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Abstract 

Shear fatigue failure of reinforced concrete gravity-based wind turbine foundations is a major 

concern amongst designers, one that can potentially cause complete collapse of the whole turbine 

structure. In standard practice, such a failure is guarded against by using more concrete and steel, 

resulting in additional material and labour costs. Six SFRC and RC large-scale deep concrete 

beams were constructed and tested monotonically and cyclically in order to compare the 

contributions of conventional stirrups to the fatigue life of the beam with those of the steel fibres 

and verify the strain-based fatigue damage models developed at the University of Toronto. Results 

show that the contribution of the stirrups to the fatigue life of RC deep beams is marginal. The 

steel fibres, on the other hand, are a superior alternative both in terms of performance (fatigue life) 

and cost. Analytical results, using finite element analysis, show that the proposed fatigue models 

are reliable and superior to overly conservative code equations. 
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Chapter 1: Introduction 

1 Introduction 

1.1 Overview 

Wind turbines are devices that capture the kinetic energy of the wind and transform it into 

electricity. They have been key machines in generating renewable energy, a sustainable practice 

that has the potential in the future to reduce or eliminate the dependence on fossil fuels to produce 

electricity. Wind turbines in Canada currently provide enough electricity to meet the needs of over 

three million Canadian homes, or six percent of the countryôs electricity demand (The Canadian 

Wind Energy Association, 2015). 

Most wind turbines today are horizontal-axis machines having a bladed rotor spinning in the 

vertical plane (US Office of Energy Efficiency and Renewable Energy, 2015). The basic 

components of such wind turbines include the rotor, nacelle, tower, and foundation (American 

Wind Energy Association, 2013). The rotor includes the blades which rotate due to the kinetic 

energy of the wind. They are typically made from materials that have a high strength-to-weight 

ratio (e.g. fiberglass), and are shaped in a way that creates differential pressure on different points 

of the blades, causing them to spin when facing the wind (American Wind Energy Association, 

2013). The nacelle can be thought of as the ñheadò of the wind turbine, encasing most of the vital 

components that control the performance. These components include, but are not limited to, the 

low-speed shaft, gear box, high-speed shaft, generator, anemometer, and controller. The rotation 

of the rotor due to the wind enables the low-speed shaft to rotate. This shaft is connected to the 

gear box, which contains multiple gears that transfer the low-speed rotation due to the wind (about 

20 rpm) to a high-speed rotation (about 1200 rpm) capable of producing the required electrical 

power (American Wind Energy Association, 2013). The high-speed rotation happens in the high-

speed shaft, which is connected to the generator that produces electricity as a result. The 

anemometer is used to measure wind speed and direction. It sends the information to the controller, 

which is a computer system that controls the wind turbine. It adjusts the direction of the blades 

depending on the wind direction, and is capable of stopping the turbine under certain conditions, 

such as the occurrence of very high winds capable of damaging the blades. The controller can be 

accessed remotely from a computer to check the status of the system and make adjustments 
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(American Wind Energy Association, 2013). The tower of the wind turbine puts the blades at high 

elevations so that stronger winds can be encountered. The foundation holds the whole assembly 

together, maintains its stability, and prevents it from collapsing and overturning. It must be able to 

resist all the different loads imposed on it. Figure 1.1 shows the different common components of 

wind turbines.  

 

Figure 1.1: Common components of a wind turbine (NewEn Inc., 2013) 

The foundation is the backbone of the wind turbine. The tower, nacelle, hub, and rotor stand erect 

due to the foundation. It transmits different types of loads exerted by the wind turbine to the 

ground, provides stability to the structure, controls settlements, and prevents overturning. It must 
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be able to withstand the different loads imposed by the wind turbine structure, as well as the 

pressure exerted by the soil. In addition, displacement and rotation limits must be met. For 

example, the maximum rotation at the pile head and the maximum accumulated permanent rotation 

resulting from cyclic loading over the design life must be within the allowable tolerances 

(Malhotra, 2011). The choice of a specific foundation type and system depends on many factors 

including the soil conditions, size of the wind turbine, nature of the loading on the foundation, cost 

limitations, and field access limitations (Svensson, 2010). Note that the transfer of forces between 

the foundation and the tower is done through what is known as an anchor ring or bolt cage anchor, 

which is a rigid steel component connecting the foundation to the tower, as shown in Figure 1.2. 

It is embedded into the foundation and extends a certain level above the foundation surface, to 

which the tower is connected through prestressed bolts. The anchor ring can be thought of and 

idealized as a steel I-beam rolled circularly. Anchorage into the concrete foundation is provided 

by the flanges of the ring as well as the friction between the webs of the ring and the surrounding 

concrete. Grouting can also be used to provide further anchorage. Sometimes a soft layer is put 

under the bottom flange of the anchor ring to prevent a local punching failure through the concrete. 

 

Figure 1.2: Wind turbine anchor ring (Goransson & Nordenmark, 2011) 

Gravity-based foundations are typically reinforced concrete structures that rely on their mass to 

provide the required rigidity, stability, and resistance against overturning and sliding. The tower 

transmits vertical and horizontal forces as well as overturning and twisting moments to the 

foundation. In addition, cyclic forces are exerted on the foundation as a result of the rotation of the 

rotor blades, making the foundation susceptible to fatigue failure especially in the shear span that 

forms between the resultant of the soil reaction force and the compressive component of the cyclic 

forces. Shear fatigue failure of the foundation can be catastrophic if it is not considered properly, 

as shown in Figure 1.3. The design for fatigue resistance has always been through the consideration 

of independent material fatigue damage (i.e. steel and concrete separately) by linearly adding the 
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damages through what is known as Minerôs rule. However, the use of the global strain 

accumulation as a measure of fatigue damage has been proposed as an alternative and more refined 

method of design (Isojeh & Vecchio, 2016). The validity of these proposed models need to be 

verified and corroborated. 

