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Abstract 
 

Parametric design has proven to be a powerful tool for structural engineers to find innovative 

solutions to complex problems more effectively compared to conventional methods. The 

flexibility off parametric design is immense since all types of structures depend on a range of 

parameters that can be isolated, controlled and altered.  

In this thesis a parametric model was built with the software Grasshopper to manage the 

design process of a common type of foundation improvement. The technique has been 

successfully used by Tyréns AB on several 19th century buildings in Stockholm in the past 

decade. The buildings were settling due to decay of the original wooden piles. To stop further 

settlements steel piles are drilled from under the building down to the bedrock. In the 

basement of the buildings new and thick reinforced concrete slabs are cast which are connected 

to the ground walls with concrete corbels. 

The available area for the installation of these corbels, the minimum distances between the 

corbels and the dimensions of each corbel are all contributing factors that limit the number of 

possible design configurations. The dimensions of the concrete corbels affect the maximum 

load capacity which will determine their quantity and position. The corbels have to carry the 

varying line loads and point loads acting on the ground walls from the structure above.  

With the plug-in finite element software Karamba, reaction forces in each pile were calculated 

which also affected the possible designs.  

A well-functioning and adaptable parametric model presented logical results where decreasing 

height of the concrete slab was affecting the capacity of each corbel which in turn generated a 

larger number of corbels. The model offered both manual control and automatic optimization 

where real time variations of loads and reactions were shown depending on the changing 

design.  

In the optimization process which was based on genetic algorithm a cost function to deal with 

the numerous contributing parameters was designed. 

Verification of important results increased the confidence in the model in most cases but the 

lack of trust in the calculated moments of each shell element created limitations. The thesis 

does not include a complete finite element analysis of the structures generated by the 

parametric model.  However, it presents a simple export process to the third party software 

FEM-Design for verification.    

The role of the model was therefore not to work as a complete solution but as a powerful and 

easy-to-use design tool for the structural designer to get instant feedback of chosen corbel 

placements. The model offered a simplified way of achieving more slender and economic 

structures both financially as well as environmentally. 

Parametric design was shown to be successful for solving structural problems if the model was 

based on appropriate engineering judgements. 
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Sammanfattning 
 

Parametrisk design har visat sig vara ett kraftfullt verktyg för konstruktörer genom förmågan 

att finna lösningar på komplexa problem i jämförelse med konventionella metoder. 

Flexibiliteten med parametrisk design är hög eftersom alla typer av byggnadsverk beror på en 

mängd parametrar som kan bli isolerade, kontrollerade och justerade. 

I detta examensarbete har en parametrisk modell skapats med hjälp av mjukvaruprogrammet 

Grasshopper för att hantera formgivningen av en vanlig typ av grundförstärkningsproblem. 

Tekniken har framgångsrikt använts av Tyréns AB vid förstärkning av flertalet 1800-

talsbyggnader under det senaste decenniet. Byggnaderna sätter sig på grund av nedbrytning 

av de ursprungliga träpålar som finns i grundläggningen. För att förhindra ytterligare 

sättningsskador borras stålpålar under byggnaden ner till fast berg. I källarutrymmen gjuts 

nya grundplattor av armerad betong som är förankrade i grundmurarna med så kallade 

klackar.  

Den tillgängliga ytan att tillgå för installation av dessa klackar, minsta avstånd mellan klackar 

och dimensioner av varje klack är alla bidragande faktorer som begränsar mängden möjliga 

lösningar. Betongklackarnas dimensioner påverkar den maximala lastkapacitet som kommer 

avgöra hur många klackar som krävs och deras placering. Klackarna måste förhålla sig till de 

varierande punktlaster och linjelaster som verkar på grundmurarna från byggnaden ovanför.  

Med det finita elementprogrammet Karamba kopplat till Grasshopper har reaktionskrafter 

för pålarna beräknats vilket har påverkat de framtagna designförslagen. 

En välfungerande och anpassningsbar parametrisk modell, som gav logiska resultat där lägre 

konstruktionshöjd för grundplattan, påverkade lastkapaciteten för betongklackarna. Detta gav 

i sin tur ett högre antal klackar. Modellen erbjöd både manuell kontroll och automatisk 

optimering där förändringar för laster och reaktionskrafter syns i realtid baserat på klackarnas 

positioner. 

 I optimeringsprocessen som är baserad på genetisk algoritm finns en straffunktion vars syfte 

var att hantera de många bidragande parametrarna för utformningen.  

Verifiering av viktiga resultat ökade tilliten till modellen i de flesta fall men gav en låg tilltro 

för de uträknade momenten i varje skalelement skapade begränsningar. Detta examensarbete 

inkluderar inte en fullständig analys med finita elementmetoden i den parametriska modellen. 

Vad modellen erbjöd är dock en förberedande export till tredjepartsprogrammet FEM-Design 

för verifiering. 

Den parametriska modellens roll var inte att fungera som en komplett lösning utan som ett 

kraftfullt och lättanvänt verktyg för konstruktören med omedelbar återkoppling. Modellen 

erbjöd en förenklad metod för att uppnå slankare och mer ekonomiska byggnadsverk. 

Parametrisk design har visat sig vara framgångsrikt för projektering av byggnadstekniska 

problem om modellen är baserad på väl avvägda ingenjörsmässiga bedömningar.           
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Chapter 1 

1 INTRODUCTION 

Structural engineering is in many ways the art of finding the most practical and beautiful 

solutions to assigned problems.  The drive towards safe structures for people to live and work 

in where load bearing abilities and architectonical aspects converge. This often pushes the 

engineers to complex solutions.  

Parametric design used within structural design is an innovative way of coping with complex 

solutions where each problem is stripped down to its very basic parameters that can be 

controlled, altered and recombined in order to reach optimal solutions.  

The overall purpose of this master thesis was to apply parametric design to a structural 

engineering problem. Through exploration of existing tools, the building of a parametric script 

with optimization abilities was made and later applied to an ongoing project at the structural 

engineering department at Tyréns AB in Stockholm Sweden. 

Traditional structural design is to find a suitable solution for a given problem through 

evaluation of parameters and criteria of the chosen design. Good solutions are based on 

engineering experience, assumptions and knowledge.  

Complex structures often lead to time-consuming design processes with large-scale 

calculations and modeling needed (Roësset & Yao, 2002), this leads to a limitation in the 

number of solutions evaluated.  

This thesis tried to find more effective ways of solving real structural designing problems with 

parametric design which enabled extensive number of evaluations compared to conventional 

methods. 

For the last couple of years, several reports have been written about the topic parametric design 

in a general manner. More rarely has the main focus been to apply the technique to a real 

structural problem. This thesis aimed at filling this gap. 

 

1.1 AIMS AND OBJECTIVES 
The focus of the thesis was to build a parametric model suitable for solving foundation 

improvement problems of old buildings. A certain technique has been developed by structural 

engineers at Tyréns AB and used in several projects.  

The model was applied in a case study of a foundation improvement. Styrpinnen 23 is an 

existing building in central Stockholm affected by large settlement deformations.  

To save the building from further decay a complex piling operation will be done in the cellar 

with a new reinforced concrete slab leading all structural load to the piles.  Bounded piling 

areas in narrow rooms of the cellar put limitations on the possible solutions of the project. In 

these cases, a parametric optimization would most likely find better solutions compared to 

conventional design.  
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The parameters included in the optimization was a combination of pile location, thickness of 

the slab, area and material properties of the concrete slab, thickness and type of reinforcement 

steel, available piling area and others. 

The thesis aims to show that a better design for a foundation improvement could be achieved 

through a parametric optimization of significant parameters compared to conventional 

structural engineering design without optimization of parameters.  

The definition of the term “better design” is quite vague and might be hard to prove in a 

practical way. Results available for comparison might nevertheless be used as indicators. Such 

indicators could be less material with retained structural strength, less financial cost due to 

less materials and less environmental impact due to the usage of less material.  

The overall aim was to design a fully functional parametric model that was adaptable to similar 

future projects. The model worked as a powerful tool for the structural engineer in the 

development for more optimal solutions. The built-in optimization automatically pushed 

forward with the ability to manually change and alter the design at any point.  

 

1.2 SCOPE AND LIMITATIONS 
• All structural loads were already calculated from the case study project of Styrpinnen 

23 and was used in this thesis. Other inputs such as material properties, capacity of 

piles and other structural elements remained the same as for the case study for a better 

comparison ability.  

 

• Only loads in the ultimate limit state was evaluated in the structural analysis. 

 

• The scripted model was made for a piled slab in one of the rooms of the project 

Styrpinnen 23 with future feasibility of applying it to the rest of the rooms.  

 

• Finite element analysis was done locally for the isolated slab, but no complete analysis 

of the entire structure was made.  

 

• No complete design regarding reinforcement of the concrete was made, only design 

checks. 

 

• All plug-in programs used in the building process of the parametric model was not 

described in detail. 

 

• Small torsional moments due to not entirely perpendicular corbels was neglected.  

 

• Values regarding the pile capacities was taken from the project Styrpinnen 23.  

 

• The slabs were assumed to follow linear elastic theory in the FEM-analysis. 

 

• In the parametric model, thin plate elements were used due to software limitation. Even 

though the concrete corbels were thick in relation to their shear span. 
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Chapter 2 

2 THEORETICAL BACKGROUND 

2.1 PARAMETRIC DESIGN 
Parametric design is the concept of breaking down the problem of interest in reasonably 

considered parameters and controlling these through different operations. The approach is 

based on algorithmic thinking and a division into several parameters. The approach enables 

the designer to test various alternatives of the design and choose the most optimal solution 

(Park & Holt, 2010)  

Architects have been using parametric tools in form finding processes for several years. 

Parametric modeling gives the architect a deeper understanding of chosen design targets and 

will pilot the designer’s decisions to detect new solutions (Schnabel, 2007). 

The reasons for choosing parametric optimization in contrast to a more traditional structural 

engineering approach are several.  Parametric design has good opportunities of achieving more 

slender structures, finding new innovative solutions, reduce the usage of building materials 

which might lead to more economic projects. Some advantages of parametric design are the 

ability to tackle complex geometrical structures and repetitive patterns with many unique 

elements.  

The parametric approach for structural design can be done through visual programming and 

is usually verified with finite element analysis.  

 

2.2 PARAMETRIC DESIGN APPLIED IN PROJECTS 
The following section gives some examples of previous work where parametric design has been 

implemented in structural projects. The work of this thesis was inspired by the parametric 

approaches of these examples.  

2.2.1 Airport Terminals 

The vast number of influencing parameters in order to accomplish a fully functional design 

makes airport terminals complex as buildings. Parameters such as strict security measures, 

usability of passengers moving from one gate to another, space for airplanes to do their service 

and many more makes it suitable for application of Parametric design (Chatzikonstantinou, 

2011).  

By identifying the characteristics and the theory of passenger terminal typology a parametric 

model that provide a geometric layout have been built as part of a thesis by Ioannis 

Chatzikonstantinou in 2011. After applying optimization algorithms to the parametric model, 

it could be shown that parametric design was successfully implemented in the design process 

of airport terminals (Chatzikonstantinou, 2011). 

The parametric software that was used in the study was Grasshopper which is one of the most 

popular and frequently used parametric tools. In order to rank the different solutions produced 

in the parametric model a cost function was developed. The meaning of the cost function is 

synonymous with a penalty function which was used to prevent the script from giving 

unwanted solutions. In this function different weights were put on the variables to get a 

relation between the parameters.   



Chapter 2  Parametric Optimization of Foundation Improvements with RC Slabs on Piles 
 

4 
 

The script was written to be compatible with optimization and the algorithm used was NSGA 

II, which is a Multi-objective evolutionary algorithm that enables the user to optimize against 

several fitness numbers (Chatzikonstantinou, 2011).  

Figure 1 illustrates different layouts of the airport terminals that the script has been evaluating. 

 

 

Figure 1. Airport layouts (Chatzikonstantinou, 2011) 
 

 

2.2.2 Aviva Stadium 

Aviva Stadium located in Dublin Ireland is mostly used for rugby. The impressive capacity of 

50 000 spectators and the large curved roof makes the stadium to a landmark. The completion 

of the venue was in 2010 and was replacing the old stadium. The replacement itself was an 

emotional process for the Dubliners since it was the world’s oldest rugby stadium dating back 

to 1872 (Shepard, 2011). Regardless of the emotional connection, the age of the stadium and 

lack of comfort for the spectators made a replacement necessary. Without any exclusive suites 

and with only standing seats available the standards of a world-class stadium of the 21st century 

was hard to fulfil. The arena is squeezed inside a residential area in the suburbs of Dublin that 

together with a river to the east, a railway line to the west and a road to the south makes the 

project extra complicated. Figure 2 shows the spectacular envelope of the stadium. 
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Figure 2. Aviva Stadium (Populous, 2010) 
 

By influences from the aerospace industry the project was taking a parametric approach. The 

envelope of the stadium was modeled parametrically by the architects in the software Bentley’s 

Generative Components. By integration with the structural engineers, the structural design of 

the roof was optimized. The primary truss goes along the roof as a horseshoe and the depth of 

truss is favorable for the stiffness and structural strength of the structure. Therefore, a 

maximization of the depth is desirable. Although, with a too deep truss the view of the 

spectators on the highest row will be interfered.  

To avoid blocked visibility for the spectators and to maximize the depth of the truss parametric 

design was used. With this technique the depth of the beam was maximized without interfering 

the prescribed sightline for the back-row spectators. This type of geometrically challenge was 

a perfect example where a parametric approach was suitable. Figure 3 illustrates the relation 

between the sightline of the back row spectator and the primary truss. 

 

Figure 3. Sightline from back row spectator (Shepard, 2011) 
 

2.3 SETTLEMENTS IN OLD BUILDINGS 
Large areas of the built environment in central Stockholm lay upon old seabed. Centuries of 

piled trash and intended filling have formed new land that was previously water. The new 

buildable areas were welcomed for the urban development but not very solid. To ensure stable 

ground conditions when building new houses, wooden piles were driven into the ground as 

foundation which for many buildings have worked for hundreds of years. Today many of the 

wooden foundations dating back to the 18th and 19th century have started to rot and decay. This 
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is happening since the uplift of land and extensive geo constructions drain the ground water 

level downwards and expose the wood to oxygen and salt. The decay makes many houses to 

settle 3-4 mm per year (Andersson, 2018). The sum of the annual settlements leads to large 

damages in historical buildings such as cracked façades, crooked window frames and uneven 

floors.  

The most common foundation technique of this time was a hefty stone wall upon a wooden 

grillage on top of wooden piles, see Figure 4.  

To save these buildings from further decay, improvements of the foundation must be made. 

These are often complex operations with specially designed machines and techniques. Piles are 

usually driven into the soil with large hammering machines, but this produces noisy conditions 

with large vibrations. A safer method for the often fragile environments is drilling of the piles 

(Andersson, 2018).  

 

Figure 4. Hefty stone wall on wooden piles (Sahlberg, 2011) 
 

2.4 REINFORCED CONCRETE SLABS 
Concrete slabs are an important feature in structures. In slabs, the geometric dimension is 

much thinner in one direction than in the other two. Slabs are usually the name of the structure 

when the load is working perpendicular to the plane compared to an in-plane loaded plate. 

Slabs can work as floors, roofs, slabs on ground or other horizontal elements of a structure 

(Nilsson, et al., 2012). 

