structure. The distance from keel to COG is then formulated through 

constraint (50) and (51).   

(50)                    

(51)                      

Where: 

        Distance from keel to COG of topside 

         Distance from keel to COG of VDL 

    Vertical distance from deck to COG of the topside 

     Vertical distance from deck to COG of the VDL 

   Pontoon height 

   Column height 

 

The vertical moment of the topside and VDL used in stability calculations are formulated in 

constraint (52) and (53). 

(52)                 

(53)   
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Where: 

    Vertical moment of the topside 

  
    Vertical moment of the VDL in condition   

        Vertical distance from keel to COG of the topside 

         Vertical distance from keel to COG of the VDL 

    Topside weight  

  
    VDL capacity in condition   

 

The constraints defined in this chapter enable the model to calculate the weight, displacement, 

COB and COG for the pontoons, columns and braces. A constraint which ensures that the amount 

of ballast water at the targeted draft creates equilibrium between the rigs buoyancy and weight 

were also formulated. Auxiliary variables used in stability calculations where defined through 

constraints related to weight, COG and COB for the different parts of the rig. 

5.5.4. Air gap Constraints 

As discussed in chapter 2 the air gap is an important parameter for all semi submersibles due to 

the risk of wave slamming. Slamming of waves into the deck structure results in very high 

structural loads and may damage valuable equipment on deck. It is necessary to implement a 

constraint which ensures that the floater has sufficient air gap in the survival and operational 

condition. The air gap requirements are implemented through constraint (54), where the left hand 

side gives the air gap in the two conditions. 

(54)                     

 

Where:  

   Pontoon height 

   Column height 

   Draft in survival and operational condition 

   Minimum air gap for the survival and operation condition 
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It is not necessary to formulate a constraint for the transit condition, because the air gap will 

always be sufficient in this condition. Later in the design process it is necessary to perform hydro 

dynamical analyses and model testing to ensure that the air gap is sufficient. 

5.5.5. Geometrical Constraints 

The semi-submersible rig should have the classical semi-submersible rig design where the 

columns are supported by the pontoons and the deck structure is supported by the columns. It is 

necessary to implement some geometrical constraints to ensure that the output design from the 

model is feasible.  For instance, it is not possible to have columns which have larger breadth than 

the pontoon it is supported by. The following constraints are defined to ensure that the model will 

give feasible solutions that actually are possible to construct. 

Pontoons 

For the pontoons it is required that they stay inside a certain interval based on an upper and lower 

boundary. The interval should be based on rigs operation in the operation areas which are 

relevant for the rig.  If an interval is defined the model will be easier to solve because many 

unrealistic solutions is removed from the solution space. Constraint (55)-(60) ensures that the 

pontoon dimensions lie inside a given interval.  

(55)            

(56)            

(57)            

(58)            

(59)            

(60)            

Where: 

    Pontoon length 

    Pontoon height 
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    Pontoon breadth 

        Upper boundary for pontoon length 

        Lower boundary for pontoon length 

        Upper boundary for pontoon height 

        Lower boundary for pontoon height 

        Upper boundary for pontoon breadth 

        Lower boundary for pontoon breadth 

It is also necessary to formulate a constraint which ensures that the pontoon is broader than the 

columns so that the column can be supported from below. This is formulated through constraint 

(61) which ensures that the breadth of the columns is smaller than the breadth of the pontoon 

multiplied by an input factor which not should exceed one.  

(61)         

Where: 

   Column breadth 

   Pontoon breadth 

  Factor restricting max column breadth as a function of pontoon breadth 

 

It is also necessary to implement a constraint which ensures some structural robustness of the 

pontoons. If the breadth-height ratio gets too high, the structural stiffness of the pontoons may be 

insufficient. The breadth height ratio is controlled by constraint (62) and (63). 

(62) 
  

  
      

 

(63) 
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Where: 

   Pontoon breadth 

   Pontoon height 

     Maximum allowed breadth-height ratio for pontoon 

     Minimum required breadth-height ratio for pontoon 

 

Columns 

To reduce the solution space for the columns a feasible region ought to be defined. The interval 

should be based on other rigs operating rigs, but it should be wide enough to allow the model to 

investigate new designs. The constraints restricting the feasible region for columns dimensions 

are given in equation (64)-(69). 

(64)            

(65)             

(66)             

(67)            

(68)            

(69)            

Where: 

    Column length 

    Column height  

    Column breadth 

         Upper boundary for column length  

        Lower boundary for column length 

       Upper boundary for column height 
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        Lower boundary for column height 

        Upper boundary for column breadth 

         Lower boundary for column breadth 

Distance between Pontoons and Columns 

The allowable interval for the distance between the pontoons and columns should also be 

restricted. To large or small intervals may cause challenges related to structural strength and 

constructability. The interval allowed is formulated to through constraints (70)-(73).  

(70)            

(71)            

(72)            

(73)            

Where:  

    Distance between pontoons 

    Distance between columns 

        Upper boundary for distance between the pontoons 

         Lower boundary for distance between the pontoons 

        Upper boundary for distance between the columns 

        Lower boundary for distance between the columns 

It is also necessary to introduce constraint (74) which ensures that the distance between the 

columns don’t exceed the length of the pontoons.   

(74)              
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Where: 

   Distance between columns 

   Pontoon length 

   Column length 

  Factor that restricts the distance between columns as a function of pontoon length 

 

The factor  is an input parameter which controls the allowable distance between the columns. If 

Y is equal to one, the four columns can be located in each corner of the pontoons. If   is reduced 

the allowed interval shrinks and the distance between the columns will be reduced. The factor 

should never exceed one.   

5.5.6. Deck Area Constraints 

The sizing of a semi-submersible rig is strongly dependent on the required deck area. In the 

development of the objective function, the deck area identified as one of the four main objectives.  

In this model, the deck area is controlled through constraints. Constraint (75) is created to 

estimate the deck area based on the distance between columns and pontoons. The estimation 

formula was developed in cooperation with Aker Solutions and should give a fair estimate on the 

deck area. 

(75)                       

Where: 

      Estimated deck area 

   Distance between columns 

   Column length 

   Distance between pontoons 

   Column breadth 

 

Further on constraint (76) ensures that the deck area is larger than a lower boundary.  

 (76)                  
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Where: 

      Estimated deck area 

          Minimum required deck area 

 

Constraint (75) and (76) ensures that the deck area is sufficient based on the input parameters, 

and the engineers can alter the required deck area and obtain various design suggestions.  

5.6. The Convexity of the Model 

The mathematical optimization model defined in chapter 5 is a complex problem with numerous 

constraints. As the objective function and many of the constraints shows, the problem is 

nonlinear. As discussed in chapter 3.3 it is sometimes possible to linearize nonlinear problems 

using various methods. For instance, in an article on optimization of stowage plans for a RoRo 

ship a stability constraint is formulated as an upper boundary of torque moment for the ship 

(Øvstebø, Hvattum, & Fagerholt, 2011). This is an example of how constraints can be 

reformulated and simplified to avoid nonlinearities. Several challenges arise if the model in this 

thesis is linearized. For instance, the stability constraints are hard to reformulate. In the article 

regarding the RoRo stowage optimization, the ships stability is known together with the highest 

allowable center of gravity. In the model regarding the semi-submersible rig, the geometry is yet 

to be decided and the stability must be calculated. Further on, it is hard to find a reasonable linear 

estimation of the Eigen period in heave. Many variables are multiplied in the calculation of 

waterplane area and added mass. Together with the expressions for the weight and buoyancy of 

the vessel, some of the constraints related to geometry are impossible to formulate linearly. 

Hence it is assumed that the model cannot be converted to a linear model. As discussed in chapter 

3.3, a nonlinear model will be more complex to solve because algorithms may be trapped in local 

optimums.   

To prove mathematically whether the model is convex or non-convex is extremely complicated. 

The complexity of the problems grows with the number of variables involved. In this problem, 

eight variables are involved along with 75 constraints. This creates an eight-dimensional solution 

space which is bounded by several nonlinear constraints along a nonlinear objective function. To 

get an indication whether the problem is convex, it is possible to utilize multi start algorithms and 
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diagnosing tools. A multi start algorithm will generate several start solutions. If the algorithms 

converge towards a single solution for all start solutions, it indicates that the problem is convex. 

If different start solutions yields different end solutions, the problem are probably non-convex. 

The convexity of the model will be further discussed in chapter 6. 

5.7. Summary of the Model 

The model was developed with 1 objective function and 75 constraints. The number of decision 

variables was 8 while the auxiliary variables counted 37. This illustrates that the model is 

comprehensive. Therefore, a more compact summary of the model is included in Appendix A. 

