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Abstract  

This paper contributes by summarizing knowledge on the fatigue behavior of concrete, discussing 

current standardization, and organizing previous contributions and prospecting future developments in 

experimental research. It describes classical laboratory fatigue tests and analysis (S-N curves, damage 

effects on modulus etc.), emphasizing differences expected for real loading (with variation in 

frequency and temperature, among other effects). Not only current standards diverge in results, but 

more fundamental effects were observed. Temperature has relevant impact on fatigue life, and during 

tests it may change due to self-heating. Specimen dimensions are relevant for this phenomenon. 

Loading frequency seems to influence fatigue, and since tests in laboratory need to be accelerated 

(high frequency) compared to the field (low frequency), this is a major concern. Other investigated 

effects include loading waveforms and moisture. 

Keywords: Concrete, Dynamic loading, Fatigue, Design, Wind turbine foundations.  
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Nomenclature 

Symbol  

σmax Maximum applied stress 

σmin Minimum applied stress 

Smax Maximum applied stress level 

Smin Minimum applied stress level 

σa Average stress 

σr 
Range stress 

N Number of cycles in a test and/or loading 

Nf Number of cycles to failure 

R  Stress ratio 

fc28 Concrete’s compressive strength at 28 days after mixing 

HSC High Strength Concrete 

DNV Det Norske Veritas 

NSC Normal Strength Concrete 

HSC High-Strength concrete 

LC Lightweight Concrete 

NC Normal-weight Concrete 

Cf Parameter depending on the loading frequency 

β Parameter depending on the material 

Df Damage fraction 

εmax  Strain evolution  

ε0 Maximum strain 

α, 𝛽  and 𝑝  Coefficients to be recalibrated 

ω Fatigue damage function 

𝜀̇+ Positive rate of the equivalent strain 

𝜀𝑝 Plastic strain 

𝜀𝑣𝑝 Viscoplastic strain 

𝜀𝑣,𝑐𝑢𝑚 Cumulative strain  
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I. Introduction 

 

Many structures (roads, bridges, and wind turbines) could be exposed to phenomena resulting from the 

application of repeated cyclic loads [1] that induce a decrease in their performances with time. It has 

been shown that this type of load could be the reason for many structures’ deteriorations [2–6] due to 

the microcracks formation in the cement matrix and its propagation within the material. The fatigue of 

a component is a phenomenon characterized by the deterioration that occurs due to the repetition of 

loads that individually cannot produce failure. It is associated with the microcracks and can also 

ultimately lead to failure through the coalescence of microcracks into macrocracks. The crack can be 

result of direct mechanical loads, temperature variations, and environmental changes (such as 

humidity). Such actions cause stresses within the material, which can produce long-term effects [7,8], 

and also eventually lead to failure. Slender structures such as wind turbines, whether onshore or 

offshore, are amongst the structures which are continuously subjected to cyclic loads and require 

concrete with specific characteristics [9–11]. Viswanath et al. [12]  investigated fatigue testing on 

concrete cylindrical specimens for wind turbine foundations and emphasized the need for replacement 

of insufficient fatigue design recommendations for more accurate models. New recommendations 

should investigate the fatigue phenomenon further, considering more of the complexity of the concrete 

material’s dynamic behavior. 

The materials in such structures should support the existing repetitive and variable loads. Wind 

turbulence, vibrations, shocks, and explosions could impose dynamic forces close to the fundamental 

periods of the structure or its components with significant magnitude of loadings. Structures that 

respond to a given set of actions with resonant vibrations at one or more natural periods are evaluated 

by dynamic analysis techniques [13]. Earthquakes are also to be considered as oscillatory loads that 

require a dynamic analysis in the case where the studied area is part of a seismic zone that could cause 

important ground movements [14]. A classification of dynamic loads was given by Golewski [15] in 

his paper, according to their origins. The work also established a procedure of dynamic diagnostics of 

existing and forecast situations. 

The applied cyclic loads should cover all the frequencies content likely to cause a relevant dynamic 

response in the structure. After many cycles (which could reach the order of magnitude of millions), 

the material gets in an irreversible damage phase, losing progressively its physical properties until 

failure. Such loadings are transmitted to the foundation, generating cracks in the concrete foundation, 

leading to fatigue with time. It is therefore essential to study the dynamic behavior of the concrete 

subjected to cyclic loads. The same can be said about concrete used in wind tower construction 

(including its foundation), i.e., fatigue is also a potential problem in such structures and should be 

assessed. 

Research on concrete fatigue properties started at the end of the XIXth century [16,17]. Fig. 1 

represents a timeline that illustrates the first relevant fatigue studies in compression, bending, and 



4 

 

tension. These investigations were performed before 1900 while contributions to fatigue were 

classified as historical. From 1900 to 1930, the first studies of fatigue behavior considered 

compression [18] and flexural tests [19,20]. Fatigue by tensile stress was not widely explored, at that 

time, because of the complexity of the test implementation. After 1930, Graf and Brenner [21] were 

the first authors who evaluated the effect of frequency on the dynamic behavior of concrete in 

compressive fatigue tests.  

 

Fig. 1: Timeline of the history and first relevant studies of concrete fatigue. Timeline is 

continued in Section IV.1 (cf. Fig. 14). 

 

In 1970, Aas-Jakobsen and Lenschow [22] developed a correlation relating the maximum applied 

stress level (Smax) with the number of cycles to failure (Nf). Eq. (1) introduces the β factor (which 

depends on the material and is commonly considered equal to 0.0685) and the stress ratio (R = 

Smin/Smax) parameters. 

Smax = 1 – β (1 – R) log Nf   (1) 

This correlation was later modified by Tepfers and Kutti [23], considering the effect of loading 

frequency. In the same way, Furtak [24] proposed a new equation introducing a parameter Cf, 

depending on the frequency in log scalse logf, equal to Cf = 1 + a (1 – b.R) logf. A, B, C, a, and b are 

parameters depending on the material type. Such new equation is represented in Eq. (2). 

Smax = CN-A (1 + B log Nf) Cf (2) 

Due to the set of parameters that define equation (2), it seems complicated to manipulate it and to 

bring out the direct effect of the frequency. For that reason, an equation was developed directly from 

Eq. (1) by adding the coefficient Cf, which permits to differentiate between Smax and fc28, which leads 

to Eq. (3). According to the authors, the explanation for the direct introduction of Cf in the basic 

equation was, that since Smax varies, the loading speed varies too, contrary to the effect of fc28. This 

difference is therefore mainly due to the loading rate which corresponds to the frequency of the load 

application.    
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Smax = Cf [1 – β (1 – R) log Nf] (3) 

This is done as in other structures where fatigue studies had started previously, such as railways [25] 

for which the classical S-N curves, relating load levels to the fatigue life, were first proposed. Fatigue 

studies in many materials, including concrete, are being developed nowadays [5,26] and this is still a 

challenging topic, particularly for concrete structures classically designed using static loading 

information for the past 15 decades.  

Relevant parameters to be considered while evaluating the fatigue strength for concrete are the 

concrete quality, the predominant loading effect (axial, bending, shear, bond, or appropriate 

combinations thereof), the stress state (pure compression, pure tension, or compression/tension), the 

surrounding environment (air, submerged) and the loading frequency. Many regulations are available 

worldwide, which are under continuous development since the 1970s, but discrepancies exist and 

literature indicates that concrete fatigue design needs further research and improved standardization 

[11].  

 

II. Methodology 

 

This paper aims at reuniting the body of knowledge on the mentioned relevant aspects of the dynamic 

behavior of concrete, focusing on the fatigue phenomenon, discussing their effects on current 

standardization, and organizing previous contributions from the literature to facilitate current research 

on wind turbine foundations concrete fatigue. The idea of this study derives from a Regional project in 

France, which includes a collaboration with Brazilian partners, both regions committed with the 

development of technology for renewable energy sources. This project deals with the dynamic 

behavior of wind turbine concrete foundations.  

Following a review of the relevant existing literature, a conceptual framework has been illustrated in 

Fig. 2, which summarizes visually our research methodology. The working approach is divided into 

two main stages, each one composed of several steps. In the first step, a description of the fatigue 

behavior of concrete was given, containing the various standards and elements representing this 

phenomenon. The elements representing experimental investigations are also presented, followed by a 

brief description of numerical models used in the literature, notably the empirical and 

phenomenological ones, which were developed in order to better predict the damage and fatigue 

behavior of concrete, and specifying the advantages/limitations of each approach. Subsequently, the 

effect of influencing parameters on the fatigue failure of concrete was discussed. It should be noted 

that each parameter has its own degree of influence, and that all the parameters are closely related to 

each other, which complicates the understanding of the phenomena involved when studying fatigue. 

Finally, the lack of literature and the remaining issues to be addressed are presented in the conclusions 

and recommendations section, which will serve as basis for future experimental investigation. 
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Fig.2: Summary of the research methodology in this paper as a schematic overview of the concrete 

fatigue behavior. 

 

III. Fatigue behavior of concrete 

III.1. Scientometric analysis 

Given the importance of structural fatigue under external loading, a bibliometric analysis of literature 

is carried out. Several bibliometric properties of all the gathered papers were analyzed, with the aim of 

exposing the current state and evolution of knowledge surrounding the topics of fatigue behavior of 

concretes. Firstly, the keywords “concrete” and “fatigue" were analyzed on the Scopus database and 

the results were implemented in VOSviewer [27]. It is possible to see the origin countries of the first 

authors of 9135 papers, in relation with the other co-authors’ origin as shown in Fig. 3. This topic is 

widely studied in China, United states, Canada, United Kingdom, Australia, Germany, France, Brazil, 

Egypt, Japan, Netherlands, Portugal, among others. Indeed, three main contexts can be identified, 

specifically the study of the fatigue behavior of materials, in particular concrete, the properties 

characterization of new mixtures and experimental/numerical investigations of the mechanical 

behavior of structure elements constituted with/without reinforcement and subjected to 

compression/tension/bending loads as shown in Fig. 4, which displays main keywords on the same 

papers, which include: use of new materials (rubber, plastic recycling, graphite fibers etc.) and 

A review on the concrete fatigue behavior: 
models, approach and experimental tests   

Numerical investigations Experimental investigations

Empirical 
models

Phenomenological 
models

Creep & damage 
predictions 

Perspectives and recommendations 

Types of fatigue 
loading

Standards of 
fatigue life

S-N curves Stress-strain 
curve

Loading 
frequency

Environmental 
conditions

Specimen size

Other parameters 
associated with the 

loading

Temperature increases 
due to self-heating
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composition studies; experimental (acoustic emission, bending, flexion, digital image correlation etc.) 

and numerical approaches (finite element method, stochastic models, Weibull distribution etc.); 

different applications (pavement design, bridge piers, wind power etc.); and different phenomena 

during tests (viscoelasticity, interfaces within materials, temperature effects etc.). 

 

 

Fig. 3: Network of authors’ and co-authors’ origins of the articles on concrete fatigue in Scopus 

database. 

