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Abstract 

High Stress Uniaxial Tensile Fatigue of Plain Concrete as it Pertains to Offshore Wind 

Turbines 

Nonrenewable energy is currently the main power source of energy for the United States. 

Using nonrenewable resources at current levels is detrimental to the environment and is 

not a long-term solution to providing energy for humankind. Renewable energy such as 

wind energy has great potential to replace or dramatically reduce the country’s 

dependence on these nonrenewable energy sources. Offshore wind energy offers a good 

solution for coastal regions to reduce the dependence on these nonrenewable energy 

sources. Substantial research and development is needed to support efforts for design and 

construction of offshore wind turbines to have design lives that make their construction 

and use economically viable. The objective of this thesis is to further an understanding of 

the high stress tensile fatigue strength of plain concrete, primarily through uniaxial tensile 

tests. The results of these tests were analyzed and combined with previous data in this 

area to develop a better understanding for the response of plain concrete in high stress to 

low cycle loading.  
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Chapter 1. Introduction 

 
1.1 General Introduction to Offshore Wind 

Nonrenewable energy is currently the main power source of energy for the United States. 

Using nonrenewable resources at current levels is detrimental to the environment and is 

not a long-term solution to providing energy for humankind. Renewable energy such as 

wind energy has great potential to replace or dramatically reduce the country’s 

dependence on these nonrenewable energy sources. 

 

Wind energy has been growing at a rate of 20-30% per year over the past decade and is 

the fastest growing energy resource globally [Musial]. This is because of increased 

attention to global warming, finite fossil fuel resources, and a decrease in the cost of wind 

energy, due to advances in technology. The majority of this growth has been onshore 

wind production, which is excellent for areas with open space to build wind farms, but 

not as well suited for coastal cities where space is limited. In order to power these 

locations offshore wind energy presents a solution for the United States as the United 

States has the second highest offshore wind potential in the world [Musal, Butterfield]. 

The technical potential for offshore wind at 5 to 50 nautical miles off the United States’ 

coast is estimated to be more than 2,000 gigawatts (GW), which is enough to provide 

double the total demand for electricity of the United States in 2015 [Gilman]. Figure 1 

displays the breakdown of the gross and technical resource capacity potential in different 

areas of the United States.  
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Figure 1 - Capacity (left) and net energy (right) of offshore wind resource estimates for 

five U.S. offshore wind resource regions [Gilman] 

 

The most accessible wind resources are in the North Atlantic and South Atlantic 

locations. This is because of the signifcuant continental shelf that extends off the east 

coast of the United States.  

 

Figure 2 - Net capacity factor of offshore wind in United States [Gilman] 
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1.1.2 Offshore Wind Advantages and Disadvantages  

Offshore wind has many advantages over onshore wind, which include the following 

[Musal, Butterfield and Henderson]: 

• Wind blows more strongly and consistently, with less turbulence and smaller 

wind shear forces.  

• The sea is undeveloped so there is ample space to place the turbines. 

• This wind resource is in closer proximity to major coastal city centers, with 

greatly simplified transmission permitting requirements.  

• Offshore turbines may be constructed to be much larger than onshore turbines and 

therefore there are fewer turbines needed for the same wind energy resource 

harnessing. This has significant economic advantages.  

• Visual and noise disturbances can be avoided when turbines are placed 

sufficiently offshore.  

Despite these benefits, offshore wind also has disadvantages relative to onshore wind, 

which include the following: 

• The wind loads applied to the offshore wind turbines are far greater than those 

applied to onshore wind turbines. This increases the fatigue damage on the 

structure due to cyclic loading.  

• A higher capital investment is required for offshore wind turbines because of the 

costs associated with marinization of the turbine and the added complications of 

the foundation, support structure, installation, and decommissioning. 
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• Offshore installations are less accessible than onshore installations, which raises 

the operations and maintenance costs and potentially increases the downtime of 

the machines. 

• The presence of the dynamic loading from waves and from hurricanes further 

increases the complexity of the design and reduction in the fatigue life. 

 

1.1.3 State Developments  

Recently, individual states have been taking real actions to diversify their energy 

portfolios. In Massachusetts, legislation has been passed to help strengthen green energy 

standards. Governor Charlie Baker signed Bill H.4568 on August 8th, 2016. The bill is 

the most progressive energy bill for offshore wind to be passed in the United States and it 

requires the state of Massachusetts to have 1,600 Megawatts (MW) of energy producers 

in the next 10 years [Bill H.4568]. Constructed off the coast of Block Island in Rhode 

Island, the first U.S. offshore plant became operational in 2016. It is a modest farm with 

five, large 6 MW turbines. This wind farm can power approximately 17,000 homes 

[Schlossberg]. New York and California have also set lofty renewable energy goals. By 

2030, these states plan to have 50% of their electricity generated from green energy 

[Gilman]. These two states have major population centers located along their coasts, 

which would make offshore wind turbines an attractive energy source. Hawaii was the 

first state to commit to a 100% Renewable Portfolio Standard in 2015, which means a 

total dependence on green energy [Gilman]. They pledge to be totally independent of 

fossil fuels by 2045. 
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1.1.4 Current Challenges with Offshore Wind Resource Development 

Because offshore wind turbines are new to the United States, there are bountiful 

opportunities for research. Currently, the design of wind turbines is based upon the 

combination of previous knowledge of onshore wind turbines and offshore oil rigs. These 

don’t serve as perfect matches though. Onshore wind turbines are not subject to loads as 

large as offshore wind turbines experience and they don’t have to account for the 

corrosive properties of saltwater. Oil rig design does not have to account for the same 

magnitude of dynamic wind loading and the design life requirements are not the same. 

Oil rigs are designed to have lifespans of about 20 years. This is pertinent to the oil 

industry because the oil reservoirs are generally empty after a finite amount of years of 

mining them. Wind energy doesn’t change significantly over long time horizons so 

increasing the design life of offshore wind turbines would allow them to harness more 

energy and generate higher profits for owners. Significant research is needed to create 

more efficient, longer lasting wind turbines. Understanding the fatigue properties of the 

material components used in wind turbines would help engineers to make more educated 

decisions when designing these structures. This thesis focuses on the properties of 

concrete in the turbines foundation when exposed to repeated tensile loadings. 