 

Figure 1.3: Collapsed wind turbine at the Fenner wind plant (The Syracuse, 2010) 

Conventionally, the wind turbine foundation is thickened (and sometimes more steel is used) to 

prevent fatigue failure, which increases the material costs; cost-effective means to increase the 

fatigue resistance of the foundation need to be investigated. Steel fibre-reinforced concrete (SFRC) 

is proposed as a possible solution to increase the fatigue resistance without the need to thicken the 

section or use conventional shear reinforcement. Accordingly, the behaviour of steel fibre-

reinforced concrete under fatigue loading must be investigated to assess the contribution of steel 

fibres to the fatigue resistance of the section as compared to that of the conventional shear 

reinforcement. 

1.1 Research Objectives 

The main objectives of this thesis are the following: 

1. To provide a detailed and coherent summary of the design procedure of reinforced concrete 

gravity-based wind turbine foundations. 
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2. To verify the validity and accuracy of the fatigue damage models proposed by Isojeh et al. 

(2016) and compare them with the traditional methods based on the S-N curves and 

Minerôs rule, so as to determine their suitability for use in fatigue design. 

3. To examine the contribution of traditional shear reinforcement to the fatigue resistance of 

reinforced concrete deep beams in order to assess their reliability in improving the fatigue 

life of wind turbine foundations. 

4. To investigate the possibility of using steel fibre-reinforced concrete (SFRC) as a superior 

alternative to traditional shear reinforcement for fatigue resistance and assess the 

contribution of steel fibres to the fatigue resistance of reinforced concrete. 

In order to achieve the second and third objectives, an experimental program was designed and 

carried out in the structural laboratories at the University of Toronto. Six large-scale longitudinally 

reinforced concrete deep beams (4000 mm length x 1040 mm depth x 200 mm thickness) were 

constructed in three sets. All the sets contained the same amount of longitudinal reinforcement. 

Each set contained two beams of the same detailing. The first set consisted of plain concrete, while 

the second and third sets contained shear reinforcement and steel fibres, respectively. For each set, 

one beam was subjected to monotonic point loading while the other underwent fatigue loading. 

This enabled the assessment of the degree of fatigue damage, measured in terms of the degradation 

of strength and stiffness, as compared to the monotonic control cases. Since all the fatigue tests 

were performed under the same load levels, direct comparison of the performance of the beam 

containing shear reinforcement and the other containing steel fibres was possible. Finally, the 

fatigue damage models developed at the University of Toronto, Isojeh et al. (2016), can be verified 

by comparing their results with the experimental results of the beams. 

1.2 Organization of the Thesis 

This thesis summarizes the design process of reinforced concrete gravity-based wind turbine 

foundations and provides an experimental program to investigate the fatigue behaviour of steel 

fiber-reinforced concrete (SFRC) beams as they compare to that of reinforced concrete beams 

containing conventional shear reinforcement. Chapter 1 provided an overview of wind turbine 

foundations and discussed the research objectives. 

Chapter 2 provides a literature review discussing: the different types of wind turbine foundations; 

the various loads acting on the gravity-based foundation; the different parameters and diagrams 
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used to describe the fatigue loading and response of a structure; the various factors affecting the 

fatigue strength of concrete, steel reinforcement, and the bond between them; the fracture 

mechanics of concrete and steel; and the monotonic and fatigue shear behaviour of slender and 

deep reinforced concrete beams. 

Chapter 3 breaks down the design process of reinforced concrete gravity-based wind turbine 

foundations into detailed and coherent steps. In addition, the proposed fatigue models are presented 

and discussed in the section addressing the fatigue design of the foundation. 

In Chapter 4, the experimental program is discussed. The details of the beams, including their 

dimensions and reinforcement layout, are given. Casting and curing procedures are addressed. The 

different types of instrumentations used are explained. The testing setup, including the supporting 

conditions and loading parameters, is described. Additionally, the results of the supplementary 

material tests (concrete cylinder compressive tests, modulus of rupture (MOR) tests, and steel 

coupon tests) are presented. 

Chapter 5 presents the experimental results and the different plots of the tests performed. Detailed 

observations of the tests are presented, as well as photographs detailing the cracking patterns and 

failures of each test.  

Chapter 6 provides a detailed analysis of the results including the discussion of the load-deflection 

response, cracking patterns, failure modes, degradation due to fatigue, and comparisons of the 

different responses of the beams under fatigue loading. Governing mechanisms that might have 

affected the results are also discussed.  

Chapter 7 deals with the finite element analysis of the test beams, utilizing the proposed fatigue 

damage models incorporated in VecTor2. Note that VecTor2 is a nonlinear finite element software 

dedicated to the analysis of reinforced concrete structures, specifically two-dimensional membrane 

structures.  

Chapter 8 provides conclusions drawn from the analysis of the experimental results and presents 

recommendations for future work. 
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Chapter 2: Literature Review 

2 Literature Review 

2.1 Wind Turbine Foundation Types 

2.1.1 Onshore Foundations 

For onshore wind turbines, there are two primary types of foundations: pile foundations and 

gravity-based foundations. A pile foundation is used when the near-surface soil has insufficient 

bearing capacity to withstand the loads transferred from the structure (e.g. clay). Hence, piles are 

driven, drilled, or jacked deep into the soil until a layer with sufficient bearing capacity is reached. 