 

Fig. 4: Network of keywords of the articles on concrete fatigue in Scopus database. 
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III.2. Description of the physical phenomenon and standards used for fatigue tests 

Two types of dynamic loading may exist on a structure: periodic loading or non-periodic loading. The 

first one is a repetitive loading that progresses repeated in the same way with time. It is also 

characterized by constant amplitude and a constant period and is either alternated (tension-

compression, illustrated in Fig. 5a), or repeated (either with pure compression or pure tension, 

illustrated in Fig. 5a). Two types of periodic loads can be defined: (i) loads with a sinusoidal shape 

called a simple harmonic, and (ii) loads that are repetitive but have random shapes. These loads can be 

represented in the form of a mix of simple harmonics (such as in type ‘i’) using a Fourier analysis. 

Non-periodic loads, on the other hand, can be applied either as short-duration pulses or in long-

duration but with arbitrary shapes. The first type of loading (type ‘i’) is the one most used in fatigue 

studies for characterization of the phenomenon, and it is believed to assess material properties in a way 

to represent best the loading behavior encountered in structures submitted to wind or traffic [28]. To 

apply this type of loading, it is necessary to know and understand some main parameters such as the 

maximum applied stress σmax, which corresponds to the maximal stress to be applied in the test. It is 

usually chosen according to the strength of the material, normally a fraction of the strength (Smax and 

Smin). σmin is the minimum stress to be applied, it could be defined by setting the stress ratio R. In the 

case of pure compression or pure tension Fig. 5b, this parameter has the same sign as σmax (positive for 

tension and negative for compression). The average stress amplitude σa = (σmax – σmin) /2 which, in 

most cases of experimental studies, is a main parameter used to perform the fatigue tests. The stress 

range σr = (σmax – σmin) is defined by the range in which the stress is applied. The maximum applied 

stress levels Smax and Smin are equal to σmax / fc28 and σmin / fc28, respectively. Finally, the stress ratio R 

= Smin/Smax. 

For fatigue experiments, servo-hydraulic testing machines apply repeated loads until failure. Figs. 5 

(c,d) illustrates a cylindrical specimen of concrete before and after failure. As part of the ongoing 

collaborative project between French and Brazilian partners described previously, concrete is tested 

either under pure compression fatigue loading, using a hydraulic press with a loading capacity of 500 

kN (as illustrated in Fig. 5), or in tension-compression using another hydraulic fatigue machine with 

smaller capacity.  
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Fig. 5: (a) The applied periodic loadings of sinusoidal form called simple harmonic at various 

R-values. (b) A typical scheme for dynamic testing, applying pure compression to concrete 

samples, (c) before, and (d) after failure. 

 

In real structures, the distribution of cyclic loads in time is typically random and is composed of a 

multitude of loads of non-regular amplitude. However, cyclic tests are generally carried out with 

cyclic loads with regular amplitude (periodic loads) and frequency maintained constant throughout the 

test. The transition from real to regular loading can be done by cycle counting methods derived from 

rainflow or cascade analyses [29–31]. Miner's damage accumulation concept (also known as 

Palmgreen-Miner’s rule [32,33]) is then applied to determine accumulative damage due to cyclic 

stresses. It is evaluated by the calculation of the damage fraction Df (Eq. (4)). Df corresponds to the 

sum of the fatigue damage contributions for each stress range σr. It is obtained by calculating the sum 

over the many different loading conditions (𝑖), for all stress ranges, of the ratio of the number of cycles 

expected at that condition (𝑛𝑖) to the number of cycles required to produce failure (𝑁𝑖). Fatigue occurs 

when the damage fraction reaches 100%, i.e., 𝐷𝑓 = 1.  

𝐷𝑓 = ∑
𝑛𝑖

𝑁𝑖
𝑖

 (4) 

Several studies have focused on the dynamic behavior of wind turbine foundations [5,11,26]. 

Regulations try to cover the different requirements to establish structures resistant to the various 

applied stresses [34,35]. Among these regulations, there is the CEB-FIP model, which was first 

published in 1978, having as the latest model its version published in 2010. Also, the DNV-GL 

standard was published in 1974 and has many other versions [14,36]. These standards describe rules 

for the design of concrete structures, the different materials, and the dynamic behavior of concrete. 

Fatigue resistance equations have been established for this purpose and are used in the referred 

standards.  

In Europe, the most used standard is the Model Code 2010 [37], in the USA the standard ACI PRC-

215-92 [34] is the most common and the only one covering fatigue design of concrete in the USA. 

Nevertheless, it should be noted that there is no general code that specify several fields of application 

as a dynamic load of wind turbine foundations. In Brazil, although a national standard [38] proposes a 

(a) 
(b) 

(c) (d) 
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verification of fatigue for general structures, the focus is on the steel rebars’ fatigue and not on the 

concrete itself. Then, for wind turbine foundations it is common to employ the European requirements. 

Wang and Fang [11] investigated different standards regarding concrete fatigue [10,34,35,37], by 

applying such codes to a common North-American wind turbine foundation (geometry and loads) and 

compared their results with finite element method and average sectional method results. The authors 

noted that the standards require different sets of analysis. For example, DNV-OS-H101 and Model 

Code 2010 [36,37] present requirements to shear cumulative fatigue damage. Wang and Fang [11] 

affirmed yet that the fatigue evaluation results can vary depending on the fatigue code employed. In 

addition, they said that several projects use European fatigue standards because of the availability of 

the most suppliers in Europe.   

Golewski [39] presented some recommendations and requirements to implement, in an accurate way, 

Monolithic Pocket Foundations (PF) in order to resist to dynamic loads as well as static loads. A 

review containing guidelines for foundations for machines is also given by Golewski [40]. It gives 

recommendations for physical and mechanical properties of concrete constituting the foundation. The 

main purpose of the referred guidelines is to produce foundation which could be able not only to 

transfer loads but also to reduce vibrations produced by machines. 

Børsheim [41] analyzed the fatigue loads effect on a foundation for a 100-meter-high wind turbine 

with meteorological data measured at Kvitneset, Norway, in an open coastal landscape, for every 10-

minute interval during one year at three different heights. Then, the author applied the requirements of 

three different standards: DNV-OS-C502, Model Code 2010 and NS-EN 1992-1-1 [14,37,42]. It was 

found that deviations exist in the results for compression and shear, indicating that concrete fatigue 

needs further development and better standardization. 

Grouted connections, as well as concrete, are also subjected to dynamic loads in wind turbine 

structures. These connections are represented in a scheme in Fig. 6a. The materials used to link the 

wind turbine foundation to the transition piece, which is directly bolted to the tower (Fig. 6a), may 

also degrade due to fatigue. It has been stated that the capacity of these connections to support the 

repetitive loads (wind or waves) decreases with time [43].  

Fatigue can be understood as a physical phenomenon characterized by progressive and irreversible 

wear or deterioration, which occurs in the material, characterized by the slow growth of one or more 

cracks under the action of cyclic loading, eventually leading to fracture [4,7,44]. Whether concrete or 

grout, the fatigue of these materials follows the same process and occurs in two stages before failure 

Fig. 6b. The first step is the nucleation of cracks (1), which corresponds to the formation of small 

cracks that could be seen on the surface. The second step is the crack growth (2), where the cracks 

grow slowly inside the materials affecting negatively the strength. This phase is followed by the 

fracture (3) which marks the failure of the structure by fatigue. A classification of structures according 
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to the typical number of cycles to failure that can be observed was given by [45] and illustrated in 

Table 1. It gives three fields of fatigue depending on the structure. 

 

Fig. 6: Scheme of (a) the connections between the foundation and the tower, (b) phases of 

fatigue process.  

 

Table 1: Classification of structures according to fatigue loads given by [45] 

Low-cycle fatigue High-cycle fatigue Super-high-cycle fatigue 

1 101 102 103 104 105 106 107 108 109 

Structures subjected to 

earthquakes 

Airport pavement 

and bridges 

Highway; railway 

bridges and 

highway pavements 

Mass rapid transit 

structures 

Sea 

structures 

 

Under dynamic loads, the fatigue strength of materials is evaluated from the number of cycles to 

failure (Nf), obtained by the construction of semi-logarithmic curves representing the maximum 

applied stress level (Smax) as a function of Nf, called Wöhler (or S-N) curves. These curves represent 

the relationship between the magnitude of applied stresses and the number of loading cycles required 

to produce failure Nf at that specific stress magnitude. According to Lee and Barr [4], these curves 

were developed by Wöhler between 1852 and 1870 [25] when studying the fatigue behavior of 

railroad steel structures. Fatigue failures are obtained by applying repeated loads at different stress 

levels with amplitudes below the required stress to failure in one cycle (static strength). For each test, 

a number of cycles to failure is reached and the S-N diagram receives another data point. To avoid a 

possible excessive effect of dispersion on the results, Paskova and Meyer [46] based on statistical data, 

showed that at least 5 specimens per tested loading magnitude should be tested to establish a S-N 

curve. At least three different stress ranges should be selected in the S-N region of interest so that a 

representative slope of the S-N curve can be determined [9]. In the case of non-availability of a 

sufficient number of specimens, Sainz-Aja et al. [47] have proposed a comparison and a correlation 
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between two methods : (1) Locati’s method [48], which is based on Miner's hypothesis, and allowing 

to estimate the fatigue limit by using a single piece, subjected to load steps of the same duration, and 

(2) the Staircase’s method. The purpose of their study [47] was to estimate the fatigue limit of three 

types of concrete made from recycled aggregates. The two methods show almost the same results. 

However, Locati's method is more advantageous with a fatigue limit of 2.105 cycles per step, 

proposing a reduced number of tests, which makes the studies more economical in terms of time and 

cost. In order to achieve this latter objective, [49] proposed a method which consists of applying loads 

at a frequency up to the resonance frequency of the system (specimen + testing machine). The tests 

were performed on concrete with recycled aggregates. This method proved to be more conservative. In 

addition, the resonance frequency was found to be a relevant parameter to identify the variations of 

stiffness of the system, and also to indicate the failure of the specimen.   

Some equations have been developed to estimate fatigue life from the number of cycles to fatigue for 

ordinary concretes of strength classes lower than C80 [37]. As shown in Fig. 7, these equations 

describe the fatigue behavior by a relationship between the applied stress and the number of cycles to 

failure. To consider the difference between the most common standards: CEB-FIP Model, DNV-OS-

H101 and Eurocode 2 [9,35,36], we plot the S-N curves from three standards for Smax = 1 and Smin = 

0.2. It is observed that the standard DNV-OS-H101 [36] underestimates fatigue life compared to the 

other calculation procedures. 

  

Fig. 7: (a) S-N curves from CEB-FIP, 2010 [9], (b) Comparison of S-N curves from 3 

standards. 

