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ABSTRACT 

Equal fatigue tests in concrete, meaning those performed on exactly equal or homo-

thetic specimens subjected to the same stress levels, present two problems yet to be 

solved. On the one hand, the high dispersion of the results, which causes the fatigue life 

in two apparently identical elements to vary by up to two or more orders of magnitude. 

On the other hand, the size effect, whereby fatigue strength decreases with increasing 

element size. 

The aim of this research work is to study these two issues in depth. Regarding the first 

one, the influence of the dispersion of concrete mesostructure on the dispersion of fatigue 

results will be studied; in particular, it will be evaluated whether the stochastic arrange-

ment of fibers (in fiber concrete) or pores (in plain concrete) explains the variability of 

fatigue life. As for the size effect, fatigue tests will be performed on geometrically similar 

specimens subjected to the same equivalent stress levels. Macroscopic damage indicators, 

such as crack opening, will be used to determine the magnitude of the size effect and its 

variation according to the type of concrete (plain concrete and fiber-reinforced with dif-

ferent fiber contents). 

The results reveal that the arrangement of fibers and pores varies significantly in ap-

parently identical specimens, and that this partly explains the dispersion of fatigue results. 

However, the estimation of the fatigue response of concrete from its mesostructure re-

quires complex models, comprising several geometrical parameters of various compo-

nents. In this work, a methodological approach to the problem is made, proposing 

mesostructure parameters that are reasonably predictive. With respect to the size effect, 

it is observed that the presence of fibers reduces the size effect on fatigue life, almost 

nullifying it. Furthermore, it is concluded that the secondary crack opening rate 

(dCMOD/dn) is an adequate parameter to explain the fatigue life in general, and the size 

effect in particular. 
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1 INTRODUCTION 

1.1 Motivation 

Fatigue in concrete is a tremendously interesting phenomenon, since it implies that a 

given element can collapse without ever exceeding its maximum load under static condi-

tions. This type of action is the order of the day in structural codes, since, with the pro-

gress of high-strength concrete, structures are becoming increasingly slender. As a result, 

the importance of variable loads (traffic, wind, etc.), which are cyclic in nature and there-

fore susceptible to fatigue, is increasing. 

There are two issues related to equal fatigue tests, understood as those performed on 

identical or homothetic specimens subjected to the same stress levels, that the scientific 

community has not yet been able to resolve. The first of these is the high dispersion of 

the results, it being common for fatigue life to vary by two or more orders of magnitude. 

In other words, it is accepted that two identical specimens, with the same shape and size 

and subjected to the same stress levels, can withstand, for example, a number of cycles 

of 10,000 and 1,000,000 cycles, respectively. This lack of knowledge of the phenomenon 

means that the safety margins for fatigue testing in current codes are very conservative. 

For example, according to Eurocode 2 [1], in a concrete with a characteristic compressive 

strength fck of 80 MPa, its design fatigue strength fcd,fat barely reaches 36 MPa [2]. There-

fore, with regard to structures whose design is determined by fatigue (such as wind tur-

bine concrete towers, and to a lesser extent, high-speed railroad viaducts), it is very inter-

esting to advance in the investigation of fatigue dispersion. In this way, it will be possible 

to reduce the safety coefficients and thus optimize the strength of the concrete. 

The second issue is the size effect; that is, the reduction of mechanical strength in 

homothetic or geometrically similar elements as their size increases. This problem is not 

exclusive to fatigue, but to the structural response of concrete in general. The study of the 

size effect is of great interest because normally the experimental determination of the 

strength of concrete (compressive strength, fatigue strength, etc.) is made on specimens 

that are several orders of magnitude smaller than the real elements. Therefore, if the re-

sults are not properly corrected, an overestimation of the capacity of the concrete is in-

curred, with the consequent risk for our structures. 



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 28/369 

 

Therefore, this doctoral thesis aims to make a small contribution to the knowledge of 

these problems affecting fatigue in concrete. 

1.2 Problem statement and objectives 

As mentioned above, this research work attempts to shed some light on the high dis-

persion of results, firstly, and the size effect, secondly, in equal fatigue tests in concrete. 

On the one hand, with respect to the high dispersion of the results, the influence of the 

mesostructure on this phenomenon is going to be studied; in particular, of the fibers in 

steel fiber reinforced concrete and of the pores in plain concrete. On the other hand, as 

regards the size effect in fatigue, macroscopic damage indicators will be analyzed, based 

on the crack opening (CMOD) vs fatigue life (N) diagrams, comparing them between 

tests carried out on specimens of different sizes. 

The general objectives of the doctoral thesis are described below: 

1. To study the influence of the dispersion of the distribution and orientation of the 

fibers on the dispersion of the flexural fatigue response of steel fiber-reinforced 

concrete. In other words, the aim is to find out whether the stochastic dispersion 

of the fibers within the matrix is related to the fatigue response of "apparently" 

identical specimens. 

To this end, numerous flexural fatigue tests have been carried out on identical 

specimens made with the same dosage and fiber content. Prior to the tests, the 

specimens were scanned by micro-computed tomography (μCT) to obtain the ge-

ometrical properties of the fibers (distribution, position, orientation, etc.). This 

process has been repeated with three fiber contents (0.3%, 0.6% and 1.0%), so that 

it is possible to know if the impact of fibers on the dispersion of fatigue results 

changes with their content. 

2. Analogously to the previous one, to analyze the influence of the dispersion in the 

morphological parameters of the pores on the dispersion of the fatigue response 

of plain concrete. The aim is to answer whether the stochastic nature of the pore 

morphology is related to the fatigue response in a priori equal specimens. 

For this purpose, fatigue tests have been carried out with the same load levels on 

plain concrete specimens of the same size and the same dosage. Previously, the 

specimens were scanned with μCT to obtain the geometrical properties of the 

pores (porosity volume, spatial distribution, pore size distribution, etc.). 
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3. To study the size effect on the fatigue life of plain concrete and fiber-reinforced 

concrete. 

To this end, fatigue tests have been carried out on two different specimen sizes 

and with four concrete dosages (plain concrete and with 0.3%, 0.6% and 1.0% of 

fibers). In this way, it can be determined whether the size effect varies according 

to the presence of fibers and their quantity. 

1.3 Structure of the document 

This doctoral thesis is divided into 6 sections. Section 2 discusses the state of the art, 

distinguishing between fiber-reinforced concrete, fatigue in concrete, size effect and com-

puted tomography. This is followed by a description of materials and methods in Section 

3. Then, in Section 4, the results are presented. In Section 5, the results are discussed in 

depth. Finally, the main conclusions are presented in Section 6. 

The following figure shows the conceptual diagram of this doctoral thesis. 
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Figure 1.3-1. Conceptual outline of the doctoral thesis. 
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2 STATE OF THE ART 

2.1 Steel fiber-reinforced concrete 

This section describes the main characteristics of the material used in this research 

work: steel fiber reinforced concrete (SFRC). First, the material is defined. Then, the 

components are described. Next, the most significant parameters involved in its dosage 

are listed, as well as their recommended values. At this point, it should be taken into 

account that a non-conventional SFRC has been designed, which has two singular prop-

erties: high strength and self-compacting. Therefore, the influence of these qualities on 

the design of the dosages is highlighted. Next, the main mechanical properties of SFRC 

are described, explaining first its strength mechanism. Finally, the most relevant current 

applications are indicated. 

2.1.1 Introduction 

According to Annex 7 of the Spanish Structural Code [3], fiber-reinforced concretes 

are defined as those concretes that include in their composition short, discrete and ran-

domly distributed fibers in their mass. It should be added that this is intended to improve 

the brittle behavior of the concrete; in particular, by increasing the tensile strength in the 

cracked state. 

The addition of fibers to improve the properties of construction materials is an ancient 

technique. The first indications date back more than 10,000 years ago in the Middle East, 

where blocks or mud bricks reinforced with straw, known as adobe, have been found. In 

the case of concrete, the use of fibers to improve its load-bearing capacity is linked to its 

very origin, since the Romans used natural fibers in their primitive lime mortar (1st cen-

tury B.C.). 

The use of fibers in modern concrete made with Portland cement did not emerge until 

the beginning of the 20th century. Until then, the most significant breakthrough was the 

patent recorded by Berard in 1874 in the USA, where he proposed the addition of granular 

steel residues to concrete. The first patents using steel fibers to improve the mechanical 

response of concrete were the ones by Graham (1911, USA) and Alfsen (1918, France). 

Over the next two decades, patents for fiber-reinforced concrete, mainly steel and glass, 

continued to be published in the USA, France and Germany. 
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In the 1950s and especially the 1960s, the research and development of this material 

took a new impulse, seeking to perfect the geometry of the fibers in order to solve the 

problems of workability (formation of balls, etc.) and adherence to the matrix, which were 

very common in these early stages. Romualdi's work with Batson and Mandel in 1963 

and 1964, respectively, is noteworthy. At this time, SFRC began to be commonly used in 

applications such as high-performance pavements, heavy machinery foundations, air raid 

shelters, etc. 

During the following decades and up to the present day, very significant advances 

have been made in the performance of SFRC. With respect to steel fibers, the most rele-

vant innovations were fibers with shaped ends and gluing (Figure 2.1-1). On the one hand, 

shaped ends increase the fiber-matrix adhesion in a critical area, which allows an increase 

in toughness with the same number of fibers. On the other hand, gluing ensures that the 

"combs" or groups of laterally joined fibers are less slender than the individual fibers. In 

this way, the risk of balling up during mixing is greatly reduced. 

 

Figure 2.1-1. Glued steel fibers with shaped ends. 

It is not only the improvement of steel fibers that has contributed to the development 

of SFRC, but also the appearance of other admixtures. For example, superplasticizer ad-

mixtures make it possible to compensate for the reduction in workability caused by the 

fibers without increasing the water/cement (w/c) ratio, and thus without compromising 

the mechanical response of the concrete. Another case is the silica fume, a pozzolanic 

admixture that, among other aspects, improves the strength, cohesion and impermeability 

of concrete. 
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This set of advances has made it possible to expand the field of application of SFRC, 

from the construction of pavements to support heavy loads and impacts, to the lining of 

subway works using the shotcrete technique. 

This material is currently attracting a great deal of scientific interest. There are still 

significant technical and psychological barriers that prevent the fibers from being given 

a greater structural responsibility, so that they can partially or totally replace conventional 

rebar reinforcement. Consequently, the scientific community continues to move forward 

with the common goal of making SFRC a reality in the design of structural elements. 

2.1.2 Components 

Concretes reinforced with steel fibers are, in essence, conventional concretes to which 

fibers are added. Therefore, the matrix components are the usual ones: cement, water, 

aggregates, additions and admixtures. However, the introduction of fibers affects to some 

extent the requirements of the rest of the components. 

The most relevant aspects of the materials that constitute the SFRC are described be-

low. 

Cement 

The cements used in the manufacture of SFRC are the same as those used in conven-

tional concrete. If high strength is to be achieved, it is recommended to use cements with 

a strength class equal to or higher than 42.5, the most common types being CEM I 42.5 

R and CEM I 52.5 R. 

Water 

The water used in SFRC is the same as in conventional concrete. It is simply recom-

mended to avoid water that is susceptible to corroding the fibers and eventual reinforce-

ments, such as seawater. 

Aggregates 

The design of a proper aggregate granulometry is especially important in the manu-

facture of SFRC, not only because it conditions the strength properties of the hardened 

concrete, but also because it directly affects the consistency and workability of the fresh 

concrete. 
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As for the coarse aggregate, it should be small enough to ensure an adequate distribu-

tion of the fibers within the matrix, avoiding their grouping (Figure 2.1-2). In this regard, 

it is recommended that the ratio between the maximum aggregate size and the length of 

the fibers be a maximum of 1/2, which can be reduced to 1/3 or less [3]. Consequently, it 

is not usual to use coarse aggregate with a maximum size greater than 20 mm. 

 

Figure 2.1-2. Effect of aggregate size on fiber distribution in a 40 mm square with 40 mm 

fibers (adapted from [4]). 

As for the fine aggregate, it is generally recommended to increase its quantity by in-

creasing the fine aggregate/coarse aggregate ratio. This improves the workability and co-

hesion of the concrete, reducing the risk of segregation. 

Admixtures 

The incorporation of fibers in concrete significantly reduces its workability. There-

fore, the use of superplasticizers or water-reducing admixtures is recommended, since 

they improve the workability of concrete without increasing the w/c ratio, i.e., without 

affecting its final strength. 

These admixtures are also used to achieve liquid consistencies or even self-compact-

ing properties, especially in applications such as tunnel or mine lining, where SFRC is 

applied in the form of pumped or shotcrete. 

Additions 

The most recommended additions in the manufacture of SFRC are pozzolanic mate-

rials. These are siliceous or silicoaluminous substances that, finely ground and in the 

presence of water, are capable of reacting with the hydration products of cement (mainly 

Ca(OH)2) to create resistant compounds (silicates and calcium aluminates). 
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The most common pozzolanic materials used in the manufacture of concrete are nat-

ural pozzolans, fly ash and silica fume. These additions improve concrete cohesion and 

thus fiber-matrix adhesion. 

Fibers 

Fibers are the differentiating element of SFRC with respect to conventional concrete. 

They are linear elements of short length (in the order of 10-50 mm) and very small section 

(in general, 0.2-1.5 mm) that are added to the concrete matrix to improve some of its 

properties. Although only steel fibers are discussed here, it is worth mentioning that there 

are other types on the market, such as synthetic fibers (polypropylene, glass, carbon, etc.) 

and natural fibers (wood, sisal, etc.). 

Depending on the manufacturing process, steel fibers can be obtained by cold drawing 

(Type I), by cutting into sheets (Type II), extracted by hot scraping (Type III) or obtained 

by other procedures (Type IV) [5]. The most common fibers are cold-drawn. 

In terms of shape, there is a wide variety of typologies: straight, wavy, serrated, 

twisted, hooked-end, flat-end, etc. (Figure 2.1-3). Fiber geometry directly influences fi-

ber-matrix adhesion, and therefore the mechanical response of the SFRC. The higher the 

adhesion, the higher the energy absorption by the fibers and therefore the higher the frac-

ture toughness. Therefore, this wide range of fiber shapes is the result of manufacturers' 

efforts to achieve better adhesion. At present, the most common fibers are straight and 

hooked-end fibers. 

 

Figure 2.1-3. Some of the most common types of steel fibers. From left to right, straight, 

crimped and hooked ends. 

The geometrical properties that characterize the fibers are the type of cross-section 

(circular, rectangular, etc.), diameter (or equivalent diameter), length and slenderness. 

Length is one of the most important parameters, and certain recommendations should be 
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taken into account when choosing it. As already mentioned, to facilitate the mobility of 

the fibers during mixing, the maximum aggregate size/fiber length ratio should be a max-

imum of 1/2. In addition, it is recommended that the ratio of fiber length to minimum 

mold size be a maximum of 1/3 [6,7]. The objective is to reduce as much as possible the 

wall effect, whereby the fibers closest to the mold or formwork tend to be oriented parallel 

to their faces. In the laboratory, it is especially important to control this phenomenon, 

since small molds are normally used. Moreover, by combining the wall effect with the 

pouring direction of the concrete, preferred fiber orientations can be induced, which could 

lead to overestimate the strength of SFRC with respect to larger elements [8]. A clear 

example is that of prismatic specimens subjected to flexural bending (Figure 2.1-4). 

 

Figure 2.1-4. Wall effect on fiber orientation in specimens of different size with the same 

dosage and fiber length. 

Another fundamental parameter that characterizes the geometry of the fibers is the 

slenderness, defined as the ratio between the length and the diameter (l/d or λ). The slen-

derness of the fibers is directly related to their mechanical efficiency, so that the higher 

its value, the greater the fiber-matrix adhesion and therefore the fracture toughness. How-

ever, caution must be taken since excessive slenderness leads to a significant reduction in 

the workability of the concrete and the risk of the formation of fiber balls. These disad-

vantages can be solved to some extent by gluing, which artificially reduces the slender-

ness of the fibers during mixing. In any case, the usual range is between 45 and 80, and 

it is not advisable to exceed 100. 

As regards the mechanical properties of the fibers, the most relevant are the modulus 

of elasticity, tensile strength and elongation at break. The tensile strength is usually very 

high; the minimum values are around 500 MPa, although in practice it is common to find 

steel fibers on the market that reach 3,000 MPa. 

A table with the average values of the main geometrical and mechanical properties of 

steel fibers is given below. 
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Table 2.1-1. Common properties of steel fibers for SFRC. 

Geometrical 

properties 

Length (mm) 10 ‒ 60 

Equivalent diameter (mm) 0.2 ‒ 1.0 

Slenderness 45 ‒ 80 

Material and 

mechanical 

properties 

Modulus of elasticity (GPa) > 200 

Tensile strength (MPa) 500 ‒ 3,000 

Elongation at break (%) 2 ‒ 7 

Density (kN/m3) 78.5 

 

2.1.3 Mix design 

The type of concrete used is a SFRC with two singularities: it is high strength and 

self-compacting. This means that it combines the advantages of its 3 main properties, 

which gives it great potential as a construction material. However, this also implies a 

certain complexity in the design of the dosages. The addition of fibers reduces the work-

ability and consistency of the concrete, but a self-compacting concrete requires good co-

hesion of its components and a very liquid consistency. In addition, high strength means 

low w/c ratios, so the reduction in workability added by fibers cannot be compensated for 

by adding water. 

The design of concretes with these characteristics, and in particular of self-compacting 

concretes, has attracted some scientific interest in recent years [9]. However, to date there 

are no standardized mix design methods. Therefore, it is usual to start with the dosage of 

a conventional concrete and make modifications following certain indicative recommen-

dations set out in the standards [5]. 

The most relevant factors to be taken into account when proportioning a high-strength, 

self-compacting steel fiber concrete are described below. 

Cement content 

The cement content must be higher than conventional concretes for several reasons. 

First, it is a fundamental requirement for achieving high strength. Second, the increased 

volume of cement paste increases workability by counteracting the effect of fibers. Fi-

nally, self-compacting concretes require a large quantity of fine aggregates to maintain 

the cohesion of the mix and avoid segregation problems. 

In general, it is recommended a minimum cement dosage of 350-400 kg/m3. 
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Water/cement ratio 

The w/c ratio is limited by the high strength condition. High w/c ratios imply a greater 

volume of water that does not react with the cement, an increase in porosity and conse-

quently a decrease in strength. Therefore, in these situations the w/c ratios will be low, of 

about 0.4. 

On the other hand, in order to achieve self-compacting properties with such low w/c 

ratios, additives must necessarily be used, as will be indicated below; otherwise, the con-

sistency obtained would be very dry. 

It is worth mentioning that, given the sensitivity of these dosages to small variations 

in their components, special attention must be paid to the moisture content of the aggre-

gates and this must be included in the calculation of the w/c ratio. 

Aggregates 

One of the most important characteristics of this type of concrete is that it has a high 

content of the finest aggregates (particles < 0.063 mm in size, including the cement itself). 

These aggregates contribute to improve workability, increase cohesion and avoid segre-

gation, so they are ideal both when fibers are added and when a self-compacting con-

sistency is desired. The minimum fines content will be in the range of 500-600 kg/m3, so 

filler or other additions, such as silica fume, will normally be added. 

As for the coarse aggregate, it will have a reduced maximum size and its content will 

not be high. On the one hand, the smaller its size, the easier it will be for the fibers to be 

distributed uniformly throughout the matrix and be perfectly enveloped by the cement 

paste, ensuring its adherence (Figure 2.1-2). On the other hand, high coarse aggregate 

contents favor segregation and inhomogeneity problems, especially if the fiber content is 

high [4]. Considering the above, it is recommended that the amount of coarse aggregate 

with respect to the total aggregates be a maximum of 50% [5,10]. 

Fiber content 

The fiber content is usually expressed as the percentage of fiber volume with respect 

to the total volume of concrete, or as the weight of fibers per unit volume of concrete (in 

kg/m3). The minimum fiber dosage is determined by its contribution to the strength per-

formance of the concrete, which varies greatly depending on the characteristics of the 

fibers and the properties of the matrix. In general, it is recommended that the content of 
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steel fibers when they fulfill structural functions should not be less than 0.25% (20 kg/m3) 

[3]. As for the maximum fiber content, it is set according to the decrease in workability 

of the concrete and the risk of balling or hedgehog formation. In this respect, very slender 

fibers (> 100) are particularly problematic. As an order of magnitude, the recommended 

maximum fiber content is approximately 2% (160 kg/m3). 

Finally, it can be stated that the most common range of steel fiber dosages is between 

0.30% (25 kg/m3) and 1.20% (95 kg/m3). 

With respect to the self-compacting condition, it should be noted that, although in 

principle the fibers reduce the workability of the concrete, the stiffness they provide helps 

to some extent to maintain the cohesion of the mix. However, this benefit is significantly 

dependent on the characteristics and amount of fibers. In general, the best results are ob-

tained for contents that are not very high (≤ 1%). 

Superplasticizer admixtures 

In this type of concrete, the use of superplasticizer admixtures is particularly indi-

cated, since they contribute directly to obtaining the 3 properties sought: high strength 

(maintaining a low w/c ratio), self-compactness (improving consistency) and addition of 

fibers (maintaining or improving workability). 

The dosage will depend on the type of admixture used, but it is not usual to exceed 

5% by weight of cement. In general, in experimental concretes it is usual to exceed the 

maximum amounts recommended by the manufacturers, which are usually conservative. 

In these cases, it is important to check that there is no loss of homogeneity in the mix. 

When the quantity of superplasticizer is excessive, the cement paste becomes fluid and 

drips between the fibers and the coarse aggregate, losing cohesion. Therefore, the most 

common pathologies are exudation of the paste and segregation of the aggregates. 

2.1.4 Resistance mechanism 

The main contribution of the fibers to the strength response of concrete is the support 

of tensile stresses, causing an increase in fracture toughness. 

When a SFRC element is subjected to tensile stresses, as long as the stresses are low, 

they are supported jointly by the matrix and the fibers. In fact, due to strain compatibility, 

the fibers assume very little stress and in practice almost all the stress is resisted by the 

matrix. However, as the tensile stress increases, and in particular as soon as the first crack 
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appears, a progressive transfer of tensile stresses from the matrix to the fibers begins. 

Finally, in the fully cracked state, the fibers are the only mechanism that resists tensile 

stresses. From this, it is concluded that fibers do not cause significant increases in the first 

crack resistance, at least for moderate contents. 

Steel fibers have two main failure mechanisms: pull-out, due to the depletion of the 

tangential bond stresses (τ > τmax) and breakage, due to the depletion of the normal tensile 

stresses (σ > σmax). Whether one or the other type of failure occurs basically depends on 

3 factors: the ultimate pull-out bond tangential stress τmax (which in turn depends on the 

fiber-matrix bond), the ultimate tensile normal stress σmax and the fiber slenderness λ (l/d). 

If the equilibrium condition between the two modes of failure is developed, the following 

relationship between these factors is obtained [11]: 

τmax·𝜆=σmax (2.1-1) 

The slenderness of the fibers normally used is usually low, reaching a maximum value 

of 100. This limitation is explained by the workability problems caused by the slender 

fibers. Therefore, considering equation (2.1-1), this implies that fiber depletion in the 

SFRC is mostly due to pull-out. This failure mode has an important advantage: it is more 

progressive, more ductile, than that which would occur if the fibers failed due to excessive 

normal stresses. 

The pull-out strength of steel fibers depends significantly on the geometry of the fi-

bers. A distinction will be made between the two most common types: straight and 

hooked-end shaped. In addition, their response also depends on the inclination of the fi-

bers with respect to the crack plane, since, being randomly distributed, they are not ex-

pected to be perfectly orthogonal to the crack plane. 

In straight fibers, the mechanisms that are mobilized when the fibers are subjected to 

traction are: adhesion, friction and mechanical anchorage due to inclination [12] (Figure 

2.1-5). Adhesion is the force that holds the fiber to the matrix and depends largely on the 

microstructure of the fiber-matrix interface. Friction is the force that is mobilized when 

the fiber starts to detach from the matrix. Finally, when the fiber has a certain inclination, 

the force acting in the direction of its axis is only a part of the total pull-out force, so that 

a mechanical anchoring effect is necessarily generated. 
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Figure 2.1-5. Comparison of straight fiber and hooked end strength mechanisms. 

The mechanical anchorage contributes significantly to the pull-out resistance, which 

means that the inclination with respect to the crack plane has a significant influence on 

the pull-out resistance. When the fibers are perfectly orthogonal (0°), the mechanical an-

chorage is not mobilized and only adhesion and adhesion act. As the inclination increases, 

the effect of the mechanical anchorage increases and thus also the pull-out resistance 

(Figure 2.1-6). Finally, an optimum value of inclination is reached for which the maxi-

mum resistance is obtained, after which it decreases. The optimum inclination angle de-

pends on both the geometric properties of the fibers and the matrix; according to the lit-

erature consulted, it can be estimated that common values range between 30° and 60° 

[13,14]. When the inclination is very high, failure occurs by detachment of the matrix 

coating, resulting in low strength values. 

In hooked-end fibers, the mechanisms involved when the fibers are subjected to ten-

sile stress are the same as for straight fibers (adhesion, friction and mechanical anchoring 

by inclination) and, in addition, mechanical anchoring by the hooked end (Figure 2.1-5). 

Both mechanical anchors contribute substantially to the pull-out resistance. However, the 

largest contribution is that of the anchorage due to the hooked-end, so it is observed that 

the fiber inclination has less influence on the pull-out resistance of hooked-end fibers than 

of straight fibers. In fact, for not very high inclinations (0°-30°), and depending on the 

characteristics of the fibers and the matrix, the pull-out resistance can be kept constant 

[13,15]. In this sense, it is worth mentioning that, although the inclination does not always 
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produce an increase in resistance, it does increase the energy absorbed by the fibers. The 

latter is observed for both types of fibers (Figure 2.1-6). 

Comparing the two types of fibers, it is concluded that hooked-end fibers are much 

more efficient, since the additional strength mechanism generated by the hook leads to an 

increase in both pull-out strength and fracture toughness. 

 

Figure 2.1-6. Indicative force vs displacement diagrams in pull-out test of straight and 

hooked-end fibers without or with inclination. 

2.1.5 Mechanical properties 

Plain concrete is characterized by high compressive strength, very low tensile strength 

and brittle behavior at breakage. The addition of steel fibers radically modifies its me-

chanical behavior, affecting both these and other properties. The main mechanical prop-

erties of SFRC are described below. 

Compressive strength 

It is generally accepted that the presence of fibers does not significantly improve com-

pressive strength, at least for the usual contents (< 2%). However, they do affect the 

stress-strain diagram (σ-ε). In particular, the strain under maximum load is higher in 

SFRC than in plain concrete, due to the ductility provided by the fibers. Moreover, during 

the unloading branch, while in plain concrete there is a steep drop, in SFRC the slope is 

much smoother; i.e., the fibers contribute a large increase in toughness and residual com-

pressive strength. 
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The greater or lesser toughness depends on multiple factors, among which the fiber 

content, slenderness, fiber-matrix adhesion or fiber orientation with respect to the direc-

tion of load application, among others, stand out. 

Modulus of elasticity 

It is observed that the usual fiber contents do not produce relevant improvements in 

the value of the modulus of elasticity, so it can be assumed that it remains constant. 

Tensile strength 

In general, the addition of fibers does not contribute to increase the ultimate direct or 

uniaxial tensile strength, at least for moderate contents (≤ 1%). However, it is found that 

high dosages of very slender fibers can cause significant increases in tensile strength. 

The σ-ε diagram under uniaxial tension varies significantly as a function of fiber con-

tent, slenderness and shape, among other aspects. When the content and/or slenderness 

are low (low-performance SFRC), the diagram is very similar to that of plain concrete, 

with a sharp drop in stress after reaching the maximum value. The difference is that, after 

that drop, the fibers are able to support a certain level of load, providing ductility to the 

material; this is known as strain-softening. As the performance of the SFRC improves 

(more slender fibers and/or in greater quantity), the stress drop after cracking of the con-

crete is reduced until it reaches a point where it disappears and the material deforms plas-

tically (plastic deformation). Finally, for very high contents and/or very slender fibers, 

strain-hardening occurs, i.e., after reaching the cracking stress, the fibers can support 

more load. 

Finally, it follows from the above that in all cases the addition of fibers causes an 

increase in fracture toughness, which is all the greater the slimmer the fibers and the 

higher their content. 

Flexural strength 

The addition of fibers greatly affects the flexural behavior of concrete. In relation to 

plain concrete, the flexural strength can be maintained or increased, which depends on 

the performance of the SFRC, i.e. on a set of factors such as the number of fibers, their 

slenderness, their geometrical shape or the fiber-matrix bond. In this regard, it is worth 

mentioning that the presence of fibers has a much greater influence on the flexural re-

sponse of concrete than on the uniaxial tensile or compressive response [16]. It is 
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observed that the flexural strength can be increased even for relatively low contents, 

whereas in the case of tensile strength a larger volume is required. 

The flexural strength of SFRC can be evaluated in different ways, although in practice 

all normative tests are summarized in prismatic specimens, with or without notch, sub-

jected to bending at 3 or 4 points. In the first case, the load is applied in the center of the 

span, and in the second, in the central thirds. The type of bending test taken as reference 

in this document is the one described in the UNE-EN 14651 standard [7] (Figure 2.1-7), 

equivalent to the RILEM TC 162-TDF [17]. 

 

Figure 2.1-7. Three-point bending test setup according to [7]. 

The flexural behavior of SFRC can be analyzed through the load-CMOD (crack 

mouth opening displacement) diagram obtained from the above mentioned tests. Figure 

2.1-8 shows this diagram for plain concrete and different types of SFRC. 

 

Figure 2.1-8. Load vs CMOD diagram in static flexural test with the behaviors that plain 

concrete (PC) and fiber reinforced concrete (SFRC) can show. 
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The first linear-elastic section is identical in all cases, since it is governed by the ma-

trix, which bears practically all the stresses. The resistance mechanism of the fibers does 

not begin to mobilize until cracks appear. This means that the first crack resistance (Pf) 

depends almost exclusively on the matrix, so that the usual fiber contents hardly improve 

it. Once the concrete starts to crack, instead of a sudden drop in load and specimen failure, 

as would occur in plain concrete, 3 situations can occur: 

a) Strain-softening: The fibers do not resist more load, so the load decreases with 

crack opening. However, they provide a large increase in toughness compared to 

plain concrete. Consequently, the maximum flexural strength coincides with the 

first crack strength (Pmax = Pf). 

b) Plastic deformation: The fibers maintain the load up to high CMOD levels (> 0.1-

0.2 mm), after which it decreases. In this case, again it is fulfilled that the maxi-

mum flexural strength coincides with that of first crack (Pmax ≈ Pf), or at most 

increases slightly. However, the difference in relation to the strain-softening situ-

ation is that the fibers absorb more energy and therefore the fracture toughness is 

higher. 

c) Strain-hardening: The strength mechanism of the fibers is able to take more load 

than that of the matrix, causing an increase in flexural strength. The fibers provide 

ductility to the concrete, so the maximum load occurs for high CMOD values. 

Therefore, it is satisfied that Pmax > Pf. This is the only situation in which there are 

really significant increases in flexural strength with respect to plain concrete, 

which can be more than 100%. 

Fatigue 

The response of SFRC to dynamic fatigue loading will be discussed in subsection 2.2, 

with emphasis on bending fatigue. 

Other mechanical properties 

Steel fibers help to control cracking by distributing it and reducing crack width. This 

means that they can improve the durability of concrete (reduction of reinforcement cor-

rosion, increased resistance to chloride attack, etc.). In addition, fibers improve other 

properties of concrete, such as impact resistance, abrasion resistance or control of crack-

ing due to thermal actions. In other situations, steel fibers are not as suitable, as in the 

case of fire resistance, where polypropylene fibers are more effective. 
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2.1.6 Applications 

SFRC began to be used in the building and civil engineering sectors in the 1970s. Its 

traditional applications, which are still in use today, are pavements, subway lining and 

water retaining structures. 

In pavements, steel fiber concrete is used to control and reduce cracking, which allows 

for increased joint spacing. In addition, due to improved flexural behavior, thicknesses 

can be reduced. SFRC is also commonly used in the construction of high-performance 

pavements, such as those in airports and military areas, which require high resistance to 

impact and abrasion. Finally, another common use is the repair of existing pavements by 

means of overlays. 

In subway works, such as tunnels or mines, SFRC is used to execute the resurfacing, 

either in the form of shotcrete or to manufacture precast segments. The fibers provide 

very interesting properties, such as increased stiffness and reduced cracking, preventing 

possible leaks. 

 

Figure 2.1-9. Execution of lining, in this case of a slope, with projected fiber concrete. 

