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                                                         ABSTRACT 

 

 

This thesis approaches the problem of the cost-efficient wind turbine foundation on an             

onshore site of clayey soil characteristics. The given soil stratigraphy includes a layer             

of clay and two sands of different density. The characteristics of the soil and the water                

level that were used as input come from a site in Peloponissos, Greece. The applied               

wind, static and seismic loads on this study were resolved with the German DIN              

standards, and other related research and European standards. The safety factors were            

adjusted for wind turbines. For the pile solution, after the bearing and overturning             

adequacy against the horizontal and vertical loads was proven with the calculation of             

the DIN equations, then the model was inserted in the Pfahl program using DIN 4017               

equations to calculate settlements. Firstly, a shallow foundation of various dimensions           

in the clay layer over the water level with all the necessary checks was considered.               

Afterward, a deep foundation solution of a single bored pile, with reinforcement steel             

casing, of various diameters was investigated. The different foundation solutions were           

assessed and compared on a technical and economic basis. As a conclusion, the 0.70              

meter diameter single pile was chosen as the best solution because it needs only a few                

days for construction, and it is the most cost-efficient. The chosen circular footing was              

of a diameter of 10 meters and 1.5 meter raft thickness, but proved unfeasible because               

of high excavations costs. The checks on the DIN standards and Eurocode that set the               

boundaries for the design in the two cases were recognised and possible future work              

goals were discussed. 
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NOMENCLATURE  

Cu                           undrained shear resistance of clay (kPa) 

Qu                           ultimate load that a shallow foundation in sand can  

                               withstand before failing (kN) 

qu                            critical pressure that corresponds to Qu (kN/m2)  

                        vertical load (kN)F  v   

                        the maximum vertical load that the soil can accept (kN)F vu  

                          horizontal load (kN)F h  

σof                            average ultimate stress (kN/m2)  

qc                             cone penetration test resistance (kN/m2)  

                          the total horizontal load from the wind (kN)F T  

Qallowable                    allowable axial bearing capacity of a foundation (kN) 

                   the effective area of the footing under centrally applied loads (m2)Ereduced  

                      the weight applied as a load on the footing from theBtower   

                                 tower, the nacelle and moving blades (kN) 

                the weight of the footing (kN)Bfoundation  

                      total torque (kNm)M total  

                          the total torque at the moment that the overturning of the windM o   

                                 turbine occurs (kNm) 

 Df                            the depth of the rear end of the shallow footing (m)  

 Qs(s)                        the load taken by the pile’s tip in kN, as a function of the  

                                 centimeters of settlement 

Qr(s)                         the load that is carried by the friction resistance of the pile (kN)  

Qault.allowable                the maximum allowable pile load taken by the pile 

Myield                                        the shear failure torque that leads to fracture failure of the pile 

 



 
 

 
 
 

Qbult                                            the maximum horizontal load that can be taken by the pile’s tip  

Qw
max                         the maximum operational load of the pile after the weight  

                                  of the pile is deducted  

C70total                        the total cost of the 70 cm diameter pile 

C100total                       the total cost of the 100 cm diameter pile  

  

  ABBREVIATIONS 

W.L.                          water level 

ΝC                            soft clay with undrained shear resistance of approximately 80  

                                  kN/m2 

U.L.S.                       the ultimate limit state theory 

WT                           wind turbine 

T                               torque 

c                                cohesion of the soil 

γ                                index of the percentage of humidity of soil particles 

EC                            Eurocodes 

DIN                          DIN standards, DIN standard 
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1.Introduction  

On the road to an 18% renewable energy target in the electricity generation by 2020,               

Greece is faced with a substantial challenge. In 2012 the oil and solid fuels accounted               

for 76.3 percent of the electricity generation, while the percentage of renewable            

production as wind power reached 15.1% (European Commission, 2015). 

 

Legislation forces EU countries to turn towards a renewable future. Most countries            

 



 
 

 
 
 

develop their onshore wind parks on sites with healthy soils. Because these sites are              

gradually used, sites with poor soils and good resources should be looked into for a               

potential wind park development. The choice of type of foundations shape depends on             

the needed foundation forces bearing capacity and the characteristics of the soil’s            

layers. The financial aspect and needed time for the construction phase do also affect              

this choice (Hassanzadeh, 2012). 

 

It is therefore of importance to optimize the calculation process of the needed             

foundation design and therefore many researchers use their papers to compare methods            

of analysis and design on competent soils. Little research has been performed though             

on dimensioning wind turbine foundations on poor soil stratigraphies. The goal of this             

thesis is using the existing in EU Codes’ geotechnical calculation process to produce a              

financial outcome for the chosen soil stratigraphy that can be compared to the outcome              

of other papers.  

 

Competitive bidding for potential wind farm site construction projects has been the            

focus of many procurement specialists. Regarding the foundations, an effective design           

requires a very good knowledge of the soil characteristics of the site. In the case of an                 

onshore site with clay as an upper layer, because of the very poor characteristics, the               

dimensioning of the foundation can prove to be very difficult. From relevant            

bibliography, the standards of the "German institute for standardisation" (DIN) and           

Eurocodes standards (EC) are mostly used for this design. The most adverse case             

according to these Codes is when the water level (W.L.) is in the clay layer, for water                 

penetrates the formation of clay particles (Martin R.T., 1960).  

 

The problems related to a high water level in a clay layer are substantial since they lead                 

 



 
 

 
 
 

to foundation movement. That differential settlement of soil particles in a more            

compact state can lead to foundation and wind turbine structure failure. Furthermore,            

another possible problem is the failure of a footing under shear load (MLA             

Geotechnical, 2016). 

 

Many researchers choose to address the problem by enhancing the clay upper layer.             

Another solution would be to use deep foundation solutions that transfer the loads to a               

soil layer with better characteristics. A different solution is to use a shallow foundation              

of major dimensions positioned partially in the clay layer. This thesis uses the DIN              

standards and basic geotechnical theory. In the main body of this thesis, aspects from              

several research papers on shallow foundations and piles are summarized and           

compared. The result of this is useful proven assumptions from these relevant papers             

that are implemented in this thesis in order to decrease the load of needed equations of                

the DIN standards. The purpose of this thesis is to find the best solution from an                

economic perspective for a wind turbine foundation in the chosen clayey stratigraphy            

with the chosen loads. The loads that are used were introduced in the work of Orense et                 

al., (2010). A 850 kW wind turbine with a rotor height of 70 meters was used along                 

with the monotonic and cyclically applied loads in that work. For this reason a compact               

DIN equations adjustment ’’packet’’ is created, that any on-site engineer will be able to              

use in order to check wind turbine foundations in similar stratigraphies in a few hours,               

instead of days that implementing the whole DIN equations requires. A hypothesis of a              

common clay stratigraphy and the rejection of the enhancement of the clay solution is              

presumed since it needs several months time to be implemented. 

 

The main theory for wind turbine foundations in clayey soil is identified and the safety               

factors that different authors present on their work are depicted. Afterward, a soil             

 



 
 

 
 
 

stratigraphy of a site in Peloponissos, Greece is adopted as the basis for the experiment.               

Following, calculations are performed with the most strict safety factors from the            

literature review on a shallow footing and on two piles and then the construction costs               

and time of construction are estimated.  

 

Eventually, the results are presented and discussed in chapter 4, while suggestions for             

future research are made in chapter 5. Remarks are made on the different safety factors               

of the literature review in chapter 3 and 6. Finally, in the conclusion in chapter 6, every                 

examined solution is evaluated and conclusions are extracted for a possible wind            

turbine in that site. The time needed for construction and cost aspect of the foundation               

solutions are the grounds for comparison and assessment of the solutions. 

 

In this thesis the DIN standards and the EC are used. The DIN standards used are on                 

topics of the geotechnical design area, whereas the EC used are on topics of              

geotechnical and structural design. Both are described in paragraph 3.2. 

 

2.Literature Review 

The best foundation solution for a specific soil stratigraphy is based on the site΄s soil               

characteristics and turbine loads. The foundation form, depth, and dimensions are           

chosen to reduce the cost, the time, and the difficulty of construction. The foundation              

types are characterized as shallow or deep foundations. Shallow foundations are           

predominantly chosen in stratigraphies with soil of good characteristics where they           

spread the loads to the neighbouring soil layers. On soil stratigraphies with upper             

layers of weak characteristics, deep foundations are preferred, that transfer and spread            

the loads to deeper layers (Gazetas, 1988). 

 

 



 
 

 
 
 

Apart from these general guidelines as to when to prefer which kind of foundation              

form, the European Codes present a good basis of knowledge to assist in choosing the               

foundation dimensions. According to the European Codes, every foundation solution          

for the modern wind turbine has to provide adequate bearing capacity, sliding but also              

overturning competence, under the ultimate limit state (U.L.S.) loads, that are the            

critical loads before a catastrophic failure. The differential settlement is the final test             

that the foundations have to successfully pass in order to be chosen (Kavvadas, 2005). 

 

Regarding the settlement on wind turbines, Wael, (2016) on his paper calculates the             

differential settlement and the tilting of a 2MW 80m hub height turbine foundation. He              

assesses a deep foundation solution with many short driven friction piles and a circular              

raft shallow foundation solution. He concluded that while the deep foundation solution            

had fewer centimeters of settlement, it was found lacking for it requires a higher cost               

and construction time when compared to the shallow foundation solution (Wael, 2016). 

 

According to Wael, (2016), any possible form of wind turbine foundation using friction             

piles on his chosen soil stratigraphy would be very expensive. On similar research             

Wright et al., (2006) assessed different stratigraphies of poor soil under various loads             

where different deep piling solutions were chosen. He calculated the average total deep             

piling foundation cost as 27.8% of the wind turbine costs in poor soil stratigraphies. On               

the other hand on a number of usual relatively healthy soil stratigraphies Johansson et              

al., (2010) showed in his work that the average cost for shallow foundations is about               

5%. 

 

Therefore, in the relevant literature mentioned before one can see how the cost of deep               

foundations is considered very high in poor soil conditions and thus in this situation              

 



 
 

 
 
 

usually shallow foundations are chosen. Still, in healthy soils the cost of deep             

foundations was depicted in the literature mentioned before as quite acceptable. Little            

work addressing piling solutions for wind turbines in extremely poor soil conditions            

has been performed though. 

 

An example of that situation was found on three onshore wind farms with a very weak                

first soil layer in East Anglia, where the contractor could not deliver the chosen              

shallow foundations solution due to high costs stemming from the weak first layer. He              

reported that the dimensions of the shallow foundation had to be significantly increased             

and the cost of shallow foundations would be also raised. A second contractor with              

major piling experience was chosen. He initially tested bored piles which came up as              

very costly and then chose driven precast concrete piles. He proposed a solution             

including three different kinds and dimensions of densely positioned precast friction           

piles for each of the different stratigraphies and was therefore able to reduce the cost               

and fulfill the contract. The contractor also relied on his expertise from previous wind              

turbine foundations in the area that allowed him to secure at a low cost the needed                

piling equipment (Handley, 2006). 

 

All these researchers and contractors have in common that in their very poor             

geotechnically soil stratigraphy, the harder soils were at such unreachable depths, that            

it would be very expensive to reach with the normal machinery. Thus, they rely on               

densely positioned friction piles that transfer and disperse the loads to the softer upper              

soil layers through friction, instead of transferring the loads through the tip of a bored               

pile to a harder soil. 

  

While most kinds of piles have been previously researched and then constructed for             

 



 
 

 
 
 

onshore wind sites in an attempt to find the balance between minimum time of              

construction, and cost, the end bearing pile, that depends heavily on its end tip bearing               

capacity, has yet to be researched in very poor soil conditions. Therefore, it would be               

quite interesting to try implementing bored piles in extremely poor soil conditions. This             

kind of pile transfers the loads to the deeper healthy soil layers, while also using               

friction across its length to transfer a part of the loads to the soft upper layers. The                 

maximum depth that the usual piling equipment can reach for end bearing piles is              

maximum 25 meters long though (Technical data Piling and drilling rig, LRB 155.,             

2017).  

 

This limitation of the bored pile makes the stratigraphies, that it can be implemented at               

with a reasonable cost, very specific. The cost per pile quickly adds up when very               

costly piling machinery has to operate for each pile for more than a few days.               

Therefore a bored monopile solution in a stratigraphy where the harder last soil layer is               

in a depth lower than 25 meters would be the most economical approach concerning              

the renting cost for the piling equipment.  

 

3.Methodology and data 

Therefore the questions that will be approached in this experiment: 

 

Ιn a, most weakened by clay, stratigraphy with a dense deeper layer that can be reached                

with the usual piling machinery: 

 

● Can a cost-effective wind turbine foundation solution be found? 