 

1.1.5 Opportunities for Research Development 

The United States is almost certainly going to develop significant offshore wind energy 

resources in the years to come at the state level, but there are many technical issues 

associated with offshore wind that need to be addressed. These issues include a lack of 

infrastructure, design regulations, installation experience, supply chain and workforce. 
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Currently, there is a large push in the United States for its public and private universities 

to advance research in theoretical and experimental data collection. This opportunity for 

research is where the subject of this thesis arose. This thesis attempts to delve into some 

of the gray area associated with uniaxial tensile fatigue in the concrete at the base of the 

turbine by understanding the material response of concrete to uniaxial tensile fatigue.  

 

1.2 Offshore Wind Standards 

Offshore wind energy is a relatively new enterprise in the United States and therefore 

offshore wind standards are immature. Currently, the Bureau of Ocean Energy 

Management is the primary regulator for offshore wind development in the United States, 

and the International Electrotechnical Commission (IEC) and the International Standards 

Organization (ISO) have jurisdiction over international design standards which may be 

used as well. The American Petroleum Institute (API) have industry specific design 

standards for oil and gas development. The most relevant design codes to this thesis are: 

• IEC 61400-1, Wind turbines—Part 1: Design requirements  

• IEC 61400-3, Wind turbines—Part 3: Design requirements for offshore wind 

turbines  

• IEC 61400-3-2, Wind turbines—Part 3-2: Design requirements for floating 

offshore wind turbines (Pending)  

• IEC 61400-22, Wind turbines—Part 22: Conformity testing and certification  

• ISO 19900, General requirements for offshore structures  

• ISO 19903, Fixed concrete offshore structures  
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• API RP 2A-WSD, Recommended practice for planning, designing and 

constructing fixed offshore steel platforms—working stress design.  

Figure 3 shows where these design codes are applicable on the turbine.  

 

Figure 3 - Applicability of existing design standards for offshore wind turbines [Musial] 
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1.3 Cyclic Loading on Turbine 

1.3.1 High Stress Low Cycle Loading 

Extreme wind and wave loads are important loading conditions for design of offshore 

wind turbines. These conditions generally only occur in the presence of hurricanes or 

winter coastal storms, so understanding their patterns and likelihood of occurring are 

critical. For example, sample data from a US Army Corps of Engineers buoy station off 

the coast of Massachusetts reveals that the maximum wave height Hmo occurred in 

10/31/1991, which is the date of “The Perfect Storm”. The third highest wave height in 

the past 35 years occurred on 10/29/2012, which was Hurricane Sandy. 

 

Figure 4 - Station 63053 maximum wave height in last 35 years [Wave Information 
Studies] 
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Fortunately for the offshore wind turbine community, the United States has been 

recording wind/wave information for decades and it is readily available to public and 

private companies. The three main databases are the Wave Information Studies Project 

by the US Army Corps of Engineers, a joint collaboration of the U.S. National Center for 

Environmental Prediction and the National Center for Atmospheric research, and 

Oceanweather. These databases have 20, 50 and 29 years of recording, respectively 

[ABS]. During a hurricane, an offshore turbine undergoes higher stresses than it would 

during regular operations, but only for a short duration. There is a small amount of 

research on high mean stress and low cycle concrete fatigue strength and this leads to 

gaps in knowledge in the research community. The work conducted through this thesis 

fills in some of that gap.   

 

1.3.2 Low Stress High Cycle Loading 

The other type of loading that turbines are subjected to during their lifespan is caused by 

low stresses at a high amount of cycles. This type of loading would include the passage 

of the blade when it is in motion and waves hitting against the base of the turbine. The 

turbine experiences hundreds of millions of these cycles throughout its 20-year 

operational life. This thesis does not investigate these loads.  

 

1.4 Relevancy  

The majority of offshore concrete turbines have shallow gravity foundations, which rely 

on a large block of concrete resting on the seabed floor to weigh the structure down and 

allow to remain upright [Offshore Wind Turbine Foundations]. 
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Figure 5 - Offshore wind turbine gravity foundations 

 

Concrete structures can crack easily in tension due to low tensile strength. This can 

expose the steel reinforcement to saltwater, which could lead to corrosion. The steel 

reinforcement carries the tensile force through the concrete and damaging this can lead a 

reduction in strength of offshore wind turbines.  Corrosion also causes volume expansion, 

which exerts a radial pressure at the steel-concrete interface. This pressure can eventually 

lead to additional cracking and more exposure to corrosion. Understanding how concrete 

reacts to these higher tensile loadings that occur in offshore wind turbines is imperative to 

the advancement of the industry. This thesis does not investigate the entire structure, but 

instead focuses on the properties of the concrete from a fundamental material response 

level. 
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1.5 Objectives 

The main objectives of this thesis are: 

• Adding data to an understudied, but important topic of uniaxial tensile fatigue of 

concrete with a focus on the loading case of high mean stress. 

• To design and evaluate the use of a simply uniaxial test setup for conducting 

fatigue tests 

• To evaluate differences between the findings in this thesis and those from 

previous work. 

 

1.6 Organization of Thesis 

This thesis is organized in six chapters. Chapter 1 includes a general introduction to 

offshore wind energy, the challenges with the development of offshore wind energy, the 

loads applied to offshore wind turbines throughout their design life, and opportunities for 

research in this field in regards to tensile fatigue of concrete. Chapter 2 includes the 

literature review of uniaxial tensile fatigue of concrete. Chapter 3 details construction of 

the concrete specimen tested and the testing setup. Chapter 4 presents the data recorded 

from the 20 uniaxial tensile fatigue tests and includes observations on the data. Chapter 5 

includes the conclusions from this thesis and suggests opportunities for research going 

forward. 
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Chapter 2. Literature Review 

 

2.1 Introduction to Fatigue 

Concrete is a widely used material and is often used in design situations that require it to 

withstand many cycles of loading during its lifespan. The behavior of plain concrete 

under repeated compressive loading has been extensively researched, but not in repeated 

tensile loading. Tensile fatigue tests of plain concrete have been investigated by means of 

bending [Raithby] and splitting tests [Tepfers]. These tests are easier to construct and 

carry out than uniaxial tension tests, but it is difficult to determine the actual stresses the 

specimens experience during the experiment because the stress is not distributed equally.  

Concrete in direct axial tensile fatigue is a method of testing that allows researchers to 

evaluate the stress throughout the sample, but it is seldom researched because it is 

difficult to create samples without having stress concentrations or bending of the 

specimens.  A brief view of the literature reveals that several researchers have attempted 

to add data regarding uniaxial tensile fatigue, but there has not been significant research 

done investigating the response of concrete to high stress load cycle uniaxial tensile 

fatigue and therefore, this thesis endeavors to shed light into that discussion.  