As a part of the foundation improvement, reinforced concrete slabs are used. To successfully 

follow the methods developed by Tyréns AB in this thesis work, understanding of the theory of 

the slab behavior was needed.  
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2.4.1 Elasticity theory for slabs 

Following theory section is taken from (Nilsson, et al., 2012) which in turn is based on the plate 

theory of Kirchoff developed by Professor Gustave Robert Kirchoff (1824-1887). 

The ratio between the plate thickness and the shortest side of the plate should not be larger 

than about 1/5. In this context plate and slab are synonymous where the later will be used.  

When slabs are deforming due to transversal loading, the normal to the middle surface will 

remain normal to that also in its deformed state when bended. This means that plane sections 

will remain plane in accordance to Euler-Bernoulli hypothesis of beam bending.  

When no load is acting on the side surfaces and a normal pressure is acting on the slab, σz τxz, 

τyz will have a very small influence. The shear stresses τxz, τyz are small compared to the normal 

stresses σx, σy and the shear stress τxy which create the flexural and torsional moments in the 

slab. Figure 5 below presents stress variations in a slab. 

Hooke’s law will give the following relations between the most interesting stresses, se equation 

2.1 below. 

 

{
 
 

 
 𝜎𝑥 =

𝐸

1−𝜈2
(𝜀𝑥 + 𝜈𝜀𝑦)

𝜎𝑦 =
𝐸

1−𝜈2
(𝜀𝑦 + 𝜈𝜀𝑥)

𝜏𝑥𝑦 =
𝐸

2(1+𝜈)
𝛾𝑥𝑦

  (2.1) 

 

 

 

Figure 5. Variation of stress in slab element (Nilsson, et al., 2012) 
 

Section forces are given in force per unit length [N/m] and moment per unit length [Nm/m].  

Slab reinforcement is usually installed in two direction in the slab, x-direction and y-direction 

for practical reasons. The principal stresses might not be oriented in the same way which make 

the addition of the torsional moment, mxy necessary, see Figure 6.  



Chapter 2  Parametric Optimization of Foundation Improvements with RC Slabs on Piles 
 

8 
 

 

Figure 6. Bending av torsion moments (Nilsson, et al., 2012) 
 

 

By using Mohr’s circles, the principal moments can be found by investigating where the torsion 

moments are zero, see equation 2.2 and 2.3 together with Figure 7.  

 

𝑚1,2 =
1

2
(𝑚𝑥 +𝑚𝑦) ± √

1

4
(𝑚𝑥 −𝑚𝑦)

2 +𝑚𝑥𝑦
2  (2.2) 

 

𝜙 =
1

2
arctan(

2𝑚𝑥𝑦

𝑚𝑥−𝑚𝑦
)   (2.3) 

 

 

Figure 7. Principal moments (Nilsson, et al., 2012) 
 

Shear forces in the slab will also have to be considered and is described by Kirchhoff’s plate 

theory. See Figure 8 below. 
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Figure 8. Slab shear forces (Nilsson, et al., 2012) 
 

2.4.2 Timoshenko beam theory 

Another theory about how slabs behave when they are bent is the Timoshenko beam theory by 

the Russian engineer Stepan Timoshenko (1878-1972). The main difference from the Euler-

Bernoulli is the inclusion of shear deformations which means that the cross section is not 

perpendicular to the bending line, see Figure 9. This is more suitable for shorter and thicker 

beams although, for slender beams the difference between both theories are small 

(Timoshenko & Woinowsky-Krieger, 1959).  

 

 
Figure 9. Beam theory difference (Habitating FEA, 2013)  

 

2.4.3 Failure mechanisms  

This section gives a brief background about different failure mechanism that is important to 

consider for a reinforced concrete slab on piles. 

 

2.4.3.1 Flexural Bending failure  

A slab that is loaded perpendicular to its plane will deform with a bended shape which means 

that one side of the slab, either the top or the bottom side will be in compression and the 

opposite will be in tension. Since a slab have two dimensions, compared with a beam, the slab 

can bend in two directions. The flexural bending failure mechanism is when the slab fails due 

to bending. The failure of bending can be divided into three different categories depending on 

how much reinforcement the cross section contains.  
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The categories are: Under-reinforced, Over-reinforced and balanced cross section. Under-

reinforced is the most common type and it means that the steel reinforcement will yield in the 

tension zone before the concrete is crushed in the compression zone. The structure will deform 

which gives a warning of a forthcoming failure (Ansell, et al., 2012).   

Over-reinforced cross section is the opposite, the concrete in the compression part will fail 

before the yield strain limit is reached for the reinforcement. The failure is very sudden because 

when the steel yield in the reinforcement the structure will collapse. Over-reinforced is not 

recommended in practice and should be avoided when reinforcement design is made (Ansell, 

et al., 2012).  

Balanced cross section is when the steel in the tension zone yields simultaneously as the 

concrete fails in the compression zone (Ansell, et al., 2012).  

To handle flexural bending failure, reinforcement is designed for concrete slabs. It is 

performed with reinforcement in both the upper and the lower part of the slab. The main task 

of the reinforcement is to take up tensile forces since concrete is brittle in tension and therefore 

not able to take up large stresses. The reinforcement is usually installed in both x-direction and 

y-direction which gives four different layers. The layers should be designed in such a way that 

eventual cracks in the concrete won’t affect the serviceability of the structure. The flexural 

reinforcement can be simultaneously affected by bending moment, axial force, shear force and 

torsional moment (Nilsson, et al., 2012).  

 

2.4.3.2 Diagonal shear failure 

Diagonal shear failure is characterized by a diagonal crack close to the support. Where one of 

two things will happen, the compression strut fails in compression or the failure will be in 

tension perpendicular to the compression strut. It normally occurs when there is a 

concentrated load close to the support, when 𝑎 ≤ 2𝑑  (Ansell, et al., 2012). Where d is the 

effective height and a is the distance to the load, see Figure 10. Stirrups are an effective way to 

avoid diagonal shear failure. 

 

Figure 10. Diagonal shear failure 
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2.4.3.3 Flexural shear failure  

Flexural shear failure for reinforced concrete is when the structure is failing due to the shear 

force that arise from the external load. The failure is characterized by diagonal cracks that 

propagates from the tensile reinforcement to the compression zone. Figure 11 illustrates this 

failure which typically occurs when 𝑎 > 2𝑑, where d is the effective height and a is the distance 

to the load. 

Factors that influence the flexural shear capacity is the arch action, concrete strength, 

reinforcement content, cross section height and reinforcement bond (Ansell, et al., 2012).  

Stirrups are a common type of reinforcement design to deal with flexural shear failure. They 

can be installed parallel to the load direction or inclined and are designed for taking up shear 

forces as tensed rods. These are usually located near supports of the structure where 

concentration of the loads is acting to prevent the development of shear cracks.  

 

Figure 11. Propagation of flexural shear crack (Ansell, et al., 2012) 
 

 

2.4.3.4 Punching shear failure  

Slabs directly supported by columns or piles can be subjected to punching shear failure. Stress 

concentrate in the connection between the slab and the column which results in a punching 

cone in the slab above the column. Figure 12 illustrates the mechanism of punching shear 

failure.  

 

Figure 12. Punching shear failure 
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There are several methods of increasing the punching shear capacity. Figure 13 show four 

different strategies. A drop panel that locally increase the height of the slab, a column head 

that increases the width at the top of the column and two types of shear reinforcement around 

the failure zone (Ansell, et al., 2012). The height of the slab and the ratio of flexural 

reinforcement are also a factor that affects the punching shear capacity. For very thick slabs 

punching shear failure can be irrelevant since the size of the punching cone will make the 

capacity large and other failure mechanisms will be superior.  

 

 

Figure 13. Strategies to increase punching shear capacity (Ansell, et al., 2012). 
 

 

2.4.3.5 Local pressure failure 

When a concrete structure is affected by a concentrated load, longitudinal cracks might occur 

because of transversal stresses. This splitting phenomenon is illustrated in Figure 14. If the 

stress is too big, transverse tie reinforcement is needed to stop the concrete from splitting. The 

reinforcement is designed to take up all transversal stress. 

 

Figure 14. Transversal stress crack 
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2.5 FINITE ELEMENT METHOD 
Finite element method is a numerical method for solving field problems. Common problems 

that is simulated with FEM is structural analysis, heat transfer and fluid flow. The concept of 

the method is to discretize the structure that is about to be analyzed into finite elements. These 

are connected to each other with points called nodes. The arrangement of the elements is called 

mesh and is mathematically represented by a system of algebraic equations (Cook, et al., 

2002).  

“It is important to recognize that FEA is simulation, not reality” (Cook, et al., 2002). Two 

common errors in FEM is modelling errors and discretization errors. The modelling errors can 

be reduced by improving the model, changing the assumptions of the physical behavior or 

changing the boundary condition. So, the model matches the reality. Discretization error can 

be reduced by mesh refinement. Dividing the structure into more elements. It will not reduce 

the error to zero because it is still an approximation (Cook, et al., 2002).    

For a linear elastic structural analysis, external loads and restraints are applied at the nodes. 

Through equilibrium between external work and internal work the stresses and displacements 

can be determined for each node. 

In general, for a linear elastic structural analysis different matrix represent the elements 

behavior. One local stiffness matrix is needed for each element in the structure which is 

denoted [k], see equation 2.4.  

 

[𝑘] = ∫ [𝐵]𝑇


𝑉
[𝐸][𝐵]𝑑𝑉 (2.4) 

 

Where [B] is a matrix relating the strain in the element to the displacements based on the shape 

function of the element. [E] is a matrix containing material properties.   

All the local stiffness matrices are connected in a global stiffness matrix [K]. A matrix that 

describe the relationship between the elements. Through equilibrium between the internal 

work and external work the following differential equation can be solved: 

 

[𝐾]{𝑑} = {𝐹}   (2.5) 

 

Where {d} is a vector containing all the unknown displacements that is going to be determined. 

{F} is a vector consisting of all external forces that is applied on the selected nodes in the 

structure. What makes the equation system solvable are the boundary condition that reduces 

the system.  

There are different types of elements in finite element analysis. Two important concepts that 

differentiate the types are the number of nodes and the degrees of freedom (DOF) at each node, 

see Figure 15. Higher number of nodes and DOF leads to a higher number of equations in the 

system. This will normally increase the accuracy but requires a longer computational time. 

Depending on the problem that is going to be evaluated the type of element should be chosen. 

Typical elements in structural analysis is beam elements, plane elements, shell elements and 

solid elements. One structure can have different types of elements connected to each other in 

the same model (Cook, et al., 2002).  
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Figure 15. DOF of a beam element (Battini, 2018) 
 

 

2.5.1 Beam Elements  

A beam element is characterized by a line that have a node at each end. Each node can displace 

in translation and rotation. A node in a 3D beam have six degrees of freedom, three translations 

and three moments. Material properties, cross sectional geometry together with the shape 

function are determining how the beam will deform. 

 

2.5.2 Shell Elements 

A shell element is defined as a mid-surface with a thickness where the thickness is much 

smaller than the length of the other two dimensions, see Figure 16. Forces can be applied in 

the nodes on the surface and in the plane. Each node of the element can either have five or six 

degrees of freedom. Three translations and two or three moments. There are two types of shell 

elements, thin shells and thick shells. The main difference between these types is the bending 

shear deformations. Thick shells follow Timoshenko beam theory described above in section 

2.4.2 where shear deformation is considered. Thin shell elements follow the plate theory of 

Kirchoff described above in section 0. The shear deformation is important when the thickness 

of the shell is between 1/5 and 1/10 of the span length (Abell, 2016). 

 

Figure 16. Mid surface of shell element 
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2.6 GENETIC ALGORITHM 
Genetic algorithm can by those who intend to prove it be described as a sort of artificial 

intelligence. This in the sense that the genes learn from history and evolve their offspring to 

better versions of themselves as part of the global goal of achieving the optimal solution.  

Genetic algorithm is an optimization tool which are a part of evolutionary computation in 

computer science. It is inspired by the natural selection all based on Charles Darwin’s 

fundamental ideas of the Survival of the fittest (Savaram, 2017).   

The genes are the base components in the genetic algorithm. They are combined to form 

individuals and one individual consist of many genes. An individual represents a solution to 

the given problem. Every unique solution will be given a fitness value that represent how well 

it fulfills the established goal. Several individuals create a population.  

In every generation the individuals of the population will mate with each other using natural 

selection. The offspring form a new generation and will be compared to previous generations 

where a fitness value will be decided. The individuals that are the most fit are more likely to 

reproduce than the less fit in accordance to the Survival of the fittest.  

The overall goal of genetic algorithm is to find an optimal solution to a function of given inputs. 

The role of the genes is to affect the function so that the output converges towards established 

expectations. What these expectations of the values are will naturally fluctuate between 

different problems and even within the same project a clear optimum is seldom obvious. With 

similar inputs to a function many sub-optimal solutions can all give good-enough results.  

 

2.6.1 Representation 

The first pool of genes is randomly generated to form a possible solution. Every combination 

of genes in one individual will be a solution regardless if it is a good or bad one. The ideal case 

is an original population with a wide range of individuals, consequently a good representation. 

Since the genes learn from each other the lack of diversity will result in sub-optimal solutions 

(Chande & Sinha, 2013).   

 

2.6.2 Evaluation 

With every new individual an evaluating tool must be implemented to see how well the solution 

solves the original problem in the optimization. Here is where the fitness value comes in.  

The process of designing the cost function is a delicate procedure since this will guide the genes 

in the right direction towards a global minimum or maximum. When more than one parameter 

contributes to the final solution the parameters will be weighted relatively and summed with a 

cost function (Chande & Sinha, 2013). 

 

2.6.3 Selection 

For every new generation a selection of individuals with a high fitness value must be selected 

for breeding. A higher fitness value gives higher changes of successful reproduction. The 

offspring is a cross over between the mother and the father that after reproduction or 

recombination is evaluated. By randomly picking parent candidates and combining genetic 

segments a recombination is done. Just to combine genes in random does not guarantee better 

solutions since also the worst genes can be chosen. Because of this the fitness evaluation of 

every offspring will determine the success of the recombination (Chande & Sinha, 2013).  
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Mutations are simple in the way that random segments of the genes are altered giving the 

offspring slightly different characteristics than their parents.  

Since recombination and mutation might lead to the loss of the best individuals Elitism is used 

to stop these solutions from vanishing. The best individuals are always copied to the next 

generation and only the least fit ones are altered. Each generation will be evaluated and 

compared to the desired solution. If the solution is good enough the iterations will halt but if 

not, the iterative process will go on. See Figure 17 for a schematically figure of the process.  

 

 

Figure 17. Iterative process of fitness evaluation 
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Chapter 3 

3 CASE STUDY 

3.1 STYRPINNEN 23 
 

 
Figure 18. Styrpinnen 23 (Magnusson & Lagergren, 2017) 

 

The real estate Styrpinnen 23 (Figure 18) is located on Norrmalm in Stockholm city center 

neighboring Kungsträdgården. It was first built in 1854 from drawings by an unknown 

architect. The original building was erected in three stories and got two more stories and a new 

façade added in 1883 by the architect brothers Axel and Hjalmar Kumlien. Today the building 

is marked in “class blue” which according to Stockholm Stadsmuseum is the highest grade of a 

cultural conservatory value. This conservation class means that no distortion or alterations 

conflicting with the original architecture can be made and that respect and caution are required 

in restauration processes.  