● Is the monopile more cost and time-effective that the shallow foundation? 

● How does the percentage of foundation cost compare to other research? 

 



 
 

 
 
 

● What are the perceived limitations of the chosen foundation solution? 

 

3.1.Description of Experiment  

In order to find the best foundation for this specific stratigraphy the most economical              

and technically accepted shallow foundation was identified using the DIN standards’           

dimensioning process and then relative research that reduces the calculations load is            

used. Many papers on the area of monopiles for buildings and bridges exist, though              

little work on bored monopiles for onshore wind turbines can be found. Moreover,             

while many programs such as the Pfahl Windows® program can use the DIN standards              

with safety checks and factors corresponding to piles for other construction projects,            

their assumptions are not optimised for wind turbines. Therefore the method of            

designing cost-effective monopile foundations on this poor soil stratigraphy has to be            

created with sensible assumptions on the equations of the DIN standards and EC, and              

then the model will be inserted in the DIN solving process of the Pfahl program using                

the new input data to calculate the pile settlements. The outcome for the cost when this                

new design is used will be analysed and finally the feasibility of the project will be                

assessed by comparing the percentage of the cost for foundations to foundations on             

other onshore stratigraphies. 

 

3.2.Method 

The calculations for the shallow and deep foundation are made following the DIN             

standards and EC process of dimensioning for shallow and deep foundations. These are             

accessible to every engineer, their theory is used by many geotechnical programs as             

Pfahl, and their older versions come at a reduced cost. The major problem with their               

use is adjusting appropriately the safety checks of the Codes to the wind turbine              

applied loads in each case according to Ortuta, (2018).  

 



 
 

 
 
 

 

This problem is approached in this thesis. For that reason initially the DIN security              

checks are adjusted for the wind turbine needs and then the findings of the DIN               

standards initial safety checks are used as input to the DIN standards’ calculation             

process of the Pfahl program to calculate the pile settlement. Afterward, for validation             

the model and assumptions used by relative research that uses the Eurocode EC7 with a               

finite element analysis method are then used as input to the new adjusted for wind               

turbines on poor soils stratigraphies DIN standards’ method. The settlement found is            

verified and compared to the findings of that paper.  

 

Concerning the finite element methods which will not be used in this work, they are of                

interest only in the analysis part. The design and dimensioning part is always done              

using the Codes (e.g. EC, DIN standards). Some of the mentioned researchers use the              

EC and they chose on their analysis part finite element methods. Still, they solve              

different problems, with different data sets, with complex foundations and not           

design-dimensioning problems for single foundations as the topic of this thesis. What is             

more, while the numerical methods provide more accuracy on the analysis part they             

cannot be used for the design part. Instead, the DIN standards and or EC have to be                 

used on the preliminary design-dimensioning of foundations design and for that, a few             

hours are needed. Through the assumptions and changes on the DIN standards’            

equations, the hours needed are cut in half for the usual engineer. 

 

Pfahl is a Windows® program with a graphical work environment for entering and             

dimensioning piles with a rigid pile top. The program application is adapted to the              

specifications of the new standards as DIN 1045, DIN 1045-1, as well as EC2 and EN                

1992 and NADs for DE, UK, CZ / SK, AT. Programs such as Pfahl, include a DIN                 

 



 
 

 
 
 

standards calculation process for settlement calculations and they take as input the            

model that the engineer has used for the DIN calculation. Pfahl when using the DIN               

process option has nothing to do with simulation software. Therefore, it reduces the             

time needed for the DIN standards’ calculations, but nothing more than the DIN             

standards is used. This process of the Pfahl program is used in this work to reduce time                 

needed for the calculations of the DIN standards. Usually, the site engineers have             

similar programs with them to help in the check of the design of foundations about to                

be constructed according to Ortuta, J., (2018).  

 

DIN is the acronym for "Deutsches Institut für Normung" or "German institute for             

standardisation" in english. Each DIN standard defines the needed characteristics that           

a process, product or service should have. That establishes a high quality of goods and               

processes in the industry. These standards are initially developed and then refined with             

new editions of that standard in a cooperative procedure coordinated by an            

acknowledged standards body. Before a standard is formally approved, a preliminary           

version is presented and experts assessing it must agree on its validity. New             

developments in this area of expertise very often lead to experts re-examining older             

standards and agreeing on needed adjustments, which are included in the new version             

of that DIN standard (Din.de, 2018). 

 

The EN Eurocodes were created and are maintained towards achieving a uniform            

approach for construction and engineering processes in countries of the European           

Union. They include processes for geotechnical design (EN 1997) and          

earthquake-resistant structures (EN 1998), and other civil engineering aspects of          

construction works (Eurocodes.jrc.eu, 2018). 

 

 



 
 

 
 
 

3.3.Mathematical Modelling and Methodological Framework 

The theory used in this thesis is the DIN standards. The theory and equations used in                

the DIN standards is considered to be a prerequisite of the engineers with knowledge in               

this field. Subsequently, changes on all the major security checks of the DIN standards              

process of equations are introduced in order to reduce the load of calculations. An              

engineer that would use the full DIN standards process of equations would produce the              

same results.  

 

Two general flow charts depicting the modelling of the two foundation solutions are             

positioned in the Appendix of this thesis. Each check of the modelling of the two               

solutions is then further defined in five flow charts, that describe what the input of each                

check is, what is getting out of each check, and how the equations are used and in what                  

order. 

 

3.4.Shallow foundation solution 

The typical shallow foundation is called spread footing, as the oblique ΄΄foot΄΄on either             

side of the shallow foundation is called. Its function and application are depicted in              

Figure 1 as it was described by Barber and Golbeck, (2010). Spread footing’s function              

relies upon its weight and on the bearing competency of the soil beneath the footing               

according to Byle, (2010). The objective of footings is to transfer loads of the WT to                

the soil and support the WT structure. For a usual 2 MW WT the expected axial load                 

that is transferred to the soil is 0.5 MPa (Battilana, 2012). 

 

 



 
 

 
 
 

 

Figure 1 Wind loads resisted by spread footing, Byle, (2010). 

 

In order to assess the stratigraphy for its bearing and overturning resistance, the             

calculation equations from EC and DIN standards are used. Useful assumptions from            

relevant papers are subsequently analysed, which decrease with assumptions the load           

of the calculations. These assumptions are used to fine tune the DIN calculation of the               

axial bearing resistance, the overturning and horizontal movement failure test and the            

settlement check for shallow foundations for the chosen foundations. Apart from these            

parts also the water level DIN analysis check is altered as follows in order to make                

these calculations faster and possible for an engineer to check the wind turbine             

foundations design in only a few hours time of calculations. 

 

3.4.1.Axial bearing resistance 

The footings dimensions are chosen to keep the balance among the maximum vertical             

and axial loads, and the allowable bearing capacity without deformation of the soil             

layers. The maximum axial load bearing capacity of a foundation is depicted with the              

index Qu as the maximum pressure taken by the footing without causing a deformed              

 



 
 

 
 
 

soil layer failure, as it was described by Prandtl, (1921) and Vesic, (1963). The index               

Qu represents the shear load under which the soil touching the foundation begins to get               

plasticized that results to providing little resistance to the shear loads           

(Anagnostopoulos and Papadopoulos, 1989). 

 

The allowable axial bearing capacity of a foundation is depicted with the index Qallowable              

as the maximum axial load bearing capacity divided by the safety factor FS. According              

to Kavvadas, (2005) the safety factor FS value is between three and two. In this thesis,                

the safety factor FS value will not be adopted as a standard value, instead calculations               

are rerun in order to identify the appropriate FS.  

 

The range of the stress dispersion that is induced to the soil under the footing, because                

of the overturning torque = with , where in kN is the total    M F T × y  F T   F T       

horizontal load from the wind and y in meters is the height between the axis of the                 F T  

load and the natural soil line, as depicted in Figure 2 and 3. 

 



 
 

 
 
 

  

Figure 2 Loads on the wind turbine 

 

According to DIN V 4017-100, (1995) and, as depicted in Figure 3, the tensile              

resistance of soils is zero at the moment of overturning at the connection line among               

the footing and soil. So, the effective interactive space among the footing and the soil               

will be reduced as the overturning torque is raised. The effective footing area is the               

area that is centrally loaded, depicted as in Figure 4. The effective footing area       Ereduced         

relies upon how the eccentricity e of the applied load and the footing radius change.               

The eccentricity e, as depicted in Figure 3, is extracted from the equation:  

e = M /                                                                                                                      (1)F v  

where M in kNm is the bending torque at the footing’s base and in kN is the total             F v       

applied vertical load (DIN V 4017-100, 1995). 

 



 
 

 
 
 

 

Figure 3 Stress distribution under the footing, DIN V 4017-100, (1995), pp. 39 

 

The total bending torque and total vertical loads can be determined from this formula:              

= M + r, where in kN is the horizontal load from the wind, r inM total     F T ×    F T             

meters is depicted in Figure 2 as the distance of the footing’s base to the surface, and                 

the total vertical loads can be derived from the next formula (DIN V 4017-100, 1995):  

Κ =  +                                                                                                  (2)Btower Bfoundation   

where in kN is the vertical load that is applied on the footing from the tower, Btower                 

including the nacelle and moving blades and in kN is the weight of the       Bfoundation        

footing. 

 



 
 

 
 
 

 

Figure 4 Reduced active area of a circular footing, API, (1987) 

 

The effective area of the footing can be presented as the marked elliptical area Ae × Be

as shown on the left sketch of Figure 4. The effective area is the part of the total area of

the footing that contributes to withstanding the applied loads. The equivalent

rectangular effective area of the marked elliptical area is the area A΄Β΄, as depicted in

the right sketch of Figure 4.

E reduced  is the reduced area of the circular footing, as it is depicted in Figure 4, and is

calculated in m2  with the following equation, API, (1987):

E reduced = π × R2 − 2 × (− R2 × arccos ( e
R
2 ) + e2 × √(R − e2

2) 
)            (3)

The dimensions of the elliptic effective area of the footing are calculated in meters with

the next equations, API, (1987):

Be = 2 × (R − e2)   (4)

 



 
 

 
 
 

                                                                                   (5) Ae = 2 × R × √1 − 1( − Be
2R)

2 
 

 

Should the reduced active area of the footing not be of a rectangular shape it        Ae × Be         

can be changed into a rectangular shape with the same axial load bearing capacity as               

the initial shape. The theory of this process was proven in 1977 and enhanced in 1987                

in the work published by the American Petroleum Institute on offshore platforms,            

according to API, (1977; 1987). The dimensions of the equivalent shape are extracted             

in meters from the following (API, 1987): 

Α’=                                                                                                        (6) √Ereduced × Ae
Be

 

B’=                                                                                                                     (7)A′
Ae

× Be  

The maximum axial load bearing capacity of the soil layers in drained conditions can              

be extracted from Meyerhof maximum axial load bearing capacity equations according           

to Gazetas, (1988). On the other hand, in soil layers with undrained conditions, a              

formula developed by Skempton and MacDonald, (1956) is applied to find the            

maximum axial bearing capacity of the soil layer. Both equations are used in this soil               

stratigraphy. 

 

For clayey soils, the undrained state equations are needed in order to find the              

short-term bearing resistance of the clay. In the pure clay case, the squeezing out of               

water from the particles of the clay can be more crucial in the short-term than in the                 

long-term settlement. The formula of Skempton and McDonald, (1956) produces the           

maximum axial bearing capacity in kN for these soils: 

                                                                                     (8)C  ×       Qu =  u × N  × ν d + q  

where in kPa is the cohesion of the soil under the footing, is the bearing Cu             N     

resistance index for the different friction angles of the soil from DIN4017, Beuth,             

 



 
 

 
 
 

(1979), v is an index for the shape of the footing, d in meters is the depth of the footing                    

from DIN4017, Beuth, (1979), and q in kN/m2 is the pressure applied on the footing’s               

base from the laying above layers of soil. For drained soil status as sand, the equation                

developed by Meyerhof, (1963) concerning axial load bearing resistance is applied.  

 

As soon as the maximum axial load bearing resistance of the soil in both drained and                

undrained status have been estimated, the allowable axial load bearing resistance of the             

soil should be found. The allowable axial bearing capacity of the footing Qallowable is in               

kN the minimum found value of the maximum axial load bearing capacity in either              

status of the soil divided by the safety factor FS. In order to define the safety factor for                  

a structure against shear loads, many things have to be considered. The soil of the site,                

the result on the structure of a potential partial failure, the significance of the structure,               

the sensitivity, and importance of the superstructure according to Anagnostopoulos, Α.           

and Papadopoulos, Β., (1989). The factor of safety is presumed to be 2.15 initially. For               

every successful solution, new tests will be performed attempting to increase the            

security of the structure.  