 

Fatigue is the weakening of a material due to repeated cyclic loads. Progressive damage 

occurs as the material is subject to high frequency, low loading (waves and winds) or low 

frequency, high loading (earthquakes and explosions). High-frequency, low-loading 

fatigue in concrete can cause failure at stresses that are much lower than the ultimate 

tensile strength. This progressive loading causes infinitesimal changes in stiffness each 
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load cycle and can lead to sudden failures without noticeable plastic deformation. Cyclic 

loading at high stress levels causes massive damage in concrete and an overview of this is 

included in committee reports of RILEM and ACI [Hawkins and Shah 1982; RILEM 

1984; ACI 1982].  

 

Microcracking isdetailed in the RILEM and ACI reports as well and is an important 

contributor to a loss of strength in concrete. Microcracking is tiny cracks that occur 

throughout the concrete specimens that are caused by cyclic loads. Microcracking has 

been shown to increase crack propagation at stresses that are 70% of the ultimate stress of 

the concrete [Shah and Chandra 1970].  

 

2.2 Plain Concrete 

Before discussing concrete’s response to fatigue, it is important to explain the nuances of 

the material itself. Concrete is a non-homogenous material that is mainly composed of 

cement, aggregates and water. The ratios of each of these three materials, their properties, 

curing length, and method of mixing all play an important role in the performance of each 

batch of concrete under cyclic fatigue loading. Most concrete is reinforced because of its 

very limited tensile capacity. Plain concrete is concrete that has no steel reinforcement in 

it and is the subject of this research. According to RILEM, “the fatigue properties of 

concrete exposed to pure tensile stresses have not been studied extensively” which 

suggests significant opportunities for researching this area [RILEM]. The RILEM report 

continues saying “one reason for the lack of tensile fatigue tests is the practical difficulty 

in loading a specimen in tension without introducing stress concentrations of local 
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bending.” Due to the non-uniformity in concrete and the fact that tensile failures in 

concrete are brittle and sudden, the test results for tensile strength vary significantly. 

Tensile strength is generally found to be 10 to 15% of compressive strength.  

 

2.3 Fatigue in Uniaxial Tension 

Uniaxial tension tests have the advantage that at every section cut of the concrete, 

independent of the heterogeneous nature of the material, the applied stress is largely the 

same. These tests are generally carried out in two loading patterns. The first is a load-

controlled test, which is the procedure employed in this research study. In a load-

controlled test, the amount of load applied to the specimen is preprogrammed and carried 

out despite deformations to the concrete during testing. This technique is effective for 

creating S-N curves and results in sudden brittle failures. The second is a displacement-

controlled test, which allows the researcher to set a standard rate of displacement and 

requires a machine that is able to react quickly to accommodate for plain concrete’s 

property to suddenly fail. This type of testing allows the researcher to see how much load 

the concrete can hold after the first cracks develop. This technique was not used in this 

thesis.  

 

Although uniaxial tension seems to be the most logical choice when performing a fatigue 

test, issues associated with achieving uniform application of tensile stress on the concrete 

specimen have deterred many researchers from investing time in it. Some of these issues 

include, bending and torsion introduced because of incorrect construction of the concrete 

specimen. The author took extreme care in creating testing specimens to achieve a 
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reasonably uniform tensile stress distribution across the member sections. This is further 

addressed in the Chapter 3. In some tests, epoxy resins have been used by researchers to 

ensure a more even spread of stress on the specimens [Cornelissen 1982]. 

 

The literature describes a few tests where uniaxial tensile fatigue in concrete has been 

evaluated ([Cornelissen 1982, 1984, 1985], [Morris, A.D.], and [Kolias, S]). All of these 

tests were conducted under constant amplitude loading except for a small partition of the 

tests explored by [Cornelissen 1985]. These tests focused on concrete with different 

mixes, curing conditions and for different values of maximum and minimum stresses. 

The maximum tensile stress as impacted by fatigue ranged from 70% to 87.5% of the 

static tensile strength and the minimum stress ranged from 0% to 40% of the static tensile 

strength and 5% to 30% of the elastic compressive strength.  

 

2.4 Examination of Minimum Stress Applied 

The study that is most pertinent to this thesis is research on fatigue behavior of plain 

concrete under uniaxial tensile loading at Delft University in the Netherlands by 

Cornelissen [Cornelissen 1982, 1984, 1985]. Similar to the goal of this thesis, the 

objective of this research was to determine the number of cycles to failure of concrete 

when subjected to various stress levels. The results of this research can be summarized in 

Figure 6 below.  
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Figure 6 - Average S-N curves, for various lower limits, for concrete subjected to 
pulsating tension or to alternating tension-compression [Cornelissen 1982] 

 
The x-axis is the log of the number of cycles until failure, the y-axis is the maximum 

stress applied divided by the maximum stress capacity of the concrete and the various 

trend lines represent the different minimum stresses applied over the stress capacity of 

the concrete. There is clearly a trend between increased loading and a decreased number 

of cycles required for failure. Another clear trend is when the stress range of testing was 

increased (minimum stress was decreased) the number cycles to failure decreased as well. 

There is a great reduction in life once the stress loading applied to the concrete varies 

between tension and compression, as the grouping of the three lines with negative stress 

applied over stress capacity represents. This thesis will not examine the effects that 
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compressive loading has on a specimen, but will seek to add to the data and analysis that 

Cornelissen produced. 

 

2.5 Uniaxial Fatigue Response  

There are two basic approaches in determining the uniaxial fatigue strength of concrete, 

empirical S-N cycle method and fracture mechanics. The S-N Cycle method [Miner] 

relies on simple assumptions and is used by designers because it is easy to understand, 

test and put into practice. The fracture mechanic method is more realistic and relies on 

crack propagation study. 

 

 2.5.1 S-N Curve (Wohler curve) 

The S-N curve is an approach that has been used for decades to evaluate the fatigue 

capacity of many engineering materials. The main premise of this approach is that a 

single load is cyclically applied to a sample. Upon failure of the specimen, the number of 

cycles it took to fail, N, is recorded. If a greater magnitude of  load is applied, the sample 

should fail at a smaller number of cycles N. Conversely, if a smaller magnitude of load is 

applied, it is expected that the sample can resist more cycles of loading before failure. 

Fatigue strength is defined as the fraction of the static strength that can be supported 

repeatedly for a given number given number of cycles. Concrete generally has a very 

large scatter in fatigue strength testing in part because of the lack of uniform static 

strength. Real structures do not follow these assumptions because they are not subject to 

a constant loading over their lifespan. Therefore, fatigue design typically involves 

conservative assumptions about reductions of material strength, with applications of 
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factors of safety applied both to loads (assumed increased) and resistance (assumed 

decreased).   