The piles are then connected to a pile cap. The cap distributes the load from the structure into the 

ground and facilitates efficient sharing of the load by the piles (Ashlock & Schaefer, 2011). The 

connection between the piles and the pile cap falls between the two extremes of clamped rigid 

connection and hinged connection. Some variations of the pile foundations do not include a pile 

cap, such as a mono-pile foundation. The piles can be timber, steel, or concrete piles, although 

concrete piles are the predominantly used ones. Figure 2.1 shows some pile foundations variants. 

 

Figure 2.1: Pile foundations: a) Pile group and cap; b) Solid mono-pile; c) Hollow mono-pile (Ashlock & 

Schaefer, 2011) 

A gravity-based foundation is used when the top soil is strong enough to support the loads from 

the wind turbine. It is important to consider how far the water table is below the top soil when 

assessing the top soilôs capacity (DNV/RISO, 2002). A gravity-based foundation consists of a 

large area of concrete at the bottom of the wind turbine structure. This area can vary from 

rectangular and circular slabs ( 
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Figure 2.2) to octagonal shallow mats (Figure 2.3) and cylindrical foundations (Figure 2.4). The 

slabs can be level or tapered, and are often placed concentrically under the tower. Tapered 

foundations slabs usually require less amount of concrete, so they are more economical. In 

addition, tapering the slab results in less congestion of rebar and ensures that water on the surface 

gets drained away (Goransson & Nordenmark, 2011). The bigger area and mass of gravity 

foundations provide stability and protect against overturning moments. The wide foundation 

brings the resultant of the soil forces closer to the tower, reducing overturning moment (Svensson, 

2010). It also enables a smoother transition of the structure forces to the ground by having a large 

contact surface area, which ensures that the load-bearing capacity of the soil is not exceeded. This 

type of foundation is suitable even for soils with lower bearing capacities provided that the soil is 

stiff enough to prevent undesired settlements. The foundation must be able to resist the bending 

moment and shear force induced by the tower safely, hence proper detailing and dimensioning are 

required.  

 

Figure 2.2: Circular slab wind turbine foundation (Grasmere Wind Farm, 2011) 

 

Figure 2.3: Octagonal spread foundation (Special Formwork, 2011) 
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Figure 2.4: Cylindrical gravity foundation (Maritime Journal, 2014) 

The gravity-based foundation is placed on the ground or below the ground at shallow levels. 

Hence, the excavation and refilling work required is minimal compared to pile foundations. The 

overturning moment is mainly resisted by the self-weight of the foundation. If the gravity-based 

foundation is built into the soil at shallow levels, the top soil might take some part in resisting the 

overturning moment, reducing the amount of concrete needed for the foundation, but at the 

expense of requiring more excavation and refilling of soil (Svensson, 2010). Figure 2.5 shows 

some variations of gravity-based foundation systems. Often in practice the gravity foundation 

consists of the individual tapered footing rigidly connected to a pedestal at the center, which holds 

the tower. The backfill usually covers the footing and the pedestal, so the ground level starts from 

the top of the pedestal. 

 

Figure 2.5: Pile foundations: a) Plain slab b) Stub and pedestal; c) Stub tower embedded in tapered slab; 

d) Slab held down by rock anchors (Ashlock & Schaefer, 2011) 
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2.1.2 Offshore Foundations 

In the recent years, offshore wind turbine power plants have emerged in many countries. Their 

higher required capital investment, compared to the onshore power plants, is offset by the higher 

generation capacities they have (International Renewable Energy Agency, 2012). The offshore 

environment provides a suitable place for wind power plants: the winds have higher speeds and 

lower turbulence. In addition, the space limitations are less and there is more proximity to the cities 

to which electricity is supplied, which reduces electricity transportation costs (International 

Renewable Energy Agency, 2012). However, offshore wind turbines require slightly more 

complex designs and considerations including dynamic water wave forces, ship impact loads, and 

corrosion vulnerability of the structure (International Renewable Energy Agency, 2012). 

Fortunately, as experience and research on these offshore wind turbines is accumulating, more 

specific designs and materials are being developed resulting in improved performance and 

durability. The offshore wind turbines usually have different foundation types to anchor them to 

the seabed. Table 2.1 lists the common types of such foundations. Note that the focus of this thesis 

will be on onshore concrete gravity wind turbine foundations, so offshore applications and other 

types of onshore foundations will not be discussed further.  
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Table 2.1: Offshore wind turbine foundation types (International Renewable Energy Agency, 2012) 

Foundation Type  Application Advantages Disadvantages 

Mono-piles 

Most conditions, 

preferably shallow 

water and not deep 

soft material. Up to 

4 m diameter. 

Diameters of 5-6 m 

are the next step. 

Simple, light and 

versatile. Of lengths up 

to 35 m. 

Expensive installation 

due to large size. May 

require pre-drilling a 

socket. Difficult to 

remove. 

Multiple piles (tri-pile) 

Most conditions, 

preferably not deep 

soft material. Suits 

water depths above 

30 m. 

Very rigid and 

versatile. 

Very expensive 

construction and 

installation. Difficult to 

remove. 

Concrete gravity base 
Virtually all soil 

conditions 
Float-out installation 

Expensive due to large 

weight. 

Steel gravity base 

Virtually all soil 

conditions. Deeper 

water than concrete. 

Lighter than concrete. 

Easier transportation 

and installation. Lower 

expense since the same 

crane can be used as 

for erection of turbine. 

Costly in areas with 

significant erosion. 

Requires a cathodic 

protection system. 

Costly compared with 

concrete in shallow 

waters. 

Mono-suction caisson Sands and soft clays 

Inexpensive 

installation. Easy 

removal. 

Installation proven in 

limited range of 

materials. 

