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ABSTRACT 

A framework for evaluating different wind turbine foundations has been proposed and 

applied in six hypothetical case studies located in three sites in different locations 

throughout Sweden.  

The framework is based on decision making method PROMETHEE II and consists of nine 

criteria covering financial, environmental and technical aspects of wind turbine foundations. 

The foundation has been evaluated from two different stakeholder perspectives – civil 

designers and financial advisors. Application of this framework has shown that an existing 

commonly used wind turbine foundation type is not the most favourable alternative, whilst a 

new market entrant – prefabricated foundation – shows promising results. 

Using PROMETHEE II it became evident that in any given case, a prefabricated foundation 

is ranked as the most or a close second to most suitable type of foundation. Gravity caissons 

ranked as the least favourable option in almost all, except one, case. Comparing these three 

alternatives prefabricated foundation showed greater economic feasibility, lower impact on 

environment and technologically more applicable than other alternatives with very few 

existing drawbacks. 

Keywords: wind turbine, foundation, prefabricated foundation, rock anchorage, gravity 

caissons, PROMETHEE II. 
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NOMENCLATURE 

Δ soil settlement 

εv vertical strain 

Δz deformability of soil 

AEP annual energy production 

CPT cone penetration test 

EPT energy payback time 

GHG greenhouse gases 

OPC Portland cement mix 

SLS serviceability limit state 

ULS ultimate limit state 
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CHAPTER 1. INTRODUCTION  

 

According to EWEA (2016), during 2015 in comparison with 2014 in EU there was an 

increase of installed wind energy capacity of 6.3%. Besides the installed capacity growth, 

wind energy has been making up the greater part of all of the energy related installation 

during last year – 44% of all of the energy plants installed in EU has been wind farms 

(EWEA, 2016).  

Not only do installed capacity numbers grow, but turbine dimensions are following the trend 

too, see Figure 1. As the turbines increase in size there are several limiting factors for 

foundations (Eneland & Mållberg, 2013).  

 

Figure 1: Visualized average wind turbine growth. Source: Wiser, et al., (2011). 

Foundation is a vital part of any structure and its main goal is to transfer all of the forces 

imposed through itself to the soil underneath. Bigger structures mean greater forces imposed 

and therefore fundament must be built accordingly so to withstand them. In the case of wind 

turbines, this means more material, concrete and reinforcement, issues when transporting 

parts and many other limitations that lead to minimised economic feasibility, greater 

environmental implications and other complications. This Thesis is focused on exploring the 
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many aspects of wind turbine foundations influencing feasibility of this particular part. This 

has been done by comparing three foundation alternatives to each other based on certain 

criteria in order to see if the current industry trends are most efficient option or maybe there 

is an alternative that has been over looked. 

This Msc Thesis is composed of 6 chapters and 7 Appendices. Chapter 1 introduces the 

research topic, purpose and objectives. Chapter 2 is a literature review discussing important 

aspects of wind turbine foundation. Chapter 3 proposes a methodology used to create the 

project framework, while Chapter 4 describes the results of the applied methods. Chapter 5 

is a discussion and Chapter 6 provides conclusions and suggestions for further work.    

1.1. Rationale 

So far there hasn’t been done much research in comparing different types of foundations, 

therefore it would be necessary for further development of larger wind farms with bigger 

turbines to have frameworks upon which it would be possible to evaluate applicability of 

different types of foundations for given sites. 

1.2. Objectives   

The purpose of this Msc Thesis is to create and test a framework for suitability evaluation of 

three different types of turbine foundations. The study aims to narrow down main criteria 

that influence decision making of foundation typed and based on these criteria, to compare 

the existing three types of wind turbine foundations – reinforced gravity caissons, rock 

anchors and prefabricated foundations.  

This Msc Thesis main research questions are:  

• What are the strengths and weaknesses of wind turbine foundations available in the 

current market from technical and financial stakeholder perspective? 

• Which of the existing wind turbine foundation types is the optimal solution for 

specific conditions? 
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1.3. Limitations 

This Msc Thesis is limited only to framework development for onshore wind turbine 

foundation evaluation. Therefore, all applicable calculations are solely based on the wind 

turbine foundation and does not represent the total wind turbines financial, environmental or 

technical performance.  

Several simplifications had been implemented when evaluating specific evaluation criteria, 

a further description of these simplifications may be found in Chapter 4. 
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CHAPTER 2. LITERATURE REVIEW 

This chapter provides a description of the development of wind turbines, important 

parameters for wind turbine foundation design, the most common types of foundations used, 

environmental implications and relevant information concerning foundations that could be 

applied for framework creation for deciding upon most suitable wind turbine. 

2.1.Wind turbine development 

The very concept of utilising wind for work dates back to early Greeks, who used the power 

for grinding grains (Manwell, et al., 2009). Through time wind mills of different shapes and 

mechanisms have been used for water pumping, but starting industrialism and electricity 

becoming practical, small wind turbines were used to generate energy with as little nominal 

output as 4 kW (Nelson, 2009). Typically, these machines were with low hub heights and 

lattice towers, yet these were first wind turbines that had rather small blades that did not 

cover as large swept area as older windmills did. 

 

Figure 2: Jacobs wind turbine with 4 kV direct current generator in USA. Source: Nelson, 2009. 
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Wind energy development up until 1970`s was quite slow – turbine size and output did 

increase, but nowhere near the rates now seen. Still, the first signs of wind power re-

emergence showed up in 1960`s, when people became more aware of environmental threats 

caused by rapid industrialism and also dangers imposed of nuclear power, which by that 

time was considered as future energy source (Manwell, et al., 2009). Only after Big Oil 

crises in mid-1970`s leaders of many countries did recognise the need for independent, 

renewable energy sources, which has led energy developers to point where we are currently 

- wind turbines are as high as 140 m hub height and with nominal 8 MW output (Vestas, 

2012). 

So far, no registered history of the development of wind turbine foundations has been 

completed, as the diversity of foundations was not as large as it is currently, due to the small 

size of historical turbines. Keeping such superstructures as the Vestas V164-8MW stable 

and fatigue resistant is not as simple as it was with earlier turbines. 

According to International Renewable Energy Agency (2012), onshore foundation costs are 

4 – 16 % of cost of capital of a wind power project, on average, while offshore foundations 

including installation can consists 15 – 25 % of total costs, which vary due many reasons 

such as geological conditions, bathymetry for offshore foundations, size of the farm and 

many other site specific conditions, which mostly are related to ground conditions.  The 

foundation itself often isn’t the most expensive component of the turbine comparing to the 

associated civil works – site preparation, transportation, construction and man-hours 

associated with the time required for proper installation (IRENE, 2012).  

2.2.Parameters influencing foundation design 

Ground conditions, forces imposed from outside to wind turbine and forces created by the 

structure itself are the primary aspects to consider when designing a turbine’s foundation. 

2.2.1 Ground conditions 

One of the driving foundation dimension factors is the site’s geological conditions. Different 

soils have different characteristics that grant stability to each wind turbine. Building wind 
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turbine upon basalt (type of bedrock) or clay would require two different approaches to 

foundation design for the main parameters that influence design – settlement and bearing 

capacity – would be completely different. 

Settlement, ρ, is defined as soil reaction to vertical loading, where consolidation or 

compression depending on soil type takes place until dissipation of excess soil pressure is 

complete (Burland, 2012). For some types of soil, this process is immediate and final when 

loads are applied, such as, medium grained water unsaturated sand, but for some types can 

take even several years or decades (types of clay).  In order to evaluate settlement, the 

vertical strains εv placed upon geological layers in various depths beneath foundation need 

to be assessed (Burland, 2012).  

∆= ∑ 𝜀𝑣 ∆𝑧 
(1) 

To calculate εv for each depth requires the stiffness or deformability, depending on soil type, 

values and stress changes due to foundations and the structure, as noted by equation 1. It 

cannot be used in anisotropic geological conditions or, for example, if there is a hard 

overlaying layer above very soft layer. There are several methods to test for this – the 

conventional 1D method (Kellet, 1978), 1D method implemented with elasticity theory 

(Skempton & Bjerrum, 1957) and stress path method (Lambe, 1964). Even though for some 

simplistic isotropic geological conditions these methods would give rather precise numbers, 

they hardly deal with vast complexity of soil and many its parameters. Therefore the 

industry has recently been using the finite element method (FEM). This method is a 

programme that solves mathematical problems based on wide input data (oedometer and 

triaxial test data, vertical stiffness, in-situ tests, etc.) to visualise settlement data and is far 

more complex than the aforementioned methods (Burland, 2012). 

The bearing capacity of soil is a standard parameter that needs to be calculated for any 

structure built, because this characterises stability limits for soil and defines maximum loads 

it can take (Burland, 2012). Knowing a soil’s bearing capacity, it is possible to find optimal 

foundation dimensions to provide successful load transfer through foundation to soil. A 
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classical theoretical approach assumes an indefinitely long strip on a weightless soil to 

calculate the bearing capacity of the soil (Prandtl, 1920), while in reality each structure has 

limiting dimensions and the soil beneath has its own weight, which has to be taken into 

consideration.  

 

Figure 3: Schematical combined vertical (V), horizontal (H) and moment (M) loading upon wind 

turbine foundation. Source: Butterfield & Gottardi, 1994. 

Wind turbine foundation is constantly subjected to horizontal loads due to wind shear, and 

vertical loads as the whole weight of structure and momentum load because of the spinning 

rotor. Butterfield & Gottardi (1994) calculated failure envelopes of shallow foundations 

placed upon sandy soils. These envelopes would describe load limitations of soil.  

Besides settlement and bearing capacity, there are several other important parameters, but in 

terms of wind development in remote areas, soil sensitivity to thaw cycles is important 

factor to consider (Nordisk Vindkraft, 2012). Most soft soils, like clay and till, contain a 

considerable amount of water. During winter this moisture freeze and expand volume-wise, 

while during spring the ground warms up and ice within the soil melts losing its volume and 

the soil thaws. Such seasonality is not in favour for structural integrity for the whole wind 

turbine. To tackle this issue several technologies have been developed: 

1. If frost/thaw cycle affected layer isn’t thick, foundations are built in layers 

unaffected by the frost/thaw cycle.  

2. If frost/thaw cycle affected soil layer is too thick, use soil stabilization with special 

gel and foam injections (Gnaedinger, 1955). 
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In order to acquire this information a careful geological and geotechnical field and 

laboratory programme must be followed (Davis, 2012).  

2.2.2 Forces imposed to and from wind turbine 

All of the forces impose upon and generated from a wind turbine are transferred from 

foundation to the ground. The size of these forces are already calculated by the 

manufacturer and taken into account in foundation design.  

For any structure there are several states that need to be accounted for – ultimate limit state 

(ULS), serviceability limit state (SLS) and fatigue. ULS “is a condition of a structure 

beyond which it no longer fulfils the relevant design criteria” according to Eurocode (2001). 

SLS are conditions under which the structure is still considered useful, yet if such conditions 

would be exceeded, even if the structure still would seem unharmed, it would not be 

considered fit anymore (Eurocode, 2001). Fatigue is an important structural defect to any 

structure under cyclic loading. Even if ULS and SLS aren’t exceeded, due to cyclic load 

structural integrity of building block can be lost.  

The load imposed upon the wind turbine foundation can be described as sectional force and 

designers’ main goal in such case is to evenly distribute forces through sections. Due to the 

fact that there is mostly always one leading wind direction side, it is a challenge to have 

forces evenly distributed through sections. 

 

Figure 4: (a) 2D overturning moment and (b) force couple tensile and compressive forces. Source: 

Eneland & Mållberg, 2013. 

As seen in Figure 4, the over turning moment, created by wind shear, causes some of the 

sections on the leeward side undergo high compressive forces, while sections closer to 

incoming wind – tensile forces.  

a)                 b) 
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Aside from self-weight force distribution, soil reaction must also be carefully assessed. 