 

2.5.2 Fracture Mechanics 

The second approach uses fracture mechanics to study crack propagation owing to fatigue 

loading. Fracture mechanics takes the crack length increment increase per load cycle to 

applied stress intensity factor amplitude. This is more commonly used in the fatigue of 

metals and was first proposed by Paris [1963] who discovered that crack propagation 

da/dN could be related to the cyclic stress intensity factor (ΔK). da/dN =α (ΔK)β , 

(DeltaKI)=Kmax-Kmin.  α  and β are empirical constants. See Figure 7. 

 

Figure 7 - Fracture mechanics approach for modeling fatigue response; (a) crack length 
vs. number of cycles for different upper stress levels, (b) rate of crack growth vs. range of 

stress intensity factor [Paris 1963] 

 

 

Total fatigue life is based on the crack propagation state and the crack initiation stage. 

Fatigue analysis of the first stage is traditionally used with the S-N curve approach, 

AASHTO 2012; Goode and van de Lindt 2007), while the crack propagation phase is 



 
 

19 
 

analyzed using different models. The most common model is the “Paris Law” (Paris and 

Edorgan 1963). 

 

2.6 Fatigue Limit 

Fatigue limit is the stress level below which there will be no fatigue failure for any 

number of cycles and stress ratio. Steel and many metals have fatigue limits, but 

according to the ACI Committee 215 (1974) concrete does not have a fatigue limit. This 

is because metals are generally a continuous material and when loaded below a certain 

fatigue limit, they will not deform. Concrete is not a continuous material and is made up 

of a mix of different materials. When concrete undergoes loading, there is always going 

to be some deformation. The fatigue limit of concrete is generally found from cyclic 

loading and plotting the results on an S-N curve.  

 

2.7 Gaps in Knowledge 

Throughout the history of research on fatigue in plain concrete there was been a debate 

between how relatable flexural bending and axial fatigue tests can be. Because of the 

difficulty of axial tensile fatigue tests, a relationship would be beneficial to the scientific 

community. According to a study done at the University of Illinois at Urbana-Champaign 

by John W. Murdock on a review of research in the field of fatigue on plain concrete, he 

said he is “not convinced of the validity of this assumption,” in relating flexural and axial 

tensile fatigue tests. He goes on to say that it “tacitly implies that a stress or strain 

gradient has no effect on the fatigue response of concrete. Such an implication has yet to 

be investigated, let alone proved” [Murdock, 2007]. Based on this relatively recent 
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publication, and the limited work in axial tensile fatigue tests at high stress/low cycle 

testing, there remains a need to verify and further explore high stress/low cycle fatigue, 

especially with its current relevance to offshore wind turbines experiencing these loads 

throughout their design lifespans.  
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Chapter 3. Preparation for Testing 

 
3.1 Introduction 

Precise specimen preparation and documentation for experimental testing is always of 

paramount importance to produce reliable results. With all of the previously documented 

challenges with testing in uniaxial tensile fatigue, most specifically the need to create 

specimens that are do not experience bending or torisional stress when loaded, the author 

took extra precautions to ensure the specimens were a uniform size. The following 

sections address the processes that were followed and demonstrate the accuracy in which 

the specimens were tested. 

 

3.2 Specimen Layout 

3.2.1 Concrete Specimen 

The specimen that was used for this thesis was a 2-7/8th” x 4”x 18” concrete block that 

had 8, 5/16” threaded rods cast into it. These rods measured 7” and 5” in length and were 

offset so that the stresses on the specimen were symmetrical. These threaded rods 

connected to a steel plate with nuts and washers, which in turn connected to the Instron 

8501 machine from a 3/4” threaded rod.  The specimen and rod layout can be seen in 

Figure 8 and Figure 9.  



 
 

22 
 

 

Figure 8-Elevation view of specimen 

 
 

 
Figure 9 – Plan view of specimen 

 

The specimen connection to the Instron testing machine can be seen below. 
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Figure 10 - Specimen in Instron 8501 

3.2.2 Metal Plates 

The metal plates were used to attach the rebar to the Instron machine. The end plates 

were 4” by 6” and the layout of the holes can be seen in Figure 11. The red holes were 

through which the rebar was inserted in order to attach the concrete specimen to the metal 

plate. 
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Figure 11 – Specimen metal plate 

 

3.3 Specimen Construction 

When constructing concrete specimens, the mold into which the concrete was poured 

dictated the shape of the specimen. For this reason, care was taken when assembling the 

molds. As can be seen in Figure 12 this thesis used three identical molds that were 2-

7/8th” by 4” by 18” long.  
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Figure 12 - Freshly poured concrete in specimen molds 

 

They molds were cleaned after each new specimen was cast and if inconsistencies were 

discovered, new wood was cut to account for any warping or bending in the mold due to 

exposure to moisture. Before the concrete was poured, each dimension was checked to 

ensure that the specimen was the correct size. The end plates that were used to cast the 

rods in the concrete were originally made out of wood because they were easy to 

construct and inexpensive, but with time they began to warp and affect the results of 

these tests. Steel plates were then used to make each specimen as close to identical as 

possible. The errors that may have been induced by the warping of the wood end pieces 

will be discussed in the results section.  

 

3.4 Mix Details 

The concrete used in the study was a 4000 psi Ready-To-Use QUIKRETE Concrete Mix 

from Home Depot. Before beginning the experiment, four different bags of concrete mix 
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were compared in a concrete cylinder compression test to ensure that the strength values 

from each mix were close to each other. The values of these four tests can be seen below. 

 

Table 1 - QUIKRETE mix 7 day compressive strength 

Cylinder Number Maximum Compressive Value at 7 Day 

Strength (psi) 

Mix One 3,883 

Mix Two 3,325 

Mix Three 3,477 

Mix Four 3,805 

 

These values are all similar in strength to each other and the mix was deemed to be 

uniform throughout and therefore acceptable for testing.  

 

The QUIKRETE mix was sieved to remove the larger aggregate sizes, which could 

interfere with the tensile fatigue strength of the specimen. The No. 4 sieve was deemed to 

be the appropriate size for maximum strength according to a study by [Cornelissen 1984]. 