In hydraulic works, the most interesting property of SFRC is the control of cracking, 

which leads to a reduction in leakage and an increase in durability. Consequently, it is 

used in the construction of water containment structures, such as canals and reservoirs. In 

addition, it is also used in dam spillways, as it offers good resistance to cavitation and 

erosion. Finally, another application in dams is the construction or repair of stilling basins, 

due to its high resistance to impact. 
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Although fiber-reinforced concrete is a material that has been known for more than 

50 years, so far its most common applications do not have a great structural responsibility, 

or even it is usual that they are not taken into account for the strength calculation. The 

explanation is due, on the one hand, to the lack of systematic design procedures such as 

those that exist for reinforced and prestressed concrete and, on the other hand, to the in-

ertia to change that the construction industry has always had. 

However, it is to be expected that, with the advances in the research of this material 

and the increase in published experiences, the applications with a structural role of fibers 

will become more widespread. Some recent examples are the construction of slabs in 

which the traditional reinforcement is completely replaced or the construction of wind 

turbine foundations. 
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2.2 Fatigue in concrete 

This section describes fatigue in concrete; specifically, bending fatigue in steel fiber-

reinforced concrete, since this is the field of research in which this doctoral thesis is 

framed. First, the phenomenon is described, highlighting its current interest. Secondly, 

some general concepts related to fatigue are introduced. Thirdly, the factors influencing 

fatigue are indicated, distinguishing between those related to loads and those due to the 

presence of fibers. Finally, the fatigue damage process is described, including its main 

indicators. 

Most of the fatigue research in concrete is focused on uniaxial compressive fatigue, 

so very relevant references addressing the state of the art of this field can be found in the 

literature [18–20]. In contrast, flexural fatigue has been studied much less, although it is 

true that there is a growing interest, especially in the case of SFRC. Therefore, despite the 

fact that flexural fatigue will be addressed, in some aspects it will be unavoidable to refer 

to compressive fatigue. 

2.2.1 Introduction 

Fatigue is defined as a process of mechanical degradation of a material leading to its 

failure, produced when it is subjected to a cyclic action whose maximum value is lower 

than the static strength. This phenomenon can occur in any building material (steel, alu-

minum, concrete, etc.) and under repetitive stresses of any nature (compressive fatigue, 

bending fatigue, torsional fatigue, etc.). 

The study of fatigue of materials began in the mid-19th century, motivated by a series 

of structural failures that apparently could not be explained by classical mechanics. The 

best known is the Versailles railway accident of 1842, due to the sudden breakage of one 

of the axles of a locomotive. The Scottish engineer W. Rankine discovered that the failure 

had not been caused by excessive overloading, but by the birth of a crack at a point of 

stress concentration, which had been growing due to the repeated action of the loads. 

During the following decades, the first research on fatigue was carried out, focused ex-

clusively on metals. Of particular note was the work of Wöhler, who laid the foundations 

of the theory of fatigue in metals, demonstrating that fatigue depended on the range of 

stresses and not on the maximum stress, and proposing the use of stress-number of cycles 

(S-N) curves to evaluate the fatigue response of the elements. 
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Figure 2.2-1. Stress range in a fatigue test and S-N curve for characterizing the fatigue re-

sponse of a material. 

The first investigations of fatigue in concrete date back to the end of the 19th century, 

although it is true that the most significant advances did not occur until the 1970s. Aas-

Jakobsen and Lenschow [21] adapted Wöhler's S-N curves for metals to concrete, deter-

mining that fatigue life depends not only on the stress range (Δσ), but also on the stress 

level (Smax). From that time on, the most relevant research works on fatigue in concrete 

began to be developed, which will be cited throughout this section. 

Concrete fatigue is very different from that of metals. A first difference is that in steel, 

tensile fatigue is usually studied, since it is normally the limiting stress, critical in some 

aspects such as welds. In concrete, on the other hand, compressive fatigue is more inter-

esting. 

The mechanisms of tensile failure in metals, on the one hand, and compression failure 

in concrete, on the other, are radically different. On the one hand, steel is a homogeneous, 

isotropic material with linear-elastic behavior. Cyclic loads cause a crack to develop from 

imperfections in the material at the crystalline level. When the crack reaches a critical 

length, failure occurs. In the scientific literature there are a good number of crack growth 

equations that allow estimating the fatigue life of metals, such as the Paris Law [22], one 

of the first and most widely accepted. All of them propose that the fatigue response de-

pends fundamentally on the stress range (Δσ). 

On the other hand, concrete is a heterogeneous, anisotropic material with nonlinear 

behavior. It therefore requires a fracture mechanics model different from that of metals. 

When a crack appears in a concrete or steel element, a zone of non-negligible size with 

non-linear behavior develops at its face. In the case of metals, most of this zone is totally 

plasticized due to nonlinear hardening mechanisms, containing only a small area of frac-

ture generation. In contrast, in concrete this fracture process zone (FPZ) is much larger 

and is surrounded by a small ductile zone or zone of nonlinear behavior, as shown in 
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Figure 2.2-2 [23]. Consequently, concrete is considered a quasi-brittle material. With re-

spect to fatigue behavior, this implies that the response of concrete depends on both the 

stress range (Δσ) and the stress level (Smax), which is a fundamental difference with re-

spect to metal fatigue. 

 

Figure 2.2-2. FPZ in materials with brittle (a), ductile (b) and quasi-brittle (c) behavior 

(adapted from [24]). F indicates the fracture zone and N the zone of nonlinear or ductile 

behavior. 

The study of fatigue in concrete is of great interest for several reasons. Firstly, practi-

cally all concrete structures are subjected to cyclic loading, to a greater or lesser extent. 

Depending on the number of load cycles that occur during the lifetime of the structures, 

a distinction is made between low, high and very high cycle fatigue (Figure 2.2-3). 

 

Figure 2.2-3. Fatigue classes as a function of the number of cycles [25]. 

Thus, there are structures that undergo few load cycles, but with very high stress levels 

(such as a building during an earthquake), while others withstand a large number of cycles 

of small amplitude and low stress levels (for example, a dam or an offshore wind turbine 

subjected to waves). In addition, there are intermediate situations, such as a railway via-

duct subjected to the passage of trains. 

Secondly, fatigue, as an Ultimate Limit State, is gaining increasing prominence and 

in fact in some situations is a conditioning factor for structural design. The main reason 

is the development of high performance concretes, which leads to new structures requir-

ing less concrete volume and therefore being slenderer. As a result, variable loads (use 
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overload, wind, waves, etc.), which are capable of producing fatigue due to their cyclic 

nature, are increasingly accounting for a higher percentage of the total loads, to the detri-

ment of permanent loads (self-weight, dead loads, etc.). Some examples of concrete struc-

tures in which the fatigue ULS is of great importance are wind turbine towers or high-

speed railroad viaducts. 

Moreover, the way in which the fatigue phenomenon is approached in current stand-

ards is too simplistic and conservative, and a large part of the mechanical capacity of 

concrete is wasted. Therefore, advances in concrete fatigue are very important in order to 

develop more efficient standards that take into account the complexity of this mechanism. 

Finally, with respect to the particular case of flexural fatigue, it is a phenomenon that 

is as or more interesting than compressive fatigue, since, although concrete is mainly 

intended to withstand compression, it is not very common for failure to occur for this 

reason. The field where flexural fatigue is of greatest interest is fiber-reinforced concrete 

(specifically, SFRC), due to the residual strength they provide to resist tensile stresses. In 

plain concrete, on the other hand, it is not so relevant, and is reduced almost exclusively 

to its application in pavements. 

2.2.2 General concepts of fatigue 

The most important general concepts related to concrete fatigue are described below. 

Fatigue life, stress levels and S-N curves 

The most common parameter to represent the fatigue behavior of a concrete element 

is the fatigue life, i.e. the number of load cycles (N) it is able to withstand until failure. 

However, the fatigue life depends on the stress levels between which the cycles oscillate, 

referred to as Smax and Smin. These are defined as the quotient between the maximum or 

minimum stress of the cycles and the static reference parameter. In the case of compres-

sive fatigue, this parameter is the compressive strength (fc), whereby: 

Sc,max=
σc,max

fc

 (2.2-1) 

Sc,min=
σc,min

fc

 (2.2-2) 

In the case of flexural fatigue in SFRC, the definition of stress levels is somewhat 

more complex. First, they are usually defined in terms of load, or equivalent stress at the 
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most tensioned point, being the ratio between these parameters (for the case of 3-point 

bending): 

σeq,fl=
3·Pfl·l

2·b·(hsp)
2
 (2.2-3) 

Where σeq,fl is the equivalent stress, Pfl is the load applied at the center of the span, l 

is the length of the specimen, b is its width and hsp is its depth at the center of the span, 

minus the notch depth. 

Secondly, there are several possibilities for the static reference parameter. The most 

common ones are the maximum stress over the whole test (σeq,max) and the stress corre-

sponding to the limit of proportionality (σeq,L) [7]. In the case where σeq,max is considered, 

as in this work, the stress levels of the flexural fatigue tests are defined as: 

Sfl,max=
σeq,max,fat

σeq,max

 (2.2-4) 

Sfl,min=
σeq,min,fat

σeq,max

 (2.2-5) 

Where σeq,max and σeq,min are the maximum and minimum cycle loads, respectively. 

Regardless of the type of fatigue (compression or bending), it is found that, given a 

Smin, the higher the Smax, the lower the fatigue life. Furthermore, given an Smax, the lower 

the Smin, the lower the fatigue life. Therefore, the fatigue life decreases with the increase 

of the cycle stress level and with the increase of the difference between Smax and Smin. 

It follows from the above that to fully characterize the fatigue behavior of a concrete 

it is necessary to perform a good number of tests systematically varying the stress levels. 

The way to represent the results are the so-called S-N curves, which relate the maximum 

stress level Smax to the number of cycles N. Moreover, since there are different minimum 

stress levels Smin, in fact a family of curves is obtained, and not a single one. 

There are different expressions for S-N curves for fatigue in concrete, although most 

of the research is focused on compressive fatigue. The main S-N curves related to flexural 

fatigue are summarized below. 

The equation proposed by Aas-Jackobsen [26], developed from Whöler curves for 

metals, was the first to take into account the minimum stress level (Smin) in the form of 

the stress ratio (R = Smin / Smax). 
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Smax=1-β·(1-R)·log(N) (2.2-6) 

Where β is an experimental adjustment parameter. Aas-Jackobsen [26] and Tepfers 

[27] recommended values for β in compressive fatigue in plain concrete of 0.064 and 

0.0685, respectively. In flexural fatigue in plain concrete, Oh [28] proposed a value of 

0.0690. 

Naaman and Hammoud [29] performed an experimental flexural fatigue campaign on 

SFRC with hooked-end fibers. They applied 3 maximum load levels (70%, 80% and 90% 

of the ultimate load in static bending), keeping the minimum load level at 10%. Therefore, 

they proposed an expression for the S-N curve in which only Smax is taken into account. 

Smax=0.9302-0.0368·log(N) (2.2-7) 

Singh and Kaushik [30] carried out a large number of 4-point flexural fatigue tests on 

SFRC specimens containing 1.5% corrugated fibers. As a result, they developed an equa-

tion incorporating the effects of the maximum load level Smax, the ratio between the max-

imum and minimum loads R and the survival probability LR. 

Smax=C1·(N)
-C2·(1-R)

 (2.2-8) 

Where C1 and C2 are experimental coefficients that also depend on the chosen sur-

vival probability. Since fatigue results have a large scatter, this probabilistic approach is 

very interesting, giving rise to S-N-P curves; i.e., stress-number of cycles-failure proba-

bility (Figure 2.2-4). 

 

Figure 2.2-4. Example of S-N-P curve [31]. 
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More recently, Banjara and Ramanjaneyulu [32] presented an S-N curve expression 

for flexural fatigue in SFRC considering the average effect of various fiber contents. 

Since Smin was kept constant with a value of 20% of the ultimate load in static bending, 

this equation does not take into account its effect. 

Smax=1.1633-0.0783·log(N) (2.2-9) 

It is worth mentioning that there are other classical S-N curve formulations, but they 

have not been included because they are focused on pure compressive or tensile fatigue; 

among them, those of Hsu [32], that of Eurocode 2 [1], or that of Petkovic, on which the 

2010 Model Code [33] is based, stand out. 

A comparative plot of the S-N curves for flexural fatigue described is included below. 

In those cases where the formulation contemplates it, the average parameters correspond-

ing to this research work have been included. 

 

Figure 2.2-5. Comparison of S-N curves for flexural fatigue, according to several authors. 

It is observed that, for the maximum stress level Smax of 0.80 considered in this work, 

the most conservative S-N curve is that of Singh and Kaushik, with an estimated fatigue 

life of 1,000 cycles. The Aas-Jackobsen and Naaman & Hammoud expressions give prac-

tically identical results of about 3,500 cycles. Finally, the Banjara & Ramanjameyulu 

equation is the one that estimates a higher fatigue life of about 40,000 cycles. 

In addition, new regression models have been developed in recent years to describe 

both fatigue life and cumulative damage evolution, mostly based on probabilistic or 
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Bayesian approaches. Some of these works propose new mathematical methods for fa-

tigue analysis [31,34,35]. 

Endurance limit 

In flexural fatigue, the endurance limit or fatigue limit is the maximum load level at 

which crack growth does not occur and thus the concrete has an infinite life under cyclic 

loading. However, at present it is not clear whether the endurance limit really exists, since 

it has been found that even very low load levels are capable of producing damage in 

concrete. Furthermore, research in this field has the major drawback that fatigue tests can 

be very time-consuming. 

Consequently, for practical purposes, the endurance limit is defined as the maximum 

load level for which, after a certain number of cycles, the accumulated fatigue damage is 

not sufficient to cause material failure. This implies that it is necessary to specify a min-

imum number of cycles for which it is assumed that the fatigue life of the material is 

infinite; that is, that even if it continues to be subjected to cycles of the same load level, 

the element will not collapse. In the usual situations in concrete, it is accepted that, if the 

element is able to withstand 2-106 without failure, its fatigue life can be considered infi-

nite for those load levels [29,36]. 

In the case of flexural fatigue in SFRC, some authors have set the endurance limit at 

around 65% of the ultimate load in the static flexural tensile test [29,37], although its 

value is sensitive to the characteristics of the concrete matrix and fibers. In addition, there 

are some experimental methods that allow estimating the endurance limit, being very use-

ful for the design of fatigue test campaigns; the most widely used are the Locati and 

Staircase methods [19]. 

Cumulative damage. Palmgren-Miner rule 

Throughout their service life, concrete structures are subjected to cyclic loads of var-

ying magnitude and for varying periods of time. For example, a wind turbine under wind 

action. However, to date, most of the fatigue research has been carried out under loading 

cycles with constant stress levels, and very few have studied the effects of random loading 

cycles. 

When it is intended to estimate the fatigue life of a concrete element that has a certain 

loading history (i.e., it has withstood a certain number of cyclic load series with different 
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maximum and minimum stress levels), it is usual to resort to the Palmgren-Miner rule or 

linear damage accumulation hypothesis [38]. 

This hypothesis is based on the concept of cumulative damage. Each series of cyclic 

loads causes a certain percentage of damage, calculated as the quotient between the num-

ber of cycles applied and the maximum number of cycles to collapse for that type of 

cycles, which is determined from the S-N curves. The total accumulated damage is the 

sum of the damage caused by each series of cyclic loads, and when this reaches 100%, 

fatigue failure occurs (Eq. (2.2-10)): 

D= ∑ Di

n

i=1

= ∑
ni

Ni

n

i=1

 (2.2-10) 

Where D is the global cumulative damage (fatigue collapse occurs when it reaches 1 

or 100%), ni is the number of cycles applied at certain stress levels and Ni is the number 

of cycles that cause failure at those stress levels. 

Traditionally, the Palmgren-Miner rule has been widely used because of its simplicity; 

in fact, it appears in structural codes such as the 2010 Model Code [33]. However, there 

are numerous publications showing that this hypothesis does not fit too well to the fatigue 

response of concrete elements subjected to different series of cyclic loads [39,40]. This 

can be explained for several reasons. On the one hand, the damage superposition principle 

is assumed (i.e., the damage caused by a given series of cyclic loads is independent of the 

previous loading history), which is not fulfilled in concrete due to its nonlinear behavior 

in fatigue. On the other hand, very relevant aspects are not taken into account, such as the 

negative effect of isolated load peaks, the positive effect of maintained loads (as long as 

they do not exceed a certain value) or the positive effect of fatigue maturation [41,42], 

which will be discussed later. 

Fatigue dispersion. Weibull distribution 

A singular characteristic of fatigue tests on concrete is that, even when performed on 

apparently identical specimens (same dosage and even batch) and under the same load 

levels, they show a very high dispersion of results, which in some cases can reach 2 or 

more orders of magnitude. This is verified in both compressive and flexural fatigue, and 

in both plain concrete and fiber-reinforced concrete. Therefore, when designing an exper-

imental fatigue campaign, it is essential to perform a sufficient number of identical tests, 

obtaining the statistical distribution of the results and their representative values. In this 
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sense, it is very interesting the work of Ortega et al. [43], which performs a statistical 

study on a large specimen of experimental data of fatigue by compression, determining 

the number of tests to be performed to obtain a certain error in the fatigue life, also con-

sidering the probability of failure. In practice, due to time and cost constraints, in most 

experimental concrete fatigue campaigns between 10 and 15 tests per series are per-

formed. 

Different mathematical probability models exist to describe fatigue outcomes statisti-

cally. The log-normal distribution function was widely used, although it was finally dis-

carded because its hazard function decreases with increasing fatigue life, which is not 

consistent with the progressive deterioration observed in concrete subjected to cyclic 

loading [44]. Currently, the two-parameter Weibull distribution function is the most com-

monly used to statistically describe fatigue data, due to its physically valid assumptions, 

robust experimental verification, relative ease of use, and better developed statistics, 

among other aspects [45]. Moreover, numerous papers reveal that this function fits rea-

sonably well to both compressive and flexural fatigue data, and in both plain concrete and 

SFRC [37,46]. 

The Weibull cumulative distribution function can be expressed as: 

F(x)=1-exp{-(x/λ)
𝛽

} (2.2-11) 

Where x is the specific value of the random variable log(N) (number of cycles to 

failure), β is the Weibull shape parameter and λ is the scale parameter. The shape param-

eter β is related to the dispersion, so that the higher its value, the lower the variability of 

the results. On the other hand, the scale parameter λ is related to the characteristic fatigue 

life, so that, the larger it is, the greater the fatigue life. 

Finally, there are other probabilistic models that have proven to have a very good fit 

to fatigue data, as is the case of the three-parameter Weibull distribution proposed by 

Saucedo et al. [31] in compressive fatigue, and successfully applied later by Ríos et al. 

[47] in flexural fatigue. 

2.2.3 Factors affecting fatigue 

The fatigue response of concrete is conditioned by a series of factors, which can be 

divided into those related to the load and those due to the presence of fibers, in the par-

ticular case of fiber-reinforced concrete. 
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2.2.3.1 Related to loading 

The load-related variables that most affect the fatigue behavior of concrete are load 

levels and frequency. 

Load levels and range 

The maximum and minimum load levels Smax and Smin are the parameters that most 

influence the fatigue life of concrete elements. In fact, as already discussed in detail in 

the previous subsection, the fatigue response of concrete is characterized by the S-N 

curves, which precisely relate the load levels to the number of cycles to failure. It is found 

that the fatigue life decreases with increasing maximum load level Smax. Equivalently, the 

lower the load ratio R = Smin/Smax, the lower the fatigue life (Figure 2.2-6). In conse-

quence, the choice of loading levels is a fundamental aspect in the design of any experi-

mental fatigue campaign. 

 

Figure 2.2-6. Aas-Jackobsen S-N curves [21] for flexural fatigue, considering different 

loading ratios. 

Frequency 

The frequency of load cycles influences the fatigue life of concrete. A large number 

of investigations have been carried out in this respect, although most of them are focused 

on compressive fatigue in plain concrete. Some authors suggest that, when Smax is less 

than 75% of fc, frequencies between 1 and 15 Hz have little influence on fatigue life 

[48,49]. 
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The first concrete fatigue model in which the loading frequency was analytically con-

sidered was the one developed by Hsu [25], who proposed two S-N curves considering 

low and high number of cycles fatigue, respectively. Other later models that took this 

factor into account were those of Furtak [50] and Zhang [51]. More recently, Saucedo et 

al. [31] developed a probabilistic fatigue model, applicable to both plain concrete and 

fiber-reinforced concrete. It is worth mentioning that in all the above models it is estab-

lished that, as the frequency decreases, so does the fatigue life (Figure 2.2-7). Medeiros 

et al. [52] found that the fatigue life of plain concrete could be up to an order of magnitude 

lower at low frequencies (1/16 Hz) than at high frequencies (4 Hz). 

 

Figure 2.2-7. Number of cycles to failure vs loading frequency, according to different fa-

tigue models [52]. 

Regarding SFRC, the work of Medeiros et al. is also very interesting, since it is ob-

served that the presence of steel fibers practically eliminates the influence of frequency 

on fatigue life, at least for the range studied (1/16 to 4 Hz). 

2.2.3.2 Presence of fibers 

The addition of fibers modifies the mechanical characteristics of concrete, and there-

fore its fatigue response. In this sense, Johnston et al. [53] concluded that the most deter-

minant factor in the fatigue life of SFRC is the fiber content, while other factors, such as 

slenderness or shape, are secondary. 
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Germano et al. [54] carried out an experimental study of flexural fatigue in SFRC, 

considering different load levels (15-65%, 25-75% and 35-85%) and fiber contents (0%, 

0.5% and 1.0%). The results were very interesting (Figure 2.2-8). On the one hand, it is 

observed that the presence of fibers improves fatigue life for high load levels (low-cycle 

fatigue). However, this effect fades with decreasing load, to the point that fibers worsen 

the fatigue life for load levels of 15-65%. On the other hand, the fatigue strength is higher 

in specimens with the fiber content of 0.5% than 1.0%, and furthermore this is true for all 

load levels. This suggests that there is an optimum fiber content in terms of fatigue re-

sponse. 

 

Figure 2.2-8. S-N curves for plain concrete and SFRC with 0.5% and 1.0% fibers [54]. 

Other works have been published that conclude that fibers improve the fatigue life of 

concrete, but only up to a certain volume [46,55,56]. Vicente et al. [55] performed flex-

ural fatigue tests on pre-cracked specimens with 1% and 2% fiber contents. He observed 

that, while the residual flexural strength increased with fiber dosage, the fatigue life re-

mained practically constant. Poveda et al. [46] studied the effect of different fiber contents 

(0, 0.2, 0.4, 0.6 and 0.8%) on the compressive fatigue response of self-compacting con-

crete. They concluded that low amounts do not produce significant improvements; how-

ever, intermediate dosages are able to increase the fatigue life by up to five times com-

pared to that of plain concrete. They found that the optimum fiber content is 0.6%, and 

that above 0.8% there is a significant deterioration in fatigue behavior. This is attributed 
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to the fact that high fiber contents distort the matrix, producing pores and imperfections 

that favor the development of cracks. 

In conclusion, it can be stated that the addition of fibers improves the fatigue response 

of concrete, both in flexure and compression, but only under certain conditions of load 

levels and fiber contents. Further research is required in this field, so it is advisable to 

make a detailed study of each particular case. 

Additionally, a nuance should be made in relation to flexural fatigue studies in SFRC. 

Sometimes, the static parameter taken as a reference to establish the load levels is not the 

absolute maximum load of the flexural tensile test (Pmax), but the load corresponding to 

the limit of proportionality (PL) or similar (Figure 2.2-9) [37,57]. This is not a problem 

when the SFRC behavior is strain-softening, since in that case Pmax ≈ PL. However, when 

strain-hardening occurs (Pmax > PL), this leads to overestimation of the fatigue life of the 

SFRC, since a critical failure parameter is not taken as a reference. Consequently, to state 

in these cases that fibers improve fatigue life is not scientifically rigorous, since this fact 

is explained by an improvement in static flexural strength that is not taken into account 

when defining fatigue loads (Figure 2.2-9). 

 

Figure 2.2-9. Load vs CMOD curve in static flexural tensile test of SFRC with strain-hard-

ening behavior. Example of the underestimation of fatigue loads that could be committed 

by considering PL instead of Pmax as reference. 

As can be noticed, the parameter related to the fibers that has been most studied in 

relation to fatigue strength is the content, while in others (shape, slenderness, orientation, 

etc.) the works are much smaller. 



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 62/369 

 

In the case of orientation, most publications analyze its influence on the static response 

of concrete. There are numerous investigations that show that the residual flexural 

strength is higher when the fibers are oriented perpendicular to the crack plane [58,59]. 

A very interesting work is that of Mínguez et al. [58], in which the distribution of the 

fibers is studied by means of micro-computed tomography, proposing an expression that 

relates the residual flexural strength to the orientation and density of the fibers located in 

the vicinity of the crack plane. A similar conclusion is obtained in González et al. [60], 

from the same research group, although this time linking the fiber orientation with the 

fracture energy and tensile strength of SFRC according to the wedge splitting test. With 

respect to fatigue, one of the few published articles is that of Vicente et al. [61], which 

studies the effect of orientation on the compressive fatigue of SFRC. It is concluded that 

the fatigue life is higher when the fibers are more perpendicular to the loading axis, which 

is explained by the bridging effect of the vertical cracks produced by the Poisson effect. 

In general, the works that analyze the influence of the geometrical parameters of the 

fibers on the fatigue response of concrete are scarce. This is because, in order to establish 

robust correlations, it is essential to know the exact location and position of the fibers in 

each specimen, which is only possible by means of techniques such as micro-computed 

tomography, which are not always accessible. Any other method, such as inductive test-

ing, which provides average values of the number and orientation of fibers, has an inher-

ent scatter which, added to that of the fatigue tests themselves, usually leads to inconclu-

sive results. 

2.2.4 Fatigue damage 

2.2.4.1 Fatigue damage mechanism 

Cyclic fatigue loading causes progressive internal damage in concrete that can be 

evaluated according to three levels [62]: microstructural, mesostructural and macrostruc-

tural. The last two are the most interesting in relation to this work, since the first one is 

related to the physical and chemical bonding mechanisms of hydrated calcium silicate 

crystals, which is outside the scope of concrete fracture mechanics. 

Mesostructural level 

At the mesostructural scale, SFRC consists of the following phases [63]: matrix (ce-

ment paste and coarse aggregate), fibers, fiber-matrix interface, and coarse aggregate-
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cement paste interface. When cyclic fatigue loads are applied, these phases suffer some 

damage, the most common being: 

- Crack formation and growth at the coarse aggregate-cement paste interface due to 

the difference in stiffness between the components and to stress concentration 

phenomena. Some authors argue that part of this microcracking appears even be-

fore the application of loads, as a result of the cement hydration process itself. 

- Relative movements of the fibers with respect to the matrix, resulting in surface 

abrasion and damage at the fiber-matrix interface as a result of the cyclic sliding 

process. 

Consequently, it can be stated that the weakest zones of the SFRC are the coarse ag-

gregate-matrix and fibers-matrix interfaces, and thus are the locations where fatigue 

cracks originate and grow [63]. 

 

Figure 2.2-10. Cracking growth processes in a concrete element subjected to flexural fa-

tigue [63]. 

The fatigue crack growth process determines the fatigue life of SFRC elements, and 

according to Zhang et al. [63] it can be divided into two stages: crack initiation and crack 

growth (Figure 2.2-10). As an example, an SFRC beam subjected to 3-point flexural fa-

tigue with cycles of constant amplitude ranging from a maximum (Mmax) to a minimum 

(Mmin) moment can be taken. When Mmax > Mfc, where Mfc is the cracking moment, the 

fatigue life of the beam is given by: 
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Nt=Nci+Ncg (2.2-12) 

On the other hand, when Mmax > Mfc, it follows that: 

Nt=Ncg (2.2-13) 

Where Nt is the total fatigue life, Nci is the fraction of fatigue life corresponding to 

crack initiation and Ncg is the part due to crack growth. The first term depends mainly on 

the characteristics of the concrete matrix, and therefore on aspects such as aggregate prop-

erties or pore structure (size distribution, porosity volume, etc.). On the other hand, the 

second term depends to a large extent on the cohesion forces in the fracture process zone 

(FPZ), located upstream of the crack front. In the case of SFRC, this mechanism is mainly 

governed by the bridging effect generated by the fibers themselves. 

In summary, the flexural fatigue life of a SFRC element can be divided into two parts: 

a first in a non-cracked situation governed by the concrete matrix, and a second in a 

cracked situation dominated mainly by the fibers. Depending on the fatigue load levels, 

both phases or only the second one may appear. 

Macrostructural level 

The damage mechanisms at the mesostructural level described above result in changes 

in the macroscopic properties of the concrete. The main indicators of damage in flexural 

fatigue are the variation of crack opening or CMOD, the variation of stiffness and the 

post-fatigue flexural strength. These aspects are discussed in detail in the following sub-

section. 

2.2.4.2 Fatigue damage indicators 

Variation of crack opening (CMOD) 

In compressive fatigue, cyclic loading causes progressive changes in the stress-strain 

diagram (σ-ε) throughout the fatigue life of the element. These modifications are basically 

summarized in an increase of the plastic or residual strain and a reduction of the dynamic 

modulus of elasticity [64]. Equivalently, in flexural fatigue, the load (or equivalent stress) 

versus crack opening diagram is taken as a reference, observing that the fatigue cycles 

produce an increase in the residual crack opening (CMODpl,i) and a decrease in stiffness 

(ki) in each cycle, defined as the straight line joining the reloading point with the inter-

section between the loading and unloading branches (Figure 2.2-11) [37,54,65,66]. 
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Figure 2.2-11. Load-CMOD curve in a flexural fatigue test in SFRC, indicating residual 

crack opening (CMODpl) and stiffness decrease with the number of cycles (Δki). 

In relation to this diagram, it is worth mentioning the envelope paradigm, according 

to which the ultimate crack opening (CMODf) of an element subjected to flexural fatigue 

is reached when the fatigue load-CMOD curve reaches the equivalent curve of the mon-

otonic flexural fatigue test (Figure 2.2-12). This paradigm is used as a failure criterion in 

many concrete fatigue models, and several authors have tried to verify it experimentally 

[37,54]. Carlesso et al. [37] propose that the increase in crack opening is constant with 

the number of cycles until the CMOD reaches the monotonic envelope (CMODe), at 

which point the damage process accelerates to failure (CMODf). Based on this, it is sug-

gested that CMODe depends mainly on the maximum load level (Pupp), while the load 

amplitude (Pupp-Plow) is strongly related to the number of cycles to failure. However, the 

envelope approach is not widely accepted in the scientific community, with several papers 

questioning its validity in both compressive and flexural fatigue [63,67,68]. 
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Figure 2.2-12. Monotonic envelope failure criterion in flexural fatigue [37]. 

Another very interesting diagram that allows the analysis of mechanical degradation 

in concrete due to flexural fatigue is the cyclic creep curve, which represents the crack 

opening versus the number of cycles (Figure 2.2-13). In general, in tests with uncracked 

specimens, this curve consists of three damage phases: 

I. Initially, there is a rapid increase in CMOD due to the emergence of microcracks 

at the edge of the notch. 

II. Afterwards, the CMOD increases appreciably steadily as a result of stable crack 

growth. Therefore, at this stage the upper envelope of the curve approaches a straight 

line, the slope of which is called the crack mouth opening rate (dCMOD/dn). 

III. Finally, unstable crack propagation occurs, resulting in a rapid increase in CMOD 

until failure. 

The slope of the upper envelope of the second phase is a very interesting parameter, 

since it is closely related to the fatigue life. In compressive fatigue, it is expressed in terms 

of strain, referred to as secondary strain rate (dε/dn). Sparks & Menzies [49] showed that 

there is a linear correlation between the logarithms of the secondary strain rate and the 

fatigue life, so that the higher the dε/dn, the lower the fatigue life. Numerous works have 

verified this relationship, known as Sparks and Menzies' law, proving that it is a property 

of the material, and therefore independent of the test parameters (load levels, frequency, 

etc.) [31,46]. This leads to the fact that dε/dn can be used as a basis for establishing fatigue 

failure criteria, as already proposed by Poveda et al. [46]. In this regard, it is worth men-

tioning that some authors claiming that the upper envelope of the CMOD vs N curve 

actually follows a continuous expression, fitting very well to Weibull-type cumulative 

distribution functions [69]. 
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Figure 2.2-13. CMOD-N diagram in flexural fatigue test in SFRC, showing damage stages 

and secondary crack opening rate. 

The few publications on this subject indicate that in flexural fatigue the Sparks and 

Menzies' law is also fulfilled, so that there is a clear correlation between the crack opening 

rate (dCMOD/dn) and the fatigue life [37,54]. It is noteworthy to mention the work of 

Germano et al. [54], who showed that this relationship holds true for plain concrete and 

SFRC with different fiber contents, and that it is independent of the levels of fatigue loads 

(Figure 2.2-14). Furthermore, they also concluded that the presence of fibers increases 

dCMOD/dn by up to an order of magnitude, probably due to their higher ductility and 

energy absorption capacity. 