Multiple-suction 

caisson (tripod) 

Sands and soft clays. 

Deeper water 

Inexpensive 

installation. Easy 

removal. 

Installation proven in 

limited range of 

materials. More 

expensive construction. 

Floating Deep waters 

Inexpensive foundation 

construction. Less 

sensitive to water depth 

than other types. Non 

rigid, so lower wave 

loads. 

High mooring and 

platform costs. 

Excludes fishing and 

navigation from areas of 

farm. 

2.2 Loading on Wind Turbine Foundations 

There are many types of loads acting on a wind turbine shallow gravity spread foundation: in 

addition to its own self-weight and the soil contact pressure, the tower transmits force and moments 

to the foundation. Moreover, the dynamic forces of the wind (caused by the rotation of the blades) 

produce cyclic loading of variable parameters on the foundation.  
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2.2.1 Forces Transmitted from the Tower 

The tower is connected to the foundation through the anchor ring, which acts more like a rigid 

connection allowing the transfer of vertical forces, horizontal forces, and bending and torsional 

moments. The vertical force is caused by the self-weight of the tower and its components, while 

the horizontal forces are caused by the lateral forces of the wind acting along the height of the 

tower. These lateral forces also induce an overturning moment on the foundation, which can 

displace the center of gravity of the wind turbine system from equilibrium, potentially leading to 

an overturning failure (Maunu, 2008). This moment is also caused by the rotation of the blades 

and is transferred to the foundation through the bolt cage connection in the form of a force couple. 

Since the wind can change its direction, the horizontal forces and moments can act on any side of 

the foundation (i.e. they are not restricted to one plane). Nonetheless, the forces in the vicinity of 

the anchor ring (i.e. the disturbance region where forces get transferred to the foundation) impose 

certain demands and stresses, which require special consideration and detailing (discussed in the 

design section). The demand imposed on the foundation by the tower (i.e. horizontal and vertical 

forces, as well as moments) is usually given by the wind tower generator supplier to be used in the 

foundation design. 

The forces transmitted from the tower determine the distribution of the soil contact pressure, which 

significantly influences the design of the foundation as it determines its internal forces and stresses. 

For example, the distribution of the soil contact pressure under concentric vertical loading (i.e. 

without an overturning moment) is vastly different from the distribution under eccentric loading 

(i.e. with the presence of both a vertical force and an overturning moment) (Maunu, 2008). 

2.2.2 Soil Contact Pressure 

The soil exerts pressure on the foundation at the areas of contact. The soil must have sufficient 

bearing capacity and rotational stiffness to take in the loads transmitted, without causing excessive 

settlements. The rotational stiffness of the soil refers to its ability to control and limit rotations 

about the horizontal axes, preventing overturning. Horizontal stiffness of the soil is also required 

to prevent sliding. Essentially, the combined stiffness of the soil and the structure is checked to 

ensure stability; the overall foundation stiffness depends on the stiffness and strength of the soil as 

well as on the foundation structural elements (Svensson, 2010). The magnitude of the soil bearing 

capacity is a fundamental parameter in the design of the foundation and depends greatly on the 
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type of the soil and its properties. The geotechnical engineer will typically suggest allowable 

bearing capacity and minimum rotational and horizontal stiffness values that can be used in the 

design. Note that the determination of the bearing capacity of the soil by the geotechnical engineer 

takes into consideration not only the soil-specific conditions and parameters but also the nature of 

the structure and its loading (Brzev & Pao, 2006). Different equations are given for the bearing 

capacity of drained and undrained soil on which a circular, rectangular, or octagonal gravity based 

foundation is resting (See DNVGL-ST-0126 section G.4). These equations use shape, inclination, 

and bearing capacity factors (Bowles, 1997). The bearing pressure of the foundation is found by 

dividing the specified dead and live loads by the area of the foundation in contact with the soil. 

Surcharge pressure is also accounted for, which includes the service loads acting on the area 

directly above the foundation, the dead load of the foundation, and the soil overlay (backfill) over 

the foundation (Brzev & Pao, 2006). Design considerations of the bearing pressure will be 

discussed in the design section. 

Site-specific soil investigations are carried out before the commencement of the foundation design 

process to obtain the relevant soil parameters (including the allowable bearing pressure) needed in 

the design. Such investigations normally include a site geological survey, topography survey of 

the soil surface, in-situ testing, soil sampling for subsequent cyclic and static laboratory testing, 

and shear wave velocity measurements for the assessment of the soilôs maximum shear modulus 

(DNV GL, 2016). The choice of soil investigation methods ñshall take into account the phase of 

the project; the type, size, and importance of the wind turbine structure; the actual type of soil 

deposits and the complexity of soil and terrain conditionsò (DNV GL, 2016). Essentially, the 

purpose is to ensure that the soil can safely hold the structure without catastrophic failure and 

undesirable differential and consolidation settlements. Hence, for the design of gravity-based 

foundations, the soil investigations should extend beyond the depth of any critical shear surface 

(DNV GL, 2016). All layers of soil affected by the structureôs settlements and contributing to its 

stiffness should also be thoroughly investigated. For seismically active regions, the depths of 

investigations are increased to reach areas that will have an influence on the design due to the 

propagation of shear waves as a result of earthquakes. Site-specific seismic parameters to 

determine the site class for the seismic force calculations are obtained. Scour and erosion of the 

soil are also issues that are addressed during the soil investigation. Essentially, the aim of these 

investigations and tests is to ensure that the soil (especially the shallow soil for the gravity-based 
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foundations) is able to withstand the structure and allow it to fulfill its design goals throughout the 

operational life. The level of the groundwater is also determined to assess buoyancy (uplift) effects 

on the foundation and the soil bearing pressure.  