Pictures of the model in Excel are given in appendix B 
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6. Computational Study 

To test and evaluate the model a computational study was performed. As discussed in chapter 

3.3, different computer software can be used to solve optimization problems. As Excel is used 

extensively in the design process, it was chosen as the tool to solve the problem. Further, Excel is 

relatively in-expensive, readily available and used by most companies. This will hopefully make 

the model easier to use and implement in a company. One of the add-ins is the solver which can 

solve optimization models. The solver utilizes the simplex method to solve linear problems while 

nonlinear problems can be solved with two different algorithms. The first alternative is the 

general reduced gradient (GRG) algorithm developed by Leon S Lasdon of the University of 

Texas at Austin and Allan Warren of Cleveland State University (Microsoft, 2011). The 

algorithm is a typical reduced gradient method which is based on unconstrained methods 

(Biegler, 2011). First the problem is initialized and the objective function is divided into three 

partitions consisting of the basic, non-basic and superbasic parts. The basic part consists of basic 

variables, while the non-basic part contains non-basic variables which are fixed at a bound. The 

super basic variables are the ones which not are fixed at their bound and can be changed. The 

idea is to calculate the reduced gradient which is done by differentiate the objective function with 

respect to the super basic variables to find the most promising search direction. Because the non-

basic variables are locked to their bounds, algorithms for non-constrained optimization like the 

Quasi-Newton method can be applied to find the gradient projecting search direction (Biegler, 

2011). When the search direction is obtained a line search is performed and the optimal step size 

is determined and the algorithm moves to the next point. New iterations are performed until the 

algorithm is stopped by a convergence criterion. Another possible solution strategy in Excel is to 

utilize the evolutionary algorithm. As the name suggests this is a typical genetic algorithm which 

employs different populations and evolutionary principles to find the optimal solution.  

The input parameters developed in collaboration with Aker solutions is illustrated in table 2. 
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Table 2 Input parameters 

Condition 

Input Parameter  Transit Survival Operational 

  
               

  [m] 1.5 1.5 1.5 

  
                 [m] 1.5 1.5 1.5 

  
               

  [m] Not defined 4 4 

  
                

  [m] Not defined 4 4 

   [m] 0.5 0.5 0.5 

  
    [mt] 1500 4000 4000 

    [mt] 7000 7000 7000 

  [mt/m
3
] 1.025 1.025 1.025 

  [m/s
2
] 9.81 9.81 9.81 

  
         

 [s] 0 19 20 

          [-] 1.1 1.1 1.1 

   [mt/m
3
] 0.270 0.270 0.270 

   [mt/m
3
] 0.270 0.270 0.270 

   [m] Not defined 17 22 

   [-] 0.1 0.1 0.1 

   [m] 1 1 1 

   [mt/m
3
] 0.270 0.270 0.270 

    [m] 10 10 10 

     [m] 6 6 6 

Z [-] 0.5 0.5 0.5 

   [m] 19 19 14  

  [m] 0.3 Not defined Not defined 

          [m
2
] 4000 4000 4000 

       [m] 115 115 115 

       [m] 87 87 87 

       [m] 13 13 13 
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       [m] 8 8 8 

       [m] 6 6 6 

       [m] 16 16 16 

  [-] 0.9 0.9 0.9 

     [-] 2.5 2.5 2.5 

     [-] 1.5 1.5 1.5 

       [m] 20 20 20 

       [m] 7 7 7 

       [m] 30 30 30 

       [m] 10 10 10 

       [m] 20 20 20 

       [m] 7 7 7 

       [m] 85 85 85 

       [m] 40 40 40 

       [m] 74 74 74 

       [m] 40 40 40 

Y [-] 0.95 0.95 0.95 

 

It should be noted that only the parameters which are indexed are able to have different values in 

the transit, survival and operational condition. All other parameters are equal for all conditions. 

The minimum GM values were set to 1.5 meter in both transversal and longitudinal directions, 

which will ensure sufficient stability for the rig. In order to maintain high periods in roll and pitch 

the maximum GM values were decided to be 4 meters for the survival and the operational 

conditions. The effect of free water surface was set to 0.5 meter based on previous rig studies 

performed by Aker Solutions. To compete with other operating rigs on the Norwegian shelf the 

required VDL capacity was set to 1500 mt in the transit condition and 4000 mt in the survival and 

operational condition. The estimated topside weight was estimated to 7000 mt, which holds for 

all conditions. The COG of the topside and VDL usually is, based on discussions with Aker 

Solutions, located 8-12 and 4-8 meters above the deck respectively. Hence the COG of the 

topside and the variable deckload were set to 10 and 6 meters above the top of columns. The 
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uncertainty in these estimates will be further discussed in chapter 6.4.3.  The lower boundary for 

Eigen periods in heave where set 19 and 20 seconds for the survival and operational conditions 

respectively. This will ensure that the peak in the RAO`s fall outside the critical areas in the wave 

spectrums dominating in the North Sea. No requirement where formulated for the transit 

condition. This is because the large water plane area will give very low Eigen periods which will 

fall outside the critical peak in the wave spectrum. However, the constraint was not removed 

from the problem in case the user wish to formulate a lower boundary. The added mass was set to 

1.1 based on empirical data for added mass for rectangular cross sections (Pettersen, 2004). The 

added mass factor is dependent on the breadth/ height ratio for the pontoon which is controlled by 

restriction (62) and (63). The weight densities of the pontoons, columns and braces are set to 270 

kg/m
3
. This number is based on previous rig studies performed by Aker Solutions, and is a 

conservative estimate. Earlier rig studies have showed density factors around 250 kg/m
3
. 

Discussions with Aker Solutions showed that the bracing typically counts for 5-15% of the total 

weight. In this model, the bracing is assumed to count for 10% of the total hull weight. It is 

further assumed that the bracing starts one meter above the pontoons and reaches up to the top of 

the columns. Based on other rigs operating in the North Sea, the drafts were set to 17 and 22 

meters for the survival and operational condition respectively. The high draft will enhance the 

motion characteristics in both conditions.  The factor controlling the ballasting capacity of the 

pontoons where set to 0.5. The required air gap    where set to 19 and 14 meters for the survival 

and operational condition. The vertical distance from the top of the pontoon to the water surface 

in the transit condition was set to 0.3 meters, a safety margin which is controlled by rules and 

regulations. The minimum deck area           was set to 4000 m
2
 based on deck areas for 

various platforms operating in the North Sea.  The breadth-height ratio interval was set to 1.5-2.5 

to ensure that the pontoons have the necessary structural stiffness. The geometrical parameters 

where developed in collaboration with Aker Solutions. The values are based on similar rigs and 

the allowed intervals are wide to give the model a certain degree of freedom. Change in these 

boundaries will be further discussed in chapter 6.4.7.  

All input parameters were discussed with Aker Solutions and should correspond well to the 

values used in state of the art rig designs. The parameters can be changed in the Excel model and 

the impact on the optimal solution can then be further investigated through a sensitivity analysis. 
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6.1. The Results 

The solution was obtained by employing the two algorithms applied to nonlinear problems in the 

Solver add-in. The diagnosing tool in excel suggested that the model was nonlinear and non-

convex as feared. However after an amount of computation time using 1000 start solutions the 

solver gave the message that the solution found was probably the global optimum. The solver 

will give this message if a Bayesian test suggests that all local optimums have been discovered.   

Once this criteria is fulfilled and the solver cannot improve the objective value, the solver will 

stop and suggest that a global optimum have been discovered. However, there is no guarantee 

that this indeed is the global optimum. Even though the model was run with a single start 

solution, the optimal solution converged rapidly towards the same solution which gives an 

indication of a convex problem. Regardless of whether or not the solution represents the global 

optimum it will at least provide the engineers with a starting point which satisfy all requirements 

in a limited amount of time. It is up to the engineers to interpret the results from the model which 

is to be used for decision support. The results and the computational time using the two 

algorithms are illustrated in table 3.  

Table 3 Results and computational time using the add-in solver in Excel 

 GRG Genetic algorithm  

Start solutions [-] 2000 2000 

Computational time [s] 103 349 

Objective [mt] 8093 8093 

 

The optimum derived from running the two different algorithms where analogous. The results are 

illustrated in table 4.  
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Table 4 Optimal solution obtained from Excel 

Decision variables Value  

   Pontoon length 87.00 [m] 

   Pontoon height 8.04 [m] 

   Pontoon breadth 12.06 [m] 

   Column length 9.11 [m] 

   Column height 27.96 [m] 

   Column breadth 9.92 [m] 

   Distance between pontoons 73.97 [m] 

   Distance between columns 74.00 [m] 

z Hull weight 8093 [mt] 

 

Table 4 gives the optimal hull dimensions obtained from the model when all constraints are 

satisfied. The results showed that the GM values in the survival condition was acting as binding 

constraints and had a value equal to 1.5 meters. Further on the Eigen Periods of the vessel where 

above the lower limit with values of 22.11 and 22.70 seconds for the survival and operational 

conditions. Both of the air gap constraints were binding with air gaps equal to the minimum 

values. The geometry constraints which acted as binding were identified as the lower boundary of 

the pontoon length, and the upper boundary for the distance between columns. For the pontoons, 

the breadth height ratio was also binding with a breadth height ratio equal to 1.5. The rig had a 

survival and operational displacement equal to 22 500 and 25 000 mt respectively. The rig had an 

estimated deck area equal to 6970 m
2
 which are large compared to similar rigs. The large deck 

area is a result of the large distance between the pontoons and the columns, which can be 

explained by analyzing the stability constraints. There are several ways to improve the stability of 

the rig. One approach is to increase the waterplane area, which will increase the overall weight. 