Since it is practically impossible to precisely predict dynamics between wind turbine footing 

and soil, it is in practise to make approximations. The manner in which soil acts beneath a 

wind turbines self-weight is taken into consideration, as well as the processes that occur 

when even small amounts of wind are introduced into the system because the soil pressure 

distribution changes accordingly (Eneland & Mållberg, 2013). One of the assumptions made 

with ULS is that the soil pressure is evenly distributed on leeward side, while, for fatigue 

calculations, it is assumed that soil pressure acts triangular with increasing pressure further 

from the centre (Eneland & Mållberg, 2013).  

After all of the above-mentioned parameters are calculated, global stability analysis is 

assessed to analyse if the total structure is stable. This means that it is assessed if total soil 

pressure can resist all of the forces generated by wind turbine and provide acceptable 

bearing capacity. If foundation dimensions are large enough, global stability is achieved 

(Eneland & Mållberg, 2013).  

2.3.Foundation types 

Gravity caisson, rock anchor and prefabricated foundation are three main types of 

foundation between which a wind developer can choose. Even though their purpose is the 

same, their differences are considerable. 

Due to the increasing dimensions of wind turbines, existing infrastructure imposes rather 

severe limitations. Based on industry experience, each type of foundation mentioned in this 

Thesis has logistical barriers, to some extent. Gravity caisson slabs require large onsite 

concrete producing plants and specific site planning to have space for concrete mixing. 

Also, concrete is sensitive to weather conditions and requires specific temperatures, 

therefore gravity caissons can be installed in certain „weather windows” (Berndt, 2015). 

Rock anchorage type of foundation requires large diameter ring (depending on size of the 

turbine) for connection between bolts and the tower, therefore road limitations specific to 

country can act as logistical barrier. For prefabricated foundations, a limiting dimension is 
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the weight which for one piece can weigh up to 20 tons, but it is possible to adapt to road 

requirements by proper design adjustments – dividing foundation in more pieces, therefore 

minimising weight of each part (Eneland & Mållberg, 2013). 

2.3.1 Reinforced gravity slab 

Most commonly used foundation is steel reinforced concrete gravity slabs that resists the 

overturning moment solely on its weight. Usually these structures are shallow and used for 

soft, poorly consolidated soils. In order to provide stable reinforcement surface, a blinding, 

weaker layer of concrete is laid in the bottom of the gravity slab, therefore these structures 

require a massive amount of concrete (Berndt, 2015). 

Most common dimensions of gravity slabs are between 15 - 20 m width, 2 – 3 m depth and 

have octagonal, circular or rectangular shape as seen in Figure 5 (Berndt, 2015). The top of 

each slab has a slight inclination for both saving up concrete and to drain excess water. 

Normally, the foundation is covered with excavated soil to increase self-weight. Often 

limitations and outlines of the foundation design in form of foundation stiffness are set by 

the manufacturer of the wind turbine, in order to avoid self-oscillation and unexpected 

settlements (Göransson & Nordenmark, 2011).  

Gravity caissons do not consist only of concrete, but also of steel reinforcement. Commonly 

reinforcement is only 5% of the total volume of the structure, yet its main purpose is 

providing structural integrity. Bending reinforcement is laid horizontally on top and below 

the foundation and vertically laid shear reinforcement (Eneland & Mållberg, 2013). The 

way how reinforcement is placed depends strictly on the very geometry of the foundation, 

designers’ choice and the connection type between foundation and the tower (Eneland & 

Mållberg, 2013). 

According to practise, this is the most time consuming wind turbine foundation to build, 

since it requires 28 days for cement to cure for a single foundation and before that several 

days are spent excavating the foundation hole, laying reinforcement and mixing the 

concrete. During the construction phase in cold climate, building a wind farm that exceeds 
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10 wind turbines can reach up to two years, if the decision has been put to install turbines 

when the ground conditions are favourable, otherwise heating works are extremely 

expensive considering that each surface that the fresh concrete comes in contact has to be at 

least +5oC (including armature) (Falkdal, 2016-06-16, see Appendix J). Having winters as 

cold as -31oC such heating works are not always most viable decision.  

 

Figure 5: Typical octagonal gravity foundation in (a) plan and (b) cross-section. Source: Berndt, 

2015. 

2.3.2 Rock anchors 

Rock anchors, also called anchorage, have been long used in geotechnics and engineering 

projects, in general, at various depths, depending on geological conditions and the size of 

the structure (Ismael, 1982). This type of foundation transmits tensile forces into rock and is 

used to stabilise slopes and numerous man-made structures. For wind turbine foundation 

needs, the most commonly used rock anchorage is post tensioned permanent bars. It must be 

noted that depending on details of specific sites rock anchors other than bars can be used 

(Brown, 2015).  
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This system is environmentally friendly, because it does not require excavation of soil or 

aggressive installation techniques, such as, hammering or explosive requirements. Rock 

anchor system is designed so to transfer applied forces directly to surrounding soil without 

bonding agent and its transferring capacity is only limited by the surrounded rock (Collins, 

1995). On average the diameter of bars varies between 3.5 to 7 cm, while their length is site 

dependent (Collins, 1995). The installation is rather simple, the rock anchor is inserted in a 

pre-drilled hole and the anchored bar is placed conically into the rock, utilizing its 

maximum load bearing strength (Collins, 1995). After post-tensioning, the system is 

immediately ready to be used.  

In case of wind turbines, a concrete cap and iron ring is placed upon installed anchors to 

decrease any level of motion and eliminate fatigue risk. In case hollow bars have been used, 

they are filled with grout (Aschenbroich, 2012). Solid bar anchors are used primarily on 

rock or soil where larger diameter drill holes are required and the anchored piles are pre-

drilled (Aschenbroich, 2012), while strand bars (Figure 6) have the advantage in cases 

where large capacity and long bars are needed minimising number of bars needed. 

 

Figure 6: Schematic drawing of strand bars. Source: DYWIDAG Systems International, 2016. 
 

Hollow bars are convenient when part of the rock anchorage is crossing soft soil and pre-

installed pipe sleeves are used within the foundation. The grouting during installation will 

greatly improve the shear strength around the pile. According to Aschenbroich (2012) this 

foundation type can minimise fatigue up to point where it can be negligible, save up to 70 % 

of cost and provide 40 % of concrete and 70 % of steel reinforcement reduction.  
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2.3.3 Prefabricated foundations 

Due to some of the limitations and disadvantages of gravity caissons and rock anchors – 

poor concrete quality or unfavourable ground conditions - that later in service life reflect 

upon whole wind turbine, prefabricated foundations have risen as an alternative (Currie, et 

al., 2015). The concept of prefabricated foundation is rather simple – custom design and 

factory-made foundations are transported in parts and finally assembled on site in 

considerably shorter time than gravity caissons.  Despite the concept’s simplicity, it is a 

complex process to build a suitable foundation, involving extensive planning and designing 

to fulfil site, local road and technical needs. 

Due to prefabricated foundations’ specially made dimensions, it is perfect for poor 

geological conditions and high ground water table. Logistically, it is easier to transport 

already made pieces to sites, if the concrete plant is too far away or if large mixing 

machines are not allowed on the roads (Nilsson, 2012). In comparison with traditional 

foundation types, prefabricated foundations can also be dismantled much easier. 

Casting prefabricated pieces together onsite can be done in any weather, while onsite 

construction is sensitive to temperature changes (Berndt, 2015). Additionally, the controlled 

environment in which prefabricated parts are manufactured gives higher concrete quality.  

There are two types of structural connections between prefabricated parts – wet and dry 

(Eneland & Mållberg, 2013). Wet connection type is often used because of its simplicity – 

prefabricated parts are connected with fresh concrete. Main disadvantage is that is needs 

time to cure, and although they do not require nearly as much as the concrete in gravity 

caisson foundations, it is still a draw back in comparison to dry connection – joined by pre-

stressed cables, welds or bolts (Eneland & Mållberg, 2013). 

Transportation is very important part for prefabricated foundations. One element can be as 

heavy as 20 tons (Eneland & Mållberg, 2013) and therefore requirements on road quality 

and means of transportation are high. Assuming Sweden’s road conditions, it must be taken 

into consideration what type of road is used for transport – BK1, BK2 or BK3, knowing that 
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BK1 has the highest bearing capacity and is the most common. The total weight on these 

roads must not exceed 60 tons, 2.6 m of width and 24 m of length (Transport Styrelsen, 

2012).  

 

Figure 7: Prefabricated foundation design with 20 pieces and bottom slab. Source: Eneland & 

Mållberg, 2013. 

2.4.Material and environmental implications 

Fatigue is serious problem in any type of manmade structure that is subjected to cyclic 

loading, wind turbine being one of them. Fatigue is failure under a cyclic loading before the 

static strength of material under loading conditions is reached and most commonly in real 

constructions is recorded as increased cracking, which can lead to the eventual failure of the 

structure. Resistance against fatigue can be increased with proper structural design and 

material composition. 

Concrete is not a homogenous material due to pores, micro and macro cracks occurring 

during hardening, because of material shrinkage and temperature differences (Göransson & 

Nordenmark, 2011).  Therefore, concrete under large strains decreases in strength. Since 

steel has the exact opposite property – it hardens under strain, which gives steel fatigue 

stress limit under which it will not fail (Thun, 2006). Since it is vital for reinforcement bars 
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not to exceed certain size limitations, which can lead to total decrease of fatigue strength 

(Göransson & Nordenmark, 2011), reinforcement is, on average, only 5 – 7% of the entire 

volume. 

Since larger wind turbines require larger foundations, more material has to be used. 

Reinforced concrete gravity slab for such trends requires more concrete and therefore raises 

the concerns associated with CO2 emissions from wind farms. According to Martínez, et al. 

(2009) reinforced concrete foundation for average 2 MW wind turbine contribute 24% of 

greenhouse gas (GHG) emissions of material components. These numbers are still rough 

estimations, yet they do raise the issue of the actual sustainability of wind turbines driving 

the development of more environment friendly concrete mixtures. 

Most often used concrete recipe consists of Portland cement, fine and coarse aggregates 

(sand and gravel, respectively), water and other admixtures for better performance. As for 

Portland cement, in some research it has been noted to make up to 5 – 7 % of anthropogenic 

CO2 emissions worldwide (Worrel, et al., 2001) (Flower & Sanjayan, 2007). Averagely 

cement is 12 – 16 % of all of the foundation materials (Berndt, 2015).  

Figure 8 shows Berndt’s (2015) calculated CO2 emissions for concrete of 35 MPa strength, 

which is most often used for wind turbine foundations and emissions from it depending on 

the concrete mix. OPC stands for Portland cement dominating mix and it is evident that it 

has the highest emissions per volume unit. 
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Figure 8: Emissions from different concrete mixes for 35 MPa concrete. Sources: Berndt, 2015. 

Besides, concrete wind turbine foundations have steel reinforcement to keep the structural 

integrity. These iron bars that are integrated into the foundation design also have a 

contribution in CO2 emissions. According to Berndt (2015), it is possible to assume that, on 

average, the emission factor can be assumed to be 1.12 tonne CO2-e per tonne of steel 

reinforcement. 

High quality iron so far is „traditional” type of reinforcement, while graphene reinforced 

composites  could be the future (Lia, et al., 2016), (Young, et al., 2012) (Yang, et al., 2013) 

and (Ovid'ko, 2013). Graphene is the very basic building block of any carbon material. It is 

„a single atomic layer of sp2 hybridized carbon atoms arranged in a honeycomb structure” 

(Young, et al., 2012). The excitement about graphene is due to its nano-sized dimensions 

and yet immense strength – some of the graphene membranes can be characterised with 1 

TPa of Young’s modulus, which is superb strength property so far only typical to graphene 
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(Ovid'ko, 2013). Due to graphemes’ anticorrosive properties, introducing it to iron 

reinforcement can also improve corrosion control, which appears on iron bars when 

concrete cracks expose reinforcement to moisture and oxygen during the service life (Lia, et 

al., 2016). Because of the wide applicability of the graphene, since its first discovery till 

today its price has dropped drastically and it is expected that graphene is only going to 

become cheaper (Spasenovics, 2013). 

 

Figure 9: Estimated graphene price change. Source: Spasenovics, 2013. 

Despite the rapid decline in price, graphene still requires an extremely high technological 

cost and it is hard to mass produce it without defects, since this is also borderline to 

nanotechnologies (Ovid'ko, 2013).  