 

I II III 

dCMOD/dn 
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Figure 2.2-14. Crack opening rate versus fatigue life in concretes with fiber contents of 0, 

0.5 and 1.0% [54]. 

Sometimes, the CMOD-N curve in flexural fatigue in SFRC looks like Figure 2.2-15; 

i.e., two distinct fatigue damage mechanisms appear, each with the characteristic shape 

(stages I, II and III) and its dCMOD/dn explained in Figure 2.2-13. The first mechanism 

comprises the fatigue of uncracked concrete, equivalent to the crack initiation stage pro-

posed by Zhang et al. [63] (see 2.2.4.1), and is characterized by a very small increase in 

CMOD due to higher stiffness. This type of fatigue is fundamentally governed by the 

concrete matrix, so the fibers are hardly involved. On the other hand, the second mecha-

nism consists of fatigue of cracked concrete, corresponding to the crack growth stage 

described in Zhang et al. (again, see 2.2.4.1). This fatigue type presents a much higher 

ΔCMOD, since the cyclic loads are mainly supported by the fibers, which provide higher 

ductility. Between the two fatigue mechanisms, there is a stiffness transition zone; i.e., a 

period in which the fatigue loads are progressively transmitted from the matrix to the 

fibers. 

This dual behavior does not always occur, since it depends on the response of the 

SFRC in static flexural bending (strain hardening and softening phenomena) and on the 

loading levels of the fatigue cycles, among other aspects. Moreover, there are very few 

works in the literature that address this phenomenon (Gebuhr et al. [70]). In part, this is 

explained by the fact that in a good part of the investigations pre-cracked specimens are 
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tested, so the first mechanism is eliminated. Consequently, further research is required in 

this field to determine under which conditions it occurs, whether one of the two mecha-

nisms is predominant (in terms of N), whether there is any relationship between the two 

crack growth rates, etc. 

 

Figure 2.2-15. CMOD-N curve in flexural fatigue test in SFRC, showing the fatigue mech-

anisms of uncracked and cracked concrete. 

Variation of stiffness 

Another damage indicator in flexural fatigue that is commonly studied is the stiffness 

degradation over the loading cycles [32,57,65,66]. This parameter can be considered 

equivalent to the dynamic modulus of elasticity in compressive fatigue, whose behavior 

is well known [71]. The stiffness, also called residual stiffness at each loading cycle (ki), 

is calculated as [65,72]: 

ki=
Fi

CMODtot,i-CMODpl,i

 (2.2-14) 

Where CMODtot,i is the CMOD corresponding to the lower point of load reversal, 

CMODpl,i is the CMOD associated with the point of intersection of the loading and un-

loading branches, and Fi is the difference between the loads corresponding to CMODtot,i 

and CMODpl,i. The determination of the stiffness ki is illustrated in Figure 2.2-16. 
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Figure 2.2-16. Schematic representation of the determination of residual stiffness for each 

load cycle [65]. 

As with the CMOD, the stiffness degradation with the number of cycles specimens 

shows three phases (Figure 2.2-17). In the first, there is a considerable decrease in stiff-

ness as a result of cracking at the notch face. In the second phase, an approximately linear 

reduction in stiffness is observed, associated with the period of stable crack growth. Fi-

nally, in the last phase, there is an accelerated drop in stiffness due to the unstable crack 

growth that culminates in the failure of the element. 

 

Figure 2.2-17. Variation of stiffness with the number of cycles in SFRC with different fiber 

contents (0.25% or 20 kg/m3, 0.50% or 40 kg/m3 and 0.75% or 60 kg/m3) [57]. 

Considering that stiffness is used as a damage indicator, some authors define the dam-

age of each Di load cycle as [57,65]: 

Di=1-
ki

k0

 (2.2-15) 
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Where ki is the stiffness of load cycle i and k0 is the stiffness of the first load cycle, 

corresponding to the undamaged material. The sum of the damage accumulated by suc-

cessive cycles ΣDi can range from 0 (intact material) to 1 (exhausted material). 

Finally, another way to evaluate the decrease in stiffness due to fatigue loading is the 

stiffness vs CMOD curve (Figure 2.2-18). In this regard, it is worth mentioning the work 

of Gebuhr et al. [66], where it is shown that, both in plain concrete and SFRC with dif-

ferent fiber contents (0.3, 0.7 and 1.5%), most of the stiffness loss (of the order of 70%) 

is concentrated at very low CMOD values (0-0.05 mm). 

 

Figure 2.2-18. Stiffness vs CMOD for SFRC with different fiber contents: (a) zoom in the 

range 0-0.06 mm, (b) general view [66]. 

Post-fatigue flexural strength 

Post-fatigue flexural strength is also occasionally used to evaluate damage due to flex-

ural fatigue loading [37,55,73]. Gonzalez et al. [73] studied the residual flexural strengths 

(fR,1 to fR,3, according to [33]) in SFRC specimens that had previously been subjected to 

different levels of damage, calculated as percentages of the characteristic fatigue life. The 

results revealed that the residual strengths decreased significantly proportional to the ap-

plied damage. In a later work, Vicente et al. [55] carried out a similar investigation, but 

considering SFRC with different fiber contents (1 and 2%). They concluded that the post-

fatigue flexural strength is highly dependent on the fiber dosage. The series with more 

fibers not only showed higher residual strengths for all crack openings, but also a smaller 

decrease of their values with increasing damage inflicted. 

A very interesting phenomenon with regard to post-fatigue strength is the so-called 

fatigue maturation, i.e., the increase in the strength of concrete after it has been subjected 
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to a certain number of cycles. In compressive fatigue, this phenomenon has been observed 

both at low stress levels (≈ 50% of fc), where it is supposed to be below the endurance 

limit, and at high stress levels (≈ 80% of fc) [41,42]. However, fatigue maturation depends 

not only on the strain levels, but also on the percentage of fatigue life consumed (Figure 

2.2-19). This is due to the action of two opposing mechanisms: microcracking of the con-

crete, which contributes to a decrease in strength, and another series of mechanisms that 

are not well understood and that improve strength (concrete recompaction, rehydration of 

the cement paste, autogenous repair, etc.). Consequently, more research is needed in this 

field. 

 

Figure 2.2-19. Model proposed by Mínguez [41] for the evolution of the residual compres-

sive strength over the fatigue life. 

In flexural fatigue, fatigue maturation has been studied even less. Carlesso et al. [37] 

performed monotonic tests on SFRC specimens that had exceeded the runout limit, con-

cluding that cyclic loading appeared to have affected the CMOD, but not the post-fatigue 

flexural strength. In fact, in most cases the maximum post-fatigue load was about 4% 

higher than the P0.5mm load taken as a reference to establish the fatigue cycles (Figure 

2.2-20). These results occurred in the specimens subjected to the lowest load levels (65% 

and 70% of P0.5mm), which could indicate that they were below the endurance limit. Fur-

ther study of this phenomenon is necessary, since the mechanisms that in principle explain 

fatigue maturation in compression (recompaction, etc.) do not seem to be compatible with 

the stresses generated in flexural fatigue. 
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Figure 2.2-20. Increased post-fatigue flexural strength in specimens that have exceeded the 

runout limit [37]. 
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2.3 Size effect on the mechanical response of concrete 

This subsection deals with the size effect on the mechanical behavior of structural 

concrete. First, the phenomenon is defined, highlighting its interest, and some related 

concepts are introduced. Secondly, the causes of the size effect on concrete strength are 

discussed, summarizing on the one hand the main universally recognized theories, and 

describing on the other hand other second-order causes, such as the wall effect. Next, a 

literature review of the main experimental works on the size effect in concrete subjected 

to flexural, compressive and fatigue loads is carried out, paying special attention to those 

related to SFRC. Finally, the influence of the mesostructure on the size effect is described. 

2.3.1 Introduction 

The size effect, also called the scale effect, basically consists of the decrease in 

strength observed in geometrically similar elements as their size increases. This phenom-

enon is characteristic of quasi-brittle materials, such as concrete, and has important im-

plications for structural design. Normally, the resistance of concrete to compressive 

stresses, flexural stresses, etc. is determined experimentally using small specimens, easily 

manageable in the laboratory. The results obtained are applied to the design of real struc-

tures, whose size can be up to two orders of magnitude larger. However, since the size 

range considered is affected by the size effect, this implies that the strength of the concrete 

in the specimens is higher than in the real structures, thus overestimating its value. 

In order to establish comparisons between elements of different scales and hence char-

acterize the size effect, it is taken as a reference the nominal stress at the moment of 

failure σN, defined as [74]: 

σN=cn·
Pmax

b·h
 (2.3-1) 

Where Pmax is the maximum or ultimate load, b is the thickness of the element, h is a 

characteristic dimension (edge, span, etc.) and cn is a coefficient introduced conveniently 

so that σN represents any suitable value of the stress. For example, when studying the size 

effect on the 3-point bending strength, it is usual that σN represents the maximum normal 

stress in the central section of the element, so that one has: 

σN = 
3·Pmax·l

2·b·h
2

 = cn·
Pmax

b·h
, con cn = 

3·l

2·h
 (2.3-2) 
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Where Pmax is the ultimate flexural load, l is the span between supports, b is the width 

of the specimen and h is the depth at the center section. 

The size effect occurs when geometrically similar elements of different dimensions 

do not have the same nominal stress at failure. This is the case for brittle and quasi-brittle 

materials, such as glass and concrete. In other cases, however, the nominal stress at failure 

is independent of the size of the element. This behavior is observed in ductile materials 

with plasticization, such as steel. 

 

Figure 2.3-1. Strength-size curve in concrete structures (adapted from [24]). 

Figure 2.3-1 shows the strength-size curve for concrete structures. The upper horizon-

tal asymptote represents a ductile type of behavior in which no size effect occurs. In these 

elements, an elastic or plastic analysis is applicable according to allowable strength cri-

teria. On the other hand, the asymptote with inclination m=-1/2 corresponds to a brittle 

type of behavior in which a strong size effect is observed. In these structures, the theory 

of linear elastic fracture mechanics (LEFM) is applied. In addition, some authors propose 

that a second horizontal asymptote exists, i.e., that the strength tends to a finite value for 

a theoretically infinite element size, which could be considered as the real intrinsic 

strength of the concrete [75]. 

As can be seen in Figure 2.3-1, the resistance behavior of concrete in real structures 

is in the transition zone, so that small elements (laboratory specimens) have a more ductile 

behavior, while large elements (real structures) have a more brittle response (Figure 

2.3-2). 
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Figure 2.3-2. Transition from ductile to brittle behavior with increasing size in concrete 

subjected to flexural stress (adapted from [24]). 

2.3.2 Causes of the size effect in concrete 

There are different causes that make the nominal strength of concrete dependent on 

the size of the elements. Bažant and Planas [74] propose six sources of the size effect: (1) 

boundary layer effect or wall effect; (2) diffusion phenomena, such as heat conduction or 

water transfer between pores; (3) heat of hydration or other phenomena associated with 

chemical reactions; (4) statistical size effect; (5) size effect related to fracture mechanics; 

and (6) size effect due to the fractal nature of cracking surfaces. The last three causes 

correspond to the three scientifically accepted theories for the study of the size effect in 

concrete, while the rest are other causes of different nature. 

2.3.2.1 Size effect theories 

The first studies on the size effect in concrete were approached from a probabilistic 

point of view, which can be illustrated by the chain model. The maximum load that a 

chain is capable of supporting is determined by the strength of its weakest link. Due to 

the randomness of the strength of the material, the longer the chain, the lower the value 

of strength that its weakest link is likely to have. In other words, the heterogeneity of 

concrete implies a higher probability that larger specimens will contain defects that can 

accelerate material failure. This statistical theory of the size effect was initially proposed 

by Mariotte in the early 18th century, although it was Weibull in 1939 [76] who made a 

decisive contribution, proposing the so-called Weibull distribution to describe the phe-

nomenon. 
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Decades later, attempts to explain the size effect in concrete from the viewpoint of 

fracture mechanics began. At that time, the theory of linear elastic fracture mechanics 

(LEFM), proposed by Griffith [77], was known. This theory was able to explain the strong 

size effect observed in brittle materials, such as glass or crystal, based on the existence of 

discontinuities and microscopic defects. However, the application of LEFM to structural 

concrete did not provide good results, concluding that the size effect in concrete was less 

aggressive than in brittle materials [78]. As a result, the need arose to develop a nonlinear 

fracture mechanics theory applied to quasi-brittle materials. 

The probabilistic theory of the size effect prevailed until the mid-1980s, when Bažant 

presented the size effect law in quasi-brittle materials [79]. It was the first deterministic 

theory to explain the size effect, making it possible to define a law of evolution of the 

failure nominal stress with respect to the size of the element. This first law was applicable 

to geometrically similar notched concrete specimens subjected to flexural bending, alt-

hough years later he proposed its generalization with the universal size effect law [79]. 

This theory is based on the process of crack growth in concrete. When concrete fis-

sures, a micro-cracking zone called fracture process zone (FPZ) is generated at the crack 

face. These micro-cracks are capable of transmitting traction to each other up to a certain 

limit, represented by the cohesive forces of the concrete in the inter-crack zone. When a 

certain load limit is reached, the micro-cracks interconnect with each other, so that they 

are no longer able to transmit cohesive forces. The connection between the micro-cracks 

constitutes the crack advance (Figure 2.3-3). 

 

Figure 2.3-3. Fracture process in plain concrete with identification of main zones. 
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The importance of this fact in relation to the size effect lies in the fact that the length 

of the FPZ is a property of the material, so that the same concrete has the same FPZ 

regardless of the size of the element. Moreover, the length of the FPZ is not negligible 

compared to the dimensions of the structures. Consequently, the proportion of energy 

released in the FPZ for a given crack length increment varies with respect to the element 

size. This fact affects the crack development and the value of the failure stress, causing a 

size effect. 

The fracture response of a material is strongly related to the size of the FPZ. Figure 

2.3-4 depicts the fracture process zones for a brittle, ductile and quasi-brittle material, 

where F indicates the fracture process zone and N the zone of nonlinear/ductile behavior 

of the advancing FPZ. It is observed that, at equal element size, materials with a shorter 

FPZ length present a more brittle behavior. Continuing with the reasoning, for the same 

material, the smaller the ratio between the FPZ length and the element size, the more 

brittle its behavior will be. This is the reason why small concrete structures have a more 

ductile response and large ones a more brittle response. 

 

Figure 2.3-4. FPZ in materials with brittle (a), ductile (b) and quasi-brittle (c) behavior 

(adapted from [24]). 

After the publication of Bažant's size effect law, new theories of the size effect 

emerged, also deterministic. However, in the mid-1990s Carpinteri put forward a theory 

based on fractals [76]. This researcher suggests that the process of crack formation and 

growth is conditioned by the fractal properties of the crack surface. Thus, as the fractal 

dimension (or roughness) of a crack varies depending on the scale considered, this causes 

a size effect on the tensile strength and fracture energy of concrete. 

Carpinteri's fractal theory has some acceptance in the scientific world, although it has 

also received several criticisms about its lack of physical or mathematical basis. Some 

authors point out that the fractal size effect cannot embody the nature of the size effect in 
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concrete because most of the energy is consumed in the propagation of microcracks and 

friction between surfaces, rather than in the formation of the surfaces themselves [80]. 

In conclusion, there are currently three globally recognized theories applicable to the 

study of the size effect in concrete: a probabilistic one, a deterministic one and a fractal-

based one. The most widely accepted is the deterministic theory proposed by Bažant 

through his size effect law in quasi-brittle materials. 

2.3.2.2 Other causes 

In addition to the size effect theories discussed in the previous subsection, other causes 

that may explain, at least partially, this phenomenon should be mentioned. 

The boundary layer effect or wall effect is the result of the fact that the concrete layer 

in contact with the wall of the mold or formwork has different properties from those inside 

the element, namely a lower content of coarse aggregate and therefore a higher amount 

of cement paste and fine aggregate. The size effect occurs because the thickness of the 

surface layer is independent of the size of the specimens, and also of the same order of 

magnitude as the coarse aggregate [74]. Consequently, in small specimens the surface 

layer occupies a large proportion of the cross section, while in large specimens it occupies 

a small part. 

In plain concrete, in most cases the contribution of the wall effect to the size effect on 

concrete strength is not very significant [74]. However, in SFRC it plays an essential role 

since it conditions the position and orientation of the fibers. Under bending, the fibers 

determine the residual behavior of the concrete, and even the ultimate strength if strain-

hardening occurs when the right conditions of dosage and fiber properties are met. The 

higher the ratio between the fiber length and the minimum element dimension, the more 

aggressive the wall effect will be, causing the fibers to tend to align preferentially in the 

direction of the specimen length, resulting in better flexural behavior (Figure 2.3-5). This 

is the reason why flexural testing standards set a maximum fiber length to minimum mold 

dimension ratio between 0.3 and 0.4 [6,7]. 
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Figure 2.3-5. Wall effect on fiber orientation in different size specimens with the same fi-

ber dosage and fiber length. 

The influence of the wall effect on the size effect in SFRC is not limited exclusively 

to flexural stresses. It is also observed that small cylindrical specimens give higher values 

of compressive strength, since they accentuate a preferential alignment of the fibers. 

Another possible cause of the size effect in SFRC subjected to bending is that, for the 

same nominal stress σN, the crack opening or CMOD increases with the specimen depth. 

Consequently, in large specimens, it is expected that the anchorage capacity of the fibers 

close to the most stressed edge is exhausted before the fibers close to the neutral fiber of 

the section fully cooperate, leading to a worsening of the flexural response. 

In concrete subjected to compression, the confinement due to friction between the 

plates of the testing machine and the faces of the specimen is greater as the element size 

decreases, which causes an increase in strength. Moreover, this effect is more pronounced 

in cubic specimens than in cylindrical ones, due to their lower relative slenderness [42]. 

Finally, other causes of the size effect in concrete are diffusion phenomena and heat 

of hydration [74]. On the one hand, the average diffusion times (i.e., cooling, heating, 

drying, etc.) are proportional to the square of the size of the structure. At the same time, 

diffusion processes modify the material properties, introducing residual stresses that in 

turn lead to inelastic deformation and cracking. For example, drying can lead to surface 

shrinkage cracking. Due to different drying times, the extent and density of cracking can 

vary between large and small elements, generating a different response. On the other 

hand, similar to the above, the mean hydration heat dissipation time in a concrete element 

is proportional to the square of its thickness. Therefore, larger elements heat up at higher 

temperatures, suffering non-uniform temperature increases that result in the appearance 

of cracks and desiccation, altering the properties of the material. 
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2.3.3 Size effect in bending 

Size effect in concrete subjected to flexural stresses is a well-known phenomenon 

[74,79], for several reasons. First, the size effect is a direct consequence of the theory of 

fracture mechanics applied to concrete; therefore, its analysis is an effective way to cali-

brate the parameters of any fracture model. Secondly, the development of fracture me-

chanics in concrete is based on the study of tensile cracks. Pure tensile tests in concrete 

are complex, so that bending tests of various types (at 3 or 4 points, in notched or un-

notched specimens) are usually used to obtain fracture properties (fracture energy, tensile 

strength, etc.). 

However, in the particular case of SFRC, experimental work on size effect is relatively 

scarce [81–86]. This fact may partly explain why the development of fracture mechanics 

in SFRC is still low compared to that of plain concrete [87–89]. 

The addition of steel fibers generates a bridging effect in the cracks, increasing the 

length of the fracture process zone of the material (Figure 2.3-6). This results in improved 

fracture behavior, i.e., an increase in the fracture energy and ductility of the concrete. 

Consequently, the size effect is expected to be smaller in SFRC than in plain concrete. 

 

Figure 2.3-6. Fracture process in SFRC with identification of main zones. 

Li et al. [81] observed that the incorporation of fibers reduces the structural size effect 

of concrete, shifting the size range in which the transition of brittle-ductile behaviors oc-

curs. Thus, when ductile failure is reached due to sufficient fiber bridging, the nominal 

stress depends mainly on the fibers and the properties of the fiber-matrix interface. Ngu-

yen et al. [86] investigated the size effect on the flexural behavior of high-strength hybrid 

SFRC. He noticed that not only size effect is produced on the ultimate flexural strength 
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(Pmax or PMOR), but also on the other parameters studied (normalized displacement, nor-

malized energy absorption capacity, etc.). Furthermore, he observed that the series with 

fewer fibers was more sensitive to the size effect, although he only compared two contents 

(1.5% and 2.0%) (Figure 2.3-7). 

Yoo et al. [85] studied the size effect in normal and high strength SFRC, considering 

different fiber contents and types (hooked-end and amorphous). The results showed that 

high-strength concrete is more sensitive to the size effect on flexural strength than normal 

concrete. In addition, the size effect decreased with increasing fiber volume, being more 

effective the addition of fibers in high-strength concrete than in normal concrete, which 

is explained by a better fiber-matrix adhesion. In another work by the same author [84], 

it was observed that a greater fiber slenderness reduced the size effect of SFRC, having a 

higher yield and providing more ductility. Likewise, it was determined that a possible 

explanation of the size effect is the worse fiber orientation in the larger specimens. 

  

Figure 2.3-7. Size effect on flexural strength in SFRC with different fiber content [86]. 

2.3.4 Size effect in compression 

The size effect in compressive failure of concrete has been studied much less than in 

the case of failure under tensile or flexural loads. This is explained by the fact that the 

damage mechanisms in compression are complex, since they are not controlled by a ma-

terial strength criterion but are mainly due to the release of energy stored in the structure 

[90]. Despite this, this failure mode is of great interest since its high brittleness makes it 

unpredictable and therefore dangerous. At present, there are not too many models to 
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describe the size effect in compressive concrete, the most accepted being Bažant's size 

effect law for compression (CSEL) [90]. However, the accessibility and simplicity of 

compressive strength testing has led to an extensive literature on experimental work in 

this field [91–96]. 

In SFRC, publications are still limited [42,83,97]. Fládr & Bílý [83] carried out an 

extensive experimental study on the size effect in high-strength SFRC. They fabricated 

six different series with compressive strengths ranging from 100 to 175 MPa, using cubic 

specimens of four sizes, from 40 to 200 mm on a side. They observed that the size effect 

decreased with increasing matrix strength and fiber content (Figure 2.3-8). This fact may 

be due to the fact that the higher relative stiffness of the matrix was counteracted and 

overcome by the increase in ductility due to the significant volume of fibers, up to 2.0%. 

Ortega et al. [42] analyzed the size effect in SFRC under both static and fatigue compres-

sive loads. For this purpose, they tested three series of cubic specimens (40, 80 and 150 

mm) made with the same concrete, which contained 0.3% of steel fibers. The results re-

vealed that there was no size effect on the static strength in compression, which was at-

tributed to the fact that the fibers provided ductility, inducing a plastic failure behavior in 

the material. 

 

Figure 2.3-8. Size effect on SFRC compressive strength. The dosages of the series vary in 

cement and fiber content; as an example, the C100 series has 500 kg/m3 and 0.75%, while 

the C175 has 750 kg/m3 and 1.75%. 
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2.3.5 Size effect in fatigue 

The size effect is a property of all failures in quasi-brittle materials; consequently, it 

affects not only the static strength, but also the fatigue response [98]. Most research fo-

cuses on the size effect in concrete under static loading since these tests are simple to 

perform and most structural design procedures are based on static properties. However, 

as mentioned in subsection 2.2, the fatigue strength of concrete is critical in certain appli-

cations, and therefore it is very interesting to know its interaction with the size effect. 

The most common way to approach the study of the size effect in fatigue, particularly 

in flexural fatigue in notched elements, is by adapting the well-known Paris-Erdogan law 

[22]. The Paris law states that the increase in crack length per cycle is a power function 

of the amplitude of the stress intensity factor. However, in concrete this is only true for 

one element size, so it is necessary to make the necessary adjustments to include the size 

effect, thus obtaining a general Paris law [23]. Typically, these generalizations are based 

on the determination of the equivalent elastic crack propagation rate. Other approaches to 

this phenomenon seek to model the fatigue crack propagation through a nonlinear analy-

sis, considering the cohesive stresses in the fracture process zone [99]. 

Most of the publications in this field deal with the flexural fatigue of plain concrete 

by examining the size effect on crack propagation arising from the notch. Bažant & Xu 

[23] were the first to propose the application of the Paris law to the study of the size effect 

in fatigue; to do so, they combined it with the size effect law for quasi-brittle materials 

under monotonic loading, previously developed by Bažant [79]. This led to a law in which 

the crack propagation rate per cycle is a power function of the amplitude of a size-adjusted 

stress intensity factor. Subsequently, Carpinteri & Spagnoli [100] did the equivalent, 

adapting Paris' law to their fractal-based size effect theory, called the multi-fractal scaling 

law. Zhang et al. [99] presented a semi-analytical method to predict the flexural fatigue 

behavior of concrete, based on the cohesive forces (cyclic bridging law) as the constitu-

tive relation of the material in tension. This model is applicable when the maximum bend-

ing moment is higher than the cracking moment; that is, it assumes that a crack already 

exists from the beginning of the fatigue life. Other notable works on the prediction of the 

size effect in fatigue are those of Ray & Kishen [101], who proposed a fatigue crack 

propagation model by means of a dimensional analysis, and Brake & Chatti [102], who 

performed an inverse analysis to calculate the bridging forces induced by fatigue cycles 

along a dominant crack. 
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It is worth mentioning that the applicability of the Paris law to predict the fatigue 

response of concrete has been criticized by several authors [99,103,104], claiming that, 

due to the significant size of the fracture process zone, this material normally exhibits 

nonlinear fracture mechanisms. Kirane & Bažant [104] introduced some modifications to 

the size-adjusted Paris law. In particular, they improved the estimation of the FPZ size, 

since they showed that the length of the cyclic FPZ was smaller than that of the monotonic 

FPZ. However, they recognized that the Paris law has certain problems, indicating that it 

is not able to model the continuous transition between crack growth under cyclic loads, a 

function of N, and crack growth under static loads, a function of time. 

Regarding SFRC, the works on this subject are very scarce, particularly in the case of 

flexural fatigue, where practically no relevant publications have been found in the avail-

able literature [105]. In compressive fatigue, the available articles deal with experimental 

campaigns [42,97,106,107]. Sinaie et al. [106] studied the fatigue response of cylindrical 

specimens of different diameters and slenderness, performing tests with displacement 

control. Ortega et al. [42] analyzed the size effect on the fatigue behavior by compression 

of cubic specimens of three sizes (40, 80 and 150 mm), containing 0.3% of steel fibers. 

A clear size effect on fatigue life was observed, attributed to the differences in the stress 

states of the specimens as a result of the different relationship between the macroscopic 

size of the specimen and the mesoscopic size of the internal structure of the concrete. 

Furthermore, another interesting conclusion is that the relationship between secondary 

strain rate and fatigue life, known as Sparks and Menzies' law [49], is not affected by the 

size effect, suggesting that it is an intrinsic relationship of the material. This same con-

clusion was reached by González et al. [97] in a subsequent study carried out with the 

same SFRC, but in this case with cylindrical specimens of the same slenderness (75x150, 

100x200 and 150x300 mm). In this experimental campaign, a marked size effect on fa-

tigue life was also detected, with different causes being proposed to explain it (statistical 

distribution of large pores, maturation or improvement of the compressive strength in-

duced by cyclic loading, etc.). Figure 2.3-9 shows the fit to the Weibull distribution of 

the fatigue life results of all the series tested in both papers. 
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Figure 2.3-9. Weibull fit of the fatigue life of series of cubic and cylindrical specimens of 

different sizes. All specimens were fabricated with the same SFRC and subjected to the 

same stress levels (20%-85% fc) [42,97]. 

2.3.6 Influence of mesostructure on size effect 

As indicated above, concrete is a strongly heterogeneous material. Since the size of 

its components is not negligible in comparison with the dimensions of the elements, it is 

to be expected that the properties of the concrete mesostructure have a significant influ-

ence on the size effect. For this reason, the study of concrete heterogeneities depending 

on specimen size and its relation to the mechanical response is a field of scientific interest. 

One of the most researched properties of the mesostructure is the coarse aggregate 

particle size distribution; specifically, the maximum aggregate size [82,92,93,108–110]. 

The reason is that this parameter is closely related to the length of the fracture process 

zone (Figure 2.3-3), which in turn determines the brittle-ductile behavior of the material, 

and consequently the size effect. In the late 1970s, Tanigawa & Yamada [92] already 

concluded that the specimen diameter/maximum aggregate size ratio significantly af-

fected the size effect on compressive strength. Alam et al. [108] studied the size effect on 

the flexural response of quasi-brittle materials, but instead of scaling the specimens, he 

scaled the maximum aggregate size (which he calls the heterogeneity size). He proposed 

a size effect law, based on Bažant's SEL, which included the ratio of element size to 

maximum aggregate size (D/dmax). In a later work by the same group, Zhu et al. [109] 

performed an experimental study in which they not only considered different specimen 

sizes and maximum aggregate sizes, but also scaled the entire aggregate particle size 
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distribution curve. They concluded that the behavior was more ductile as dmax increased, 

i.e., the size effect was reduced. In addition, they determined that the fracture energy 

increased linearly with increasing dmax, while the stiffness number decreased. 

In addition to the aforementioned components, an undesirable constituent is always 

present in concrete that significantly affects its mechanical response: pores. Several pub-

lications can be consulted that demonstrate the influence of porosity on the strength, stiff-

ness or fatigue behavior of concrete, among other aspects [111,112]. However, to date, 

few works have studied the influence of pores on the scale effect [42,97,113,114]. This 

is largely explained by the fact that it is a non-controllable and random parameter by 

nature. Moreover, porosity analysis requires the use of complex techniques, such as mi-

cro-computed tomography (microCT) (Figure 2.3-10) or mercury intrusion porosimetry. 

Różański et al. [114] used microCT to analyze porosity and pore size distribution in cy-

lindrical specimens of mortar and gypsum, which were then subjected to compression 

tests. Gonzalez et al. [97] also used microCT to study the influence of the wall effect on 

the size effect in compression of SFRC. He concluded that the outer layer of the smaller 

specimens, despite having a similar thickness to that observed in the larger specimens, 

presented more porosity and larger pores, which could perhaps explain the inverse size 

effect obtained in the compressive strength. 

 

Figure 2.3-10. MicroCT analysis of a concrete specimen subjected to compressive fatigue: 

(a) pores before testing, (b) pores and cracks after testing [31]. 

In the specific case of SFRC, fibers largely determine the fracture behavior of con-

crete; therefore, it is very interesting to study the influence of fiber distribution and ori-

entation as a function of specimen size. However, publications on this subject are still 

scarce. González et al. [97] analyzed by microCT the fiber orientation in SFRC specimens 



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 88/369 

 

of different sizes subjected to compressive fatigue. A certain wall effect was observed, 

although no significant results were obtained in relation to the size effect. Yoo et al. [84] 

carried out experimental work on the size effect under bending stresses in plain concrete 

and SFRC, varying the fiber type and slenderness. He analyzed the fiber orientations us-

ing image analysis techniques from high resolution photographs of crack surfaces. He 

concluded that the main reason explaining the size effect on the compressive strength of 

SFRC is the worse fiber orientation in the larger specimens, proposing different parame-

ters to characterize the fiber distribution. 

In addition to experimental work, several numerical studies on the influence of 

mesostructure on the size effect have also been carried out [113,115–117]. Wang et al. 

[113] analyzed by the finite element method (FEM) specimens of different sizes subjected 

to pure tension, considering coarse aggregates and pores with different contents, shapes 

and size distributions. Man & van Mier [116,117] used microCT to obtain the real 

mesostructure of concrete. Based on it, they studied the scale effect in bending and im-

proved the fracture network model in concrete. Suchorzewski et al. [115] used microCT 

images to model the mesostructure of concrete and study the scale effect in cylindrical 

concrete specimens subjected to indirect tension (Figure 2.3-11). 

 

Figure 2.3-11. Crack patterns in indirect tensile test on cylindrical specimens with diame-

ters ranging from 74 to 290 mm [115]. 
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2.4 Analysis of the mesostructure of concrete with micro-

computed tomography 

The purpose of this subsection is to present the applications of micro-computed to-

mography (microCT) for the study of concrete components. First, an introduction to com-

puted tomography (CT) technology is given, highlighting its combination with image 

analysis techniques, which is where its potential really lies. Then, the possibilities of mi-

croCT for the analysis of the concrete mesostructure, in particular, of the fibers in SFRC, 

porosity and cracks, are discussed. For this purpose, the most relevant publications are 

reviewed in each case, with special emphasis on those related to fatigue. 