Another and more effective approach is to increase the distance between the pontoons and 

columns, in other words increase the two variables   and   . This gives no additional weight in 

the model and this explains the large values of   and   . The model is trying to fulfill the 

stability requirements by increasing the two variables towards the allowed boundary until the 

stability requirements are satisfied. Another important aspect that was identified during the 
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running of the model was that the distance between the pontoons varied in optimal solutions 

found by the model. For instance, the model could find objective values equal to 8093 mt with 

different values for the distance between pontoons. The model will increase the distance between 

the pontoons until the transversal GM constraint related to the survival condition is satisfied, then 

the value of    stops somewhere in the allowed interval. This was identified as weakness in the 

model because larger distance between pontoons will usually increase the amount of bracing 

needed to carry the structural loads. Together with Aker Solutions it was agreed that alterations 

of the model was needed to better mirror the actual design process. These alterations will be 

further discussed in chapter 6.2. 

6.2. Changing the Objective Function 

Two alternative approaches was considered to stop the model from treating the distance between 

pontoons as a free variable as long as stability requirements where fulfilled. The first approach is 

to tighten the allowed interval. The disadvantage with this approach is that the input parameter 

for the upper boundary must be altered continuously based on other input parameters. The other 

alternative which gives a more  effective and realistic approach is to implement a penalty term in 

the objective function which will increase the objective weight once the distance between the 

pontoons is increased.  A new objective function is suggested in equation (1). 

(1)                     

Where:  

  Hull weight 

   Weight of pontoons 

   Weight of columns 

   Weight of braces 

   Distance between pontoons 

  Penalty constant for distance between the pontoons 

 

It should be noticed that the penalty constant  was multiplied with the distance between 

pontoons to better represent the added weight resulting from high distance between the pontoons. 

This implies that the penalty constant will have a unit of mt/m. As an initial value, the penalty 
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constant was given the value 0.1 mt/m. The low value was chosen to enforce a penalty for 

increasing the distance between the pontoons without changing the objective value too much, 

because bracing weight already counts for 10% of the total weight. Scaling of this penalty 

function is to be further discussed under the sensitivity analysis in chapter 6.4.9. 

6.3. Results after altering the Objective Function 

The model was solved with the new objective using the same algorithms in Excel. The results 

illustrated that the penalty function had the desired effect on the model. Instead of treating the 

distance between the pontoons as a free variable after the stability requirements is satisfied, the 

model increased the variable until the transversal GM value requirements were satisfied. The 

optimal solution was obtained and showed that the penalty function had increased the objective 

value to 8101 mt. All other dimensions remained unchanged, with the exception of the distance 

between the pontoons which stopped at 73.96 meters from all start solutions. As expected, the 

stability requirements in the survival condition where both binding. Once the model acted in a 

satisfactory way the sensitivity and robustness analysis could be performed.    

6.4. Sensitivity and Robustness Analysis 

The optimal solution obtained in the computational study is only optimal if the input parameters 

of the problem remain unchanged. However, input parameters are frequently changed during the 

preliminary design phase. Furthermore it is often hard to estimate the right value for an input 

parameter, such as COG and weight of the topside. The value of the optimal solution can be 

considerably reduced if the input parameters deviate much from reality. Small changes in the 

input parameters may cause the optimal solution to change considerably. In the following section 

a sensitivity analysis is performed to investigate the impact of changing certain input variables. 

The analysis was performed using a bracing penalty factor equal to 0.1 mt/m
 
in the objective 

function.  

6.4.1. Stability Requirements 

As discussed in chapter 2.1 the expressions for the GM values are strongly dependent on the 

geometry of the hull. The solution of the optimization model showed that two of the binding 

constraints are the stability constraint related to the longitudinal and transversal GM values in the 

survival condition. It is of interest to investigate how a change in the stability requirements will 

affect the solution. There are two possible scenarios for how a change in an input parameter in a 
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constraint will affect the overall solution. If the GM requirements are reduced it may give a new 

objective value with the same binding constraints. Another possibility is that the optimal solution 

shifts, and new constraints are binding. This can lead to larger changes in the objective value and 

decision variables. Initially, the input requirements for the GM values where set to 1.5 meters 

after correction of free surface effects. The sensitivity of the stability was investigated by altering 

the GM requirements stepwise. In cooperation with Aker Solutions it was agreed that the lower 

boundaries for the GM values are equal for all conditions. The results are presented in figure 14.  

 

Figure 14 Change in hull weight when GM requirements are altered 

 

The new solution showed small changes in the overall dimensions. The breadth of the columns 

was reduced by 0.24 meters when a 0.5 meter slack in GM values was introduced. Similar, but 

opposite results were obtained if the GM requirements were increased. All other parameters 

remained more or less unchanged. Further investigations showed that the GM values in the 

survival condition remained binding for all new values of the GM requirement. The total weight 

reduction was 3.2% when the lower GM boundary was reduced to 0 meters, which is a small 

reduction for an unreasonable reduction in GM requirements. The input parameter for free 

surface effect is set to 0.5 meters. This conservative, but it is unlikely that the effect will be much 
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smaller than this without the hull being split up into very small compartments. A change in free 

surface effects will have the same impact a as a right hand change in the GM constraints which 

are described above. The results illustrated that small changes in the overall objective function 

was achieved when the GM requirements where altered.  

The sensitivity analysis illustrated that the GM constraints is bounding in a large interval and 

changes in the requirements will only lead to small changes in objective function. The total 

savings is below 200 mt per meter change in GM values. Compared to the overall weight this is a 

small change related to a large change in the GM value requirement. It is concluded that the 

model is not very sensitive to changes in the stability requirements.  

6.4.2. Eigen Period Requirements 

As discussed in chapter 2.2 the Eigen period in heave affects the motion characteristics of the rig. 

It the current solution, none of the Eigen period constraints is binding. Thus, a lowering of 

required Eigen period will not affect the optimal solution. On the other hand, the engineers might 

want to increase the requirements to enhance the motion characteristics of the rig. It is of interest 

to see how this affects the overall design and the objective value. Initially, requirements where set 

to 19 and 20 seconds for the survival and operational condition respectively. The initial solution 

showed Eigen periods on 22.11 and 22.70 seconds for the survival and operational condition. Due 

to higher displacement and equality in waterplane area, the Eigen periods in the operational 

condition will always be higher than for the survival condition. A sensitivity analysis was 

performed in order to see how the optimal solution changes once the Eigen periods become a 

binding constraint. To make one of the constraints binding, the requirement to survival condition 

was increased. The results from the sensitivity analysis are illustrated in table 5. 
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Table 5 Increasing the lower boundary for heave Eigen period in survival condition 

Minimum Eigen 

period in survival 

condition [s] 

Actual Eigen 

period in 

survival [s] 

Actual Eigen 

period in 

operational [s] 

Objective weight       

[mt] 

Change in 

hull  weight 

[%] 

19.00 22.11 22.70 8101 Initial 

22.40 22.40 22.98 8188 1.07 

22.70 22.70 23.28 8294 2.38 

23.00 23.00 23.57 8401 3.70 

23.30 23.30 23.86 8508 5.02 

23.60 23.60 24.16 8615 6.34 

23.90 23.90 24.45 8772 8.28 

 

Another approach to enhance the motion characteristics is to demand a higher Eigen period in 

heave in the operational condition. After all, the rig spends the majority of its lifetime in this 

condition. The results of increasing the Eigen period in heave for the operational conditions are 

illustrated in table 6. 

Table 6  Increasing the lower boundary of the heave Eigen Period in the operational 

condition 

Minimum Eigen 

period in operational 

condition [s] 

Actual Eigen 

period in 

survival [s] 

Actual Eigen 

period in 

survival [s] 

Objective weight 

[mt] 

Change in 

hull  weight 

[%] 

20.00 22.11 22.70  8101 Initial 

23.00 22.42 23.00 8194 1.15 

23.30 22.73 23.30 8304 2.51 

23.60 23.03 23.60 8412 3.84 

23.90 23.34 23.90 8521 5.18 

24.20 23.64 24.20 8630 6.53 

24.50 23.95 24.50 8740 7.89 
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Both tables illustrate that higher Eigen periods can be achieved by increasing the hull weight. In 

order to increase the Eigen periods, the model will increase the breadth of the pontoons. This is 

because the added mass will considerably higher, resulting in increased Eigen periods. The total 

increase of the added mass was around 25 % when the requirement for the survival Eigen period 

where increased to 23.9 seconds. The breadth of the pontoons increased 11% in the same interval. 