Berndt (2015) research suggests that „structural concrete mixes for onshore foundations 

have emissions dependent on strength class and associated cement content”. Decreasing 

Portland cement in concrete mix and substituting it with more fly ash has shown not only 

decreasing CO2 emissions, but also durability. 
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In some cases for energy intense structures, such as, PV panels, life cycle assessment energy 

payback time has been used to optimise components of structure (Nishimura, et al., 2010). It 

is rather common to evaluate energy return for PV projects.  

Energy payback time (EPT) represents time in days in which energy generating unit has to 

serve to break even energy-wise in comparison to energy that was spent constructing it. 

𝐸𝑃𝑇 =
𝐸𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

𝐴𝑛𝑛𝑢𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑
 (2) 

Embodied energy defines all the energy that was used starting from extraction of primary 

resources to installation phase (Nishimura, et al., 2010). Embodied energy can be calculated 

using Horgan (2013) presented embodied energy in each material that is relevant for 

foundation, see Table 1. 

Table 1: Embodied energy in materials used for foundations. Source: Horgan, 2013. 

Material 

Embodied energy 

MWh/ tonne 

Cement 1.17 

Steel 13.9 

Balast 0.28 

Backfill 0.03 

Rock 0.03 

Geotextile 41.7 

Horgan (2013) noted that EPT increases as the generation increases due to fact that larger 

wind turbines require larger foundations, yet he concludes that large scale onshore wind 

turbines in comparison with small scale onshore or offshore wind turbines (monopile and 

gravity) are most EPT and cost-effective. This is due to technological advancement, for 

bigger turbines generate more energy and despite larger embodied energy within foundation 

these turbines have greater annual energy yield. This leads to shorted energy payback time. 
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2.5.Service life 

Structural integrity throughout the whole service life is an important parameter to assess 

when maintaining operating power plants. In regards of foundations, first sign of poor 

structural integrity are cracks. With careful planning and design it is possible to minimise 

the occurrence, yet it is impossible to completely avoid them, therefore to some extent 

cracks can be harmless (Falkdal, 2016-06-16, see Appendix J). The unstressed 

reinforcement in concrete is designed to withstand tensile forces. Only when the concrete 

starts cracking, may the reinforcement fulfil its function. Therefore, to some extent, cracks 

are even necessary (Interview with C. Falkdal, see Appendix J).  

However, wind turbine foundations are exposed to cyclic loading, seasonal climate changes 

and other environmental impacts that deteriorate integrity. Lately excessive vertical 

movement and cracking has been reported from wind farms using gravity caisson 

foundation with an insert ring as a connection point. Structural integrity monitoring using 

wireless displacement measuring sensors have been applied in several cases to analyse the 

cracking patterns, which is the main integrity indicator in foundations (Currie, et al., 2015).  

In most of the cases, cracks are manifestations of poor material properties, faulty design or 

man-made mistakes during construction phase, see Figure 10 (Hassanzadeh, 2012). Some 

cracks can occur due to extreme weather conditions, such water freezing and then melting 

inside the foundation creating and extending cracks (Nordisk Vindkraft, 2012).  



 

29 

 

 

Figure 10: Types of cracks found in concrete structures. Source: The Concrete Society, 2010. 

Historically, when wind turbine dimensions were smaller, insert ring was a common way of 

connecting the tower to foundation, yet with increased sizes more and more wind farms note 

the issues with this type of connection (Hassanzadeh, 2012). Apparently, the strains on the 

steel tube (also known as the insert ring) lead to different displacements creating a gap 

between insert ring and concrete of the foundation. The horizontal forces then lead to 

concrete spalling, see Figure 11, and lateral movement of the insert ring itself (Hassanzadeh, 

2012).  
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Figure 11: Spalling sample in concrete. Source: Hassanzadeh, 2012. 

One of the most frequently observed type of cracks are the ones in the bottom of the 

foundation, found when core drilling through foundation, which occurs because of vertical 

sliding of the insert ring (Hassanzadeh, 2012), see Figure 12. 

 

Figure 12: Crack observed in the core, representing bottom of the foundation. Source: Hassanzadeh, 

2012. 
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It is assumed that vertical sliding occurs because tensile forces cause the steel wall of the 

ring to extend, which leads to compression of the concrete between the steel flanges. This 

creates shrinkage of the concrete between the flanges (Hassanzadeh, 2012). This can cause 

cracks in size up to 2 mm, yet due to some other factors, such as voids or mistakes made 

during construction or flaws in design can increase the size of these cracks (Hassanzadeh, 

2012).  

 

Figure 13: Schematic insert ring wall cross-section and development of bottom cracks. Source: 

Hassanzadeh, 2012. 

Due to cracks water can penetrate deeper into foundation causing growth of smaller cracks 

and creating new ones. All this leads to concrete leaching whereby mineral unsaturated 

water washes out ions from concrete changing its properties, therefore endangering 

structural integrity of the turbine. The ion saturated water can accumulate increasing 

heterogeneity of the foundation and in case of contact with reinforcement it leads to 
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corrosion (The Concrete Society, 2010). Also this can have other environmental 

implications in scenario where this water would infiltrate soil. 

So far, only remedial action is a careful cover up of the cracks using concrete injections, yet 

this applies only for the accessible cracks not the ones that are located, for example, in the 

bottom of the foundation. Still this treatment only deals with symptoms not the cause, it is 

only a temporary solution (Hassanzadeh, 2012). In case of intensive cracking, it is 

impossible to stop corrosion of steel reinforcement. 

 

 

  



 

33 

 

CHAPTER 3. METHODOLOGY AND FRAMEWORK 

DEVELOPMENT 

As seen in the previous chapter, there are many aspects that can describe a wind turbine 

foundation. Given this, it is evident that all the aspects can’t be measured and compared in 

the same units when evaluating the foundation. In order to conduct a decent evaluation, it is 

necessary to benchmark both quantitative and qualitative properties of wind turbine 

foundations. Therefore, this Thesis focuses on narrowing down the primary foundation 

evaluation aspects and combining them in a programme such as Visual PROMETHEE that 

can accurately and comprehensively compare them.  

The methodology of Thesis is based on literature survey, which entails defining relevant 

criteria and stakeholders, as well as choosing appropriate alternatives for comparison. After 

that, hypothetical case studies were created to provide insight of how alternative ranking 

and criteria performance shall change in different settings. All this information has been 

summarised within PROMETHEE matrix for the last step, the simulations, before acquiring 

results, as seen in Figure 15.  

 

  

Figure 14: Schematical description of methodology 

LITERATURE SURVEY 

 

CREATION OF CASE STUDIES 

CREATION OF PROMETHEE MATRIX 

SIMULATIONS 

 

RESULTS 

DEFINING OBJECTIVES AND METHODOLOGY 
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3.1. Decision making methods – PROMETHEE group 

In 1982, J.P. Brans first presented PROMETHEE I and PROMETHEE II as a new decision 

making tool (Brans & Mareschal, 2005). Ever since then from more simplistic partial or full 

ranking tools such as PROMETHEE I and PROMETHEE II, respectively, to far more 

advanced methods that try to replicate human brain behaviour, such as PROMETHEE VI. 

So far, depending on the complexity of parameters, all of the PROMETHEE tools can be 

used in different fields (Behzadian, et al., 2010) and it can be applied both in theory and 

practise for evaluation of different alternatives and optimisation of wind power projects 

(Polatidis & Morales, 2014). 

Almost every problem has more than one action alternative and criteria upon which the 

alternatives would be evaluated to be chosen as the most suitable problem-solving 

alternative. These criteria can be sorted. Some of these criteria would be preferred to be 

maximised, while others minimised, depending on their nature and application to the 

evaluated problem alternatives. There are two types of criteria in terms of their evaluation 

nature – qualitative and quantitative. Quantitative are the criteria that can be measured with 

specified units, whilst qualitative are criteria that can be only expressed in unmeasurable 

units and mostly focussing on description.  

Weighting in PROMETHEE is used to express each decision maker subjective opinion of 

importance of each criterion (Brans & Mareschal, 2005). Typically, this is done by 

distributing 100 points between all of the criteria. 

Analysing and distributing weights for multi-criteria problems in the academic world often 

can be considered as a rather subjective task, therefore several methods to rationally weight 

criteria has been developed (Lean Yu, 2011). According to Lean Yu (2011), in case of 

emergency it is possible to apply group decision making methodology to “effectively solve 

multi-person multi-criteria decision-making problems” and combining with expert group 

opinion for optimal ranking. In the case of this Thesis, two experts have been chosen – a 

civil designer representing a more technical interest, and a financial advisor representing a 
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more economical interest. Based on expert judgement method, criteria for this Thesis was 

weighted by industry representatives. 

To compare criteria two thresholds are introduced – indifference, preference, and 

incomparability (Brans & Mareschal, 2005). It is clear now that, for example, if Alternative 

1 would perform at least as good or better in all of the criteria than Alternative 2, it would 

be without a doubt the optimal solution. This is rarely the case, because most often 

Alternative 1 would perform better than Alternative 2 in some criteria and vice versa would 

happen in other criteria and this would be the incomparability (Brans & Mareschal, 2005). 

Therefore, additional information in form of weighting, preference and indifference 

thresholds, and others are necessary to implement the decision making matrix (Brans & 

Mareschal, 2005), see Table 2. 

 

Table 2: Outline of a decision making matrix. 

 Criterion 1 Criterion 2 Criterion 3 Criterion 4 

Direction min max min max 

Unit     

Alternative 1     

Alternative 2     

Alternative 3     

 

An indifference threshold indicates the maximum difference between the performance of 

two alternatives on a particular criterion that is not capable of stating preference of one over 

the other, while preference threshold is the minimum difference between the performance of 

two alternatives on a particular criterion that is capable of stating full preference of one over 

the other (Brans & Mareschal, 2005).  

The preference thresholds have different approaches depending on the scale of alternatives 

and value variation of criteria. In this Thesis the preference threshold was calculated using 

the following formula (Haralambopoulos & Polatidis, 2003): 
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𝑃𝑇 =
𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛

𝑛
 

  (3) 

where PT – preference threshold, Amax – maximum criterion value between all of the 

alternatives, Amin – minimal criterion value between alternatives and n – number of 

alternatives.  

The PROMETHEE methods are methods of outranking class, which include only „realistic 

enrichments of the dominance relation” (Brans & Mareschal, 2005). The preference 

function is based on a pair-wise comparison between the performance of two alternatives in 

one criterion. For small deviations, smaller preference thresholds should be set or in case of 

very close performances, preference threshold should be neglected (Brans & Mareschal, 

2005). For each criterion there are several types of preference functions, based on 

preference and indifference thresholds and „nature” of the criterion (Brans & Mareschal, 

2005). 

For each alternative, there is an outranking flow, which can be either negative or positive. 

Positive outranking flow characterises the strength of the alternative in comparison with 

other alternatives, but the negative one - weaknesses (Brans & Mareschal, 2005). Complete 

PROMETHEE II ranking is based on the difference between these flows. This means that 

the alternative with the highest positive flow and lowest negative flow value will be the 

most preferable. 

Using GAIA plane it is possible to visualise the performance of all of the alternatives, see 

Figure 15. The GAIA plane is based on the principal component analysis and therefore to 

some level certain information is lost after projection, yet it helps to understand the problem 

through its main components (Brans & Mareschal, 2005).  
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Figure 15: Schematic visualisation of GAIA plane. A1, A2, ...  - alternatives. C1, C2, ... - principal 

criteria axis. Source: Brans & Mareschal, 2005. 

GAIA plane holds the following properties (Brans & Mareschal, 2005): 

• The longer the criteria axis, the higher significance; 

• Criteria with similar preferences are oriented in similar directions; 

• Conflicting preferences of criteria are oriented in opposite directions; 

• Orthogonal axis represents criteria that are not related to each other; 

• Similar alternatives are represented with points located close to each other; 

• Alternatives good on certain criteria are located closer and on the same direction as 

its criteria axis. 

Haralambopoulos and Polatidis (2003) have developed a framework of renewable project 

evaluation using PROMETHEE II and showed that due to the complex nature of renewable 

energy resources there are some issues to solve, yet multi-criteria decision making tools 

would assist as diverse tools and therefore are applied in this Thesis as a main method of 

foundation evaluation. 