Several tenants have housed within the building over the years such as the Swedish Panoptikon 

Wax Cabinet, MEA - Swedish military equipping company and restaurants such as the latest 

tenant Café Milano. 

Due to lowering of the ground water level, the original wooden piles and grillage have started 

to rot. Settlement damages have been observed in the building such as cracking of the façade. 

According to involved consultants, the building will continue to settle. To stop the settlement, 

foundation improvements with reinforced concrete slabs on piles will be made.  
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3.2 FOUNDATION IMPROVEMENT TECHNIQUE BY TYRÉNS AB 
To solve the settlement problem of the building a special technique will be used to reestablish 

stable ground conditions and stop the settlement. A technique has been developed by 

structural engineers at Tyréns AB. The idea is to cast a massive concrete slab in the cellar with 

numerous concrete corbels forming a pattern like the teeth of a stamp. These corbels will lead 

the loads from the structure through the reinforced concrete slab down to the drilled steel 

piped piles driven down into solid rock. What is meant with the term concrete corbel is the 

extended parts of the concrete slab that is connected to the ground wall of the building.  

The first step of the process is to demolish the cellar floor and excavate some of the underlying 

material. A working floor of concrete is casted, and the stone walls are sprayed with shotcrete. 

When the shotcrete has dried to a hard cover the stone wall is injected with cement to form 

more concrete-like conditions, see Figure 19  below.  

 

 
Figure 19. Excavation and injection of stone wall (Björnberg, 2018)  

 

 

At the correct placement of one concrete corbel a sufficiently big hole is drilled in the stone 

wall. The most common size of each corbel is 600mm wide, 750mm high as the future height 

of the slab and a depth that goes to the center of the stone wall plus an extra 100mm.  The 

concrete corbel is mounted with shear reinforcement and flexural reinforcement. The 

reinforcement bars are installed with Lenton mechanical splice to enable pre-casting of 

finished concrete corbels before casting of the slab, see Figure 20 for a section view and Figure 

21 for a plan view. To not risk the structural stability of the building, all corbels cannot be made 

simultaneously. Every second or every third must be drilled, reinforced and casted before the 

one next in line can be opened to ensure a safe structure.  
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Figure 20. Finished concrete corbel with Lenton splice connections (Björnberg, 2018) 

 

 

 

Figure 21. Plan view of concrete corbels 
 

 

The piles used in the project come in two different dimensions. RD-piles with 140mm or 

170mm in diameter. These are steel piped piles delivered in sections of 1000mm with threaded 

ends which are connected with splice sleeves. The piles are drilled down to the bed rock and an 

additional 500mm into solid rock. Every section is connected and lock-welded with the sleeves, 

Figure 22 for a detailed view of a pile. If the individual load of the pile is close to the capacity 

limit the drilled hole must be measured for straightness. The coordinates along the length axis 
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of the drilled pipe can be measured with an inclinometer for exact calculations of the 

straightness. A simpler method of control can be made with a torch attached on a rope 

(Pålkommisionen, 2010).   

The capacity is shown below in Table 1.  

 

Table 1 Pile capacity 
Type Normal force Geotechnical capacity Straightness check 
RD140 N = 0-740kN 740kN No 
RD140 N = 740-880kN 880kN Yes 
RD170 N = 0-1110kN 1110 N No 
RD170 N = 1110-1340kN 1340kN Yes 

 

 

When the drilling is done the piles are stop hit and controlled to ensure that they have entered 

the rock. Remaining parts of the piles are cut and filled with concrete. A top plate of either 

250x250mm or 300x300mm depending on the pile dimension is installed which will transfer 

loads from the slab down to the piles. At the top plate a single-use hydraulic epoxy jack will 

ensure right load value for each pile. A detail over concrete corbel, concrete slab and the 

installed pile with hydraulic jack is shown below in Figure 23. 

 

 
Figure 22. Detail of RD-pile drilled to solid rock (Björnberg, 2018) 
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Figure 23. Finished system of concrete corbel, slab and pile (Björnberg, 2018) 
 

3.3 OPTIMIZING THE CONVENTIONAL TECHNIQUE 
Styrpinnen 23 is an ongoing project that use conventional design techniques established by 

several earlier projects at Tyréns AB.  A careful calculation of acting line loads and point loads 

states the minimum capacity of the corbels and the piles that is required. In the conventional 

method the corbels are placed by hand to ensure an even distribution of all loads. When a first 

suggestion is made the structure is modeled in the commercial software FEM-Design to 

analyze forces, stresses and moments in the slab. The design is altered iteratively and modeled 

after each change. Reinforcement design is made in FEM-Design based on computed values. 

In this thesis a parametric method was developed to simplify the iterative process of manually 

placing every corbel. The parametric model included optimization scripts that strived towards 

an optimal placement of the concrete corbels based on weighted parameters. Factors such as 

forces in the corbels, capacity of the piles and thickness of the concrete slab affected the 

optimum solution. 
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Chapter 4 

4 METHOD 

4.1 PARAMETRIC APPROACH 
As described in the previous chapter, a foundation improvement with piles is a structure with 

many parameters to manage. Therefore, a parametric approach was a suitable way to evaluate 

different possible solutions.  

With a logic inspired by previous projects described in the background. The script tested 

different geometries, as for the Airport terminal project which proposed the most suitable 

design through a fitness function. The script has features of structural performance evaluation 

like the Aviva Stadium project described above. 

In the visual programming plug-in Grasshopper, connected to the well-established CAD-

software Rhinoceros 3D, hereafter called Rhino a parametric script was created. An algorithm 

was designed which contained a structural system consisting of a reinforced concrete slab 

supported on piles. It enabled parametric features and configurations of the design such as 

height of the slab, width of the concrete corbels, distance between the concrete corbels, 

positions of the concrete corbels, distance to the piles, diameter of the piles and many more. 

In Appendix A the script of the parametric model is presented. 

 

4.1.1 Grasshopper 

Grasshopper is a visual programming plug-in that runs within Rhino. The primary idea is to 

use the application for creating generative algorithms visible in Rhino. Other applications of 

the plug-in are numerical or textual algorithms to evaluate different parameters in the 

program. Grasshopper can be used to create advanced tools for parametric modeling of 

structural engineering problems as well as architectural visualization.  

The user interface of Grasshopper is a simplistic system of components containing different 

functions with pins for input and output values. The components are dragged onto a canvas 

and connected with traceable wires. Components connected with wires are shown below in 

Figure 24. 

 
Figure 24. Grasshopper interface 
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4.1.2 Rhinoceros 3D 

Rhinoceros 3D or more commonly called Rhino is a 3D computer software used in a wide range 

of disciplines when it comes to computer aided design, CAD. Practices as animation, rendering, 

architecture, industrial design, marine and many other engineering and designing disciplines 

uses Rhino. Processes as designing, manufacturing, prototyping, 3D printing, multimedia and 

graphic design is widely used. It is a versatile program that have various of plug-ins that is 

developed for its purpose. The script for Rhino is mostly exposed and open which makes it easy 

for third-party developers to create their own add-ons and plug-ins.   

Rhino works with NURBS, which is a mathematically model that is used to describe 3D 

geometry. NURBS stands for Non-Uniform Rational Basis Spline and can accurately describe 

simple 2D geometry to complex 3D geometry. Rhino is compatible with NURBS curves, 

surfaces, solids, point clouds and polygon meshes.  

In this thesis Rhino was used mainly for visualization of the parametric model created in 

Grasshopper.  

 

4.1.3 Galapagos 

Galapagos is a plug-in to Grasshopper and works as an evolutionary solver that is designed to 

produce genetic algorithms. These can be applied in many different scenarios where the goal 

is to find some type of optimized solutions based on certain parameters. Although, no perfect 

solutions exist since every solution has limitations. Genetic algorithms are very flexible and 

forgiving. Even problems poor in input parameters will continue in a never-ending strive for 

better solutions and can be interrupted during the whole process, showing the yet best result 

obtained.  

In many cases evolutionary solvers can be very slow. If an iteration takes more than a few 

seconds, the amount of generations with many individuals can develop to a day-long or in 

extreme cases week-long simulation. For this reason, genetic algorithms must be smartly 

engineered with a limited amount of input.    

Galapagos has been used for optimization of the parametric model in the thesis. 

4.1.4 Karamba 3D 

Karamba 3D is a parametric structural analysis tool which is fully embedded into the visual 
programming environment Grasshopper. It enables Finite Element analysis for spatial trusses, 
frames and shell structures. It is a finite element program that analyze the structure with the 
finite element method. The origin of the software goes back to a research project at the 
University of Applied Arts in Vienna. The project was about investigating structural 
optimization and focused on applying genetic algorithm to structural systems. Genetic 
algorithm is based on many evaluations of the cost function that is to be optimized. Therefore, 
the computational time and the parametric approach have been a priority in the development 
of the software (Preisinger, 2013). 
 
The physical units that are available are either Metric units or Imperial units with meters or 
feet as spatial units. 
 
Four element types are available: beam elements, truss elements, spring elements and shell 
elements. The first three types are defined by straight lines and the shell element are defined 
by meshes. Karamba uses one type of shell element, TRIC-element are triangular meshes that 
neglects transverse shear deformation. It is a simple three-node element that have the 
advantage of quick computational time (Argyris, et al., 2000). Material properties and cross 
sectional geometry can be easily be assigned to the elements.  
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Since Karamba is in a three-dimensional space, the supports have six degrees of freedom. 
Three translations and three rotations. Spring supports are not available by default but can be 
discretized by spring elements. 
 
Karamba supports various kinds of loads, in this work gravity load and point loads are used. 
Based on the material properties and the geometry of the elements the gravity load can be 
calculated with a built-in function. In the built-in function the gravitational constant is 
assumed to 10m/s2 for the metric unit configuration. The point loads are based on a coordinate 
where the load is acting, and a vector defines the magnitude and direction of the load.  
 
In order to analyze a structural system, a static model need to be defined by the relationship 
between the elements, loads and supports. Karamba have an assembly component for that. 
The inputs are the elements, the loads and the supports which are connected to each other in 
the assembly component. Nodes that coincide are automatically rigidly connected if nothing 
else is assigned. 
 
Karamba have various algorithms for analyzing the structure. One for the first order of linear 
elastic behavior for small deformations. Another algorithm that consider the second order 
theory of elastic behavior to account for axial and in-plane forces. One algorithm for large 
deformation and another one for non-linear calculations. The non-linear analysis is described 
as “Work in progress” and is not completely developed by the creators of the software 
(Preisinger, 2018).   
In this thesis the first order linear elastic behavior for small deformation was used.  
 
 

4.1.5 FEM-Design by Strusoft 

At Tyréns AB in Stockholm the most frequently used finite element analysis software is FEM-

Design and will therefore be used in this thesis work. The software contains complete solutions 

when modeling advanced structures of load-bearing steel, concrete and timber. The software 

follows the Eurocodes with adaption to national annexes. The user interface is based on 

popular CAD tools which make similarities common. FEM-Design works just as good with 

large scale stability analysis as for single element designs.  Some of the advantages described 

by the software developers themselves are the automatically generated finite element mesh, 

auto design features to choose efficient cross sections, good access to shell element forces and 

a wide range of result graphs (Strusoft, 2015).  

The shell elements in FEM-Design are calculated as thick shell elements that takes the shear 

deformation into account which is favorable for the slab in this thesis since it is quite thick in 

relation to the span.  

 

4.1.6 Concrete Beam by Strusoft  

Concrete Beam is a 2D beam analysis software for structural design of reinforced concrete 

beams. It performs analysis that provide moments and shear forces of beams. After the analysis 

the required flexural reinforcement and shear reinforcement stirrups can be optimized. The 

software bases the calculations on Euler-Bernoulli beam theory and the reinforcement design 

is performed in accordance to Eurocode 2. National annexes can be chosen and considered 

(Strusoft, 2011).  

Concrete Beam has been used to control the calculated point load capacities and the 

reinforcement design of the concrete corbels.   
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4.1.7 Simplified programming 

 

“It took me four years to paint like Raphael, but a lifetime to paint like a child.” 

– Pablo Picasso 

 

The beginning of the work of the parametric model in Grasshopper was a journey from a small 

scale project with few connected parameters to a large scale complex web of wires. From the 

fully working but very messy script the journey continued towards a more minimalistic 

configuration with the same functionality retained. This was mastered through simplifications, 

reductions and merging of algorithms into python scripts. The major part of the programming 

has been to scale down the script without any loss in performance.   

To connect this with the quote from Pablo Picasso is to see the journey from simple paintings 

made by children towards the developed Renaissance masterpieces by Raphael with highly 

idealized anatomy. From this artistic climax of skill with highly detailed versions of reality 

Picasso continued onwards to the primitive paintings of his cubism. 

How many lines from the drawing of a face is possible to reduce until we stop seeing a face?  

How much code can be reduced until the script no longer gives us the same results? 

To build a large parametric script to solve problems with numerous input parameters can be 

done relatively quick but to achieve a minimalistic version require real effort both in time and 

engineering elegance.  

 

4.2 DISCRETIZED GEOMETRY 

4.2.1 Form finding 

The major purpose of this thesis work was to develop a method for solving foundation 

improvements of the type described earlier with the help of parametric design. The aim was to 

create a practical tool that can be used in every new project of the same type with as little re-

programming as possible. The script will make the structural design process easier and more 

dynamic with real time display of the forces on the corbels and reaction forces in the piles. 

The floorplan of project Styrpinnen 23 consist of several rooms that will get new concrete slabs, 

piles and connected corbels. As a limitation of this thesis only one of the rooms has been 

modeled as a time saving measure. 

The parametric model works as a form finding tool to be used by structural engineers.  

 

4.2.2 Import of structural plan 

The process began with the import of a floor plan showing the ground walls as a .dwg-file into 

Rhino. The drawings were measured and zones unavailable for applying corbels and piles were 

highlighted. Examples of unavailable areas are non-load bearing inner walls, narrow openings 

between walls and spaces under arches too low for the piling machine to operate at. The slab 

in the selected room is shown with its contour below in Figure 25. The contour of the slab was 

chosen in Rhino and imported into Grasshopper as a polyline. This line was divided at corners 

and turns where only the curves available for corbels were chosen.   
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Figure 25. Floor plan of ground level with selected room 
 

 

4.2.3 Input from Styrpinnen 23 

The following input from project Styrpinnen 23 was used when building the parametric model: 

• The minimum distance between a concrete corbel and a corner was 200mm and was 

mostly limited by the drilling machine. 

• The minimum distance between two concrete corbels has to be 100mm but since the 

drill required extra space to operate was the distance set to 200mm.   

• The width of every concrete corbel was to 600mm. 

• Height of slab was 750mm. 

• Minimum distance from inner walls to the center of the piles was 350mm. 

• Two dimensions of piles was used: RD140 and RD170. 

• All piles were assumed to be 16m long. 

• Tension forces in the piles should be avoided. 

 

4.2.4 Available area for concrete corbels 

The requirement of the distance between the concrete corbels and the corners was solved by a 

shortening of the available curves. A radius of 200mm + 300mm, where 300mm is half of the 

concrete corbel width, were cutting the curves. This way the midpoint of the corbels could be 

as close from the corner as a distance of 500mm. This made the distance from the edge of the 

corbel 200mm. The available curves reduced by the radius at the corners are shown the Figure 

26. 