Apart from this, all decision variables stayed basically unchanged. The results showed that it is 

possible to increase the Eigen periods without having a large impact on the hull weight. The 

sensitivity analysis illustrates some of the major advantages with the model. If the engineers find 

that the Eigen period constraint is binding, it is easy to investigate the cost of changing the 

periods.  The model also gave the valuable information that the cheapest way to rise the Eigen 

periods is by raising the added mass, not by reducing the waterplane area. 

The sensitivity regarding the added mass coefficient where investigated. The results are given in 

table 7. 

Table 7 Sensitivity related to changes in the added mass coefficient  

Added mass 

coefficient [-] 

Eigen Period in Heave 

Survival [s] 

Eigen Period in Heave 

Operational [s] 

Change in hull  

weight [%] 

0.9 21.09 21.70 No 

1.0 21.61 22.21 No 

1.1 22.11 22.70 Initial 

1.2 22.61 23.18 No 

1.3 23.09 23.66 No 

 

The changes in the added mass coefficient had no impact on the optimal solution apart from 

small changes in Eigen periods. An increase or reduction of the added mass coefficient of 18% 

gave changes in Eigen Periods of approximately 4.5%. For the semi-submersible rig with two 

rectangular pontoons, the added mass will tend to lie between 0.9 and 1.3 for all allowed breadth 

height ratios which are controlled by constraint (61) and (62) (Pettersen, 2004).  
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6.4.3. Topside Weight and COG 

Because the hull must provide stability and buoyancy for the entire unit, the design is driven by 

the topside weight and area requirements. It is therefore important to investigate how a change in 

topside parameters will affect the overall solution. The sensitivity of the topside was investigated 

by changing the topside weight stepwise with 250 mt intervals. The results are presented in table 

8.  

Table 8 Sensitivity related to the topside weight 

Topside weight 

[mt] 

Hull weight 

 [mt] 

Hull fraction of total 

lightship weight [%] 

Change in hull  

weight [%] 

5500 7654 58.19 -5.52 

5750 7720 57.31 -4.70 

6000 7786 56.48 -3.89 

6250 7852 55.68 -3.07 

6500 7918 54.92 -2.26 

6750 7984 54.19 -1.44 

7000 8101 53.65 Initial  

7250 8288 53.34 2.31 

7500 8475 53.05 4.62 

7750 8661 52.78 6.91 

8000 8846 52.51 9.20 

8250 9031 52.26 11.48 

8500 9215 52.02 13.75 

 

The variables primarily affected by a change in topside weight were the variables related to the 

pontoons. In order to carry a heavier topside, the pontoon dimensions were increased once the 

topside weight was increased. The results also illustrates that the hull will count for a smaller part 

of the overall lightship weight for larger topsides. The initially binding constraints continued to 

bound the solution for all topside weights. 

It is often hard to determine the exact location of the COG and the weight of the topside in an 

early phase. The uncertainty related to these parameters will affect the quality of the optimal 
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solution because the GM constraints related to the survival condition are binding. The sensitivity 

analysis was performed changing the COG for the topside with intervals of 0.5 meters. The 

results obtained are presented in table 9. 

Table 9  Sensitivity related to the topside COG 

Vertical distance from deck to 

COG of topside [m] 

Hull weight 

[mt] 

Change in hull  weight [%] 

8.0 7978 -1.52 

8,5 8009 -1.14 

9.0 8040 -0.75 

9.5 8070 -0.38 

10.0 8101 Initial 

10.5 8131 0.37 

11.0 8162 0.75 

11.5 8192 1.12 

12.0 8223 1.51 

 

As the results in table 9 suggests, the hull weight is reduced by 1.52% when the COG of the 

topside is decreased from 10 to 8 meters. If the COG of the topside is increased the current 

solution is non-feasible. The result of increasing the topside COG is an increase in the hull weight 

of 1.41%. This is analogous with the results obtained in the sensitivity analysis of the stability 

constraints. A change in the topside weight will simply change the stability of the rig which 

implies that the terms in constraints (2)-(5) are changed. 

Discussions with Aker Solutions indicated that the location of the COG is located 8-12 meters 

above the deck. It is of interest to investigate the consequence of choosing a solution based on 

biased input parameters. In the following case it is assumed that the model has been solved and 

an optimal solution is obtained. The final results from the topside department show that the COG 

of the topside are changed considerably from the preliminary phase estimate. The results are 

presented in table 10.  
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Table 10 Robustness of the solution if COG of topside deviates from estimate 

Vertical distance from deck 

to COG of topside [m] 

Transversal GM values in survival 

condition [m] 

Longitudinal GM 

values in survival 

condition [m] 

8.0 2.12 2.12 

8.5 1.97 1.97 

9.0 1.81 1.81 

9.5 1.66 1.66 

10.0 1.50 1.50 (initial) 

10.5 1.34 1.34 

11.0 1.19 1.19 

11.5 1.03 1.03 

12.0 0.88 0.88 

 

As the result illustrated in table 10 shows, the GM values are strongly dependent on the COG of 

the topside. Once the COG value is larger than the input value, the rig will violate the stability 

constraints. This can be handled by using weight margins on weights and COG. This will give 

more allowance to uncertainties in estimates. Further on it is interesting to investigate the 

robustness related to the weight of the topside.  Similarly to the location of the COG the weight 

of the topside is an estimate, and subject to change early in the design process. The robustness of 

the solution was analyzed varying the topside weight with intervals of 250 mt. The results are 

presented in table 11. The results illustrates that the rig will get a negative GM value if the weight 

of the topside is underestimated by 11%. Discussions with Aker solutions showed that the usual 

procedure is to define a “not to exceed” vertical moment from the topside. If the vertical moment 

is too high, the hull design department must re-design the hull. This emphasizes the value of the 

model. When the topside department concludes that the vertical moment of the topside is too 

large the model can be solved with new input parameters. 
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Table 11 Robustness of solution when Topside weight deviates from estimate 

Topside 

weight [mt] 

Transversal GM values in survival 

condition [m] 

Longitudinal GM values in survival 

condition [m] 

6500 2.43 2.43 

6750 1.97 1.97 

7000 1.50 1.50 

7250 1.03 1.03 

7500 0.57 0.57 

7750 0.10 0.10 

8000 -0.36 -0.36 

 

6.4.4. VDL Capacity and COG  

How the input VDL capacity affects the solution is of great interest for the designers. A rig with a 

high VDL is capable of drilling and operating in larger depths. Larger VDL implies that the rig is 

more flexible and can accept a big aspect of different contracts. Performing a sensitivity analysis 

on the VDL impact on the solution will tell the engineers if the VDL capacity can be raised and at 

what cost. The sensitivity was investigated by changing the topside weight at 250 mt intervals. 

The results are illustrated in table 12. 

Table 12 Sensitivity related to the VDL weight 

VDL [mt] Hull weight [mt] VDL-hull weight ratio [-] 

3000 7811 0.38 

3250 7871 0.41 

3500 7934 0.44 

3750 8071 0.47 

4000 8101 0.49 

4250 8183 0.52 

4500 8265 0.54 

4750 8348 0.57 

5000 8430 0.59 
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The results illustrated that the VDL-hull ratio decreases once the VDL increases. The results will 

give the engineers a estimation of the cost of increasing the VDL capacity of the rig. 

In the previous chapter the robustness of the solution was discussed regarding a change in the 

vertical moment of the topside. Similar conclusion can be drawn related to the vertical moment of 

the VDL. However, the vertical moment of the VDL will be easier to control because the cargo 

capacity can be changed and monitored during operations. A change in the weight of the VDL or 

COG will have smaller impact on the stability because the vertical moment of the topside is 

significantly larger than that of the VDL.  

6.4.5. Air gap Requirements 

The air gap requirements were identified as one of the binding constraints in the optimal solution. 

It is of interest to see which impact a change in air gap requirements will have on the optimal 

solution. Table 13 gives the results when the required air gap in the survival condition was 

altered, while the operational air gap required was held constant.  

Table 13 Sensitivity related to the survival air gap requirement  

Survival Air gap 

required[m] 

Operational Air gap 

required[m] 

Hull weight 

[mt] 

Change in hull  weight 

[%] 

17.5 14 8101 0 

18.0 14 8101 0 

18.5 14 8101 0 

19.0 14 8101 0 

19.5 14 8243 1.75 

20.0 14 8388 3.54 

20.5 14 8536 5.37 

As table 13 illustrates the reduction of the survival air gap gave no improvement in the objective 

value. The design will not change because the solution is controlled by the draft requirements and 

the operational air gap requirement. The result is that the air gap remains at 14 and 19 meters in 

the survival condition, but the restriction is not binding anymore. Further reduction of 

requirements will not change the optimal design but the slack in the air gap restriction will 

increase. If the air gap requirement is raised the solution must change because the initial optimum 

are not feasible anymore. When the air gap required in the survival condition is increased to 19.5 
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meters the air gap in the operational condition will increase by 0.5 meters. There are small 

increases in pontoon dimensions, but the column height is increased by 0.46 meters. The result is 

a weight increase of 1.75% to meet the new requirements. Further increases of the air gap 

requirements for the survival condition confirmed the trend with increasing hull weight. The 

solutions obtained by altering the requirements to the operational air gap are given in table 14.  