 

Fatigue progression is accompanied by strain development in the material during fatigue tests, as 

illustrated in Fig. 8a. Failure occurs when the stress-strain curve reaches the point in the descending 

branch of a stress-strain diagram containing the fatigue failure envelope. Fig. 8a also represents stress-

strain cycles (with predominantly compression loadings), with degrading modulus (decreasing slope 

on stress-strain diagram). It represents possible static stress-strain paths, with similar slopes as after 

cyclic loading, and that leads to failure at decreased maximum nominal stresses (descending branch of 

the failure envelope). In addition, Fig. 8c represents an experimental cyclic stress-strain curve for 

compression tests performed in our project described previously. Meanwhile, Fig. 8b represents the 

(a) (b) 
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evolution of the maximum axial strain with the number of cycles N. This occurs in three phases (Fig. 

8b). Phase I corresponds to an accelerated increase of the strain level, obtained for fixed stress level 

during the cycles, associated with the nucleation of cracks. Microcracks form at the aggregate-paste 

interface, leading to substantial damage to the concrete properties. It corresponds to about 10-20% of 

fatigue life. It is accompanied by the degradation of the fatigue secant modulus [50]. The authors show 

a great drop in the secant modulus with the degradation of material by fatigue loads (Fig. 8d). Then, 

Phase II may show a change in strains, depending on the average stress (if there is compression, for 

example). It ends at about 80-90% of fatigue life. During the second stage, microcracks develop 

regularly, while the strain increases at a constant rate and the modulus of deformation decreases, also 

at a constant rate. Phase III is characterized by a very rapid increase of the strain (if there is 

compression, for example), causing the sample failure at the number of cycles Nf. During the final 

stage, the microcracks converge to form a macrocrack that leads to the failure of the specimen. It is 

crucial to note that some authors consider Nf as the actual beginning of this last phase and associate 

that with the coalescence of microcrack into a macrocrack. This is done because rigorously it places 

the study out of the Mechanics of Continuous Media field (because there is already a macrocrack in 

the material), where bulk parameters (such as stress and strain fields and material properties such as 

the modulus) cannot be rigorously obtained from the measured loads and displacements during the 

tests [7,51]. Substantial material deterioration also occurs during this third stage. 

During fatigue tests, material heating is observed [5,52,53] and this may be associated with 

micromechanical friction. For viscoelastic materials, this is classically associated with the viscous part 

of the material behavior and can be calculated after modeling of viscoelastic properties [51,54]. 

Holmen [55] observed that, at each cycle of reloading, the elastic deformation increases through the 

reduction of the secant modulus of elasticity. The transversal deformability was also affected since the 

Poisson coefficient increased during the fatigue test. After providing a theoretical description of the 

stress and strain evolutions, and in order to better understand, experimentally, the fatigue behavior in 

terms of stress and strain, compressive fatigue tests have been applied by Viswanath et al. [56] on 

Normal Strength Concrete (NSC). They observed a non-linearity in the second phase of the strain 

evolution. A high magnitudes of strain gradient were noted at the initial and the third phases, which 

decreased toward the second phase. Viswanath et al. [56] also presented the evolution of the peak 

strain and showed that it is affected by the number of cycles to failure Nf, showing that a large Nf 

exhibits large strain magnitudes. This latter is also affected by the maximum stress level Smax. Thus, an 

increase in this latter leads to an increase in the peak strain evolution εmax.  
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Fig. 8: (a) Idealized fatigue stress-strain curve (Park, [57]), (b) Evolution of strain as a 

function of the number of cycles, (c) Experimental stress-strain obtained from fatigue tests on 

a sample of foundation wind turbine analysis, (d) Degradation of secant modulus by fatigue 

loading (Isojeh et al., [58]). 

 

III.3. Fatigue models 

Several phenomenological and mathematical models of concrete fatigue behavior were reported in the 

literature. Among others, it includes the work of Baktheer and Chudoba [59] in which works related to 

numerical modelling are grouped. Reviewing the literature on numerical investigations for concrete 

fatigue behavior, three widely used models are identified as part of two approaches. The first one 

named “Lifetime based approaches” focuses on the fatigue behavior of concrete and is described in 

terms of the loading cycles performed. Meanwhile, the second one is based on the theory of fatigue 

damage mechanics coupled with strain measurement named “Strain based approach”.  

 

III.3.1. Fatigue behavior modelling by lifetime-based approach 

III.3.1.1. Strain approximations  

Analytical and empirical models have been developed by [50,58,60–67]. The fatigue behavior has 

been described in this class of models in term of fatigue lifetime scale. Indeed, the strain evolution 

during fatigue life is defined as a function of the number of cycles as follows in Eq. (5): 
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εmax(𝑁)=ε0+λ (−𝑙𝑛 (1 −
(𝑁−1)

𝑁𝑓
))

1
𝑘⁄

      (5) 

where, εmax, 𝑁, 𝑁𝑓 and ε0 are the strain evolution, cycle’s number, number of cycles at failure and 

maximum strain, respectively. 𝜆 and 𝑘 are the coefficients to be calibrated based on experimental 

observations to obtain the fatigue creep curves.  

Then, the fatigue strain rate can be obtained as follows in Eq. (6): 

𝜕εmax

𝜕(
𝑁−1

𝑁𝑓
)

=
λ

𝑘

1

1−(
𝑁−1

𝑁𝑓
)

(−𝑙𝑛 (
1

1−(
𝑁−1

𝑁𝑓
)

))

1
𝑘−1⁄

     (6) 

The strain evolution and the fatigue strain rate are illustrated in Fig. 9 (Huang et al. [62]). As noted 

previously, ε0 is the fatigue deformation of the first cycle [see Point A in Fig. 9a]. It can be found that 

if the value of the load cycles ratio (
𝑁−1

𝑁𝑓
) is set to 1-1/e, the fatigue deformation is equal to ε0+λ [see 

Point B in Fig. 9a]. Indeed, λ may reflect the degree of fatigue creep deformation, and it can be termed 

the fatigue creep parameter. As seen in Fig. 9, the models represent rather adequately the 

phenomenological observations on the fatigue behavior of concrete materials, as previously described 

in Section II.2. It is also noted that the strain rate, known as the secondary strain rate, can be 

considered as a constant in this stage, given the fact that the deformation increases almost linearly. 

Such parameter is defined as the slope of the fatigue deformation curve along Stage (II) as shown in 

Fig. 9 b and given by Eq. (6). Therefore, for the strain versus ratio of load cycles curve, the strain rate 

at point B is considered as the secondary strain rate. Considering Eq. (6), the fatigue strain rate at 

Point B can be derived as follows in Eq. (7): 

𝜕εmax

𝜕(
𝑁−1

𝑁𝑓
)

|

1−1/𝑒

=
𝜆

𝑘
𝑒       (7) 
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Fig. 9: Physical meaning of model parameters based on (a) εmax vs. 
𝑁−1

𝑁𝑓
 ;(b) 

𝜕εmax

𝜕(
𝑁−1

𝑁𝑓
)

 vs. 
𝑁−1

𝑁𝑓
 (Huang et 

al.[62])). 

It can be noted that the secondary strain rate is determined by the value of  𝜆/𝑘. A concrete having a 

high value of 𝜆/𝑘 corresponds to a faster fatigue-induced microcracks propagation under microscope. 

In this model, the rate of change of the strain rate might be used to define the changes of fatigue stages 

because the variation rates at the first and third stages are much higher than that of the second stage 

[Fig. 9b].  

Due to the simplicity of this model class, the lifetime stress prediction of concrete fatigue remains 

unreliable under other types of loading, i.e., the material coefficients need to be calibrated again for 

each type of loading. This limitation presented by these approaches is due to the fact that it neither 

faithfully describes the macroscopic behavior nor reflects the dissipative mechanisms governing the 

propagation of fatigue damage in concrete, which limits their use. 

III.3.1.2. Damage approximations  

Phenomenological models were proposed by [68–71]. In this class of models, the fatigue damage is 

modeled by a function and using the number of performed loading cycles as follows: 

ω=𝑓(𝑁, 𝑆𝑚𝑎𝑥 , 𝑆𝑚𝑖𝑛 )       (8) 

where ω, 𝑆𝑚𝑎𝑥  𝑎𝑛𝑑 , 𝑆𝑚𝑖𝑛 are the fatigue damage function, the upper and the lower fatigue loading 

levels, respectively. The damage plasticity framework was employed with explicitly specified relation 

between fatigue damage and number of uniform loading cycles was introduced. However, this damage 

hypothesis has been criticized due to conflicting experimental observations [72,73].  

However, the model can reproduce the macroscopic variations in concrete as the number of cycles 

rises in simplified form as shown in Fig. 10 (Zanuy et al. [73]). The equations proposed to relate 

maximum strain (εmax) and the modulus of deformation (E) to the number of cycles can be expressed 

by Eqs. (9 – 12), as follows: 

𝜀𝑚𝑎𝑥(𝑁 = 0.1𝑁𝑓)=
1.18 𝜀0

𝑆𝑚𝑎𝑥
       (9) 

 
𝜕εmax

𝜕(
𝑁

𝑁𝑓
)

(0.1𝑁𝑓 < 𝑁 < 0.8𝑁𝑓)=
0.74 𝜀0

𝑆𝑚𝑎𝑥
      (10) 

𝐸(𝑁 = 0.1𝑁𝑓)=[(0.09 + 8.19𝑆𝑚𝑖𝑛) + (0.84 −  8.19𝑆𝑚𝑖𝑛)𝑆𝑚𝑎𝑥]𝐸𝑐 ≤ 0.93𝐸𝑐   (11) 

𝜕𝐸

𝜕(
𝑁

𝑁𝑓
)

(0.1𝑁𝑓 < 𝑁 < 0.8𝑁𝑓)=
0.25 

0.61−𝑆𝑚𝑖𝑛 (0.39 + 𝑆𝑚𝑖𝑛 −  𝑆𝑚𝑎𝑥)𝐸𝑐 ≤ 0    (12) 
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Fig. 10: Fatigue evolution laws for: (a) total strain; (b) modulus of deformation (Zanuy et al. [73]). 

 

The damage degree indicated by the model parameters is related to the maximum and the minimum 

stress values (Smax, Smin). Again, it is seen in Figs. 10a and b that the models represent adequately the 

phenomenological observations on the fatigue behavior of concrete materials, as previously described 

in Section II.2. 

 

III.3.2. Fatigue behavior modelling by strain-based approach 

III.3.2.1. Macro-scale tensorial models  

In this model class, the damage-plasticity framework is used to establish tensor relations between 

strains and stresses using the constitutive equations representing the behavior laws [74–76]. Due to the 

development of powerful computing resources in the last decades, the simulation of the fatigue 

damage process has become possible. Moreover, the standard framework of viscoplasticity modeling 

has been mentioned by Marigo [76], who proposed the replacement of the traditional yield strength 

with an irreversibility condition to reflect the loading/unloading behavior. In this case, the fatigue 

damage is governed by an equivalent strain measure such as  

ω=𝑓(𝜀̇+)       (13) 

where 𝜀̇+is the positive rate of the equivalent strain. 