The six available curves were from the beginning separated with no connection to each other 

but have been combined to represent a continuous curve. The aim was to create a 

parameterized curve with 0.000 as the starting point and 1.000 as the end point. All numbers 

between 0.000 and 1.000 were available positions for corbels on the green lines in Figure 26. 
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Figure 26. Available area for corbels 
 

4.2.5 Genes 

The optimization engine working in the parametric model was genetic algorithm described 

above in section 2.6. The genes generated in the model had a value between 0 and 1 which 

represented a location on the parameterized curves from starting point to finish point. Three 

decimals of the value enabled 1000 different outcomes for the genes. Every value of the gene 

was represented as a point on the combined curves. The points are central in the creation of 

the concrete corbels. The total length of the curves was split in 1000 segments to symbolize 

different locations on the combined curves. The green points in Figure 27 represent the 

possible locations.     

 

 

Figure 27. Possible corbel locations by points 
 

As a comparison the change of segment size due to change of decimals is shown below in Table 

2. The total length of the parameterized curves was about 22m.  In the parametric model three 

decimals were considered sufficient since the chosen foundation improvement technique does 

not rely on millimeter precision.  
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Table 2. Decimal difference and segment size 
Decimals Point locations Segment size 
4 10 000 2.2 mm 
3 1000 22 mm 
2 100 220 mm 

 

 

The number of genes generated was chosen as an input. A finished product with concrete 

corbels covering every available space on the ground walls would of course give a very stable 

structure.  Small deflections of the concrete slab and large marginal of the corbel capacity and 

pile capacity would be a strong solution but very expensive to build. This type of solution was 

unlikely to be the most optimal. Therefore, numbers below the maximum have been 

considered. The maximum number of corbels with regards to minimum space in between each 

other was shown by equation 4.1.  

 

𝑛 =
22𝑚

0.8𝑚
= 27.5  (4.1) 

 

In the optimization the number of genes will be static, but the corbels will vary since 

movements will cull points to close to each other. All points will not always create a corbel 

because of the minimum distance requirement between the corbels.    

To investigate how the number of genes will affect the results does not fit within the scope of 

this work but possible effects will be discussed further down in this work. The number of genes 

has been set to 25 in this thesis which aimed to be a proper choice.  

The genes are generated in a gene pool element in Grasshopper. In Figure 28 below a gene 

pool containing 25 genes are shown. The positions of the genes in the gene pool could either 

be manually changed or plugged in as a parameter in the optimization. 

 

 

Figure 28. Galapagos gene pool 
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4.2.5.1 Gene count  

One gene represented a possible position for a concrete corbel. Although, one gene was not a 

guarantee that there would be a concrete corbel since the corbels too close to each other would 

merge together. The number of genes was the maximum number of possible corbels. When 

deciding how many genes the gene pool should consist of, one needs to consider a maximum 

limit of corbels needed. The optimization aimed at lowering the number of corbels, although 

with a too low number of genes a valid solution might not be found.  

 

4.2.6 Creation and Orientation of concrete corbels 

To form the concrete corbels a rectangle with the right dimensions must be created. The 

orientation of this rectangle can be done in two different ways, either perpendicular to the wall 

or according to a global coordinate system.  

The easiest way for the contractor is to drill the corbel perpendicular to the wall at each decided 

location. The configuration of the drilling machine is simpler because no adjustment for angles 

are required. The main concern of this technique is that different angles for the flexural 

reinforcement of the corbels will be complicated.  

The other technique where all corbels are oriented according to a global x-y-coordinate system 

will simplify the tasks of the reinforcement installing contractor. If all corbels are oriented in 

the same way as the reinforcement layers for the slab the connection of the corbel 

reinforcement will be aligned and easier to connect. More measurement precision is acquired 

of the drill operator to assure the correct depth when drilling at an angle to the ground walls.  

For the room chosen in the model the two techniques differ very little in practice and 

computational code. The second method was chosen mostly by tradition from previous 

projects. The designer managing the model will have to choose the correct direction of the 

corbels for each curve by picking vectors in the global coordinate system as an input.  

In the modeled room and most likely in future projects some available areas for concrete 

corbels will be as small as for only one or two concrete corbels to fit. In these cases when the 

ability for the corbels to alter their location have little influence on the outcome their positions 

should be locked. A part of the parametric script could therefore create a corbel which was not 

gene-controlled but still a member of the static model. In the parametric model the corbel, 

shown in Figure 29 was chosen to be locked. Engineering assessment made it clear that one 

corbel was always needed at this position.  

 

Figure 29. Locked corbel in the parametric model 
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4.2.7 Collision control 

To avoid concrete corbels ending up on top of each other a collision control was used. The 

component Cull Duplicates detects points close to each other. The tolerance for detection could 

be altered to remove points at a certain distance from each other. To avoid collision the width 

of the corbels and the minimum distance set the tolerance to 800mm. What was to happen 

when two points coincides within the tolerance could be chosen in three ways: 

• Cull all - remove both points. 

• Leave one - removes one of the points. 

• Average - removes both points and create a new one in the middle of the two.  

The second function Leave one was used in the parametric model which leave the corbel with 

the lowest indexed gene visible. 

Other tools for managing collisions in Grasshopper are different push and move functions 

which can detect objects within a certain distance from other objects and move or push them 

a specified distance. Many of these functions was investigated before the Cull Duplicate 

function was chosen. The major problem of the other functions was an uneven distribution of 

objects outside forbidden margins. As an example, the function Pull Point can move an object 

inside another to the rim of the same. If this is done several times a small cluster of points will 

be created at the edges of these objects making it harder for the optimization process to 

converge at a satisfying solution.   

 

4.2.8 Pile positions 

As a default in the optimization process a pile was generated in front of each corbel at the 

minimum distance of 350mm due to the required operating space of the drilling rig. This 

distance can be changed but should be as small as possible. The longer the distance the bigger 

the moment subjected to the slab from the point load acting on each corbel.  

In the FEM-analysis inside Karamba the reaction forces were evaluated in the piles. Piles 

subjected to tension were avoided in the optimization. Piles to close to each other in corners 

were removed and replaced by new average positions in the same manner as the culled points 

described above in section 4.2.7. Piles that were still badly located after the optimization 

process could be removed manually and the eventual need of adding extra piles could be 

managed.   

4.3 STRUCTURAL ANALYSIS 
The improved foundation of the building in the project consists of drilled steel pipe piles which 

are connected to a reinforced concrete slab. The concrete slab is connected to the ground hefty 

stone walls with reinforced concrete corbels described above in section 3.2.  

The total load from the existing building is assumed to be transferred down through the walls 

into the corbels. From the corbels all forces are transferred through the slab via the piles down 

to solid rock. The state of the load that was considered in this work was the ultimate limit state.  

The loads originate from a five-story building with brick walls and timbered floors as load 

bearing elements. Usually in this kind of projects the compressive strength of the brick walls 

needs to be considered if the loads on the concrete corbels become large. In this case the hefty 

stone walls are more than three meters high. The load concentration spreads out over the whole 

brick wall which leaves the concentration unchanged. The compressive strength of the brick 

walls was therefore not considered in this project but should be in projects with lower walls or 

with walls of more fragile materials.  
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4.3.1 Line and point loads 

The total load acting on the foundation was discretized as line loads and point loads. Through 

a combination of actions, a design value was calculated with account of imposed load, dead 

load and snow load according to the Eurocodes. All line loads were in this thesis already 

combined and calculated from the project Styrpinnen 23. The same values were taken to enable 

a comparison.  

The point loads were assumed to have a spread of 1:2 which with the height of the walls of 

about three meters make an affecting perimeter of 1.5 meters on every side of the point load 

center line. Figure 30 illustrates the loads that affected the slab. The point loads were 

transformed into additional line loads in the parametric model. 

In the parametric model each line load was represented by a curve that defined where the load 

was acting and had a value to represent the magnitude of the load. The green line in Figure 31 

illustrates the curve that represent the line load. 

 

 

Figure 30. External loads on ground walls 
 

 

 

Figure 31. Line load on corbels 
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The point loads were also represented by curves which defined where the point loads were 

assumed to act. Each point load was divided into several curves since they would be divided 

between corbels on different walls. How much of the point loads that were assumed to act on 

every defined curve represents by the magnitude of the load. Figure 32 describes how a point 

load was divided into two curves and how much of these that was affecting each part of the 

wall. Notice that half of the point load will affect the slab connected to the walls in the other 

room.  

 

 

Figure 32. Point load on corbels  
 

4.3.2 Calculated loads on corbels 

All the line loads and point loads were transformed to point loads acting on the concrete 

corbels. The line loads were divided by their length over the center-points of the corbels. The 

corbels were assumed to take up the equivalent length of the line load acting on the corbel. For 

the inner walls, the line load was divided by two since the load would go down in the slab on 

the other side of the wall as well. The point loads would be transferred to the corbels with the 

center-point inside the perimeter of the point load. The total value of the load for each corbel 

would be the sum of the external line loads and the point loads. 

To calculate the value of the load on each corbel a python script was written in the parametric 

model. The script was created to match the curves of the line loads and point loads. The input 

of the script was one curve for the line load and one or two curves for the point loads depending 

on how many point loads that were acting on the specific part of the wall. The magnitude of all 

the loads were also plugged in to the python script. The script was evaluating how many points 

that were affected by the loads and by dividing the curve with the corbel points, a sum of the 

loads affecting each corbel was calculated.  

The script was also evaluating which corbels that were taking up load from the point loads. The 

sum of all the loads for every corbel was calculated. The output of the script was the magnitude 

of the point loads, position of the loads and segments of the divided line loads. The segments 

were only used for verification which could easily be visualized for controlling correct 

calculations of the point loads. Figure 33 illustrates the visual results from the script where the 

green text illustrates the line loads and point loads. The red text illustrates the length divided 

over the corbels in meters.  The black text indicates the calculated load on each corbel. The 

python code is presented in Appendix B. 
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Figure 33. Resulting load on corbels 
 

 

4.3.3 Meshing in Karamba 3D 

The concrete slab was discretized with shell elements. The type of shell was a triangle with 

three nodes and one gauss point (Argyris, et al., 2000).  The aim was to reach a mesh with 

elements of equal size. The built-in component Mesh Breps from Karamba 3D was used where 

a surface from the concrete slab was plugged in as a Brep. Brep stands for boundary 

representation.  

All the points where the loads were acting and where the piles were attached, were plugged in 

as points in the component. The component was creating a triangulated mesh compatible for 

Karamba FEM-calculations. Figure 34 illustrates how the mesh was created from a surface 

together with points that were to be analyzed. 

 

 

Figure 34. Mesh division in Karamba 
 

Different element sizes were evaluated. Through the input Mesh Resolution one can easily 

adjust the size of the mesh that is wanted to be created. The Mesh Resolution is a parameter 

that adjust the size of the mesh division. The unit of the parameter was in meter. A mesh 

convergence study was done in order to see how much the mesh size was affecting the result. 

By adjusting the resolution in the Mesh Breps component the number of shell element was 

changed. Starting from a resolution of 0,5m per element the mesh size was lowered by steps of 

0,05m until the size of 0,05m. At each step all pile forces that were given from the FEM-

calculation were compared with the pile forces of the previous calculation. An average 

percentage of the change rate was calculated in order to see how much the results change when 

the mesh got smaller. The result was plotted into a bar-diagram to see how it converged.  

The properties of the element were set to match the concrete type C30/37. Different heights 

were tested and assigned to the elements. From 650mm to 800mm. The Karamba components 

Cross section and Mesh to shell were used to make the elements ready for the FEM-

calculations.  
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4.3.4 Piles and reaction forces  

The purpose of the FEM-calculations in the thesis was to obtain the reaction forces for the 

piles. The reaction forces cannot be larger than the pile capacities. The piles were modelled as 

Karamba spring elements since the piles were assumed not to transfer any moments and only 

move in axial direction. The elasticity modulus was set to 210GPa to match the steel properties. 

The diameter of the piles was set to 140mm which was the largest dimension considered. The 

thickness of the piles was set to 10mm. The length of the piles was assumed to be 16m, based 

on previous geotechnical investigations. All piles were assumed to have the same length. 

The spring stiffness “k” was calculated with the length of the pile “L”, the cross sectional area 

“A” and the elasticity modulus “E”. 

𝑘 =
𝐸∙𝐴

𝐿
  (4.2) 

The reaction force in the spring element was extracted through the component beam forces in 

Karamba.  To verify the results, the piles have also been modelled as beam elements. 

 

4.3.5 Boundary conditions and element connections 

The slab and the piles were connected by a hinge that can only transfer translation and no 

rotation. The connection was assumed not to transfer any moments. This was achieved by the 

Beam joint component in Karamba. By selecting the nodes in the connection between the slab 

and the piles and assigning that they are free to rotate. 

At the base of the piles, in the connection with the bedrock supports were assigned. This was 

accomplished with the Karamba component Support. The support was locked for translation 

and allowed rotation.  

 

4.3.6 Internal moments in the slab 

In the parametric model the internal moments in the slab was extracted. From the FEM-

calculations assembled in Karamba the shell forces were obtained from the component Shell 

forces. The chosen output was mxx, the moment twisting around the y-axis, and mxy, the 

torsional moment of the slab that is twisting around the z-axis. The design moment was 

calculated for reinforcement laying in a global x- and y-direction. By adding the absolute value 

of the torsional moment, mxy, to the moment mxx or myy depending on which direction is 

considered (Boverket, 2013). There is one design moment per shell element, at a gauss point 

in the middle of each triangular mesh. Figure 35 illustrates the internal moments extracted 

from the Karamba FEM-calculations. The number on each element is the design moment for 

the reinforcement in x-direction. 
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Figure 35. Internal moments extracted from Karamba 
 

The internal moments of the shell elements were not considered in the optimization of the 

parametric model. Karamba only works with thin shell elements and the moments are 

calculated as an average value for each element. The slab is thick, and consideration of shear 

deformations should be made.  The results were seen as unreliable when compared with the 

moments taken from FEM-Design which is based on thick shell elements.  

 

4.4 PARAMETRIC OPTIMIZATION 
In the parametric model, a genetic algorithm was used and managed through the plug-in 

Galapagos. The input for Galapagos was a population of 50 individuals where 5% of the 

population was maintained in every generation with and an inbreeding of 75%. Galapagos was 

set to minimize the fitness value in the genetic algorithm. The gene pool including all positions 

of the corbels were connected to Galapagos. 

In each generation, genes from different solutions are combined to produce offspring. These 

offspring are evaluated where only the fittest survive to mate in the next generation. Every 

combination of genes symbolizes a solution for the problem, in our case one solution was the 

distribution the concrete corbels. 

Galapagos runs automatically and is either manually stopped by the designer or is stopped by 

itself after stagnation, in this case if the same fitness value is obtained for 50 generations in a 

row. In this thesis six different design configurations were tested in Galapagos. See Table 3 for 

the configurations.  
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4.4.1 Parameters 

The fundamental parameters affecting every possible solution for the model were the 

following. They were divided between input parameters and varying parameters.  

The input parameters were manually altered before the optimization and the varying 

parameters changed within the optimization. 

Input Parameters 

• Line loads and point loads working on the ground walls 

• Available area for concrete corbels along the ground walls 

• Dimensions of the concrete corbels 

• Minimum distance between concrete corbels 

• Point load capacity of the concrete corbels 

• Capacity of the piles 

• Minimum distance between piles 

• Thickness of the concrete slab 

• Available area for piles 

 

Varying parameters 

• Number of concrete corbels  

• Position of the corbels 

• Number of piles 

• Position of the piles 

 

 

4.4.2 Cost function 

In the cost function the effect of different parameters was weighted relatively to make the 

optimization process strive towards the requested optimal solution. Which parameters that 

were the most important needed to be considered. The term cost was in this sense synonymous 

with penalty where high cost would be an incitement for improvement of the solution.  