Table 14 Sensitivity related to the operational air gap requirement 

Operational air gap 

required[m] 

Survival Air gap 

required [m] 

Hull weight  

[mt] 

Change in hull  

weight [%] 

12.5 19.0 8101 0 

13.0 19.0 8101 0 

13.5 19.0 8101 0 

14.0 19.0 8101 0 

14.5 19.0 8243 1.75 

15.0 19.0 8388 3.54 

15.5 19.0 8636 6.60 

 

The results given in table 14 illustrates that the solution remained unchanged when the 

requirements to the operational air gap is reduced. Similar to the sensitivity related to the survival 

air gap, the solution is controlled by the draft parameters and the constraint related to the air gap 

in the survival condition. The design was altered slightly once the requirement to air gap was 

increased, because the optimal solution is not feasible anymore. The column height increased by 

around 0.9 meters per meter increase in air gap requirements. 

Furthermore, it is of interest to analyze the impact of changing both air gap requirements. For 

instance if the rig have very favorable motion behavior, the engineers may want to introduce 

some slack in the constraints. The solutions obtained when changing input parameters for both 

the survival and operational condition are illustrated in table 15. 
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Table 15 Sensitivity related to survival and operational air gap requirements 

Operational Air gap 

required[m] 

Survival Air gap 

required[m] 

Hull weight 

[mt] 

Change in hull  

weight [%] 

12.5 17.5 7756 -4.26 

13.0 18.0 7852 -3.07 

13.5 18.5 7962 -1.72 

14.0 19.0 8101 Initial 

14.5 19.5 8243 1.75 

15.0 20.0 8388 3.54 

15.5 20.5 8536 5.37 

 

The results given in table 15 revealed an important opportunity. If both requirements are lowered, 

the model is able to find new solutions. When the input parameters for the air gap are reduced 

with 1 meter the new optimum will have a reduced the column height by 0.96 meter and the 

objective value improves 3.07%. So the model will simply reduce the column height once a slack 

in the constraints is given. The air gap in the transit condition was not analyzed because this will 

never be a constraint that affects the solution.  

The sensitivity of the air gap input parameters illustrated that the reduction of one parameter at a 

time not will affect the current solution. The solution is simply controlled by draft constraints and 

the air gap requirement related to the other condition. Increasing one of the air gap requirements 

illustrated that the initial optimal design becomes unfeasible and the model will find a new 

solution which increases the hull weight. A change in both input parameters at the same time 

revealed an impact on the objective function. A reduction of 1.5 meter in the required air gap 

showed a possible decrease of 4.26% of the initial hull weight.  

6.4.6. Draft Configurations 

As explained in chapter 2 the rig will de ballast to reach sufficient air gap once extreme 

conditions are expected. So the input drafts should be given with the same difference as the air 

gap requirements, which in this condition is five meters. An alteration of this difference will just 

cause an imbalance between the draft regulations and the air gap requirements. If both of the 

input drafts are adjusted and the difference corresponds to that of the air gap the model will give 
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a more realistic picture of the actual de ballasting process. The result of further de-ballasting after 

sufficient air gap is reached will be to deteriorate the motion characteristics. The sensitivity 

results obtained by changing both drafts simultaneously are presented in table 16. 

Table 16 Sensitivity analysis of different draft configurations 

Draft [m] Draft survival [m] Hull weight [mt] Change in hull  

weight [%] 

20.0 15.0 7722 -4.68  

20.5 15.5 7804 -3.67  

21.0 16.0 7886 -2.65  

21.5 16.5 7986 -1.42 

22.0 17.0 8101  Initial  

22.5 17.5 8216  1.42 

23.0 18.0 8332  2.85  

23.5 18.5 8449  4.30  

24.0 19.0 8566  5.74  

 

Table 16 illustrates that it is possible to increase or decrease the hull weight by altering the input 

drafts. A reduction of the input drafts will make the air gap constraints easier to fulfill. The model 

will then reduce the column height by approximately one meter per meter reduction of draft. The 

same trend continues when the drafts are further reduced until the objective weight is reduced by 

4.68% for drafts of 15 and 20 meters for the survival and operational condition. If the draft inputs 

are increased the column height grows accordingly.  The final results revealed a weight increase 

of 5.76% when the input drafts were increased by 2 meters. This aspect gives the engineers 

information of the cost of increasing the draft to enhance the motion characteristics of the rig.  

6.4.7. Changes in Geometrical Constraints 

The variables bounded by the geometrical constraints where identified as the following: 

 Minimum length of pontoon 

 Maximum distance between columns 

 Breadth-height ratio of the pontoons 
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The lower boundary for the length of the pontoons is based on statistical data from drilling rigs 

operating in the North Sea. However, it is of interest to see if slack in this constraint will suggest 

a new optimal solution. The sensitivity of the pontoon length where altered with 1 meter 

intervals. The results are illustrated in table 17. 

Table 17 Sensitivity analysis of allowed interval for pontoon length 

Lower boundary of 

pontoon length [m] 

Optimal pontoon 

length [m] 

Hull weight [mt] Change in hull  

weight [%] 

85.00 86.18 8096 -0.06 

86.00 86.18 8096 -0.06 

87.00 87.00 8101 Initial solution 

88.00 88.00 8108  0.09 

89.00 89.00 8164  0.78 

90.00 90.00 8219  1.46 

91.00 91.00 8276  2.16 

 

If the lower boundary for the length of the pontoon where lowered to 86 meters the new optimum 

gave a pontoon length of 86.18 meters. This reveals that the constraint related to the lower 

boundary for the pontoon length are not acting as a binding constraint anymore and further 

reduction of the lower boundary will not affect the solution. The results further shows that the 

solution improved by only 0.06% when the minimum requirement was reduced. An increase in 

the lower boundary will make the current solution infeasible and model will alter the optimal 

solution. When the lower boundary was increased the model found new optimums with the 

pontoon length still acting as a binding constraint. The results revealed an increase in the hull 

weight of 1.46% when the input parameter where changed from the initial 87 meters to 90 

meters.  

An increase of the upper boundary of the pontoon length will not affect the current solution 

because the constraint is not binding. 
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Further on the constraint related to the breadth-height ratio for the pontoon was investigated. The 

ratio is acting as a binding constraint where the ratio is reaching its lower limit at 1.5. The effect 

of decreasing this lower boundary is illustrated in table 18. 

Table 18 Sensitivity of breadth-height ratio for the pontoons 

Lower Breadth 

height ratio [-] 

  [m]   [m] Hull weight [mt] Change in hull  weight 

[%] 

1.0 9.64 9.64 7713 -4.79 

1.1 9.25 10.18 7806 -3.64 

1.2 8.91 10.69 7889 -2.62 

1.3 8.59 11.17 7976 -1.54 

1.4 8.30 11.62 8036 -0.80 

1.5 8.04 12.06 8101 Initial solution 

1.6 8.00 12.80 8400 3.69 

1.7 8.00 13.60 8749 8.00 

1.8 8.00 14.40 9098 12.31 

1.9 8.00 15.20 9446 16.60 

2.0 8.00 16.00 9795 20.91 

 

Table 18 illustrates the breadth-height ratio impact on the optimal solution. A reduction from 1.5 

to 1.0 for the lower boundary of the ratio showed an improvement of 4.79%. When slack is 

introduced the model tends to increase the height of the pontoons, while the breadth is reduced. 

This is because the increased height in pontoons allows the model to reduce the column height, 

and still satisfy the air gap requirements. The results also revealed large impacts in the objective 

value when raising the lower boundary of the ratio. This is because the columns must be 

increased in order to satisfy the air gap requirements. It should be noted that the distance between 

the columns not will be investigated as an increase in the allowed interval will allow the columns 

to be located outside the pontoons, which will cause both structural and constructability 

challenges. 
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6.4.8. Change in the Weight Density of the Hull 

As discussed in chapter 6.1 the input parameters for the weight densities were set to 0.270 mt/m
3
 

initially. Discussions with Aker Solutions suggested that similar densities could be assumed for 

each part of the hull structure. The impact of altering the input density to 0.250 mt/m
3
 and 0.290 

mt/m
3
 are illustrated in table 19 and 20 respectively.  