3.2. Creation of the framework 

Taking into consideration that choosing the appropriate type of foundation is based on 

multiple criteria performance, decision making tool Visual PROMETHEE is used to 

compile parameters. Complete Visual PROMETHEE matrix for the purposes of wind 

turbine evaluation with main components can be seen in while the financial advisor takes 
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interest only in criteria that are profit and cost related  while the financial advisor takes 

interest only in criteria that are profit or cost related. 

Table 3 and Table 4.  

The decision-making matrix consists of nine criteria and three alternatives: wind turbine 

foundation types – gravity caisson, rock anchors, and prefabricated foundation. The two 

stakeholders were chosen based on industry advice and they are – civil engineer and finance 

advisor. Weights for this Thesis were acquired from actual industry specialist using expert 

judgment method and can be seen in Table 3 for civil designer and in Table 4 for financial 

advisor. 

The following criteria, grouped in three major groups, are: 

Economic criteria 

1. Foundation costs, EUR – describes the cost only of the structure, excluding any civil 

works. Financial data acquired from industry. Confidential. 

2. Installation costs, EUR - describes merely the costs required for installation of 

foundation type. Financial data acquired from industry. Confidential. 

Environmental criteria  

3. Amount of concrete used, m3 – describes only the concrete used per necessary wind 

turbine foundation type, excluding reinforcement. Data acquired from industry. 

4. CO2 footprint – calculation of CO2 emissions from concrete and reinforcement used in 

foundation. It is assumed most conservative case, whereby for foundation OPC concrete 

mix is used and emissions are taken from Figure 8. As for iron - 1.12 CO2 tons per ton 

of iron is assumed for calculations. Footprint calculations can be seen in Appendix B.  

5. Energy Payback Time, days – calculated according to Nishimura (2010) using Table 1 

and Equation 3. 

Technological criteria 

6. Suitability for geological conditions, 5 – point scale - evaluates the applicability of a 

certain type of foundation in given geological conditions. This should be evaluated using 

information gained from geological surveys and calculations made after soil tests, yet in 
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the case of this Thesis a desktop study to evaluate ground conditions has been done and 

theoretical applicability of given types of foundations. This criterion consists of two sub-

items: soil type stiffness impact on foundation type and importance of geological 

homogeneity for foundation type. 

7. Installation time, months – includes time from ground preparation to connection of 

tower.  

8. Sensitivity to logistical barriers, 5 – point scale – describes sensitivity to certain 

logistical limitations, such as road limits or influence of weather condition towards 

successful completion of construction. This criteria evaluation is based on two sub-

criteria: sensitivity to logistical barriers and sensitivity to weather conditions. 

9. Service life, 5 – point scale – gives qualitative evaluation of structural integrity of each 

type of foundation from experience of industry and assess the expenses associated with 

maintenance of foundation types. Evaluation done by experienced wind developer.  

Weighting, which is a crucial aspect that will influence the final results, has been done for 

two stakeholders that represent main viewpoints – technical and financial. Weighting has 

been done by distributing 100 points between criteria by representatives of industry that are 

related to these fields of expertise.    

As civil designer is included in more wind farm project stages than financial advisor, he or 

she takes into consideration more aspects of foundation, while the financial advisor takes 

interest only in criteria that are profit or cost related. 

Table 3: Outline of PROMETHEE II framework with main components with civil designers’ weights 

  Economic criteria Environmental criteria Technical criteria 

 

 
Installation 

costs 

Foundation 

costs 

Amount 
of 

concrete 

used 

CO2 

footprint 

Energy 

Payback 
Time 

Suitability 
to given 

geological 

conditions 

Installation 

time 
consumed 

Susceptibility 

to logistical 
barriers 

Quality of 

service 
life 

 
Unit €/MWh €/MWh m3 t/yr days 

5-point 

scale 
days 

5-point 

scale 

5-point 

scale 

 Weight 14,89 21,27 17,02 10,64 0 10,64 4,26 8,51 12,77 

F
o

u
n

d
at

io

n
 t

y
p

e 

Reinforced 

gravity slab 
     

 
   

Rock 

anchorage 
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Prefabricated 

foundations 
     

 
   

 

Table 4: Outline of PROMETHEE II framework with main components with financial advisors’ weights 

  Economic criteria Environmental criteria Technical criteria 

 

 
Installation 

costs 

Foundation 

costs 

Amount 

of 

concrete 
used 

CO2 

footprint 

Energy 
Payback 

Time 

Suitability 

to given 

geological 
conditions 

Installation 
time 

consumed 

Susceptibility 
to logistical 

barriers 

Quality of 

service life 

 
Unit €/MWh €/MWh m3 t/yr days 

5-point 

scale 
days 

5-point 

scale 

5-point 

scale 

 Weight 25,00 14,28 0 17,86 35,71 0 0 0 7,14 

F
o

u
n

d
at

io
n
 t

y
p

e Reinforced 

gravity slab 
     

 
   

Rock 

anchorage 
     

 
   

Prefabricated 

foundations 
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CHAPTER 4.  APPLICATION OF THE METHODOLOGY AND 

RESULTS  

This section consists of two main parts – description of the framework and the results 

acquired after running in Visual PROMETHEE alternatives of foundations.  

4.1.Case studies 

In order to test the framework, six different hypothetical scenarios were evaluated. There 

have been chosen three different locations in Sweden with high wind speeds (yearly average 

higher than 7m/s based on Vindlov.se data) that differ mainly in three aspects – geological, 

infrastructural, and geographical. This provides a certain level of redundancy, because all of 

the variables change the values of each criterion and therefore various outcomes are 

expected. Also, in each site framework has been applied in case of wind farm with 10 and 

50 turbines. 

For the sake of simplicity, several limitations have been disregarded, such as, 

environmental, already existing wind farms, and limitations for distance to households. This 

has been done because the main objective of the Thesis is to compare foundations and their 

performance, not to build wind farms according to restrictions and to keep only the variables 

(local infrastructure, geology, etc.) that may influence the performance of criteria. 

The following sites are: 

1. North of Sweden, near the village of Kvikkmokk, south of Sarek national park; 

2. South of Gotland; 

3. South of Sweden in Skåne, in surroundings of Lund and Malmö. 
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In the following the different sites will be described: 

• Site 1 (North of Sweden) 

The site is located on two table-top hills Gábllá and Daregájsse. Geologically the site is 

composed of two main soil types – Caledonian bedrock and Quaternary soil. The 

Quaternary sediments are rather sporadic and comparatively thin. The site is mainly covered 

with till and sediments accumulated due to ice melting from glaciers, such as sand. In local 

depressions, there are swamps and associated peat (SGU, 2014).  

As for bedrock, which comprises the analysed site's most important geological formations, it 

is quite complex. The analysed site is covered by low, but well distinguished hills that are 

known as nappas – mountains that are formed as slices of previous geological age 

formations pressed together, usually with quite flat tops. Daregájsse is a part of so called 

Seve Nappas, formed in the Caledonian Orogeny, which resulted in the last continent – 

continent collision that would form  the Scandinavian and Baltic region as we know it 

roughly 490 – 350 million years ago (Rosén, 2014). According to SGU geological maps, 

Daregájsse consists of highly metamorphosed crystallic rocks. Gábllá is a complex of three 

types of nappes - Jämtlandian, Offerdal and Särv, therefore it also consists of highly 

metamorphosed rocks (SGU, 2014). From a foundation point of view, these are quite 

favourable conditions to different types of foundations, because of high strength properties 

that are associated with rock. More general technical information about foundation 

dimensions can be seen in Table 5. 

Table 5: Dimensions of foundations used in site located in north Sweden. 

 
Gravity 

caisson 

Rock 

anchorage 

Prefabricated 

foundation 

Amount of concrete, m3 500 150 380 

Amount of steel, t 200 65 150 

No. of anchors - 14 - 

No. of assembly parts - - 20 
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In terms of infrastructure, according to the authors rough logistical estimations using Google 

Maps, this site has good access roads with little infrastructural barriers – occasionally using 

major road 97 from Lulea (assuming this as a starting point) to Jokkmokk, it is inevitable to 

avoid smaller round-abouts. Whilst using local road E45 from Jokkmokk to Kvikkmokk 

some objects like smaller bridges and villages might serve as extra obstacles. Inner 

infrastructure after Kvikkmokk is undeveloped and would require additional investments. 

• Site 2 (South of Gotland); 

Gotland is an island in the Baltic Sea, which main foundation base in sedimentary limestone 

formed in Silurian age 420 – 440 million years ago, when this part of the land was a shallow 

sea near the equator (Eriksson, 2004) (SGU, 2016). These were very favourable conditions 

for many species, therefore Gotland limestone is also rich in fossils. Yet Gotland’s geology 

isn’t solely made out of limestone. There are several places, where extremely soft sediments 

can be found, which are not favourable to foundations, see interview with A. Wickman, 

Appendix J. According to the interview with A. Wickmann, strength properties of limestone 

on Gotland are not high enough to have rock anchorage installed within them, therefore so 

far the only wind turbine foundation type on Gotland used is gravity caisson. 

Gotland has good inner infrastructure, concrete can be made locally, whilst other materials, 

such as armature and gravel, have to be shipped from the mainland, see interview with 

A.Wickman, Appendix J. More general technical information regarding foundation 

dimensions on Gotland can be seen in Table 6. 

Table 6: Dimensions of foundations used on site located on Gotland 

 
Gravity 

caisson 

Rock 

anchorage 

Prefabricated 

foundation 

Amount of concrete, m3 450 NA 380 

Amount of steel, t 185 NA 150 

No. of anchors - NA - 

No. of assembly parts - NA 20 

.  
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• Site 3 (South of Sweden) 

The third site is located in Skåne region and comparatively to other two sites, is the most 

complex from a geological point of view. 

The top of the geological cross section is dominated by complex Quaternary soil alternation 

– till, sand, clay – in depth from 5 to 50 m (Påsse, 2014).  Underlying layers for Skåne 

region differ in central, north-east and south-west parts. According to SGU provided 

geological maps (SGU, 2016), the north-east can be described with metamorphosed granite 

rocks formed in the Sveconorwegian orogeny 1140 – 960 million years ago. The central part 

of Skåne is dominated by during Caledonite orogeny compressed limestone formed in the 

Cretaceous, Silurian and Ordovician time periods with intrusions of granites from older 

Sveconorvegian Orogeny (SGU, 2016). South eastern parts of Skåne are uniformly 

dominated by Jurassic limestone, which commonly is used in concrete production (IUGS, 

2008). Taking this into consideration, it can be assumed that rock anchorage is unsuitable 

due to generally low strength properties soil and depth of appropriate rock to base the 

anchors on. More general technical information about foundation types in this site can be 

seen in  

Table 7. 

 

Table 7: Dimensions of foundations used on site located in south Sweden. 

 

Gravity 

caisson 

Rock 

anchorage 

Prefabricated 

foundation 

Amount of concrete, m3 800 NA 380 

Amount of steel, t 315 NA 150 

No. of anchors - NA - 

No. of assembly parts - NA 20 

.  

According to the author’s rough logistical evaluation using Google Maps, infrastructure in 

this region is well developed with many major and minor roads, therefore access should not 

be an issue. 
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4.2. Criteria performance 

Criteria performance was evaluated in the following groups: environmental, technical, 

finance and foundation type performance for each stakeholder and was done with 10 and 50 

wind turbines farms. 

4.2.1 Environmental criteria 

Environmental criteria were made up from three components: volume of concrete 

consumed, CO2 emissions, and Energy Payback in days.  

Typically, the CO2 footprint, which was calculated annually, is largest in all cases for 

reinforced gravity slab foundation cases, because it has the highest volume of concrete. 

Lowest emissions have been seen with rock anchorage due to generally smaller amounts of 

material used for foundations. For more detailed calculations see Appendix B and full 

concise results can be seen in Table 8. 