2.4.1 Introduction 

2.4.1.1 Introduction to computed tomography 

Computed tomography is a non-destructive technology that makes it possible to ex-

plore the internal structure of matter. It is based on the attenuation or loss of energy ex-

perienced by X-rays when they pass through a body, which is governed by the Beer-

Lambert law (Eq. (2.4-1)): 

I=I0· exp [- ∫ μ(s) ds] (2.4-1) 

Where I is the final intensity of the X-ray beam, I0 is the initial intensity and μ(s) is 

the linear attenuation coefficient along its trajectory. The latter parameter depends mainly 

on the density ρ of matter along the X-ray path. It is found that the ratio μ/ρ is approxi-

mately proportional to Z3, where Z is the atomic number of the element. 

Consequently, the basic operating principle of CT is the direct relationship between 

the attenuation of X-rays and the density of the material they pass through. A CT scanner 

consists of three basic elements: an X-ray source, a flat-panel detector and a rotation base 

(Figure 2.4-1). The specimen is placed on the moving base, which rotates and moves 

vertically, so that each spot is traversed by X-rays in multiple directions. The CT scanner 

measures the attenuation of the beams (i.e., the difference between the intensity emitted 

by the source and that received by the panel), and finally calculates by interpolation the 

density at all points of the specimen. 
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Figure 2.4-1. Interior of a microCT unit and identification of main elements. 

CT technology has progressively improved over time. The conventional solution con-

sisted of a source emitting linear X-ray beams (fan beam), which were received by a linear 

detector. Nowadays, most CT equipment in industry and research uses cone beam sources 

emitting X-ray beams incident on a flat detector panel. Among its main advantages are 

shorter acquisition time, increased image resolution and improved results in the 3D re-

construction process. 

The practical result of a CT scan is a set of images (stack) in which each image rep-

resents a cross-section of the specimen at a given elevation. The software incorporated in 

CT scanners allows the reconstruction of the stack images, creating a three-dimensional 

image of the specimen. The resolution of a CT scan is defined by the size of the voxel 

(volumetric pixel), whose X and Y dimensions are given by the stack images, and whose 

Z dimension is the separation between consecutive images. Normally, voxels are cubic, 

so the resolution is indicated by a single value, given in microns. In addition, each voxel 

has a gray level that is associated with the average density of the specimen point it repre-

sents; for example, in 16-bit images, the gray range is between 0 and 65,535. Lower 

(darker) gray levels correspond to low densities, while higher (lighter) gray levels indicate 

high densities. 

It is worth mentioning that, for the same CT device, the resolution depends on the size 

of the specimen; specifically, on its cross-section. The smaller its dimensions, the higher 

the resolution. In any case, each CT scanner has a maximum achievable resolution, and 

this is where the difference between conventional CT and microCT lies. While in 
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traditional CT the maximum resolution is about 100 μm, microCT scanners are equipped 

with X-ray sources with microfocus tubes, capable of achieving resolutions of the order 

of 10 μm, or even less. 

On the other hand, the CT has certain limitations that should be pointed out. First, the 

specimen size is limited. Dense and very thick specimens absorb a large amount of en-

ergy, so the X-ray flux received by the detector is very low, resulting in poor quality 

images. On average, in microCT equipment the maximum cross-sectional dimensions of 

the specimens are about 15-20 cm, although it depends on the energy of the microfocus 

tube and the density of the material. Secondly, as already discussed, the resolution is a 

function of the specimen size and the type of scanner used. Consequently, when analyzing 

the mesostructure of a material, the maximum detectable defect size (pores, cracks, etc.) 

must be taken into account. Finally, since the basis of CT relies on the difference in den-

sity of the materials, the more similar the densities of the components of a specimen, the 

more difficult it will be for the CT equipment to differentiate between them; i.e., the gray 

level of the voxels representing each material will be very similar. In concrete, this can 

be a problem when, for example, distinguishing the coarse aggregate from the matrix. 

Possible alternatives in these cases are to improve the resolution (with smaller specimens, 

or with better scanners), or to use advanced segmentation procedures, such as those based 

on artificial intelligence (AI). 

2.4.1.2 Image analysis 

As mentioned, the result of a CT scan is a set of grayscale images, from which the 3D 

reconstruction of the specimen can be made. In materials engineering, the mere observa-

tion of CT images does not offer many possibilities, since what is really interesting is to 

quantitatively characterize the components of the internal structure of the specimen. This 

is precisely the goal of image analysis techniques. 

The post-processing of a CT stack by image analysis can be broadly divided into two 

stages: image preparation and segmentation of the specimen components or phases. On 

the one hand, the sample preparation tasks consist of: selecting the volume of interest, 

discarding what is irrelevant (surrounding air, etc.) and thus optimizing the computation 

time; repositioning the images according to the desired coordinate system, so as to facil-

itate the interpretation of the results; and applying filters to improve some aspect of the 

images (sharpness, etc.). On the other hand, the fundamental step is segmentation, i.e. the 
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separation of the different components of the specimen in order to determine their geo-

metrical properties. For example, the segmentation of the fibers in SFRC allows not only 

to obtain the real volume of fibers, but also to characterize them at the individual level, 

obtaining from each one its position, orientation, etc. There are different segmentation 

techniques, which are described below, ranging from the simplest to the most complex: 

a) Thresholding: This is the most immediate method and consists of selecting the 

voxels whose gray level is between certain values, so that this range of gray is 

associated with the density of a given component of the specimen. For example, 

in the SFRC specimens in this thesis, the fibers fit reasonably well in the range 

40,000-65,535 (Figure 2.4-2). However, there are several drawbacks to this tech-

nique. One of them is that the selection of the gray band responds to subjective 

criteria. In this regard, automatic methods have been developed to identify the 

components of a specimen from the shape of the gray distribution histogram; how-

ever, they are not very versatile and are successful only in certain situations. An-

other problem is that, when elements of the same material are in close proximity, 

thresholding groups them together because it is not able to recognize that they are 

different elements (Figure 2.4-2). Consequently, these problems reduce the quality 

of the analysis, making it difficult to interpret the results. 

 

Figure 2.4-2. Simple thresholding of fibers in a SFRC specimen and identification of er-

rors due to connected fibers. 

b) Watershed transform: This technique interprets grayscale images as a topographic 

map, in which the gray level of each voxel represents its height. Using auxiliary 

techniques, such as the distance transform, erosion/dilation processes, etc., it is 

possible to isolate the voxels of higher intensity to finally define the dividing lines. 

These lines divide adjacent "watersheds", i.e., elements that are theoretically in 



 

Section 2. STATE OF THE ART 

 

 

pg. 93/369 

 

contact. Figure 2.4-3 summarizes the watershed transformation process. This tech-

nique largely solves the drawbacks of simple thresholding. On the one hand, the 

level of objectivity is higher since the boundaries of the elements are defined au-

tomatically by the distance transform. On the other hand, it is able to differentiate 

elements of the same material that a priori are in contact. 

 

Figure 2.4-3. Process of the segmentation technique of watershed transform. 

c) Artificial intelligence (AI) models: There are particularly complex situations in 

which even the watershed transform does not give good results. For example, this 

is the case of fiber segmentation in the A3 series specimens of this work. Due to 

the large accumulation of fibers, false absorption halos appear in these specimens 

[118]. This is a type of artifact that appears when X-rays pass through highly ab-

sorbing elements (high density) that are in low absorption media (low density). 

This causes that at the interface between closely spaced fibers there is no clear 

decrease in the intensity of the voxels, making the dividing transformation inef-

fective. The result is the formation of clusters of a large number of fibers that 

greatly distort the results obtained (Figure 2.4-4). 

AI models are capable of segmenting components based on geometrical shape. 

For example, in the case of fibers, in a first step several fibers are manually iden-

tified. This information is incorporated into the model, which then seeks to adapt 

the acicular geometry of the fibers to the voxels of interest, obtained from previous 

thresholding and/or watershed transform processes. When a set of voxels contain-

ing several fibers appears, the model detects that this geometry is anomalous and 
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tries to adjust the optimal number of individual fiber geometries to this volume. 

Finally, it separates the fibers that form it (Figure 2.4-4). It is worth mentioning 

that usually several iterations have to be performed to adjust the AI model for 

optimal results. Another application of segmentation with AI models is to differ-

entiate components whose density is very similar, such as matrix and coarse ag-

gregate, or pores and polypropylene fibers. 

 

(a) 

 

(b) 

Figure 2.4-4. Fiber segmentation: (a) applying watershed transform and (b) applying wa-

tershed transform together with an artificial intelligence model. 

2.4.1.3 MicroCT in concrete analysis 

As is well known, CT is closely related to medicine, since it emerged in the 1970s as 

a noninvasive technique to study and detect pathologies in the internal parts of the human 

body. However, nowadays its use is widespread in many fields of science. The state of 

the art of microCT applied to the analysis of engineering materials can be found in 

[119,120]. With respect to concrete, it is known that its mechanical behavior at the mac-

roscopic level depends largely on its mesostructure. However, it is a heterogeneous ma-

terial in which the distribution of its components is random and therefore difficult to con-

trol. In this context, microCT offers many possibilities, since it makes it possible to 
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analyze the phases of the concrete mesostructure (matrix, coarse aggregate, pores, fibers, 

cracks, etc.), so that correlations can be established with the mechanical response. 

One of the first works in which CT was applied for the exploration of concrete 

mesostructure was that of Morgan et al. [121], in which they analyzed reinforced concrete 

specimens, determining the location and volume of rebars, as well as the proportions of 

coarse aggregate and matrix. The accuracy was in the order of 1 mm. Today, the use of 

microCT in concrete analysis is widespread. Among its applications, three concrete com-

ponents that are usually studied with microCT can be highlighted: steel fibers in SFRC, 

porosity and cracking. 

2.4.2 Fibers in SFRC 

One of the main applications of microCT to concrete is the analysis of the distribution 

of steel fibers in SFRC. The difference in density between steel and the other materials in 

the concrete makes the fiber segmentation process relatively straightforward. The major 

drawback is usually separating the fibers themselves when the content is high, in which 

case advanced segmentation techniques, such as those described in the previous subsec-

tion, can be used. Although less common, micro CT is also used in other fiber-reinforced 

concretes, such as those made of polypropylene or carbon. 

The most representative parameters of the fibers are position and orientation; there-

fore, in many works these parameters are studied, trying to establish correlations with the 

behavior in bending, compression, etc. [122–125]. Zhou & Uchida [125] fabricated high-

performance SFRC slabs and analyzed the fiber orientation as a function of mix fluidity, 

mixing time and formwork geometry. In addition, they extracted prismatic specimens that 

they then subjected to flexure, finding a strong correlation between the ultimate flexural 

strength and some fiber distribution parameters; in particular, the orientation factor and 

the number of fibers in the crack plane (Figure 2.4-5). Groeneveld et al. [124] studied the 

dynamic response in compression in SFRC cores extracted from a beam according to 

different directions, such that the specimens had different preferred fiber orientations. 

They concluded that, although the dynamic compressive strength was independent of ori-

entation, ductility increased with the proportion of fibers oriented perpendicular to the 

direction of applied load. 
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Figure 2.4-5. Correlation between fiber distribution and orientation, and flexural strength. 

[125]. 

MicroCT is also used to study the influence of fibers on the fatigue response of con-

crete [55,61,126,127]. Vicente et al. [61] examined the effects of fiber content and orien-

tation in concrete subjected to both static and fatigue compressive loading. For this pur-

pose, they scanned the specimens with microCT after the tests, so that they could study 

the interaction between the fibers and the crack patterns (Figure 2.4-6). They concluded 

that the observed scatter in the compressive fatigue life can be partially explained by the 

scatter in the fiber distribution itself. 

 

Figure 2.4-6. MicroCT images showing the bridging effect of fibers on cracks caused by 

compressive fatigue [61]. 

On the other hand, a particular case of mechanical testing in SFRC is the pull-out 

testing in fibers, consisting of pulling fibers partially embedded in concrete until failure. 

This is especially interesting for the study of SFRC under flexural stress (both static and 
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dynamic), since in those cases the fibers govern the behavior. MicroCT technology can 

also be useful in these situations, as demonstrated by Fataar et al. [127], who analyzed 

the failure mechanisms in fibers subjected to fatigue pull-out tests, in which certain levels 

of pre-slip had been previously induced. 

2.4.3 Porosity 

Another application of microCT is the study of concrete porosity; that is, the determi-

nation of parameters such as pore volume and position, pore size distribution, etc. In this 

regard, it is worth mentioning that some authors criticize this use of microCT, arguing 

that the macroscopic response of concrete is governed by micropores (< 1 μm), undetect-

able for current microCT scanners. For this reason, in certain cases it is advisable to com-

bine microCT with other techniques that allow the detection of smaller pores, such as 

mercury intrusion porosimetry (MIP). MIP is capable of detecting pores in the nanometer 

range, although it has the disadvantages that it only offers the statistical distribution of 

the pore size and the specimen size is very limited. In any case, considering the resolution 

of current scanners, and in anticipation of the continuous development of the technology, 

microCT offers many possibilities for the exploration of concrete porosity, as reported in 

this review article by Vicente et al. [128]. 

One of the most widely followed lines of research in this field is the study of the 

influence of certain admixtures on the final porosity of concrete [129,130]. In this regard, 

the work of Kang et al. [130], who analyzed the effects of the addition of superabsorbent 

polymer (SAP) in high-strength concrete, stands out. They combined microCT with MIP 

to study a wide range of pore sizes (from 3 nm to 10 mm), examining two opposing effects 

on pore structure: matrix densification due to internal curing and the increase of large 

pores as a result of retained SAP particles. On the other hand, Gonzalez et al. [129] fab-

ricated specimens with various contents of air-entraining agent (AEA), which they 

scanned with microCT to examine the porosity (Figure 2.4-7). They concluded that the 

addition of AEA not only increases the total porosity, but also the number of pores, their 

size and their shape factor. Furthermore, they observed that the effects of AEA are only 

effective up to a certain content (in this case, 0.3%), after which the porosity begins to 

decrease. 
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Figure 2.4-7. Porosity in specimens with different content of air-entraining agent; from 

left to right, 0, 0.1% and 0.2%.[129]. 

In the specific case of SFRC, some investigations focus on the influence of fiber ad-

dition on porosity [131,132]. Mínguez et al. [131] studied the evolution of porosity at 

early ages of high-strength mortar with and without fibers. They determined that the pres-

ence of fibers increased pore volume as well as pore size. 

Other applications of microCT are the analysis of porosity in special concretes, such 

as permeable concrete or concrete made with recycled aggregates, the study of the evo-

lution of pore structure with curing time [131], or the evaluation of the wall effect on 

porosity [97]. 

On the other hand, several works have been published using microCT to analyze the 

influence of porosity on the fatigue behavior of concrete [97,132,133]. Vicente et al. [133] 

studied the effects of pore morphology on the compressive fatigue response of concrete. 

The results revealed an inverse relationship between porosity and fatigue life. In addition, 

they observed that the most harmful pores were the large ones, which favored stress con-

centration phenomena and predictably the initiation of cracks. On the other hand, thermal 

fatigue also arouses some scientific interest [129,134]. Grubeša et al. [134] evaluated the 

porosity in mortar specimens subjected to freeze-thaw cycles and then to compression 

and flexural tests. They concluded that the most determinant factor in freeze-thaw 

strength is the connectivity between pores. 

2.4.4 Cracking 

The last application of microCT to be addressed is the study of cracking in concrete, 

which can be due to multiple causes, such as mechanical stresses, shrinkage, high tem-

peratures, freeze-thaw action, etc. Post-processing of CT images for cracking analysis 

requires advanced knowledge of image analysis, since both cracks and pores are "formed" 
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by air. Consequently, if both phases are to be separated, complex segmentation processes 

have to be carried out, as described in subsection 2.4.1. 

In the scientific literature there are a number of papers studying concrete cracking by 

microCT [123,135–137]. Skarżyński & Suchorzewski [123] performed wedge splitting 

tests on cubic specimens of plain concrete and reinforced with various types of steel fi-

bers. The major novelty of this work is that they were able to perform microCT scans 

during the test, without the need to unload the specimens (Figure 2.4-8). In this way, they 

were able to evaluate the progress of the fracture process zone, calculating the properties 

of the crack at each moment (volume, width variation along its length, etc.). 

 

Figure 2.4-8. In situ microCT system, with Skyscan 1173 microCT scanner mounted on an 

Instron 5569 50 kN testing machine [123]. 

MicroCT images are sometimes used to calibrate fracture mechanics models so that 

they are able to predict the behavior of concrete [135,137]. Yang et al. [135] studied the 

evolution of cracking in cubic concrete specimens subjected to indirect tension (splitting 

test). They performed in situ microCT scans, which allowed them to analyze the evolution 

of the different phases of the concrete (matrix, coarse aggregate, pores and cracks) (Figure 

2.4-9). Finally, with the results they created finite element models of the real specimens 

and adjusted them to predict the fracture behavior of the concrete. Nitka & Tejchman 

[137] analyzed the development of the fracture process zone in notched concrete speci-

mens subjected to flexural stress. In addition, based on microCT images, they developed 
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DEM (discrete element method) models with which they obtained very satisfactory re-

sults in terms of load vs CMOD response. 

 

Figure 2.4-9. Segmentation of the different concrete phases (coarse aggregate, matrix and 

pores) for the development of finite element models [135]. 

The assessment of cracking under fatigue loading is also a line of research of great 

interest [55,68,126,138]. Skarżyński et al. [68] studied the increase of cracking under 

cyclic compressive loads in plain concrete specimens, which were scanned with microCT 

at different times throughout their fatigue life (Figure 2.4-10). They concluded that the 

evolution of crack volume with increasing fatigue damage, understood as the percentage 

over the total number of cycles, has a strongly nonlinear character. Furthermore, they 

observed that the total crack volume in the fatigue tests was 30% higher in comparison 

with the static tests. Vicente et al. [55] performed flexural fatigue tests on SFRC pre-

cracked specimens with 1% and 2% fibers, respectively. After the tests, they extracted 

cores from the crack plane zone, which were scanned with microCT to analyze cracking, 

failure mechanisms of the fibers, etc. 

 

Figure 2.4-10. Identification of pores and cracks in cubic specimens subjected to compres-

sive fatigue (pores < 1 mm in red, 1-2 mm in green and > 2 mm in blue) [68].  
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3 MATERIALS AND METHODS 

3.1 Concrete manufacturing 

3.1.1 Materials 

In this subsection, the components used for the manufacture of the different concrete 

series are described, justifying the reasons for their choice. 

First, the cement used is CEM I 52.5 R type, produced by the company Portland Val-

derrivas (Pamplona, Spain) at its factory in Venta de Baños (Palencia). Class I cement 

has been chosen because it is the most generic and thus eliminates any uncertainty that 

one or another addition could introduce in the results. The characteristic strength of 52.5 

MPa is essential to achieve a high-strength concrete. In addition, rapid hardening is de-

sirable to speed up the demolding and concentrate the manufacturing campaign in the 

shortest possible time. 

Secondly, as coarse aggregate, rolled siliceous gravel of the 4/10 fraction was used, 

and as fine aggregate, washed siliceous sand of the 0/4 fraction. Both materials were sup-

plied by the company Fenorte (Burgos, Spain). It is worth mentioning that the maximum 

size of the coarse aggregate is only 10 mm because the steel fibers are 30 mm and, ac-

cording to Annex 7 of the Spanish Structural Code [3], it is recommended that the length 

of the fibers be at least 2 times the size of the larger aggregate, with values of 2.5 to 3 

times being usual. 

Since the sand is washed and therefore has a low fines content (1.7% according to the 

technical data sheet), filler has also been used; specifically, limestone filler I-50 manu-

factured by the company Industrial Mediavilla Cordero (Guardo, Palencia, Spain). This 

material is obtained from high-purity marble limestone, with a calcium carbonate content 

of over 98% and a particle size of less than 63 μm. 

Third, two additives were used. First, MasterEase 5025 superplasticizer from BASF 

(Ludwigshafen am Rhein, Germany). This is a latest-generation superplasticizer admix-

ture based on the novel technology of PAE polymers (polyaryl ether phosphonic conden-

sates). It is especially indicated for the manufacture of high-strength self-compacting con-

cretes since it makes it possible to achieve very fluid consistencies while maintaining 

relatively low water/cement ratios. On the other hand, MasterRoc MS 685 nanosilica, also 
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from BASF, has been added. It consists of an amorphous nanosilica suspension with very 

interesting properties: it improves workability, prevents water migration (critical for 

achieving optimum consistencies in self-compacting concretes) and reduces porosity (it 

reacts by creating a stable microscopic mineral). 

 

Figure 3.1-1. Superplasticizer admixture (left) and nanosilica suspension (right). 

Finally, Dramix RC-80/30-CP steel fibers, produced by Bekaert (Zwevegem, Bel-

gium), were used in the fiber-reinforced concrete series. These are hooked-end fibers of 

30 mm length and an aspect ratio of approximately 80. Table 3.1-1 shows its main char-

acteristics. 

 

Figure 3.1-2. Dramix RC-80/30-CP steel fibers. 
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Table 3.1-1. Characteristics of the steel fibers used. 

Geometry 

Length (mm) 30.0 

Diameter (mm) 0.38 

Aspect ratio l/d 78.9 

Material prop-

erties 

Density (kN/m3) 78.5 

Tensile strength (MPa) 3,070 

Modulus of elasticity (MPa) 210,000 

 

The length of the fibers was chosen taking into account the requirements of the Amer-

ican standard ASTM C1609 [6], which indicates that the length of the fibers should not 

exceed 1/3 of the minimum dimension of the concrete specimens. In this case, the mini-

mum dimension of the S-size specimens is 75 mm, so the maximum length of the fibers 

should be 25 mm. However, the manufacturers consulted have not offered commercial 

fibers of that length, with a gap between the small ones of the order of 13 mm and the 

larger ones of 30 mm. In view of this situation, 30 mm fibers have been chosen for several 

reasons. First, because with the smaller fibers the maximum recommended aggregate size 

[3] would be around 5 mm, falling within the range of mortars, rather than concretes. 

Second, because the ratio fiber length / minimum dimension of 0.4 obtained for 30 mm 

fibers coincides with the maximum recommended, implicitly, by the UNE-EN 14651 

standard [7]. And third, because the longer the fiber length, the larger the cross-section 

and therefore the greater the definition of the images in the analysis with micro-computed 

tomography. 

Finally, other properties of the fibers used are that they are made of high carbon steel 

(0.55 < %C < 2) and that they have undergone a galvanizing process. The choice of these 

latter characteristics is not intentional and is purely in response to the availability of the 

supplier's stock. 

Finally, a table summarizing the materials used for the manufacture of concrete is 

included. 
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Table 3.1-2. Materials used in the manufacture of concrete, together with their typology. 

Material Tipo 

Cement CEM I 52,5 R 

Coarse aggregate Rolled siliceous gravel 4/10 

Fine aggregate Washed siliceous sand 0/4 

Filler Limestone filler (100% vol. < 63 μm) 

Water  

Superplasticizer MasterEase 5025 (BASF) 

Nanosilica MasterRoc MS 685 (BASF) 

Steel fibers Dramix RC-80/30-CP (Bekaert) 

 

3.1.2 Concrete mix design 

Self-compacting concrete is a type of concrete with very particular characteristics. 

This implies that traditional batching methods for the design of conventional concretes, 

such as Fuller, Bolomey, ACI [139], De la Peña, etc., are not valid. Normally, the appli-

cation of such methods would lead to concretes with an insufficient amount of fines, and 

therefore with a low segregation resistance, being very complicated to reach the self-

compacting condition. 

On the other hand, the dosage of self-compacting concretes is highly sensitive to small 

variations in the quality and proportions of their components. This is due to the fact that 

the admissible range of properties (slump, etc.) for these concretes is quite narrow, and 

many other variables also come into play: origin of the aggregates, granulometry of the 

filler, type of superplasticizer, compatibility between admixtures, etc. This aspect has 

aroused great scientific interest during the last decades, with very interesting proposals 

for the design of self-compacting concretes [9,140]. However, there are still no universal 

batching methods. Instead, it is common for standards to indicate certain guideline rec-

ommendations [3,141]. 

Considering the above, an experimental study of dosages has been planned. Four se-

ries of concretes have been proposed: a reference one without fibers and three more with 

increasing fiber content. As will be justified later, the amounts of fibers considered are 

0.3%, 0.6% and 1% by volume of concrete, respectively. The objective is to ensure that 

the only difference between the four dosages is the fiber content. Therefore, in all of them, 

the self-compacting condition must be achieved without the need to vary any other com-

ponent, such as superplasticizer, etc. 
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To validate the self-compactness condition, the flowability (by means of the slump 

test according to UNE-EN 12350-8 [142]) and the resistance to segregation will be eval-

uated. The following table shows the admissible ranges of flowability in the slump test. 

As for segregation, there is no standardized method to measure it, but it can be analyzed 

qualitatively from the slump test. In general, it is accepted that concrete is not segregated 

when a uniform distribution of the coarse aggregate and no exudation is observed around 

the perimeter of the final slump flow. 

Table 3.1-3. Requirements for self-compactness in the slump test [3]. 

Measured parameter Permissible range 

T50 T50 ≤ 8 s 

df 550 mm ≤ df ≤ 850 mm 

 

There are other tests to evaluate the performance of self-compacting concretes, such 

as the V-funnel, the L-box and the slump with J-ring. However, the first one measures the 

flowability, as does the slump test, and the other two measure the resistance to blockage 

when passing between rebars, which is irrelevant in this case, since we are dealing with 

fiber-reinforced concrete. 

For the experimental study of dosages, the series with the most fibers has been taken 

as the starting point, i.e., that of 1% by volume of concrete. It is reasonable to assume that 

this series will be the least fluid, due to the interlocking effect caused by the fibers, and 

therefore the most difficult to achieve self-compacting properties. Consequently, if this 

series achieves self-compactness, it is to be expected that the rest will also do so. How-

ever, care must be taken to ensure that they are not too fluid and exceed the limit of Table 

3.1-3. 

The initial dosage has been established following the recommendations of Annex 17 

of EHE-08 [5]. The standard indicates certain limitations regarding the content and pro-

portion of the materials. The most important ones are the following: 

• The total fines content (particles < 0.125 mm), i.e., cement and filler, should 

be in the range 450-600 kg/m3 of concrete. 

• The cement content should be in the range 250-500 kg/m3. 

• The volume of the concrete paste (water, cement, filler and admixtures) should 

be more than 350 L/m3. 
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• The proportion of coarse aggregate to total aggregate should not exceed 50%, 

and its maximum size should be less than 25 mm. 

The following tables show, on one side, the initial dosage and, on the other side, the 

verification of the requirements of Annex 17. 

Table 3.1-4. Initial dosage of the experimental dosage study. 

Material 
Dosage per m3   

Weight (kg) Volume (L)   

Cement 400.0 129.0   

Coarse aggregate 748.9 288.0   

Fine aggregate 915.6 352.1   

Filler 180.0 69.2   

Water 160.0 160.0 0.40 w/c ratio 

Superplasticizer 6.0 5.7 1.5% wgt. cem. 

Nanosilica 16.0 14.2 4.0% wgt. cem. 

Steel fibers 78.5 10.0 1.0% vol. conc. 

  2504.9 1028.3   

 

Table 3.1-5. Verification of the criteria of Annex 17 in the initial dosage. 

Material Content Permissible range 

Fines 595.6 kg/m3 450-600 kg/m3 

Cement 400.0 kg/m3 250-500 kg/m3 

Paste 378.1 L > 350 L/m3 

Coarse aggregate 45.0% < 50% aggregates 

 

The quantities of each component are justified below. As mentioned above, the con-

tent of cement, water, aggregates and filler has been calculated considering the criteria of 

Annex 17. The amount of cement is higher than the minimum recommended because the 

objective is to obtain a high-strength concrete, in the range of 80 MPa fck,28. For the same 

reason, the water/cement ratio is 0.40, which is rather low. As for the admixtures, the 

maximum dosage recommended by the manufacturer (1.5%) has been used for the super-

plasticizer admixture, and for the nanosilica, a value a little lower than the recommended 

maximum of 5%. Finally, the fiber content is 1%, since, as mentioned above, the series 

with the most fibers has been taken as the starting point. 

Once the initial dosage was determined, the concreting tests began. For this purpose, 

small-volume batches (about 18 L) were made, together with the corresponding slump 
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tests. If the batch did not meet the self-compacting requirements in terms of fluidity and 

resistance to segregation, a new batch was made, slightly modifying the quantities of the 

components. The initial dosage was not adequate, and about four more tests had to be 

carried out until the optimum consistency was achieved. In summary, the modifications 

that were made were: increase of the superplasticizer (exceeding the maximum recom-

mended), slight increase of the nanosilica, increase of the filler (exceeding the limit of 

Annex 17) and reduction of the coarse aggregate and the fine aggregate. 

The table below shows the final dosage. In addition, comparative photos of the slump 

tests for the initial and final dosages are included. 

Table 3.1-6. Definitive dosage after the experimental dosage study. 

Material 
Dosage per m3   

Weight (kg) Volume (L)   

Cement 400.0 129.0   

Coarse aggregate 538.2 207.0   

Fine aggregate 847.1 325.8   

Filler 448.8 172.6   

Water 160.0 160.0 0.40 w/c ratio 

Superplasticizer 16.0 15.1 4.0% wgt. cem. 

Nanosilica 20.0 17.7 5.0% wgt. cem. 

Steel fibers 78.5 10.0 1.0% vol. conc. 

  2508.5 1037.2   

 

 

(a) 

 

(b) 

Figure 3.1-3. Comparison of the slump flow: (a) starting dosage and (b) final dosage. 
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After determining the final dosage with 1% fibers, an identical batch was made, but 

with 0% fibers. As expected, the fluidity of this batch was higher, although without ex-

ceeding the limits of the standard (Table 3.1-3). Thus, the dosages of the four series of 

concrete were defined, which are shown in this table. 

Table 3.1-7. Final dosages (per m3) for the four series of concrete. 

Material 
Series 

A0 A1 A2 A3 

Cement 400.0    

Coarse aggregate 538.2    

Fine aggregate 847.1    

Filler 448.8    

Water 160.0    

Superplasticizer 16.0    

Nanosilica 20.0    

Steel fibers 0.0 23.6 47.1 78.5 

w/c ratio 0.4       

Superpl. (% wgt. cem.) 4.0%    

Nanos. (% wgt. cem.) 5.0%    

Fibers (% vol. conc.) 0.0% 0.3% 0.6% 1.0% 

 

A table with the verification of the criteria of Annex 17 of the EHE-08 for the final 

dosage is included below. In general, it can be concluded that the recommendations of 

the standard are reasonably in line with the results obtained. The exception is the amount 

of fines, which greatly exceeds the recommended range. This can be explained by the fact 

that, being a high-strength concrete, the cement content is very high (400 kg/m3). There-

fore, no matter how little filler is added, it is relatively easy to exceed the upper limit of 

600 kg/m3. 

Table 3.1-8. Verification of the criteria of Annex 17 in the final dosage. 

Material Content Permissible range 

Fines 863.2 kg/m3 450-600 kg/m3 

Cement 400.0 kg/m3 250-500 kg/m3 

Paste 494.4 L > 350 L/m3 

Coarse aggregate 38.9% < 50% aggregates 

 

Finally, with respect to the fiber dosages chosen, it should be mentioned that the min-

imum dosage corresponds to that marked by the manufacturer, which according to the 
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technical data sheet is 25 kg/m3 (≈ 0.32%). As for the maximum, 1% was considered 

because it is a usual dosage that is often chosen as the upper limit in experimental cam-

paigns, as has been verified in the literature consulted. Thus, the three fiber dosages were 

defined: 0.3% (low), 0.6% (medium) and 1% (high). 

3.1.3 Concreting of test specimens 

The manufacture of the concrete was carried out in the Laboratory of Large Structures 

of Civil Works of the University of Burgos during the months of November and Decem-

ber 2020. The ambient temperature and relative humidity were systematically controlled 

during all the concreting days, with mean values of 16.6 ± 1.1 °C and 42.0 ± 7.4 %, 

respectively. The variations were considered to be minor and did not significantly affect 

the concreting conditions. Therefore, no special measures were taken in this respect. 

A vertical-axis concrete mixer model C0199/11, manufactured by Controls (Liscate, 

Italy), with a useful capacity of approximately 100 L, was used for concreting. 

 

Figure 3.1-4. Vertical-axis concrete mixer used. 

Each series consists of a total of 40 specimens: 8 cylindrical ones of 150x300 mm 

(named CL), 16 prismatic ones of 75x75x300 mm (named PR-S, or simply S) and 16 

prismatic ones of 150x150x600 mm (named PR-L, or simply L). Taking into account the 

capacity of the concrete mixer, 4 batches per series were carried out, divided as shown in 

Table 3.1-9. 
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Table 3.1-9. Distribution of specimens per batch, in each series. 