The following ranking was decided through engineering judgement: 

1. At least two concrete corbels must exist at every line load distribution and at least one 

concrete corbel must exist at every point load distribution. 

2. Point loads acting on the corbels must not exceed the maximum capacity and should 

be larger than a certain minimum value to not be considered as unnecessary.  

3. Reaction forces in the piles must not exceed the maximum capacity and should be 

larger than a certain minimum value not to be considered as unnecessary.  

4. The number of concrete corbels should be kept at a minimum with retained structural 

stability.  

Galapagos as a genetic algorithm tool has two ways of striving towards an optimal solution 

and that is either maximization or minimization of a mathematical sum. Therefore, all 

parameters must be given numerical values that should be weighted in order to rank their 

individual importance.  

The parametric model was evaluating the number of corbels that occupy all load distribution 

curves. For every distribution curve without any corbel a cost value of 10 000 was added. This 
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value could have been set to any value but must be of greater magnitude than the second ranked 

parameter to make sure that this would get sorted out first by the optimization.  

Second, all point loads at the corbels must be evaluated regarding the allowed span of forces. 

If the point load fit within the limits of the span the cost value was 0. For all loads outside the 

span the absolute difference was added to a sum and multiplied with a factor of 1.  

Since the capacity of the corbels were more restricted than the capacity of the piles the absolute 

sum of the difference of the reaction forces with regards to the allow limits was multiplied with 

a factor of 0.5.  

When all the above parameters had strived towards a zero-value the number of corbels was 

evaluated. For every corbel the cost value 0.01 was added to the sum which made a maximum 

of 0.25 when all 25 corbels were in action. The goal was not to reach 0 since this would generate 

a solution without any corbels. The goal was yet to minimize the corbels in order to omit the 

unnecessary ones.  

 

4.5 REINFORCED CONCRETE DESIGN 
The thesis was not focusing on reinforcement design and it was not included in the 

optimization. A flexural reinforcement design was made beside the parametric model to 

determine the point load capacity of the corbels. All corbels in the model were set to have the 

same reinforcement design.  Depending on the height and the width of the corbels the number 

of bars and the height of the internal lever arm was determined. The capacity would vary 

between the different designs that was tested in the thesis. 

Figure 36 describes the cross-sectional layout of the reinforcement design for the concrete 

corbels. Section 4.5.2 describes how the point load capacity was calculated. Section 4.5.3 

describes how the anchorage of the flexural reinforcement in the corbels were achieved.  

The material class of the reinforcement was set to B500B and the concrete class was C30/37, 

for all the tested designs. The software Concrete Beam by Strusoft was used to control the 

design calculations in the concrete corbels.  

 

4.5.1 Reinforcement of the concrete corbels 

The life length of the structure was designed for 100 years. The exposure class of the concrete 

was chosen to XC4 in order to satisfy national recommendations (Svenska Betongföreningen, 

2002).  

Minimum concrete cover was determined with respect to section 4.4.1 in Eurocode 2 and the 

national appendix table D-1 (Boverket, 2016). It takes regard to the concrete bonding, 

corrosion resistance and fire resistance. Compensation for deviations was set to 10mm as the 

Eurocode suggests. By the life length of the structure and the exposure class, the concrete cover 

was determined. The concrete cover was set to 45mm which satisfy the requirements.  

The flexural reinforcement in the top of the concrete corbels was chosen to have a diameter of 

25mm. The number of bars and spacing between these will vary with the different width of the 

corbels. 8 bars when the width was 600mm and 9 bars when the width was 700mm. The 

spacing between the bars were checked according to section 8.2 in Eurocode 2. The bottom 

flexural reinforcement was chosen to be 2 bars with a diameter of 12mm only to hold the 

stirrups together since the bottom part was assumed to be in compression.  



Chapter 4  Parametric Optimization of Foundation Improvements with RC Slabs on Piles 

39 
 

Shear reinforcement in the corbels were chosen as stirrups with a diameter of 8mm where N-

bars were used. Controls in Concrete Beam were made so it was possible to fit the stirrups in 

the proposed design. The spacing of the stirrups would vary between the different designs.  

Figure 36 is illustrating the chosen reinforcement design for the concrete corbels. The image 

is from the software Concrete Beam. See Appendix C for more details about the calculations of 

the reinforcement design. 

 

 

Figure 36. Cross section of the concrete corbels 
 

4.5.2 Point load capacity of the concrete corbels 

The point load capacity of the concrete corbels was varying depending on the flexural 

reinforcement, height and width of the concrete corbels. A document in Mathcad was made to 

easily change the input and achieve the capacity for the different designs. These were evaluated 

and plugged into the parametric model. The capacity was important for the optimization which 

was plugged in as a limit in the cost function and was given a cost value. 

Ultimate limit state (ULS), when the concrete has reached its compressive strength, and the 

reinforcement yields was considered in the calculations. The compression stress was assumed 

to be a rectangular stress block in accordance to section 3.1.7 in Eurocode 2. Figure 37 

illustrates the rectangular stress block where η and λ determine the size of the block depending 

on the concrete class. In this case η=1.0 and λ=0.8. 

 

 

Figure 37. Rectangular stress block 
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The corbel was seen as a constant cantilever beam. The fixed support was at the connection 

between the pile and the slab. The free end of the beam was inside the hefty stone wall.  

A constant uniform load from the gravity was acting along the beam, QEd. A point load, PEd, was 

acting on the beam. The length La was the distance from the pile to the outside of the hefty 

stone wall. The length Lb was the distance from the outside of the hefty stone wall to the 

location of the point load. The length Lc was the distance from the point load to the edge of the 

concrete corbel. Figure 38 illustrates the configuration of the beam. 

 

 

Figure 38. Cantilever beam representing a concrete corbel 
 

 

The design moment for the beam was given by equation 4.3:  

 

𝑀𝐸𝑑 = 𝑃𝐸𝑑 ∙ (𝐿𝑎 + 𝐿𝑏) + 𝑄𝐸𝑑 ∙
(𝐿𝑎+𝐿𝑏+𝐿𝑐)

2

2
   (4.3) 

 

The capacity of the reinforced concrete beam at the top of the piles was calculated with a single 

reinforced rectangular cross section. The beam was seen as normally reinforced, where the 

following equations were used: 

 

𝐴𝑠 =
𝑀𝐸𝑑

𝜎𝑠∙𝑑∙(1−
𝜔

2
)
    (4.4) 

 

𝑚 =
𝑀𝐸𝑑

𝑓𝑐𝑑∙𝑏∙𝑑
2     (4.5) 

 

𝜔 = 1 − √1 − 2 ∙ 𝑚    (4.6) 
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The only unknown variable in the four equations was PEd, which was the point load capacity 

for the cross section of the beam. By combining the equations, PEd was solved for the different 

designs. Table 3 represents the different point load capacities of the different designs. See 

Appendix C for the reinforcement calculations. 

 

 

Table 3. Design configurations 
 Design 1 Design 2 Design 3 Design 4 Design 5 Design 6 
Height [mm]: 750 700 650 800 750 750 
Width [mm]: 600 600 600 600 700 800 
No. of 25 [mm] flexural bars 8 8 8 8 9 10 
Point load capacity [kN] 1052 966 882 1136 1188 1323 

  

 

4.5.3 Anchorage of flexural reinforcement in the concrete corbels 

The anchorage length in the concrete corbels were calculated according to section 8.4 and 

equation 8.4 in Eurocode 2. To achieve full anchorage in the flexural reinforcement the bars in 

the corbels needed to be bent. Since the diameter of the bars were quite big, 25 mm, the 

bending diameter needed to be limited in order to avoid cracks in the reinforcement bars. In 

accordance to section 8.3 in Eurocode 2 the mandrel diameter needed to be bigger than 7 times 

the diameter of the reinforcement. The mandrel diameter was adjusted to the Swedish 

standard, SSEN13670, and the closets diameter was chosen. In this case the diameter of the 

flexural reinforcement in the corbels was 200mm. Figure 39 is illustrating how the design of 

the reinforcement in the concrete corbel can look like.  

 

 

Figure 39. 3D view of the reinforcement in the concrete corbel (Adam, 2019) 
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4.6 VERIFICATION IN FEM-DESIGN 
To evaluate how well the built-in finite element modeling program Karamba works, a 

comparison was made with FEM-Design models of the same structure. The export process 

from Grasshopper into FEM-Design was made in a few simple steps. The parameters of 

interest, the outline of the slab, positions of point loads and position of piles were exported in 

the correct format and opened directly in FEM-Design.  

When the verification was made in FEM-Design, the aim was to make the input the same as in 

the parametric model in order to make the verification reasonable. The chosen design for the 

verification was Design 1.  

 

4.6.1 Export of the model  

The process of exporting the geometry from the parametric model to FEM-Design was simple. 

A group called “Export to FEM-Design” was made in the Grasshopper script. It contained a 

contour curve of the slab and two groups of points. One group with all the positions of the point 

loads in the concrete corbels and one group with points representing the positions of the piles. 

To make the input of the point load values easier, the values of the loads was also a part of the 

exported geometry.  

First, the geometry was baked inside Grasshopper which means that the Grasshopper objects 

were converted to Rhino objects with Rhino attributes. Then in Rhino, the geometry was 

exported as a dwg-file. In FEM-Design the dwg-file was imported as an external reference. 

Since Karamba 3D is calculating with length in meter and FEM-Design in millimeter, a 

conversion had to be made. Figure 40 illustrates all the geometry exported to FEM-Design 

from the parametric model. 

 

 

Figure 40. Geometry and values for export to FEM-Design 
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4.6.2 Setup in FEM-Design 

In FEM-Design the concrete slab was created by picking the imported contour curve of the slab 

and assigning it as a plane plate element. Material properties was set to concrete C30/37 and 

the thickness of the slab was put to 750mm. The same properties as Design 1 were used in order 

to make a reasonable comparison.  

The exported group of points that represented the piles were assigned as point supports with 

a spring stiffness “k”. The same value of “k” as for the parametric model, described in section 

4.3.4.  

The point loads were manually inserted in FEM-Design by assigning positions and magnitudes 

of the imported geometry. Here the exported value was speeding up the process.  

The concrete slab was divided into mesh elements by an automatic mesh generator. The 

average surface element size of the finite element mesh was set to 0.2m to match the mesh 

from the parametric model. Figure 41 illustrates the mesh division in FEM-Design. 

The dead load from the concrete slab was added as a load case with the partial coefficient of 

1.35. Together with the load case of the point loads a load combination was made and the 

results of the internal moments and values of the reaction forces was extracted. The design 

moments in x-direction with the torsional moment included was compared with the equivalent 

moments from the parametric model. The reaction forces were also compared.  

 

 

 

Figure 41. Mesh division in FEM-Design 
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Chapter 5 

5 RESULTS 

5.1 GENERAL RESULTS 
This section present features of the finished parametric model. Several pictures will show the 

visible results obtained in Rhino with explaining texts. Screen shots of the finished parametric 

script made in Grasshopper is visible in Appendix A. 

 

5.1.1 One line of genes 

The available curves on the ground walls enabled each concrete corbel generated by a gene to 

travel a complete lap around the contour. From the starting point at 0.000 in the lower left 

corner of the slab, each concrete corbel could exist on every division point of the contour line 

until the end point at 1.000. Three different locations for a single concrete corbel is shown 

below in Figure 43, it shows how the corbels could travel around the perimeter. 

The parametric model was capable of randomly distribute the genes as a start configuration. 

Figure 42 show that the gene pool could be randomly shuffle of different degrees. In Figure 44 

below three generated corbel configurations are shown. In these configurations the corbel 

count varied from 13 to 15 corbels which means that 10 to 12 of the starting 25 corbels was 

culled due to insufficient distance from each other. The culled corbels were hidden until the 

distance to the closest corbel was big enough to fit both.  

 

 

Figure 42. Randomization of genes 
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Figure 43. Variation of concrete corbel placement 
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Figure 44. Variation of concrete corbel placements 
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5.1.2 Interactive display 

As a powerful design tool, the model could interactively show values of interest for the 

structural designer. How the point loads at each concrete corbel varied due to the change of 

their position could be shown in real time. The calculation process within the python script has 

been described above in section 4.3.2. The length of each section between corbel centers and 

line edges could be shown in real time, see Figure 45 which made it easy to control with hand 

calculations. 

The reaction forces resulted from the calculations made in Karamba. They were interactively 

changing due to the placements of the concrete corbels and piles. Additional piles could 

manually be inserted. This was done by creating a point and assigning this as a pile. This made 

the model dynamic and easy to use for design changes.    

 

 

 

Figure 45. Unit display in the model 
 

  



Chapter 5  Parametric Optimization of Foundation Improvements with RC Slabs on Piles 

49 
 

5.2 DESIGN CONFIGURATIONS 
Six different design configurations were set up in the parametric model to test the strength of 

it as an optimization tool. The following sections contains the different design configurations 

to show how different input affected the design results.  

The first design held the same properties as the case study Styrpinnen 23. The thickness of the 

slab was 750mm with 600mm wide corbels which fitted 8 bars of 25mm flexural 

reinforcement. 

The inputs altered between the different designs were the thickness of the slab, the width of 

the corbels and number of reinforcement bars in each corbel.  

The goal based on logical reasoning was to see a change in the number of corbels that 

corresponded with the change of load capacity. Each design is presented in sections below 

starting with a table of input values and figures showing start, final and altered conditions. 

Table 4 below presents a fast comparison view of all six design configurations. In the different 

design configurations, the input load divided between a various number of corbels was kept 

constant since no alterations of the loads were being made. Due to mathematical round off 

some small differences exist. Regarding the sum of the reaction forces these fluctuate in 

accordance to the change of the dead load of the concrete slab. 

 

Table 4. Compilation of design configurations  
 Height 

of slab 
Width 

of 
corbels 

No. of 
Flexural 

bars 25mm 

Point loads Reaction force No. of 
corbels 

Concrete 
volume Min Max Min Max 

Des 1 750mm 600mm 8 200kN 1050kN -1340kN -200kN 17 50.29 m3 
Des 2 700mm 600mm 8 200kN 967kN -1340kN -200kN 19 47.45 m3 
Des 3 650mm 600mm 8 200kN 882kN -1340kN -200kN 20* 44.28 m3 
Des 4 800mm 600mm 8 200kN 1136kN -1340kN -200kN 16 53.42 m3 
Des 5 750mm 700mm 9 200kN 1188kN -1340kN -200kN 16 50.78 m3 
Des 6 750mm 800mm 10 200kN 1323kN -1340kN -200kN 15 51.11 m3 

*Not all point loads within limits  
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5.2.1 Design 1 

Table 5. Input values of Design 1 
Design 1  Min Max 

Height of slab 750mm   
Width of corbels 600mm   

No. of 25mm flexural bars 8   
Number of genes 25   

Point load  200kN 1050kN 
Reaction force  -1340kN -200kN 

 

From the input values presented above in Table 5 a randomized corbel distribution marked the 

start condition of design 1 which is visible in Figure 46. After about 100 generations the 

Galapagos optimization managed to find several semi-optimal solutions. For these solutions 

corbels were colonizing all important areas taking up load. All point loads fitted within 

established limits and so did all reaction forces in the piles. When all criteria above were 

fulfilled the number of concrete corbels converged at 18, see Figure 47.  