In Energy Payback Time, it can be seen that in sites that have high annual wind speeds, see 

Appendix A, difference between 10 and 50 turbines is rather negligible. Typically, lower 

wind speeds, as it is in the Northern site, and higher material amount as in case with gravity 

caissons, lead to the highest Energy Payback Time and lower material amounts in the same 

site lead to shorter EPT, see Table 8. It can seem strange that there is quite a small Energy 

Payback Time difference between 10 and 50 turbine sites for Gotland and Southern Sweden. 

This has to do with the fact that these sites are high in wind speed, hence larger turbines 

generate more energy, therefore considerably accelerating what can only be called the 

„energy break-even” point. As the north Sweden site in comparison to other sites has lower 

wind speeds, the break-even point takes more time to outweigh the originally input energy. 

Detailed calculations can be seen in Appendix C and concise results are displayed in Table 

8. 
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Table 8: Alternative performance in environmental criteria 

Foundation 

type Site 

Concrete 

consumed, 

m3 

CO2 

footprint, 

t/yr 

Energy 

Payback 

Time, 

days 

Rock 

anchorage 

Northern Sweden (10 turbines) 1 500 1 275 100 

Northern Sweden (50 turbines) 7 500 6 375 125 

Reinforced 

gravity slab 

Northern Swede (10 turbines) 5 000 4 040 314 

Gotland (10 turbines) 4 500 3 692 158 

Southern Sweden (10 turbines) 8 000 6 400 305 

Northern Sweden (50 turbines) 25 000 20 200 393 

Gotland (50 turbines) 22 500 18 460 162 

Southern Sweden (50 turbines) 40 000 32 000 310 

Prefabricated 

foundation 

Northern Sweden (10 turbines) 3 800 3 038 236 

Gotland (10 turbines) 3 800 3 038 129 

Southern Sweden (10 turbines) 3 800 3 038 145 

Northern Sweden (50 turbines) 19 000 15 190 393 

Gotland (50 turbines) 19 000 15 190 132 

Southern Sweden (50 turbines) 19 000 15 190 147 

 

4.2.2 Technical criteria 

Technical criterion was composed of four sub-criteria: installation time in days, suitability 

for given geological conditions, sensitivity to infrastructural barriers, and service life.  

Geological conditions have been evaluated using two sub-item modules created by the 

Thesis author. Since with given resources it was impossible to acquire precise strength and 

settlement data from all three sites, based on the desktop study using SGU maps and already 

know information for certain types of soils, two sub-items were evaluated in 1 – 5 point 

scale: soil stiffness on technical requirements for foundation type (1 – soft soil, requiring 

large amounts of concrete and soil reinforcement, 5 – hard soil, minimal soil reinforcement 

necessary), see Appendix D, and geological cross-section heterogeneity (specific to site) 

impact on foundation type (1 - high impact, 5 – low impact). High heterogeneity means a lot 

of soil layers with different of varying characteristics vertically and horizontally in the area. 

For small wind farms it is easier to find low heterogeneity sites horizontally, but as the area 

increases the geological inconsistencies may rise, especially in as complex sites as in 

southern Sweden.  Since the northern site is the only one with bedrock near the surface, it 
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can be assumed it has strength-wise the most suitable conditions for all types of foundations. 

Also, this site is rather homogenous from a soil type perspective, as it has mostly bedrock to 

support the structures. In case of Gotland and Southern sites, there can be a lot of variables 

in geological conditions, but assuming most simplified scenarios and comparing foundation 

types in them, the following values are achieved, see Table 8 . Southern Sweden has a 

comparatively rather complex geological cross-section, hence with smaller wind farms it is 

possible to find more homogenous areas, while increasing the size of the turbine total 

uniformity decrease, therefore 50 turbine wind farms have lower scores than their 10 turbine 

counterpart. On Gotland, the fossil rich limestone is definitely the dominant soil type, but its 

low strength properties and potential inner cracks lower the score for gravity caisson, which 

can be negatively influenced by unsuspected cracks. Since prefabricated requires little work 

onsite and only bedding needs to be prepared, this alternative has high scores in all sites, see 

Table 8. Detailed evaluation can be found in Appendix D. 

Regarding the installation time, based on the interview with Caroline Falkdal (see 

Appendix J) 10 rock anchors takes to conservative time calculation 2 months to be installed, 

the 50 turbines would be highly dependent on site specifics. Based on the same interview, it 

was established that for an installation of 10 wind turbines with reinforced gravity caissons 

6 months would be necessary for hard soils, whilst up to 8 months for soils that need more 

preparing before foundations can be laid in. In the case of the Northern site, which is known 

to have cold winters with a lot of snow, three months out of the year, which coincides with 

rather high precipitation and low temperatures are exempted from “operational” weather – 

November, December and January (YR, Norwegian Meteorological Institute and the 

Norwegian Broadcasting Corporation). As for the Southern site and Gotland site, one month 

for conservative assumption has been exempted from full working year to account for 

extreme weather, see Table 9.  

Sensitivity to infrastructural barriers has reverse evaluation, meaning the highest score 

means the lowest sensitivity level. This was evaluated using a module consisting form two 

sub-items: sensitivity to infrastructural limitations and sensitivity to weather conditions, see 
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Appendix E. This was evaluated on basis from industry experience after discussions with 

Nordisk Vindkraft wind developer. Due to simplified transportation and limited on site 

works, which decreases internal wind site infrastructure development, and prefabricated 

nature, prefabricated foundations score the highest points in all of the sites, Table 9. 

Reinforced gravity caisson, which due to concrete producing specifics is highly temperature 

sensitive and requires well thought material management plan has the lowest scores, see 

Table 9. Detailed evaluation can be seen in Appendix E. 

Service life is also a qualitative criterion. Here foundation alternatives have been evaluated 

from a 1 to 5 scale (1 – high maintenance, a lot of cracks, 5 – low maintenance, few cracks). 

This was the most difficult to evaluate, due to the highly subjective criteria, which in terms 

of this Thesis was very limited, because the general scoring was done based on literature 

surveys and consultations with wind developers. As reinforced gravity slab is the most 

popular choice, because industry has the most experience using this option, it has been 

rather vastly noted that they tend to have cracks of various impact level and rusting of the 

reinforcement in severe cases, hence in this evaluation the reinforced gravity caissons tend 

to have the lowest scores. As the rock anchorages also requires a certain amount of onsite 

prepared fresh concrete that has to cure for a certain time, there are chances that unexpected 

environmental changes could later on affect the service life of the foundation. While 

prefabricated foundations are very little observed in action and based on theory made in a 

highly controlled environment, it is expected that this alternative should have the least 

problems in their operation phase, therefore it is scored highest based on their potential, see 

Table 9. A similar pattern was observed for both 10 and 50 turbine foundations. 

Due to the high geological incompatibility of rock anchorage and sites in Gotland and Skåne 

region, rock anchorage was eliminated from comparisons in those two cases. In case of 

Gotland, limestone strength properties are too low for safe anchoring, while in the Skåne 

region rock of necessary strength properties are in depth, which is not feasible. For the site 

in which rock anchorage had agreeable geological conditions – site in northern Sweden – it 

also was by far the most favourable alternative in terms of compatibility and environmental 



 

49 

 

impact, see Table 8. Contrary to rock anchors, prefabricated foundation and gravity slabs 

are laid on upper soil layers, hence these options were applicable for all three sites. As seen 

in Table 8, the reinforced gravity slab has the worst performance on Gotland, which is due 

to the fact that in comparison to prefabricated foundation, reinforced gravity slab is more 

susceptible to natural cracks in limestone. 

Table 9: Alternative performance in technical criteria. 

Foundation 

type 

 Site  

Installation 

time, months 

Sensitivity to 

infrastructural 

barriers 

Suitability 

for given 

geological 

conditions 

Service 

life 

Rock 

anchorage 

Northern Sweden (10 turbines) 2 4 5 3 

Northern Sweden (50 turbines) 16 4 5 3 

Reinforced 

gravity caisson 

Northern Swede (10 turbines) 6 3 5 1 

Gotland (10 turbines) 6 2 3 1 

Southern Sweden (10 turbines) 6 3 4 1 

Northern Swede (50 turbines) 37,5 2 5 1 

Gotland (50 turbines) 32 2 3 1 

Southern Sweden (50 turbines) 32 3 3 1 

Prefabricated 

foundation 

Northern Sweden (10 turbines) 1 5 5 5 

Gotland (10 turbines) 1 5 5 5 

Southern Sweden (10 turbines) 1 5 5 5 

Northern Swede (50 turbines) 1 2 5 5 

Gotland (50 turbines) 5 5 5 5 

Southern Sweden (50 turbines) 5 5 4 5 

4.2.3  Financial criteria 

Financial criterion is composed of two sub-criteria: foundation cost and installation cost. 

Due to a confidentiality agreement between the author and “Nordisk Vindkraft” the costs 

are not published, however for a better comparison and understanding of the results, prices 

have been converted into a qualitative scale (1 – cheapest alternative, 3 – most expensive 

alternative), see Table 10. Because of the limited information on more precise costs, sites in 

Gotland and southern Sweden have an identical ranking, having 10 wind turbines with 

prefabricated foundations as the cheapest alternative and most cost intensive, the 50 wind 

turbines with reinforced gravity caissons, see Table 10. 

.  
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Table 10: Financial criteria performance 

Foundation 

type Site  

Foundation 

costs 

Installation 

costs 

Rock 

anchorage 

Northern Sweden (10 turbines) 1 2 

Northern Sweden (50 turbines) 1 2 

Reinforced 

gravity caisson 

Northern Sweden (10 turbines) 2 3 

Gotland (10 turbines) 2 3 

Southern Sweden (10 turbines) 2 3 

Northern Swede (50 turbines) 2 3 

Gotland (50 turbines) 2 3 

Southern Sweden (50 turbines) 2 3 

Prefabricated 

foundation 

Northern Sweden (10 turbines) 3 1 

Gotland (10 turbines) 3 1 

Southern Sweden (10 turbines) 3 1 

Northern Swede (50 turbines) 3 1 

Gotland (50 turbines) 3 1 

Southern Sweden (50 turbines) 3 1 

4.3.    Total ranking of foundation types 

Combining all criteria clusters and applying weighting for each stakeholder, a total ranking 

for each site has been achieved, see Figure 16 to Figure 27. 

From a civil designers’ perspective, regardless of the numbers of wind turbines, the decision 

seems to be in favour for prefabricated foundation for sites in south Sweden and Gotland, 

see Figure 16, Figure 18, Figure 19 un Figure 21. As for north Sweden, rock anchorage 

seems to be considerably more favourable than other alternatives, see Figure 17 and Figure 

20. 
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Table 11: Ranking of alternatives for 10 turbine wind farms based on civil designers weighting 

Foundation type 
Site Ranking 

Rock anchorage Northern Sweden 1 

Prefabricated foundation Northern Sweden 2 

Southern Sweden 1 

Gotland 1 

Reinforced gravity slab Northern Sweden 3 

Southern Sweden 2 

Gotland 2 

 

Table 12: Ranking of alternatives for 50 turbine wind farms based in civil designers weighting 

Foundation type Site Ranking 

Rock anchorage Northern Sweden 1 

Prefabricated foundation Northern Sweden 2 

Southern Sweden 1 

Gotland 1 

Reinforced gravity slab Northern Sweden 3 

Southern Sweden 2 

Gotland 2 

 

From a financial advisors’ weighting situation, ranking isn’t as straight forward as in the 

civil designers’ case. In the 10 wind turbine park, see Figure 22, Figure 23 and Figure 24, 

generally ranking suggests that prefabricated foundation is an advisable alternative in all 

cases, except for the northern site, where net flow values for rock anchorage and 

prefabricated foundation are rather close, indicating that both alternatives are favourable 

solutions, see Table 13. 
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Table 13: Ranking of alternatives for 10 wind turbine farms based on financial advisors weights. 