As stated earlier, the loads transmitted from the tower to the foundation (through the anchor ring) 

have a direct influence on the distribution of the soil contact pressure, which greatly determines 

the internal forces in the foundation, governing its design. Since these loads greatly depend on the 

wind speed and direction (which vary with time), the resulting soil pressure distribution varies 

both spatially and with time. Two cases are considered: concentric and eccentric loading of the 

foundation. Regardless of the resulting pressure distribution, the actual soil pressure (due to the 

imposed loads on the foundation by the tower) should be less than the allowable soil bearing 

pressure determined by the geotechnical engineer (Brzev & Pao, 2006). 

2.2.2.1 Concentrically Loaded Foundations 

Concentric loading on foundations consists of a vertical load transmitted from the tower to the 

foundation, without the presence of an overturning moment. In this case, the soil contact pressure 

is approximated as a uniformly distributed pressure (Figure 2.6(a)) although it is higher at the 

edges for cohesive soils such as clay (Figure 2.6(b)) or at the center for granular soil such as a 

sandy soil (Figure 2.6(c)) (Brzev & Pao, 2006). The typical rigidity of practical gravity foundations 

deems the approximation of uniform soil pressure appropriate (Bowles, 1997). The value of the 

pressure is found by dividing the axial load by the area of the foundation in contact with the soil. 

 

Figure 2.6: Soil pressure distribution for concentric loading: a) uniform pressure, b) cohesive soil 

pressure, c) granular soil pressure (Brzev & Pao, 2006) 
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2.2.2.2 Eccentrically Loaded Foundations 

In most cases, the vertical axis of the tower is coincident with that of the foundation; hence the 

vertical load transferred from the tower does not induce a moment in the foundation. Nevertheless, 

a moment is induced from the lateral wind loading on the tower, resulting in eccentric loading 

conditions where there is a force as well as a moment transferred from the tower. The resulting 

soil pressure distribution for this case can be found by the principle of superposition: the soil 

distributions for the concentric loading and the pure bending will be added together to give the 

total soil pressure distribution. The pressure distribution due to pure bending is shown in 

Figure 2.7. The value of the soil pressure is found by dividing the moment value by the section 

modulus of the area of the foundation in contact with the soil. 

 

Figure 2.7: Soil pressure distribution due to pure bending (Brzev & Pao, 2006) 

Depending on the magnitude of the moment (i.e. the eccentricity), three slightly different soil 

pressures are possible: those corresponding to small eccentricities, large eccentricities, or boundary 

eccentricity. Brzev and Pao (2006) define the boundary eccentricity as that equal to one-sixth of 

the foundationôs length for a square foundation and one-quarter of the radius for a circular 

foundation. Note that the magnitude of the eccentricity is not only reflected by the deviation of the 

axial load from the neutral axis. For example, a large transferred moment coupled with a concentric 

axial load results in conditions identical to those for large eccentric loading. 

For small eccentricities (i.e. small transferred moment), the total distribution of the soil pressure 

is trapezoidal, as shown in Figure 2.8. The distributions for boundary and large eccentricities are 

linear, as shown in Figure 2.9 and Figure 2.10, respectively. The deviation of the line of action of 

the resulting soil pressure from the neutral axis of the foundation reflects the amount of 
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eccentricity. Larger eccentricities are detrimental to the foundation because they result in larger 

overturning moments and bearing pressure on the soil. When the total resulting soil pressure 

contains negative stresses indicating that the soil is exerting tensile stresses on the foundation, 

these stresses are taken as zero because in reality the soil does not exert such tensile stresses (Brzev 

& Pao, 2006); (Maunu, 2008). The linear soil pressure distributions discussed are adequate 

simplifications of the complex soil-structure interaction, which were suggested by Meyerhof 

(1953). Other possible simplifications include a uniform or a variable nonlinear pressure over an 

effective contact area (Meyerhof, 1953). The nonlinear pressure distribution is accurate for fine-

grained soils where the edge maximum pressure is exceeded, so the maximum pressure tends to 

redistribute inwards (Yilmaz, Schubert, Tinjum, & Fratta, 2014). 

Yilmaz et al. (2014) installed pressures gauges beneath two octagonal gravity wind turbine 

foundations to monitor the bearing pressure on the soil underneath. Results from different stages 

in the service life of the wind turbines have shown that the pressure was distributed across most of 

the foundation-soil contact area. Furthermore, the pressure was not constant, both vertically and 

horizontally. The changes in the pressure values were related to the wind speed and direction. 

 

Figure 2.8: Soil pressure distribution for small eccentricity (Brzev & Pao, 2006) 
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Figure 2.9: Soil pressure distribution for the boundary eccentricity (Brzev & Pao, 2006) 

 

Figure 2.10: Soil pressure distribution for large eccentricities (Brzev & Pao, 2006) 

2.2.3 Self-Weight of the Foundation 

Unlike other foundation types, gravity spread foundation are more massive to ensure smoother 

transfer of forces to the soil and resist overturning. Hence, the self-weight of the foundation is 

more pronounced and needs to be considered in the design. If the foundation is a level slab, then 

the self-weight will be a uniformly distributed load. However, foundations such as the octagonal 

spread foundation are tapered, which results in a self-weight distribution that is higher in areas 

where there is more mass concentration. In some cases, the weight of the backfill soil is also taken 

into consideration in design. The self-weight of the foundation reduces the eccentricity of the 

loading and a portion of it, which is behind the zero moment line, resists the overturning moment.  