To minimize the number of corbels the final design was manually altered by dragging the 

corbels. This made the number of concrete corbels to go from 18 to the final number of 17, see 

Figure 48 for the proposed design.  

The resulting loads and reaction forces of the final Design 1 are presented below in Table 6. 

From the reaction forces in the piles one can assign the proper type of piles with adequate 

capacity which are also shown in the table. To cope with the calculated reaction forces some 

drilled piles have to be subjected to a straightness check. The difference between forces and 

reactions is shown in Table 7. The difference was small which increased the confidence in the 

FEM-calculations.  

 

Table 6. Load and reaction conditions of Design 1 
D1 Corbel Point load Orientation line Pile Reaction force Type Straightness 

check 
 H1 338kN L1 P1 -1160kN RD170 Yes 

H2 264kN L1 P2 -1020kN RD170 No 
H3 890kN L2 P3 -760kN RD140 Yes 
H4 516kN L2 P4 -705kN RD140 No 
H5 1045kN L2 P5 -666kN RD140 No 
H6 550kN L3 P6 -546kN RD140 No 
H7 532kN L3 P7 -508kN RD140 No 
H8 209kN L4 P8 -702kN RD140 No 
H9 742kN L4 P9 -827kN RD140 Yes 
H10 1014kN L5 P10 -907kN RD170 No 
H11 535kN L5 P11 -939kN RD170 No 
H12 930kN L5 P12 -993kN RD170 No 
H13 885kN Stationary corbel P13 -960kN RD170 No 
H14 896kN L6 P14 -1098kN RD170 No 
H15 1007kN L6 P15 -1126kN RD170 Yes 
H16 1012kN L6 P16 -1172kN RD170 Yes 
H17 1026kN L6     
Sum 12391kN  Sum -14089kN   

 

Table 7. The sum of forces and reactions of Design 1 
Sum of point loads 12391 kN 
Gravity load concrete slab 1697 kN 
Sum of reaction forces -14089 kN 
Difference between forces and reactions 0,007 % 
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Figure 46. Start condition of Design 1 
 

 

Figure 47. Design 1 after the optimization  
 

 

Figure 48. Final Design 1 after the manual alteration 
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5.2.2 Design 2 

Table 8. Input values of Design 2 
Design 2  Min Max 

Height of slab 700mm   
Width of corbels 600mm   

No. of 25mm flexural bars 8   
Number of genes 25   

Point load  200kN 967kN 
Reaction force  -1340kN -200kN 

 

Table 8 above states the input values of Design 2. The start distribution of the concrete corbels 

before the optimization is shown in Figure 49. To cope with the smaller capacity following the 

lowering the height of the slab a higher number of concrete corbels were required. From the 

numerous semi-optimal solutions presented in the optimization the individual positions of the 

corbels were slightly altered to achieve a more uniform placement. Figure 50 show the final 

condition from the optimization with 19 concrete corbels. The positions of the corbels were 

slightly altered but remained 19, see Figure 51. See Table 9 for the point loads, reactions forces 

and chosen piles of the final design. Table 10 show the small differences between the forces 

and the reactions of Design 2. 

 

Table 9. Load and reaction conditions of Design 2 
D2 Corbel Point load Orientation line Pile Reaction force Type Straightness check 

 H1 319kN L1 P1 -961kN RD170 Yes 
H2 282kN L1 P2 -826kN RD140 No 
H3 637kN L2 P3 -566kN RD140 No 
H4 450kN L2 P4 -567kN RD140 No 
H5 751kN L2 P5 -577kN RD140 No 
H6 614kN L2 P6 -569kN RD140 No 
H7 552kN L3 P7 -508kN RD140 No 
H8 529kN L3 P8 -490kN RD140 No 
H9 224kN L4 P9 -686kN RD140 No 
H10 727kN L4 P10 -815kN RD140 Yes 
H11 948kN L5 P11 -896kN RD170 No 
H12 576kN L5 P12 -903kN RD170 No 
H13 956kN L5 P13 -931kN RD170 No 
H14 885kN Stationary corbel P14 -854kN RD140 Yes 
H15 790kN L6 P15 -959kN RD170 No 
H16 679kN L6 P16 -960kN RD170 No 
H17 840kN L6 P17 -961kN RD170 No 
H18 668kN L6  -962kN RD170 No 
H19 965kN L6     
Sum 12392kN  Sum -13991kN   

 

 

Table 10. The sum of forces and reactions of Design 2 
Sum of point loads 12392 kN 
Gravity load concrete slab  1601kN 
Sum of reaction forces -13991 kN 
Difference between forces and reactions 0,014 % 
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Figure 49. Start condition of Design 2 
 

 

Figure 50. Design 2 after the optimization  
 

 

Figure 51. Final Design 2 after the manual alteration 
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5.2.3 Design 3 

Table 11. Input values of Design 3 
 

 
 
 
 
 

 
 

All input values of Design 3 are presented above in Table 11. 

The calculated capacity of Design 3 is 882 kN but the stationary corbel will have to take 885kN. 

This small difference was overseen, and the capacity limits were set to 885kN in order to make 

the program converge. The starting condition of design 3 is illustrated in Figure 52. 

After more than 200 generation without a satisfying solution the optimization was canceled. 

The concrete corbel in the lower right corner, see Figure 54 did not manage to reach beneath 

the capacity even after 200 generations. The distribution curve from the point load only made 

it possible with one corbel taking up the point load contribution at this place. No lower value 

than 932kN could be achieved which made a system convergence impossible. 

To solve this problem, two different solutions were proposed. 

Solution 1: When the corbel furthest to the right reached the maximum capacity of the corbel 

at 885kN the excess of the load was transferred to the left corbel.  

Solution 2: To cope with the load the corbel furthest to right was made wider to achieve a 

higher capacity with one extra flexural reinforcement bar. With a width of 700mm and 9 bars 

of 25mm the capacity reached 997kN which is higher than the load.  

The altered final condition is visible in Figure 53 below. 

In Table 12 below all loads and reactions are presented. Table 13 show the difference in reaction 

forces and loads for Design 3. 

Table 12. Load and reaction conditions of Design 3 
D3 Corbel Point load Orientation line Pile Reaction 

force 
Type Straightness check 

 H1 342kN L1 P1 -944kN RD170 No 
H2 260kN L1 P2 -755kN RD140 Yes 
H3 770kN L2 P3 -563kN RD140 No 
H4 421kN L2 P4 -540kN RD140 No 
H5 684kN L2 P5 -535kN RD140 No 
H6 576kN L2 P6 -531kN RD140 No 
H7 548kN L3 P7 -519kN RD140 No 
H8 533kN L3 P8 -521kN RD140 No 
H9 247kN L4 P9 -740kN RD140 Yes 
H10 704kN L4 P10 -941kN RD170 Yes 
H11 932kN* L5 P11 -937kN RD170 No 
H12 423kN L5 P12 -909kN RD170 No 
H13 459kN L5 P13 -902kN RD170 No 
H14 665kN L5     
H15 885kN Stationary corbel  P14 -806kN RD140 Yes 
H16 796kN L6 P15 -920kN RD170 No 
H17 829kN L6 P16 -930kN RD170 No 
H18 873kN L6 P17 -940kN RD170 No 
H19 606kN L6 P18 -951kN RD170 No 
H20 837kN L6     
Sum 12390kN  Sum -13884kN   

*Point load exceeding capacity   

 

Design 3  Min Max 
Height of slab 650mm   

Width of corbels 600mm   
No. of 25mm flexural bars 8   

Number of genes 25   
Point load  200kN 882kN 

Reaction force  -1340kN -200kN 
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Table 13. The sum of forces and reactions of Design 3 

Sum of point loads 12390 kN 
Gravity load concrete slab  1494kN 
Sum of reaction forces -13884 kN 
Difference between forces and reactions 0,003 % 

 

 
Figure 52. Starting condition of Design 3 

 
 

 
Figure 53. Final Design 3 after the manual alteration 
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Figure 54. Corbel with point load exceeding the capacity 

 

5.2.4 Design 4 

Table 14. Input values of Design 4 
 

 

 

 

 

Input for Design 4 are shown above in Table 14. 

The configuration with a thicker slab than previous configurations would investigate if the 

number of corbels would decrease. With a higher capacity in each corbel this was the case. The 

starting condition before the optimization is visible in Figure 55.   Changes between the final 

design from the optimization and the manually altered version is shown in Figure 56 and 

Figure 57. The manual changes were made to speed up the process of minimizing the number 

of concrete corbels from 17 to 16. 

The point loads on each corbel, the reaction forces in the piles and the chosen pile types are 

presented in Table 15 and the difference between forces and reactions is shown in Table 16. 

 

Table 15. Loads and reaction conditions of Design 4 
D4 Corbel Point load Orientation line Pile Reaction force Type Straightness check 

 H1 400kN L1 P1 -1193kN RD170 Yes 
H2 202kN L1 P2 -794kN RD140 Yes 
H3 792kN L2 P3 -678kN RD140 No 
H4 529kN L2 P4 -727kN RD140 No 
H5 1131kN L2 P5 -791kN RD140 Yes 
H6 1081kN L3 P6 -848kN RD140 Yes 
H7 278kN L4 P7 -1060kN RD170 No 
H8 673kN L4 P8 -1171kN RD170 Yes 
H9 1029kN L5 P9 -1170kN RD170 Yes 
H10 525kN L5 P10 -1159kN RD170 Yes 
H11 925kN L5 P11 -1079kN RD170 No 
H12 885kN Stationary corbel P12 -1167kN RD170 Yes 
H13 1001kN L6 P13 -1174kN RD170 Yes 
H14 985kN L6 P14 -1183kN RD170 Yes 
H15 873kN L6     
H16 1082kN L6     
Sum 12391kN  Sum -14194kN   

 

Design 4  Min Max 
Height of slab 800mm   

Width of corbels 600mm   
No. of 25mm flexural bars 8   

Number of genes 25   
Point load  200kN 1136kN 

Reaction force  -1340kN -200kN 
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Table 16. The sum of forces and reactions of Design 4 

Sum of point loads 12391 kN 
Gravity load concrete slab  1803kN 
Sum of reaction forces -14194 kN 
Difference between forces and reactions 0,0007 % 

 

 

 

Figure 55. Starting condition of Design 4 
 

 

Figure 56. Design 4 after the optimization 
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Figure 57. Final Design 4 after the manual alteration 
 

5.2.5 Design 5 

 
Table 17. Input values of Design 5 

Design 5  Min Max 
Height of slab 750mm   

Width of corbels 700mm   
No. of 25mm flexural bars 9   

Number of genes 25   
Point load  200kN 1188kN 

Reaction force  -1340kN -200kN 

 

Input for Design 5 are shown above in Table 17. 

By changing the width of the concrete corbels more room for flexural reinforcement were 

enabled which gave a higher load capacity as result. The aim of this configuration was to see 

fewer concrete corbels. Figure 58 illustrates the starting condition before the optimization and 

Figure 59 shows the results after the genetic algorithm. After about 150 generations in the 

optimization, the number of concrete corbels seemed to converge at 17. The manually 

alteration minimized the number to 16 concrete corbels in the final design. See Figure 60 for 

the final design.  

The point loads on each corbel, the reaction forces in the piles and the chosen pile types are 

presented in Table 19. Table 18 show the difference between forces and reactions.  

 
Table 18. The sum of forces and reactions of Design 5 

Sum of point loads 12391 kN 
Gravity load concrete slab  1714kN 
Sum of reaction forces -14105 kN 
Difference between forces and reactions 0,0014 % 
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Table 19. Loads and reaction conditions of Design 5 
D5 Corbel Point 

load 
Orientation 
line 

Pile Reaction 
force 

Type Straightness check 

 H1 395kN L1 P1 -847kN RD140 Yes 
H2 207kN L1 P2 -661kN RD140 No 
H3 830kN L2 P3 -583kN RD140 No 
H4 522kN L2 P4 -715kN RD140 No 
H5 1100kN L2 P5 -820kN RD140 Yes 
H6 1081kN L3 P6 -892kN RD170 Yes 
H7 248kN L4 P7 -1045kN RD170 No 
H8 703kN L4 P8 -1205kN RD170 Yes 
H9 1088kN L5 P9 -1172kN RD170 Yes 
H10 515kN L5 P10 -1135kN RD170 Yes 
H11 876kN L5 P11 -1031kN RD170 No 
H12 885kN Stationary corbel P12 -1081kN RD170 No 
H13 1010kN L6 P13 -1032kN RD170 No 
H14 890kN L6 P14 -974kN RD170 No 
H15 857kN L6 P15 -912kN RD170 No 
H16 1184kN L6     

 Sum 12391kN  Sum -14105kN   

 

 

 

Figure 58. Start condition of Design 5 
 

 

Figure 59. Design 5 after the optimization  
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Figure 60. Final Design 5 after the manual alteration 
 

5.2.6 Design 6 

Table 20. Input values of Design 6 
Design 6  Min Max 

Height of slab 750mm   
Width of corbels 800mm   

No. of 25mm flexural bars 10   
Number of genes 25   

Point load  200kN 1323kN 
Reaction force  -1340kN -200kN 

 

The input for the configuration of Design 6 is presented above in Table 20. 

For the sixth and last design configuration, the width of the corbels was broadened even more 

than in Design 5. With 800mm in width one extra flexural reinforcement bar was added to 

each concrete corbel which made 10 in total. The starting condition of Design 6 is illustrated 

in Figure 61. This configuration had the highest point load capacity of the ones tested. The 

optimization seemed to converge at 15 corbels which was altered manually down to 14 corbels, 

see Figure 62 and Figure 63 below.  

For the load and reaction conditions see Table 21, where also the chosen pile types are 

presented. Table 22 show the difference of forces and reactions. 

 

Table 21. Loads and reaction conditions of Design 6 
D6 Corbel Point 

load 
Orientation 
line 

Pile Reaction 
force 

Type Straightness check 

 H1 377kN L1 P1 -1020kN RD170 No 
H2 225kN L1 P2 -726kN RD140 No 
H3 652kN L2 P3 -556kN RD140 No 
H4 532kN L2 P4 -685kN RD140 No 
H5 1267kN L2 P5 -881kN RD170 No 
H6 1081kN L3 P6 -851kN RD140 Yes 
H7 224kN L4 P7 -1013kN RD170 No 
H8 727kN L4 P8 -1140kN RD170 Yes 
H9 1316kN L5 P9 -1212kN RD170 Yes 
H10 1163kN L5 P10 -1265kN RD170 Yes 
H11 885kN Stationary corbel P11 -1195kN RD170 Yes 
H12 1320kN L6 P12 -1299kN RD170 Yes 
H13 1302kN L6 P13 -1192kN RD170 Yes 
H14 1320kN L6 P14 -1069kN RD170 No 
Sum 12391kN  Sum -14104kN   
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Table 22. The sum of forces and reactions of Design 6 

Sum of point loads 12391 kN 
Gravity load concrete slab  1725 kN 
Sum of reaction forces -14104 kN 
Difference between forces and reactions 0,8 % 

 

 

 

Figure 61. Start condition of Design 6 

 

Figure 62. Design 6 after the optimization 
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Figure 63. Final Design 6 after the manual alteration 
 

 

5.3 VERIFICATION 

5.3.1 Mesh convergence 

The relative difference of reaction forces in the piles when the resolution of the mesh was 

changed from 0,5m to 0,05m in steps of 0,05m is presented in Figure 64. Y-axis represents the 

absolute difference in percentage and the X-axis represent the mesh resolution in meters. 