Batch No. 
CL 

150x300 

PR-S 

75x75x300 

PR-L 

150x150x600 

Volume 

(L) 

1 2 4 4 71.4 

2 2 4 4 71.4 

3 2 4 4 71.4 

4 2 4 4 71.4 

 8 16 16 285.4 

 

It is observed that the volume of concrete produced in each batch is the same. This 

ensures that the energy per unit volume provided by the concrete mixer is always con-

stant, thus avoiding possible alterations in the consistency or other final characteristics of 

the concrete. The volume of concrete per series is 285 L, so the total volume of concrete 

produced in the 4 series is 1.14 m3. 

As for the specimen molds, traditional steel molds were used. In the case of the 

75x75x300 mm specimens, since this was not a standard size, molds of 100x100x400 mm 

were used, reduced with pieces of three-layer formwork board. 

 

Figure 3.1-5. Types of molds used: cylindrical 150x300 mm, prismatic 150x150x600 mm 

and prismatic 100x100x400 mm with reductions. 

Below is a step-by-step description of the concreting process of the batches of each 

series: 
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1. First, the materials are weighed. Given the volume of the batches, the solid com-

ponents are weighed using a wheelbarrow attached to the laboratory bridge crane 

by means of a crane scale (Figure 3.1-6). The scale has a maximum capacity of 

200 kg and an accuracy of 0.5 kg. The rest of the materials (water, additives and 

fibers) are weighed on a traditional scale with a capacity of 20 kg and an accuracy 

of 0.01 kg. 

It is worth mentioning that no correction was made for moisture in the aggregates, 

since at that time the bags of aggregate had been stored in laboratory conditions 

for more than 3 months, so it was reasonable to assume that the moisture was 

constant throughout the volume of material. In addition, the material from these 

same bags was the material that had been used to adjust the dosages (Table 3.1-7). 

  

Figure 3.1-6. Weighing of solid materials and pouring into the concrete mixer. 

2. Next, the inside of the concrete mixer is slightly moistened and the materials are 

introduced. First the solids are added in decreasing order of particle size (gravel, 

sand, filler and cement) and mixed for 2-3 minutes until a homogeneous appear-

ance is achieved. Water is then added progressively, at which point the mixing 

time begins. The additives are added diluted in the last part of the water. Finally, 

the steel fibers (if any) are added after 1-2 minutes of mixing, when the water has 

been integrated and the superplasticizer is starting to act. 
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Figure 3.1-7. Mixing of solid materials and addition of water with admixtures. 

3. The total mixing time is between 5 and 7 minutes. The greater the amount of fi-

bers, the higher the viscosity of the mix and therefore the more time it needs to 

reach an adequate consistency. However, there are other factors that also affect 

the mixing time and that are not easily controllable, such as variations in environ-

mental conditions at any given time, a certain dispersion in the humidity of the 

materials, etc. All this means that it is not possible to establish a fixed mixing time, 

even for batches of the same series. Therefore, the criterion for determining the 

end of the mixing is the appearance of the mixture, which must be homogeneous 

throughout its volume, without accumulations or balls of fibers, and with a liquid 

consistency. The latter occurs when the superplasticizer acts and the mixture 

"breaks"; that is, in a short space of time it goes from being plastic in appearance 

to being very fluid. 
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Figure 3.1-8. Appearance of concrete with fibers at the end of the mixing time. 

4. Once the concrete has reached the optimum consistency, a small volume is re-

moved and a slump test is performed. It is checked that the self-compactness re-

quirements (Table 3.1-3) are met and that segregation does not occur. The molds 

are then randomly trowel-filled. Since this is a self-compacting concrete, no vi-

bration is applied. 

5. The molds are placed in a curing chamber, where they remain at a temperature of 

20 ± 1°C and 95 ± 2% humidity. The molds are demolded after approximately 24 

hours, after which the specimens are returned to the chamber. 

 

Figure 3.1-9. Curing chamber used.  
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All specimens were stored in the same curing chamber, where they remained for 1 

year. The specimens were then removed and kept in laboratory conditions until the time 

of testing. In total, approximately 1 year and 4 months elapsed from the fabrication of the 

specimens to the beginning of the experimental campaign. 

The reason for storing the specimens for one year is to avoid that the increase in the 

mechanical capacity of the concrete, especially significant at early ages, introduces un-

certainty in the results of the fatigue tests. As an example, it is possible to determine the 

error that would be made in an experimental fatigue campaign when determining the 

stress levels at 28 and 365 days, respectively. To simplify the calculation, the compressive 

strength (fc) has been taken as a reference, considering the formula proposed by the Span-

ish Structural Code [3]. In addition, a characteristic strength (fck,28) of 60 MPa and a cam-

paign duration of 2 months were assumed, which is reasonable in fatigue. Figure 3.1-10 

shows a graph of the evolution of the fc of the concrete with time. Finally, Table 3.1-10 

shows the maximum relative error that would occur with the last specimen tested. 

 

Figure 3.1-10. Evolution of the compressive strength with time in HA-60 concrete, accord-

ing to the formulation proposed in [3]. 
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Table 3.1-10. Relative error in a 2-month experimental campaign when taking fc,28 and 

fc,365 as reference, respectively. 

Reference value 
Value of the last 

specimen tested 

Relative  

error (%) 

fc,28 60.00 fc,88 65.47 + 9.1% 

fc,365 69.34 fc,425 69.62 + 0.4% 

 

The results reveal that the error is much higher when calculating the compressive 

strength at 28 days than at one year. The latter specimens would have a 9.1% higher 

strength than the first ones, so the range of fatigue loads applied would be lower in relative 

terms. In short, the fatigue life of the latter specimens would be overestimated. On the 

contrary, if the campaign were started one year later, the variation in resistance through-

out the campaign would be minimal, barely 0.4%. 

It should be remembered that the law of temporal evolution of the compressive 

strength considered is an approximation, since it depends on many factors (type of ce-

ment, admixtures, presence of fibers, etc.). Moreover, this evolution is not identical for 

all concrete parameters, such as tensile or flexural strength. Therefore, to eliminate this 

uncertainty, it was decided to wait for one year, which is accepted as sufficient time, 

before starting the tests. 

3.2 Experimental campaign 

3.2.1 Description 

This research work focuses on the analysis of the flexural fatigue behavior of fiber-

reinforced concrete. Therefore, the main tests are obviously the fatigue tests. However, it 

is essential to carry out other preliminary tests in order to, on the one hand, characterize 

the material and, on the other hand, determine the parameters of the fatigue tests. The 

tests that make up the experimental campaign are described below: 

Slump test 

It is conducted according to UNE-EN 12350-8 [142]. This test is performed with the 

concrete in its fresh state and its objective is to verify that it meets the self-compactness 

criteria (Table 3.1-3). For this purpose, at the end of the mixing time, a small volume is 

removed from the concrete mixer. The test is carried out with the classic Abrams cone 

used to measure the consistency of conventional concrete, and with a steel plate. At the 
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end, the diameter of the slump flow determines its level of self-compactness. A slump 

test is performed on each batch. 

 

Figure 3.2-1. Example of a slump test. 

This test is a good indication of the quality of the mix, since it allows detecting at a 

glance whether there are problems such as segregation of the aggregates, exudation of 

mortar or grout, etc. 

Determination of compressive strength 

Compressive strength is one of the main parameters to characterize the mechanical 

response of concrete. This test is performed according to UNE-EN 12390-3 [143] on 

standardized cylindrical specimens of 150x300 mm. A 300 T testing machine has been 

used. 

It is usual for the compressive strength of concrete to be calculated at 28 days of age, 

since this is the characteristic reference value used in structural codes. However, for the 

purpose of this research it is more relevant to know the mechanical properties of the con-

crete at the time when its fatigue response is to be evaluated. For this reason, the tests 

were carried out when the concrete was 1 year and 4 months old. 

To ensure a flat contact surface between the testing machine plate and the top face of 

the specimens, the specimens were faced with ChrysoSurf mortar, manufactured by 

Chryso (Issy-les-Moulineaux, France). This is a high-performance sulfur mortar suitable 

for high-strength concrete up to 120 MPa. 
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Normally, a minimum of 3 tests are recommended to determine the average value of 

the compressive strength. In this case, 4 tests have been performed for each series. 

  

Figure 3.2-2. Compressive strength test on a fiber-reinforced concrete specimen. 

Determination of the secant modulus of elasticity in compression 

The modulus of elasticity is, together with compressive strength, the other parameter 

most used to characterize any concrete. Specifically, it defines its behavior in the elastic 

regime since it is the slope of the stress-strain diagram. 

This test is carried out according to UNE-EN 12390-13 [144], also with cylindrical 

specimens of 150x300 mm. A 300 T testing machine was used. It is worth mentioning 

that the compressive strength must be previously determined, since the load cycles ap-

plied in this test are a function of this parameter. 

The method used to measure the strain of concrete is the strain gauges method. Three 

60 mm long strain gauges were placed on the side of each specimen, arranged longitudi-

nally to the specimen axis, approximately at the height of its median plane and 120° apart 

in the circumferential direction. 

To determine the average value of the modulus of elasticity, 3 tests were performed 

for each series. 
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Figure 3.2-3. Test to determine the modulus of elasticity in compression. 

Determination of flexural tensile strength 

This test was performed in accordance with UNE-EN 14651 [7], specifically indicated 

for fiber-reinforced concrete. The purpose of these tests is to determine the static strength 

in 3-point bending, which in turn allows defining the load range of the fatigue tests. There-

fore, they were carried out just before the fatigue tests. 

 

Figure 3.2-4. Flexural strength test on a specimen of size S. 

The type of specimens used in flexural tests is prismatic with notch. In particular, the 

standard is indicated for specimens of 150x150x600 mm, which coincides with the largest 

size of prismatic specimens manufactured, denominated as PR-L or L. In the case of the 
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smaller specimens, designated as PR-S or S, the test configuration has been calculated 

following a proportional relationship. Below is a table with the main geometrical param-

eters of the flexure test for both types of specimens, including the criteria considered. 

Table 3.2-1. Geometric parameters of the 3-point bending tests for the two sizes of pris-

matic specimens. 

Test pa-

rameter 
Criteria 

Type of specimen 

PR-L PR-S 

b (mm) 

b:h:l = 1:1:4 

150 75 

h (mm) 150 75 

l (mm) 600 300 

hent (mm) hent:h = 1:6 25 12.5 

lap (mm) h:lap = 0.3 500 250 

 

In Table 3.2-1, b, h and l are the dimensions of the specimens, i.e. width, depth and 

length, respectively. For the rest, hent is the notch depth and lap is the span between sup-

ports. 

Three static bending tests were conducted for each type of concrete and specimen size. 

The notches were made with a 2.8 mm thick diamond cutting disc. 

Figure 3.2-5 shows an image of a flexural tensile test, indicating the main elements 

and the instrumentation. It is worth mentioning that in this case the tests have been per-

formed in the reverse position as indicated in the standard, i.e. the specimen rests on the 

central support and the load is applied through the lateral rollers. This method has some 

advantages (basically, protection of the sensor system), although the truth is that there are 

no significant differences, so it is indifferent to perform them in one way or another. 

Another aspect to point out is that the specimen rests on the rollers with its two flat 

parallel faces, leaving the more irregular face (the one that is free in the mold) on one of 

the sides. This ensures a good contact with the rollers and therefore a correct transmission 

of the loads, avoiding residual local stresses. 
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Figure 3.2-5. Flexural strength test on a specimen of size L, with identification of the main 

elements. 

The parameters monitored were the vertical displacement at the center of the span, the 

CMOD (crack mouth opening displacement) and the load. As for the instrumentation, the 

displacement was measured with two laser distance meters placed on either side of the 

specimen, the CMOD by means of a clip-on extensometer and the load by means of the 

load cell incorporated in the actuator itself. 

The load was applied with a dynamic hydraulic actuator with a maximum load of 50 

kN. The tests are performed with displacement control. The speed is 0.08 mm/min until 

a CMOD of 0.10 mm is reached, after which it is increased to 0.21 mm/min. Due to the 

large plastic deformation that fibers can take on, total failure of the specimen (understood 

as the separation of its two parts) is rare, even for relatively low fiber contents. Therefore, 

the test is usually terminated when the clip-on extensometer goes out of range, which 

happens for a CMOD of about 8-10 mm. Logically, in plain concrete specimens (A0 se-

ries) this does not occur, resulting in brittle failure for relatively low CMODs. 

3-point flexural fatigue test 

Flexural fatigue tests have the same configuration as static flexural strength tests. 

Therefore, everything mentioned in the previous subsection regarding the type of speci-

mens, geometrical arrangement of the test, instrumentation and equipment is still valid. 

However, as these are dynamic tests, the major difference lies in the type of loads to 

which the specimens are subjected. 
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Figure 3.2-6. Flexural fatigue test, showing the data acquisition system in the foreground. 

Fatigue testing is not governed by a standardized procedure, since it is a complex 

phenomenon that depends on multiple factors, such as the magnitude of the load cycles. 

Therefore, the scope of the campaign and the particular characteristics of the fatigue tests 

will depend on the objectives of the research work. It is considered that the detailed de-

scription of the fatigue tests deserves to be dealt with in a separate subsection. 

3.2.2 Flexural fatigue test design 

The main parameters of the flexural fatigue tests are described below, including the 

appropriate justifications. 

Static reference parameter 

The fatigue strength of concrete, understood as the number of cycles it is capable of 

withstanding until failure, depends directly on the load levels or stresses of these cycles. 

Normally, these levels are defined according to a parameter of the equivalent static tests. 

An obvious case is fatigue in compression, where the compressive static strength fc is 

taken as a reference. For example, a common range of stresses in compressive fatigue is 

between 20% and 80% of fc. 

However, in the case of flexural fatigue in fiber-reinforced concrete, the situation is 

not so simple since there are several possibilities when choosing the static reference 
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parameter. Figure 3.2-7 shows the load vs CMOD plot of a static flexural test indicating 

some of these parameters, which are defined below: 

• Ultimate bending strength or maximum load (Pult or Pmax). This is the maxi-

mum load that is reached throughout the entire bending test. 

• Load corresponding to the limit of proportionality (PL). This is the maximum 

load reached in the CMOD range of 0 to 0.05 mm, where a linear stress distri-

bution is assumed and the concrete has not yet cracked. It is the representative 

parameter proposed by UNE-EN 14651 [7]. 

• Other criteria. It is also common to take as a reference the load corresponding 

to a given CMOD (e.g., P0.1mm) or the maximum load up to the moment at 

which there is a decrease of a given percentage of its value (e.g., Pmax,↓10%). 

In fact, all these parameters, except the first one, seek to objectively determine the 

cracking load, the moment at which loads are transmitted from the matrix to the fibers. 

 

Figure 3.2-7. Identification of reference parameters in a static flexural tensile test. 

Note that all or some of these parameters may be coincident, depending on the result-

ing load vs CMOD graph. 

When choosing the most appropriate reference parameter, it should be taken into ac-

count that concrete with a high fiber content, up to 1%, will be used. Under these condi-

tions, it is to be expected that a very important supercritical behavior will appear in the 

static flexural test. That is, after cracking of the concrete, the fibers will be able to assume 
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a high load, resulting in strain-hardening, with Pmax/PL ratios of 1.5 or even higher (Figure 

3.2-8). 

 

Figure 3.2-8. Load vs CMOD diagram in static flexural test with the behaviors that plain 

concrete (PC) and fiber-reinforced concrete (SFRC) can show. 

Consequently, if PL or any other criterion that does not take into account the possible 

supercritical behavior of the fibers is taken as a reference, there is a risk that the loading 

levels will be too low, with very high fatigue life results and even close to the fatigue 

limit. For this reason, Pmax has been considered as a reference parameter when establish-

ing load levels or stresses in fatigue. In this way, the stresses will always be within or 

close to the cracked condition, so the fatigue life will not be excessively high. 

Stress levels 

Once the reference static parameter has been determined, the next step is to define the 

stress levels of the fatigue cycles. The maximum (Smax) and minimum (Smin) stress levels 

are defined as: 

Smax=
σeq,max,fat

σeq,max

 (3.2-1) 

Smin=
σeq,min,fat

σeq,max

 (3.2-2) 

Where σeq,max,fat and σeq,min,fat are the maximum and minimum equivalent stresses in 

each fatigue cycle, and σeq,max is the maximum equivalent stress in the static bending test, 

obtained from Pmax. 
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If the fatigue behavior were to be fully characterized, it would be necessary to perform 

tests combining different levels of maximum and minimum stresses, in order to determine 

the set of S-N curves for each material. 

However, this is beyond the scope of this work, whose objective is to compare the 

fatigue response of concrete with different fiber contents and specimen sizes. Therefore, 

it has been considered sufficient to analyze a single stress range, i.e., to carry out a single 

type of fatigue tests with fixed stress levels Smax and Smin. 

In order to choose the Smax and Smin values, a target fatigue life of 104 cycles has been 

set as a criterion. The reason is that this is an average value, on the boundary between low 

and high cycle fatigue. Thus, assuming a dispersion of the results of about 2 orders of 

magnitude, the expected range will be between 102 and 106 cycles. These limits are con-

sidered reasonable since the minimum is sufficiently far from static failure and the max-

imum is not so high that the tests would be too long in time. 

Next, an intensive literature search of experimental flexural fatigue campaigns on 

steel fiber-reinforced concrete was carried out, noting those load levels that resulted in an 

average fatigue life of 104 cycles. Obviously, fatigue life depends not only on stress lev-

els, but also on many other factors, such as specimen size, whether or not the specimens 

were pre-cracked, concrete dosage, fiber length, content and shape, etc. Therefore, the 

objective of this search was to determine approximate stress levels. Without being ex-

haustive, Table 3.2-2 shows some of the works studied, summarizing the parameters of 

the series with a fatigue life of about 104 cycles. 

Table 3.2-2. Bibliographic consultation of experimental work on flexural fatigue of fiber-

reinforced concrete. 

Reference 

Type of specimen   Fatigue test 

Size (mm) ¿Notch? 
¿Pre-

cracked?  
  Smax Smin 

f 

(Hz) 
Navg 

[37] 75x75x275 Yes Yes  0.75 0.23 6 11,510 

[73] 150x150x600 No Yes  0.65 0.05 6 95,708 

[132] 100x100x440 Yes, h/6 No  0.70 0.14 4 12,500 

[54] 150x150x550 Yes, h/6 Yes  0.75 0.25 3 10,304 

[32] 100x100x500 Yes, h/5 No  0.85 0.20 5 11,807 

[30] 100x100x500 No No   0.85 0.26 12 45,580 
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Finally, taking into account the results of the consultation, values for Smax and Smin 

have been set at 0.80 and 0.16, respectively; that is, with a load ratio R, defined as the 

quotient between Smax and Smin, of 0.20. 

Frequency 

The frequency of load cycles affects the fatigue life. However, some authors suggest 

that the frequency range between 1 Hz and 15 Hz hardly affects fatigue strength, as long 

as the peak stresses do not exceed 75% of fc [48,49]. In the case of flexural fatigue, alt-

hough some work has been published, there is no clear agreement on which frequency 

ranges have little impact on fatigue life. 

In any case, the objective of this research work is to establish comparisons between 

different types of concrete and specimen sizes. Therefore, it is essential that the loading 

frequency be the same in all tests, regardless of its value. Consequently, a frequency of 5 

Hz has been chosen, a common value in experimental fatigue campaigns, as observed in 

the works reviewed (Table 3.2-2). 

Runout or survival limit 

Given the large dispersion of fatigue results, it is usual to consider a maximum number 

of cycles after which, if the specimen has not failed, the test is stopped. These incomplete 

fatigue tests, in which the fatigue life exceeds the maximum dispersion to be expected, 

are called runouts. The specimen is also said to have "survived". 

The number of limit cycles to consider a runout should be chosen with caution. Nor-

mally, when many runouts appear in a campaign, it is an indication that the fatigue life 

has not been estimated correctly. In addition, it is a problem in terms of data processing 

since the fatigue life values of these test specimens are not valid. Therefore, very few or 

no runouts are recommended. 

In this case, taking into account that the estimated average fatigue life is 104 cycles, 

and assuming a dispersion of about 2 orders of magnitude, a runout limit of 106 cycles 

has been set. With a frequency of 5 Hz, this means that each fatigue test can last a maxi-

mum of 2.3 days, which is logistically feasible. 
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Specimen characteristics 

As mentioned above, the specimens subjected to flexural fatigue are prismatic and of 

two different sizes: 75x75x300 mm (S) and 150x150x300 mm (L). Prior to testing, all 

specimens were notched in their midplane to a depth of h/6. 

The specimens were not pre-cracked, since the aim is to study the two possible fatigue 

mechanisms that can occur, namely fatigue of uncracked concrete and fatigue of cracked 

concrete (see 2.2.4). The former occurs when the concrete has not yet cracked, with very 

low CMOD values (≤ 0.05 mm). Therefore, if the specimens were pre-cracked, this mech-

anism would be eliminated. On the other hand, it would not make sense for the purposes 

of the A0 series either: since we are dealing with plain concrete, pre-cracking would di-

rectly imply the breaking of the specimens. 

Number of specimens 

In order to obtain representative results considering the fatigue dispersion, it is advis-

able to test a sufficient number of specimens. In this work, 12 specimens have been tested 

for each type of concrete and size. Due to time and cost limitations, in most experimental 

concrete fatigue campaigns between 10 and 15 tests per series are performed. 

Measured results 

The parameters measured in the bending fatigue tests are given below: 

• Vertical displacement at the mid-span of the specimen, calculated as the aver-

age of the displacements measured by the two laser distance meters placed on 

either side of the specimen. 

• CMOD (i.e. crack mouth opening displacement), measured with a clip-on ex-

tensometer placed in the notch. 

• Load, through the load cell incorporated in the actuator itself. 

• Fatigue life or number of cycles to specimen rupture. 

It is worth mentioning that the tests are performed with force control, applying sinus-

oidal load cycles according to the load levels established for each series and specimen 

size. 
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Summary of test parameters 

Finally, a table is included with the fatigue test parameters for all series and specimen 

sizes. 

Table 3.2-3. Parameters of flexural fatigue tests. 

Series Size 
Pmax  

(kN) 

Load 

range 

Pmax,fat 

(kN) 

Pmin,fat 

(kN) 

f  

(Hz) 
Nrunout 

A0 
S 6.41 

(80%-16%) 

·Pmax 

5.13 1.03 

5 1,000,000 

L 16.33 13.06 2.61 

A1 
S 6.86 5.49 1.10 

L 18.54 14.83 2.97 

A2 
S 9.21 7.37 1.47 

L 35.53 28.42 5.68 

A3 
S 15.35 12.28 2.46 

L 51.27 41.02 8.20 

 

3.2.3 Facilities and equipment 

All the tests have been carried out in the Laboratory of Large Structures of Civil 

Works, belonging to the School of Engineering of the University of Burgos (Spain). 

These facilities were inaugurated in 2005 and, thanks to its modern equipment and the 

technological impulse provided by the various research groups of the UBU, it has become 

a reference in the region to perform static or dynamic tests on structural elements of any 

type. 

The laboratory has a surface area of 940 m2 and has a reaction slab completely isolated 

from the rest of the building and designed to carry out high-capacity dynamic tests. In 

addition, the slab incorporates a reaction wall, two steel reaction frames and a test table. 

In terms of equipment, a wide range of dynamic hydraulic actuators is available, from 

15 kN to 1,000 kN capacity. Pressure is supplied to the actuators by a hydraulic unit with 

a capacity of 200 L/min and a working pressure of 280 bar. Between the hydraulic unit 

and the actuators there is a manifold, i.e. a hydraulic control unit. 
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Figure 3.2-9. Main entrance of the School of Engineering and access to the Laboratory of 

Large Structures of Civil Works. 

 

Figure 3.2-10. Inside view of the Large Structures of Civil Works Laboratory. 

The specific equipment used to carry out the experimental campaign of this research 

work is described below: 

  



 

Section 3. MATERIALS AND METHODS 

 

 

pg. 129/369 

 

300 T universal testing machine 

The compressive strength and modulus of elasticity tests were carried out with a uni-

versal testing machine, model MES 300, manufactured by the company Servosis (Pinto, 

Madrid, Spain). This hydraulic press has a load capacity of 300 tons. 

 

Figure 3.2-11. 300 T testing machine. 

50 kN dynamic actuator 

In the 3-point bending tests, both static and fatigue, the force was applied with a dy-

namic hydraulic actuator, model 244.21, manufactured by MTS (Eden Prairie, MN, 

USA). This is a double-acting actuator, which allows both compressive and tensile loads 

to be applied, with a range of ± 50 kN and a displacement amplitude of 150 mm. 

 

Figure 3.2-12. 50 kN actuator positioned in its reaction frame.  
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The hydraulic supply of the actuator is carried out through the manifold and the hy-

draulic unit of the laboratory. 

Test fixtures 

As noted above, the 50 kN hydraulic actuator was used in the bending tests. This 

actuator is located on the laboratory test table, fixed to an adjustable metal frame. 

To perform the tests, it was necessary to design ad hoc two bending fixtures, one for 

each specimen size. The fixtures were designed using Inventor Professional software 

from Autodesk (San Rafael, CA, USA) and were made of S275 steel. The design followed 

the requirements of the UNE-EN 14651 standard [7]. 

Each fixture consists of two parts. On the one hand, the upper part, connected to the 

actuator, is the one with the two end supports, positioned according to a ratio h:lap = 0.3. 

The main span is formed by an HEB profile. Each support is made up of two box-shaped 

UPN profiles, under which the support cylinders are located. The UPN profiles provide 

sufficient space for the clip-on extensometer in the center of the specimen. The cylinders 

can rotate freely with respect to their midpoint to avoid transmitting any residual torsional 

stresses caused by possible warping of the specimen face. In addition, bars connecting 

the supports at the height of the cylinders are arranged on each side; it is at this point that 

the displacement sensors are placed. On the other hand, the lower part, anchored to the 

test table, is the one with the central support. It consists of a fixed cylinder that acts as a 

support and two angular profiles on each side. The upper face of the angular profiles is 

the fixed reference for the measurement of the displacement sensors. Figure 3.2-13 shows 

the fixture models for the two specimen sizes. 

  

Figure 3.2-13. Bending fixtures for size S (left) and L (right) specimens. 
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Figure 3.2-14. Fixture for size S specimens. 

Test control 

The 50 kN hydraulic actuator is monitored through a control module, using the Mul-

tiPurpose TestWare 793 software from MTS. Specifically, the Station Manager applica-

tion is used, whose main utilities are: 

• Perform tuning of the actuator. Tuning is a procedure in which, as its name 

suggests, the actuator parameters are adjusted so that its control is as accurate 

as possible, i.e., so that it is able to reproduce the signal (load or displacement) 

sent to it with the minimum error. The actuator control is very sensitive to the 

stiffness of the set of elements that make up the test (frame, specimen, etc.). 

Therefore, it is advisable to do it every time the type of material or test is 

changed, or even routinely from time to time. In dynamic tests this process is 

indispensable. 

• Configure cyclic and monotonic tests. With this software, the control of the 

hydraulic actuator for the two types of bending tests can be configured. On the 

one hand, in static bending tests, which are performed with displacement con-

trol, the displacement speed of the piston in mm/min is displayed. On the other 

hand, in the flexural fatigue tests, which are performed with load control, the 

load range, frequency, wave type and number of cycles of survival limit are 

set. 
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In load-controlled tests, such as flexural fatigue tests, it is very important for 

safety reasons to set an interlock. An interlock is simply a value of a parameter 

(usually load or displacement) which, if exceeded, automatically stops the test. 

In this case a displacement interlock has been set, whose value is large enough 

to be sure that, if the actuator piston reaches that value, the specimen has al-

ready failed. If an interlock is not set, when the probe breaks, the piston will 

continue to move forward to seek the indicated load. This is very dangerous, 

as it could end up damaging sensors, the actuator itself or any of its compo-

nents (ball joint, etc.). 

Sensors and data acquisition 

The sensors used in the bending tests, both static and fatigue, are described below. 

Firstly, to register the load, the load cell incorporated in the actuator, model 661.20F-02, 

manufactured by MTS, with a range of ± 50 kN, is used. 

Secondly, the relative displacement between the two end supports and the central sup-

port is measured with two high-precision laser distance meters, model CP08MHT80, 

manufactured by Wenglor (Tettnang, Germany). These sensors have a measuring range 

of 50 mm and an accuracy of 8 µm. They are placed on the bending fixture itself by means 

of ad hoc designed brackets made of PLA polymer with an additive manufacturing 3D 

printer. It is worth mentioning that the actuator has a built-in displacement transducer that 

tracks the piston movements. However, these data have not been taken into account, since 

the piston motion comprises not only the displacement of the specimen, but also other 

uncontrolled phenomena, such as the deformation of the frame and the fixture. Therefore, 

the measurement provided by laser distance meters is much more accurate. 

Finally, the crack opening (i.e. the CMOD) is measured with an axial extensometer 

with a measuring range of 25 mm, model 634.12F-24, manufactured by MTS. The sensor 

and the stop piece are placed on either side of the notch with a cyanoacrylate adhesive. 
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Figure 3.2-15. Laser distance meters and axial extensometer placed on a specimen of size 

L. 

Test control and data acquisition are two systems that are managed completely inde-

pendently. All sensors are connected to a data acquisition system (DAQ) that receives 

their electrical signals and digitizes them so that they can be interpreted by a computer. 

In this case, the DAQ used is a QuantumX module, model MX840B, from the company 

HBM (Darmstadt, Germany). Finally, the data are collected, analyzed and visualized in 

real time with HBM's Catman DAQ software. 

 

Figure 3.2-16. Data acquisition with QuantumX module and Catman software. 

The data capture frequency is 50 Hz. This means that, in flexural fatigue tests, whose 

loading frequency is 5 Hz, 10 data are recorded for each complete cycle. The reason for 

choosing such an apparently tight ratio is to facilitate subsequent post-processing of the 

data, since, in the worst-case scenario with a specimen reaching the runout limit, the num-

ber of data rows would be 107, generating files of several gigabytes. 
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In any case, the error obtained by determining the extreme points (maximum and min-

imum) of each cycle has been calculated. If the ratio between the data acquisition fre-

quency and the loading frequency were an integer (in this case, 10), the error would be 

constant throughout the test. However, it is observed that there is a slight offset in the 

data acquisition frequency, which causes the error to vary between 0 and a maximum 

value periodically (Figure 3.2-17). This maximum error only depends on the ratio be-

tween the frequencies, and can therefore be calculated theoretically as: 

emax=1- sin (90°-
360°/2

fdata/fload

) =4.89% (1.2-3) 

Therefore, the average error in determining the extreme values of the load cycles due 

to the frequency of data collection is 2.45%. This value is considered acceptable, taking 

into account the characteristics of the fatigue results to be obtained. 

 

Figure 3.2-17. Example of the error due to the ratio between data acquisition frequency 

and loading frequency in a fatigue test. 
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3.2.4 Test plan 

A summary table of the experimental campaign is shown below, including the number 

of specimens of each type of test, both per series and in total. The tests started when the 

concrete was 1 year and 4 months old, and the total duration of the campaign was 5 

months, from March to July 2022. 

The table does not contain the slump tests, performed with fresh concrete. Four tests 

were carried out per series (one per batch), i.e. 16 in total. In addition, one more specimen 

of each type per series was produced and kept in reserve. 

Table 3.2-4. Summary table of the experimental campaign. 

Test 
Specimens per series   Specimens in total 

Σ 
CL PR-S PR-L   CL PR-S PR-L 

Compressive strength 4 0 0   16 0 0 16 

Secant modulus of elasticity 3 0 0  12 0 0 12 

Static flexural strength 0 3 3  0 12 12 24 

Flexural fatigue 0 12 12   0 48 48 96 

   Σ   28 60 60 148 

 

3.2.5 Post-processing of results 

In this subsection, the process of analysis of the test results of the experimental cam-

paign is described, distinguishing between characterization tests and flexural fatigue tests. 

Characterization tests 

Characterization tests allow determining the main characteristics of each material, and 

in this case they include slump, compressive strength, modulus of elasticity and flexural 

strength tests. The following is a description of the most relevant aspects in terms of ob-

taining results for each type of test: 

• Slump test. In this test, the two parameters that characterize the self-compact-

ness of concrete are measured: df (final diameter of the slump flow) and t50 

(time it takes for the slump flow to reach a diameter of 50 cm). In fact, this 

test, rather than determining whether the self-compacting concrete is of one 

type or another, is used as a quality control. In other words, the objective is to 

verify that the concretes of all series actually have self-compacting properties 
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and that there is no segregation of the aggregates or any other pathology of the 

fresh concrete that could affect the results of the investigation. 

The slump parameters are calculated at the series level as the average values 

of the 4 concrete batches. In this case, it is especially interesting to calculate 

the dispersion (standard deviation and coefficient of variation) in order to ver-

ify that there were no significant differences between the batches of the same 

series. 

• Determination of compressive strength. In this test, the software incorporated 

in the 300 T hydraulic press directly provides the stress-strain curve up to rup-

ture. However, this curve is not very interesting, since the strain measurement 

is calculated with the transducer incorporated in the piston and is therefore 

imprecise. Consequently, the maximum stress, i.e. the compressive strength 

fc, is taken as the only representative value for each test. 