2.2.4 Earthquake Loading  

Earthquake loading needs to be considered in the ultimate limit state as a principal load. The 

National Building Code of Canada (NBCC 2010), in section 4.1.8, permits the use of several 
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methods in the calculation of the earthquake load. The simplest method is the Equivalent Static 

Load method, in which the earthquake effects are translated into a lateral force given as follows: 

ὠ
ὛὝ  zὓ Ὅz ὡz

Ὑ Ὑz
 

where: V is the lateral earthquake force 

            Ta is the period of the structure 

            S(Ta) is the spectral acceleration corresponding to the period of the structure 

            Mv is a factor accounting for higher modes 

           IE is the importance factor 

           W is the weight of the structure 

           Rd is the ductility factor related to the seismic force resisting system (SFRS) 

           R0 is the over strength factor related to the seismic force resisting system (SFRS) 

Over the height of the wind turbine structure above the ground level, the majority of the mass is 

concentrated at the hub height; the contribution of the mass of the tower is neglected. Therefore, 

the entirety of the lateral force due to the earthquake is assumed to be acting at the hub location, 

which induces an overturning moment on the foundation.  

Empirical equations are given in the NBCC (section 4.1.8.11) to calculate the period of the 

structure. Soil amplification factors (Fa and Fv) are obtained from the geotechnical report and used 

to modify the spectral acceleration of the structure. The importance factor (IE) as well as the factor 

accounting for higher modes (Mv) are obtained from the code. Finally, Rd and R0 are estimated 

depending on the inherent ductility of the structure. The ultimate goal of the earthquake-resistant 

design is to prevent the collapse of the structure due to the expected earthquake. Although the 

Equivalent Static Force method simplifies the design against earthquakes and gives conservative 

results, more accurate analysis is possible through the response spectrum analysis. The increased 

accuracy better simulates the real response of the structure and can possibly result in more material 

savings, but at the cost of increased analysis time and complexity. This method involves 
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Soil Force Resultant 

Soil Force Resultant 

establishing a three-dimensional model of the structure in a structural analysis software (such as 

SAP2000) and performing modal and dynamic analysis on the model, which will produce the 

demands on the individual members of the structure due to the earthquake. The choice of which 

analysis method to use is determined by the designer. 

2.2.5 Wind Fatigue (Cyclic) Loading 

The rotation of the wind turbine blades due to the wind causes cyclic fatigue loading on the 

foundation, making it prone to fatigue failure (Isojeh & Vecchio, 2016); (Maunu, 2008); 

(Svensson, 2010); (Goransson & Nordenmark, 2011). The magnitude and parameters of such 

loading differ with varying wind speeds, direction, and amount of turbulence. On one side of the 

tower where the blades rotate towards the foundation, compressive fatigue loading will be exerted. 

On the other side where the blades are moving away from the foundation, tensile fatigue forces 

will result. The soil resultant force along with the compressive fatigue loading will create a shear 

span in the distance between them, inducing a possible shear fatigue failure of the foundation, as 

shown in Figure 2.11. This type of failure is critical for gravity foundations, especially for some 

typical octagonal spread foundations that act as deep beams. Hence, the behaviour of reinforced 

concrete deep beams under fatigue loading, especially shear fatigue behaviour, needs to be 

examined. In addition, safeguarding such foundations against fatigue failure needs to be included 

in the design. 

 

 

Figure 2.11: Fatigue forces acting on the wind turbine foundation and the induced fatigue failure 
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2.3 Fatigue Loading 

2.3.1 Fatigue Load Parameters 

The concept of fatigue initially arose in the fracture analysis of metals. According to ASTM, 

fatigue is ñthe process of progressive localized permanent structural change occurring in material 

subjected to conditions which produce fluctuating stresses and strains at some point or points and 

which may culminate in crack or complete fracture after a sufficient number of fluctuationsò 

(ASTM International, 1993). The fatigue damage is exhibited when the material fails under cyclic 

stresses. Usually, the cyclic stresses that cause fatigue failure are less than the static ultimate limit 

states. Figure 2.12 shows the range of number of cycles for different structures experiencing 

fatigue loading. Wind turbine foundations are typically subject to high-cycle fatigue. 

 

Figure 2.12: Typical number of cycles for different structures experiencing fatigue loading (Goransson & 

Nordenmark, 2011) 

The parameters for applied fatigue stresses include the maximum and minimum stresses, mean 

stress, range of stress, amplitude of stress, and the stress ratio (Caceres, 2004). The loading pattern 

and the parameters are shown in Figure 2.13. The following equations apply: 

Mean Stress:                                    ům = (ůmax + ůmin) / 2                                                            (1) 

Stress Range:                                         ůr = ůmax ï ůmin                                                               (2) 

Stress Amplitude:                        ůa = ůr / 2 = (ůmax ï ůmin) / 2                                                     (3) 
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Stress Ratio:                                                ůmin / ůmax                                                                  (4) 

 

Figure 2.13: Fatigue loading (Caceres, 2004) 

2.3.2 General Fatigue Damage 

The damage caused by fatigue loading initiates locally with crack nucleation. Stress concentrations 

at an internal flow cause shear flow along slip planes, which eventually results in the initial crack. 

(Roylance, 2001). The stress concentrations at the crack cause it to propagate further, reducing the 

effective area of material resisting the load, until final fracture happens. This process is general to 

many materials but the mechanics and extent of each of the stages depend on the particular material 

under investigation. The detailed macro- and microscopic study of this damage process is studied 

and analyzed thoroughly in the field of fracture mechanics. 

2.3.3 S-N Curves 

When designing against fatigue, a convenient macro-structural representation of the fatigue life of 

the material is used. This representation, based on the stress-life method, utilizes what is known 

as the S-N curves (or the Wöhler Diagram), in which S refers to the cyclic stress amplitude while 

N refers to the number of cycles until fatigue failure. A sample S-N curve is shown in Figure 2.14. 