Table 23 illustrates the number of elements in the mesh that correspond to the mesh 

resolution. In Figure 65 the mesh division is visualized for the mesh resolution of 0.5m, 0.3m 

and 0.1m. 

 

 

Figure 64. Results from mesh convergence  
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Table 23. Mesh resolution and number of elements 
Mesh resolution [m] Number of elements 

0.5 509 
0.3 1387 
0.1 13229 

 

 

Figure 65. Difference in mesh resolution 
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5.3.2 Comparison to Styrpinnen 23 

In Figure 66 and Figure 67 below the difference in the configuration made with conventional 

methods and the same made with the parametric model is shown. In Table 24 the point load 

values and reaction forces are presented to show the similarities in the values. Some numerical 

differences exist mostly due to numerical round off errors but also some interpretation 

differences in the distribution of the line loads and point loads.  

 

 

Figure 66. Corbel point loads from conventional Styrpinnen 23 
 

 

 

Figure 67. Comparison of Styrpinnen 23 in Grasshopper 
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Table 24. Comparison of solutions 
 Conventional 

[kN] 
Parametric 

[kN] 
Corbel 

341 629 H1 
344 771 H2 
410 800 H3 
378 711 H4 
402 746 H5 
309 550 H6 
526 532 H7 
621 299 H8 
558 867 H9 
686 1014 H10 
414 535 H11 
515 930 H12 
551 885 H13 
966 896 H14 
572 1007 H15 
585 1012 H16 
741 1025 H17 
583 455 H18 
630 264 H19 
704  H20 
671 H21 
717 H22 
615 H23 
737 H24 
221 H25 
224 H26 

Sum 14021 13928  
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5.3.3 Comparison of reaction forces with FEM-Design 

To investigate the reliability of the calculations made in the parametric model a comparison 

with FEM-Design was made. As seen in Figure 68 and Figure 69 below one can see small 

differences between the reaction forces calculated from both programs. The relative difference 

between each reaction was compared in Table 25. The results show a span between 0.08% and 

3.74% with an average of 1.02%.  

 

 

Figure 68. Example of reaction forces in Karamba 
 

 

Figure 69. Example of reaction forces in FEM-Design 
 

 
Table 25. Relative difference in reaction forces 

FEM-Design Karamba Relative difference [%] 

292 297 1,71 

883 890 0,79 

1205 1206 0,08 

1168 1174 0,51 

1114 1120 0,54 

924 930 0,65 

1055 1061 0,57 

1037 1043 0,58 

1032 1038 0,58 

1046 1049 0,29 

1058 1060 0,19 

530 537 1,32 

187 194 3,74 

198 203 2,53 

236 239 1,27 

Average relative difference 1,02 
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5.3.4 Comparison of shell internal moments with FEM-Design 

A comparison of the shell internal forces was made with the parametric model and FEM-

Design. Figure 70 is illustrating the design moments in X-direction from Karamba and Figure 

71 shows the same results from FEM-Design. It is easy to see that the design values are 

different. 

 

 

Figure 70. Design moments from Karamba 
 

 

 

Figure 71. Design moments from FEM-Design 
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Chapter 6 

6 DISCUSSION 

It was shown in the thesis that genetic algorithm works well as a tool to optimize the 

performance of structures. The strength of the algorithm was the ability to test and evaluate 

thousands of different solutions. To make the structural problem compatible with parametric 

optimization takes more time and effort compared with conventional methods but might lead 

to new successful solutions in many projects.  

Despite the development of more or less automatic parametric models the importance of 

engineering assessments and manual adjustments is still crucial for structural design.   

 

6.1 OPTIMIZATION 
Computational time and number of generations before convergence seemed to be without any 

pattern in the parametric model. The randomness in the starting position could make the 

optimization process converge at 50 generations or as much as 200.  

To make clear statements about computational time one could set up a separate master thesis.  

One might without further evidence logically speculate that a quicker optimization 

convergence would be the case with a small number of genes. Since the number of possible 

combinations highly affected the computational time of the system, the number of genes 

should be carefully considered.   

 

6.1.1 Number of gene pools 

In the working process of creating the parametric model many different solutions were tried. 

One of the big crossroads was to decide for the number of gene pools. In the current final 

version of the parametric model one gene pool feeds the entire geometry with possible corbel-

creating points. This made the change in number of genes or the random shuffle before new 

simulations quick and easy. With this system the orientation problem of the concrete corbels 

needed to be solved for every corbel to be created according to the global coordinate system.  

The best alternative solution investigated was to divide the genes in multiple gene pools 

connected to single availability curves along the ground walls and later connect all gene pools 

to the Galapagos optimization.  In this way, just a small number of genes would occupy every 

gene pool which would minimize the number of possible combinations. What was lost in this 

process was the flexibility and overview of the model which demanded larger efforts of the 

designer.  

The time for convergence could very likely be less for the multi gene pool system than for of a 

single gene pool system but the time savings might be lost in the set-up phase of the parametric 

script.  

Although, the reality of a plug-and-play program for this type of structural problem is not 

likely, the thought of it was appealing enough to choose one pool of genes.  
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6.1.2 Cost function parameters 

The whole process of designing the cost function was a series of speculations which were 

provided by logical reasoning based on engineering knowledge. Therefore, there were many 

possible sources of errors since the results were affected by the initial design. The tactics in this 

thesis were to provide a functional design of a foundation improvement that minimized the 

number of corbels and piles.  

The aim of the cost function was based on a hierarchy of the variable in the optimization, but 

a more interesting solution should be to base the function on labor cost and material cost. This 

was not done due to difficulties in determination of the real economic costs but might be done 

in future research.  

 

6.1.3 Semi-optimal solutions 

The design process of the cost function included several qualitative decisions which made the 

trust in it questionable. This was simply because one cannot be certain that the optimal 

solution according to the lowest score in the cost function was in fact the real optimal solution.  

The vagueness of the term optimal decrease if the results were interpreted in terms of semi-

optimal solutions instead. The confidence in this statement was even more established when 

more than one optimal solution could be presented with the same minimal sum because they 

were not individually ranked with each other. A semi-optimal solution should nevertheless be 

discarded since the art of engineering seldom strives after the absolute optimal solutions but 

good-enough compromises regarding economy, sustainability and efficiency.  

 

6.1.4 Difference in gene count  

One gene represented a possible position for a concrete corbel. Although, one gene was not a 

guarantee that there would be a concrete corbel since the corbels that were too close to each 

other would merge together to one corbel. The number of genes was the maximum number of 

possible corbels.  

When deciding how many genes the gene pool should consist of, one needs to consider a 

maximum limit of how many corbels that maximum is needed. Then the optimization will 

lower the number of corbels. So, it is important to not start with a too low number because 

then the optimization might not find a valid solution.  

In this thesis the gene count was set to a constant number. An estimation of how many 

corbels that could fit in the walls decided the number. So, when other slabs are designed with 

the use of this script, one need to reconsider the gene count.  
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6.1.5 Extra mutations 

A few times in the optimization process Galapagos seemed to have trouble converging. In these 

cases, the genes locked themselves in favorable positions with low incitement for change. To 

raise the chances of finding lucky coincidences the mutation button, see  Figure 72 was 

activated in order to add some value of randomness to the best solution yet.  

This built in function was tested in the optimization process and seemed to fulfill a good 

purpose but was not evaluated enough in the scope of this work.   

 

 

Figure 72. Adding of extra mutations in the optimization 
 

6.2 CASE STUDY COMPARISON 
There is more than one side of a coin and there was more than one way of solving the 

placements of the concrete corbels in this project. If the initial aim is two achieve a set of as 

evenly distributed loads in the corbels as possible, a lot of corbels will be needed. If the aim 

instead is to minimize the cost of drilling excessive number of corbels there might lead to a less 

even distribution.  

To compare different solutions with the aim of deciding for the best one might therefore be 

difficult. Despite this, one comparison was made to contrast different solutions. One solution 

achieved through conventional methods and one using the parametric optimization script.  

What could be observed was that the parametric model was able to achieve a more optimized 

model that divided the same input load between fewer corbels.  
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6.3 ECONOMIC EVALUATION 
In this thesis an economic optimization was not made but can be of interest for future projects. 

In searching for the most optimal solution the economy of the project is, without a doubt, vital. 

Therefore, some economic figures are presented below as a basis for the development of the 

next generation of fitness functions.  

 

6.3.1 Concrete volume 

Without a complete analysis of the structure no real judgements for the performance of the 

design configurations can be made. What can be done is to investigate the differences 

regarding geometry and ability to cope with loads on the structure.  

In Table 4 above the resulting number of concrete corbels and the calculated volume of every 

concrete slab is presented. The largest difference in volume between different configurations 

was almost 6m3 but the volume varies. Depending on which configurations being compared, 

the difference in total concrete volume was not marginal since the slab chosen for all 

optimization was just about 1/6th of the entire building.   

A regular concrete truck has a volume of about 5,5 m3 to 6.0 m3 (Betongindustri, 2019).  

An optimization towards a thinner concrete slab should in large scale projects be considered 

as a factor for lowering the economic cost, both financial as well as environmental.  

 

6.3.2 Labor cost 

To drill a concrete corbel into the ground wall is a time-consuming operation. For a corbel 

600x750mm a 180mm diameter drill is used to make 24 holes. The drilling process takes 

usually three days and one day extra is required to achieve the final finish. An estimated general 

cost to drill one corbel of this size is 20 000 SEK according to Lars-Erik Larsson at Tyréns AB. 

To drill each pile is time consuming and can vary due to the uncertainty of the ground 

conditions. For good ground conditions without unpleasant surprises up to five piles of 16 

meters could be drilled in one day but this is more rare than common. In extreme cases with 

bad conditions, the process of drilling just one pile can range from days up to weeks.  

With room for these varying conditions an estimated cost for drilling one pile of type RD170 at 

about 15 meters is 58 000 SEK according to Lars-Erik Larsson at Tyréns AB. For the unlucky 

contractor poor ground conditions can even break the equipment or make the drill crown to 

get stuck in the ground. The cost of these is usually about 120-130 000 SEK.  

To minimize the number of piles in the projects might be profitable.  
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6.4 STRUCTURAL ANALYSIS 
The structural analysis of the foundation reinforcement involved discretization of the geometry 

and assumptions for the structural behavior. This section discusses the approaches made and 

their impact on the results. It brings up other aspects that were evaluated and argues why some 

approaches were made instead of others. 

There are design checks that the thesis does not cover, which are relevant for the complete 

design of a foundation improvement. The parametric model that was created did not cover all 

the aspects and additional calculations were needed to be done to complement the model. It 

was discovered that the creation of a dynamic script was quite complicated and the more 

aspects that were added the more time was needed.  

 

6.4.1 Thick shell elements  

In the parametric model the shell elements were modeled as thin plates. This because the 

Karamba software only handles thin elements, due to faster computational time. Since the 

height of the slab was between 1/10 and 1/5 of the span in the field and ½ to 1/1 of the span of 

the corbels, the shells should be modeled with thick elements.  

To overcome this problem the comparison with FEM-Design was made, where the slab was 

modeled with thick shell elements. The results of the comparison showed that the reaction 

forces in the piles differ to a small degree, about 1%. For the reaction forces the choice of thick 

or thin elements did not matter much. This might be because shear deformation, which the 

thick shells consider, did not affect the reaction forces in the piles.  

When other results were calculated like the stress, moment and deformation of the slab, the 

choice of element type had a bigger impact. 

 

6.4.2 Meshing the concrete slab 

The mesh division of the slab was made by triangle three-node shell elements. Karamba does 

not give many options when it comes to the choice of mesh. Although, in this work when 

reaction forces in the piles were calculated, the mesh type seemed to work well. When stress, 

moments and displacements in the slab were evaluated, the software limited the validity of the 

results.  

The mesh convergence study showed that the average relative differences between the reaction 

forces in the piles were small.  The study showed that the mesh size did not change the results 

so much, only a fraction of a percent. Thus, the chosen mesh size was of a reasonable size for 

this work. 

It is important to note that in Figure 64, the X-axis describes the change of resolution and not 

the change in number of elements. If the X-axis would be the number of elements the shape 

would be slightly different.  

 

  



Chapter 6  Parametric Optimization of Foundation Improvements with RC Slabs on Piles 

74 
 

6.4.3 Effective width  

The point load capacity was calculated as a cantilever beam that had a constant width, the same 

width as the concrete corbel. This approach was conservative since the effective cross section 

is wider on top of the pile where the moment capacity was calculated. Through section 5.3.2.1 

in Eurocode 2 an effective width can be calculated, and it results in a higher point load capacity.  

If one wants to achieve a higher point load capacity this effective width can be calculated but, 

in this thesis, when a parametric model was scripted this was not feasible and the benefits 

might not exceed the disadvantages. What is meant by disadvantages are the extra 

computational time and the complications of doing a smooth script. Figure 73 illustrates how 

the effective width can be considered.  

 

 

Figure 73. Concrete corbel by the side of the pile, illustrating the effective width 
 

6.4.4 Piles as spring elements 

The piles were modeled as spring elements and were assumed not to transfer any moments. 

This was a simplification, in reality there are micro-eccentricities that will make the pile 

transfer some moment since the piles are casted together with the slab. The connection was 

seen as a hinge which was an assumption on the conservative side. To count with some transfer 

of moment would be tricky to estimate and the impact might be too small to matter. 

In the FEM-analysis the piles were modeled to have the same length. The probability for that 

being the real case is very small since the surface of the bedrock rarely is constant. The length 

chosen was believed to be the worst case scenario for the structure.   

 

6.4.5 Reaction forces 

The conclusion made was that Karamba as a finite element plug-in gave accurate results in the 

parametric model. All reactions were also slightly larger in Karamba compared to FEM-Design 

which made the calculations on the safe side. This conclusion depends on the accuracy of the 

models. Since the models yielded similar results in the two different software, based on 

different theories, the confidence in the results increased.  
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6.4.6 Torsional moment in corbels 

For the corbels that were not perpendicular to the concrete slab a torsional moment occurred. 

This angle resulted in a bigger moment in the cross section between the corbel and the slab 

which required a higher amount of reinforcement.  

With a large angle, the torsional moment would definitely be an important factor in the 

reinforcement design. In this case the angle for the slab was small and was therefore negligible. 

Figure 74 illustrates the angle that gave rise to the torsional moments. 

 

 

 

Figure 74. The angle of the corbels that were not perpendicular to the slab 
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6.4.7 Effective depth 

The effective depth of the cross section on top of the piles were counted from the center of the 

flexural reinforcement to the bottom of the slab. However, the pile stuck up and some 

structural engineers would argue that the effective depth should be to the top of the pile, not 

to the bottom of the slab.  

Having the effective depth to the bottom of the slab was in the thesis seen as a good 

assumption. The compression stress would still go down to the bottom of the slab around the 

pile, and the pile was not covering the whole cross section. So, to count the effective depth to 

the top of the pile would be a too conservative approach.  

Maybe if the pile would stick up more, some reduction of the effective depth should be done. 