Qallowable= / FS                                                                                                          (9)Qu  

The needed footing’s dimensions are found when the maximum compressive pressure           

on the base of the footing is in the following equation equal to the maximum axial load                 

bearing capacity Qallowable in kN according to Teng, (1962). Solving that equation            

provides the needed minimum diameter in meters that can be used. 

σ=                                                                                                              (10)Κ
B A ΄′ ′

+
B A′ ′2
6M s

 
 

 

3.4.2.Overturning and horizontal movement failure test 

The footing has to also provide sliding and overturning competence, under the ultimate             

limit state loads, that are the critical loads before a catastrophic failure according to              

 



 
 

 
 
 

Kavvadas, (2005). The loads coming from the soil have to be equal to the loads acting                

beneath the footing, as depicted in Figure 5: 

 

Figure 5 Balance of loads resisting overturning failure 

 

The total forces applied to the soil under the footing have to be equal to the forces that 

the soil applies on the footing. The total force from the soil K in kN equivalent to F v΄  

in kN is applied on the footing with an eccentricity e in meters due to the movement, as 

depicted in Figure 6. With the newly added footing weight the force balance is:

                                                                                           (11)BF v΄ = Bfoundation +  tower   

The moment balance in the middle of the footing’s base gives: 

 



 
 

 
 
 

                                                                                             (12) M F  F T × r +  =  v΄ × e  

 

The total torque in kNm amounts to: 

                                                                                                 (13)M F total = M +  T × r  

Τhe value of the eccentricity e from 0 to R, the moment that the failure occurs leads to 

a torque in kNm from the K ground-force: 

                                                                                                              (14)M o = F v΄ × R  

For the protection of the structure from overturning Braja, (2007) suggested a FS safety 

factor, with a value ranging from two to three. Again a 2.15 initial factor is used and 

with tests afterwards for every solution it is attempted to increase the FS towards more 

security. The FS safety factor connects the total torque to the torque the moment of 

overturning: 

                                                                                                        (15)/F SM total  = M o  

On similar work Vesic, (1963) focused less on the eccentricity and more on the applied               

loads. Comparing the stress that the footing applies to the soil (in kN) and the           F v     

maximum load that the soil can accept (in kN), the FS factor can be determined.:F vu  

                                                                                                              (16)S /FF ≤ F vu v  

 
3.4.3.Settlement check for shallow foundations 

If the checks on the overturning and axial loads bearing catastrophic failure are             

successful, the sudden settlement in the clayey soil can prove to be dangerous. The              

gradual accruement of loads results to more pressure on the particles of the clay and               

eventually to a very fast volume reduction, according to MLA Geotechnical, (2016);            

Terzaghi, (1943). A geotechnical program should be used to estimate the maximum            

settlement and then compare it to the maximum allowable settlement. The allowable            

settlement is the maximum differential settlement that can be carried by the structure             

 



 
 

 
 
 

without failure. In the Greek construction code the EC accepted value of maximum             

allowable settlement of 12 centimeters is adopted (Kavvadas, 2005). 

 

In similar work, Tinjum and Christensen, (2010), support that the settlement checks            

can be avoided. The reason for that is that the pressure that the wind turbine structure                

transfers to the soil is quite low (e.g. 60 kPa). Such a low value of pressure does cause                  

less than 2.5 cm of settlement in soils with adequate bearing resistance and stiffness.              

This assumption will be implemented in the current work and therefore no settlement             

checks are needed. 

 
3.4.4.Water Level 

The influence of water level on the speed of the settlement’s process is taken into               

account with the Meyerhof method, as it was readjusted by Kavvadas, (2004), on page              

239. This method will be implemented in this work instead of the DIN standards’              

assumptions for the water level, for it is much simpler to implement and the researcher               

has proven that it is safer than the relevant DIN standards’ assumption. 

In his work Kavvadas, (2004) explained how the bearing capacity of soils is             

diminished when interacting with water. In that work the pressure that is applied on the               

footing from the soil above is substantially affected by a change in the W.L. as follows:  

Assuming that 0.00 is the natural soil depth, that Df in meters is the depth of the rear                  

end of the footing and Zw in meters the difference in depth from the W.L. to the rear                  

end of the footing, as depicted in Figure 6, then: 

γ2 = γ', for Df Ζw ≤ 0≤   

γ2 = γ,+ (Zw / Β) (γ h - γ’), for W.L. 0<Zw<Β, and× ×   

γ2 = γυ ,for Ζw ≥ Β, 

 



 
 

 
 
 

where: γ2: under the rear end of the footing, Df: the depth of the rear end of the shallow                   

footing in meters, Β: the width of the foundation in meters, γ': of the soil that is below                  

the footing and inside the water, γh: of the soil that is below the footing, for the  

minimum possible humidity. 

 

Figure 6 Μeyerhof’s approach to the water affecting the soil pressure, with the use of               

the Autocad 2013 program, Meyerhof, (1963) 

 
3.4.5.Choice of footing solution 
 
Apart from the axial load bearing and overturning resistance adjustments on the DIN             

standard’s check, also the centimeters of settlement of each footing according to the             

checks of the DIN standards and EC will determine the dimensions of the footing. The               

base of the footing cannot be placed deeper than the water layer, as the bearing               

capacity of the clay layer is diminished under it. 

 

3.5.Bored pile foundation solution 

The typical onshore monopile deep foundation solution is depicted in Figure 7. The             

mechanisms of tilting prevention that are used include the transferring of the loads to              

 



 
 

 
 
 

the tip of the bored pile, while a part of the loads is also taken by the clayey soil layer                    

through friction resistance (Byle, 2010). 

 

 

 

Figure 7 Monopile onshore foundation. This figure illustrates how the tower-pile 

system resists wind loads, Byle, (2010) 

 

Bored piles involve excavation and removal οf the soil material. During the soil             

excavation, no displacement takes place. First, a hole is bored into the soil into which               

the steel cage is carefully positioned. Then concrete is poured into the hole. For the               

designing of a bored pile, the bearing capacity of the pile and of the pile-ground system                

 



 
 

 
 
 

is initially calculated with equations from EC and DIN standards. Also, precipitations            

are estimated in order not to surpass the maximum acceptable according to Kavvadas,             

(2005). Parts from relevant papers are subsequently used which present safety checks            

that reduce the calculations load of the major DIN standards safety checks.  

 

3.5.1.Shear load bearing capacity. 

The pile dimensions are chosen to keep the balance among the maximum load that the               

pile can withstand, the maximum load that the soil can take, and the maximum possible               

deflection of the pile, without deformation of the soil layers. Ultimate load of a pile Qu                

is the theoretical load that should the pile take it will lead to perforation failure of the                 

soil under the pile. For the ultimate load Qu in kN of a pile the following relation stands                  

(Anagnostopoulos and Papadopoulos, 2004): 

(17),Qult = Qb + ΣQsi   

where the maximum load in kN that the pile can accept is: 

(18),Qb = f b × Eb   

with fb: resistance of the pile tip to shear loads and Eb: pile tip area in m2. And the load                    

in kN that is ΄΄intercepted΄΄ by the friction of the lateral part of the pile with the                 

neighboring soil: 

(19),Qsi = f si × Esi   

for a specific soil layer where fsi: lateral friction maximum value and Es: lateral area of                

the pile. For the maximum possible in kN, the length of penetration in meters of      Qb           

the pile tip in a healthy soil layer is: , where D is the diameter of the pile         .5Lpile ≥ 3 × D          

in meters (Kavvadas, 2005).  

 



 
 

 
 
 

 

The perfectly plastic theory of materials and the Mohr-Coulomb theory are adopted for             

the analysis of the soil. The contribution of the tip of the bored pile of Figure 7 is in kN                    

as follows (Anagnostopoulos and Papadopoulos, 2004): 

 

Qult.tip = 1.3 × c × N γ1 + γ2 × z × N γ2 + 0.3 × γ2 × D × N 3   (20)

with c the cohesion at the pile tip, and D the diameter of the pile in meters. The factors

of bearing capacity N are affected by the angle of the internal friction of the soil at the

pile tip and are calculated through the work of Anagnostopoulos and Papadopoulos,

(2004), on page 93.

3.5.2.Pile capacity for lateral friction

Extensive knowledge is not accessible οn the lateral friction of bored piles with

reinforcement steel cage. In cohesive soils Burland, (1973), found the relation between

the maximum friction fs of each pile and the per square meter area of the side of the

pile as follows:

fs  = σo  ' × tanδ + cs'   (21)

At the soil-pile interaction the effective cohesion is cs' = 0, therefore:

fs  = (L σk ') tanδ fs × × ⇔  = (L × tanδ) ⇔

fs  = ζ × σk  '   (22)

where: σo  ': effective stress on the horizontal axis in kN/m2 , δ: effective friction angle,

σk  ': effective stress on the vertical axis in kN/m2 , L: factor of pressure imposed by soil,

ζ: factor of effective lateral friction.

In the case of a bored pile with reinforcement steel cage in overconsolidated (OC) clay,

it is: ζ = 0.30, according to Clausen and Aas, (2001). This assumption will be checked

 



 
 

 
 
 

for the calculations that it provides. 

 

In similar research, according to Gazetas, (1988), the frictional resistance of the pile’s             

sides is given by: 

fs = L σk' tanδ (23),   ×   ×    

where σk': the effective stress at the depth of the fs calculation in kN/m2, L: factor of                 

pressure imposed by soil, δ: the friction angle at the soil-structure interaction. The soil              

pressure factor L is affected by the design of the pile and the textiles of construction,                

and the soil’s characteristics. It was suggested by Touma and Reese (1974), and Braja              

(2007), that for bored piles of more than a 60 cm diameter, with a steel reinforcement,                

the following assumptions can be made L = 0.7, and δ = φ. This assumption will be                 

checked for the calculations that it provides. 

 

In non-cohesive soils, the pile’s resistance due to lateral friction is affected by the shear               

strength characteristics of the neighboring soil and on the characteristics of the pile,             

according to Bouckovalas, (2006). When a load is applied on the pile, initially the              

upper part takes the load and as the load raises in value slowly the rest of the pile sides                   

take the load through friction. Though only after the pile has undergone 1 cm of               

sedimentation can it undertake the full frictional load that it was designed to, according              

to Bouckovalas, (2006). This assumption will be used in the calculations. 

 

3.5.3.Maximum allowable pile load 

For the estimation of the ultimate loads according to the page 175 of Anagnostopoulos,              

and Papadopoulos, (2004), the maximum allowable pile load is (in kN): 

min ) (24)Qult.allowable =  ,( F i

Q +QB Si  F a

Qb + ,F b

QSi σa1 
× Eh   

where σal = 6000 kN/m2 that is the typical strength of the concrete to compaction 

 



 
 

 
 
 

For a concrete pile that is reinforced with a steel cage which has a diameter of over  

60 cm and provided that the pile is constructed in clay, according to Tomlinson and               

Woodward, (2014).: Fi = 2, Fa = 3 and Fb=1. 

However, in the case that the base of the piles is in a sand layer then according to the                   

Polish Standard of Practice PN-83/B-02482, (1983), the safety factors are as follows:  

Fi = 2, Fa = 2,5 and Fb = 1 

 

The process of calculating the maximum allowable shear load requires that the safety             

factor against the applied shear loads is estimated. In order to do that the safety factor                

of the ultimate pile tip load, is compared to the factor of the ultimate friction load. 

 

3.5.4.Allowable load for bored piles  

For the calculation of the Qu.allowable in MN, the curve that depicts the relation between               

the load taken by the pile’s tip Qs(s) in MN, the load that is taken by the friction                  

resistance of the pile Qr(s) in MN, and settlement in cm, is created with the process                

described in the DIN4017, according to Beuth 2 (1990):  

(25),(s) (s) (s) Qg = Qs + Qr   

where Qs(s)=Ep σg(s) and Qr(s)= ΣEmi Tmfi(s), with σg(s): the effective soil resistance to ×    ×         

the tip in kN/m2, Emi: the square meters of the side surface of the pile that positioned in                  

the soil layer, and Tmfi(s): the soil’s side friction resistance 

 

According to Beuth 2 (1990): The maximum load of the tip has a settlement in cm of:                 

Sg = 0.1 d, where d in cm is the diameter of the tip, and the load QRG load correlates  ×                  

with a settlement (in cm) of Srg = 0.5 QΓς + 0.5 ≤ 3 cm, where the value of QΓς is in         ×               

ΜΝ. Adding the Qr(s) and the Qs(s) curve, the Qg(s) curve is extracted. The ultimate               

load Qu is calculated from the Qg(s) curve for a settlement of the foundation of 0.10                ×  

 



 
 

 
 
 

d. The maximum allowable load is calculated with these curves with the     Qult.allowable        

following relation: 

min (26),Qallowable =  Q /r, (s ){ g Qg max }    

where Qg(smax): the load in kN that is applied when the highest possible soil              

precipitation in cm occurs, and r: safety component that can receive the following             

prices. The chosen safety components are under axial loads r = 2.0, for the wind r =                 

1.75, and for rapid loads applied during the construction phase r = 1.5. 