A related method was also carried on by Mai et al. [77], who introduced the evolution of the damage 

in the form of a power law of an equivalent strain rate. Also, the fatigue damage is related to inelastic 

strain [78]. Indeed, a three-dimensional phenomenological model is developed to describe the fatigue 

behavior of concrete. The approach is based on the framework of continuum damage mechanics, 

where the fatigue model is derived by means of Marigo’s formulation [76], where the yield concept is 

replaced by a loading–unloading irreversibility concept allowing to account for damage accumulation 

even for loading levels below the yield surface. Following the concept of effective stresses and the 

principle of strain equivalence, the stress in the damaged material induces the same deformation as the 
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effective stress in the undamaged material. They are related through the damage variable ω, as in Eq. 

(14). Moreover, the total strain is given by Eq. (15) regrouped the elastic and inelastic strain and are 

related to the stress via the constitutive equations as given by Eq. (16).   

σ=(1 − ω)𝜎̅       (14) 

where σ , ω and 𝜎̅ are stress tensor, damage variable and effective stress tensor, respectively. 

𝜀=𝜀𝑒 + 𝜀𝑖𝑛       (15) 

𝜎̅ =  𝐶 ∶  (𝜀 −  𝜀𝑖𝑛)      (16) 

In the work of Kindrachuk et al. [78], the simulations of a strain-controlled test is rather 

straightforward because the derived implicit integration scheme presumes a known strain increment. 

Furthermore, the strain increment is a priori unknown for a stress-controlled simulation, and they have 

been found via the inverse method. The stress equilibrium and the strain increment were found 

iteratively by applying the algorithmic tangent as the Jacobian matrix. In each time step the strain 

increment  Δε[k] (in the [k]-th iteration) is related to the applied stress increment Δσ as given in Eq. 

(17). and the updated strain increment is calculated by the gradient descent method given by Eq. (18). 

 Δσ (Δε[k]) −Δσ +
∂Δσ (Δε[k])

∂Δε[k] : 𝛿ε[k]=  0    (17) 

           Δε[k+1] = Δε[k] + 𝛿ε[𝑘]       (18) 

where 𝛿ε[𝑘] is the variation step of strain. 

 

III.3.2.2. Meso-scale microplane models  

Microplane model formulation can be considered as a coupled multiscale model with introducing an 

additional level of state representation below the level of material point [79]. This can reflect the 

damage and its anisotropic evolution as the loading progresses. Furthermore, it applies the concept of 

kinematic stress and stress homogenization to relate the macroscopic and microplane level of 

discretization with tensor and vector representation of the material state, respectively [79–82]. The 

main idea of this model is to relate the damage evolution to the cumulative strain measurement. As the 

state variable determining the damage evolution, the researchers chose the path length of the total 

volumetric strain over the loading history. This model was validated and compared with a series of 

three-point bending tests of different sizes.   

ω=𝑓(𝜀𝑣,𝑐𝑢𝑚)       (19) 
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Fig. 11: (a) Microplane strain vector and its components; (b) system of discrete microplane; (c) 

microplane strain components [81]. 

 

The hypothesis established by Bazant and Gambarova [83] shows the need to ensure the post-peak 

strain softening stability and thus the use of a robust explicit algorithm. The strain vector ɛN on the 

microplane (Fig. 11a) will be the projection of ɛ, i.e., ɛNi = ɛij nj, where ni are the components of the 

unit normal vector n of the microplane, with the subscript i refers the global Cartesian coordinates xi 

(i= 1, 2, and 3). The orthogonal unit coordinate vectors m and l, of components li and mi, that lie the 

microplane is introduced [Fig. 11c]. Taking the projections of vector ɛN onto ni, li, and mi, the normal 

and shear strain components and the resultant of the shear strain are defined as in Eqs. (20,21):  

𝜀𝑁=𝑁𝑖𝑗𝜀𝑖𝑗, 𝜀𝐿=𝐿𝑖𝑗𝜀𝑖𝑗, 𝜀𝑀=𝑀𝑖𝑗𝜀𝑖𝑗     (20) 

𝜀𝑇=√𝜀𝐿
2 + 𝜀𝑀

2       (21) 

where Nij=ninj, Lij=(linj+ ljni)/2, Mij=(minj+ ljni)/2. 

The index N, L and M denote the normal direction ni; and the shear directions li and mi respectively. 

The index t denotes the shear resultant. Summation repetition over i= 1, 2, and 3 is implied by the 

repetition of the indexes. A vector mi is chosen to be normal to the x3-axis, in which case m1 = n2 / 

(n1²+ n2²)
1/2, m2= -n1 / (n1²+ n2²)

1/2, m3=0, but m1=1 and m2= m3=0 if n1= m2=0. A vector m1 normal to 

x1 or x2 is obtained by permuting the indexes 1, 2, and 3. The orthogonal unit vector is generated as l = 

m × n. However, to minimize directional bias, vectors m are alternatively chosen to be normal to the 

x1-, x2-, or x3-axes. To model the damage in compression, it is useful to define the deviatoric normal 

strains ɛD on the microplanes, as in Eq.(22). 

𝜀𝐷=𝜀𝑁  −  𝜀𝑉, 𝜀𝑉 = 𝜀𝑘𝑘/3      (22) 
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where ɛV is the volumetric strain (or mean strain), which is the same for all the microplanes. In 

general, the static equivalence, or equilibrium, between the stress vectors on all the microplanes and 

the stress tensor must be applied in variable way, according to the principle of virtual work the strain 

energy is written as in Eq. (23) [83]. 

2𝜋

3
𝜎𝑖𝑗𝛿𝜀𝐷= ∫ (𝜎𝑁𝛿𝜀𝑁 + 𝜎𝐿𝛿𝜀𝐿 + 𝜎𝑀𝛿𝜀𝑀)

 

𝛺
𝑑𝛺     (23) 

where Ω is the surface of a unit hemisphere centered at the material point; and 2π/3 its volume. This 

equation means that the virtual work of stresses (or macrostresses) of the continuous medium within a 

unit sphere must equal the virtual work of the microplane stress components (or microstresses) 

considered as the tractions on the surface of the unit sphere. The integral can be displayed as directed 

homogenization of the contributions from planes of different orientations within the material, as 

shown in Fig. 11b. Following a formal development, it is possible to obtain Eqs. (24,25). 

𝜎𝑖𝑗 =
3

2𝜋
∫ 𝑠𝑖𝑗𝑑𝛺 ≈ 6 ∑ 𝑤𝜇𝑠𝑖𝑗

(𝜇)𝑁𝑚
𝜇=1

 

𝛺
     (24) 

𝑠𝑖𝑗 = 𝜎𝑁𝑁𝑖𝑗 + 𝜎𝐿𝐿𝑖𝑗 + 𝜎𝑀𝑀𝑖𝑗      (25) 

From the point of view of numerical calculations, the above integral is approximated by an optimal 

Gaussian integration formula for a spherical surface (Bazant and Oh [84]) representing a weighted 

sum over the P microplanes of orientations nµ, with weights wµ normalized such that ∑µwµ= 1/2 

[84,85]. However, the most efficient formula that still yields acceptable accuracy involves 21 

microplanes (Fig. 11b) ([84], although to obtain better accuracy in the far postpeak softening, selecting 

37 microplanes is preferred based on the work of Bazant et al. [81]. Then, the model's parameters are 

given in Eq. (26). 

𝐸𝑁 =
𝐸

1−2𝜈
,   𝐸𝑇 = 𝐸𝑁

1−4𝜈

1+𝜈
      (26) 

where ν, EN and ET are Poisson’s ratio and Young's modulus, longitudinal and transverse at the macro 

scale respectively. 

III.3.2.3. Meso-scale discrete models  

During the last two decades, simplified models have been proposed with a single rigid body associated 

with each grain. Discrete schematization of the material structure leads to fine modeling of elementary 

dissipative effects. Indeed, in terms of displacement discontinuities (fractures and cracks) or 

development of transverse tensile stress under compressive loading (separation cracks), this models 

provides valuable insight into the phenomenology of elementary decay mechanisms in the material 

structure and can help formulate appropriate damage assumptions at higher modeling scales [86–88]. 

The main advantage of such an approach is the significantly lower computational complexity [89,90]. 

However, the direct application of this type of model to cyclic loading is not usually done. Grassl and 

Rempling [91] studies the fundamental mechanisms of damage evolution for cyclic compressive 

loading. Moreover, Guo et al. [86] focuses on compressive fatigue.  
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A stochastic physical model for concrete damage under fatigue loading has been proposed by [92,93] . 

Based on the stochastic mesoscopic fracture model (MSFM), a failure criterion for meso-elements 

under fatigue loading is established, which assumes that the energy dissipation of a meso-element 

from its initial state to its failure state is certain for the monotonic or fatigue loading process. A 

representative volume element (RVE) of concrete can be modeled as a series of springs, or meso-

elements, joined in parallel (Fig. 11). The springs are supported at either end by rigid bars so that they 

can extend equally under axial loading. Each of them is considered to be perfectly elasto-brittle with 

equal elastic stiffness E0 and the fracture strain of the springs Δ is considered to be a random field (Fig. 

12). Therefore, if the total number of the springs is denoted as X and the spatial coordinate x of the ith 

spring is expressed as (i-1)/X (i=1,2, …, X), then the damage of the above RVE can be defined as the 

ratio of number of failed springs, n, to the total number of springs, as presented in Eq. (27): 

𝑑 =
𝑛

𝑋
=

1

𝑋
∑ 𝐻(𝜀 − 𝛥𝑖)𝑋

𝑖=1      (27) 

where H is the Heaviside function. When number of springs X approaches to infinite, it can be written 

as in Eq. (28). Then, the one-dimensional constitutive relationship of the RVE is obtained as in Eq. 

(29). 

𝑑 = ∫ 𝐻(𝜀 − 𝛥)
1

0
𝑑𝑥      (28) 

𝜎 = (1 − 𝑑)𝐸0𝜀      (29) 

 

Fig. 12: Modelled element. 

After that, to obtain the energy dissipation rate of meso-elements, an energy analysis of one growing 

nano-crack is conducted by employing the classical rate process theory, and the number of nano-

cracks distributed in a meso-element is hypothesized to follow a power law of the nanoscale’s stress 

state. Finally, the stress applied on nano-elements is discovered to be coupled with the fracture strain 

of meso-elements. The MSFM can be established as in Eq. (30).  

𝑊𝑖 = 𝛺𝑖 =
1

2
𝐸0𝛥𝑖

2      (30) 

where Wi is the cumulative energy dissipation of the ith meso-element under fatigue loading and Ωi the 

fracture energy release of the ith meso-element when it fails under monotonic loading E0. 
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Fig. 13: (a)Meso-element; (b) Nano-crack element. 

 

The original and still most recognized models (often called lattice models) distinguish the entirety of 

concrete phases (grain, void, cement paste, and interface transition zone (ITZ) between grain and 

cement paste). These latter require robust resolution of the underlying discretization and thus require 

significant computational resources. They have been applied to a wide variety of problems, including 

fracture, elasticity, high and low temperature, dynamics, or transport phenomena [91,94,95]. 