Figure 75 illustrates the two different approaches of the effective depth that were discussed in 

this section. d1 is the approach that were used and argued for in this work. 

 

 

 

Figure 75. Illustrates two different approaches of the effective depth 
 

 

6.4.8 Deep beam  

When design checks were made for the shear reinforcement in the concrete corbels, a slender 

beam approach was made. One other approach was to see the beam as a deep beam. In that 

case, a truss-model for the shear reinforcement should be made. Especially since the distance 

between the support and the point load was short. Section 6.2.3 in Eurocode 2 handles this 

truss-model. With this approach the amount of shear reinforcement could be reduced and a 

more optimal solution for the reinforcement achieved. In this thesis, this was not studied and 

evaluated.  
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Chapter 7 

7 CONCLUSIONS 

7.1 PARAMETRIC ADVANTAGES 
The real value with the parametric model was the flexibility to manage changes in the design 

with real-time overview of the effects of these changes. To be able to tweak and fiddle with the 

corbels to cope with unforeseen events and directly observe results made a major difference.  

The model was not a plug-and-play service to solve the problem directly and by that replace 

the role of the engineer. An overall understanding and interpretation of the structural problem 

will always be needed. Significant time savings will although be the reality in future projects 

with the parametric model with only some reprogramming required.  

What is required by the structural engineer at the start of new similar projects is to decide for 

the proper input values needed. These are inputs such as available area, dimensions of concrete 

corbels and the slabs, ground and structural conditions, load and pile capacities. 

To use the technical development of computer power and software progress will be an 

important part of engineering in various fields in the future including structural engineering.  

It is important that the tools used are based on the engineering sense when the models are 

designed to strive for future improvements. To have a model capable of optimization looks very 

promising in the search of optimal solutions for structural problems.   

The parametric model at its current state proved to be a helpful tool for the design of 

foundation improvements. The number of corbels was decreased with the help of the 

optimization. Many more solutions were tested and evaluated than what could ever be done in 

a project using conventional methods. For foundation improvements of this type, a parametric 

approach will help the engineer to achieve more optimal solutions. 

With further development of integrated finite element calculations, fine tuning of the 

parameters in the cost function, more focus on economic variables and increase in computer 

speed the parametric model would be even more powerful.  

Additional advantages of parametric models are the ability of copying parts of scripts to be 

used in other projects with similarities and develop chosen parts in a large scale cut-and-paste 

operation. Creation of new parametric scripts can be added to general libraries to be saved and 

shared.  
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7.2 FUTURE STUDIES 
Parametric design is a promising approach for solving structural problems. Many possible 

ideas for future work within the field of foundation improvements are listed below.  

• Applying moment calculations inside the Grasshopper script to enable optimization 

towards minimum moments and later adding of concrete reinforcement. 

• Develop the model to work with several rooms of the building. Build the ability to 

connect corbels between rooms. Make the optimization into several steps. First all 

rooms individually. Later manually alterations of corbels close to each other at inner 

walls to connect these together.  

• Development of Karamba or other more powerful plug-ins to work with moment 

calculations in the shell elements. In this way, more calculations regarding 

reinforcement can be added to the scripts. 

• Developing a cost function based on economical values and evaluate the configuration 

of this based on numerous trials.  

• Develop varying thickness of the concrete slab as an interactive feature. 
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Appendix A 

Grasshopper script – the parametric model 

 

Figure below illustrates the whole script: 

 

Part 1. An overview of the whole script. 

 

Following figures illustrates the script in a bigger scale:  

 

Part 2. Starting with a contour curve for the slab that are manually created in rhino and then imported into grasshopper. Then parts of the 
curve are removed and only the available curves for the corbels remain. The picture also shows some of the geometric input parameters. 



 

Part 3. This part of the script takes away the parts of the available curves that are too close to the corners, so no corbel will be too close to the 
corners or openings. 

 

 

 

 

Part 4. Here positions in form of points are selected on the available curves. The available curves are divided into points and the points are 
combined into a parameterized list where the first point on the list are 0 and the last point are 1. The gene pool selects position in the list for 

each corbel. 



 

Part 5. By the component Cull Duplicates the corbels that are too close to each other are removed. Then the corbels are divided into the 
different curves of the walls. 

 

 

Part 6. In this part of the script the contour curve for each corbel are created. Based on where the line load is acting and which orientation the 
corbels should have. The points of the piles are also created in this part. It is a repetitive and the same code is for the other walls as well. 

 

 

Part 7. This picture shows how the locked corbel are created, the corbel that have a locked position. 

 

 



 

 

Part 8. With help from the python component this part of the script calculates the point loads acting on the corbels and creating a Karamba 
load object for the FEM-analysis. This is repetitive script and it is the same in the code below. 

 

 

Part 9. This part removes piles that are too close to each other. 

 

 

Part 10. Creating the point load for the locked corbel. 

 



 

 

Part 11. Creating the gravity load of the concrete and merge together all the points loads as Karamba objects. 

 

 

Part 12. Here the mesh is created, and the mesh resolution is controlled. The geometry that are exported to FEM-Design are shown in bottom 
part of the picture. 



 

Part 13. This part shows the material properties assigned to the reinforced concrete. A Karamba mesh element is created for the FEM-Analysis 
as well. Note that the height is in the unit of centimeter. 

 

 

Part 14. This part of the script creates spring elements for FEM-Analysis 

 

 

 

 



 

 

Part 15. This part assembly the model for the FEM-Analysis in Karamba. 

 

 

Part 16. This part shows components for the results of the FEM-Analysis. It helps to visualize the structural behavior in different ways. 



 

 

Part 17. Visualizes the reaction forces and the point loads on the corbels. 

 

Part 18. The upper part calculates how many of the point loads that are within the assigned span for the fitness function. The lower part 
calculates how many of the reaction forces that are within the assigned span for the fitness function. 



 

Part 19. This part makes sure that there is corbels for every external load that comes down on the structure. If not, there will be a penalty value 
in the fitness function. It also controls the minimization of the number of corbels. 

 

Part 20. This part sums up the fitness function and apply it to Galapagos for the optimization. 

 

 

  



 

 



Appendix B 
 
Python script in grasshopper that calculates the point loads acting on the concrete heels from the 
external loads 
 
 
 
import ghpythonlib.components as gh #Importing grasshopper-python library 
 
#This python script is: 
#Calculating the point loads acting on the concrete heels with reagrd to 
# one line load and two point loads acting on the hefty stone walls. 
 
#Input: 
# "Po" List of points of concrete heels 
# "Li" Line-curve for the line load 
# "vLi" Design value of the line load [kN/m] 
# "Pu1" Line-curve of where the point load 1 is assumed to affect 
# "vPu1" Design value point load 1 [kN]  
# "Pu2" Line-curve of where the point load 2 is assumed to affect 
# "vPu2" Design value point load 2 [kN]  
 
#Output: 
# "F" - Design value of the point loads acting on the heels [kN] 
# "Points" - Position of where the point loads are acting 
# "seg1" - Line-curve segments, only for controls with hand calculations 
 
########################################## 
# Controlling which points that are on the line-load curve 
cull1 = gh.CurveClosestPoint(Po,Li) 
Po1 = [] #List of points on the line-load curve 
for i in range(len(cull1[2])): 
    if cull1[2][i] < 0.01: 
        Po1.append(Po[i]) 
 
Po1 = gh.SortPoints(Po1) 
Points = Po1[0] 
n = gh.ListLength(Points) #number of points 
t1 = gh.CurveClosestPoint(Points,Li) 
seg1 = gh.Shatter(Li,t1[1]) #Line-curve segments  
length1 = gh.Length(seg1) 
 
F =[] #List with the point loads acting on the heels 
if n > 1: 
    for j in range(n): 
        if j == 0: 
            d = length1[0]+(length1[1])/2 
        elif j == (n-1): 
            d = length1[j+1]+(length1[j])/2 
        else: 
            d = (length1[j]+(length1[j+1]))/2 
        F.append(float(d)*vLi) 
else: 
    F = sum(length1)*vLi 
 
############################## 
#Taking regard to point load 1 
t2 = gh.CurveClosestPoint(Points,Pu1)   #Punktlast 1 
 
 
if n > 1: 
    mm = 0                  #Number of heels affected by point load 1 
    for jj in range(n): 
        if t2[2][jj] < 0.01: 



            mm = mm+1 
 
    for k in range(n): 
        if t2[2][k] < 0.01: 
            F[k] = F[k]+(vPu1)/mm 
elif n == 1: 
    F = F+vPu1 
 
 
############################## 
#Taking regard to point load 2 
t3 = gh.CurveClosestPoint(Points,Pu2)    
 
 
if n > 1: 
    nn = 0                  #Number of heels affected by point load 2 
    for ii in range(n): 
        if t3[2][ii] < 0.01: 
            nn = nn+1 
 
    for h in range(n): 
        if t3[2][h] < 0.01: 
            F[h] = F[h]+(vPu2)/nn 
elif n == 1: 
    F = F+vPu2 
################################# 

 

The figure below illustrates the python script in grasshopper: 

 



Appendix C
Point load capacity and reinforcement design checks

Geometrical input:
Width (concrete heels)≔b 600
Height≔h 750
Cover (takes regard to the 8mm stirrups aswell)≔cd 45
Diameter of flexural reinforcement≔ϕ 25
Number of bars, flexural reinforcement in concrete heels≔n 8

Distance between wall surface and pile≔la 500
Distance between wall surface and point load≔lb 500
Distance between point load and end of concrete heel≔lc 100

Area of flexural reinforcement in concrete heel≔As =⋅⋅n ――ϕ2

4
⎛⎝ ⋅3.927 103 ⎞⎠ 2

Effective depth concrete section≔d =--h cd ―
ϕ
2

692.5

Concrete class C30/37:
(c30/37)≔fck 30
(c30/37)≔fctk0.05 2.0

EN 1992-1-1 (3.21)≔η 1.0 ≤fck 50 MPa
EN 1992-1-1 (3.19)≔λ 0.8 ≤fck 50 MPa

Partial coefficient concrete EN 1992-1-1 2.4.2.4≔γc 1.5
Time factor EN 1992-1-1 3.1.6≔αcc 1.0

Compressive concrete strength, design value≔fcd =⋅αcc ――
fck

γc
20

Tensile concrete strength, design value≔fctd =⋅αcc ―――
fctk0.05

γc
1.333

Reinforcement class steel B500B:
Characteristic yield point reinforcement≔fyk 500
Partial coefficient reinforcement≔γs 1.15

Yield point reinforcement, design value≔fyd =――
fyk

γs
434.783

Selfweight reinforced concrete≔γRC 25 ――
3

Partial coefficient permanent load adverse≔γG 1.35

Load selfweight, design value≔qEd =⋅⋅⋅γRC b h γG 15.188 ――



Formulas used to calculate the cross-section capacity:

Area of reinforcement with regard to bending＝As ―――――
MEd

⋅⋅σs d
⎛
⎜
⎝

-1 ―
ω
2
⎞
⎟
⎠

Relative moment＝m ―――
MEd

⋅⋅fcd b d2

Mechanical reinforcement content＝ω -1 ‾‾‾‾‾‾‾-1 ⋅2 m

Formula used for design moment:

Design moment cantilever beam＝MEd +⋅PEd ⎛⎝ +la lb⎞⎠ ⋅qEd ――――
⎛⎝ ++la lb lc⎞⎠

2

2

Finding the point load, design value, PEd:

＝+⋅PEd ⎛⎝ +la lb⎞⎠ ⋅qEd ――――
⎛⎝ ++la lb lc⎞⎠

2

2
⋅⋅⋅As σs d

⎛
⎜
⎜
⎜
⎜
⎜
⎝

-1 ――――――――――――――

-1

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾

-1 ⋅2 ――――――――――
+⋅PEd ⎛⎝ +la lb⎞⎠ ⋅qEd ――――

⎛⎝ ++la lb lc⎞⎠
2

2
⋅⋅fcd b d2

2

⎞
⎟
⎟
⎟
⎟
⎟
⎠

≔σs =fyd 434.783

≔PEd 10

＝+⋅PEd ⎛⎝ +la lb⎞⎠ ⋅qEd ――――
⎛⎝ ++la lb lc⎞⎠

2

2
⋅⋅⋅As σs d

⎛
⎜
⎜
⎜
⎜
⎜
⎝

-1 ――――――――――――――

-1

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾

-1 ⋅2 ――――――――――
+⋅PEd ⎛⎝ +la lb⎞⎠ ⋅qEd ――――

⎛⎝ ++la lb lc⎞⎠
2

2
⋅⋅fcd b d2

2

⎞
⎟
⎟
⎟
⎟
⎟
⎠

≔PEd.x =⎛⎝PEd⎞⎠ ⎛⎝ ⋅1.052 103 ⎞⎠ Point load capacity concrete heel, design value



Controlling the cover of concrete:
Regard to bonding EN 1992-1-1 table 4.2≔cmin.b =ϕ 25
Regard to durability EKS 10 table D-1, (L100 XC4)≔cmin.dur 25

≔cmin =max ⎛⎝ ,,cmin.b cmin.dur 10 ⎞⎠ 25
Compensation for deviation EN 1992-1-1 4.4.1.3≔Δcdev 10

OK!≔cnom =+cmin Δcdev 35 <cnom cd

Distance between bars EN 1992-1-1 (8.2):
≔k1 1
≔k2 5

Maximal size of aggregate≔dg 25
Minimum distance between bars≔sgräns =max ⎛⎝ ,,⋅k1 ϕ ⎛⎝ +dg k2⎞⎠ 20 ⎞⎠ 30

Distance between bars≔s =―――――
--b ⋅2 cd ⋅n ϕ

-n 1
44.286

OK!>s sgräns

Mandrel diameter EN 1992-1-1 (8.3):

Tabell 8.1N: for bars >ϕ 16 mm

≔ϕm.min =⋅7 ϕ 175

SSEN13670 gives a bendingdiameter of ≔ϕm 200



Anchorage length EN 1992-1-1 (8.4):
Placement of bars when casting≔η1 0.7

≔η2 1.0 <ϕ 32 mm
≔fbd =⋅⋅⋅2.25 η1 η2 fctd 2.1

Reinforcement stress about to be anchored≔σsd =fyd 434.783

≔lb.rqd =⋅―
ϕ
4

――
σsd

fbd

⎛⎝ ⋅1.294 103 ⎞⎠

EN 1992-1-1 Table 8.2≔α1 1.0

EN 1992-1-1 Table 8.2≔α2 =-1 ―――――
⋅0.15 ⎛⎝ -cd ϕ⎞⎠
ϕ

0.88

No shear reinforcementet credited in the calculation≔α3 1.0
EN 1992-1-1 Table 8.2≔α4 0.7
No support pressure credited in the calculation≔α5 1.0

≔lb.min =max ⎛⎝ ,,⋅0.3 lb.rqd ⋅10 ϕ 100 ⎞⎠ 388.199

Anchorage length, design value≔lbd =max ⎛⎝ ,⋅⋅⋅⋅⋅α1 α2 α3 α4 α5 lb.rqd lb.min⎞⎠ 797.101



Appendix D 

Reinforcement design from concrete beam software 

The appendix is showing the calculations of design 1. 

 

Figures below illustrate geometry input: 

 



 

Figures below illustrate material input: 

 



 

 

 

Figure below illustrate input of loads: 

 



Figures below illustrates moment- and shear diagram after the structural analysis:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figures below illustrates the reinforcement design from concrete beam: 
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