Figure 13 shows that the maximum strength, regardless of the water/cement ratio occurs 

when a No. 4 Sieve was used.  
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Figure 13 - Influence of the aggregate size and the water/cement ratio on concrete 
strength [Cornelissen 1984] 

 

The material in the pre-prepared mix was very dry, such that there was likely a fairly 

uniform water content in this material relative to the standard batch plant where materials 

are typically exposed to the elements and a broad range of humidities. This partly 

explains the narrow range of compressive strengths that were presented in Table 1.To 

each batch the author added a water weight of 13.9% of the total mix weight, which was 

an amount found to provide a workable mix with segregation. The amount of water added 

to each batch was precisely controlled by the use of a laboratory scale. This was based on 

testing that occurred in the first three specimens that were cast 
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3.5 Curing Process 

Each specimen was allowed 24 hours to develop sufficient strength before being removed 

from the molds. They were then placed in a room temperature environment of 

approximately 72 degrees Fahrenheit in wet towels on all four sides of the specimen. The 

specimens were then sealed with a non-permeable plastic covering to keep the moisture 

content consistent. See Figure 14 and Figure 15 for the towel and plastic seal setups.  

 

Figure 14 - Curing specimens 
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Figure 15 - Plastic seal over curing specimens 

 

The specimens were left to cure for six days and then the plastic and towels were 

removed to allow the specimens to dry one day prior to testing. 

 

3.6 Test Procedure and Instron 8501 

The testing of these concrete specimens was carried out using an Instron 8501. The 

Instron 8501 is a servo-hydraulic fatigue testing machine that is capable of testing tensile 

strength, compressive strength, tensile fatigue, compressive fatigue and a combination of 

tensile/compressive fatigue. The machine is rated up to 22 kips, which was much larger 

than the loads applied in this study that were less than 4 kips.  
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Figure 16 – Instron 8501 testing setup 

The Instron 8501 was controlled using Bluehill 2 software. This software allowed the 

user a broad range of testing abilities for tensile strength and tensile fatigue testing. 

Specifically, it allowed the author to write his own loading programs to test each set of 

specimens at varying stress levels and frequencies. One of the sample loading sequences 

can be seen in Figure 17.  
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Figure 17 – Bluehill 2 cyclic loading pattern 

 

Each test was continued until a pre-coded stop command was met. In the case of all of 

these tests, it was when the tensile deformation reached 0.5”. Once the concrete cracked, 

the machine would continue to separate the specimen as there was nothing holding it 

together. The stop command was met at every failure, which allowed tests to be run 

continuously. 

 

The Instron had difficulty testing at high frequencies so a frequency less than 1 Hz was 

used. The tests were eventually carried out at 0.75 Hz, which was discovered to be the 

limit of this machine for this setup. It also had difficulty outputting all the data in one run 

so the machine would have to be stopped every 14,000 cycles if the specimen continued 

for that long without failure.  
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Chapter 4. Experimental Observations and Data Analysis 

 
4.1 Experimental Observations 

4.1.1 Failure Mechanism Modes 

The specimens made in this experiment were, to the best of the author’s knowledge, the 

first of their kind. This is considered likely because no current data was found in the 

literature for the types of tests conducted by the author. It was hypothesized in this 

project that there would be two major failure types before the experiments began. These 

two types were: failure in the unreinforced section and failure at the steel-concrete 

connection. The unreinforced failure was an obvious prediction as concrete is weak in 

tension. This was the ideal failure to occur because it would mean that the concrete had 

reached its capacity and failed without any other forces being induced. 

 

Figure 18 – Failure plane in unreinforced section 

 
Failure at the steel-concrete connection was another possible failure mechanism as there 

would possibly be a weakened plane due to the steel terminating in the concrete at that 

point. In addition, if the specimen was not perfectly in uniaxial tension there would be 

additional stress concentration at that connection.  
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Figure 19 – Failure at steel-concrete plane. The right arrow indicates rebar protruding 
from concrete, the left arrow indicates where the steel left a circular mark in the concrete. 

 

While these two failure modes both occurred, there were additional failure types that 

happened and need to be documented and discussed.  

 

The two additional types of failure were caused by the rebar detaching from the concrete 

and a failure in between the two longer rebar connections. The rebar detaching was 

caused by a misalignment of the rebar cast into the concrete. The rebar was then not able 

to fit into the holes displayed in Figure 11 on the metal plate. These specimens were still 

tested, but because the rebar had to be forced into the holes, it weakened the connection 

of the steel with the concrete and resulted in very early failure of the specimen. These 

defective specimens were noted in Table 2 as having difficulty attaching the cast rebar 

into the metal plates. This can be seen in specimens #5, #10 and #15. The rebar detaching 

was not an expected failure because it was based on the assumption that the mold would 

be correct for each sample. Originally, the molds were perfectly aligned so the rebar 

would slide easily into the metal testing plate, but as the wood began to warp, the holes 

changed angles and made it more difficult to ensure the correct alignment. This was fixed 
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in specimens #16 through #20. The second failure that was unexpected was similar to the 

specimen failing at the concrete-steel connection, but instead of failing in a straight line, 

it failed between the two longer rebar rods.  

Figure 20 shows the concave of the failure plane in Specimen #8. 

 

Figure 21 - Failure plane between the two longer rebar 

 
Although this failure seemed the least likely to occur because of the odd shaped failure 

plane, reasons for this failure could have been poor mixing between the rebar as the 

concrete was poured, which resulted in air pockets or because the stress caused by 

misaligned rebar created a weak point in the concrete. 
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Table 2 – Specimen loading pattern, cycles until failure and failure mechanism 

Specimen 
Number 

Number of Cycles Until 
Failure 

Failure Mechanism 

1 NA Unreinforced section 
2 412 Unreinforced section 
3 3439 Steel-concrete plane 
4 199 Failure between rebar 
5 0 Rebar separation 
6 6 Unreinforced section 
7 22063 Steel-concrete plane 
8 24369 Unreinforced section 
9 2 Unreinforced section 
10 2 Rebar separation 
11 84 Unreinforced section 
12 75 Failure between rebar 
13 27450 Steel-concrete plane 
14 604 Steel-concrete plane 
15 11 Rebar separation 
16 3620 Steel-concrete plane 
17 34 Steel-concrete plane 
18 52426 Unreinforced section 
19 9180 Unreinforced section 
20 15102 Unreinforced section 

 

Table 3 – Comments about specimen construction 

Specimen 
Number 

Comments About Specimen Construction 

1 Some spalling 
2 Some spalling, strain gauge resin could influence failure location 
3 Some spalling 
4 Good specimen 
5 Difficulty attaching metal plates 
6 Good specimen 
7 Good specimen 
8 Good specimen 
9 Very bent, will most likely fail early 
10 Slightly bent, difficulty attaching metal plate, will most likely fail 

early 
11 Good specimen 
12 Good specimen 
13 Good specimen 
14 Good specimen 
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15 Difficulty attaching metal plate 
16 Good specimen 
17 Good specimen 
18 Good specimen  
19 Good specimen 
20 Good specimen 

 

4.1.2 Failure Mechanism Results 

There were 9 failures classified to be in the unreinforced mode (45% of the total number 

of tests), 6 steel-concrete plan failures (30% of total), 2 tests between rebar (10% of 

total), and 3 that had rebar separation (15% of total). There is no clear connection 

between failure located in the unreinforced portion, steel-concrete plane, and between the 

rebar in terms of number of cycles. When plotted on the S-N curve each failure 

mechanism occurs throughout the log scale at varying amounts, with no pattern forming. 