 

3.5.5.Functional axial load  

The functional QW(max) load is the highest in value load coming from the wind turbine               

structure that the pile can bear. The load Quallowable is the ultimate allowable load that               

will not result in a fracture of the soil that is interacting with the pile. Since according                 

to Beuth2, (1990), the weight of the pile is ignored, using the work of Anagnostopoulos               

and Papadopoulos, (2004), on pages 88-97 the relation can be written as: 

Qw(max) = Quallowable .  

  

3.5.6.Ultimate horizontal load for short piles 

The methodology of Broms, (1964) adopts a uniform soil profile and assumes that the              

Winkler springs are describing the soil’s reaction to loads. The presumed safety factor             

against fragmentation of the soil is 2.  

According to Broms, (1964) and later Broms 2, (1964) for the optimal dispersion of the               

load along the length of the piles when the maximum allowable load is exceeded the               

soil is lead to a breach while the pile still had the capacity to take more horizontal                 

loads. Using the work of Broms, (1964) and Kavvadas, (2004) the pile will be              

characterized as short, medium or long with the following relation: 

Ηu = 9 Cu d (a - 1.5 d)                                                                                        (27)× × × ×  

 



 
 

 
 
 

where d is the diameter in meters and a is the length of the pile in meters. The pile can

be characterized as short if the following relation is valid: Pm ax < Py ield, whereas in the

case of medium piles the Py ield can be surpassed by the Pm ax in kNm. For the fixed

support of middle piles this relation is employed, Broms 2, (1964):

Pf ixed support= Py  = 2.25 ×  Cu  ×  d ×  λ2 - 9 ×  Cu ×  d × k × (1.5 × d+ 0.5 × k) (28)

Should the torque become larger in value than the yield torque then ultimate load Hu in

kN can be estimated with the relations (Jahan and Abedin, 2012).:

Hu = 2 × 1.5×d
P
+

y

0.5×k  (29)

In order to determine the value in kNm of the shear failure torque My ield that leads to

fracture failure of a single pile, charts depicting the relation of steel and concrete for

circular cross sections for the presumed steel quality are used. The B St 42/50 typical

steel quality is chosen for this work.

 

3.5.7.Choice of pile dimensions  

Apart from the shear load bearing capacity and maximum allowable pile load, also the              

cm of settlement of each pile will determine the dimensions of the pile. Using the work                

of Kavvadas, (2005) on Eurocode 7 and in order to increase the safety of the               

calculations the ultimate limit state for a flexible compression pile is calculated as the              

worst case scenario according to Example Calculations for Pile Resistance Analysis           

and Verifications, (2013). Therefore a safe assumption is that the maximum settlement            

is Smax = 2 cm.  

 

As mentioned previously the DIN standards process of the Pfahl program is used to              

calculate the maximum settlement value and the value of the maximum torque of the              

pile. All the chosen shallow or deep foundation systems should have an allowable             

settlement under the maximum accepted by the DIN standards and EC. For a footing              

 



 
 

 
 
 

on a clayey layer the maximum allowable settlement is 10 cm, and for a bored pile it is                  

12 cm on clayey layers according to the DIN standards and the Greek Construction              

Code that uses the Eurocodes. On the pile solutions, should the previously mentioned             

checks be successful, then the settlement and deformation of the pile are used to choose               

the optimum pile solution (Ministry of the Environment, Spatial Planning and Public            

Works, (2000); Beuth, (1979)). 

 

The soil layers input, model of the pile system and assumptions are used as input to the                 

program Pfahl in order to analyze the pile structures. The pile is considered as an               

elastic beam and the soil layers as an elastic system with different stiffnesses. The input               

of Pfahl is the loads under static and seismic loading and the soil indexes of the soil                 

layers. The perfectly plastic theory of materials and the Mohr-Coulomb theory are            

adopted for the operation of the soil, as previously mentioned (Ortuta, J., 2018). 

 

3.5.8.Loads applied on the tower 

The load conditions for a 850 kW wind turbine with a rotor height of 70 meters at a                  

site in the northern part of Peloponissos, Greece are adopted from the work of Orense,               

Chouw, and Pender, (2010). The tower loads acting on the soil line are provided in               

Table 1. These are the applied maximum monotonic loads and the exerted cyclic loads              

are lower. The foundation that is initially checked is a circular concrete footing with a               

diameter of 12 meters and a thickness of 1.2 meters. The soil is modeled as an                

elastic-perfectly plastic material.  

 

Therefore, for this work the static loads are as follows: 

Table 1 Monotonic loads applied on the tower at the soil line. 

Horizontal load  (kN)F h  Vertical load 
 (kN)F v  

Torque T (kNm) 

 



 
 

 
 
 

400 726 200 

 

Some seismic loads will also be adopted for use as input. These are the following: 

 

Table 2 Seismic loads applied on the tower at 0.00 meters above the soil line and                

foundation.  

Horizontal load  (kN)F h  Vertical load 
 (kN)F v  

Torque T (kNm) 

812 1039 150 

 

The shallow foundation that will be checked is a circular shallow foundation of various              

meters diameter as depicted in Figure 8, where γ is the index of the percentage of                

humidity of soil particles After this test to assess the needed dimensions of the shallow               

foundation, piling solutions of appropriate dimensions will be checked. 

 

Figure 8 The used model of foundation for the calculations in a soil layer of stable                

humidity  γ 

 

 



 
 

 
 
 

The introduced theory including the modifications and adjustments on specific checks           

of the DIN standards that was analyzed will be used on the footing with the shape that                 

is presented in Figure 8. The footing is set at a 2.2 meters depth, tangent to the water                  

level. There is no reason to attempt to position it deeper in the clay layer because of the                  

W.L. which further diminishes the clay characteristics as previously mentioned.          

According to DIN 4017, (1979), the value of the affected depth under the footing by               

the footing’s pressure is calculated. 

 

3.6.Input data: soil layer stratigraphy and soil modeling 

This thesis will use as input a specific soils stratigraphy that is the result of a                

geotechnical analysis that was performed on two carrots from on-site drillings with a             

few meters distance, a static cone penetration test, and a cone penetration test. The site               

where these carrots were extracted from is near Diakopto city in Greece. There are              

several sites there with good wind resources and soil stratigraphies with very weak             

clay, where feasible foundation solutions could be hard to be put together. The reason              

for using this soil stratigraphy is: 1) to prove the adequacy of deep pile foundations on                

a very weakened clayey first layer stratigraphy and to perform a cost assessment using              

official Greek state’s construction costs, 2) to determine whether the presence of a             

clayey first layer of substantial width renders all possible shallow foundations as            

non-feasible, and 3) identify the optimum foundation solution for this kind of clayey             

stratigraphy. 

 

The given stratigraphy consists of an extremely poor upper clay layer and two silty              

sand soil layers beneath that. It is assumed that there is no time to enhance the clay                 

layer through compaction. The first layer is a very soft naturally consolidated clay soil              

layer (NC) with a thickness of 6.5 meters. The W.L. is at 2.2 meters depth. Until the                 

 



 
 

 
 
 

water level, the clay is specified as CL, meaning an inorganic clay of low plasticity               

without mixes. Beneath the water level, and until 6.5 meters of depth, the clay is               

specified as CH, meaning plastic clay. Beneath that and until 9 meters, a medium              

density sand is found. This sand is characterized as SM, meaning a silty sand with very                

little fines. Finally, until 20.60 meters we have a more dense sand than the previous               

layer. Again this sand is characterized as SM. All the soil layers are depicted in Figure                

9. The characterization of the soil layers is according to the Unified Soil Classification              

System as it was depicted by Howard, (1986). 

 

 



 
 

 
 
 

Figure 9  Soil Stratigraphy 

 

The soil characteristics of a site near the sea-shore of Nilolaiika, in the northern part of                

Peloponissos, Greece are depicted in Table 2, and are provided as input. The             

coordinates of that site are 38.221788, 22.146943 and two geotechnical carrots were            

taken. The first layer of the soil is a very poor condition which presupposes heavy               

foundation costs for possible construction projects. This site was chosen for the            

neighboring city of Aigio is only 6 kilometers away from the site and could profit from                

a local wind power project. Furthermore, a 400kV new high voltage grid line is to be                

constructed 2km away from the site according to Kolyvas, (2018). Therefore a            

potential wind farm there could become feasible and help towards a local renewable             

future. 

 

Table 3 Soil characteristics of the 3 soil layers 

Characteristics (Average value) clay medium-dense 
sand 

dense sand 

Gravel (%)  0 0 

Sand (%)  8 93.4 

Fine-grained particles (%)  23 7.48 

Wet weight ( )kN /m3  24.35 25.8 26.7 

Dry weight ( )kN /m3  13.31 14.9 16.6 

Void ratio (e) 0.89 0.76 0.69 

Humidity(%) 83 81 0 

Number of impacts (N) 17.5 17 35.6 

Liquid Limit (%) LL 38.2   

 



 
 

 
 
 

Plastic Limit (%) PL 23.7   

Cone Penetration Resistance 0.26 4.7 4.7 

Unconfined compressive strength 
(Mpa) Cu  

0.256   

Test FVT (kPa) 9   

Test UU(kPa) 10.8   

CPT(kPa) 10.9   

c΄(kPa)/φ΄(maximum shear angle) 0/30 0/35 0/37 

Compression index Cc  0.258   

Compression index Cr  004   

Saturated unit weight of soil, γsat  18.4 19.6 20.8 

One-dimensional compression meter 
(kPa)Es  

 13800 19800 

 

3.6.1.Additional assumptions of the problem 

Concerning the time-frame for construction work, it is presumed to be less than two              

months and that the ground deformation restrictions of the European standards apply.            

Furthermore, the time frame of fewer than two months according to Fang, (2004) is not               

enough time for soil layer enhancement. Therefore the enhancement of the clay soil             

layer is out of the question. 

 

4. Results of Foundation Solutions 

In this section, the different cases of foundation solutions that were tested will be              

showcased. The specific DIN standards’ check where each of the early solutions failed             

will be mentioned. The DIN standards equations are used along with the alterations and              

 



 
 

 
 
 

adjustments of the DIN checks that were introduced in the previous chapter. Then a              

cost estimation of the chosen footing is made by calculating the needed materials and              

excavations volume. Afterwards, the piling solutions are introduced. A small single           

pile is initially solved through the DIN standards and alterations of checks from chapter              

3. As it successfully passes all checks including the allowable sedimentation           

inspection, a smaller pile is then examined. The cost estimation is thereafter made for              

both piling solutions and the results of all the foundation solutions are presented on a               

table. Finally, the process of choosing the dimensions of the foundations for the tests              

from a cost-efficient point of view is further explained. 

 

4.1.Shallow footing solution results 

Initially, a 12 meter diameter long footing with a height of 1.5 m is checked. The                

tangent circular footing of Figure 8 is examined and used for the calculations. All the               

DIN checks and adjustments are adequate. In order to reduce the cost also smaller              

dimensions are checked under the oblique and eccentric loads of the DIN 4014.  

 

The 8m diameter and 1.2m or 1.5m height footing failed in the bearing capacity              

calculation of the Meyerhof’s method, that was introduced in chapter 3. The 9 m              

diameter and 1.2 m or 1.5m height footing failed in the security check under seismic               

loads with a security factor of Fmin = 2.0, as it was depicted in the previous chapter. The                  

10 m and 1.2 meter height diameter while it successfully passes the check for the               

security factor of the clay layer bearing capacity under shear load without seismic loads              

FS = 1.325 Fmin = 1.2, under seismic loads it fails FS = 0.954 Fmin = 2.0, and is   ≻             ≼       

not accepted. Instead, the 10 m and 1.5 meter height diameter footing is chosen for its                

adequacy in all the DIN standards checks and adjustments that were analysed            

previously. 

 



 
 

 
 
 

 

4.2.Cost estimation footing 

The volume of the needed concrete for this 10 meters diameter and 1.5 meter thickness               

circular shallow foundation depicted in Figure 10 is 46.158 m3 

 

Figure 10 The model of the circular footing with the marked needed excavations,             

Autocad, 2013 

 

The assumed cost per cubic meter that was used on the footing was 200 € / m3.                 