Table 19 The optimal dimensions with 0.250 [mt/m
3
] as density factor 

Decision variable Value   Change in hull  weight [%] 

   Pontoon length 86.17 [m] -0.95 

   Pontoon height 8.00 [m] -0.53 

   Pontoon breadth 12.00 [m] -0.53 

   Column length 8.28 [m] -9.09 

   Column height 28.00 [m] 0.15 

   Column breadth 10.80 [m] 8.92 

   Distance between pontoons 73.89 [m] -0.10 

   Distance between columns 74.00 [m] 0 

z Hull weight 7384 [mt] -8.85 

 

Table 20 The optimal dimensions with 0.290 [mt/m
3
] as density factor 

Decision variable Value   Change in hull  weight [%] 

   Pontoon length 86.05 [m] -1.09 

   Pontoon height 8.30 [m] 3.16 

   Pontoon breadth 12.44 [m] 3.16 

   Column length 8.16 [m] -10.40 

   Column height 27.70 [m] -0.91 

   Column breadth 11.20 [m] 12.95 

   Distance between pontoons 73.87 [m] -0.13 

   Distance between columns 74.00 [m] 0 

z Hull weight 8995 [mt] 11.04 
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The results presented in table 19 and 20 illustrated that the model were able to suggest new 

optimal solutions once the coefficients in the objective function were altered. In future work the 

engineers can investigate the consequence of operating with different densities for the pontoons, 

columns and bracing. To limit the scope of the computational study, the sensitivity of the 

different objective coefficients was not further investigated. 

6.4.9. Scaling of the Penalty Function 

The penalty term was introduced in objective function to force the model to choose the solution 

with the shortest distance between the pontoons which satisfy the transversal stability 

requirements. The scaling of the penalty should be an expression of the extra bracing needed 

when the distance is increased. A sensitivity study was conducted by increasing the penalty input 

parameter stepwise.  

 

Table 21 Sensitivity related to the bracing penalty factor 

Penalty constant   

[mt/m] 

Total bracing 

weight [mt] 

Bracing penalty 

weight [mt] 

Bracing weight 

fraction of total hull 

weight [%] 

0.1 816 7 10.08 

0.5 845 37 10.41 

1.0 882 74 10.81 

2.5 993 185 12.00 

5.0 1178 370 13.93 

7.5 1363 555 15.77 

10.0 1548 740 17.53 

 

The results shows how different penalty factors impact on the bracing penalty. For Aker 

Solutions, which can access sensitive data regarding bracing, it should be possible to scale the 

penalty function properly.  
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7. Discussion  

In the following chapters, the most important aspects of the model and results are discussed.  

7.1. The Model 

In this chapter various aspects of the model are discussed and evaluated.  

7.1.1. Assumptions 

During this thesis an optimization model for design hull structures of semi-submersible rigs have 

been developed. To be able to make use of optimization modeling it was necessary to make some 

basic assumptions and simplifications of the problem. As discussed in chapter 5.1 the number of 

legs on semi-submersible rigs varies from four to eight. The number of legs required is dependent 

on the maximum defined VDL capacity. A high VDL will give challenges related to the stability 

because of the high COG. Large VDL rigs are therefore more likely to have more columns in 

order to increase the waterplane area, which will enhance the stability. The design VDL in the 

computational study was 4000 mt which is a typical value for drilling rigs operating on the 

Norwegian Shelf. From the deckload capacity targeted it was assumed that a four legged platform 

would provide sufficient stability. This decision was also based on previous studies from Aker 

Solutions, which indicated that four legged platforms has got more favorable motion 

characteristics than rigs of the same displacement size with six or eight legs. A possible extension 

of the model will be to include the possibility of choosing platforms with six or eight legs. An 

extension can be solved using two different approaches. One possibility is to use binary variables 

and force the model to choose between four, five, six or eight legs. The use of binary variables 

and implementation of several nonlinear constraints will make the model more complex and more 

difficult to solve. Another approach is to simply develop new models for six and eight legged 

platforms. The initial model can be used as a basis and many of the constraints are equal. There 

will be some changes in the calculations, but the problem is pretty much described by the same 

model. The advantage with this approach is that the engineers will get designs with four, six and 

eight legs. This gives the designers more alternatives and more flexibility in terms choosing the 

right hull structure.  

The columns and pontoons where assumed to have a rectangular cross sectional area, while some 

rigs have a circular cross section. The majority of rigs are equipped with rectangular pontoons 

with some curvature at the fore and aft part. However, there are larger variations in column 
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configuration. The column configurations vary between circular and rectangular cross sections, or 

a mix between the two. The rectangular cross sections were studied mainly because of the low 

construction complexity and the high viscous damping factor. Circular columns and pontoons can 

be implemented in the model by changing constraints which are affected by the column and 

pontoon shapes. The model does not take the end curvature of the columns and pontoons which is 

created to reduce resistance in transit condition, into account. Together with Aker Solutions it 

was agreed that the end curvature will have little impact on the overall dimensions. The optimal 

solution from the model may be used as a basis, introducing the curvature at a later stage, with a 

negligible impact on overall properties.  

7.1.2. The Objective Function 

After the basic assumptions where made it was possible to formulate the optimization model. 

Several objective functions where considered. As discussed in chapter 1, some research has been 

focused on minimizing motion behavior or CAPEX. Four main objectives were identified as low 

construction cost, large VDL capacity, favorable motion characteristics and large deck area. 

Initially, a multi objective model was considered. The advantage with a multi objective model is 

that all of the defined objectives will have an impact on the objective value. This will give a more 

realistic description of the economy of the problem. For instance, good motion behavior will lead 

to less down time for the rig. This will affect the revenue, so it might be acceptable to increase 

the costs to improve the motion characteristics. The normal procedure is to construct the multi 

objective function by using different weights which enable the model to summarize the objective 

function terms. Engineers can alter the weighting in the objective function. For instance, if the 

motion behavior is more important than the deck area, it is possible to increase the weighting of 

the motion behavior term, while the weight for the deck area is decreased. The multi objective 

function would have allowed the engineers to change the weights and get various design 

configurations. However, some of the objectives are difficult to formulate mathematically. Large 

draft and high Eigen periods, generally enhances the motion behavior. But it is difficult to 

quantify how much a change in one of these parameters will alter the motion characteristics. The 

conclusion is that it is challenging to formulate reasonable terms in the objective function for 

VDL, deck area and motion characteristics. Another important aspect is that it would be difficult 

to interpret the results, and they are dependent on the weighting of the objectives. In the end the 
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engineers would have ended up with unlimited possible designs. The model would be hard to 

communicate and it would be challenging to agree on the correct weighting of the objectives. 

During the previous semester, a study of the design process of the Cat-B rig was conducted as a 

part of the basis for this master thesis. Aker Oilfield Services have won a contract to design and 

operate the rig which will perform intervention services for Statoil. In the early design phase, 

Statoil have already defined a list of functional requirements. The most important features for the 

rig stated, such as the Eigen period in heave, the required VDL capacity and the required deck 

equipment. Based on these input parameters, Aker Solutions will design and build the rig at the 

least cost which fulfill all requirements. Thus, the established model gives a good picture of the 

actual design process, where most input parameters are defined and the company will try to 

minimize the construction cost. In this thesis, the weight was used as an expression for the 

construction cost. In further development of the model other, more accurate cost functions should 

be considered. One of the main reasons for minimizing the weight was that it is difficult to 

establish a reasonable cost function. Additionally, cost data is very sensitive. However, the model 

is formulated so that a change in the objective function easily can be implemented.  

7.1.3. Decision Variables 

The eight main dimensions of the hull were identified is decision variables. The draft was treated 

as an input parameter, because it provides engineers with the opportunity to try out different 

configurations. Another approach would have been to treat the different draft configuration as 

variables. The allowed interval for the draft could have been constructed by constraints which 

gave an upper or lower boundary. However, three additional variables would have made the 

model more complex and harder to solve. It is assumed that the possibility to try out different 

draft configurations along with the sensitivity analysis will give the engineers sufficient 

information to decide on the appropriate drafts for the rig. 

The VDL could also been treated as a variable, but then it would have been necessary to include 

it in the objective function so it could be maximized. Because the weight of the hull was chosen 

as the objective function it was agreed with Aker Solutions that the VDL should be treated as an 

input variable, again allowing engineers to try out different configurations.   
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7.1.4.  The Constraints 

The constraints related to the Eigen periods in pitch and roll where neglected because they are 

usually satisfactory due to the GM constraints. When more accurate hydro dynamical analysis is 

performed, the Eigen periods should be investigated more closely.  

A total of 75 constraints where developed. However, most constraints are equality constraints 

which enable the model to calculate the help variables applied in the non-equality constraints. It 

should be noticed that constraints easily can be added or removed from the model. 

7.2. The Results  

In the following section, the results will be compared with various rig designs operating in the 

North Sea. 