The one clear failure type that resulted in a specific amount of cycles was failure by rebar 

separation. Failure in this manner was expected due to the significant stress 

concentrations and the inability of the concrete to withstand any sort of unbalanced load. 

 
4.1.3 S-N Curves from Test Specimens 

The S-N curve y-axis was the stress applied over the cracking capacity of the concrete in 

pure tension. The only other test similar to this [Cornelissen 1982] used the cracking 

capacity of 500 pure tensile tests as the f r of the test. The author in this research 

employed the commonly used  4�𝑓𝑓′𝑐𝑐 as the cracking capacity of uniaxial tension as this 

has been thoroughly documented and is regarded as a fair assumption. The stresses 

applied were based upon that value and those are the data points displayed on the 

following S-N curves. The following S-N curves were plotted with the upper loading 
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stress, the mean, and the lower loading stress so the reader can view the range and the 

mean loading value.  

 

Figure 22 - S-N curve of tested specimen dataset 

 
Figure 21 shows the results of the six tests conducted in this experiment. Each test 

involved a different loading pattern applied. There were 20 specimens tested in this 

thesis, but specimens #1, #5, #9, #10 and #15 were not included in the results. Specimen 

#1 was tested to failure in continuous loading to test the maximum stress a specimen 

could withstand and to see if it was close to the predicted 4�𝑓𝑓′𝑐𝑐 the stresses deemed 

acceptable. This is displayed in Table 4. 
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Table 4 - Predicted stress vs tested stress 

 Stress (psi) 

Specimen #1 303.04 

4�𝑓𝑓′𝑐𝑐 
252.98 

 

Specimens #5, #10, #15 all had failures of rebar separating from the sample and were 

deemed to be unfit for inclusion in the dataset to be analyzed. Specimen #9 failed before 

five cycles were met and therefore was deemed unfit for inclusion in the dataset.  

 

There was a fair amount of variability in the data gathered as expected due to natural 

variability in the static tensile strength of concrete. The data showed some clear patterns. 

Two patterns were: 

• increasing the maximum load decreased the number of cycles until failure 

• increasing the range at which the cycles were tested decreased the number of 

cycles until failure.  

Averaging data points based upon the load at which they were tested would allow for 

better analyses of the specimens and would mitigate the scatter associated with viewing a 

graph of independent tests.   
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Figure 23 - S-N curve of average based on stress applied to specimens 

 

Averaging the collected data in this thesis showed a clear improvement in predicted 

response, especially when tests Two, Four, Five, and Six are compared.  
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Figure 24 - S-N curve of averaged data based on stress applied to specimens between 
5000 and 50000 cycles 

 
As the maximum stress ratio was reduced in Test Six to Test Four from 0.86 to 0.81, an 

increase in the number of cycles to failure from 12,147 to 14,027 was observed, 

respectively. Additionally, when the maximum stress ratio was reduced further in Test 

Two to 0.72, the average number of cycles to failure further increased to 23,216.  

 

This dataset subset also shows that when two tests had the same maximum stress ratio 

and the range of loading was reduced the number of cycles to failure increased. The range 

of loading decreased from Test Six to Test Five from 0.6 to 0.31 and the number of 

cycles to failure increased by 12,147 to 18,693, respectively.  
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The averages from tests Three and One do not support the observations just mentioned. 

There was a wide range of variability in these experiments and as the concrete was tested 

closer to its maximum capacity, as it is in these two tests, any weaknesses in the concrete 

were exposed more quickly, which could lead to more variability in the graph. The 

positive takeaway from these two tests was that they were tested at the highest stresses in 

this thesis and failed earlier than the tests tested at lower stresses, which is consistent with 

predictions made by the research team and previous documentation by [Cornelissen 1982, 

1984, 1985]. 

 

4.1.4 Synthesis of Cornelissen 1982 Data 

The only other project that was found in which a similar form of experimental testing was 

conducted in the work of the Technical University at Delft (TU-Delft) in the Netherlands 

in the [Cornelissen 1982, 1984, 1985] reports. A dataset was obtained from [Cornelissen 

1982] to compare with the dataset in this thesis. The dataset included 87 specimens tested 

in uniaxial tensile concrete fatigue. Instead of using threaded rods into the specimen, the 

research team at TU-Delft used an epoxy resin to attach to the testing device. 

 

Figure 25- Specimen used in [Cornelissen 1982] test 
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In order to use the TU-Delft research in this thesis, the 87-specimen database was 

reduced to 61 specimens upon removing specimens that failed to break before 105 cycles. 

The author decided to do this as this thesis is only interested in high stress, low cycle 

fatigue and no points collected from this thesis exceeded 105 cycles. For a complete list 

of [Cornelissen 1982] specimens see Appendix B. 

 

These tests were not a match in specimen size, curing length, water content, or loading 

frequency, but as this is the only dataset found the two would be normalized based on 

their maximum stress capacity to stress applied in testing and plotted on an S-N curve to 

be compared. 

 

4.1.5 S-N Curves Comparing Thesis Test Specimens with Cornelissen 1982 Data 

Although these tests were carried out over 30 years apart using a plethora of different 

testing conditions, when the stress values were normalized and plotted with the 

[Cornelissen 1982] values there was a correlation between the two. It is difficult to 

understand possible trends from all 76 combined specimens so a graph with the averages 

was created. 
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Figure 26 - S-N curve of combined datasets 

 

Figure 27 - S-N curve of combined averaged data based on stress applied to specimens 
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Figure 28 - S-N curve of combined averaged data based on stress applied to specimens 

from 1000 to 50000 cycles 

 

The data from the testing conducted in the Tufts University study appears to validate the 

[Cornelissen 1982] report and that the tests at Tufts were properly done as the datasets 

are comparable in stresses applied and number of cycles until failure.  