Therefore, the total cost of the needed materials for this shallow foundation is  €9231.6.  

 

In order to find out the needed angle of excavations that the clay layer allows: 

In the check for the static loads in the clay layer of Figure 9, it was calculated that:                  

Cu(d) =11.055 kPa, where d was the affected depth of the soil under the shallow               

footing. According to the DIN 4019 German standard as it was explained by Kany,              

(1964), for this Cu the allowable angle of excavations is a = 9.5o. 

  

Therefore, the needed excavation volume is depicted in Figure 10 adding to the cost the               

volume of the footing 2746.65 m3, and with the cost of excavations according to              

Construction works pricing invoice, (2014) the cost is 2746.65 m3 4,5 € / m3 = 12.36 €×  

For the transportation of the soil to a neighboring soil disposal site, the Atego dump               

truck is used with a 14.2 m3 soil capacity (Mercedes-Benz Trucks, 2016). 

 

 



 
 

 
 
 

Five days will be assumed that the excavation transportation with two Atego dump             

trucks will be needed, taking into account the volume of soil that this truck can move                

on each trip. Assuming €300 per day for each truck, the calculated total cost is  

C = 300 € 2 trucks 5days = 3000 € and the total cost of the shallow foundation is:× ×  

C = 9231.6 + 12359 + 3000 = 24590.6 €  

 

 4.3. Pile solutions results 

Α single bored pile with reinforcement steel cage with a diameter of 1 meter is initially                

examined. The total length of that pile is 13 meters and therefore the tip of the pile is in                   

the denser sand. All the DIN standards checks and adjustments introduced previously            

are successful in that case. Afterwards, a single bored pile with reinforcement steel             

cage with a diameter of 0.7 meters is tested. The total length of that pile is 12 meters                  

and therefore, the tip of the pile is in the denser sand. On both piles on the calculation                  

of the pile capacity for lateral friction on cohesive soils as it was introduced on 3.4.2.                

chapter. The assumptions of Clausen and Aas, (2001) on OC cohesive soil proved to              

marginally increase the security factors when compared to the assumptions of Braja,            

(2007) and are therefore preferred and used in the calculations. 

 

The results of the evaluation of the bearing strength of the two pile solutions are               

analytically presented in Table 4. Initially, the necessary checks that validate the            

applicability of DIN 4014 standard for this pile are performed. Afterwards, according            

to the 3.4.1. previous section for this pile of 1 meter diameter with 13 meters length the                 

bearing capacity of the pile is found adequate for a minimum penetration length in the               

second sand layer of 3.5 meters. For safety reasons, the penetration length is             

transformed to 4 meters inside the second sand layer. The load that is undertaken by               

the pile tip Qs(s) is determined then and the ultimate value of the load taken by the pile                  

 



 
 

 
 
 

is found as Qbult = 2198 kN, using the equations introduced in the 3.4.3. chapter. Then                

the curve of the load taken by the friction resistance of the pile Qr(s) is created by                 

calculating for each layer the partial friction resistance Qrg and then adding them up              

gives us the total friction resistance Qrg =1934.88 kN. Thus, the settlement            

corresponding to that load is calculated as Srg = 1.47 cm which is less than 3.00 cm that                  

the DIN standards accept as maximum. Afterwards, the vertical load on the pile can be               

now calculated as Qg = 4132.88 kN. All the values calculated which relate the loads to                

precipitation for this 100cm pile are used to fill the Figure 11 : 

 

 

Figure 11 Characteristic resistance-settlement curve for the 100 cm diameter pile           

according to DIN 4014-100 standard 

 

With the work presented on 3.4.7. section it is assumed that the maximum settlement is               

Smax = 2 cm. With 2cm of settlement from the Figure 11, the maximum allowable load                

is calculated as Qallowable = 1433 kN. The maximum operational load is calculated after              

 



 
 

 
 
 

the weight of the pile is deducted, as Qw
max = 1279.25 kN. 

 

In order to find the most cost-effective piling solution the lowest pile diameter of 0,7               

meter that the DIN standards allow to be checked is chosen next. That diameter with 12                

meters of length is barely adequately penetrating the dense sand layer in this             

stratigraphy with 2.45 meters of penetration length in that layer, according to the DIN              

standards. Therefore, under no conditions could a smaller diameter pile or length be             

checked. The 0.7 meter diameter pile with 12 meter length proved to be only barely               

adequate. For safety reasons the penetration length is transformed to 3 meters inside             

the second sand layer. The Qs(s) is determined then and the ultimate value is found as                

Qbult = 1077.02 kN. Then the curve of the Qr(s) is created by calculating for each layer                 

the Qrg and then adding them up gives us the total friction resistance Qrg =1103.85 kN.                

Thus, the settlement corresponding to that load is calculated as Srg = 1.05 cm which is                

less than 3.00 cm that the DIN standards accept as maximum. Afterwards, the vertical              

load on the pile can be now calculated as Qg = 2180.87kN. All the values calculated                

which relate the loads to precipitation for this 70cm pile are used to fill the Figure 12 : 

 



 
 

 
 
 

 

Figure 12 Characteristic resistance-settlement curve for the 70 cm diameter pile           

according to  DIN 4014-100 standard 

 

With the work presented In section 3.4.7. it is assumed that the maximum settlement is               

Smax = 2 cm. With 2cm of settlement from the Figure 12 the maximum allowable load                

is calculated as Qallowable = 817.77 kN. The maximum operational load is calculated after              

the weight of the pile is deducted, as Qw
max = 748.54 kN < Qal and therefore it is                  

accepted. 

 

The most strict safety parameters among the different standards and research are used             

in this process. Consequently, that 0.7 diameter and 12 meter length pile is chosen for               

that stratigraphy and loads of that WT. 

 

The ultimate horizontal load for the chosen 0.70m diameter-12m length bored pile is             

 



 
 

 
 
 

estimated with a steel cage of BSt 42/50 steel quality as Qmax= 748 ΚΝ. A 1% part of                  

the pile΄s cross section is assumed to be steel. For this pile assuming a concrete type of                 

C20/C25 with the Brom΄s method that was introduced in the 3.4.6. section we have a               

shear failure torque Pyield of 212.71 kNm.  

 
Solving the pile as a fixed pile, the worst case failure was found when assuming that                

the plastic hinge occurs is in the first clay layer. Then, for a short pile in clay ultimate                  

torque Pu= 2555.28 kN and the highest possible torque that can be withstood by the pile                

is found as Pmax= 22145.76 kN that exceeds the shear failure torque Pyield. For a                

medium pile, the critical depth for a plastic hinge is at 2.7 depth should be checked that                 

it is more than the yield torque 212.71 kNm. According to the DIN standards’ process               

of the Pfahl program solution, the pile’s maximum torque is Pmax= 531.5 kNm, which is               

accepted. This is the final check and after that, we can accept this 12 meters long and                 

0.7 meter diameter bored pile is an adequate ’’medium’’ pile according to Broms,             

(1964). On the following Table 4, the two solutions are analytically depicted. Both             

solutions are acceptable for their adequacy against horizontal loading and fracture from            

torque checks, and the 70 cm diameter and 12 meters long pile is chosen as the most                 

feasible. 

 

Table 4 Analytically the values of the calculations for the vertical loads on the two               

piles 

Type of pile Bored pile with 
reinforcement steel cage 

Bored pile with 
reinforcement steel cage 

Pile Diameter 1m 0.7m 

Bearing Capacity 
calculation 

DIN 4014 and adjustments DIN 4014 and adjustments 

 



 
 

 
 
 

Length of pile 13m 12m 

Self weight of pile 153.75kN 69.24kN 

Pile tip resistance 2198kN 1077.02kN 

Strength against the lateral 
friction load 

1935kN 1103.85kN 

Total vertical load 4133kN 2180.87kN 

Allowable load 1433kN 817.77kN 

Operational load 1279.25kN 748.53kN 

 

4.4.Cost estimation of piles 

Bored Pile of 70 cm diameter and 12 m length 

Assuming that lpile is the length of the pile the needed excavation volume is V = π (r)2                ×  

lpile  = 4.62 m3×  

 

The cost of excavations is assumed as 4.5€/m3, according to Construction works            

pricing invoice, (2014). Therefore the cost of excavating and moving the soil to a              

neighboring site is C =  4.62 m3 4.5 € / m3 = 22.5 €.×  

The cost of piles of 70 cm diameter including reinforced steel cages and concrete is               

250 € / m according to Handley, B. (2006). As such the cost of the materials for the 70                   

cm pile is calculated as 12 m 250 € / m = 3000 €.×  

 

For the connection of the 3.5 meters base of the WT to the pile, a square footing of 1                   

meter thickness and other dimensions of 4.5 m 4.5m is used. For the construction cost       ×        

of the used concrete and steel is:  

 



 
 

 
 
 

The volume of the footing is 20.25 m3 and the assumed cost per m3 of the footing is 200                   

€ / m3 according to Handley, B. (2006). Therefore, the footing’s of the pile’s cost is                

€4050. 

 

For the costs to be complete a cost for the pile driving equipment has to be presumed.                 

The Liebherr LRB 150 with its substantial drilling torque and in this soft soil, it is able                 

to drill the hole for the 70cm pile in the duration of one day and its per meter weight                   

can doesn’t overwhelm the clay bearing capacity (Technical data Piling and drilling            

rig, LRB 155. 2017). 

Assuming that the Liebherr LRB 150 costs €500 per day of use the total cost of the                 

deep foundation solution of the 70 cm pile is as follows: 

C70total = 500 € + 3000 € + 4050 € + 22.5 € = 7572.5 € 

 

Furthermore, according to Wind Farm Application Bulletin, (2016), the practice in           

Europe has shown that the Cu of 28.45 psi (2.0 kg / m2) is needed to support the wind                   

farms’ pile driving equipment. The clay layer’s Cu from Table 3 of the previous chapter               

is 3.56 psi (0.25 Kg / cm2). Nevertheless, for the Liebherr LRB 150 piling equipment               

special platforms are included in the renting price to accommodate the use in soils until               

3.00 psi (Technical data Piling and drilling rig, LRB 155., 2017). 

 

Pile of 100cm diameter and 13 meter length 

Assuming that lpile is the length of the pile the needed excavation volume is V = π (r)2                ×  

lpile  = 10.21  m3×  

 

The cost of excavations is assumed as 4.5€/m3, according to Construction works            

pricing invoice, (2014). Therefore the cost of excavating and moving the soil to a              

 



 
 

 
 
 

neighboring site is C =  10.21 m3 4.5 € / m3 = 45.92 €.×  

The cost of piles of 70 cm diameter including reinforced steel cages and concrete is               

300 € / m according Handley, B. (2006). As such the cost of the materials for the 100                  

cm pile is calculated as 13 m 300€ / m = 3900  €.×  

 

For the connection of the 3.5 meters base of the WT to the pile, a square footing of 1                   

meter thickness and other dimensions of 4.5 m 45m is used. For the construction cost       ×        

of the used concrete and steel is:  

The volume of the footing is 20.25 m3 and the presumed cost per m3 of the footing is                  

200 € / m3 according to Handley, B., (2006). Therefore, the footing’s of the piles cost is                 

€4050. 

 

For the costs to be complete a cost for the pile driving equipment has to be assumed.                 

The Liebherr LRB 150 with its substantial drilling torque and in this soft soil, can drill                

the hole for the 100cm pile in the duration of one day and its per meter weight can                  

doesn’t overwhelm the clay bearing capacity (Technical data Piling and drilling rig,            

LRB 155., 2017). Assuming that the Liebherr LRB 150 costs €500 per day of use the                

total cost of the deep foundation solution of the 100 cm pile is as follows: 

C70total = 500 € + 3900 € + 4050 € + 22.5 € = 8472.5 € 

4.5. Results of all the foundation solutions 

On Table 5 the results of all the foundation solutions are depicted. It is obvious how                

lacking the shallow footing solutions are in this soils stratigraphy when compared to             

deep pile solutions. The specific vertical loads that are taken by the friction capacity              

and the pile tip of each pile solution are depicted in table 6.  

 

 



 
 

 
 
 

Table 5 Results of foundation solutions 

Type of foundation solution € 

Circular shallow footing (10 meters diameter 
with 1.5 meters thickness at 2.2 meters depth) 

24590.6 

Pile (100 cm diameter, 13 meters length) 8472.5 

Pile (70 cm diameter, 12 meters length) 7572.5  

 

Table 6 Analytically the vertical loads found for the two piles solutions 

Type of pile 70 cm diameter bored pile 
with reinforcement steel 

cage  

100 cm diameter bored 
pile with reinforcement 

steel cage  

Length of pile 12m 13m 

Strength against the lateral 
friction load 

1103.85kN 
 (50.6% of the total load) 

1935kN 
 (47% of the total load) 

Pile tip resistance 1077.02kN  
(49.4% of the total load) 

2198kN 
(53% of the total load) 

Total vertical load 2180.87kN 4133kN 

Allowable load 817.77kN 1433kN 

Operational load 748.53kN 1279.25kN 

 

The chosen solution for this soil stratigraphy is a monopile of 0.7m diameter with a 

length of 12 meters, and the loads that can be taken by that pile are depicted in table 7. 