 

IV. Effect of fatigue parameters on the dynamic behavior of materials 

 

Concrete fatigue is affected by several parameters, namely the loading frequency; the environment in 

which the concrete will be manufactured and then loaded (dry environment for onshore wind turbines, 

or wet environment for offshore wind turbines); and the size of the samples. Several studies have 

taken these factors into account and obtained results that are sometimes contradictory and/or complex 

to interpret due to the interference of different parameters simultaneously on the behavior. Some 

works have studied several parameters simultaneously on the same samples to evaluate the effect of 

each of them on material fatigue [5,26]. Many other studies are also discussed in the following sub-

sections. This section is organized using parameters mainly taken from the two aforementioned 

studies, but with a discussion concerning the results from many other research papers. Only the 

significant studies are detailed in this section, for the rest, a brief description of the significant results 

is given. 

Oneschkow et al. [26] studied the behavior of a high strength concrete (HSC), with 8 mm maximum 

grain size of the aggregate, under dynamic loads. The class of compressive strength of C80/95 has 

been obtained from compressive tests on cubic specimens of 150x150x150 mm3. Fatigue tests were 

conducted considering the compressive load as being uniaxial sinusoidal (Fig. 5a). These tests were 
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carried out on cylindrical specimens of 60-mm diameter by 180-mm height, and 100-mm diameter by 

300-mm height, by two servo hydraulic testing machines of 1 and 2.5 MN capacity. The authors 

studied the effects on the fatigue resistance of the material of (i) five stress levels (Smax), which were 

kept constant for the whole test; (ii) three loading frequencies; (iii) two environmental conditions; and 

(iv) two specimen sizes. Only the maximum stress level varies, while the minimum stress level Smin = 

0.05 was kept constants for all the tests. 

Myrtja et al. [5] have also studied the behavior of a grout under dynamic loading in compression. 50 

samples of dimensions 60-mm diameter by 120-mm height were tested after 8 weeks of their 

confection with compressive strength of 168 MPa, at different stress levels Smax (0.70, 0.75, 0.80, 

0.85, and 0.90) and at two testing frequencies (1 and 10 Hz). The minimum stress level was kept 

constant at 0.10.  

The results of each parameter are given in paragraph III.1 for the loading frequency, III.2 for the 

environmental conditions, and III.3 for the specimen sizes, for different maximum stress levels. Then, 

in paragraph III.4, the effects of other parameters are discussed. Finally, in paragraph III.5, the heating 

phenomenon during tests is presented. Other authors, focused on each of the commented aspects, will 

be also cited and their results commented. 

To characterize crack formation due to fatigue loading, Golewski [96] has identified the main material 

parameters affecting the behavior of reinforced concrete under fatigue loading, which can mainly be 

summarized as follows: the energy of vibration absorption, the damping coefficient, other mechanical 

properties, and particularly fatigue strength. They have shown that the propagation of cracks is 

significantly important through aggregate grains than in the ITZ area. 

 

IV.1. Loading frequency  

Murdock [97], in his critical review, affirms that studies conducted before 1965 showed no or a little 

effect of frequency on concrete fatigue. A recent study by Soerensen et al. [98] also pointed in the 

same way. Nevertheless, loading frequency is one of the most important parameters to consider when 

dealing with cyclic loads. It has been suggested as an important parameter on the dynamic behavior of 

concrete since the 1960s [99], which has then been confirmed in the 1970s [100,101] to be later 

considered analytically in the calculations.  

Several authors have studied the effect of loading frequency on the dynamic behavior of materials 

[5,6,26,52,72,97,101–112]. Some contradictions in the conclusions are noted. Graf and Brenner [21] 

were the first to evaluate the effect of frequency on the fatigue behavior of concrete, according to 

Zhang et al. [112]. As described previously, they found that the effect of loading frequency on the 

fatigue life is not very significant, especially at higher frequencies. Fig. 14 describes a temporal 

evolution for loading frequency effect on materials. 
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Fig. 14: Timeline of consideration of loading frequency as an influencing parameter on 

fatigue life. 

 

Some authors [103,112] showed that low loading frequency induces low fatigue of concretes subjected 

mainly to tension or to bending. Zhang et al. [112] applied flexural cyclic loads on concrete beams for 

six different loading frequencies 0.5, 1, 5, 10, 20, and 30 Hz. Two series of tests were conducted with 

constant stress ratios of 0.20 and 0.80. A new fatigue equation was developed from Eq. (1), to consider 

the effect of frequency. A coefficient has been introduced to this equation in order to consider the 

effect of frequency (cf. Eq. (3)) on the fatigue equation developed previously. They showed that this 

coefficient increases with increasing frequency allowing high fatigue life. This could be explained by 

the effect of a high loading frequency on increasing stress and strain rates, which generates strength 

growth, showing that there is a viscous effect on the damage behavior [113]. 

For pure compression tests, the authors [6,52,101,105,109,111,114,115] have reached similar 

conclusions. According to Hümme et al. [52] and Holmen [55] also acknowledged the influence of 

loading frequency of plain concrete. This was not the case for Klausen [116] who could not observe 

this effect for Smax < 0.80. 

Some parameters, such as frequencies, stress levels, and temperature increase, could have a combined 

effect which is even more significant considering the results. In this sense, many authors 

[101,106,108] showed a short fatigue life of concretes subjected to low-stress levels and high loading 

frequency. This effect is reversed as the maximum stress level increases, as expected. This was 

confirmed in recent studies on high-strength concrete [52,72,110], and on grout by [107] and was 

explained by the increase in sample temperature caused by high frequencies. Some authors find no 

effect of frequency for low stress levels; [97,104] have shown that when Smax is less than 0.75, 

frequencies between 1 and 15 Hz do not have much influence. Meanwhile, Sparks and Menzies [101] 

state that for a value of Smax between 0.75 and 1, the frequency greatly affects the number of cycles to 

failure. However, when Smax is low, frequencies have no effect. Therefore, all these authors state that 

for low stress levels Smax, the effect of frequency is negligible, and effect arise when stress levels 

increase. Oneschkow et al. [26] studied three different loading frequencies (0.1, 1, and 10 Hz) for dry 
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environment, and two loading frequencies (1 and 10 Hz) for wet environment on the specimens of 60 

mm diameter by 180 mm height. They found that for a stress level Smax ≥ 0.8, the number of cycles 

increases with frequency and that this effect is more pronounced in wet environment for all stress 

levels. However, for Smax < 0.8, the effect is reversed showing that the number of cycles is larger for 

low frequency. For this case, this was explained by the authors by a higher concrete age of the 

specimens tested at the low frequency of 1 Hz. However, Myrtja et al. [5] have also found results in 

this sense, showing a slight increase in the number of cycles at low frequency (1 Hz), for Smax = 0.75. 

The latter authors explained the phenomenon by a temperature rise, which was more important for the 

tests with lower stress levels, at f = 10 Hz. They followed the temperature evolution induced by fatigue 

loading, which indicated a more pronounced rise of temperature at low stress levels (Smax = 0.75). This 

increase was probably the cause of this slight reduction on the fatigue strength. Consequently, this 

explains the decrease in the number of cycles at high frequency (10 Hz) for low stress levels. 

Medeiros et al. [105] presented an experimental study of fatigue behavior of concrete with gravel 

aggregate of 12 mm as maximum size, using 123 cubic specimens under four loading frequencies (4 

Hz, 1 Hz, 1/4 Hz, 1/16 Hz) for Smax = 0.85. The stress ratio of 0.3 was kept constant. They tested three 

types of concrete: plain concrete, polypropylene fiber reinforced concrete, and steel fiber reinforced 

concrete having a strength of 79 ± 4 MPa, 74 ± 6 MPa and 89 ± 3 MPa, respectively. The tests were 

conducted using a servo-hydraulic testing machine equipped with two LVDT (Linear Variable 

Differential Transducer) to measure displacements. A large scattering of results (Fig. 8a) was observed 

on several samples with the same properties and under the same conditions [105]. However, the 

majority of results indicate that the number of cycles to failure increases with the frequency, which is 

less important for plain concrete. This increase of Nf was confirmed by three models and represented 

by Medeiros et al. [105] in his paper (Fig. 15b), which led the authors to represent the probability 

density function corresponding to each loading frequency. Additionally, their results highlight the 

positive effect of fibers addition on increasing the fatigue strength of concrete, except for the 4 Hz 

frequency. About deformations, they showed that for high strain rates, the fatigue life is low. The 

probability density function is used to consider the dispersion of the results. By comparing their results 

with numerical probabilistic equations, they showed that their curves correspond to 50% of Saucedo’s 

model curves [6]. 
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Fig. 15: (a) Number of cycles to failure versus loading frequency (Medeiros et al. [105]), (b) 

Number of cycles to failure versus frequency from three models (Medeiros et al. [105]). 

 

Pavements are another kind of structure in which concrete is subjected to repeated loadings and 

fatigue, as in wind turbine foundations, and the fatigue knowledge obtained from papers from this 

other application can also be useful. Cervo and Balbo [102] studied the concrete fatigue for pavements 

and indicated that results from high frequencies (10 Hz) can overestimate the fatigue strength of 

concrete in lower frequencies. This is because the test with a high frequency seems to induce smaller 

crack openings inside the concrete, due to faster transient stress states, and, consequently, a lower 

progression of such cracks, resulting in a greater number of fatigue cycles at failure [117]. Similarly, 

this effect may exist in turbine foundations due to loadings associated to local wind frequency and 

intensity varying during the day and the year, as the other cited works confirm.  

Fig. 16 is a graphical representation of the S-N curves of some studies. It is important to note that 

those tests were performed on samples with different dimensions and different compressive strengths. 

In comparison to these studies, the three common standards plus the Eq. (3) developed by [112] were 

also presented.  

 

Fig. 16: Comparison of S-N curves of some recent studies for f = 10 (Hz). 

 

(a) (b) 
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Another point of interest has been considered by some researchers is the application of the resonance 

frequency of the specimen when dealing with fatigue tests. For this purpose, Thomas et al. [118] have 

applied cyclic compressive loads, with resonance frequency (very high frequency) and compared that 

to a uniform frequency of 10 Hz, to a high-strength plain concrete. The fatigue life of the specimen is 

lower when applying the resonant frequency. This higher frequency induces an increase in the 

temperature, which is due to the increase in creep damage. These results agreed with the results 

obtained by Sainz-Aja et al. [47] (their study was described previously in Section III.2). These studies 

have shown that the choice of the loading frequency to be applied, which is typically limited to about 

15 Hz may be insufficient to evaluate concrete fatigue, because the fatigue life seems to be higher in 

this area and tends to drop towards much higher frequencies.  

As previously explained, the high load rate application for high frequency, led to the formation of 

smaller crack openings for high stress levels (usually Smax > 0.80). Nevertheless, for low stress levels 

(usually Smax < 0.80), this behavior is not so pronounced, and it is slightly reversed for some study 

cases. This was explained by the temperature increase with the material fatigue, which is more 

pronounced for low stress levels and especially in high frequencies, decreasing the fatigue strength of 

the material. 