Foundation type Site Ranking 

Rock anchorage Northern Sweden 2 

Prefabricated foundation Northern Sweden 1 

Southern Sweden 1 

Gotland 1 

Reinforced gravity slab Northern Sweden 3 

Southern Sweden 2 

Gotland 2 

With a 50 turbine wind farm, see Klaida! Nerastas nuorodos šaltinis., the ranking has 

changed significantly for Gotland, having reinforced gravity slab as most favourable 

alternative, with only a slight total net flow difference, indicating that for larger wind farms 

on Gotland both alternatives for finance perspectives are equally feasible, see Figure 25. As 

for northern site, rock anchorage for 50 wind turbines is considerably more feasible 

alternative than the others, see Figure 26, while the ranking hasn’t generally changed for 

southern Sweden site in comparison to ranking of 10 wind turbine site, see Figure 27. 

 

Table 14: Ranking of alternatives for 50 turbine wind farm based in financial advisors weights 

Foundation type Site Ranking 

Rock anchorage Northern Sweden 1 

Prefabricated foundation Northern Sweden 2 

Southern Sweden 1 

Gotland 2 

Reinforced gravity slab Northern Sweden 3 

Southern Sweden 2 

Gotland 1 
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Figure 16: Ranking from civil designers perspective of 

wind turbine foundation types for 10 wind turbines for 

Gotland. 

 

Figure 17: Ranking from civil designers perspective of 

wind turbine foundation types for 10 wind turbines for 

northern Sweden. 

 

Figure 18: Ranking from civil designers perspective of 

wind turbine foundation types for 10 wind turbines for 

southern Sweden. 
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Figure 19: Ranking from civil designers perspective of 

wind turbine foundation types for 50 wind turbines for 

Gotland. 

Figure 20: Ranking from civil designers perspective of 

wind turbine foundation types for 50 wind turbines for 

northern Sweden. 

 

Figure 21: Ranking from civil designers perspective of 

wind turbine foundation types for 50 wind turbines for 

southern Sweden. 
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Figure 22: Ranking from civil  financial advisors  of 

wind turbine foundation types for 10 wind turbines for 

Gotland. 

Figure 23: Ranking from financial advisors perspective 

of wind turbine foundation types for 10 wind turbines 

for northern Sweden. 

 

Figure 24: Ranking from financial advisors perspective 

of wind turbine foundation types for 10 wind turbines 

for southern Sweden. 

 



 

56 

 

 

 

  

 

 

Figure 25: Ranking from civil  financial advisors  of 

wind turbine foundation types for 50 wind turbines for 

Gotland. 

Figure 26: Ranking from financial advisors perspective 

of wind turbine foundation types for 50 wind turbines 

for northern Sweden. 

 

Figure 27: Ranking from financial advisors perspective 

of wind turbine foundation types for 50 wind turbines 

for southern Sweden. 
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4.4.GAIA analysis 

Analysing GAIA helps to understand which criteria for each stakeholder ought to be the most 

relevant, and which of the alternatives perform better in respective criteria. GAIA analysis is 

done using Visual PROMETHEE module. It projects the principal components, in this case, 

criteria, on GAIA plane and portrays decision as red line that points to the most favourable 

alternative, which are also projected on the plane. Principal components are placed closer to the 

alternative in which they have more favourable scores. 

It has become obvious that principal components for civil designer and financial advisor are very 

different. Based on weighting, civil designer takes into consideration more criteria than financial 

advisor, which means civil designers GAIA planes have more principal components making this 

stakeholders decision making more complex. 

In cases of Gotland and Southern Sweden, the decision for 10 wind turbines is clear and aligning 

from both stakeholders that all of the criteria that have been transferred on GAIA plan as 

principal component leans to prefabricated foundation see Figure 28 and Figure 30. As for 50 

wind turbines on Gotland, civil designer preference quite clearly indicates that based on time for 

installation and suitability for geological conditions criteria performance, the civil designer 

would choose prefabricated foundations, whilst the financial advisor should be advised both 

solutions with slight preference to reinforced gravity slab based on better Energy Payback Time 

performance, see Figure 28. 

In the Northern Sweden wind site, it can be seen that foundation costs and CO2 footprint is the 

strongest side of rock anchorage in comparison to other alternatives for both 10 and 50 wind 

turbine parks from a civil designers perspective, see Figure 29. As for the prefabricated 

foundation, sensitivity to logistical barriers, and service life are the greatest strength of this 

particular alternative, see Figure 29. In comparison with the Southern and Gotland sites, the 

Northern site has more principal components, which can be explained with added alternative of 

rock anchorage.  
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Figure 28: GAIA plane for Gotlands’ case studies: A) 10 wind turbines from civil designers perspective; B) 50 

turbines from civil designers perspective; C) 10 wind turbines from financial advisors perspective; D) 50 wind 

turbines from financial advisors perspective. PF – prefabricated foundation; RF – reinforced gravity slab. 
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Figure 29: GAIA plane results for northern Sweden case studies: A) 10 wind turbines from civil designers 

perspective; B) 50 wind turbines from civil designers perspective; C) 10 wind turbines from financial advisors 

perspective; D) 50 turbines from financial advisors perspective. PF – prefabricated foundation; RF – reinforced 

gravity slab; RA – rock anchorage. 
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Figure 30: GAIA plane results for southern Sweden case studies: A) 10 wind turbines from civil designers 

perspective; B) 50 wind turbines from civil designers perspective; C) 10 wind turbines from financial advisors 

perspective; D) 50 wind turbines from financial advisors perspective. PF – prefabricated foundation; RF – reinforced 

gravity slab.
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CHAPTER 5. DISCUSSION AND ANALYSIS 

In the scope of this Msc Thesis, two stakeholders with different viewpoints towards 

foundations and their interest were used to compare currently available wind turbine 

foundation types. The main drawback, in terms of this framework, for financial information 

is the lack of precise numbers and the fact that it was assumed that foundations would cost 

the same in all the sites; precise calculations of foundation cost requires careful calculations, 

which are beyond the scope of the Thesis, hence only limited financial information could be 

applied. Still, in terms of framework development, the information was applicable, as it 

helped to understand general price differences between foundation types and their 

installation costs.  

Several limitations regarding criteria define the roughness of results acquired: 

• Financial criteria were limited to confidentiality and therefore cost simplifications 

were done. Geological conditions were limited to desktop study and assumption of 

average values of soil types and their parameters.  

• Energy Payback Time was calculated based on rough values of AEP generation 

using WindPro even in sites where terrain complexity would require more advanced 

CFD simulations.  

• Logistical barrier assessment, even though industry uses advanced CAD logistics 

modules, in terms of the Thesis was done only as a simplified Google Maps survey 

of the potential obstacles.  

• Service life information was acquired based upon observations of the industry and 

compilation of literature without a deeper elaboration.  

It was evident that the primary criterion that a developer has to evaluate is geological 

conditions. Rock anchorage as already the name states needs to be anchored in soil with 

high strength properties, such as bedrock. In conditions where the depth of rock with high 

strength properties is too large, choosing in favour for rock anchorage would jeopardise 
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stability of the structure or would be extremely expensive to install. This Thesis evaluated 

geological suitability in two steps: 1) desktop study to determine general conditions and 

understanding if the given situation is suitable for each alternative; 2) suitable foundations 

were evaluated based on modules. The module was simplified due to limited access to soil 

parameters, but in future work this module could be upgraded to a more complex evaluation 

scheme, which would let PROMETHEE analyse data more in depth and hence give more 

precise rankings.  

Regarding CO2 emissions, it is worth noting that even though at first the footprint seems to 

be a conflicting parameter of the environmentally friendly nature of wind turbines, this is 

only a total emission that can be considered as a “one-time” value, since for the whole 

operation of the wind farm they will actually save emissions. As for Energy Payback Time, 

the criteria performance is in line with general assumptions based in literature – the bigger 

the turbine and higher average wind speed, the shorter will be energy return lead times.  A 

great example is the Southern Sweden case with prefabricated foundation, where the 

difference between EPT of 10 and 50 wind turbine foundations is only two days, which 

means that on average single wind turbine foundation in 10 turbine farm needs 14,5 days to 

payback its invested energy, but in 50 turbine wind farm – 2,9 days.  

Generally, the environmental impact evaluation parameters are based on the material 

consumption. Thus, as the foundation type that has larger dimensions, in this case being the 

reinforced gravity slab, shall have the largest impact and would rank low for environmental 

criteria. Due to technical implications for the reinforced gravity slab the concrete has to be 

of the highest quality, hence also the highest CO2 footprint. Yet, in the future, using more 

advanced materials, such as graphene for reinforcement, it could be possible to lower the 

environmental impact of all of the foundation types. 

One of the criteria that should have a large impact on the decision making is service life. In 

the scope of this Thesis, the issue has been simplified, yet the development of more 

advanced service life is a necessity. Service life at this state is hard to objectively evaluate, 

due to differences in the age of the foundation types. Reinforced gravity slab has been a 
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classical solution for many decades. There is a reasonable amount of literature describing 

issues and solutions. Since rock anchorage has been also used in large variety of purposes, 

many best practises and common issues can be found. The main reason why prefabricated 

foundation has been highly scored in this framework is based on theoretical researches 

stating all the advantages and strengths of this alternative, while there are very few wind 

parks that have been actually built with this foundation and currently there is no data or 

literature on common issues in operation phase using prefabricated foundations. 

Evaluation of logistics is also an important aspect for deciding upon wind turbine type. With 

the most often used foundation type, infrastructure can be quite complicated, because decent 

mixing pits need to be prepared and material delivery schedules ought to be outlined, as 

well as careful time management in case of sites that have extreme weather condition, such 

as the northern part of Sweden. Because of these reasons in comparison with much faster 

assembly foundations, reinforced gravity slab has the worst ranking. With increasing size of 

the farm, the complexity of logistics also increases, making bigger wind sites with 

reinforced gravity caissons the least favourable action.  

GAIA is a great visualisation opportunity in Visual PROMETHEE. In terms of objective 

evaluation, it gives an understanding of each alternatives strengths.  

Generally from a civil designer perspective, regardless of the number of wind turbines in the 

farm, the ranking of the alternatives does not change, only the positive and negative 

PROMETHEE flows vary slightly, minimising the difference between alternatives. As for 

the financial advisor, decision making in terms of this Thesis scope have not been as straight 

forward, as in Gotlands’ case indicating that the financial advisor would be indifferent of 

which foundation type would be used for wind farm.  

When comparing the 10 and 50 turbines using one matrix, PROMEHTEE does not take into 

consideration the higher income and positive impact on environment, but ranks only highest 

to lowest in given criteria. Since Thesis is limited to foundation, adding such information to 

PROMETHEE would not add up, because in order to financially profit or save CO2 
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emissions, foundation is not the only unit that makes up the final product – wind turbine. 

This does lead to an important conclusion – PROMETHEE should be used only to compare 

wind farms with similar sizes. 

This framework has given an understanding of what criteria is relevant when evaluating 

different types of foundations, which has never been covered in literature. So far, literature 

has always described certain aspects of wind turbine foundations, yet never given a 

comprehensive overlook. The framework, that this Thesis has been focussing on, has a 

potential to be developed into a tool for decision making in sites, where choice between 

foundation types is not that straight-forward.  

An innovative aspect of this Thesis is that despite the fact that there is a limited application 

in practise of prefabricated foundations, this type of foundation has been evaluated in 

comparison to more commonly used foundation alternatives and it has had remarkable 

results. So far, the industry has always preferred choosing better practiced and known 

alternatives, avoiding the risk of new solutions, yet this framework shows the prefabricated 

foundation might just be a future solution, which further application would enable cost 

optimisation, better understanding of the foundation and increased on-site work 

effectiveness. 

It’s important to emphasise that this framework is solely concentrating on the wind turbine 

foundations, based on such approach it is possible to evaluate every main component of 

turbine and turbine as a total to see optimal solution for site specific conditions.   
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CHAPTER 6. CONCLUSIONS 

During the research of this Thesis several important conclusions have been made: 

1. Based on the chosen criteria and evaluation method, reinforced gravity slab has been 

showed to be, in comparison to rock anchorage and prefabricated caisson, the least 

favourable alternative for both relevant stakeholders, whilst the current least used 

foundation alternative and a new entrant in the market - prefabricated foundation – 

has shown great potential in hypothetical case studies. 

2. Suitability for given geological conditions is a primary criterion upon which 

foundations are chosen for specific sites, as an example in terms of this Thesis is 

rock anchorage. In sites like northern Sweden, rock anchorage is a highly favourable 

alternative, but in sites with bedrock laying deeper, rock anchorage is so technically 

unviable that it isn’t even an alternative.  