 

Table 7 The loads taken by the chosen pile of 70cm diameter and 12 meters long. 

Pile Type Bored Pile with Reinforcement Steel Cage 

 



 
 

 
 
 

Pile Diameter 0.7 m 

Pile Fracture Torque 212.71 kNm 

Pile Max Torque (in static loading) 531.5 kNm 

Adequacy against Horizontal Load adequate 

Pile Solution Evaluation adequate 

 

4.5.1.Choice of foundations process and limitations 

All the possible combinations of dimensions for shallow and deep foundations were            

tested with the previously presented equations. Using the process depicted in section            

3.4.7. when a group of dimensions was found acceptable by all the checks, the next               

possible dimensions were tested. The limitation of the footing is that the base of the               

footing cannot be inside the water layer. The limitation of the piling solutions is that               

the pile head needs to have an adequate length inside the dense sand layer. That way                

the three solutions were chosen and are going to be compared. The piling solutions are               

the most economical two and they were both chosen as possible solutions, in order to               

showcase the major importance of high construction standards and the different load            

dispersion in the two cases. While the 100cm pile transfers most of the loads through               

friction to the neighbouring soils, the 70 cm pile depends heavily on the pile tip               

resistance. Specifically a 28% of the total load on the 70 cm pile for a 2 cm settlement                  

is carried by the tip of the bored pile and a 72% of the total load of the pile is dispersed                     

by friction to the soils. Similarly, for 2 centimeters of settlement for the 100cm pile, a                

22% of the total load on pile is carried by the tip of the bored pile and a 78% of the                     

total load of the pile is dispersed by friction to the soils. Because the construction               

process of the bored piles is quite complex and because many checks of the 70cm               

diameter pile were barely successful someone could argue that the risk of a failure              

 



 
 

 
 
 

overshadows the small extra cost burden of choosing the 100 cm pile. 

 

5. Discussion and analysis of future work 

The tested groups of dimensions that were initially chosen for the footing failed due to               

the low bearing capacity of the clay layer. While placing the footing at a deeper depth                

would solve that, the existing water level at such a low depth limits the possible               

placement of the base of the footing. That led to increasing the diameter of the tested                

groups of dimensions which increased the cost of construction. This result is            

strengthened by similar work in other papers. Orense, Chouw, and Pender, (2010), in             

their work for the same reasons on other stratigraphies ended up choosing a 12 meters               

diameter circular foundation. Therefore, the added cost is high because the price of the              

needed materials as concrete and steel is οverwhelming for the required larger footing             

dimensions. Furthermore, the maximum angle of excavations in clay is very low and             

that creates this problem of the substantial needed volume of excavations, which adds             

to the cost. That is the reason that the cost of all the chosen footing solution is very                  

high and piling solutions are evaluated. 

 

The test of the DIN standards that signifies the minimum needed penetration length of              

the pile inside each soil layer sets initially the boundaries for the pile dimensions.              

Another check of the EC and the DIN standards that reduces the possible pile’s              

dimensions is the minimum pile diameter for each seismic area for each country.             

Therefore in the worst possible seismic area of Greece called EC4 that the site is, only                

piles larger than 0.6 meters diameter are allowed. Initially, the pile of 1 diameter and               

13 meters length was tested and proved to pass all the checks with a high percentage of                 

unused bearing capacity. Afterwards, the smallest in dimensions pile was tested. The            

12 meters long 0.7 meters diameter pile was tested afterwards. It successfully passed             

 



 
 

 
 
 

all the checks with a minimal percentage of bearing capacity unused this time. This              

signifies how well ’’calibrated’’ are the adjustments of the DIN standards that were             

previously analysed. To validate the found values the findings of similar research are             

used.  

 

5.1.Validation of the deep foundation solutions 

The calculations will be compared with the findings from the El Gendy et al., (2009)               

work. A piled raft solution was optimised in that work for building uses. The program               

ELPLA was used to analyze the foundations and find the settlement of the piled raft. El                

Gendy estimates the differential settlements for a piled raft with 24 meter long 0.5              

meter diameter piles positioned every two meters on a 1.1 meter thick raft. In that work                

the differential settlement was found as 1.89 cm. The same model in the same soil               

stratigraphy is recreated with the DIN standards and its previously introduced           

adjustments. Then the DIN standards process of the Pfahl program is used to calculate              

the pile settlement. The calculated settlement is 2.06 cm with a 8.9% deviation from              

the one found in the work of El Gendy et al., (2009). For the dimensioning of piles that                  

this thesis is focusing on that is an acceptable result. For the same reason it was                

analysed on 4.5.1. section, maybe an engineer would prefer the 100 cm pile solution              

instead of the 70 cm pile in this stratigraphy. 

 

5.2.Cost comparison of the solutions 

The total foundation cost for the circular shallow footing is €24590.6 and for the 1               

meter diameter and 13 meters long pile it is €8472.5. For the 0.7 meter diameter and 12                 

meters long pile, the cost is €7572.5 . Since the 0.7 bored pile solution barely               

successfully passed all the checks, choosing the 1 meter pile comes at a very low extra                

cost. Using the 0.7 meter dimension pile in this soil stratigraphy reduces the cost by               

 



 
 

 
 
 

69.2% when compared to the cost of the circular footing. Furthermore, the piling             

solution needs one to two days for construction. The excavation of the bored pile takes               

a few hours for the chosen piling equipment can start drilling without any preparations,              

followed by the positioning of the steel reinforcement frame and then the casting of the               

concrete. On the other hand, the shallow footing solution needs five days, as depicted              

in Table 8, for construction also because of the added excavation volume. This study              

did not approach all possible aspects of the life cycle of the foundations as maintenance               

costs and the procurement part could be also more analysed. Nevertheless, the goal of              

this cost and time of construction comparison is to showcase the substantial differences             

in the two foundation solutions for this poor soil stratigraphy. 

 

Table 8 The costs and days of construction of the foundation solutions 

Foundation Solution 
Type 

Total cost 
(€) 

Materials 
and Work 

Excavation 
Cost 

Days of 
Construction 

Circular Shallow Footing 24591 37.5% 62.5% 5 

Pile (length=13m 
diameter=1m) 

8473 94% 6% 2 

Pile (length=12m 
diameter=0.7m) 

7573 93% 7% 2 

 

The total cost for the chosen wind turbine is according to Windpowermonthly.com,            

2018, €791.350. The percentage of the cost of the shallow foundation is 3.1%, as              

depicted in Table 9, and the cost of the deep foundation is 0.96% when compared to                

the total cost of the chosen wind turbine. The found shallow foundation percentage of              

3.1% is similar to the percentages from the work of Johansson et al., (2010), that was                

mentioned on chapter 2, where he used a healthy soil stratigraphy and he presented the               

average cost for shallow foundations of about 5%. The 3.1% percentage cost is also              

 



 
 

 
 
 

agreeable to the typical ranges of the foundation costs compared to the average total              

costs for onshore investment in countries as Germany, Denmark, Spain and the UK             

according to Iuga, 2018. Though on the deep monopile solution the 0.96% percentage             

of the total cost, when compared to the 27.8% that Wright et al., (2006) found on                

similar poor soil stratigraphies, is a substantial difference. Perhaps the reason for this             

difference is that instead of a monopile for a small 850 kW 70 meters tall wind turbine                 

that is used here Wright et al. (2006) used complex models of deep piling solutions               

including many smaller piles for a wind turbine of many MW and of over 100m tall                

tower height. That difference should be researched further. Still, in the premises of the              

current thesis, the outcome of using the 0.7 meter dimension pile in this soil              

stratigraphy reduces the cost by 69.2% when compared to the cost of the circular              

footing. 

 

Table 9 The percentage of foundation cost when compared with relative research. 

Type of foundation % of the W.T. total cost 

Chosen footing 3.1 

Chosen monopile 0.96 

Research on shallow foundations on healthy soil 5 

Research on piling solutions on poor soil 27.8 

 

5.3.Limitations of the methodological framework 

The equations of the DIN standards were adjusted only for stratigraphies that include a              

first clay layer and then sand layers in order to reduce the time needed to run the                 

calculations. If the water level is lowered on the same soil stratigraphy then for larger               

wind turbines the shallow foundation solution cost would be reduced, while the need             

 



 
 

 
 
 

for more than one pile would increase the cost of the deep foundation solutions.              

Nevertheless, this study shows that for small wind turbines in a similar stratigraphy a              

shallow foundation deep in a clay layer will always be rejected when compared to deep               

piling solutions. The initial hypothesis that there is no time available to enhance the              

clay layer means that a larger wind turbine foundation, than the one that is used, cannot                

be constructed on this site. The reason for that is that the used Liebherr piling               

equipment can barely establish itself and work on the clay layer because of the              

extremely low bearing capacity of this clay layer. Any heavier equipment cannot work             

on this site without clay layer enhancement by compression and water dispersion from             

the clay particles. 

 

An important limitation of this method is that the settlement of the footing is not               

calculated. A geotechnical program could be used after this method to estimate the             

maximum settlement and then compare it to the maximum allowable settlement. While            

it was analysed previously that the settlements are expected to be minimal and can be               

disregarded, still it would increase the safety of calculations in future work. 

 

5.4.Future work  

Further research with a geotechnical program that can calculate the settlement of the             

pile with more accuracy should be performed. The reason for that is that the structural               

analysis that one of the basic assumptions of DIN 4014 and DIN 4017-100 is a               

maximum settlement of 2 to 2.5 cm, according to Beuth 2, (1990); Beuth, (1979);              

Kany, M., (1964). A more complete check of settlements would surely increase the             

validity of this foundations study. For the next level of the optimization of this process,               

the Finite Element Method processing of the input data would also help. The modeling              

of the soil-structure interaction performed with springs of certain stiffness representing           

 



 
 

 
 
 

the soil, as Olariu, (2013) did in her work, along with a simplified wind turbine model                

with a rigid base or a flexible base, with a vertical, a rotational and a horizontal                

stiffness spring computed through FEM would allow the compiling of the soil model             

with finite components, instead of a uniform stiffness soil assumption. The elastic            

modulus theory and the Poisson’s ratio used in this method would further reduce the              

10% error that was found previously. 

 

Moreover, the connection footing and pile construction cost were estimated towards           

their cost per cubic meter. The uncertainty that the instability of the price of steel and                

concrete creates is significant. A research towards the estimation of the future price of              

these materials may reduce the costs that were presumed. Though the fluctuation of             

these prices relative to the distance of the site to major cities of Greece could also be                 

researched. Also, the days that the pile driving equipment is needed for the             

construction of the single pile solution were sensibly assumed. A price for using the              

pile equipment was also sensibly adopted. This topic may prove of interest to help              

future feasibility studies. What is more, a better soil stratigraphy of the site, with more               

soil sub-layers may prove useful. Using that, a more precise calculation of the             

dimensions of the foundation solutions will be possible. Thus, the accuracy of the             

feasibility calculation can be further improved. 

 

Additionally, the connection medium of the pile to the wind turbine tower should be              

looked into. A reinforced concrete square slab of 4.5 meters dimensions and 1        .5× 4     

meter thickness was assumed in order to provide an insight into the potential costs.              

Nevertheless, while it successfully passed all checks in the future, some more testing             

on the needed dimensions of the connection medium concrete slab could be estimated             

that may further reduce the cost.  

 



 
 

 
 
 

 

Furthermore, the 0.7 meter diameter and 12 meters long pile was presumed as suitable              

to act as the wind turbine’s foundation. Nevertheless, while the chosen deep piling             

foundation can be constructed, the transferring and assembly of the parts of the wind              

turbine will have to deal with the hindrance of the clay layer being unable to sustain                

loads per square meter over its low undrained shear resistance. If that is indeed the case                

then more research on the topic of the enhancement through compaction of the clay              

layer should be performed. 