The compressive strength is calculated at the series level as the average value 

of the strengths of the 4 specimens tested. In addition, to study the possible 

dispersion of the results, the standard deviation and the coefficient of variation 

are also calculated. 

• Determination of the secant modulus of elasticity in compression. In the mod-

ulus tests, the stress-strain graph is obtained as a result. The stress is calculated 

from the load of the hydraulic press, while the strain is the average value of 

the 3 strain gauges. The modulus of elasticity Ec is calculated as the slope of 

the upward branch of the last loading cycle. 

The modulus of elasticity, like the compressive strength, is calculated at the 

series level as the average of the moduli of the 3 tested specimens. In addition, 

the statistical dispersion variables are also obtained. 

• Determination of flexural tensile strength. The static flexural tensile tests are 

fundamental since they are used to determine the load cycles of the flexural 

fatigue tests. The result obtained in each test is the load-CMOD curve. From 

this, the ultimate flexural load (Pmax) is calculated, i.e., the maximum load 

reached in the entire test. 

The ultimate flexural strength is calculated at the series and prismatic speci-

men size level, and is obtained as the average value of the 3 tests performed 

in each case. It is very important that the dispersion of results is as low as 

possible, otherwise we would be adding uncertainty to the fatigue tests. 
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Flexural fatigue tests 

In fatigue tests, the data of the measured parameters are obtained, i.e., time, load, 

relative displacement between the center of the specimen and the ends, and crack opening 

or CMOD. With these data, very interesting graphs can be plotted that allow a qualitative 

evaluation of the test, such as load-CMOD, CMOD-time, load-time, etc. However, to 

quantify the fatigue response it is necessary to calculate some parameters that are not 

obtained directly. For this purpose, a routine has been developed in Matlab software, from 

Mathworks (Natick, MA, USA). The main functionalities of this algorithm are described 

below: 

• Differentiate between the two types of fatigue observed: matrix fatigue and 

fiber fatigue. In those SFRC series in which both fatigue mechanisms appear, 

by means of a semi-automatic process, the data set is divided into two subsets 

corresponding to the two types of fatigue. 

• Calculate the fatigue life. The number of cycles is obtained, both the total and 

those corresponding to the two types of fatigue, if any. It is worth mentioning 

that the Catman DAQ software is capable of calculating the number of cycles. 

However, it is not able to distinguish between the two types of fatigue, so this 

process is redone with Matlab code. 

• Calculate the secondary crack opening rate (dCMODupp/dn, or simply 

dCMOD/dn). The secondary crack opening rate is the slope of the upper en-

velope of the CMOD-N plot in phase II, i.e. when stabilized fatigue damage 

occurs. To calculate this parameter, the upper envelope of the CMOD-N curve, 

denoted CMODupp-N, is first determined. Then, the data corresponding to 

phases I and III are discarded. Finally, a linear least squares regression is per-

formed, the slope of the line being the value of dCMOD/dn. In cases where 

there are two fatigue mechanisms, this process is repeated to calculate 

(dCMOD/dn)mat and (dCMOD/dn)fib (Figure 3.2-18). 
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Figure 3.2-18. CMOD-N curve in flexural fatigue test in SFRC, showing the fatigue mech-

anisms of uncracked and cracked concrete. 

In summary, the individual parameters obtained in each flexural fatigue test are the 

total number of cycles Ntot, the number of cycles corresponding to matrix fatigue Nmat, 

the number of cycles corresponding to fiber fatigue Nfib, the secondary crack opening rate 

of matrix fatigue (dCMODupp/dN)mat, and the secondary crack opening rate of fiber fa-

tigue (dCMODupp/dN)fib). Depending on the type of concrete (plain concrete or fiber-re-

inforced concrete) and, in the case of SFRC, whether both fatigue mechanisms are ob-

served, all or part of the above results are calculated. Subsequently, with these parameters, 

correlations with the properties of the concrete mesostructure will be attempted. 

Finally, at the series and specimen size level, the fatigue life results are adjusted fol-

lowing a Weibull distribution, which proves to be reasonably well adapted to the fatigue 

phenomenon in concrete. 

  



 

Section 3. MATERIALS AND METHODS 

 

 

pg. 139/369 

 

3.3 Mesostructural study with micro-computed tomography 

and image analysis 

3.3.1 Scanning of specimens 

The scanning of the concrete samples by micro-computed tomography was carried 

out at the facilities of the National Center for Research on Human Evolution (CENIEH), 

located in Burgos (Spain). This is a center of special importance, since it is one of the 29 

Singular Scientific and Technical Infrastructures (ICTS) of the Spanish territory, whose 

mission is to carry out innovative research and technological development of the highest 

quality. Specifically, the CENIEH develops research in the field of human evolution dur-

ing the upper Neogene and Quaternary. It is also responsible for the management of the 

archaeological and paleontological collections of the Atapuerca site (Burgos), among oth-

ers. 

In its Laboratory of Microscopy and Micro-computed tomography, CENIEH has a 

CoreTOM microCT from the company TESCAN (Brno, Czech Republic). It is a versatile 

X-ray inspection equipment consisting of a micro-focus tube with a maximum power of 

300 W and a maximum resolution of 2 µm. The mobile system consisting of the micro-

focus and the flat-panel detector allows the analysis of large samples. The maximum size 

of the sample to be scanned is 60 cm in diameter and 1 m in height, with a maximum 

weight of 45 kg. 

 

Figure 3.3-1. TESCAN CoreTOM microCT equipment.  
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All specimens of size S, i.e. those corresponding to the A0-S, A1-S, A2-S and A3-S 

series, were scanned in the microCT. Both the specimens that were tested for static flex-

ural strength and those that were subjected to flexural fatigue were treated; in total, 64 

specimens were analyzed before the tests, when the concrete was 1 year old. The reason 

for this is that the objective is to correlate the mesostructure of the concrete with the 

fatigue response; therefore, our interest is to study the intact material, not the one dam-

aged after the tests. The resolution achieved was equal in all samples, with a value of 65 

µm. 

 

Figure 3.3-2. Specimen inside the microCT equipment. 

As for the L-size specimens, they cannot be analyzed in this microCT. Although they 

meet the dimensional requirements, in this case the limiting factor is the combination of 

a large cross-section and the high density of concrete. While in the S specimens their 

75x75 mm2 cross-section allows obtaining reasonable results, for the 150x150 mm2 cross-

section of the L specimens the power of the microfocus is insufficient, resulting in low 

resolution and poor quality images. 

The result of the microCT scanning process is a stack of images of all the slices of the 

sample. As already explained, these are grayscale images in which the gray level of each 

voxel is directly related to the density of the material it represents. As the images are 16-

bit, the gray scale ranges from 0 (pure black), corresponding to the lightest material, to 

65.535 (pure white), corresponding to the densest material. 
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The number of images obtained in each specimen depends on the resolution and the 

dimension of its vertical axis. Therefore, about 4,600 images are obtained on these spec-

imens. The average time of the complete analysis process with micro-computed tomog-

raphy is about 3 hours. 

3.3.2 Image post-processing 

The stack of images obtained from the micro-computed tomography scan allows for 

a 3D reconstruction of the specimen, as shown in Figure 3.3-3. 

 

Figure 3.3-3. 3D reconstruction of specimen with indication of the coordinate axis system. 

However, for the purpose of this research, the real potential of microCT lies in its 

combination with post-processing through image analysis. From the images obtained by 

microCT, digital image processing techniques can be applied to segment the different 

components of concrete mesostructure. 

In this case, the objective of post-processing with image analysis is to obtain the main 

geometrical parameters of the fibers in the SFRC series (A1-S, A2-S and A3-S) and of 

the pores in the A0-S series of plain concrete. As addressed in more detail in Section 2, 

these components have been chosen because they are proven to have a notable impact on 

the flexural response, both static and fatigue, in each type of concrete. In addition, both 

pores and fibers have much difference in density with respect to the concrete matrix, 

which makes them more easily identifiable with this technology. The pores, being occu-

pied by air, have practically zero density compared to that of concrete (ρair = 1 kg/m3 << 

2,400 kg/m3 = ρh), while the fibers are made of steel, with a clearly higher density (ρs = 

7,850 kg/m3 > 2,400 kg/m3 = ρh). 



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 142/369 

 

For the segmentation process, it has been used Dragonfly, an image analysis software, 

freely available for research purposes, developed by the company ORS (Whitesboro, NY, 

USA). A specific procedure adapted to the particularities of the material and the objec-

tives of the research has been implemented in this program, for which the previous expe-

rience in image analysis of AUSINCO research group, to which the PhD candidate be-

longs, has been fundamental. The following is a step-by-step summary of this procedure: 

1. First, CT images are imported, generating the 3D reconstruction of the speci-

men. Then, a prism-shaped volume of interest is created and adjusted as well 

as possible to the contour of the specimen, leaving the entire concrete volume 

inside it. The volume outside the prism, which is ultimately the air surrounding 

the specimen, is eliminated. In this way, the processing time is reduced. 

2. Secondly, the coordinate system is repositioned so that it is always the same 

for all specimens (Figure 3.3-3). This step is essential for a correct interpreta-

tion of the results. 

3. Thirdly, the segmentation process of fibers and pores, as appropriate, is per-

formed. To segment a component by image analysis, the most immediate tech-

nique is thresholding. It basically consists of selecting voxels whose gray level 

is between certain values. However, this technique has several drawbacks. On 

the one hand, the selection of the range of voxels responds to subjective crite-

ria. On the other hand, when elements of the same material are very close, 

thresholding merges them, as it is not able to recognize that they are distinct 

elements. This reduces the quality of the analysis. 

To solve these problems, advanced segmentation techniques, such as the wa-

tershed transform (see subsection 2.4), must be used. Metaphorically, this 

technique interprets grayscale images as a topographic map, in which the gray 

level of each voxel represents its height. The implemented routine is able to 

identify the boundary lines dividing adjacent "watersheds", i.e., the elements 

that are theoretically in contact. 

Therefore, the watershed transform technique has been applied to segment the 

pores and fibers of the samples. 

In addition, in particularly complex cases, artificial intelligence (AI) models 

can be developed. This has been the case for the segmentation of fibers in the 

A3 series specimens, the one with the highest fiber content. Due to the high 
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volume of fibers, artifacts appear in these samples that result in the formation 

of groups of a large number of fibers that greatly distort the results obtained. 

Consequently, an AI model that segments the fibers according to their geom-

etry can be implemented in the image analysis software itself. The model seeks 

to adapt the geometry of the fibers to each voxel cluster. When a set of voxels 

containing several fibers appears, the model detects that this geometry is 

anomalous and tries to adjust the optimal number of individual fiber geome-

tries to this volume. As a result, it separates the different fibers that form it. 

Figure 2.4-4 shows the difference in results of segmenting the fibers without 

applying the AI model and applying it, for a specimen of the A3 series. Each 

color indicates a different element or group of voxels. It is clear that the wa-

tershed transform is insufficient in this case, creating a massive element of 

voxels (maroon tone). On the other hand, the AI model, even grouping a few 

fibers, achieves very acceptable results. 

 

(a) 

 

(b) 

Figure 3.3-4. Fiber segmentation: (a) applying watershed transform and (b) applying wa-

tershed transform together with an artificial intelligence model. 

Finally, the result of the segmentation process are elements or voxel sets that 

correspond to the individual fibers or pores of the sample, depending on the 

component under study. 
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4. Lastly, the individual geometrical parameters of each group of voxels are de-

termined; that is, of the pores or fibers of the specimen studied, as applicable. 

This process is carried out automatically by means of a tool incorporated in 

the software itself. The geometrical parameters that are calculated for each 

type of component are briefly indicated below: 

o Fibers: volume, length, thickness, coordinates of the center of gravity, 

coordinates of the extreme points along the XYZ axes, orientation with 

respect to the XYZ axes. 

o Pores: volume, surface area, length, width, coordinates of the center of 

gravity. 

The results are exported for further statistical processing. 
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4 RESULTS 

This section presents the results of the characterization tests, the flexural fatigue tests 

and the study of the microstructure by means of micro-computed tomography. The ob-

jective is to present the direct test results, making only a first brief and general analysis 

of them. 

Therefore, this section serves as a starting point for the following chapter (5. ANAL-

YSIS OF RESULTS AND DISCUSSION), where an in-depth analysis is carried out, 

second level results are extracted and, in short, the main conclusions of this doctoral thesis 

are drawn. 

4.1 Characterization tests 

This subsection contains the results of the preliminary tests, whose objectives are to 

characterize the material and determine the parameters of the fatigue tests. The charac-

terization tests that have been carried out are: slump, compressive strength, modulus of 

elasticity and flexural strength. 

4.1.1 Slump test 

The slump test was carried out in accordance with UNE-EN 12350-8 [142]. The two 

parameters that assess the self-compactness are the final diameter of the concrete poured 

(df) and the time it takes to reach a diameter of 500 mm (t50). Table 3.1-3 contains the 

mean values of the 4 batches of each series, including the standard deviation. In addition, 

comparative graphs are shown. 

Table 4.1-1. Results of the slump test. 

Series df (mm) t50 (s) 

A0 843 [13] 4.8 [0.5] 

A1 768 [13] 5.1 [0.5] 

A2 739 [37] 4.9 [0.4] 

A3 648 [44] 5.5 [0.4] 
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Figure 4.1-1. Slump vs fiber content. 

 

Figure 4.1-2. Time t50 vs fiber content. 

It can be seen that in all cases the general requirements for self-compactness set by 

the Spanish Structural Code are met (see Table 3.1-3). However, the presence of fibers 

significantly affects the consistency of the concrete. Figure 4.1-1 reveals that the slump 

decreases roughly proportionally with increasing fiber content. As for the time t50, its 

value increases slightly, although this parameter is less sensitive to the dosage of fibers. 

With respect to the slump classes set by the Structural Code, the A0 and A1 series are 

classified as AC-SF3 (760 mm ≤ df ≤ 850 mm), the A2 series as AC-SF2 (660 mm ≤ df ≤ 

750 mm) and the A3 series as AC-SF1 (550 mm ≤ df ≤ 650 mm). 

The slump test also allows a qualitative evaluation of the segregation resistance of the 

concrete. Figure 4.1-3 shows the final appearance of the slump flow from one of the 

batches in each series. 
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In general, a uniform distribution of fibers and coarse aggregate is observed in all the 

series, and no significant exudation phenomena occur in the perimeter of the slump flow. 

It is worth mentioning that the A3 series has a slightly different appearance, which can 

be explained by the fact that, for this type of concrete, the fiber content begins to be high. 

If more fibers were added, the dosage would probably have to be corrected to avoid prob-

lems of segregation, formation of fiber balls, etc. 

 

(a)  

 

(b)  

 

(c)  

 

(d)  

Figure 4.1-3. Appearance of the slump flow: (a) A0, (b) A1, (c) A2 and (d) A3. 
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4.1.2 Compressive strength 

The compressive strength was determined according to UNE-EN 12390-3 [143]. The 

tests were carried out when the concrete was 1 year and 4 months old, i.e., just before the 

fatigue campaign began. Table 4.1-2 shows the results of the 4 specimens tested per se-

ries, including the mean value and the deviation. The comparative graph is also included. 

It is worth mentioning that, for information purposes, in order to know the compres-

sive strength at 28 days, 3 additional specimens of the plain concrete dosage (A0) were 

tested, with the result of 79.41 ± 1.75 MPa. 

Table 4.1-2. Compressive strength. 

Series Specimen fc,i (MPa) fc (MPa) fc,tot (MPa) 

A0 

A0-CL-1 106.90 

107.13 [1.73] 

106.78 [2.06] 

A0-CL-2 104.83 

A0-CL-3 108.88 

A0-CL-7 107.91 

A1 

A1-CL-1 107.35 

106.62 [3.41] 
A1-CL-2 106.28 

A1-CL-3 102.28 

A1-CL-4 110.55 

A2 

A2-CL-1 106.58 

106.22 [2.01] 
A2-CL-2 103.73 

A2-CL-3 108.60 

A2-CL-7 105.96 

A3 

A3-CL-1 107.05 

107.17 [1.30] 
A3-CL-2 107.53 

A3-CL-3 108.62 

A3-CL-7 105.48 

 



 

Section 4. RESULTS 

 

 

pg. 149/369 

 

 

Figure 4.1-4. Compressive strength vs fiber content. 

The results agree with the already known fact that the presence of fibers, for the usual 

contents, hardly affects the compressive strength of the concrete. 

The mean value of the compressive strength considering all series is 106.78 MPa, with 

a deviation of ± 2.06 MPa. Therefore, it is clearly a high-strength concrete. 

Figure 4.1-5 contains the stress-strain curves of all compression tests. The strain has 

been calculated from the displacement of the testing machine plate, so the results should 

be interpreted purely for comparative purposes. 
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(a)  

 

(b)  

 

(c)  

 

(d)  

Figure 4.1-5. Stress-strain curves in compressive strength tests: (a) A0, (b) A1, (c) A2 and 

(d) A3. 

Figure 4.1-5 reveals that the behavior is very similar in all series. The major difference 

is observed in two specimens of the A3 series, which show post-peak plasticization due 

to the ductility provided by the fibers. The specimens of the other SFRC series do not 

show this post-peak plasticization phenomenon, possibly because the ductility provided 

by the fibers is not sufficient to counteract the high brittleness of high-strength concrete. 

4.1.3 Modulus of elasticity 

The modulus of elasticity tests were performed according to UNE-EN 12390-13 

[144]. Strain gauges were used to measure the strain of concrete, and 3 tests per series 

were performed. Table 4.1-3 contains the results, including mean values and deviations. 

In addition, the comparative graph is shown. 
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Table 4.1-3. Modulus of elasticity in compression. 

Series Specimen Ei (MPa) E (MPa) Etot (MPa) 

A0 

A0-CL-4 47,358 
44,283  

[2,703] 

45,092  

[1,486] 

A0-CL-5 43,203 

A0-CL-6 42,286 

A1 

A1-CL-4 45,733 
45,156  

[645] 
A1-CL-5 44,460 

A1-CL-6 45,275 

A2 

A2-CL-4 45,341 
44,866  

[935] 
A2-CL-5 43,788 

A2-CL-6 45,468 

A3 

A3-CL-4 47,213 
46,063  

[1,033] 
A3-CL-5 45,212 

A3-CL-6 45,764 

 

 

Figure 4.1-6. Modulus of elasticity vs fiber content. 

Figure 4.1-6 shows that the modulus of elasticity tends to increase slightly with fiber 

content, although considering the deviations of the results, this increase is statistically 

negligible. Again, this is in agreement with the scientific literature. 

The average modulus of elasticity in the whole sample is 45,092 ± 1,486 MPa. The 

plain concrete series (A0) has the greatest dispersion of results, with a coefficient of var-

iation greater than 6%. It seems that the presence of fibers has the beneficial effect of 

reducing the dispersion of the modulus of elasticity. 
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4.1.4 Flexural strength 

The flexural static strength was evaluated according to UNE-EN 14651 [7], equivalent 

to RILEM TC 162-TDF [17]. The main test results are shown below, differentiating be-

tween the two specimen sizes. 

4.1.4.1 S-size specimens 

Figure 4.1-7 to 4.1-10 show the nominal stress vs CMOD plots of the 4 series of spec-

imens of size S (A0-S, A1-S, A2-S and A3-S). Each plot contains the average curve and 

the deviation in shading. 

 

Figure 4.1-7. Nominal stress vs CMOD diagram of A0-S series. 

 

Figure 4.1-8. Nominal stress vs CMOD diagram of A1-S series.  
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Figure 4.1-9. Nominal stress vs CMOD diagram of A2-S series. 

 

Figure 4.1-10. Nominal stress vs CMOD diagram of A3-S series. 

The comparative graph with the average curves of the four series is shown below. 
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Figure 4.1-11. Comparison of the nominal stress vs CMOD diagrams for the series of S-

size specimens. 

Table 4.1-4 shows the maximum flexural strength, expressed both in terms of load 

(Pmax) and nominal or equivalent stress (σmax). Individual results are included, as well as 

average values and deviations. 

Table 4.1-4. Maximum flexural strength. 

Series Specimen Pmax,i (kN) Pmax (kN) σmax,i (MPa) σmax (MPa) 

A0-S 

A0-S-1 6.11 

6.41 [0.33] 

7.82 

8.21 [0.42] A0-S-2 6.37 8.15 

A0-S-3 6.76 8.66 

A1-S 

A1-S-1 6.93 

6.86 [0.14] 

8.87 

8.78 [0.18] A1-S-2 6.70 8.57 

A1-S-3 6.95 8.90 

A2-S 

A2-S-1 9.53 

9.21 [0.55] 

12.19 

11.78 [0.7] A2-S-2 8.57 10.97 

A2-S-3 9.52 12.19 

A3-S 

A3-S-1 16.75 

15.35 [1.22] 

21.44 

19.65 [1.57] A3-S-2 14.85 19.00 

A3-S-3 14.46 18.51 

 

Another parameter that characterizes the response of SFRC in bending is the strength 

corresponding to the limit of proportionality (LOP), which is defined as the maximum 

load or stress reached in the CMOD range from 0 to 0.05 mm. This parameter can be 

considered equivalent to the so-called first crack resistance. Table 4.1-5 lists the values 
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of this strength, expressed both in terms of load (PL) and stress (fL). The individual results 

are included, and finally the average values and deviations. The data of the A0-S series 

are not included, since in plain concrete the maximum strength and that of the LOP coin-

cide. 

Table 4.1-5. Strength corresponding to the limit of proportionality. 

Series Specimen PL,i (kN) PL (kN) fL,i (MPa) fL (MPa) 

A1-S 

A1-S-1 5.34 

5.75 [0.52] 

6.83 

7.36 [0.66] A1-S-2 5.59 7.15 

A1-S-3 6.33 8.10 

A2-S 

A2-S-1 6.56 

6.52 [0.15] 

8.39 

8.35 [0.19] A2-S-2 6.35 8.13 

A2-S-3 6.65 8.51 

A3-S 

A3-S-1 8.70 

8.16 [0.46] 

11.13 

10.45 [0.59] A3-S-2 7.86 10.06 

A3-S-3 7.94 10.16 

 

Next, a graph comparing the maximum flexural stress and the stress corresponding to 

LOP versus fiber content is shown. 

 

Figure 4.1-12. Maximum stress and stress corresponding to the LOP in the flexural tensile 

test, vs fiber content. 

Several conclusions can be drawn from the results shown. First, Figure 4.1-11 shows 

that the addition of fibers modifies the fracture behavior of concrete from brittle to clearly 

ductile. Consequently, the fracture toughness increases significantly. Secondly, the fibers 

also cause an increase in the ultimate flexural strength, i.e., strain-hardening behavior 



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 156/369 

 

occurs, characterized by the fact that the strength mechanism of the fibers is able to take 

on more load than that of the matrix. Due to the ductility provided by the fibers, maximum 

strengths are reached at high CMOD values. 

Third, Figure 4.1-12 reveals that the increase in ultimate strength is not proportional 

to the fiber dosage, but follows an exponential trend. Compared to plain concrete, the 

increases are 7%, 43% and 240% for fiber contents of 0.3%, 0.6% and 1.0%, respectively. 

Finally, the corresponding LOP strength remains constant for fiber amounts up to 0.6%, 

while it only increases with 1%. This is to be expected, since the first-crack strength of 

concrete is primarily governed by the matrix. When the concrete starts to crack, there is 

a progressive transfer of tensile stresses from the matrix to the fibers. As for the behavior 

of the A3-S series, due to the high volume of fibers, the stress drop after the first crack is 

practically imperceptible, with the result that the fibers assume stress from low CMODs, 

less than 0.05 mm. 

The flexural response of fiber-reinforced concrete can also be evaluated through the 

residual strength. Below is a table with the values of residual strengths fR1, fR2, fR3 and fR4 

according to MC 2010 [33], corresponding to crack openings of 0.5, 1.5, 2.5 and 3.5 mm, 

respectively. The comparative bar chart is shown in Figure 4.1-13. Again, the data of the 

A0-S series are not included because in plain concrete, when fL is reached, collapse occurs 

and the residual strength is zero. 

Table 4.1-6. Residual flexural strengths of SFRC series. 

Series fL (MPa) fR1 (MPa) fR2 (MPa) fR3 (MPa) fR4 (MPa) 

A1-S 7.36 [0.66] 8.47 [0.56] 6.95 [1.96] 6.22 [2.05] 5.71 [2.33] 

A2-S 8.35 [0.19] 10.96 [1.13] 11.56 [0.79] 11.36 [0.68] 11.38 [0.92] 

A3-S 10.45 [0.59] 18.82 [1.27] 16.57 [2.21] 15.27 [2.47] 13.96 [2.07] 
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Figure 4.1-13. Residual flexural strengths of SFRC series. 

Once again, strain-hardening behavior is evident, since the maximum strength is not 

fL, but fR1 in the A1-S and A3-S series, and fR2 in the A2-S series. The SFRC strength 

classes according to MC 2010 are 8b, 10c and 18b for A1-S, A2-S and A3-S series, re-

spectively. The first component is a number representing the residual resistance fR1, while 

the second is a letter that is assigned based on the ratio fR3/fR1. The higher the ratio, the 

"higher" the letter and the better the post-peak performance of the SFRC. For example, 

the A2-S series is classified as c and clearly experiences a smaller decrease in residual 

strength with increasing CMOD. 
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4.1.4.2 L-size specimens 

Figure 4.1-14 to 4.1-17 show the nominal stress vs CMOD plots of the 4 series of L-

size specimens (A0-L, A1-L, A2-L and A3-L). Each plot contains the average curve and 

the deviation in shading. 

 

Figure 4.1-14. Nominal stress vs CMOD diagram of A0-L series. 

 

Figure 4.1-15. Nominal stress vs CMOD diagram of A1-L series. 
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Figure 4.1-16. Nominal stress vs CMOD diagram of A2-L series. 

 

Figure 4.1-17. Nominal stress vs CMOD diagram of A3-L series. 

The comparative graph with the average curves of the four series is shown below. 
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Figure 4.1-18. Comparison of the nominal stress vs CMOD diagrams for the L-size speci-

men series. 

Table 4.1-7 shows the maximum flexural strength, expressed both in terms of load 

(Pmax) and nominal or equivalent stress (σmax). Individual results are included, as well as 

average values and deviations. 

Table 4.1-7. Maximum flexural strength. 

Series Specimen Pmax,i (kN) Pmax (kN) σmax,i (MPa) σmax (MPa) 

A0-L 

A0-L-8 16.48 

16.33 [0.45] 

5.27 

5.23 [0.14] A0-L-11 16.69 5.34 

A0-L-12 15.82 5.06 

A1-L 

A1-L-1 19.77 

18.54 [2.23] 

6.33 

5.93 [0.71] A1-L-7 19.89 6.36 

A1-L-8 15.96 5.11 

A2-L 

A2-L-4 33.42 

35.53 [4.24] 

10.70 

11.37 [1.36] A2-L-11 40.41 12.93 

A2-L-14 32.76 10.48 

A3-L 

A3-L-9 56.52 

51.27 [4.55] 

18.09 

16.41 [1.46] A3-L-11 48.36 15.48 

A3-L-15 48.94 15.66 

 

Table 4.1-8 below lists the strength values corresponding to the limit of proportional-

ity, expressed both in terms of load (PL) and stress (fL). Individual results are included, as 

well as averages and deviations. As in the case of S specimens, the values of A0-L are 

not added because in plain concrete σmax coincides with fL. 
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Table 4.1-8. Strength corresponding to the limit of proportionality. 

Series Specimen PL,i (kN) PL (kN) fL,i (MPa) fL (MPa) 

A1-L 

A1-L-1 16.76 

16.3 [0.41] 

5.36 

5.22 [0.13] A1-L-7 16.17 5.18 

A1-L-8 15.96 5.11 

A2-L 

A2-L-4 18.94 

20.83 [2.25] 

6.06 

6.67 [0.72] A2-L-11 23.32 7.46 

A2-L-14 20.23 6.47 

A3-L 

A3-L-9 25.30 

24.18 [1.06] 

8.09 

7.74 [0.34] A3-L-11 24.05 7.70 

A3-L-15 23.19 7.42 

 

Next, a graph comparing the maximum flexural stress and the stress corresponding to 

the LOP versus fiber content is shown. 

 

Figure 4.1-19. Maximum stress and stress corresponding to LOP in the flexural tensile 

test, vs fiber content. 

The results yield some interesting conclusions. First, as already mentioned, fibers in-

troduce a strength mechanism quite different from that of plain concrete, leading to a 

strongly ductile failure (Figure 4.1-18). Second, SFRC series experience an increase in 

ultimate flexural strength. In fact, this increase occurs in the series with more fibers (A2-

L and A3-L), where a clear strain-hardening behavior is observed. On the other hand, in 

the A1-L series, the strength at first crack is practically identical to that reached by the 

fibers a posteriori, showing an evident plastic deformation behavior, consisting of an in-

crease in the CMOD under constant load (Figure 4.1-18). 
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Third, Figure 4.1-19 shows that the maximum flexural strength increases significantly 

with fiber content. In relation to plain concrete, in the A1-L series the increase is insig-

nificant, while the most notable increase is between the A1-L and A2-L series. Specifi-

cally, the strength improves by 13%, 117% and 214% for fiber dosages of 0.3%, 0.6% 

and 1.0%, respectively. Finally, as for the strength corresponding to the LOP, it remains 

constant for the lowest fiber content, from which it increases slightly. 

On the other hand, it is interesting to know the residual strength of SFRC series. Below 

is a table with the values of the residual strengths fR1, fR2, fR3 and fR4 according to MC 

2010, corresponding to CMODs of 0.5, 1.5, 2.5 and 3.5 mm, respectively. The compara-

tive bar chart is shown in Figure 4.1-20. 

Table 4.1-9. Residual flexural strengths of SFRC series. 

Series fL (MPa) fR1 (MPa) fR2 (MPa) fR3 (MPa) fR4 (MPa) 

A1-L 5.22 [0.13] 5.12 [0.82] 5.11 [1.00] 5.02 [1.27] 4.50 [1.14] 

A2-L 6.67 [0.72] 9.95 [2.50] 10.81 [1.27] 10.79 [0.76] 9.79 [0.38] 

A3-L 7.74 [0.34] 15.19 [1.82] 16.14 [1.56] 15.32 [1.54] 14.34 [1.76] 

 

 

Figure 4.1-20. Residual flexural strengths of SFRC series. 

Again, Figure 4.1-20 reflects the different behaviors of SFRC series. On the one hand, 

series A2-L and A3-L show strain-hardening, since the maximum strength is reached at 

fR2, with a CMOD of 1.5 mm, starting to decrease from this value. On the other hand, A1-

L series experiences plastic deformation; in this case, the maximum strength is reached 

at fL, but only decreases by 4% up to fR3. The SFRC strength classes according to MC 
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2010 are 5c, 9c and 15c for A1-L, A2-L and A3-L series, respectively. The index c cor-

responds to a plastic-type behavior, where the strength hardly decreases with increasing 

CMOD. This is clearly seen in Figure 4.1-18. 

4.2 Flexural fatigue tests 

The flexural fatigue tests were carried out as described in Section 3. In particular, the 

test parameters for each of the series can be found in Table 3.2-3. The main results are 

presented below, distinguishing between the two specimen sizes. It is worth mentioning 

that an appendix with all the individual fatigue test data sheets is included at the end of 

the document. 

4.2.1 S-size specimens 

4.2.1.1 Fatigue life 

Table 4.2-1 shows the fatigue life for all tests on specimens of size S. Twelve tests 

were performed in each series. 

Table 4.2-1. Fatigue life N. 

Test No. A0-S A1-S A2-S A3-S 

1 1,000,000* 6,121 3,522 18,889 

2 99,976 4,838 10,316 918 

3 511,248 3,696 40,858 30 

4 243,232 43 19,401 3,176 

5 139,687 2,642 22,481 12,888 

6 456,365 2,791 1,000,000* 7,195 

7 82,695 9,226 26,308 15,225 

8 2,674 3,956 20,746 12 

9 16,155 1,512 5,156 31 

10 1,304 5,263 5,068 3,090 

11 44,497 4,015 14,233 3,743 

12 6,153 48 5,024 2,219 

 

The results indicate that the series without fibers (A0-S) is the one with the longest 

fatigue life, visibly distancing itself from SFRC series. Only two specimens have reached 

the runout limit of 1,000,000 cycles: one from the A0-S series and the other from the A2-

S series. 
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As discussed above, the Weibull distribution function is usually used to statistically 

describe the fatigue life data, since it fits its high dispersion reasonably well. Figure 4.2-1 

to 4.2-4 show, for each series, the fit of the results to the Weibull function of two param-

eters. It should be mentioned that these parameters were determined by the graphical 

method. 