Note that each S-N curve is given for a constant minimum stress value. Another way the S-N is 

presented is in denoting S to be the maximum stress value. In this case, each S-N curve is given 

for a constant stress amplitude.  
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Figure 2.14: Sample S-N curve (Caceres, 2004) 

For a given number of cycles, the fatigue strength of the material is the stress amplitude at which 

the material fails in fatigue. On the other hand, the fatigue life is the number of cycles required for 

a material to fail in fatigue for a given stress amplitude. For some materials, especially some 

ferrous alloys, there is a fatigue limit (stress amplitude limit) below which the material does not 

fail no matter how many cycles of loading are applied (Roylance, 2001). The S-N curves of 

different materials are convenient in determining their approximate fatigue lives, since most 

fatigue tests use constant stress amplitudes. There are various standard S-N curves for different 

materials used by organizations and firms in the design against fatigue. 

2.3.4 Minerôs Rule 

The actual cyclic service loads and stresses on a structure have different and random stress 

amplitudes. This complicates the approximation of the fatigue life of the structure because there is 

no single S value to use. In this case, Minerôs Rule is used to approximate the fatigue strength and 

life of the material. It states that the total fatigue damage of a material under variable stress 

amplitudes can be obtained by linearly adding the damages caused by the different stress 

amplitudes acting on the material (Roylance, 2001). It relies on the concept of successive 

accumulation of fatigue damage. The fatigue loading on the material consists of m constant stress 

amplitudes. The material will fail when: 
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                                                 В  = 1                                              (5) 

where ni is the number of cycles applied of the ith stress and Ni is the ultimate number of cycles to 

failure corresponding to the ith stress (Guo, 2014). For every constant stress applied, Ni can be 

obtained from the S-N diagram of the material. A graphical representation of Minerôs Rule is 

shown in Figure 2.15. Although the conclusions given on its accuracy are not consistent, it is still 

used in many design codes. However, knowledge of its limitations and simplifications is essential 

when using it in design. For one thing, it neglects the stress redistribution and the irreversibility of 

fatigue damage and does not consider the effects of the loading sequence and strain accumulation. 

Minerôs Rule assumes that structural failure occurs when the damage D (the value of the right hand 

side of Equation 5) is equal to 1, although many experiments have shown that the damage can vary 

between 0.79 and 1.53 (Sutherland, 1999). The service of a structure under fatigue loading can be 

approximated using Minerôs Rule by measuring the fatigue load cycles on the structure over some 

fixed period of time. The load cycles experienced during this period of time are assumed to be 

representative of the load cycles the structure will experience during its service life. As such, a 

damage rate, æD, is calculated for the fixed period of time by using Minerôs rule. This rate is 

nothing more than the damage incurred during this period of time. Then, the service life of the 

structure is calculated as the reciprocal of the calculated damage rate (T = 1/æD) (Guo, 2014). This 

method assumes that the failure of the structure will happen when the damage is equal to one. 

 

Figure 2.15: Graphical representation of Minerôs Rule (Guo, 2014) 

2.3.5 Modified Goodman Diagram 

Although the S-N curves are convenient ways of representing the fatigue behaviour of members, 

they are only valid for the constant stress ratio or stress amplitude for which they were developed. 
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If the stress ratio corresponding to the fatigue loading on a certain member is changed, then a new 

S-N curve for the member corresponding to the new stress ratio should be constructed. The 

modified Goodman diagram shows the permitted stress ranges for a given number of load cycles 

before fatigue failure occurs (Mallet, 1991). In other words, the allowable maximum and minimum 

stress combinations for a given fatigue life are given. A sample modified Goodman diagram is 

shown in Figure 2.16. The maximum and minimum stress are shown as ratios of the ultimate static 

strength. The x-axis shows the minimum stress while the y-axis shows the maximum stress. The 

shaded region denotes the allowable stress combinations. The height of this at any specific 

minimum stress value represents the allowable stress range for the given fatigue life. If the loading 

falls within the shaded region, then the member will fail after N cycles, which is constant for every 

graph. If the loading falls above the shaded region, then the member will fail before reaching N 

load cycles. On the other hand, if the loading falls below the shaded region, then the member can 

sustain more than N load cycles.  

 

Figure 2.16: Modified Goodman diagram (Mallet, 1991) 
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2.3.6 Fracture Mechanics 

Fracture mechanics thoroughly addresses the initiation and propagation of cracks and the 

conditions and stresses surrounding them. There are two approaches to this field: the classical 

linear fracture mechanics, and the modern nonlinear fracture mechanics. 

2.3.6.1 Linear Fracture Mechanics 

Linear fracture mechanics assumes that the material is fully elastic and there is negligible or no 

plastification or nonlinearities in the vicinity of the crack (Afseth, 1993). The crack propagation is 

related to parameters such as the stress at the crack, the shape of the crack, and its size. Materials 

contain defects and irregularities that act as stress concentrations which facilitate the crack 

propagation. 

Griffith (1920) proposed a criterion that relates the propagation of the cracks initiated, by the 

internal material defects and irregularities or applied forces, to the energy state of the material at 

the crack. Following the lowest energy path, the crack will propagate if the strain energy released 

during crack growth is equal to or greater than the energy required to expand the crack (Griffith, 

1920):  

                                                                ŭW + ŭU Ó Gc ŭA                                                          (6) 

where  ŭW is the energy released when the applied load does work on propagating the crack, ŭU 

is the elastic (strain) energy released during crack growth, and Gc ŭA is the energy required to 

expand the crack, in which Gc is the surface energy per unit area of crack. 