 

Finally, on the design process of the piles, the stiffness decay and accretion of pile               

partial displacements that are caused by the applied cyclic loads were disregarded. This             

is not taken into account by the European standards used here. Also according to              

Tasiopoulou, (2015), the outcome of the applied cyclic loads in undrained sands is the              

liquefaction effect. Should that happen it would severely diminish the bearing capacity            

of the pile. In their work Anastasopoulos and Theofilou, (2016), showed a good way to               

reduce the rate of stiffness decay by increasing the size of the foundation. That would               

mean larger dimensions on the pile that is penetrating sand layers. Further research on              

that could even perhaps predict the future bearing capacity of the foundation solution             

along its life-cycle. Some more research should be put towards that end. 

 

6.Conclusions 

 

A) Selection of the most effective technical solution 

The aim of this report was to find out if a cost-effective wind turbine foundation               

solution could be applied on the soil stratigraphy of this site in Peloponissos, Greece.              

After that was established, finding the most suitable design for a potential wind turbine              

 



 
 

 
 
 

foundation on an onshore site with poor soil characteristics was the goal. Then, the              

feasibility of the project was estimated for a 850kW wind turbine with 70 meters hub               

height. 

 

The majority of the circular shallow foundation solutions failed due to the fracture to              

shear loads checks. A circular shallow foundation solution of 10 meters diameter with             

1.5 meters thickness at 2.2 meters depth with its base tangent to the water level was                

chosen as the best solution. It was selected as the most economic solution which              

successfully passed all checks with a high cost of construction and five days of              

construction time. Afterward, a deep foundation solution was checked with a 1.00            

meter diameter monopile and 13 meters pile length. To raise the safety of calculations,              

the stricter safety factors of the EC7 were used on the adjusted DIN 4014 design               

process. This solution proved to be adequate in all the safety checks and has an               

operational load of 1279.25 kN while it needs approximately one to two days of              

construction time and costs one third of the shallow foundation solution. Afterward, a             

70 cm pile diameter with its pile tip in the denser sand layer was examined. It proved to                  

barely adequately pass the safety checks and costs a bit less than the 1 meter pile with a                  

construction time of one to two days. Thereafter, the problems stemming from each             

solution were approached too.  

 

Consequently, it was verified that in an onshore site with very poor soil characteristics              

and without enough time to enhance the clay layer, a feasible deep foundation solution              

can be formed. It is concluded that the smallest possible in dimensions adequate             

shallow footing is far more expensive than the piling solutions due to the small              

undrained shear resistance and low resistance to compression of the first clay layer.             

While the cost of materials of the possible adequate footings is reduced as the depth of                

 



 
 

 
 
 

the placement of the footing is increased, the cost of excavations adds up very fast.               

The cost of excavations can be reduced when the angle of excavations is increased.              

Though for that to happen the compaction of the clay layer requires some months time               

and even then the water level has to be lowered with other processes. It all comes                

down to the clay layer bearing capacity and to the water level. For these reasons bored                

monopile solutions can be feasible and can be preferred over shallow foundations            

solutions in soil stratigraphies with thick first clay layers as the one used. 

 

     B) Cost Estimation 

The calculations demonstrate that the 0.7 meter pile and a 1 meter thick connection              

footing need only a couple days to be constructed, the cost is calculated as €7572.5 and                

the cost of excavations is only €22.5. Also, the single pile and the connection footing               

need only a few days to be constructed. The construction cost of the 10 meter diameter                

circular footing is €24590.6 and it needs five days time for construction. The             

percentage of the cost of the shallow foundation is 3.1% and the cost of the deep                

foundation is 0.96% when compared to the total cost of the chosen wind turbine.              

Specifically, using the 0.7 meter dimension pile in this soil stratigraphy reduces the             

cost by 69.2% when compared to the cost of the circular footing. These numbers              

confirm that a project at this place, under these soil conditions and with a limitation of                

no clay enhancement is feasible and with a very low cost of construction. 

 

In conclusion, even if all the aspects, such as very high water level, very poor clay                

characteristics and insufficient time for clay layer enhancement are negative, a           

carefully designed pile will successfully transfer all the loads to the healthy sand             

layers, while the time, cost and difficulty of construction levels all remain at very              

acceptable levels. 

 



 
 

 
 
 

 

An analysis with a geotechnical program that can calculate the settlement of the             

shallow foundation would help further raise the safety of calculations of this            

΄΄adjusted΄΄ DIN standards’ method. Likewise, should some of the estimated          

assumptions related to costs in this report be better researched, the costs would become              

more accurate. For example, the price per m3 for the footing which is connecting the               

tower to the pile was assumed. Should there be more focused research on the soil               

conditions and on the future prices for steel and concrete as materials, then perhaps a               

better price may be estimated.  

 

Nonetheless, this report concludes that under the described conditions, a wind turbine            

foundation construction at that site is feasible. 

 

      C) Standards Comparison 

On the shallow foundation’s theory, the checks of Meyerhof and DIN 4017 proved to              

provide very similar results (Gkazetas, (1988); Beuth, (1979)). It is suggested that the             

factors of resistance of the soil to shear load from both standards are inspected before               

calculations. The most strict in this case proved to be the DIN 4017, (1979),              

standard’s safety factors. Similarly, the strictest safety check from shear loads of this             

shallow foundation was according to Vesic, (1963). Regarding the piling foundation           

theory, the work of Kany, (1964), proved to have stricter settlement conditions than             

DIN 4014 and DIN 4017. Finally, on the calculation of the lateral friction of piles in                

cohesive soils the assumptions of Clausen and Aas, (2001) on OC cohesive soil             

proved to marginally increase the security factors when compared to the assumptions            

of Braja (2007). 
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APPENDIX A.  

A.1.Shallow foundation solution modelling 

The following flow charts explain how the modelling is done for the shallow             

foundation. Each of the needed checks is initially depicted in the general flow chart of               

shallow foundations. Then in the following flow charts the steps of the model in each               

check are depicted. 

 

 

 

 

Figure 13 General flow chart of the shallow foundation solution. 

 



 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 14 First step of the shallow foundation solution. 

 



 
 

 
 
 

 

 

Figure 15 Second step of the shallow foundation solution. 

 

 

A.2.Deep piling solution modelling  

 



 
 

 
 
 

 

The following flow charts explain how the modelling is done for the deep piling              

solution. Each of the needed checks is initially depicted in the general flow chart of               

deep piling solution. Then in the following flow charts the steps of the model in each                

check are depicted. 

 

Figure 16 General flow chart of the deep piling solution. 

 

 

 

 

 

 

 

 

 

 



 
 

 
 
 

Figure 17 First step of the deep piling solution. 

 

 

Figure 18 Second step of the deep piling solution. 

 

 

 



 
 

 
 
 

Figure 19 Third step of the deep piling solution. 

 

A.3.Reference Calculations 

 

A.3.1.Bored pile with reinforcement steel cage solution with 70 cm diameter. 

A.3.1.1.Evaluation of bearing the capacity of the 70 cm pile  

The required length of the pile inside the second sand layer is  

Lpenetration  ≥ 3.5 d = 3.5 0.7m = 2.45 m× ×  

For safety reasons the following penetration length is chosen  

Lpenetration =  9 + 3 = 12 meters 

Hence, the base of the pile is at -12 meters depth. 

 

The necessary checks that validate the applicability of DIN 4014 for this pile: 

● The d of the pile is more than 0.30 and  less than 3.20 m 

● Their pile’s length is more than 5.00m, which applies here for the 12 meters              

 



 
 

 
 
 

length 

● The calculation of the Qallowable is possible because 

a) The pile diameter is 70 cm  

b)The penetration length in the second sand is 3.0m which is more than the 2.50m that                

is required 

c)The tip’s qc = 14 MPa which is more than the minimum 10 MPa 

d)The thickness beneath the pile is: 20.6 - 12 = 8.60 meters which is more than 3 d =                 ×    

2.10 meters 

Thus, DIN 4014 standard can be used for this pile. 

 

The process that was analysed on section 3.5.4. and equation (25) to determine the              

allowable load for bored piles will be followed: 

 

 

For the average value of qc = 14 MPa.: 

● For s = 0 it is Qs=0 

● For s = 0.02 d=0.02 100 = 2 cm we have× ×   

              qp = 0,95 MPa 

              Qs(1.40 cm) = 950 (π 0,72) / 4 = 376.96 kN× ×  

● For s = 0.03 d = 0.03 70 = 2.1 cm we have× ×  

              qp = 1.26 MPa 

              Qs(3.6 cm) = 1260 (π 0.72) / 4 = 484.66 kN× ×  

● For  s = 0.1 Β=0.1 120=12.0cm we have× ×  

              qp=2.80 MPa 

              Qs(12 cm) = 2800 (π 0.72) / 4 = 1077.02 kN× ×  

Hence, the ultimate value is Qbult = 1077.02 kN 

 



 
 

 
 
 

 

For the evaluation of the curve of the Qr(s): 

For s = 0 we have Qr = 0 

● On the first layer: 

At the middle of the clayish layer it is: 

Cu = 10.43 kPa and Τmf  = 0.00935 ΜΝ  

hence, the in the clay layer Qrg = π d k  Τmf  = π 0.7 (6.5 - 2.2) 9.35 = 88.37 kN× × × × × ×  

where k is the depth difference between the W.L. and the end of the clay layer  

●  In the medium dense sand: 

qc = 6.0 MPa 

Which means that Τmf = 49 ΚPa 

Therefore, in the first sandy layer Qrg = π d k Τmf = π 0.7 (9 - 6.5) 48 =× × × × × ×  

= 263.76 kΝ 

where k2 is the thickness of the layer  

● In the dense sand: 

qc = 14,0 MPa 

and Τmf = 114 kPa 

Therefore, in the second sandy layer: 

Qrg = π d k3 Τmf = π 0.7 3 114 = 751.72 kN× × × × × ×  

where k3 is the depth difference between the depth of the pile’s tip and the beginning of                 

the dense sandy layer. 

Adding up the loads: 

Qrg = QrgI + QrgII + QrgIIΙ = 88.37 kN + 263.76 kN + 751.72 kN = 1103.85 kN 

That load leads to a settlement of: 

Srg = 0.5  Qrg + 0,5 = 0.5 1103.85 + 0.5 = 1.051923 cm which is less than 3.00 cm× ×  

  

 



 
 

 
 
 

The vertical load on the pile can be now calculated: 

Qg = Qbu + Qrg = 1077.02 kN + 1103.85 kN = 2180.87 kN 

All the values that were calculated are used to fill the following Table. Afterward, with               

the use of the Table, the following Figure is created: 

 

Table 10 Relation of loads and precipitation 70 cm diameter pile 

s s(cm) Qsg(MN) 

 

Qrg(MN) Qg(MN) 

s = 0 0.00 0.00 0.00 0.00 

 s = srg 1.06 0.319 1.104 1.423 

s = 0.02 B×  1.40 0.377 1.104 1.481 

s = 0.03 B×  2.10 0.485 1.104 1.589 

  s = 0.1 B×  7.00 1.077 1.104 2.181 

 

 

 

 



 
 

 
 
 

 

Figure 20 Characteristic resistance-settlement curve for the 70 cm diameter pile           

according to  DIN 4014-100 standard 

 

For the evaluation of the maximum allowable load Qal: 

, with ν=2 and ξ=1.35 from EC7 (Kavvadas, 2005) asin( , (S )Qal = m ν
Qg Qg maximum           

explained at the end of the section. 

For this kind of piles and for the wind turbine structure we can assume that Smax = 2 cm 

And for s = 2 cm we have Qg(S = 2) = 1.57 MN 

therefore, 

Qal = 817.77 kN 

And the weight of the pile is G = (π d2  0.25  (12)  (25.00 – 10,00)× × × ×  

                                               G = 69.24 kN  

Max operational load:  Qw
max = 817.77 – 69.24 kN = 748.54 kN < Qal  

This check is successful.  

 



 
 

 
 
 

 

It should be mentioned here that according to DIN standard 4014, Qal = min (Qg,               

Qg(Smax)) for the 2 cm of the allowable precipitation. 

 

Though according to the U.L.S. Qal = min (Qg / ξ, Qg(Smax)), where ξ is 1,35 for this                  

flexible compression pile. In order to increase the safety of the calculations the U.L.S.              

worst case scenario that the Eurocodes use was used. (Example Calculations for Pile             

Resistance Analysis and Verifications, 2013) 

A.3.1.2.Estimation of the ultimate horizontal load, from section 3.5.6.  

For a single pile of radius of 35 cm, the area of the cross section is: E = π (r)2×  

 

The steel quality BSt 42/50 is chosen and an assumption of 1% of the cross section as                 

steel is used.  