7.2.1. Comparison with other Rigs 

To evaluate the results it is necessary to benchmark the results from the model with rigs operating 

in the North Sea. The four legged GVA 4000 (GVA, 2013) is designed by the Swedish company 

GVA. The rig has a VDL capacity of 4200 mt. The operation draft is 20.5 and 16.2 meters in the 

operational and survival condition. The main dimensions are given in table 22. 

Table 22 Optimal solution compared with GVA 4000  

 Results from model [m] GVA 4000 [m] 

Pontoon length 87.0 80.6 

Pontoon height 8.04 7.5 

Pontoon breadth 10.8 Unknown 

Column length 9.11 14.2 (diameter) 

Column height 27.96 29.0 

Column breadth 9.92 14.2 (diameter) 

Distance between pontoons 73.97 73.40 

Distance between columns 74.00 Unknown 

 

Table 22 illustrates that the rig has circular columns with a diameter of 14.2 meters which gives 

the rig a total waterplane of 633 m
2
 compared to 351 m

2
 from the optimal solution derived from 
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the model. This shows that much of the stability is obtained by the large waterplane area. The 

displacement in the operational condition is 29 700 mt at 20.5 meter draft for the GVA 4000 

compared to 25 000 mt at 22 meter draft for the model design. This may indicate that the hull of 

the GVA 4000 have a larger volume and weight than the design obtained from the model. The 

larger draft of the model design should also give better motion characteristics. It should be noted 

that the GVA 4000 can carry 200 mt more than the model design. To further compare the two 

rigs the model was tested with an input VDL of 4200 mt. The final results revealed a hull weight 

of 8167 mt and a displacement of 25 143 mt at 22 meters operational draft. Again the model 

seems to develop lighter hull structures than the comparison rig. 

Further on the four legged GVA 3800 (GVA, 2013) design was investigated. The rig has a 

deckload capacity of 5000 mt and the survival and operational drafts are set to 16 and 20 meters. 

The rig has an operating displacement of 3000 mt. The main dimensions of the rig are given in 

table 23.  

Table 23 Optimal solution compared with GVA 3800  

 Results from model [m] GVA 3800 [m] 

Pontoon length 87.0 81.6 

Pontoon height 8.04 8.4 

Pontoon breadth 10.8 Unknown 

Column length 9.11 12.0 

Column height 27.96 27.1 

Column breadth 9.92 12.5 

Distance between pontoons 73.97 70.7 

Distance between columns 74.00 Unknown 

 

Table 23 illustrates the GVA rigs tend to have larger columns while the pontoons are shorter. The 

rigs operate in smaller drafts with a higher displacement compared to the model design, which 

may indicate a larger hull weight. The model was run with a VDL of 5000 mt and suggested a 

design with  8430 mt steel hull and a displacement of 25 800 mt, which is 14% smaller than the 

GVA 3800 displacement. The input operation draft was set to 22 meters.    
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Deepsea Bergen is a drilling rig of the Aker H-3.2 design with eight legs operating on the 

Norwegian shelf with a deckload capacity of 4100 mt and an operational draft of 22 meters.   

Table 24 Optimal solution compared with Deepsea Bergen 

 Results from model [m] Deepsea Bergen [m] 

Pontoon length  87.0  92.5 

Pontoon height 8.04 7.2 

Pontoon breadth 10.8 17.2 

Column length 9.11 Unknown 

Column height 27.96 27.3 

Column breadth 9.92 Unknown 

Distance between pontoons 73.97 67.2 

Distance between columns 74.00 Unknown 

 

The rig is operating with the same draft as the rig design from the model and the displacement is 

28 000 mt compared to 25 000 mt. This again suggests that the design from the model have a 

lighter hull structure. The Deepsea Bergen can carry 2.5% more cargo, but the displacement is 

12% higher than the rig suggested by the model. The pontoons of the Deepsea Bergen have a 

larger breadth-height ratio which will reduce the overall air gap of the rig.  When the model was 

run with input VDL of 4100 mt, a design with an operational displacement of 25 060 mt was 

suggested.  

From the comparison with other rigs it was assumed that the design suggested by the model is 

feasible due to the similarities. The GVA rigs showed a smaller length of pontoons and larger 

waterplane area. When the sensitivity of the pontoon length where studied, the model found small 

advantages by reducing the length of the pontoons more than 86 meters. The Deepsea Bergen rig 

had eight legs and very broad pontoons. The large breadth-height ratio will give the rig a smaller 

air gap than the model design. The results indicated the model suggested lighter hull structures 

compared to the other rigs. Further on, the designs obtained from the model was reviewed by 

experienced engineers in Aker Solutions and found to be feasible and promising.   
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8. Conclusion 

The main objective with this master thesis was to develop an optimization model which could be 

used as a decision support tool in the establishment of the main dimensions of the hull structure 

on a semi-submersible rig. The nonlinear model was formulated for four legged semi-

submersibles with rectangular cross sections in both pontoons and columns. 

During the development of the model it was noticed that today, the use of optimization theory in 

the design of semi submersibles rigs is somewhat absent. This thesis explains the development of 

the model thoroughly and demonstrates a computational study. As discussed in chapter 1, much 

of the research conducted on the relevant area requires a solid knowledge basis in optimization 

and marine technology to comprehend. The researchers often solve their models using 

programming and complex algorithms, while the developed model were solved using Microsoft 

Excel. This will hopefully make the model easier available for engineers which often rely on 

Excel and have experience using the software. 

The designs obtained from the model were compared with three rigs currently operating in the 

North Sea. When using similar variable deck loads as input parameters, the model designs 

operated in deeper drafts with smaller displacements. This suggests that the hull structures 

obtained from the model are lighter than the structures of the comparison rigs. The results were 

discussed with Aker Solutions, and they concluded that the model designs appeared feasible and 

cost efficient.  

Initially, the model was developed for a four legged semi-submersible rig but can be converted to 

hold for six and eight legs as well. This will give the decision makers more alternative designs to 

investigate further. The objective function was formulated to minimize the weight of the hull. In 

further applications it might be considered to change the objective to better model the overall cost 

which is dependent on several factors.  

It is concluded that the model can be a convenient tool, supporting Aker Solutions during early 

design stages, potentially saving time, money and human resources. 
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9. Appendix A 

9.1. Summary of the model 

9.1.1. Sets and Indexes 

 :   Condition   

 :    Set of all conditions, {Transit, Survival, Operation}  

9.1.2. Parameters 

  
               

 Minimum required transversal GM value for condition   

  
                 Minimum required longitudinal GM value for condition   

  
               

 Maximum allowed transversal GM value for survival and operational 

condition 

  
                

 Maximum allowed longitudinal GM value for survival and operational 

condition  

   Reduction in GM values due to free surface effects in condition   

  
    VDL capacity in condition   

    Topside Weight 

  Density of seawater 

  Gravitational acceleration 

  
          Lower boundary for Eigen period in heave in condition   

          Added mass coefficient for the pontoons 

   Weight density of the pontoons 

   Weight density of the columns 

   Weight density of the braces 

   Draft in survival and operational condition 

   Bracing weight fraction of total hull weight 

   Distance from top of pontoons to the start of the bracing 

    Vertical distance from deck to COG of the topside 



 

II 

     Vertical distance from deck to COG of the VDL 

   Minimum air gap for the survival and operation conditions 

  Freeboard from top of pontoon to the water surface in transit condition 

  Factor describing the ballast capacity of the pontoons 

          Minimum required deck area 

       Upper boundary for pontoon length 

       Lower boundary for pontoon length 

       Upper boundary for pontoon height 

       Lower boundary for pontoon height 

       Upper boundary for pontoon breadth 

       Lower boundary for pontoon breadth 

  Factor restricting max column breadth as a function of pontoon breadth 

     Maximum allowed breadth/height ratio for pontoon 

     Minimum required breadth/height ratio for pontoon 

       Upper boundary for column length 

       Lower boundary for column length 

       Upper boundary for column height 

       Lower boundary for column height 

       Upper boundary for column breadth 

       Lower boundary for column breadth 

       Upper boundary for distance between the pontoons 

       Lower boundary for distance between the pontoons 

       Upper boundary for distance between the columns 

       Lower boundary for distance between the columns 

Y Factor that restricts the distance between columns as a function of pontoon 

length 
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9.1.3. Variables 

Decision Variables  

  : Pontoon length 

  : Pontoon height 

  : Pontoon breadth 

  : Column length 

  : Column height 

  : Column breadth 

  : Distance between pontoons 

   Distance between columns 

 

Objective function 

(1)                

 

Auxiliary variables 

  
            Transversal GM value in condition   

  
             Longitudinal GM value in condition   

  
         Vertical Distance from the keel to COB in condition   

  
                    

 Vertical distance from COB to transversal metacenter in condition   

  
                      