The Griffith criterion can be more conveniently and accurately expressed by the use of intensity 

factors. If the applied stress intensity factor (denoted as K) is equal to or greater than the critical 

intensity factor (denoted as Kc), then the crack will propagate. The critical intensity factor (also 

known as the fracture toughness) depends on parameters including the modulus of elasticity, crack 

surface energy, crack geometry, specimen geometry, mode of loading, and nature of deformations 

ahead of the crack (Ashby & Jones, 2011).   

The propagation of a crack (after its initiation) does not necessarily occur linearly with the 

progression of the cyclic loading. The important pioneering work by Paris et al. (1963) established 

the relationship between the crack growth and the number of load cycles. It suggested that the rate 
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of crack growth with respect to the load cycle number is proportional to the nth power of the stress 

intensity factor range, in which n is a material-specific constant: 

                                                        ὅ Ўzὑ                                                                          (7) 

in which a is the crack size, N is the number of cycles, æK is the stress intensity factor range, and 

C and n are material constants. The value of æK is given as: 

                                                          Ўὑ ὣz Ў„z Ѝ“ὥ                                                            (8) 

in which Y is the shape factor and æů is the fatigue stress range. Integration can be performed on 

Eq. (7) to obtain the crack size (depth) as a function of the number of cycles (Paris & Erdogan, 

1963).                                          

2.3.6.2 Nonlinear Fracture Mechanics 

Many materials contain nonlinear and plastic regions around the tip of a crack. In this case, using 

linear fracture mechanics is not sufficiently accurate; nonlinear fracture mechanics models were 

proposed to model and approximate such cases. While there are many nonlinear models that do 

not apply to concrete (such as J-integral path model and the crack opening displacement model), 

two nonlinear fracture mechanics models were developed specifically for concrete: crack band 

theory model and the fictitious crack model. These two models are briefly discussed in this 

literature review. 

2.4 FATIGUE OF REINFORCED CONCRETE 

Reinforced concrete structures are generally subject to two types of fatigue loading: low-cycle 

fatigue and high-cycle fatigue. The former refers to the fatigue loading which has high stress 

amplitudes that are usually enough to cause fatigue damage in a relatively lower number of cycles 

(e.g. earthquakes), while the latter contains low stress amplitudes but an extended number of cycles 

(e.g. service loads). Examining the fatigue of reinforced concrete requires looking at not only the 

fatigue behaviour of concrete and reinforcement as constituent parts, but also the complex 

interactions amongst them that affect the fatigue response of the member; the fatigue strength of 

reinforced concrete is not just simply the addition of its constituentsô fatigue strengths (Heffernan, 

1997). 
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2.4.1 Fatigue of Plain Concrete 

2.4.1.1 Mechanism of Fatigue in Plain Concrete 

The fatigue failure of concrete has the same stages as that of other brittle materials. The first fatigue 

cracks initiate from stress concentrations and initial flaws in the specimen when the load is applied. 

Sometimes the initial cracks are already present due to the shrinkage of the cement paste before 

the application of the load. Then as the load cycles progress, these cracks that break the bond 

between the cement matrix and the aggregates propagate further until fracture happens. The 

propagation path of the cracks is highly variable, because the cracks need to find their way around 

the aggregates instead of cutting into them as this is the lowest energy path. As such, the aggregates 

act as crack arrestors in the sense that the energy required to further propagate the crack 

intersecting the aggregate increases (Afseth, 1993).   

The stress-strain curve of a concrete prism undergoing cyclic compression stresses is shown in 

Figure 2.17. Note that fc
f refers to the fatigue limit of the specimen, which is the maximum stress 

value at which the specimen will not experience fatigue failure regardless of the number of cycles 

applied. Plastic deformations occur even when the applied stress is less than the fatigue limit (Guo, 

2014). These deformations, however, tend to stabilize after certain number of cycles and the 

internal damage does not propagate further. Hence, subsequent cycles do not cause fatigue failure 

in the specimen. The areas of the hysteretic loops corresponding to such stress levels are small. 

When the applied stress exceeds the fatigue strength, only N number of cycles (obtained from the 

S-N diagram corresponding to the applied stress) can be applied before failure. Initially when the 

load cycles are less than 90% of the ultimate number of cycles to failure, the residual strains 

increase gradually while the areas of the hysteretic loops slightly decrease (Guo, 2014). In this 

stage, the cracks develop in a stable manner because the interactions between the micro-cracks and 

the aggregates tend to stabilize (Afseth, 1993). After many load cycles (e.g., more than 104 cycles) 

as the damage brought by the cracks increases, strains become unstable and divergence occurs, 

culminating in the sudden failure of the structure (Guo, 2014). Note that the areas under the loops 

represent the energy dissipated during the loading process. This energy represents the irreversible 

energy of deformation, and it is the energy that is released when cracks propagate (Afseth, 1993). 

The envelope of the cyclic loading curve is very similar to the stress-strain curve corresponding to 

the monotonic loading (Collins and Mitchell, 1997). This is generally true for all cyclic loading 
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curves of concrete. The microstructure and energy mechanics of the fatigue damage of concrete is 

addressed appropriately and thoroughly through fracture mechanics. A general fatigue failure 

envelope for concrete, given by Ekberg J. et al. (1957), is shown in Figure 2.18. The shaded area 

represents the region of allowable stress ranges without fatigue failure.  

 

Figure 2.17: Stress-strain curve of a concrete prism under repeated compression (Guo, 2014) 

 

Figure 2.18: Fatigue failure envelope of concrete (Ekberg, Walther, & Slutter, 1957) 






























































































































































































































































































































































































































































