 
4.2 Validation of Uniaxial Testing 

In the second specimen tested, four strain gauges (SG) were attached at the middle of the 

specimen to see if the strain distributions were even throughout the test. This test was 

done in order to ensure that the sample was in pure uniaxial tension. The testing was done 

using a Micro-Measurements Model P3 Strain Indicator and Recorder. The Micro-

Measurements Model P3 Strain Indicator and Recorder is a mobile recording device that 

allows for continuous recording as a test is going on. This allowed the specimen to be 
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strain gauged and tested in close proximity. The only downside of this testing device was 

that it could only record at a frequency of one reading per second, which meant that the 

peak values could be missed at some points during the testing. To counteract this slow 

data acquisition time, the loading on the specimen was done slowly to allow the P3 to 

capture as many data points along the cycle as possible.  

 

 

 

Figure 29 - Micro-Measurements Model P3 Strain Indicator and Recorder 

 
The strain gauge layout on the specimen can be seen in Figure 29 and Figure 30 below. 
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Figure 30 - # 1, 2, 3 strain gauge layout 

 

Figure 31 - #2, 3, 4 strain gauge layout 

SG #1 and SG#4 should have identical strains for each cycle as they are located on the 

same plane of the concrete. The same should be true of SG #2 and SG #3. The results of 

the strain gauges can be seen in Figure 31 and 32.  
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Figure 32 – Strain gauge #1 and #4 outputs 

 

Figure 33 - Strain gauge #2 and #3 outputs 

 

These results present that the strains in SG #1 and SG #4 were very similar in magnitude 

per each cycle. The same can be observed in SG #2 and SG#3. This helps to substantiate 

that the test was in pure axial tension. The question that could arise from the range being 
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nearly identical, but the maximum and minimum values not being identical, could be 

answered by the fact that the system was zeroed before the loading started on the sample. 

There could have been sudden deformations once the load was applied and zeroing after 

initial loading would have resulted in nearly identical strain maximum and minimum.  
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Chapter 5. Conclusions and Suggested Future Work 

 
5.1 Conclusions 

The aim of this research was to investigate uniaxial tensile concrete fatigue. A test 

setup was developed and the number of cycles to failure was recorded. The 

conclusions of this thesis are based upon the data and observations included in 

Chapter 4 and they are: 

• 15 concrete specimens were tested in high stress uniaxial tensile fatigue and 

added to a previous database of 61 specimens, therefore creating a more 

robust dataset for future analysis.  

• The results show that concrete was affected by both the maximum stress 

applied and the range of the stress applied. As the stress increased, the 

number of cycles to failure decreased and similarly, as the stress range 

increased, the number of cycles until failure decreased.  

• The specimens were confirmed to be in pure uniaxial tension by strain 

gauging Specimen #2 and comparing the strains at each location.  

• These tests were compared with research done by [Cornelissen 1982] and 

the data suggested a strong correlation between the two datasets, therefore 

validating the authenticity of the previous test and this current research.  

 
5.2 Future Work 

This thesis has started to research uniaxial tensile concrete fatigue as it pertains to 

offshore wind turbines, but there is still significant research to be done. This same 

research could be taken to the next level through more specimen testing. Instead of just 
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27 specimens, hundreds could paint a better picture of tensile fatigue testing in plain 

concrete. Because there is a small amount of research currently in the field, simply 

adding more data points using a similar testing setup would be beneficial. This thesis 

does not investigate the effects of the specimen being exposed to both tension and 

compression in loading, but Cornelissen did investigate it. Confirming their results or 

simply adding more data to the field would be another avenue of research. Examining 

high-cycle uniaxial fatigue loading using these same specimens on a testing machine that 

is capable of loading multiple cycles per second to avoid the long testing time, is another 

possible avenue for future research. Using different sized specimens, testing different 

mixes, testing different aggregates, different w/c ratios, reinforced specimens, effects of 

saltwater on fatigue are examples of other under researched areas in the field that could 

contribute to advancing our understanding of the fatigue performance of concrete and its 

suitability for use in foundations and towers of offshore wind turbines. 
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Chapter 7. Appendices  

Appendix A 

 

 

Figure 34 - Specimen #1 failure plane view 

 

 

Figure 35 - Specimen #1 failure cross-section 
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Figure 36 - Specimen #2 failure plan view 

 

 

Figure 37 - Specimen #2 failure cross-section 
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Figure 38 - Specimen #3 failure plan view 

 

 

Figure 39 - Specimen #3 failure cross-section 
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Figure 40 - Specimen #4 failure plan view 

 

 

Figure 41 - Specimen #4 failure cross-section 
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Figure 42 - Specimen #5 failure plan view 

 

 

Figure 43 - Specimen #5 failure cross-section 
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Figure 44 – Specimen #5 surface cracking 
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Figure 45 - Specimen #6 failure plan view 

 

 

Figure 46 - Specimen #6 failure cross-section 
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Figure 47 - Specimen #7 failure plan view 

 

 

Figure 48 - Specimen #7 failure cross-section 
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Figure 49 - Specimen #8 failure plan view 

 

 

Figure 50 - Specimen #8 failure cross-section 
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Figure 51 - Specimen #9 failure plan view 

 

 

Figure 52 - Specimen #9 failure cross-section 
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Figure 53 - Specimen #10 failure plan view 

 

 

Figure 54 - Specimen #10 failure cross-section 
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Figure 55 - Specimen #11 failure plan view 

 

 

Figure 56 - Specimen #11 failure cross-section 

 



 
 

66 
 

 

Figure 57 - Specimen #11 failure path 
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Figure 58 - Specimen #12 failure plan view 

 

 

Figure 59 - Specimen #12 failure cross-section 
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Figure 60 - Specimen #12 failure path 
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Figure 61 - Specimen #13 failure plan view 

 

 

Figure 62 - Specimen #13 failure cross-section 
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Figure 63 - Specimen #14 failure plan view 

 

 

Figure 64 - Specimen #14 failure cross-section 
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Figure 65 - Specimen #15 failure plan view 

 

 

Figure 66 - Specimen #15 failure cross-section 
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Figure 67 - Specimen #16 failure plan view 

 

 

Figure 68 - Specimen #16 failure cross-section 
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Figure 69 - Specimen #17 failure plan view 

 

 

Figure 70 - Specimen #17 failure cross-section 
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Figure 71 - Specimen #18 failure plan view 

 

 

Figure 72 - Specimen #18 failure cross-section 
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Figure 73 - Specimen #19 failure plan view 