3. Further model development for qualitative criteria is necessary for a fully functional 

framework, which could be practically applied in industry. In order to do this, a large 

amount of real data about geological conditions, service life, and infrastructural 

barriers should be conducted, analysed, and transferred into modules. After fully 

establishing PROMETHEE II based evaluation for wind turbine foundation, other 

wind turbine parts could be equivalently optimised.  

4. So far there isn’t much comprehensive literature on comparison of potential 

foundation types for wind turbines, yet the PROMETHEE II based framework 

presented in this Thesis gives an opportunity to have a vaster overlook on foundation 

types and their suitability to each project. 

5. Currently, this Thesis has several limitations regarding the precision of data, which 

can mean that with more detailed data input, ranking might change, but even with 

rough data it is obvious that prefabricated foundation is a promising market entrant. 

As several important factors like environmental restrictions and distances from 

households were neglected, in reality these hypothetical case studies would look 

completely different changing both input of data and output of ranking.  
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APPENDIX A. WINDPRO ENERGY MODULE CALCULATIONS 

 

 

Figure 31: AEP calculation for 10 turbine site on Gotland using WindPRO. 
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Figure 32: AEP calculations for 50 turbine wind farm on Gotland using WindPRO. 
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Figure 33: AEP calculations for 10 turbine wind farm in northern Sweden using WindPRO. 
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Figure 34: AEP calculations for 50 turbine wind farm in northern Sweden using WindPRO. 
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Figure 35: AEP calculations for 10 turbine wind farm in southern Sweden using WindPRO. 
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Figure 36: AEP calculations for 50 turbine wind farm in southern Sweden using WindPRO. 
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APPENDIX B. CO2 EMISSION CALCULATION* 

*) calculations are only for one turbine foundation 

1. Northern Sweden wind farm 

Gravity caisson 

Emissions from reinforcement (iron) 

𝑚𝑖𝑟𝑜𝑛 = 200 𝑡 (4) 

𝑚𝐶𝑂2
= 200 ∗ 1.12 = 224 𝑡 (5) 

 

Emissions from concrete 

 

Vconcrete = 500 m3 

 

𝑚𝐶𝑂2
= 500 ∗ 0.36 = 180 𝑡 

 

(6) 

𝒎𝒕𝒐𝒕𝒂𝒍 𝑪𝑶𝟐
= 𝟏𝟖𝟎 + 𝟐𝟐𝟒 = 𝟒𝟎𝟒 𝒕 (7) 

 

Rock anchorage 

Emissions from iron bolts (anchors) 

ρiron = 7850 kg/ m3 

𝑉1 𝑏𝑜𝑙𝑡 = 𝜋𝑅2𝐻 = 3.14 ∗ 0.0352 ∗ 15 = 0.06𝑚3 

𝑚14 𝑏𝑜𝑙𝑡𝑠 = 6.6 𝑡 

𝑚𝑏𝑜𝑙𝑡𝑠 𝐶𝑂2
= 6.6 ∗ 1.12 = 7.4 𝑡 

 

(8) 

(9) 

(10) 
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Emissions from reinforcement (iron) 

𝑚𝑖𝑟𝑜𝑛 = 59 𝑡 (11) 

𝑚𝐶𝑂2
= 59 ∗ 1.12 = 66 𝑡 (12) 

 

Emissions from concrete 

Vconcrete = 150 m3 

𝑚𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝐶𝑂2
= 150 ∗ 0.36 = 54 𝑡 

𝒎𝒕𝒐𝒕𝒂𝒍 𝑪𝑶𝟐
= 𝟕. 𝟒 + 𝟓𝟒 + 𝟔𝟔 = 𝟏𝟐𝟕. 𝟓 𝒕 

(13) 

(14) 

Prefabricated foundation 

Emissions from reinforcement (iron) 

𝑚𝑖𝑟𝑜𝑛 = 149.15 𝑡 

𝑚𝑟𝑒𝑖𝑛 𝐶𝑂2
= 149.15 ∗ 1.12 = 167 𝑡 

(15) 

(16) 

Emissions from concrete 

Vconcrete = 380 m3 

𝑚𝐶𝑂2
= 380 ∗ 0.36 = 136.8 𝑡 

𝒎𝒕𝒐𝒕𝒂𝒍 𝑪𝑶𝟐
= 𝟏𝟔𝟕 + 𝟏𝟑𝟔. 𝟖 = 𝟑𝟎𝟑. 𝟖 𝒕 

(17) 

(18) 
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2. Southern Sweden wind farm  

Gravity caisson 

Emissions from reinforcement (iron) 

𝑚𝑖𝑟𝑜𝑛 = 314 𝑡 (19) 

𝑚𝐶𝑂2
= 314 ∗ 1.12 = 351 𝑡 (20) 

 

Emissions from concrete 

 

Vconcrete = 800 m3 

 

𝑚𝐶𝑂2
= 800 ∗ 0.36 = 288 𝑡 

 

(21) 

𝒎𝒕𝒐𝒕𝒂𝒍 𝑪𝑶𝟐
= 𝟑𝟓𝟏 + 𝟐𝟖𝟖 = 𝟔𝟒𝟎 𝒕 (22) 

 

Prefabricated foundation 

Same as Northern Sweden wind farm 
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3. Gotland wind farm  

Gravity caisson 

Emissions from reinforcement (iron) 

𝑚𝑖𝑟𝑜𝑛 = 185 𝑡 (23) 

𝑚𝐶𝑂2
= 185 ∗ 1.12 = 207.2 𝑡 (24) 

 

Emissions from concrete 

 

Vconcrete = 450 m3 

 

𝑚𝐶𝑂2
= 450 ∗ 0.36 = 162 𝑡 

 

(25) 

𝒎𝒕𝒐𝒕𝒂𝒍 𝑪𝑶𝟐
= 𝟐𝟎𝟕. 𝟐 + 𝟏𝟔𝟐 = 𝟑𝟔𝟗. 𝟐 𝒕 (26) 

 

Prefabricated foundation 

Same as Northern and Southern wind farms. 
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APPENDIX C: ENERGY PAYBACK TIME CALCULATIONS 

 

1. Northern Sweden wind farm 

Gravity caisson 

Total energy e 

mbodied 

𝐸𝑚𝑏. 𝐸𝑛.𝑖𝑟𝑜𝑛 = 200𝑡 ∗ 13.9
𝑀𝑊ℎ

𝑡
= 2780 𝑀𝑊ℎ/𝑡 (27) 

𝐸𝑚𝑏. 𝐸𝑛.𝑐𝑜𝑛. = 1100𝑡 ∗ 1.17
𝑀𝑊ℎ

𝑡
= 1287 𝑀𝑊ℎ/𝑡 (28) 

 

 EPT 

𝐸𝑃𝑇10 =  
40670

47245
= 0.86 = 314 𝑑𝑎𝑦𝑠 (29) 

𝐸𝑃𝑇50 =  
203350

188791
= 1.08 = 393 𝑑𝑎𝑦𝑠 (30) 

 

 Rock anchorage 

Total energy embodied 

𝐸𝑚𝑏. 𝐸𝑛.𝑖𝑟𝑜𝑛 = 65𝑡 ∗ 13.9
𝑀𝑊ℎ

𝑡
= 903.5 𝑀𝑊ℎ/𝑡 (31) 

𝐸𝑚𝑏. 𝐸𝑛.𝑐𝑜𝑛. = 330𝑡 ∗ 1.17
𝑀𝑊ℎ

𝑡
= 386.1 𝑀𝑊ℎ/𝑡 (32) 

 

 EPT 

𝐸𝑃𝑇10 =  
12896

47245
= 0.27 = 100 𝑑𝑎𝑦𝑠 (33) 

𝐸𝑃𝑇50 =  
64480

188791
= 0.34 = 125 𝑑𝑎𝑦𝑠 (34) 
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 Prefabricated foundation 

Total energy embodied 

𝐸𝑚𝑏. 𝐸𝑛.𝑖𝑟𝑜𝑛 = 149.15𝑡 ∗ 13.9
𝑀𝑊ℎ

𝑡
= 1289.6 𝑀𝑊ℎ/𝑡 (35) 

𝐸𝑚𝑏. 𝐸𝑛.𝑐𝑜𝑛. = 836𝑡 ∗ 1.17
𝑀𝑊ℎ

𝑡
= 978 𝑀𝑊ℎ/𝑡 (36) 

EPT 

𝐸𝑃𝑇10 =  
30510

47245
= 0.65 = 236 𝑑𝑎𝑦𝑠 (37) 

𝐸𝑃𝑇50 =  
152550

188791
= 0.81 = 295 𝑑𝑎𝑦𝑠 (38) 

   

2. Southern Sweden wind farm 

Gravity caisson 

Total energy embodied 

𝐸𝑚𝑏. 𝐸𝑛.𝑖𝑟𝑜𝑛 = 314𝑡 ∗ 13.9
𝑀𝑊ℎ

𝑡
= 4364.6 𝑀𝑊ℎ/𝑡 (39) 

𝐸𝑚𝑏. 𝐸𝑛.𝑐𝑜𝑛. = 1760𝑡 ∗ 1.17
𝑀𝑊ℎ

𝑡
= 2059.2 𝑀𝑊ℎ/𝑡 (40) 

 EPT 

𝐸𝑃𝑇10 =  
64238

77092
= 1.36 = 305 𝑑𝑎𝑦𝑠 (41) 

𝐸𝑃𝑇50 =  
321190

378921
= 1.71 = 310 𝑑𝑎𝑦𝑠 (42) 

 

Prefabricated foundation 

Total energy embodied 

𝐸𝑚𝑏. 𝐸𝑛.𝑖𝑟𝑜𝑛 = 149.15𝑡 ∗ 13.9
𝑀𝑊ℎ

𝑡
= 1289.6 𝑀𝑊ℎ/𝑡 (43) 

𝐸𝑚𝑏. 𝐸𝑛.𝑐𝑜𝑛. = 836𝑡 ∗ 1.17
𝑀𝑊ℎ

𝑡
= 978 𝑀𝑊ℎ/𝑡 (44) 
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EPT 

𝐸𝑃𝑇10 =  
30510

77092
= 0.65 = 145 𝑑𝑎𝑦𝑠 (45) 

𝐸𝑃𝑇50 =  
152550

378921
= 0.81 = 147 𝑑𝑎𝑦𝑠 (46) 

3. Gotland wind farm 

Gravity caisson 

Total energy embodied 

𝐸𝑚𝑏. 𝐸𝑛.𝑖𝑟𝑜𝑛 = 185𝑡 ∗ 13.9
𝑀𝑊ℎ

𝑡
= 2571.5 𝑀𝑊ℎ/𝑡 (47) 

𝐸𝑚𝑏. 𝐸𝑛.𝑐𝑜𝑛. = 450𝑡 ∗ 1.17
𝑀𝑊ℎ

𝑡
= 1158.3 𝑀𝑊ℎ/𝑡 (48) 

 EPT 

𝐸𝑃𝑇10 =  
37298

86687.4
= 158 𝑑𝑎𝑦𝑠 (49) 

𝐸𝑃𝑇50 =  
186490

422015.3
= 162 𝑑𝑎𝑦𝑠 (50) 

 

Prefabricated foundation 

Total energy embodied 

𝐸𝑚𝑏. 𝐸𝑛.𝑖𝑟𝑜𝑛 = 149.15𝑡 ∗ 13.9
𝑀𝑊ℎ

𝑡
= 1289.6 𝑀𝑊ℎ/𝑡 (51) 

𝐸𝑚𝑏. 𝐸𝑛.𝑐𝑜𝑛. = 836𝑡 ∗ 1.17
𝑀𝑊ℎ

𝑡
= 978 𝑀𝑊ℎ/𝑡 (52) 

  

EPT 

𝐸𝑃𝑇10 =  
30510

86687.4
= 0.65 = 129 𝑑𝑎𝑦𝑠 (53) 

𝐸𝑃𝑇50 =  
152550

422015.3
= 0.81 = 132 𝑑𝑎𝑦𝑠 (54) 
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APPENDIX D: SUITABILITY FOR GIVEN GEOLOGICAL CONDITIONS 