From these observations, it should be quite necessary to consider and measure several parameters, 

when studying the fatigue behavior of materials. It is clear that more research is needed on this topic 

due to discrepancies, possibly due to lack of temperature control during tests and various temperature 

increases of specimens. The effect of temperature increase, which was induced in the study of loading 

frequency effects, appears to be very significant, especially when changing the stress level. Therefore, 

section IV.5 is dedicated to the presentation of the material heating during its fatigue. 

IV.2. Environmental conditions 

For structures in contact or immersed in water, such as onshore and offshore wind turbines, 

respectively, the moisture content of concrete - or grout - could have a significant effect on the fatigue 

life of the material. So, when studying the fatigue behavior, the environment in which the material is 

stored before and during the cyclic loading, has an important effect on its resistance to dynamic loads. 

In the DNV-OS-H101 [36] report, it has been noted that concrete is less supporting the dynamic loads 

when it is tested underwater than in the air. Despite the importance this factor could have, literature 

has not paid much attention to this effect. Here, we present, in detail, the few studies (on grout and 

concrete) that have considered the storage environment, as a parameter affecting fatigue life of 

material. It should be noted that the concrete compressive static strength is just slightly affected by the 

storage environment and moisture content [52,109]. 

Soerensen et al. [98] tested a high-performance grout used as connection of offshore wind turbine 

monopile (Fig. 6a), under cyclic compressive loading. This grout with a maximum diameter of the 

aggregate of 4 mm (natural sand), has a compressive strength of 170 MPa (the value noted at the 
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beginning of the fatigue tests, which were performed between 4 and 26 months before) obtained from 

compression tests done on cubic specimens of 100 mm. Two types of tests were investigated: (1) the 

specimen is kept in the air for the whole test; (2) the specimen is submerged in a reservoir saturated 

with water. All cylindrical samples tested under fatigue loads are 60-mm diameter by 120-mm height. 

Three frequencies are evaluated (0.35, 5 and 10 Hz) for three stress levels Smax (0.45, 0.60, and 0.76). 

For all tested frequencies, the number of cycles is reduced only in the wet environment. This 

phenomenon has been explained by a possible retention of water in the cracks developed during loads 

application. The decrease in fatigue life, for the wet environment is shown to be more significant for 

lower frequencies. This could be explained by the long duration of applied loads, which gives more 

time to water for its infiltration in cracks causing more damage.  

Oneschkow et al. [26] studied the behavior of cylindrical concrete samples under two different 

environmental conditions: dry and wet. This means that the specimens were stored and tested in the 

same condition. After the storage, the moisture content was measured, showing that the wet specimens 

have about 20 kg/m3 more moisture content than the dry ones. The tests were done on the specimens 

of 60-mm diameter by 120-mm height for two frequencies (1 and 10 Hz). They showed that the 

number of cycles to failure in the wet environment is lower than that of the dry environment, which is 

more significant for low loading frequency, and for low stress levels. Nygard et al. [119] studied the 

dynamic behavior of three types of concrete: normal strength concrete (NSC), high strength concrete 

(HSC), and lightweight concrete (LC), as well as two specimen sizes (50-mm diameter by 100-mm 

height). Their results indicated that the number of cycles underwater is significantly lower than under 

dry conditions. This was also observed earlier by [120,121], who tested the concrete specimens under 

alternating conditions between storage and the test itself. Ohlsson et al. [122] performed fatigue tests 

at 20ºC and -35ºC. They found that low temperatures increase, with frost, the fatigue strength for 

concrete with high moisture content. Authors suggested that was probably because of the ice formed 

that can carry some of the applied stress, working as an ice skeleton, contributing to the fatigue 

strength. However, it is emphasized here that they did not test how the fatigue strength would change 

after freeze-thaw cycles. Cervo and Balbo [102] studied the effect of saturation on the fatigue behavior 

of concrete. For the tested conditions, the number of cycles of saturated concrete was 1% to 19% of 

the fatigue strength of dry concrete for stress ratios below 0.95. Saturation was produced with 7 days 

immersion and kept during the test using soaked tissues in contact with the specimen. Some studies 

[123] have found no difference in fatigue behavior between concrete in dry conditions and concrete 

immersed in water. They tested two types of HSC: NC (normal-weight concrete) and LC (light-weight 

concrete), they just affirmed that life fatigue of LC was similar to or better than NC’s one. 

From all the discussed results, one could affirm that the capacity of the material to resist to fatigue 

loading decreases when the specimen is submerged in water during the test. The presence of water in 

the material can cause infiltrations in the microcracks and exert higher pressures, which can cause the 
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expansion of cracks and then a reduction of concrete’s strength to fatigue. This phenomenon should be 

more pronounced at higher frequencies because of the rapidity of loading application, which leads to 

the rapid formation of microcracks. Whether it is concrete or grout, the effect of the test environment 

depends on the material performance and its characteristics. For high-performance materials, their 

more brittle character can have negative consequences on their fatigue resistance, since this 

characteristic offers an ease of cracking, permitting water to infiltrate easily, and thus form even more 

cracks.  

To explain this phenomenon, on the one hand, by understanding physically how the introduction of 

water affects negatively the fatigue strength of the material, Tomann et al. [109] tried to understand 

how moisture content in microcracks induces low fatigue strength of concrete. They also used a 

multiscale numerical approach to describe damage mechanisms occurring when testing specimens in a 

wet environment. For this purpose, they tested cylindrical specimens of high-strength concrete HSC 

having dimensions of 100-mm diameter by 300-mm height. Five storage conditions: dried specimens 

at 105°C, natural conditions (20°C and 65% RH), intrinsic moisture (sealed until test), stored 

underwater. The specimens subjected to these four storage conditions are tested in air. A part of the 

specimens stored underwater is used for the fifth condition, for which tests are performed underwater 

[109]. Their results are also in accordance with the investigations mentioned above, showing a 

decrease of fatigue strength with an increase of moisture content of concrete. They performed other 

tests, to evaluate the frequency effect underwater, on specimens stored also underwater. The number 

of cycles to failure is increasing with frequency, showing that frequency strongly affects water-

induced damage mechanisms, which are responsible for the fatigue strength decrease. To evaluate this 

damage mechanism, they calculated the gradient stiffness, and have followed the evolution of acoustic 

emission, which was considered as a damage indicator. Both show a high increase in moisture content 

(Fig. 17a), leading to low fatigue resistance. From their results, Tomann et al. [109] affirm, contrary to 

other investigations, that the moisture content is predominantly responsible for fatigue resistance 

decreasing, instead of the wet storage environment. They indicate a critical value of moisture content 

(3.5 mass-%), from which damage mechanisms due to water infiltration are induced. 

On the other hand,  Miura et al. [124] tried to examine the primary cracks developed in the presence of 

water, on static and fatigue behavior of concrete. As previously stated, we should remember that the 

decrease in the fatigue life and compressive strength of concrete is due to the micro-crack’s 

propagation. As a result, Miura et al. [124] modified the existing model [125], which consists of 

estimating the compressive strength decrease function of the crack width (the cause of this reduction), 

and thus of the maximum aggregate size (these are directly related). The modification consists of the 

addition of a threshold value of the maximum average crack width, determined from the aggregate 

size. Based on results, they found that the reduction of fatigue life is independent of crack width. 
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Nevertheless, the crack width affects the second phase of the strain evolution, by accelerating the 

process of evolution.  

To compare results for wet conditions for different studies, we present the S-N curves of materials 

tested underwater, for three loading frequencies (Fig. 17b) performed from different investigations. 

These curves were compared with the common standards. Thus, we observe that CEB-FIP Model [9] 

and Eurocode 2 [35] overestimate Nf for wet environment, while DNV-OS-C502 [14] underestimates 

it. Nf are similar for each frequency, and it increases with frequencies also in a wet environment. It 

should be noted that the test conditions (except for the environmental one) are not all the same for the 

authors. 

 

Fig. 17: (a) Gradient stiffness evolution with moisture content, (b) Comparison of S-N curves 

of some recent studies for wet conditions, for different loading frequencies. 

 

IV.3. Specimen size  

It is well known that the static compressive strength varies with the specimen size [126,127]. Some 

authors thought that this parameter would probably influence the dynamic behavior of the material as 

well. However, this parameter was not examined much for this subject. Nygard et al. [119] tested three 

types of concrete (NSC, HSC, and LC) for specimens with two different diameters 50 mm and 100 

mm. For the tested concrete, they showed that by increasing the diameter of the specimen, the number 

of cycles increase. Oneschkow et al. [26] have evaluated this effect by testing two different sizes of 

sample: 60-mm diameter by 180-mm height and 100-mm diameter by 300-mm height, in dry 

conditions under the effect of two loading frequencies. They found that the number of cycles is lower 

for a high sample size (Fig. 18a). For Smax = 0.80, this difference in number of cycles, is more 

important for f = 10Hz than for f = 1Hz. Contradictory behavior for a wet environment compared to a 

dry environment, was observed for the loading frequency of f = 1 Hz and Smax < 0.80. This difference 

was reversed for Smax = 0.70. The same result was found by Thiele [128], and by Schneider et al. [129] 

who also tested specimens with 60-mm diameter by 180-mm height and 100-mm diameter by 300-mm 

height, varying the stress level and frequency. In addition, Thiele [128] shows that the number of 

(a) (b) 
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cycles to failure changes strongly despite a little change in the stress level. Bazant and Schell [126] 

tested three-point-bend notched beams of different depths 38, 107, and 304 mm in cyclic loading, for 

different stress levels. They adjusted the equation defining the cracks growth by adding the size effect.  

The specimen size has also its effect on the temperature increase, affecting the fatigue life of the 

material. For this purpose, Hümme [130] tested specimens with 60-mm diameter by 180-mm height 

and 100-mm diameter by 300-mm height for 1 Hz and at a stress level of Smax = 0.7. The results 

showed that initially, the curves of the temperature increase (Fig. 18b) are similar for the two tested 

specimens but after a few hundred cycles, the curves of the temperature increase completely change 

their shapes and the maximum value stabilizes around 10 K, while for the higher size specimen, the 

temperature of the specimen keeps increasing rapidly and reach a value of approximately 16 K, that 

induces high fatigue life. The temperature increase for high size seems logical because the high 

dimension of the specimen offers a larger space for its heating due to fatigue. 

 

 

Fig. 18: (a) S-N curves affected by specimen size effect (Oneschkow et al. [26]), (b) Temperature 

increase due to the largest size of the specimen (Hümme [130]). 

 

IV.4. Other parameters associated with the loading 

 

This paragraph discusses other parameters that influence fatigue test results. Amongst them, we 

underline the one associated with the order of the loading when multiple loading levels are used; the 

one associated with rest periods between loadings; and the one associated with waveform. 