Therefore, the total needed steel is: F = 0.01  E = 0.01 π (r)2  × × ×  

 

 F = 0.01 3.14 0.352  F = 0.00385 m2⇒ × × ⇒  

 

For the pile with Qmax = 748 ΚΝ and assuming a concrete type of C20/C25 using the                 

relation of steel and concrete by Tasios and Giannopoulos, (2008) we have 

 

Ar = 17.5 MPa and therefore as/ar = 23 and  

 

, and then.119n = Qmax

(d/2) ×a2
r
 = 0  

) ) .00385 3 .0924μ0 = ( E
Τotal F e

 × ( as
ar

= 0 × 2 = 0  

Which can is translated to  m = 0.21 and ν = 1.35 

 



 
 

 
 
 

 

Thus, the Pyield can be evaluated, with ρ the radius of the cross section: 

 

Pyield = ν  m  (ρ)3  ar = 1.35  0.21  0.353 17500× × × × × ×  

 Pyield = 212.71 kNm⇒  

 

Evaluation of the pile type and the ultimate horizontal load with the method of Broms               

of the section 3.5.6. 

 

In order to estimate the extreme case of the fixed support, as it is depicted in the                 

methodology of Broms, (1964), the pile will be solved as a fixed pile.  

The piles characteristics are a = 12 meters, d = 70 cm and the saturated unit weight is                  

18.4 kN/m3 

We will assume that the place where the plastic hinge occurs is in the first layer.  

 

For a short pile in clay: Pu=1.5 (γ-10) a2 d KP =1.5 8.4 122 1.2 1 =       ×   ×  ×  ×    ×   ×  ×   ×    

2555.28 kN 

And the highest possible torque that can be assumed is 

Pmax= 0.66  Pu  a = 0.66  2555.28  12 = 22145.76 kN× × × ×  

The Pmax proved to be larger than the Pyield and therefore the process of Broms will be                 

continued. 

For a medium pile the following relation applies: 

 

Pfixed support=  Py = 2.25  Cu  d  λ2- 9  Cu  d  k (1.5 d+  0.5 k)             (1)×  × × × × × × × ×

 

and k = Hu / 9 Cu = Hu / 95,85                                                                                     (2)×  

 



 
 

 
 
 

and a = 1,5 d + k + λ                                                                                                  (3)×  

Which means that: 13 = 1.5 1.2 + Hu / 95.85 + λ×   

Therefore, λ = 11.2 - Hu / 95.85                                                                                    (3) 

 

From the relations (1) , (2) and (3) we have:  

2,25  Cu  d  λ2 - 9  Cu  d  k  (1.5d + 0,5  k) = 212,.71 × × × × × × × × ⇔  

Hu = 155.238 kN 

Thus we have that k = Hu / 95.85 = 1.62 

 

Also, since e/d is almost 0 from the relation of the ultimate horizontal load to the                

torque of shear failure of the Brom’s charts as they are depicted by Jahan and Abedin,                

(2012), 

at depth f + 1.5 d=1.619 + 1.5 0.7=2.7 meters there is a possibility for topical    ×   ×         

failure. 

The torque at 2.7 depth should be checked that it is less than the yield torque  

212.71 kNm 

This is the final check and after that, we could assume that this is an adequate pile                 

according to Broms. 

The program Pfahl taking as input the soil stratigraphy and the dimensions of the piles,               

provides the pile’s maximum torque as Pmax= 531.5 kNm at that depth, which exceeds              

the yield torque.  

Therefore, this last check is successful and the pile is adequate.  

A.3.1.3.Cost estimation of the solution of the 70 cm pile 

Assuming that lpile is the length of the pile: 

The needed excavation volume is V = π (r)2 lpile =3.14  0.352 12 = 4.62 m3× × × ×  

 



 
 

 
 
 

 

The cost of excavations is assumed as Cue = 4.5€/m3, according to Construction works              

pricing invoice, (2014). Therefore we can calculate the cost of excavating and moving             

the soil to a neighboring site as C =  4.62 m3 4.5 € / m3 = 22.5 €×  

 

For the connection of the 3.5 meters base of the WT to the pile, a square footing of 1                   

meter thickness and other dimensions of 4.5 m 4.5m is assumed. The construction       ×      

cost of the used concrete and steel is:  

Volume of the footing: Vft =  4.5 m 4.5 m 1 m = 20.25 m3× ×  

 

The assumed cost per m3 of the footing is: Cpile ft unit = 200 € / m3 

This is a very safe assumption. No reference should be given because of the              

tremendous fluctuation of steel and concrete pricing.  

 

Therefore, the footing’s cost is: Cft = 20.25m3 200 € / m3 = 4050 €×  

Cost of piles of 70 cm diameter including reinforced steel cages and concrete:  

Cpile70 = 250 € / m 

As such the cost of the materials of the 70 cm pile is calculated as:  

Cpile70 = 12 m 250 € / m = 3000 €×  

 

For the costs to be complete a cost for the pile driving equipment has to be assumed. It                  

is assumed that the Liebherr LRB 150 with its substantial drilling torque and in this               

soft soil, can drill the hole for the 70cm pile in the duration of one day (Technical data                  

Piling and drilling rig, LRB 155. 2017). Assuming that the Liebherr LRB 150 costs 500               

€ per day of use the total cost of the deep foundation solution of the 70 cm pile is as                    

follows: 

 



 
 

 
 
 

C70total = 500 € + 3000 € + 4050 € + 22.5 € = 7572.5 € 

 

 A.3.2.Shallow footing solution. 

 

This problem has as input horizontal and vertical loads. From here on all the vertical               

loads will be called upon as K loads and all the horizontal loads will be called upon as                  

O loads. G will be the same weight of the footing and P will be the torque. 

 

A diameter of 7 meters and 1.2 meters width with its base tangent to the water level                 

will be checked in this reference calculation. The square footing inside the circular             

footing has a side of 5 meters using the Pythagorean theorem.  

 

A3.2.1.Axial bearing resistance and Overturning failure check, par 3.4.1. , 3.4.2. 

 

The footing is set at a 2,2 meters depth, tangent to the water horizon. There is no                 

reason to attempt to position it deeper in the clay layer because of the W.L. which                

further diminishes the clay characteristics. The soil characteristics that were introduced           

in chapter 3 will be used. The shape of the footing that will be checked is depicted in                  

the next Figure.  

 



 
 

 
 
 

  

Figure  21 Model of footing and the applied loads used for the calculations. 

 

According to DIN 4017 the depth under the footing which is affected by the footing’s               

pressure is: 

T = 0.7 x B = 0.7 x 5 = 3.5 m, that is inside the clay layer.  

Loads coming from the tower of the wind turbine: 

Κ = 726 kN 

O = 400 kN 

Pstatic = 200 kNm (STATIC) 

Pseismic= 150 kΝm (SEISMIC) 

The footing is of a square cross section with dimensions of a b = 5 5 meters× ×  

Same weight: Gfooting = γ  lx  lψ  d× × ×  

Gfooting  = 20 kN/m3 5 m 5 m  2.20 m = 1100 kN× × ×  

 

 



 
 

 
 
 

● Check for possible shear load failure under seismic loads. 

 ΣK = 0,8 ( Κ + G ) = 0,8 x ( 726 kN + 1100 kN ) = 1460.8 kN 

 Therefore, the applied torque at the rear end of the footing: 

 ΣP = 200 kNm + 400 kN x 1.20 m = 680 KNm 

e = ΣΚ
ΣP = 680

1782.44  

 e = 0.47 meters 

 The reduced width because of the eccentricity is: 

 a’ = a - 2x e = 5 m – 2 x 0.47 m = 3.95 meters 

 For the clay layer the average Cu at 

 d = 2.20 + 0.35 x b = 3.915 meters is Cu = 11.02 kPa 

and the friction is φ= 0o 

Therefore the indexes used for the estimation of the ultimate bearing load according to              

Meyerhof, (1963) are: 

 Ncl= 5.1, N1s = 1.0, N2s = 0.0,  

And for the internal friction angle anat = O
ΣK  

 tanα = 0.28 

 α = 15.64o 

 Therefore the factors for the adjustment of the load, are according to Gkazetas, (1988): 

0.83i = 1 − a
90°

=   

 And the shape factors are: 

 and  S1s = S2s = 1.00.2 .161Scl = 1 + 0 = 1  

The factor of depth βcl is:  

 and β1s = β2s = 1.00.2 .09β = 1 + 0 × a
d = 1  

And so: 

qu = Scl βcl icl c Ncl+ S1s β1sand i1s γ1 β1s N1+ 0,5 S2sa β2s γγ2 a’ Ν2× × × × × × × × × × × × × ×   

qu = 67.806 kPa 

 



 
 

 
 
 

 

 Safety check from eq(16): 

 FS =  1325.67  Fmin = 1.2ΣΚ
qu×(b−2e)×α = 1425.95

67.806×3.99×5 = ≫  

 

Therefore, the clay layer has enough axial bearing resistance. It will be checked next if               

the static load’s test is also successful for this footing. 

 

A.3.2.2. Check for the overturning failure under shear load, without seismic loads. 

  

ΣK =  ( K + G ) = ( 726 kN + 1056.44 kN ) = 1782.44 kN 

Therefore, the applied torque at the rear end of the footing: 

ΣP = 200 kNm + 400 kN  1.20m = 680 kNm×   

e = 0.47 meters 

The reduced width because of the eccentricity is: 

a’ = a - 2 x e = 5 m – 2 x 0.47 m = 4.24 meters 

For the clay layer the average Cu at a depth of 

Z = 2.20 + 0.35  b = 3.95 meters, is 11.055 kPa×  

And the friction is φ= 0o 

Therefore the indexes used for the estimation of the ultimate bearing load according to              

Meyerhof, (1963) are: 

Ncl= 5.1, N1s = 1.0, N2s = 0.0,  

 

And for the internal friction angle anat = O
ΣK  

 tanα = 0.23 

 α = 12.65o 

 Therefore the factors for the adjustment of the load, are according to Gkazetas, (1988): 

 



 
 

 
 
 

0.86i = 1 − a
90°

=   

 And the shape factors are: 

 and  S1s = S2s = 1.00.2 0, 5 .17Scl = 1 + 0 ×  8 = 1  

The factor of depth is:  

 and β1s = β2s = 1.00.2 .09β = 1 + 0 × a
d = 1  

And so: 

 qu = Scl βcl icl c Ncl+ S1s β1sand i1s γ1 β1s N1+ 0,5S2sa β2s iγ γ2 a’ Ν2× × × × × × × × × × × × × ×   

 qu = 96.32 kPa  

 Safety check from eq(16): 

 FS = ΣΚ
qu×(b−2e)×α = 1782.44

96.318×3.532×5 =  

 FS = 0.96 < Fmin = 2.00   

  

The safety check proved that the clay layer is insufficient. The checks for this solution               

stop here. For the next check the footing’s dimensions should be increased. Another             

solution would be to increase the depth of the footing’s base, though that possible              

solution is limited by the water level in this soil stratigraphy. 

A.3.3.Cost estimation of the solution of the shallow foundation solution 

 

The volume of the needed concrete for this circular shallow foundation is :  

Vshf  = 3.14 m 3.5 m 3.5 m 1.2 m = 46158 m3× × ×  

The assumed cost per m3 that was used on the footing was 200 € / m3. 

 

Therefore, the total cost of the needed materials for this shallow foundation is: 

Csh.f.materials= 46158 m3 200 € / m3 = 9231.6 €×  

 

 



 
 

 
 
 

The cost will be roughly estimated as follows: 

 

In order to find out the angle of excavations that the clay layer allows: 

In the check for the static loads, it was calculated that: Cu(d) =11,055 kPa, where d was                 

the affected depth of the soil under the shallow footing. 

According to DIN 4019 German standard as it was explained by Kany, (1964), for this               

Cu the allowable angle of excavations is a = 9,5o. 

  

Therefore, the needed excavation volume is depicted in the following Figure adding to             

it the volume of the footing: 

V = π (D + 2 (6.47))2 height = 3.14 (7 + (2 6.47))2 2.2 = 2746.65 m3,with D  ×   ×  ×   ×   ×  ×      

as the diameter of the footing. 

 

Figure 22 The model of the circular footing with the marked needed excavations,             

Autocad, (2013). 

 

Therefore with the cost of excavations according to Construction works pricing           

invoice, (2014): 

2746.65 m3 4.5 € / m3 = 12.36 €×  

For the transportation of the soil to a neighboring soil disposal site the Atego dump               

truck will be used with a 14.2 m3 soil capacity (Mercedes- Benz Trucks, 2016). 

 



 
 

 
 
 

 

Five days will be assumed that the excavation transportation with two Atego dump             

trucks will be needed. 

Assuming 300€ per day for each truck, the calculated total cost is  

C = 300 € 2 trucks 5days = 3000 €× ×   

The total cost of the shallow foundation is: 

C = 9231.6 + 12359 + 3000 = 24590.6 €  

 