 

 

Figure 74 - Specimen #19 failure cross-section 
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Figure 75 - Specimen #20 failure plan view 

 

 

Figure 76 - Specimen #20 failure cross-section 
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Figure 77 - All specimens tested 
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Appendix B 

 
Table 5 - Thesis Dataset 

Specimen 
Number 

𝜎𝜎𝑚𝑚in / 𝑓𝑓r 𝜎𝜎𝑚𝑚𝑎𝑎𝑥𝑥 / 𝑓𝑓r Number of Cycles Until 
Failure 

1 To failure To failure NA 
2 0.31 0.93 412 
3 0.31 0.93 3439 
4 0.31 0.93 199 
5 0.31 0.93 0 
6 0.31 0.93 6 
7 0.24 0.73 22063 
8 0.24 0.73 24369 
9 0.24 0.73 2 
10 0.55 0.93 2 
11 0.55 0.93 84 
12 0.55 0.93 75 
13 0.26 0.81 27450 
14 0.26 0.81 604 
15 0.26 0.81 11 
16 0.55 0.86 3620 
17 0.55 0.86 34 
18 0.55 0.86 52426 
19 0.26 0.86 9180 
20 0.26 0.86 15102 

 
 
 
 

Table 6 – [Cornelissen 1982] Dataset 

Specimen 
Number 

𝜎𝜎𝑚𝑚in / 𝑓𝑓r 𝜎𝜎𝑚𝑚𝑎𝑎𝑥𝑥 / 𝑓𝑓r Number of Cycles Until 
Failure 

1 0.2 0.7 74131 
2 0.2 0.7 2570396 
3 0.2 0.7 2454709 
4 0.2 0.7 1000000 
5 0.2 0.7 74131 
6 0.2 0.7 2570396 
7 0.2 0.7 851138 
8 0.2 0.7 85114 
9 0.2 0.75 4266 
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10 0.2 0.75 98 
11 0.2 0.75 7943 
12 0.2 0.75 5495 
13 0.2 0.75 479 
14 0.2 0.8 2570 
15 0.2 0.8 3090 
16 0.2 0.8 30200 
17 0.2 0.8 324 
18 0.2 0.8 209 
19 0.2 0.8 87 
20 0.2 0.8 81 
21 0.2 0.85 398 
22 0.2 0.85 10 
23 0.2 0.85 174 
24 0.2 0.9 132 
25 0.2 0.9 955 
26 0.2 0.9 28 
27 0.2 0.9 20 
28 0.3 0.7 2630268 
29 0.3 0.7 1995262 
30 0.3 0.7 2089296 
31 0.3 0.7 1513561 
32 0.3 0.7 2291 
33 0.3 0.75 14125 
34 0.3 0.75 2089296 
35 0.3 0.75 2570396 
36 0.3 0.75 5495409 
37 0.3 0.75 11482 
38 0.3 0.75 3020 
39 0.3 0.75 603 
40 0.3 0.75 4677 
41 0.3 0.8 2291 
42 0.3 0.8 512861 
43 0.3 0.8 1905461 
44 0.3 0.8 489779 
45 0.3 0.8 407380 
46 0.3 0.8 831764 
47 0.3 0.8 8511 
48 0.3 0.8 10000 
49 0.3 0.8 851 
50 0.3 0.8 81 
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51 0.3 0.8 427 
52 0.3 0.85 661 
53 0.3 0.85 3020 
54 0.3 0.85 170 
55 0.3 0.85 166 
56 0.3 0.85 407 
57 0.3 0.9 44 
58 0.3 0.9 288 
59 0.3 0.9 1549 
60 0.3 0.9 12 
61 0.3 0.9 25 
62 0.3 0.9 28 
63 0.3 0.9 68 
64 0.3 0.9 550 
65 0.4 0.7 2041738 
66 0.4 0.7 3090295 
67 0.4 0.7 2089296 
68 0.4 0.7 2511886 
69 0.4 0.75 5495 
70 0.4 0.8 1288 
71 0.4 0.8 213796 
72 0.4 0.8 1995262 
73 0.4 0.8 2884032 
74 0.4 0.8 60256 
75 0.4 0.8 4169 
76 0.4 0.8 3311 
77 0.4 0.8 1549 
78 0.4 0.8 1698 
79 0.4 0.85 912 
80 0.4 0.9 7079 
81 0.4 0.9 169824 
82 0.4 0.9 501 
83 0.4 0.9 708 
84 0.4 0.9 30 
85 0.4 0.9 832 
86 0.4 0.9 135 
87 0.4 0.9 1122 

 


	Abstract
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Chapter 1. Introduction
	1.1 General Introduction to Offshore Wind
	1.1.2 Offshore Wind Advantages and Disadvantages
	1.1.3 State Developments
	1.1.4 Current Challenges with Offshore Wind Resource Development
	1.1.5 Opportunities for Research Development

	1.2 Offshore Wind Standards
	1.3 Cyclic Loading on Turbine
	1.3.1 High Stress Low Cycle Loading
	1.3.2 Low Stress High Cycle Loading

	1.4 Relevancy
	1.5 Objectives
	1.6 Organization of Thesis

	Chapter 2. Literature Review
	2.1 Introduction to Fatigue
	2.2 Plain Concrete
	2.3 Fatigue in Uniaxial Tension
	2.4 Examination of Minimum Stress Applied
	2.5 Uniaxial Fatigue Response
	2.5.1 S-N Curve (Wohler curve)
	2.5.2 Fracture Mechanics

	2.6 Fatigue Limit
	2.7 Gaps in Knowledge

	Chapter 3. Preparation for Testing
	3.1 Introduction
	3.2 Specimen Layout
	3.2.1 Concrete Specimen
	3.2.2 Metal Plates

	3.3 Specimen Construction
	3.4 Mix Details
	3.5 Curing Process
	3.6 Test Procedure and Instron 8501

	Chapter 4. Experimental Observations and Data Analysis
	4.1 Experimental Observations
	4.1.1 Failure Mechanism Modes
	4.1.2 Failure Mechanism Results
	4.1.3 S-N Curves from Test Specimens
	4.1.4 Synthesis of Cornelissen 1982 Data
	4.1.5 S-N Curves Comparing Thesis Test Specimens with Cornelissen 1982 Data

	4.2 Validation of Uniaxial Testing

	Chapter 5. Conclusions and Suggested Future Work
	5.1 Conclusions
	5.2 Future Work

	Chapter 6. References
	Chapter 7. Appendices
	Appendix A
	Appendix B