 Vertical distance from COB to longitudinal metacenter in condition   

  
         Vertical distance from keel to COG in condition   

  
   Second moment of area of the waterplane area around the x axis in 

condition   

  
   Second moment of area of the waterplane area around the y axis in 

condition   

  
      Eigen period in heave in condition   

          Total added mass in heave 

  
          Waterplane area in condition   
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  The volume displacement of the pontoons in condition   

   Weight of the pontoons 

  
     

 Vertical distance from keel to COB of pontoons in condition t 

       Vertical distance from keel to COG of pontoons 

   Vertical moment of the pontoons 

  
  The volume displacement of the columns in condition t 

   Weight of the columns 

  
     

 Vertical distance from keel to COB of the columns in condition t 

       Vertical distance from keel to COG of columns 

   Vertical moment of the columns 

   Weight of the braces 

  
  The volume displacement of the braces is condition   

  
     

 Vertical distance from keel to COB of the braces in condition t 

       Vertical distance from keel to COG of the braces 

   Vertical moment of the braces 

   Volume displacement in condition   

   Weight displacement in condition   

  
        Weight of the ballast water in condition   

             Vertical distance from keel to COG of the ballast water 

  
        Vertical moment of the ballast in condition   

        Vertical distance from keel to COG of the topside 

    Vertical moment of  the topside 

         Vertical distance from keel to COG of the VDL 

  
   

 Vertical moment of the VDL in condition   

      Estimated deck area 

  Draft in transit condition 
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9.1.4. Constraints 

Stability 

(2)   
              

               
     

 

(3)   
               

                
     

 

(4)   
              

               
         

(5)   
               

                
         

(6)   
              

           
                       

                

(7)   
               

           
                         

                

(8)   
         

  
       

    
       

    
       

 

  
    

    
      

(9)   
         

               
      

       

               
          

        

(10)   
                   

  
  

  
 

    

 

(11)   
                    

  
  

  
 

    

 

(12)   
   

 

 
                           

(13)   
   

 

 
        

 

 
               

(14)   
   

 

 
                          

(15)   
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Motion characteristics 

(16)   
        

         
     

(17)   
      √

     
        

    
              

(18)                      
     

 
   

 

(19)   
                        

(20)   
                     

(21)         

Weight and buoyancy  

(22)   
                  

(23)   
              

(24)               

(25)   
      

 

 
           

(26)   
      

 

 
       

(27)        
 

 
    

(28)             

 
 

(29)   
                       



 

VII 

(30)   
         

(31)               

(32)   
         

     

 
         

(33)   
             

(34)        
 

 
      

 

(35)             

 

 

(36)    
  

    
        

 

(37)   
  

    

         
         

(38)   
         

(39)   
            

 

 
                   

(40)   
             

(41)              
 

 
        

 

(42)             

 

 

(43)      
    

    
      

 

(44)            

 

(45)   
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Air gap constraints 

 

(54)                     

 

Geometrical constrains 

(55)            

(56)            

(57)            

(58)            

(46)   
              

 

(47)   
                     

 

(48)              
 

 
   

 

 

(49)   
          

                    

 

    

(50)                    

(51)                      

(52)                

 

 

(53)   
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(59)            

(60)            

(61)         

(62) 
  

  
      

 

(63) 
  

  
      

 

(64)            

(65)            

(66)            

(67)            

(68)            

(69)            

(70)            

(71)            

(72)            

(73)              

(74)             
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 Other constraints 

(75)                       

(76)                  

 

Constraint  Description 

(2) Ensures that the transversal GM values are above a lower boundary in condition   

(3) Ensures that the longitudinal GM values are above a lower boundary in condition   

(4) Ensures that the transversal GM values are lower than a upper boundary in the 

survival and operational condition 

(5) Ensures that the longitudinal GM values are lower than a upper boundary in the 

survival and operational condition 

(6) Enables the model to calculate the transversal GM values in condition   

(7) Enables the model to calculate the longitudinal GM values in condition   

(8) Enables the model to calculate vertical distance from keel to COB in condition   

(9) Enables the model to calculate vertical distance from keel to COG in condition   

(10) Enables the model to calculate the vertical distance between the COB and the 

transversal metacenter in condition   

(11) Enables the model to calculate the vertical distance between the COB and the 

longitudinal metacenter in condition   

(12) Enables the model to calculate the second moment of area for waterplane area 

around the x axis for the survival and operational condition 

(13) Enables the model to calculate the second moment of area for waterplane area 

around the x axis for the transit condition 

(14) Enables the model to calculate the second moment of area for waterplane area 

around the y axis for the survival and operational condition 

(15) Enables the model to calculate the second moment of area for waterplane area 

around the y axis for the transit condition 

(16) Ensures that the Eigen Period in heave are above a lower boundary in condition   

(17) Enables the model to calculate the Eigen Period in heave for condition   
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(18) Enables the model to calculate the total added mass in heave 

(19) Enable the model to calculate the waterplane area for the survival and operation 

conditions 

(20) Enable the model to calculate the waterplane area for the transit condition 

(21) Determines the draft in the transit condition 

(22) Gives the volume displacement of the pontoons in survival and operational 

condition 

(23) Gives the volume displacement of the pontoons for the transit condition 

(24) Gives the linear relationship between volume and weight for the pontoons 

(25) Gives the vertical distance from the keel to COB of the pontoons in survival and 

operational condition 

(26) Gives the vertical distance from the keel to COB of the pontoons in the transit 

condition 

(27) Gives the vertical distance from the keel to COG of the pontoons  

(28) Gives the vertical moment of the pontoons 

(29) Gives the volume displacement of the columns for the survival and operational 

condition 

(30) Gives the volume displacement of the columns for the transit condition 

(31) Gives the linear relationship between volume and weight for the columns 

(32) Gives the vertical distance from the keel to COB of the columns in survival and 

operational condition 

(33) Gives the vertical distance from the keel to COB of the columns in the transit 

condition 

(34) Gives the vertical distance from the keel to COG of the columns 

(35) Gives the vertical moment of the columns 

(36) Enables the model to estimate the bracing weight based on a input parameter which 

gives the bracing weight as a fraction of the total weight 

(37) Gives the volume displacement of the braces as a function of drafts for the survival 

and operational condition 

(38) Gives the volume displacement of the braces for the transit condition 
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(39) Gives the vertical distance from the keel to COB of the braces in survival and 

operational condition 

(40) Gives the vertical distance from the keel to COB of the braces in the transit 

condition 

(41) Gives the vertical distance from the keel to COG of the braces 

(42) Gives the vertical moment of the bracing 

(43) Gives the total volume displacement for condition   

(44) Gives the relationship between the volume and weight displacement 

(45) Gives necessary amount of ballast water to achieve equilibrium between weight 

and buoyancy in condition   

(46) Ensures that the amount of ballast not can be negative in any of the conditions 

(47) Ensures that the ballast water in the pontoons not exceed the ballast capacity 

(48) Gives the vertical distance from the keel to COG of the ballast water 

(49) Gives the vertical moment of the ballast water in condition   

(50) Gives the vertical distance from the keel to COG of the topside 

(51) Gives the vertical distance from the keel to COG of the VDL 

(52) Gives the vertical moment of the topside 

(53) Gives the vertical moment of the VDL in condition   

(54) Ensures sufficient air gap in survival and operational condition 

(55) Ensures that the pontoon length is smaller than a upper bound  

(56) Ensures that the pontoon length is larger than a lower bound 

(57) Ensures that the pontoon height is smaller than a upper bound  

(58) Ensures that the pontoon height is larger than a lower bound 

(59) Ensures that the pontoon breadth is lower than a upper bound  

(60) Ensures that the breadth of the pontoons are bigger or equal to the breadth of the 

columns 

(61) Ensures that the breadth of the columns are smaller than the breadth of pontoons 

by a constant which should be smaller than 1 

(62) Ensures that the breadth height ratio of the pontoon are smaller than a upper 
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boundary 

(63) Ensures that the breadth height ratio of the pontoon are larger than a lower 

boundary 

(64) Ensures that the column length is lower than a upper bound  

(65) Ensures that the column length is larger than a lower bound 

(66) Ensures that the column height is lower than a upper bound  

(67) Ensures that the column height is larger than a lower bound 

(68) Ensures that the column breadth is lower than a upper bound  

(69) Ensures that the column breadth is larger than a lower bound 

(70) Ensures that the distance between the pontoons are lower than a upper bound 

(71) Ensures that the distance between the pontoons are larger than a lower bound 

(72) Ensures that the distance between the columns are lower than a upper bound 

(73) Ensures that the distance between the columns are larger than a lower bound 

(74) Ensures that distance between the columns are restricted by the length of the 

pontoons multiplied by a constant which should be smaller than 1 

(75) Enables the model to estimate the deck area 

(76) Ensures that the estimated deck area is larger than a lower boundary 
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10. Appendix B 

The following section gives some pictures of the model in Excel.  

 

Figure 15 The optimization model in Microsoft Excel 
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Figure 16 Setting up the add-in solver 
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Figure 17 Solution message from the solver 