Cervo and Balbo [102] analyzed the effect of stress variation (concerning the ratio Smax between the 

applied stress level and the one required to failure in one cycle – the static strength) during the cycles 

for concrete fatigue. The referred authors tested the following configurations of stress path: (i) 

constant stress levels during the cycles, with Smax = 0.83; (ii) increasing stress levels with Smax = 0.75 

(a) (b) 
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during 50000 cycles, then Smax = 0.79 during 30000 cycles, then Smax = 0.83 until failure; (iii) 

decreasing stress levels with Smax = 0.85 during 50000 cycles and Smax = 0.83 until failure. They found 

that the number of cycles obtained with decreasing stresses was lower than those obtained for constant 

or increasing stress. Baktheer and Chudoba [59] reviewed the concrete fatigue under compression 

considering the nonlinear effect of the loading sequence, to determine the remaining fatigue life of 

concrete. The referred authors focused on compressive cyclic loading with varying ranges. Authors 

observed that Miner’s rule is insufficient to explain experimental observations and proposed an 

improved version of the damage accumulation hypothesis. Hilsdorf and Kesler [3] tested specimens 

with a range of age from 150 to 300 days at a speed of 450 cycles per minute and the ratio of the 

minimum to the maximum load was 0.17 for all tests. The fatigue machine was stopped for a rest 

period of 1, 5, 10, 20, or 27 minutes after 4500 load cycles, when the specimen was subjected to a 

constant load equivalent to the lower limit of the load cycles, which was considered the rest. This 

procedure was repeated until failure. The referred authors discovered that rest periods between load 

cycles increases the fatigue life of concrete. Up to five-minute breaks between each load sequence can 

extend the lifetime. Rest periods longer than five minutes did not seem to extend the fatigue life 

further. Authors concluded that Miner’s rule hypothesis may diverge from actual behavior depending 

on the load program. 

Tepfers et al. [131] tested how fatigue strength is affected by applying the load in different waveforms: 

Sinusoidal, triangular and rectangular. They found that the specimen cracked with less cycles with the 

rectangular waveform, which is reasonable since the specimen is subjected to higher stresses over a 

longer period compared to other forms. According to Tepfers [131], the influence of the three fatigue 

loading waveform types were illustrated. Different shapes of failure are observed, depending on the 

waveform applied (Fig. 19). As shown in the figure, when applying rectangular waveform loading, 

failure by fatigue occurs rapidly. It is also shown that the sinusoidal waveform required the highest Nf. 

In a recent study, Oneschkow [72] confirmed that by comparing triangular and sinusoidal waveforms 

applied on HSC, for two frequencies (0.89 and 1 Hz) and two stress levels (0.80 and 0.90). 

 

Fig. 19: Different shapes of failure from Tepfers et al. [131], for three types of applied cyclic 

loading respectively: sinusoidal, triangular, and rectangular. 
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Saini and Singh [132] performed flexural fatigue strength tests of self-compacting concrete made with 

recycled concrete aggregates and mixed cements. For the fatigue test, 224 beams with dimensions of 

100 x 100 x 500 mm3 were tested, using stress levels ranging from 0.95 to 0.65 and a constant stress 

ratio equal to 0.1. The tests were performed at a frequency of 10 Hz, with a sine wave signal. The 

criteria for stopping the tests were when a material failure was reached or when the number of cycles 

was equal to 2 million. The data obtained in each test were represented in the S-N curve. Data showed 

convincing scatter in fatigue life, requiring the establishment of fatigue resistance probabilistic 

models. There was a reduction in the compressive and flexural strength with the addition of recycled 

aggregate, which could later be compensated with the addition of cement with metakaolin and silica 

fume. In the same context of studies concerning the incorporation of mineral additives in concrete, 

Golewski [133] have studied the effect of the fly ash (FA) addition (20% and 30%) on the fracture 

toughness of concrete, by considering the three cracking models. He concluded that the addition of 

20% FA is the most advantageous, offering higher mechanical parameters, and higher fracture 

toughness of the material. Furthermore, Gil and Golewski [134] have done the same study but with 

one more addition only for the first model of cracks, and for the addition of FA and Silica Fume (SF). 

The best results were obtained for a combined addition of 10% SF and 10% FA. This addition highly 

affects fracture mechanisms.  

Vicente et al. [135] have studied the effect of the pore morphology in porous concretes subjected to 

compression cyclic loads on their fatigue lives. By developing a correlation between the porosity and 

the number of cycles to failure, they concluded that the fatigue life decreases by increasing porosity. 

However, they also showed that the presence of very small pores could induce a better behavior of 

concrete, depending on the pore size. 

To evaluate the effect of alternating tensile and compression stresses, Cornelissen [103] performed 

concentric tensile and flexural tensile fatigue tests, compared to alternate tension-compression tests, on 

plain concrete. The results showed that the alternation of stress (tension-compression) highly reduces 

the fatigue life of concrete. In addition, it was also tested the effect of the environmental conditions, 

for which it was found that for wet specimens, the number of cycles decrease compared to dry 

specimens. 

Morris and Garrett [136] also tested the effect of adding steel fibers to cement mortar, under static and 

dynamic loading in compression and tension. For both kinds of loading, it has been shown that fibers 

play a significant role in retarding the crack’s initiation and propagation. Improvement in fatigue life is 

also noted for tests with a higher number of cycles. The effect of adding silica fume to HSC with LC 

and NC’s types was also studied [123], showing an increase in the fatigue life of LC. No significant 

effect was found for this addition for NC. According to the authors, it is due to the improvement in the 

bond relating to concrete and its reinforcement.  
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To evaluate the behavior of concrete submitted to coupled 3D fatigue-static loading, Yang et al. [137] 

have performed fatigue tests using the triaxial compression dynamic-static tool. They characterize the 

relevant post-fatigue parameters of High-Strength Concrete (HSC), starting with those related to (1) 

wave propagation (longitudinal and transversal waves velocities), for which a delay has been noted, up 

to (2) the mechanical parameters (triaxial compressive strength, elastic modulus), showing a 

decreasing in their performances, and finally (3) the physical characteristics (porosity, permeability), 

for which an increase has been observed. Yang et al. [137] have also established an empirical 

prediction model based on the parameters affecting the fatigue (some of them are notably described in 

our paper) such as axial static stress, loading frequency, force amplitude, cycle number and confining 

stress, in order to establish a relation between these all parameters. From their results, they showed 

that the damage is more influenced by the axial loads compared to confining stress. In addition, they 

claim the existence of a threshold of stress, from which the physical and mechanical properties of HSC 

are directly decreased. They explain that by the crack growth, which highly increases the energy 

dissipation from a stress level Smax = 0.80 (Fig. 20a). They also showed two behaviors of the HSC 

depending on the number of cycles. For low-cycle fatigue, due to the randomly distribution of the 

crack’s growth, a nonlinear behavior is observed while, at high-cycle fatigue, a linear behavior is 

noted, which is probably due to the stabilization of the crack’s growth (Fig. 20b). Thus, they 

established correlation between damage variable and fatigue parameters.    

 

 

Fig. 20: (a) Single-cycle energy dissipation vs. stress level, (b) Damage variable vs. Cycle number 

(Yang et al. [137]). 

 

IV.5. Temperature increase due to self-heating 

As suggested by works discussed in the previous sections, the temperature increase has an impact on 

the fatigue life of materials. This was indirectly introduced when presenting the effect of the other 

parameters e.g., the frequency (cf. Section IV.1) and the specimen size effect (cf. Section IV.3). 

Deutscher et al. [137] evaluated the effect of temperature increase due to the dynamic testing on the 

behavior of ultra-high-performance concrete (UHPC). They investigated the loading frequency (3, 10, 

and 20 Hz), the maximum grain size, and the maximum stress level. The minimum stress level (Smin) 

had a constant value of 10% for the whole test. Two UHPC were studied having the same strength but 

(a) 

(b) 
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different maximum grain sizes. The specimens used for this study have 60-mm diameter by 180-mm 

height dimensions. The tested concrete has a mean static strength of 160 MPa. During the test, the 

temperature was recorded on four points of the specimen: top, middle, bottom, and in the middle 

inside. An increase in the temperature was observed (Fig. 21a) for all the points with the number of 

cycles, with a higher temperature value in the middle (maximum temperature increase on the surface 

in top and bottom was approximately 13 K, on the surface in center 35 K, and in the center of the 

specimen 48 K), which means that the heating due to the fatigue loading is more concentrated in the 

middle of the specimens, and clearly inside. 

Myrtja et al. [5] tested grout under dynamic loading using thermocouples to measure temperature 

during the tests. The intention is to measure the temperature increase in the middle of the specimen. 

Thermocouples were placed there. In order to obtain only the referred temperature increase, the 

temperature increase of the plates is subtracted from the temperature increase of the thermocouple. For 

f = 10 Hz, the maximum mean values of temperature rise are 28, 21 and 9 K for Smax = 0.75, 0.80 and 

0.90 respectively (Fig. 21b). The authors compared their results to Elsmeier et al. [139], who tested 

this effect on a material with 2 mm maximum grain size, and which reach a value of 45 K for Smax = 

0.60 for 59000 cycles. At this number of cycles approximately, Myrtja et al. [5] obtained about 30 K 

of temperature increase. The observed difference is probably due to the maximum grain size used in 

this study which is 6 mm, and possibly also environmental conditions. From this, it was assumed that 

the temperature rise occurs more in a material with small maximum grain size. However, one should 

note that also the difference between the materials used (nature of the aggregates, mechanical 

properties etc.) could be the reason behind the difference noted between the values. It should be 

observed that, in other materials, it has already been demonstrated from modelling and experiments 

that the temperature increase is due to viscous or to plastic dissipation during loading cycles [54,140]. 

In order to do the same for concrete, constitutive models including dissipative mechanisms should be 

fitted to concrete behavior prior to heat dissipation calculation. This could be the path to relate the 

measured temperature increase to the measured mechanical properties. 

The comparison of the temperature increases between two frequencies (1 and 10 Hz) for Smax = 0.80, 

was also done by Myrtja et al. [5], who obtained a significant difference of the mean of the maximum 

values (about 15 K more for the higher frequency). The application of high loading rate at low 

frequency does not allow generating a high temperature (environment heat exchange predominates), 

contrary to a high frequency loading which allows a sufficiently fast loading ensuring a continuous 

development of the sample's heating. The authors also tested the effect of varying the stress level on 

the temperature increase (Fig. 21b). A low Smax lead to higher temperature. Fig. 21a illustrates 

temperature increase, experimentally observed for different positions [138] within the specimen, 

which show a high value of temperature increase in the middle of the specimen.  
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Fig. 21: Temperature increase (a) at different positions (Deutscher et al. [138]), (b) at 

different stress levels (Myrtja et al., 2021a), for f = 10 (Hz). 

V. Synthesis 

 

Table 2, below, presents a synthesis of the referred works cited previously. It may help the reader find 

rapidly the main information for each investigated topic. 

Table 2: Synthesis of the investigated works 

Frequency effect on fatigue life of concrete or grout 

References Comments  Conclusions 

Graf and Brenner [21] First evaluation of the frequency 

effect  

Effect of frequency was not very 

significant on fatigue 

Awad and Hilsdorf [100]; Sparks 

and Menzies [101]  

First consideration of the 

frequency as an influencing 

parameter on fatigue behavior of 

materials 

Frequency started being 

considered a relevant parameter 

for fatigue 

Cornelissen [103]; Zhang et al. 