  

Figure 4.2-1. Fit to the Weibull distribution of the fatigue life of A0-S series. 

  

Figure 4.2-2. Fit to the Weibull distribution of the fatigue life of A1-S series. 
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Figure 4.2-3. Fit to the Weibull distribution of the fatigue life of A2-S series. 

  

Figure 4.2-4. Fit to the Weibull distribution of the fatigue life of A3-S series. 

In general, it is concluded that the results of the 4 series fit well to the Weibull distri-

bution function. The A0-S series, for plain concrete, has the highest correlation coeffi-

cient R2, reaching 0.98. For the rest, its value is 0.73, 0.76 and 0.86 for the A1-S, A2-S 

and A3-S series, respectively. It is observed that, in the particular case of the A1-S and 

A3-S series, lower values of fatigue life (below 102 cycles) clearly alter the fit. In the case 

of the A2-S series, it is the highest fatigue value that shows a dissonant behavior with 

respect to the rest. 

Figure 4.2-5 plots the Weibull distribution functions of the fatigue life of the 4 series, 

including the points representing each test. In addition, Table 4.2-2 shows the values of 

the fit parameters λ and β. 
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Table 4.2-2. Fit parameters λ and β of the Weibull distribution function. 

Series λ β 

A0-S 5.17 4.80 

A1-S 3.76 2.87 

A2-S 4.54 6.35 

A3-S 3.67 2.01 

 

 

Figure 4.2-5. Fit to the Weibull distribution of the fatigue life of the S-size series. 

The scale parameter λ is related to the characteristic fatigue life, so that the higher the 

fatigue life, the higher its value. In Figure 4.2-5, this means that the distribution function 

curve is more to the right. Therefore, the series with the highest fatigue life is A0-S, plain 

concrete. It is followed by the A2-S series and finally by the A1-S and A3-S series, whose 

fatigue life is very similar. 

At this point, it should be remembered that the range of loads applied in the fatigue 

tests are percentages of the maximum load in the static flexural tests (in this case, between 

16% and 80%). This implies that the range of fatigue loads to which the A3-S series 

specimens have been subjected is much greater than that of the A0-S series; specifically, 

2.5-12.3 kN versus 1.0-5.1 kN. Consequently, caution should be exercised when inter-

preting the results. The A0-S series (without fibers) has a higher fatigue strength than A3-

S (with 1.0% fibers) taking the maximum flexural load as a reference. However, if the 

A3-S series specimens were subjected to the same loads as the A0-S series, it is very 
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likely that their fatigue life would be much higher, being close to the endurance limit or 

infinite life. 

On the other hand, the shape parameter β is an indicator of dispersion, so that the 

lower the variability of the results, the higher its value. In Figure 4.2-5, this is reflected 

in the slope of the curve being higher. Consequently, the series with the lowest dispersion 

is A2-S, followed by A0-S, and finally A1-S and A3-S. To get an overall idea of the 

fatigue dispersion, considering all the tests, it is observed that the results cover 5 orders 

of magnitude, from 101 to 106 cycles. 

4.2.1.2 CMOD vs N diagrams 

Figure 4.2-6 to 4.2-19 show the CMOD versus fatigue life and CMOD versus relative 

fatigue life diagrams of all fatigue tests on S-size specimens, divided by series. In reality, 

these diagrams represent the upper envelope of the CMOD, or equivalently, the maximum 

CMOD in each cycle. However, for simplicity they will be referred to as CMOD vs N 

diagrams. 

It should be noted that in some tests of the A1-S and A2-S series, two fatigue mecha-

nisms have been detected: fatigue of uncracked concrete, governed by the matrix, and 

fatigue of cracked concrete, dominated by the fibers (see Figure 2.2-15). In these cases, 

the fatigue life section corresponding to the non-cracked situation has been plotted as a 

dashed line. In addition, N sections shorter than 50 cycles are not plotted. 

The specimens have been numbered from index 4 because the first three are the ones 

that have been tested in static bending. In some cases index 16 is used because there has 

been a problem with one of the 12 main specimens and the reserve one has been used. 
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Figure 4.2-6. CMOD vs fatigue life in A0-S series fatigue tests. 

 

Figure 4.2-7. CMOD vs fatigue life in A0-S series fatigue tests (detail view). 
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Figure 4.2-8. CMOD vs relative fatigue life in A0-S series fatigue tests. 

 

Figure 4.2-9. CMOD vs relative fatigue life in A0-S series fatigue tests (detail view). 
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Figure 4.2-10. CMOD vs fatigue life in A1-S series fatigue tests. 

 

Figure 4.2-11. CMOD vs fatigue life in A1-S series fatigue tests (detail view). 

  



 

Section 4. RESULTS 

 

 

pg. 171/369 

 

 

Figure 4.2-12. CMOD vs relative fatigue life in A1-S series fatigue tests. 

 

Figure 4.2-13. CMOD vs relative fatigue life in A1-S series fatigue tests (detail view). 
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Figure 4.2-14. CMOD vs fatigue life in A2-S series fatigue tests. 

 

Figure 4.2-15. CMOD vs fatigue life in A2-S series fatigue tests (detail view). 
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Figure 4.2-16. CMOD vs relative fatigue life in A2-S series fatigue tests. 

 

Figure 4.2-17. CMOD vs relative fatigue life in A2-S series fatigue tests (detail view). 
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Figure 4.2-18. CMOD vs fatigue life in A3-S series fatigue tests. 

 

Figure 4.2-19. CMOD vs relative fatigue life in A3-S series fatigue tests. 
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Below is a table with the fatigue life of all specimens broken down according to the 

two fatigue mechanisms. That is, on the one hand, the number of cycles corresponding to 

the fatigue of uncracked concrete (or fatigue of the matrix) and on the other hand, the 

cycles associated with the fatigue of cracked concrete (or fatigue of the fibers). 

Table 4.2-3. Fatigue life, distinguishing between the part corresponding to matrix fatigue 

(Nmat) and that associated with fiber fatigue (Nfib). 

Series Spec. Nmat Nfib Ntot  Series Spec. Nmat Nfib Ntot 

A0-S 

A0-S-4 1,000,000 - 1,000,000  

A2-S 

A2-S-4 59 3,463 3,522 

A0-S-6 99,976 - 99,976  A2-S-5 504 9,812 10,316 

A0-S-7 511,248 - 511,248  A2-S-6 50 40,808 40,858 

A0-S-8 243,232 - 243,232  A2-S-7 57 19,344 19,401 

A0-S-9 139,687 - 139,687  A2-S-8 53 22,428 22,481 

A0-S-10 456,365 - 456,365  A2-S-9 1,000,000 - 1,000,000 

A0-S-11 82,695 - 82,695  A2-S-10 56 26,252 26,308 

A0-S-12 2,674 - 2,674  A2-S-11 - 20,746 20,746 

A0-S-13 16,155 - 16,155  A2-S-12 - 5,156 5,156 

A0-S-14 1,304 - 1,304  A2-S-13 - 5,068 5,068 

A0-S-15 44,497 - 44,497  A2-S-14 - 14,233 14,233 

A0-S-16 6,153 - 6,153  A2-S-15 - 5,024 5,024 

A1-S 

A1-S-4 346 5,775 6,121  

A3-S 

A3-S-4 - 18,889 18,889 

A1-S-5 1,924 2,914 4,838  A3-S-5 - 918 918 

A1-S-6 31 3,665 3,696  A3-S-6 - 30 30 

A1-S-7 27 16 43  A3-S-7 - 3,176 3,176 

A1-S-8 1,948 694 2,642  A3-S-8 - 12,888 12,888 

A1-S-9 49 2,742 2,791  A3-S-9 - 7,195 7,195 

A1-S-10 2,118 7,108 9,226  A3-S-10 - 15,225 15,225 

A1-S-11 327 3,629 3,956  A3-S-11 - 12 12 

A1-S-12 17 1,495 1,512  A3-S-12 - 31 31 

A1-S-13 934 4,329 5,263  A3-S-13 - 3,090 3,090 

A1-S-14 2,305 1,710 4,015  A3-S-14 - 3,743 3,743 

A1-S-15 42 6 48  A3-S-15 - 2,219 2,219 

 

Several conclusions can be drawn from the diagrams of crack opening versus number 

of cycles. Firstly, the only series in which both fatigue mechanisms are observed together 

are A1-S and A2-S. In particular, A1-S series is the one that offers the most interesting 

results, since significant sections of fatigue of cracked concrete, of the order of 103 cycles, 

are observed. The reason why in some SFRC series both mechanisms appear and in others 

only fatigue of cracked concrete lies in the nominal stress vs CMOD curve of the static 



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 176/369 

 

flexural tensile tests, and specifically, in the relationship between the stress corresponding 

to the LOP (fL) and the maximum fatigue stress (σmax,f) (Table 4.2-4). When σmax,f > fL, 

the concrete cracks immediately during the first fatigue cycle, so no matrix fatigue ap-

pears. Conversely, when σmax,f < fL, the concrete does not crack from the beginning, re-

sulting in matrix fatigue. After a certain number of cycles, this mechanism is exhausted 

and the fibers assume the tensile stresses, and fiber fatigue is observed. 

Table 4.2-4. Stress corresponding to LOP and maximum stress from loading cycles in flex-

ural fatigue tests. 

Series fL (MPa) σmax,f (MPa) 

A0-S 8.21 6.57 

A1-S 7.36 7.03 

A2-S 8.35 9.43 

A3-S 10.45 15.72 

 

Secondly, the percentage over the total fatigue life occupied by the fatigue of cracked 

concrete seems to be related to the ratio σmax,f / fL. The lower its value, the farther the 

maximum fatigue load is from the first crack strength, and therefore the greater the fatigue 

life resisted by the matrix. This explains why in the A2-S series the fatigue of the matrix 

extends over very few cycles (except for the anomalous case of specimen A2-S-4), while 

in the A1-S series it can reach several thousand cycles. Moreover, within each series, the 

percentage of fatigue of cracked concrete has a certain dispersion, which can be explained 

in part by the variability of the static parameter fL. 

Third, the CMOD vs N curves clearly distinguish the three phases of damage; namely, 

(I) emergence of microcracks at the notch edge, (II) stable crack growth and (III) unstable 

crack propagation to failure. These phases are independent of the fatigue mechanism, so 

that they are observed both when fatigue of uncracked concrete (A0-S series, Figure 

4.2-8) and fatigue of cracked concrete (A3-S series, Figure 4.2-19) occur. In cases where 

both mechanisms appear, the three damage phases are also observed independently in 

each of them. This can be seen quite well in the A1-S series (Figure 4.2-13). Finally, the 

percentage of the fatigue life occupied by phase II of stable crack growth is very similar 

in the two types of fatigue. In the case of matrix fatigue, it ranges on average from 14% 

to 82% of the total life, while in fiber fatigue the range is from 9% to 84%. In addition, it 

is worth mentioning that the dispersion of these values is significant. 
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4.2.1.3 Secondary crack opening rate 

In CMOD versus number of cycles curves, the upper envelope of phase II of stable 

crack growth can be approximated as a straight line, the slope of which is called the sec-

ondary crack opening rate (dCMOD/dn). This parameter is of great interest as it is related 

to the fatigue life. This is known as Sparks and Menzies' law [49], which was originally 

proposed in compressive fatigue, showing that there is a linear correlation between the 

logarithms of the secondary strain rate (dε/dn) and the fatigue life. 

In cases where fatigue of uncracked concrete and fatigue of cracked concrete appear, 

CMOD vs N diagrams are actually formed by two curves, each one associated to a mech-

anism and divided into its three corresponding phases. Consequently, two secondary 

crack opening rates are observed in these situations, one related to the stable fatigue deg-

radation of the matrix (dCMOD/dn)mat, and the other to the stable fatigue degradation of 

the fibers (dCMOD/dn)fib. 

In relation to the above, it should be mentioned that it is not quite accurate to call 

(dCMOD/dn)mat as "crack opening rate", since in fatigue of cracked concrete, by defini-

tion it is assumed that there is no cracking. In this case, the displacement measured at the 

notch mouth is due to concrete tensile strain, as well as to a primary state of micro-crack-

ing in which the main macro-crack has not yet been generated. However, for simplicity 

and by analogy with the parameter (dCMOD/dn)fib in fatigue of cracked concrete, the 

name will be retained. 

Figure 4.2-20 to 4.2-29 show the correlation between the secondary crack opening 

rate and the fatigue life for all series of size S. The two parameters, (dCMOD/dn)mat and 

(dCMOD/dn)fib have been correlated both with their corresponding number of cycles 

(Nmat or Nfib) and with the total fatigue life Ntot. 
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Figure 4.2-20. Secondary crack opening rate due to matrix fatigue versus total number of 

cycles. A0-S series. 
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Figure 4.2-21. Secondary crack opening rate due to matrix fatigue vs number of cycles due 

to matrix fatigue. A1-S series. 

 

Figure 4.2-22. Secondary crack opening rate due to matrix fatigue versus total number of 

cycles. A1-S series. 
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Figure 4.2-23. Secondary crack opening rate due to fiber fatigue vs number of cycles due 

to fiber fatigue. A1-S series. 

 

Figure 4.2-24. Secondary crack opening rate due to fiber fatigue versus total number of 

cycles. A1-S series. 
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Figure 4.2-25. Secondary crack opening rate due to matrix fatigue vs number of cycles due 

to matrix fatigue. A2-S series. 

 

Figure 4.2-26. Secondary crack opening rate due to matrix fatigue versus total number of 

cycles. A2-S series. 
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Figure 4.2-27. Secondary crack opening rate due to fiber fatigue versus number of cycles 

due to fiber fatigue. A2-S series. 

 

Figure 4.2-28. Secondary crack opening rate due to fiber fatigue versus total number of 

cycles. A2-S series. 
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Figure 4.2-29. Secondary crack opening rate due to fiber fatigue versus total number of 

cycles. A3-S series. 

The figures reveal that the correlation between the secondary crack opening rate and 

fatigue life is very strong. Therefore, it is concluded that Sparks and Menzies' law also 

holds true in flexural fatigue, both in plain concrete and fiber-reinforced concrete. In the 

series where both matrix fatigue and fiber fatigue appear (A1-S and A2-S), the fit is 

clearly better when each dCMOD/dn is related to its corresponding number of cycles 

(Nmat or Nfib), rather than the total. This suggests that the two damage mechanisms are 

independent. 

Finally, Figure 4.2-30 groups the correlations between the secondary crack opening 

rate, (dCMOD/dn)mat or (dCMOD/dn)fib, and the associated fatigue life, Nmat or Nfib, 

across all series. Fits for matrix fatigue are plotted in dashed line, while those for fiber 

fatigue are shown in solid line. 
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Figure 4.2-30. Secondary crack opening rate versus number of cycles, distinguishing be-

tween the two fatigue mechanisms. 

In Figure 4.2-30 it is observed that the fitting lines associated with fiber fatigue are 

above those of matrix fatigue. This implies that the increase in crack opening per cycle is 

higher, concluding that the fatigue mechanism governed by the fibers damages the con-

crete faster. On the other hand, it appears that the fiber content does not significantly 

affect the relationship between dCMOD/dn and N. In the case of matrix fatigue, this is to 

be expected because the fibers hardly interfere. However, it is also observed in fiber fa-

tigue, where the straight lines are very similar. Consequently, it follows that the develop-

ment of fatigue damage is independent of fiber content, at least for the dosages used. 
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4.2.2 L-size specimens 

4.2.2.1 Fatigue life 

Table 4.2-5 shows the fatigue life of all tests on specimens of size L. Twelve tests 

were performed in each series, except for A2-L, where one specimen was lost due to an 

incidence in the test control. 

Table 4.2-5. Fatigue life N. 

Test No. A0-L A1-L A2-L A3-L 

1 767 2,626 25,926 15 

2 90 899 37 23,308 

3 143 1,830 3,476 13 

4 200 109 2,004 3,335 

5 263 21,892 6,597 15 

6 594 1,255 32 5,747 

7 129 134 8,851 9,604 

8 137 284 46 3,498 

9 373 69 84 5,634 

10 200 102 2,415 102 

11 117 18,876 4,264 1,618 

12 258 42,491 - 12,964 

 

At first glance, the results indicate that the plain concrete series (A0-L) has the lowest 

fatigue life, since no test exceeded 1,000 cycles. On the other hand, in the SFRC series 

the fatigue lives are higher; in fact, in the three cases there was always at least one test in 

which 10,000 cycles were exceeded. It is observed that none of the specimens reached 

the runout limit. 

Figure 4.2-31 to 4.2-34 show, for each series, the fit of the results to the two-parameter 

Weibull distribution function. It should be mentioned that these parameters were deter-

mined by the graphical method. 
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Figure 4.2-31. Fit to the Weibull distribution of the fatigue life of A0-L series. 

  

Figure 4.2-32. Fit to the Weibull distribution of the fatigue life of A1-L series. 
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Figure 4.2-33. Fit to the Weibull distribution of the fatigue life of A2-L series. 

  

Figure 4.2-34. Fit to the Weibull distribution of the fatigue life of A3-L series. 

In general, it can be stated that the results of the 4 series fit the Weibull distribution 

function very well. The values of the correlation coefficient R2 range from 0.92 for A1-L 

series to 0.85 for A3-L series. It can be seen that, in series A2-L and A3-L, very low N 

values (< 102 cycles) disturb the fit. 

Figure 4.2-35 plots the Weibull distribution functions of the fatigue life of the 4 series, 

including the points representing each test. In addition, Table 4.2-6 gives the values of 

the fit parameters λ and β. 
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Table 4.2-6. Fit parameters λ and β of the Weibull distribution function. 

Series λ β 

A0-L 2.47 8.16 

A1-L 3.42 3.02 

A2-L 3.44 2.28 

A3-L 3.54 1.76 

 

 

Figure 4.2-35. Fit to the Weibull distribution of the fatigue life of the L-size specimen se-

ries. 

It can be seen that SFRC series show more fatigue life (higher λ) than plain concrete 

series; in particular, the difference is about one order of magnitude. There are no signifi-

cant variations in the number of cycles of the series with fibers; at most, it seems to be 

slightly higher in the A3-L series for higher probabilities (above 0.55). 

Again, caution is recommended in the interpretation of the results since the fatigue 

loads of each series are determined on the basis of its static flexural strength. One reason 

that could explain the shorter fatigue life of plain concrete is that, although the matrix 

fatigue mechanism has a slower development than that of fiber fatigue, the CMOD for 

which failure is reached is much lower than in SFRC. This will be discussed in more 

detail in the next section. 

Regarding the variability of the results, the series with less dispersion (higher β) is 

clearly A0-L, whose N values cover only one order of magnitude. SFRC series have more 
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dispersion, and it is observed that this increases progressively with fiber content. If all 

tests are considered, the fatigue lives range over 4 orders of magnitude, from 101 to 105. 

4.2.2.2 CMOD vs N diagrams 

Figure 4.2-36 to 4.2-45 show the CMOD versus fatigue life and CMOD versus relative 

fatigue life diagrams of all tests on L-size specimens, divided by series. It should be re-

membered that these diagrams actually represent the maximum CMOD in each cycle, and 

not the complete CMOD cycles. 

Again, in some tests, two fatigue mechanisms have been detected: fatigue of the ma-

trix or uncracked concrete, and fatigue of the fibers or cracked concrete. This behavior 

has only been observed in the A1-L series. In these cases, the section of N associated with 

matrix fatigue is shown as a dashed line. In addition, the sections of N less than 50 cycles 

have not been plotted. 

The specimens are numbered starting at index 4 because the first three specimens are 

those tested in static. In some cases, index 16 is used because one of the 12 main speci-

mens has been lost and the reserve specimen has been used. 
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Figure 4.2-36. CMOD vs fatigue life in A0-L series fatigue tests. 

 

Figure 4.2-37. CMOD vs relative fatigue life in A0-L series fatigue tests. 
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Figure 4.2-38. CMOD vs fatigue life in A1-L series fatigue tests. 

 

Figure 4.2-39. CMOD vs fatigue life in A1-S series fatigue tests (detail view). 
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Figure 4.2-40. CMOD vs relative fatigue life in A1-L series fatigue tests. 

 

Figure 4.2-41. CMOD vs relative fatigue life in A1-L series fatigue tests (detail view). 
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Figure 4.2-42. CMOD vs fatigue life in A2-L series fatigue tests. 

 

Figure 4.2-43. CMOD vs relative fatigue life in A2-L series fatigue tests. 
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Figure 4.2-44. CMOD vs fatigue life in A3-L series fatigue tests. 

 

Figure 4.2-45. CMOD vs relative fatigue life in A3-L series fatigue tests. 
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Below is a table with the fatigue life of all specimens broken down according to the 

two fatigue mechanisms. That is, on the one hand the number of cycles corresponding to 

the fatigue of the matrix (uncracked concrete) and on the other hand the cycles associated 

with the fatigue of the fibers (cracked concrete). 

Table 4.2-7. Fatigue life, distinguishing between the part corresponding to matrix fatigue 

(Nmat) and that associated with fiber fatigue (Nfib). 

Series Spec. Nmat Nfib Ntot  Series Spec. Nmat Nfib Ntot 

A0-L 

A0-L-1 767 - 767  

A2-L 

A2-L-2 - 25,926 25,926 

A0-L-2 90 - 90  A2-L-3 - 37 37 

A0-L-3 143 - 143  A2-L-5 - 3,476 3,476 

A0-L-5 200 - 200  A2-L-6 - 2,004 2,004 

A0-L-6 263 - 263  A2-L-7 - 6,597 6,597 

A0-L-7 594 - 594  A2-L-8 - 32 32 

A0-L-9 129 - 129  A2-L-9 - 8,851 8,851 

A0-L-10 137 - 137  A2-L-12 - 46 46 

A0-L-13 373 - 373  A2-L-13 - 84 84 

A0-L-14 200 - 200  A2-L-15 - 2,415 2,415 

A0-L-15 117 - 117  A2-L-16 - 4,264 4,264 

A0-L-16 258 - 258      

A1-L 

A1-L-2 301 2,325 2,626  

A3-L 

A3-L-1 - 15 15 

A1-L-3 196 703 899  A3-L-2 - 23,308 23,308 

A1-L-4 260 1,570 1,830  A3-L-3 - 13 13 

A1-L-5 92 17 109  A3-L-4 - 3,335 3,335 

A1-L-6 - 21,892 21,892  A3-L-6 - 15 15 

A1-L-9 138 1,117 1,255  A3-L-7 - 5,747 5,747 

A1-L-10 82 52 134  A3-L-8 - 9,604 9,604 

A1-L-11 158 126 284  A3-L-10 - 3,498 3,498 

A1-L-12 65 4 69  A3-L-12 - 5,634 5,634 

A1-L-13 89 13 102  A3-L-13 - 102 102 

A1-L-15 - 18,876 18,876  A3-L-14 - 1,618 1,618 

A1-L-16 - 42,491 42,491  A3-L-16 - 12,964 12,964 

 

It can be noted that the only series in which both fatigue mechanisms appear is A1-L; 

however, the matrix fatigue sections are not too important, not exceeding 500 cycles in 

any case. To try to explain why matrix fatigue appears in this series and not in the other 

SFRC ones, again it is possible to resort to the relationship between the stress correspond-

ing to the LOP (fL) and the maximum fatigue stress (σmax,f) (Table 4.2-8). In A1-L series, 

σmax,f is 91% of fL, so it is to be expected that the concrete will not fissure during the first 
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few cycles, resulting in matrix fatigue. However, in A2-L and A3-L series, σmax,f is 136% 

and 170% of fL, respectively. That is to say, the maximum fatigue stress is much higher 

than the first crack strength, which causes only fiber fatigue to occur. 

Table 4.2-8. Stress corresponding to LOP and maximum stress from loading cycles in flex-

ural fatigue tests. 

Series fL (MPa) σmax,f (MPa) 

A0-L 5.23 4.18 

A1-L 5.22 4.75 

A2-L 6.67 9.10 

A3-L 7.74 13.13 

 

In A1-L series, the percentage occupied by matrix fatigue with respect to the total 

fatigue life has a large dispersion, ranging from approximately 10% (specimens A1-L-2 

and A1-L-9) to 90% (A1-L-5, A1-L-12 and A1-L-13). This fact could be partly associated 

with the dispersion of the fL parameter itself. 

On the other hand, the CMOD vs N curves have the characteristic shape, clearly dif-

ferentiating the three damage phases. These phases are independent of the fatigue mech-

anism, so that they are seen both when matrix fatigue (A0-L series, Figure 4.2-37) and 

fiber fatigue (A2-L series, Figure 4.2-43, and A3-L series, Figure 4.2-45) occur. Again, 

when the two mechanisms appear, the three damage phases are also observed inde-

pendently in each of them (Figure 4.2-40). Finally, the percentage of the fatigue life oc-

cupied by the second phase is very similar in the two types of fatigue. In the case of matrix 

fatigue, it extends on average between 11% and 84%; with respect to fiber fatigue, the 

range spans between 9% and 86%. It should be noted that there is a certain dispersion in 

these limits. 

  



 

Section 4. RESULTS 

 

 

pg. 197/369 

 

4.2.2.3 Secondary crack opening rate 

Figure 4.2-46 to 4.2-52 show the correlation between secondary crack opening rate 

and fatigue life for all L-size series. 

Since both fatigue mechanisms are observed in A1-L series, (dCMOD/dn)mat and 

(dCMOD/dn)fib, calculated from the sections of the CMOD vs N diagram associated with 

each type of fatigue, have been obtained. Both parameters were correlated with their cor-

responding number of cycles (Nmat or Nfib) as well as with the total fatigue life Ntot. 

 

Figure 4.2-46. Secondary crack opening rate due to matrix fatigue versus total number of 

cycles. A0-L series. 
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Figure 4.2-47. Secondary crack opening rate due to matrix fatigue vs number of cycles due 

to matrix fatigue. A1-L series. 

 

Figure 4.2-48. Secondary crack opening rate due to matrix fatigue versus total number of 

cycles. A1-L series. 
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Figure 4.2-49. Secondary crack opening rate due to fiber fatigue vs number of cycles due 

to fiber fatigue. A1-L series. 

 

Figure 4.2-50. Secondary crack opening rate due to fiber fatigue versus total number of 

cycles. A1-L series. 
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Figure 4.2-51. Secondary crack opening rate due to fiber fatigue versus total number of 

cycles. Series A2-L. 

 

Figure 4.2-52. Secondary crack opening rate due to fiber fatigue versus total number of 

cycles. A3-L series. 

The figures show a strong correlation between secondary crack opening rate and fa-

tigue life, both in cases where fatigue of uncracked and cracked concrete occurs. In A1-

L series, where both mechanisms appear, the fit is better when each dCMOD/dn is related 
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to its corresponding number of cycles (Nmat or Nfib). In the fiber fatigue situation this is 

less evident because Ntot ≈ Nfib. 

Finally, Figure 4.2-53 groups the correlations between the secondary crack opening 

rate, (dCMOD/dn)mat or (dCMOD/dn)fib, and the associated fatigue life, Nmat or Nfib, 

across all series. The fits for matrix fatigue are plotted in dashed line, while those for fiber 

fatigue are shown in solid line. 

 

Figure 4.2-53. Secondary crack opening rate versus number of cycles, distinguishing be-

tween the two fatigue mechanisms. 

Interesting conclusions can be derived from Figure 4.2-53. First, the fitting lines as-

sociated with fiber fatigue are above those for matrix fatigue, again inferring that fatigue 

damage progresses more rapidly when governed by the fibers. The difference between 

(dCMOD/dn)fib and (dCMOD/dn)mat is about one order of magnitude. This is in agree-

ment with the results of the work of Germano et al. [54], who performed flexural fatigue 

tests on plain concrete (fatigue of uncracked concrete) and SFRC pre-cracked specimens 

with 0.5% and 1.0% fibers (fatigue of cracked concrete). 

Moreover, it is observed that the fiber content does not influence the relationship be-

tween dCMOD/dn and N; in fact, the straight lines are practically coincident in both the 

case of matrix fatigue and fiber fatigue. In the particular situation of fiber fatigue, this 

points to the fact that the progress of fatigue damage is independent of fiber content, 
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considering the dosages used. Again, this is in agreement with what was concluded in 

Germano et al. [54], where the lines of fit in the concrete series with 0.5% and 1.0% fibers 

are also very similar. 

4.3 Study of the mesostructure 

S-size specimens subjected to flexural fatigue were scanned with micro-computed to-

mography to analyze the mesostructure of concrete. In total, 52 specimens were treated. 

In plain concrete specimens (A0-S series), the geometrical properties of the pores were 

obtained, while in SFRC specimens (A1-S, A2-S and A3-S series), only the fibers were 

examined. 

The objective of this subsection is to demonstrate the possibilities offered by microCT 

for the analysis of concrete mesostructure, both pores and steel fibers. Therefore, this is 

a preliminary study in which some of the geometrical parameters of these components 

that can be obtained are shown. In any case, in Section 5. ANALYSIS OF RESULTS 

AND DISCUSSION, a more detailed study is made, focused on looking for correlations 

between the dispersion of concrete mesostructure (through its most significant parame-

ters) and the dispersion of fatigue results themselves. 

In this demonstration study, the area of interest has been restricted to the central 30 

mm of the specimens in the longitudinal direction, i.e., 15 mm on each side of the notch. 

The reason is that the flexural failure is local in nature, being concentrated in the mid-

span section. 

4.3.1 Geometric parameters of the fibers 

In the specimens of series A1-S, A2-S and A3-S, some of the most relevant geomet-

rical parameters of the fibers in relation to orientation and spatial distribution have been 

studied. The results are shown below. 

4.3.1.1 Orientation 

Figure 4.3-1 to 4.3-3 show the histograms of fiber orientation with respect to the three 

coordinate axes. For each series, the average histograms, calculated from the results of 

the 13 constituent specimens (12 for flexural fatigue and 1 for reserve), are plotted. In 

addition, to facilitate the interpretation of the results, Figure 4.3-4 is included with the 

indication of the coordinate system used. 
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Figure 4.3-1. Histogram of fiber orientation with respect to the X-axis. 

 

Figure 4.3-2. Histogram of fiber orientation with respect to the Y-axis. 
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Figure 4.3-3. Histogram of fiber orientation with respect to the Z-axis. 

 

Figure 4.3-4. Indication of the coordinate system used. 

The histograms reveal that the fibers are not randomly oriented, but that there are 

preferred directions. With respect to the X and Y axes, in all series the most frequent 

range of orientations is between 85° and 90°, so it is concluded that the fibers tend to 

orient perpendicular to the XY plane. This is explained by the wall effect, which is more 

significant the higher the ratio of fiber length / minimum element dimension. Since in this 

case this ratio is rather high (0.40), it is expected that the wall effect is significant. As for 

the Z-axis, it seems that the fibers are not arranged perfectly parallel, but with a certain 

inclination. It is observed that the most frequent orientations vary slightly according to 

the series, being 20-25°, 15-20° and 10-15° for series A1-S, A3-S and A2-S, respectively. 
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The orientation of the fibers of a specimen with respect to an axis can be characterized 

by the mean value of the angle they form, or by the average of the so-called orientation 

efficiency indexes, or simply efficiency indexes [97,128]. These are defined according to 

the following expression (Eq. (4.3-1)): 

eiu,m=
∑ cos αu,i

n
i=0

n
     u := X, Y, Z (4.3-1) 

Where αu,i is the angle formed by each fiber with respect to the corresponding coordi-

nate axis and n is the number of fibers in the study area. The efficiency index takes values 

between 0 and 1, where 1 indicates that the fibers are perfectly oriented with respect to 

the reference axis, while 0 means that they are arranged perpendicular to it. Table 4.3-1 

shows the mean values of the efficiency indexes for each series, including the deviations. 

Table 4.3-1. Fiber orientation efficiency indexes. 

Series eiX,m eiY,m eiZ,m 

A1-S 0.30 [0.05] 0.37 [0.05] 0.76 [0.07] 

A2-S 0.25 [0.05] 0.33 [0.04] 0.82 [0.04] 

A3-S 0.25 [0.04] 0.34 [0.05] 0.80 [0.04] 

 

The results of Table 4.3-1 confirm what was observed in the orientation histograms: 

fibers are arranged orthogonally to the X and Y axes, preferentially aligned with the Z 

axis, which defines the largest dimension of the specimens. Although a priori the orien-

tations are similar in the three series, there are some differences that should be high-

lighted. Series A2-S and A3-S have practically identical efficiency indexes, while in se-

ries A1-S they vary slightly; in particular, eiz is lower, suggesting that the fibers are less 

well oriented to resist bending stresses. This may indicate that orientation improves with 

fiber content, although to some extent. The optimum content is reached at 0.6%, since at 

1.0% the eiz index does not increase. In any case, it is expected that this optimum value 

is strongly dependent on the ratio of fiber length / minimum element dimension, as well 

as other factors such as the maximum size of the coarse aggregate. 