 

 1) Gotland 

 
Table 15: Reinforced gravity slab evaluation for 10 turbines, Gotland. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation 

quality 

3 0,5 

2 

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

3 0,5 

 

Weighted risk 

index 
3 1,0 

 

Table 16: Prefabricated foundation evaluation for 10 turbines, Gotland. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation 

quality  

5 0,5 

2 

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

5 0,5 

  
Weighted risk 

index 
5 1,0 
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Table 17: Reinforced gravity slab evaluation for 50 turbines, Gotland. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation 

quality  

3 0,5 

2 

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

3 0,5 

  
Weighted risk 

index 
3 1 

 

Table 18: Prefabricated foundation evaluation for 50 turbines, Gotland. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation 

quality  

5 0,5 

2 

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

5 0,5 

  
Weighted risk 

index 
5 1 
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 2) Northern Sweden  

Table 19: Reinforced gravity slab evaluation for 10 turbines, northern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation 

quality  

5 0,5 

2 

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

3 0,5 

  
Weighted risk 

index 
4 1,0 

 
Table 20: Rock anchorage evaluation for 10 turbines, northern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

2 

Soil type stiffness 

impact on 

foundation quality  

5 0,5 

3 

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

5 0,5 

  
Weighted risk 

index 
5 1,0 
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Table 21: Prefabricated foundation evaluation for 10 turbines, northern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

2 

Soil type stiffness 

impact on 

foundation quality  

5 0,5 

3 

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

3 0,5 

  
Weighted risk 

index 
4 1,0 

 
Table 22: Reinforced gravity slab evaluation for 50 turbines, northern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation quality  

5 0,5 

 2 

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

5 0,5 

  
Weighted risk 

index 
5 1 
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Table 23: Rock anchorage evaluation for 50 turbines, northern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation quality  

5 0,5 

2  

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

5 0,5 

  
Weighted risk 

index 
5 1 

 

 
Table 24: Prefabricated foundation evaluation for 50 turbines, northern Sweden. 

No Items considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation quality  

5 0,5 

2  

Importance of 

homogeneity of 

geological 

formation and 

compliance with site 

5 0,5 

  
Weighted risk 

index 
5 1 
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 3) Southern Sweden 

Table 25: Reinforced gravity slab evaluation for 10 turbines, southern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation 

quality  

3 0,5 

2  

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

5 0,5 

  
Weighted risk 

index 
4 1,0 

 

 
Table 26: Prefabricated foundation evaluation for 10 turbines, southern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation quality  

5 0,5 

2  

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

3 0,5 

  
Weighted risk 

index 
5 1,0 
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Table 27: Reinforced gravity slab evaluation for 50 turbines, southern Sweden. 

No 
Items 

considered 

Favourability of  

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation 

quality  

3 0,5 

2  

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

3 0,5 

  
Weighted risk 

index 
3 1 

 
Table 28: Prefabricated foundation evaluation for 50 turbines, southern Sweden. 

No 
Items 

considered 

Favourability of  

item (Min:1, 

Max:10) 

Weight 

factors 

1 

Soil type stiffness 

impact on 

foundation quality  

5 0,5 

2  

Importance of 

homogeneity of 

geological 

formation and 

compliance with 

site 

5 0,5 

  
Weighted risk 

index 
5 1 
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APPENDIX E: SENSITIVITY TO INFRASTRUCTURAL BARRIERS 

 

1) Gotland 

 
Table 29: Prefabricated foundation sensitivity to infrastructural barriers evaluation for 10 turbines, 

Gotland. 

No 
Items 

considered 

Favourability 

of item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

5 0,500 

2 

Sensitivity to 

weather 

conditions 

5 0,500 

  
Weighted 

risk index 
5 1 

 
Table 30: Reinforced gravity slab sensitivity to infrastructural barriers evaluation for 10 turbines, Gotland. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

3 0,500 

2 

Sensitivity to 

weather 

conditions 

1 0,500 

  
Weighted 

risk index 
2 1 
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Table 31: Prefabricated foundation sensitivity to infrastructural barriers evaluation for 50 turbines, 

Gotland. 

No 
Items 

considered 

Favourability 

of item 

(Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

5 0,500 

2 

Sensitivity to 

weather 

conditions 

5 0,500 

  
Weighted 

risk index 
5 1 

  
Table 32: Reinforced gravity slab sensitivity to infrastructural barriers evaluation for 50 turbines, Gotland. 

  

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

3 0,500 

2 

Sensitivity to 

weather 

conditions 

1 0,500 

  
Weighted 

risk index 
2 1 
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2) Northern Sweden – 10 turbines 

 
Table 33: Reinforced gravity slab sensitivity to infrastructural barriers evaluation for 10 turbines, northern 

Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

4 0,500 

2 

Sensitivity to 

weather 

conditions 

1 0,500 

  
Weighted 

risk index 
3 1 

  
Table 34: Rock anchorage sensitivity to infrastructural barriers evaluation for 10 turbines, northern 

Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

4 0,500 

2 

Sensitivity to 

weather 

conditions 

3 0,500 

  
Weighted 

risk index 
4 1 
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Table 35: Prefabricated foundation sensitivity to infrastructural barriers evaluation for 10 turbines, 

northern Sweden. 

No 
Items 

considered 

Favourability 

of item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

5 0,500 

2 

Sensitivity to 

weather 

conditions 

5 0,500 

  
Weighted risk 

index 
5 1 

  
Table 36: Reinforced gravity slab sensitivity to infrastructural barriers evaluation for 50 turbines, northern 

Sweden. 

No 
Items 

considered 

Favourability 

of item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

2 0,500 

2 

Sensitivity to 

weather 

conditions 

1 0,500 

  
Weighted risk 

index 
2 1 

   
Table 37: Rock anchorage sensitivity to infrastructural barriers evaluation for 50 turbines, northern 

Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

4 0,500 

2 

Sensitivity to 

weather 

conditions 

3 0,500 

  
Weighted risk 

index 
4 1 
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Table 38: Prefabricated foundation sensitivity for infrastructural barriers evaluation for 50 turbines, 

northern Sweden. 

No 
Items 

considered 

Favourability 

of item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

5 0,500 

2 

Sensitivity to 

weather 

conditions 

3 0,500 

  
Weighted 

risk index 
4 1 

  

3) Southern Sweden 

Table 39: Reinforced gravity slab sensitivity for infrastructural barriers evaluation for 10 turbines, 

southern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

5 0,500 

2 

Sensitivity to 

weather 

conditions 

1 0,500 

  
Weighted 

risk index 
3 1 
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Table 40: Prefabricated foundation sensitivity to infrastructural barriers evaluation for 10 turbines, 

southern Sweden. 

No 
Items 

considered 

Favourability 

of item (Min:1, 

Max:5) 

Weight 

factors 

1 

Sensitivity to 

infrastructural 

limitations  

5 0,500 

2 

Sensitivity to 

weather 

conditions 

5 0,500 

  
Weighted risk 

index 
5 1 

  
Table 41: Reinforced gravity slab sensitivity for infrastructural barriers evaluation for 50 turbines, 

southern Sweden. 

No 
Items 

considered 

Favourability of 

item (Min:1, 

Max:5) 

Weight 

factors 

1 

Insensitivity to 

infrastructural 

limitations  

3 0,500 

2 

Sensitivity to 

weather 

conditions 

3 0,500 

  
Weighted 

risk index 
3 1 

 

Table 42: Prefabricated foundation sensitivity for infrastructural barriers evaluation for 50 turbines, 

southern Sweden. 

No 
Items 

considered 

Favourability 

of item (Min:1, 

Max:5) 

Weight 

factors 

1 

Insensitivity to 

infrastructural 

limitations  

5 0,500 

2 

Sensitivity to 

weather 

conditions 

5 0,500 

  
Weighted risk 

index 
5 1 
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APPENDIX F. SEMI-STRUCTURED INTERVIEW NOTES WITH 

CONSULTED SPECIALISTS 

1) Semi-structured phone interview summary with Andreas Wickman  

2016-08-25 

What have been the main advantages and disadvantages in terms of material 

logistics for wind turbine foundations on Gotland?  

Main advantage in terms of materials is that Gotland has many local cement factories, 

hence the acquiring cement was not an issue.  

Sourcing of gravel has lately become a problem. Years ago it was possible to use local 

gravel, but now it is not allowed therefore we need to acquire rock gravel (not limestone) 

of certain quality from mainland, which adds extra costs and planning. As for reinforced 

steel, since on Gotland there are only reinforced gravity slab foundations, it also has to 

be shipped from mainland, because there are no local manufacturers.  

Regarding local geology, has it ever been a restricting factor? 

Yes, before any foundation works a careful geotechnical survey must be conducted to 

evaluate the rock properties. Gotland, in contrast to common belief, isn’t homogenous 

limestone in geological cross-section. There are several places where in 18th century 

there were man made ditches that were made to create farmland later on from the 

shallow lakes and now the soil there is completely different from limestone. It has much 

higher ground water table, it is much, much softer and requires completely different 

foundation approach. Some wind turbines have been built in these conditions using 

concrete piles that are pushed through the soft sediment and then the foundation is based 

on underlying limestone layer.  

How has winter period influenced the foundation works? Is it possible and feasible 

on Gotland to work during the coldest months? 

Depends on how the winter is. Definitely not all winters are suitable. 

 

Figure 37: A. Wickman photos portraying foundation work during winter in Gotland. Author: Andreas 

Wickman.  
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2) Semi-structured interview with Caroline Falkdal  

2016-06-16 

What are typical dimensions of 2MW turbines gravity slab, rock anchorage and 

prefabricated foundations? 

There are many factors that influence foundation design, such as, depth of proper footing 

and surrounding soil. Therefore, when it comes to gravity caissons, if putting dimensions 

in volume of concrete used, it can vary greatly. From approx. 500 m3 in rocky conditions 

to approx. 1200 m3 in soft sediments with high ground water level.   

As for rock anchorage, amount of concrete would be on average of 150 m3. Depending 

on ground conditions, most likely there would be 14 rock anchors. The depth of these 

anchors varies depending on the depth of the rock, but in shallow bedrock conditions it 

could be approximately 15 m. For sites where there is none or it is in extreme depths 

rock anchorage is not feasible solution. 

Also, the concrete used for wind turbines usually are the highest quality (concrete class 

1) and therefore has high Portland cement share. The foundation isn’t made out of one 

strength class concrete. Typically, the bottom layer is 25 – 30 MPa, middle layer, also 

the largest layer – 40-45 MPa and top layer 50 – 60 MPa. 

Unfortunately, I haven’t had much experience with prefabricated foundations. 

What about the time consumption for installation of turbine foundations? 

Civil work highly affects the time performance. In well-developed infrastructure and 

warmer climate all of the installation takes shorter time and fewer expenses.  

For rock anchorage single footing takes no more than 5 days. 

Gravity caissons are more time consuming. Ten foundations can take 6 – 7 months, but 

fifty foundations in combination with bad infrastructure – several years. It is very 

complicated during winter, because every surface that comes in contact with concrete 

has to be +5oC, this includes also the reinforcement and means heating work which is 

not cheap. 

What are most common logistical barriers for foundation work? 

Logistically there aren’t many barriers when it comes to road limitations, because 

foundation „parts”. The issue that arises most often is the proximity of concrete. If the 

concrete plants are within reasonable distance, there are no severe logistical 

implications, yet if the concrete plant is far, then large scale concrete mixing and 

transportation machines need to be introduced.  
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What is your experience with service life of each foundation type? 

Cracks would be one of the most commonly noted complications during foundation 

service life. Generally, there are some cracks that do not harm the structure, such as 

small concrete dehydration cracks. Temperature cracks are the ones that should be 

avoided at any cost and this can be done only by providing that temperature throughout 

the whole concrete structure is somewhat even.  

Rock anchorage geometry is better for making the temperature more even, because it is 

more squared and centred, which leads to lower temperature swings. This leads to the 

fact that rock anchorage concrete structures suffer less from cracking than gravity 

caissons. 

 