[141] 

Fatigue by tension and by bending 

on concrete varying frequency 

High frequency  high Nf 

Zhang et al. [141] Fatigue by bending on concrete 

varying frequency 

Consideration of the frequency in 

the fatigue equation 

Hümme et al. [52]; Medeiros et al. 

[105]; Oneschkow [114]; Saucedo 

et al. [6]; Sparks and Menzies 

[101]; Tomann et al. [109]; 

Oneschkow [72]; Weigler and 

Freitag [111] 

Fatigue by pure compression tests 

varying frequency 

High frequency  high Nf 

The combined effect of the frequency with the maximum stress levels Smax 

References Comments  Conclusion 

Naik et al. [106]; Raithby and 

Galloway [108]; Sparks and 

First studies on concrete  

 



37 

 

Menzies [101]  

High frequency & low Smax  low 

Nf 

 

Hümme et al. [52]; Oneschkow 

[72]; Von der Haar and Marx 

[110]  

Studies on concrete 

Otto et al. [107] Studies on grout 

Hanson et al. [104]; Murdock [97] Studies for Smax < 0.75, and for 

frequencies between 1 and 15 Hz  

Insignificant effect of frequency 

Sparks and Menzies [101] Pure compression fatigue tests on 

concrete  

High frequency & high Smax  

frequency greatly affects N  

High frequency & low Smax  

little effect of frequency 

Cervo and Balbo [102] Concrete fatigue for pavements High frequency & low Smax  low 

Nf 

High frequency & high Smax  

high Nf 

Myrtja et al. [5]; 

Oneschkow et al. [26] 

Fatigue for grout 

Fatigue for concrete 

Effect of environmental conditions   

References Comments  Conclusion 

Muguruma [120]; Muguruma and 

Watanabe [121] 

Studied different conditions 

during storage and during the test 

itself 

Wet conditions  low Nf 

Ohlsson et al. [122] Fatigue tests at 20ºC and -35ºC. Low temperatures with frost, with 

high moisture content  high Nf 

Mor et al. [123] High-Strength Concrete: Normal-

weigth Concrete and Light-weigth 

Concrete 

No effect of wet conditions 

compared to dry conditions 

Nygard et al. [119] Pure compressive fatigue loading 

on NSC, HSC, and LC 

Wet conditions  low Nf 

 

Cervo and Balbo [102] Effect of saturation on the fatigue 

behavior of concrete 

Saturated concrete had 1% to 19% 

of the fatigue strength of dry 

concrete 

Soerensen et al. [98] Effect of saturation on the fatigue 

behavior of concrete 

Wet conditions  low Nf 

 

Tomann et al. [109] 5 conditions: dried specimens at 

105°C, natural conditions (20°C 

and 65% RH), intrinsic moisture 

(sealed until test), stored 

underwater. 

High moisture content  low Nf.  

Frequency strongly affects water-

induced damage mechanisms 

Oneschkow et al. [26] Pure compressive fatigue loading 

on HSC 

The maximal difference between 

log N in dry conditions and wet 
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conditions is approximately 1.5 

powers of ten. 

Effect of specimen size 

References Comments  Conclusion 

Nygard et al. [119] Three types of concrete (NSC, 

HSC, and LC) tested, for two 

diameters 50 mm and 100 mm 

Higher Diameter  higher Nf 

  

Bazant and Schell [126] Three-point-bend notched beams 

tested of different depths 38, 107, 

and 304 mm 

Adjusting the equation defining 

the cracks growth by adding the 

size effect 

Thiele [128]; Schneider et al. 

[129] 

Two dimensions tested: 

60mm-D x 180mm-H and 

100mm-D x 300mm-H 

Higher Diameter  higher Nf 

Nf changes strongly despite a little 

change in the stress level 

Hümme [130] 60mm-D x 180mm-H and 

100mm-D x 300mm-H 

After a few hundred cycles, the 

curves of the temperature increase 

change completely their shapes: 

Lower Diameter  10 K 

Higher Diameter  16 K  Nf 

Oneschkow et al. [26] Two dimensions tested: 60mm-D 

x 180mm-H and 100mm-D x 

300mm-H 

Higher Diameter  higher Nf the 

high difference is marked for 

higher frequency  

Effect of other parameters associated with the loading 

References Comments  Conclusion 

Hilsdorf and Kesler [3] Specimens with a range of age 

from 150 to 300 days 

The fatigue machine was stopped 

for a rest period of 1, 5, 10, 20, or 

27 minutes after 4500 load cycles 

The rest periods between load 

cycles increases the fatigue life of 

concrete. 

Tepfers et al. [131] Application of the load in different 

waveforms: Sinusoidal, triangular 

and rectangular 

Rectangular waveform required a 

smaller number of cycles 

Morris and Garrett [136] The effect of adding steel fibers to 

cement mortar under static and 

dynamic loading in compression 

and tension 

Fibers play a significant role in 

retarding the crack’s initiation and 

propagation 

Cornelissen [103] The effect of alternating tensile 

and compression stresses 

The alternation of stress (tension-

compression) highly reduces the 

fatigue life of concrete 

Mor et al. [123] The effect of adding silica fume to An increase in the fatigue life of 
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HSC with LC and NC’s types LC. No significant effect for this 

addition for NC 

Cervo and Balbo [102] Stress variation (concerning the 

ratio R between the applied stress 

level and the one required to 

failure in one cycle – the static 

strength 

Nf obtained with decreasing 

stresses was lower than those 

obtained for constant or increasing 

stress 

Vicente et al. [142] Effect of the pore morphology in 

porous concretes subjected to 

compression cyclic loads 

Fatigue life decreases by 

increasing porosity 

Baktheer A, Chudoba R [59] Consideration of the nonlinear 

effect of the loading sequence 

under compression 

Miner’s rule is insufficient to 

explain experimental observations 

Proposition of an improved 

version of the damage 

accumulation hypothesis 

Saini and Singh [132] Flexural fatigue tests of self-

compacting concrete made with 

recycled concrete aggregates and 

mixed cements. 

Data showed convincing scatter in 

fatigue life. 

There was a reduction in the 

compressive and flexural strength 

with the addition of recycled 

aggregate. 

Effect of temperature increase due to self-heating 

References Comments  Conclusion 

Deutscher et al. [138] Cyclic testing on the behavior of 

ultra-high-performance concrete 

(UHPC). 

Heating due to the fatigue loading 

is more concentrated in the middle 

and inside the specimens. 

Elsmeier et al. [139] 2 mm maximum grain size ΔT = 45 K for Smax = 0.60 for 

59000 cycles 

Myrtja et al. [143] Comparison with Elsmeier et al. 

[139]. 

6 mm maximum grain size 

 

ΔT = 30 K of temperature increase 

for 59000 cycles. 

Temperature rise occurs more in a 

material with small maximum 

grain size 

 

 

VI. Recommendations for future research 

 

Some gaps are observed in this review, particularly with respect to:  

(i) comprehensive loading configurations (using both compression and tension in tests). 
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(ii) temperature increase interpretation and effects on fatigue: from the analysis in this paper, 

the temperature was found to be a very important for fatigue. It is therefore strongly 

recommended to deeply investigate the temperature increase in tests and its effects on 

fatigue test results. 

(iii) parameters dependence: from results recorded, it was shown that the main parameters 

affecting fatigue life of concrete are interdependent, which highly complicates the 

comprehension of the fatigue mechanisms. One proposition to deal with that, is to do a 

complete study which could consider, as much as possible, several parameters at once. It 

would be a solution to avoid some higher variation of results noted, in some studies, for 

specimens with the same properties.  

(iv) modulus tracking during tests and how to include resulting information in fatigue 

prediction models: because of the difficulty of performing fatigue tests regarding time-

consumption, necessity of materials and the variability of the results, it is suggested to 

develop the existing prediction models. 

Authors hope these aspects may be object of research projects in the near future. 

 

VII. Conclusions  

 

This paper presented an overview of fatigue characterization procedures for concrete and investigated 

the available literature with respect to different aspects of concrete fatigue, particularly: (i) effect of 

loading frequency; (ii) effect of environmental conditions (temperature and moisture); (iii) size effect; 

(iv) other effects such as the relevance of the order of the employed loading amplitudes (nonlinearity 

with respect to Miner’s equation); (v) self-heating of concrete specimens during fatigue tests. It 

contributes with the organization of the body of knowledge and the establishment of some open 

questions in the literature. There are still many aspects of concrete fatigue behavior without consensus 

in the literature, particularly on temperature and frequency effects and self-heating of specimens 

during tests. It is clear that it is necessary to continue developing and improving methods to 

characterize and interpret concrete fatigue in order to allow in the future better design of structures 

subjected to fatigue, e.g. wind tower concrete foundations. Some key conclusions can be summarized 

as follows: 

 

 Comparing different standards, regarding concrete fatigue, there is a considerable variation 

between them, depending on the code applied. For instance, comparing considerations between 

all cited standards [9,35,36], it is shown that the Norwegian code [36] underestimates the 

fatigue life in comparison to others; 

 The specimen dimensions are relevant for temperature increase, which is expected due to a 

larger volume to the self-heating effect. The loading frequency also plays a role in the 
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temperature increase, with higher frequency leading to more temperature increase (there is more 

energy dissipation in less time). Temperature has relevant impact on fatigue life. Then, it can be 

seen as an artifact and biasing effect that requires further investigation in the future. Energy 

dissipation from inelastic phenomena during the loading cycles may be related to the 

temperature increase, as already investigated for other materials. This could be the path to 

correct temperature effects from the interpretations of accelerated fatigue lab tests results and 

use corrected data for field prediction; 

 Although consensus is not observed in the literature (possibly due to a combined effect with the 

temperature increase, which is not always measured), it appears that loading frequency 

influences fatigue, which is a particularly relevant concern, since tests in laboratory need to be 

accelerated (high frequency) compared to the field (low frequency); 

 When it comes to the loading waveform shapes, it was found that a rectangular shape provides a 

shorter fatigue life, compared to all others, particularly the sinusoidal shape. This is also 

expected to the time of higher loading actually applied; 

 Alternated compression and tensile stresses highly reduce the fatigue life, and literature misses 

more comprehensive evaluation of the effect of loading (either in tension, in compression, or in 

tension-compression); 

 Concerning the environmental conditions, despite the fact that moisture content during storage 

and during tests rather slightly affects the compressive strength, they significantly decrease 

fatigue life; 

 Steel fibers play a significant role in retarding the cracks initiation and its coalescence to 

macrocracks; 

 The addition of silica fumes increases the fatigue life, which is possibly related to a porosity 

decrease. Porosity influence on fatigue is also a matter that could be further investigated; 

 It was also demonstrated that many fatigue damage models available in the literature may be 

used to adequately represent the measured properties of concrete during fatigue tests. There 

seems to be room to include them in future fatigue calculation procedures. 
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