4.3.1.2 Spatial distribution 

Figure 4.3-5 to 4.3-7 show the histograms of the position of the centers of gravity of 

the fibers with respect to the coordinate axes. The average histograms of each series are 

plotted. 
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Figure 4.3-5. Histogram of X-coordinate of the center of gravity of the fibers. 

 

Figure 4.3-6. Histogram of Y-coordinate of the center of gravity of the fibers. 
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Figure 4.3-7. Histogram of Z-coordinate of the center of gravity of the fibers. 

Figure 4.3-5 and 4.3-6 show the wall effect caused by the mold, which leads to a 

decrease in fiber concentration in the contour of the specimens. In this case, in both X 

and Y axes, the thickness of the outer layer affected is about 5 mm, while in the inner 

layer the fiber distribution remains approximately uniform. With respect to the Z-axis, 

Figure 4.3-7 does not show this phenomenon, since only the central region has been stud-

ied. On the other hand, no significant differences are observed between the three series. 

There are some peaks of fiber concentration, but the dispersion is high and could be due 

to some accumulation of fibers in certain specimens. 

One parameter that may be of interest in correlating the mesostructure with the mac-

roscopic response of the concrete is the number of fibers passing through the crack plane 

(mid-span section), or their density. Table 4.3-2 lists the mean values of both parameters, 

including their dispersion. 

Table 4.3-2. Number of fibers and density in the crack plane. 

Series nfib,fis ρfib,fis (cm-2) 

A1-S 73.8 [13.3] 1.3 [0.2] 

A2-S 153.8 [30.6] 2.7 [0.5] 

A3-S 297.2 [64.4] 5.3 [1.1] 

 

As expected, the fiber density in the midplane increases substantially proportional to 

the content. 
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4.3.2 Geometric parameters of the pores 

A porosity study was carried out on the A0-S series specimens, obtaining the main 

geometrical parameters of the pores: volume, length, etc. Since the resolution of the mi-

croCT scans is 65 µm, a preliminary filtering was performed. Pores whose volume is less 

than 0.008 mm3, the equivalent of a cube whose side is defined by 3 voxels, have been 

discarded. Smaller pores are considered to have insufficient definition to determine their 

properties accurately. 

The most relevant results of the study are shown below. 

4.3.2.1 Porosity and pore size distribution 

The pore size distribution can be evaluated by two types of diagrams: the porosity 

curve and the cumulative pore volume curve [128,133]. 

Figure 4.3-8 shows the porosity curve, which represents, for each pore length, the 

porosity summed by pores of equal or smaller length. The length of a pore is defined as 

the distance between its two farthest voxels. As for the porosity, it is the ratio between 

the accumulated volume of the pores considered and the volume of the specimen (in this 

case, of the central region). The blue solid line shows the average curve, while the shading 

represents the deviation. 

The results show that the average porosity of the series is 1.24%, although there is a 

large dispersion. In addition, it is observed that the larger pores (≥ 5 mm) contribute al-

most nothing to the final porosity. 
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Figure 4.3-8. Porosity curve of A0-S series. 

Figure 4.3-9 shows the cumulative pore volume curve, which represents, for each pore 

length, the percentage of the total pore volume constituted by pores of equal or smaller 

length. Again, the mean curve is shown in solid line and the deviation in shading. 

 

Figure 4.3-9. Cumulative pore volume curve of A0-S series. 

It can be observed that the cumulative pore volume curve has much less dispersion 

than the porosity curve. This indicates that, although the total porosity of the specimens 

may vary, the pore size distribution is very similar. Figure 4.3-9 confirms that most of the 
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pore volume is concentrated in the smallest pores; in fact, 50% of this volume corresponds 

to pores of length equal to or less than 1.59 mm. 

Finally, Table 4.3-3 contains the mean value of total porosity (p) and pore density 

(ρp). 

Table 4.3-3. Porosity and pore density in A0-S series. 

p (%) 1.24 [0.48] 

ρpor (cm-3) 95.1 [23.8] 

 

4.3.2.2 Pore volume and length 

Figure 4.3-10 and 4.3-11 show the pore volume histograms, represented in relation to 

the number of pores and total volume of pores, respectively. 

 

Figure 4.3-10. Histogram of pore volume versus number of pores. A0-S series. 
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Figure 4.3-11. Histogram of pore volume versus total volume of pores. A0-S series. 

Figure 4.3-10 shows that most of the pores have a very small volume; in fact, pores 

smaller than 0.02 mm3 account for 44% of the total. Taking into account that only those 

larger than 0.008 mm3 have been considered, it is foreseeable that this percentage is 

higher. On the other hand, Figure 4.3-11 reveals that the smallest pores are also those that 

represent the largest volume of the total. In this case, pores smaller than 0.02 mm3 account 

for 5% of the total pore volume. From this it can be concluded that the incidence of 

smaller pores is much greater in terms of number than volume. Moreover, in the latter 

case the dispersion is high. 

Next, Figure 4.3-12 and 4.3-13 show the histograms of pore length, plotted against 

the number of pores and the total volume of pores, respectively. 

The figures yield similar results to those of the pore volume histograms. It is observed 

that the smallest pores, under 0.9 mm, represent 79% in relation to the total number of 

pores, and 21% in relation to the total volume of pores. 
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Figure 4.3-12. Histogram of pore length in relation to the number of pores. A0-S series. 

 

Figure 4.3-13. Histogram of pore length in relation to the total volume of pores. A0-S se-

ries. 
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5 ANALYSIS OF RESULTS AND DISCUSSION 

This section discusses the results presented in the previous section, thus addressing 

the general objectives of this research. 

The first two objectives consist of studying the relationship between the dispersion of 

concrete mesostructure properties and the dispersion of fatigue results. For this purpose, 

first of all, correlations are established between the geometric parameters of the fibers 

and the results of the flexural fatigue tests. Therefore, only A1-S, A2-S and A3-S series 

are considered here; i.e., SFRC specimens of size S. Secondly, the geometrical parameters 

of the pores are related to the fatigue results. In this case, only A0-S series of plain con-

crete of size S is considered. In order to facilitate the interpretation of the results, the 

following figure shows the coordinate system used. 

The second objective is to study the size effect on the flexural fatigue behavior of 

concrete. Consequently, the fatigue results of the two specimen sizes, both in plain con-

crete and fiber-reinforced concrete, are compared. 

 

Figure 4.3-1. Indication of the coordinate system used. 
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5.1 Influence of fibers on the flexural fatigue response of 

SFRC 

This subsection studies the effect of the dispersion of fiber properties on the dispersion 

of fatigue behavior. Consequently, it is important to clarify that the aim is not to compare 

the differences in fatigue response between series; what is intended is, within each series 

or type of concrete, to explain how slight variations in the mesostructure affect the varia-

bility of the results. 

The fact that different types of SFRCs have been tested is because it is also intended 

to check whether the influence of the mesostructure on the fatigue response is affected in 

any way by the fiber content. 

To achieve this goal, correlations are first established between the fatigue life and 

some fiber parameters related to their orientation and spatial distribution. For each pa-

rameter, it is studied how its dispersion affects the dispersion of the fatigue life, both in 

each series and considering the data of all series in global. Furthermore, correlations are 

defined not only with the fatigue life, but also with the secondary crack opening rate, 

another variable representative of the fatigue response. Then, using the most significant 

parameters, empirical formulas are developed to estimate the fatigue results. 

A study region limited to the central 30 mm of the specimens, i.e., the equivalent of 

one fiber length, has been established. Therefore, the dimensions are 75 mm in the X-

axis, 75 mm in the Y-axis and 30 mm in the Z-axis. The reason is that bending failure is 

local, concentrated in the notch section (mid-span), while the rest of the specimen remains 

practically intact. Therefore, it is the fibers in this zone that can potentially influence the 

fatigue response. 

On the other hand, the specimen of the A2-S series that has exceeded the survival 

limit (A2-S-9) has not been included, since it has not even cracked (CMOD < 0.05 mm) 

and therefore fatigue of cracked concrete has not occurred. This is considered an anoma-

lous result. 

Finally, it is convenient to advance that, in general terms, the correlations between the 

fatigue response and the geometrical parameters considered present low values of the 

coefficient of determination R2. This shows that fatigue dispersion is a multi-parametric 

problem of great complexity, with no single parameter being dominant. In fact, many 
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more parameters have been considered in a previous phase of the study, and the ones 

presented here are the most significant. 

5.1.1 Orientation 

Linear regressions between the mean fiber orientation with respect to the Z-axis (nor-

mal to the crack plane) and the fatigue response are shown below. The main fatigue results 

considered are the total number of cycles (Ntot), the number of cycles associated with fiber 

fatigue (Nfib) and the secondary crack opening rate corresponding to fiber fatigue 

((dCMOD/dn)fib). The latter parameter is very interesting since it characterizes the evo-

lution of fatigue damage in concrete. The variables related to the fatigue of uncracked 

concrete (Nmat and (dCMOD/dn)mat) have not been included, since this mechanism is 

mainly governed by the matrix and not by the fibers. 

The fatigue parameters have been plotted on a logarithmic scale. The individual re-

gressions per series are shown, as well as the global regression with all the data. 
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Figure 5.1-1. Linear regression (per series) between the mean fiber orientation with re-

spect to the Z-axis and the total number of cycles. 

 

Figure 5.1-2. Linear regression (global) between the mean fiber orientation with respect to 

the Z-axis and the total number of cycles. 
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Figure 5.1-3. Linear regression (per series) between the mean fiber orientation with re-

spect to the Z-axis and the number of fiber fatigue cycles. 

 

Figure 5.1-4. Linear regression (global) between the mean fiber orientation with respect to 

the Z-axis and the number of fiber fatigue cycles. 
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Figure 5.1-5. Linear regression (per series) between the mean fiber orientation with re-

spect to the Z-axis and the secondary crack opening rate of fiber fatigue. 

 

Figure 5.1-6. Linear regression (global) between the mean fiber orientation with respect to 

the Z-axis and the secondary crack opening rate of fiber fatigue. 
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Figure 5.1-1 and 5.1-3 reveal that there is a certain correlation between fiber orienta-

tion and fatigue life, both total Ntot and that associated with fiber fatigue Nfib. In all series, 

it is observed that, as the angle αZ,m decreases (and therefore the fibers are more perpen-

dicular to the crack plane), the fatigue life increases. The R2 coefficients range from 0.21 

(A2-S and A3-S series for Ntot and Nfib) to 0.42 (A1-S series for Ntot). The A1-S series is 

the one with the highest values on average.  

If the data are analyzed as a whole (Figure 5.1-2 and 5.1-4), the correlation is similar, 

both in trend and R2, being 0.24 and 0.26 for Ntot and Nfib, respectively. 

Figure 5.1-5 also shows a relationship between fiber orientation and secondary crack 

opening rate. The more perpendicular the fibers are to the crack plane (lower αZ,m), the 

lower is (dCMOD/dn)fib. In other words, better fiber orientation causes the development 

of fatigue damage to be slower. In this case, A1-S and A3-S series have the highest coef-

ficients of determination, being 0.30 and 0.28, respectively. Considering all data, the lin-

ear regression model fits relatively well, with an R2 of 0.29 (Figure 5.1-6). 

Although the coefficients of determination are low, it is considered that there is an 

evident trend and that the relationship is reasonably robust considering the complexity of 

the dispersion in fatigue. 

On the other hand, the following figures show the linear regressions between the mean 

efficiency index on the Z-axis (eiZ,m), calculated according to Eq. (4.3-1), and the fatigue 

response. Again, the results considered have been Ntot, Nfib and (dCMOD/dn)fib. 
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Figure 5.1-7. Linear regression (per series) between the mean efficiency index on the Z-

axis and the total number of cycles. 

 

Figure 5.1-8. Linear regression (global) between the mean efficiency index on the Z-axis 

and the total number of cycles. 
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Figure 5.1-9. Linear regression (per series) between the mean efficiency index on the Z-

axis and the number of fiber fatigue cycles. 

 

Figure 5.1-10. Linear regression (global) between the mean efficiency index on the Z-axis 

and the number of fiber fatigue cycles. 
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Figure 5.1-11. Linear regression (per series) between the mean efficiency index on the Z-

axis and the secondary crack opening rate of fiber fatigue. 

 

Figure 5.1-12. Linear regression (global) between the mean efficiency index on the Z-axis 

and the secondary crack opening rate of fiber fatigue. 
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Figure 5.1-7 and 5.1-9 show appreciable trends between the mean efficiency index 

and fatigue life. As eiZ,m increases and thus the fibers are more perpendicular to the crack 

plane, fatigue life increases. The values of R2 coefficients vary between 0.19 (A3-S series 

with respect to Ntot and Nfib) and 0.47 (A1-S series with respect to Ntot). Again, the A1-S 

series is the one with the best fit. 

It seems that the behavior of the three series is similar, as shown by the slopes of the 

straight lines. If the linear regression model is applied to all data, the resulting coefficients 

of determination are 0.28 and 0.25 for Nfib and Ntot, respectively (Figure 5.1-8 and 5.1-

10). 

As for the correlation with the secondary crack opening rate, Figure 5.1-11 and 5.1-

12 show that the fits are relatively acceptable, both considering the series individually 

and jointly. In the first case, the mean value of R2 is 0.27, while in the second case it is 

0.31. The conclusions drawn in this case are equivalent to those obtained by relating αZ,m 

to (dCMOD/dn)fib. 

From the figures it is clear that, although the R2 coefficients are not particularly high, 

the mean efficiency index is a reasonably predictive parameter of fatigue dispersion. 

Therefore, despite the fact that it does not explain by itself this very complicated phenom-

enon, it is evident that its influence is not negligible. 

In general terms, it is observed that the mean efficiency index in Z (eiZ,m) has a slightly 

better correlation with the fatigue response than the mean orientation in Z (αZ,m). This 

could be explained by the pull-out behavior of hooked-end fibers. As already discussed 

(see subsection 2.1.4), in this fiber type the pull-out strength can be kept practically con-

stant for low inclinations (0°-30°). Precisely, the efficiency index, following a cosine re-

lationship with the orientation, gives a higher weighting to lower angles (Figure 5.1-13); 

for example, for 30° eiZ takes a value of 0.87. Therefore, this behavior represents better 

the failure of the fibers as a function of orientation. 
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Figure 5.1-13. Relationship between orientation and efficiency index. 

5.1.2 Spatial distribution 

One parameter that is likely to influence the fatigue response is the density of fibers 

passing through the mid-span section. However, what is really interesting to know in each 

specimen is the dispersion of its fiber density with respect to the theoretical or average 

density of its series. 

That is, it is not intended to determine how the average density (in short, the content) 

of fibers affects the fatigue life. In fact, fatigue loads have been calculated based on the 

average flexural strength of each series, thus eliminating the effect of fiber content (since 

mean fiber density directly affects mean flexural strength). 

Therefore, instead of the density of fibers passing through the mid-span section or 

crack plane, it is more suitable to calculate the relative density of these fibers, which is 

expressed according to Eq. (5.1-1): 

ρ
fib,rel,i

=
ρ

fib,i

ρ
fib,m

 (5.1-1) 

Where ρfib,i is the fiber density of the specimen and ρfib,m is the mean fiber density of 

the corresponding series (A1-S, A2-S or A3-S). 

Figure 5.1-14 to 5.1-19 plot the linear regressions between the relative fiber density 

at the crack plane and the fatigue results: the total number of cycles Ntot, the number of 

cycles associated with fiber fatigue Nfib and the secondary crack opening rate of fiber 

fatigue (dCMOD/dn)fib. 
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Figure 5.1-14. Linear regression (per series) between the relative density of fibers passing 

through the crack plane and the total number of cycles. 

 

Figure 5.1-15. Linear regression (global) between the relative density of fibers passing 

through the crack plane and the total number of cycles. 

  



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 226/369 

 

 

Figure 5.1-16. Linear regression (per series) between the relative density of fibers passing 

through the crack plane and the number of fiber fatigue cycles. 

 

Figure 5.1-17. Linear regression (global) between the relative density of fibers passing 

through the crack plane and the number of fiber fatigue cycles. 
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Figure 5.1-18. Linear regression (per series) between the relative density of fibers crossing 

the crack plane and the secondary crack opening rate of fiber fatigue. 

 

Figure 5.1-19. Linear regression (global) between the relative density of fibers crossing the 

crack plane and the secondary crack opening rate of fiber fatigue. 

Although in each series the fiber content is the same, it is noted that the fiber density 

at the crack plane presents a significant dispersion, ranging from approximately 75% to 

155% of the average density. Figure 5.1-14 and 5.1-16 reveal that, as the fiber density 
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increases, so does the fatigue life, both Ntot and Nfib. The R2 coefficients take values from 

0.18 (A1-S and A3-S series for Ntot and Nfib) to 0.24 (A3-S series for Ntot and Nfib). 

When considering all data together, the linear regression model does not improve, 

with R2 being 0.12 and 0.11 for Ntot and Nfib, respectively (Figure 5.1-15 and 5.1-17). 

Equivalently, Figure 5.1-18 and 5.1-19 show that (dCMOD/dn)fib decreases with in-

creasing density; i.e., the higher the density of fibers passing through the midplane, the 

higher the bridging forces in the central crack and therefore the slower the progression of 

fatigue damage. The R2 coefficients are similar, obtaining the best regression for the A3-

S series, with a value of 0.20. 

It can be seen that the correlations are not very robust. However, it should be remem-

bered that the aim of this subsection is to find fiber-related geometrical parameters that 

fit to some extent the dispersion of the fatigue results. Thus, by combining them and con-

sidering their joint effect, the correlations are expected to be reasonably better. 

Another parameter of the spatial distribution of the fibers that may have some corre-

lation with the fatigue response is their vertical position; that is, the Y-coordinate of their 

center of gravity, according to the proposed axis system (Figure 4.3-4). It is reasonable 

to assume that the closer a fiber is to the notch edge (higher Ycdg), the greater its contri-

bution to resisting flexural fatigue stresses. However, Ycdg is an individual parameter at 

the fiber level, so it is necessary to define global parameters at the specimen level to 

perform linear regressions with the fatigue results. 

Two global parameters are proposed. First, there is the weighted average fiber height 

Ycdg,mp. It is calculated as the average of the weighted fiber heights Ycdg,p (Eq. (5.1-2)), 

which in turn are determined according to the expressions Eq. (5.1-3) to Eq. (5.1-5). 

Ycdg,mp = 
∑ Ycdg,p,i

n
i=0

n
 (5.1-2) 

Ycdg,p,i = Ycdg,i·f (5.1-3) 

f = 
Ycdg,i

Hs-hn

          0 ≤ Ycdg,i < Hs-hn (5.1-4) 

f = 0                  Hs-hn ≤ Ycdg,i < Hs (5.1-5) 

Where n is the number of fibers in the study region, Ycdg,i is the height or Y-coordinate 

of each fiber, f is the weighting factor, Hs is the depth of the specimen (75 mm) and hn is 
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the depth of the notch (12.5 mm). This parameter gives greater importance to the fibers 

located in the tensioned part of the central section, where the crack progresses and there-

fore the bridging forces are mobilized. On the other hand, it reduces the value of the fibers 

in the compressed zone, which barely contribute to resisting the fatigue stresses. Thus, 

note that the weighting factor is 1 when the fiber is at the notch edge (Ycdg = 62.5 mm), 

decreasing linearly to 0 when it is in the most compressed point (Ycdg = 0). This is a 

simplified way of evaluating the contribution of each fiber to withstand the fatigue ten-

sions, since evidently as the cycles progress the position (Y-coordinate) of the neutral 

axis decreases; that is, the resistant section is depleted by the advance of the crack and 

the failure of the fibers. Finally, the fibers located above the edge of the notch do not 

cooperate to resist the stresses, so their weighting factor is 0. 

Next, linear regressions between the weighted average fiber height Ycdg,mp and the 

representative fatigue parameters Ntot, Nfib and (dCMOD/dn)fib are shown. Correlations 

per series and as a whole are included. 
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Figure 5.1-20. Linear regression (per series) between weighted average fiber height and 

total number of cycles. 

 

Figure 5.1-21. Linear regression (global) between weighted average fiber height and total 

number of cycles. 
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Figure 5.1-22. Linear regression (per series) between the weighted average fiber height 

and the number of fiber fatigue cycles. 

 

Figure 5.1-23. Linear regression (global) between the weighted average fiber height and 

the number of fiber fatigue cycles. 
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Figure 5.1-24. Linear regression (per series) between weighted average fiber height and 

secondary crack opening rate of fiber fatigue. 

 

Figure 5.1-25. Linear regression (global) between weighted average fiber height and sec-

ondary crack opening rate of fiber fatigue. 

Figure 5.1-20 and 5.1-22 show that in A2-S and A3-S series the weighted average 

fiber height is a reasonably predictive variable of the fatigue life dispersion, so that the 

closer the fibers are to the notch edge (higher Ycdg,mp), the higher the number of cycles to 
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failure. Specifically, the coefficients of determination are 0.55 and 0.24 for A2-S and A3-

S, respectively. However, in the A1-S series the regression line is practically horizontal, 

which indicates that in that series the fatigue life is not sensitive to Ycdg,mp. 

This could be explained because, having a low fiber content (0.3%), its distribution is 

more irregular, resulting in that a few fibers can determine the fracture behavior of the 

material. Under these conditions, it is possible that Ycdg,mp does not represent well the 

strength contribution of the fibers. On the contrary, in the other series there are many 

more fibers, their distribution is more uniform and the fracture behavior is more ductile. 

In this case, the weighting function proposed for Ycdg,mp better matches the real response 

of the fibers. 

Applying the linear regression model to the whole data set, we obtain coefficients of 

determination of 0.14 and 0.15 for Nfib and Ntot, respectively (Figure 5.1-21 and 5.1-23). 

In this situation the correlation is not very good due in part to the scatter introduced by 

the results of the A1-S series. 

Figure 5.1-24 and 5.1-25 reveal that the results are analogous when performing linear 

regressions between weighted mean fiber height and secondary crack opening rate. 

Again, the A2-S and A3-S series show a visible correlation, with R2 of 0.49 and 0.22, 

respectively; in contrast, in the A1-S series it is imperceptible. 

In second place, the other parameter related to the vertical position of the fibers that 

is proposed is the median fiber height Ycdg,50%. As its name indicates, it is defined as the 

Y-coordinate that divides the number of fibers in half; that is, 50% of the fibers are posi-

tioned below, and 50% above. The purpose of this parameter is to detect eventual accu-

mulations of fibers around the notch edge (higher Ycdg,50%) that may result in better fatigue 

behavior. The median was chosen instead of the arithmetic mean because it is a more 

sensitive statistical parameter. 

The following figures show the linear regression models between the median fiber 

height Ycdg,50% and the fatigue test results. Correlations per series and as a whole are in-

cluded. 
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Figure 5.1-26. Linear regression (per series) between median fiber height and total num-

ber of cycles. 

 

Figure 5.1-27. Linear regression (global) between median fiber height and total number of 

cycles. 
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Figure 5.1-28. Linear regression (per series) between median fiber height and number of 

fiber fatigue cycles. 

 

Figure 5.1-29. Linear regression (global) between median fiber height and number of fiber 

fatigue cycles. 
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Figure 5.1-30. Linear regression (per series) between median fiber height and secondary 

crack opening rate of fiber fatigue. 

 

Figure 5.1-31. Linear regression (global) between median fiber height and secondary 

crack opening rate of fiber fatigue. 

Figure 5.1-26 and 5.1-28 show a certain relationship between median fiber height and 

fatigue life. In all three series the trend is the same: the closer the fibers are to the notch 
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edge (higher Ycdg,50%), the higher the number of cycles. However, the correlation is weak, 

with R2 less than 0.20 in all cases. 

When the linear regression model is applied to all data, the resulting coefficients of 

determination are 0.16 and 0.17 for Nfib and Ntot, respectively (Figure 5.1-27 and 5.1-29). 

With respect to the secondary crack opening rate, the results of the linear regression 

models are equivalent, as shown in Figure 5.1-30 and 5.1-31. It is seen that 

(dCMOD/dn)fib decreases with increasing Ycdg,50%. Again, the R2 coefficients are quite 

low, taking a value of 0.10 when considering all the data together. 

The correlations of the parameters related to fiber height are not particularly robust, 

which is reflected in the low R2 values. A certain relationship with the dispersion of the 

fatigue results is observed, although it seems to be less significant than in the case of the 

other parameters considered. Nevertheless, it is worth taking them into account, since it 

is possible that by introducing them in the multiple linear regression models the predictive 

capacity improves and the R2 increase. 

5.1.3 Fatigue life estimation 

The geometrical parameters of the fibers presented in the previous subsections have 

been shown to have a certain correlation with the fatigue response individually. Conse-

quently, it is proposed to adjust empirical formulas to predict the fatigue results by com-

bining these parameters. Since linear regressions have been applied for the individual 

correlations, in this work it is proposed, as a first approximation, to apply multiple linear 

regression models, whose formulation is of the form (Eq. (5.1-6)): 

log y = a·x1 + b·x2 + c·x3 + d (5.1-6) 

Where y is the fatigue parameter to be estimated; x1, x2 and x3 are the geometric pa-

rameters of the fibers; and finally, a, b, c and d are the adjustment coefficients. The fatigue 

variables are Ntot, Nfib and (dCMOD/dn)fib. As for the fiber parameters, they have been 

divided according to their typology: x1 is the relative density of fibers in the central sec-

tion (ρfib,rel), x2 is an orientation parameter (αZ,m or eiZ,m) and x3 is a parameter of the 

vertical position (Ycdg,mp,rel or Ycdg,50%,rel). It is worth mentioning that the latter have been 

normalized, dividing by the specimen depth Hs, so that the formulation can be extrapo-

lated to any specimen size. 
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It is possible to develop specific formulas for each series, or general formulas inde-

pendent of fiber content. 

In order to determine the most significant fiber parameters, multiple linear regression 

models have been fitted in a preliminary study with all possible combinations (4 in total). 

The best results are obtained for the efficiency index eiZ,m as variable x2 and the median 

fiber height Ycdg,50% as variable x3 (as x1 there is only the relative fiber density ρfib,rel). 

Therefore, the prediction formula for the fatigue results will have the form shown in Eq. 

(5.1-7): 

log y = a·ρ
fib,rel

 + b·eiZ,m + c·Ycdg,50%,rel + d (5.1-7) 

Considering the three fatigue variables, the complete formulation will be as given in 

Eqs. (5.1-8) to (5.1-10): 

log Ntot = a1·ρ
fib,rel

 + b1·eiZ,m + c1·Ycdg,50%,rel + d1 (5.1-8) 

log Nfib = a2·ρ
fib,rel

 + b2·eiZ,m + c2·Ycdg,50%,rel + d2 (5.1-9) 

log ((dCMOD/dn)fib) = a3·ρ
fib,rel

 + b3·eiZ,m + c3·Ycdg,50%,rel + d3 (5.1-10) 

A table with the values of the adjustment coefficients obtained from the linear regres-

sion models is shown below: 

Table 5.1-1. Adjustment coefficients for prediction formulation of fatigue results. 

  A1-S A2-S A3-S General 

Ntot 

a1 0.82 0.43 2.89 0.79 

b1 8.01 4.65 7.78 7.47 

c1 6.11 -1.46* 13.46 7.82 

d1 -6.92 0.71 -12.87 -7.37 

Nfib 

a2 1.41 0.46 2.89 0.77 

b2 8.30 4.46 7.78 8.85 

c2 7.84 -1.36* 13.46 8.11 

d2 -8.87 0.78 -12.87 -8.67 

(dCMOD/dn)fib 

a3 -1.72 -0.22 -4.01 -0.84 

b3 -10.82 -4.17 -16.77 -14.49 

c3 -9.70 -0.80 -17.60 -8.09 

d3 11.68 -0.92 22.38 12.45 

 

Table 5.1-1 shows that the adjustment coefficients accompanying the fiber parameters 

(a, b and c) maintain the physical sense of the simple linear regressions shown in 
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subsections 5.1.1 and 5.1.2. On the one hand, in the fatigue life formulation (both Ntot and 

Nfib), coefficients a, b and c have positive sign because the parameters they multiply 

(ρfib,rel, eiZ,m and Ycdg,50%,rel) increase with fatigue life. In contrast, the opposite is true for 

the secondary crack opening rate formulas: the sign of the coefficients is negative because 

the relationship between the geometrical parameters of the fibers and (dCMOD/dn)fib is 

inversely proportional. The only exceptions are the two coefficients marked with an as-

terisk, associated with the parameter Ycdg,50%,rel in the A2-S series. One possible reason 

for this inconsistency in the sign of the coefficient is that the correlation between median 

fiber height and fatigue life is particularly weak in this series, as seen in Figure 5.1-26 

and 5.1-28. 

It is noteworthy that the linear regression models have been designed to achieve the 

optimal fit for the results of this research. To this end, among other aspects, it has been 

chosen to include an independent term (d), instead of forcing the regression lines to pass 

through the origin (0,0). Consequently, it should be borne in mind that the range of appli-

cation of the formulation is limited to that of the data used, so a good fit cannot be guar-

anteed when extrapolating. 

Finally, a table with the coefficients of determination of each formula or multiple lin-

ear regression model is included. 

Table 5.1-2. R2 coefficients of determination for prediction formulation of fatigue results. 

 A1-S A2-S A3-S General 

Ntot 0.56 0.33 0.41 0.38 

Nfib 0.46 0.32 0.41 0.38 

(dCMOD/dn)fib 0.44 0.22 0.41 0.36 

 

Table 5.1-2 reveals that the goodness of fit of the multiple linear regression models, 

although small, is comparatively better than in the individual-level correlations. The se-

ries with the highest R2 is A1-S, reaching 0.56 for total fatigue life. As for the general 

formulas, the coefficients of determination are close to 0.4. 

At this point, it is worth remembering that dispersion in fatigue is a tremendously 

complex phenomenon that has not been addressed too often. The starting point is a vari-

ability of results of several orders of magnitude. Consequently, it is considered that the 

predictive capacity of the proposed formulation is reasonably acceptable. 
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However, it is also evident that not all aspects of the mesostructure of fiber-reinforced 

concrete that are likely to affect this phenomenon have been studied. For example, the 

different anchorage length of the fibers along the crack plane, which determines their 

failure and therefore the progress of cracking. Or the effect of other components, such as 

coarse aggregate or porosity. It is likely that more advanced models that take into account 

all these variables can more accurately estimate the dispersion of fatigue results. 

5.2 Influence of pores on the flexural fatigue response of 

plain concrete 

This subsection studies the impact of the dispersion of pore properties on the disper-

sion of the fatigue response. Therefore, similarly to the previous subsection, it should be 

specified that the aim is not to compare the fatigue results between series, but to explain, 

within each series, how slight variations in the pore structure affect the variability of these 

results. 

To achieve this objective, first, some pore parameters (related to porosity, spatial dis-

tribution, etc.) are correlated with the fatigue results; specifically, with the fatigue life N 

and the secondary crack opening rate dCMOD/dn. Finally, empirical formulas are ad-

justed to estimate the results as a function of the most significant parameters. 

At this point, it should be recalled that dCMOD/dn, the slope of the phase II of stable 

damage increment in the CMOD vs N diagrams, in the case of plain concrete is not ex-

actly a "crack opening rate". The measured displacement at the notch mouth is actually 

due to tensile strain of concrete as well as to a primary state of microcracking. However, 

by analogy with dCMOD/dn in fiber-reinforced concrete, the designation is retained. 

It is reminded that only the A0-S series, the only one of plain concrete scanned with 

microCT, has been analyzed. 

Figure 5.2-1 shows the pore study region, limited to dimensions of 75 mm in the X-

axis, 12.5 mm in the Y-axis and 20 mm in the Z-axis. The reason is that plain concrete 

has a much more brittle fracture behavior than SFRC, with a smaller fracture process zone 

(FPZ). Consequently, the pores that can potentially influence fatigue failure are those 

located in a small area of the tensioned part of the central section. In this case, this zone 

has been limited to 20% of the depth of the center section, which is 62.5 mm. 
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Figure 5.2-1. View of the pore study region in a A0-S series specimen tested under fatigue. 

Moreover, although microCT can detect pores down to 0.008 mm3 with sufficient 

resolution, it was decided to limit the minimum pore volume to 0.1 mm3. This is based 

on the hypothesis that larger pores determine fatigue failure, since they cause stress con-

centrations, marking a preferential path to cracking development. In this sense, several 

works published have concluded that the larger the pore size, the lower the fatigue life 

[133,145,146]. 

Finally, equivalent to the previous subsection, it should be mentioned that in general 

the correlations between the fatigue results and the pore parameters considered do not 

present very high R2 coefficients. It can be deduced from this that many parameters with 

different levels of importance are involved in the fatigue dispersion, but probably none 

of them is predominant. This subsection includes those parameters that have proved to be 

the most significant. 

5.2.1 Porosity and pore distribution 

The following figures show the linear regressions relating fatigue response to porosity 

and pore density, respectively. Since it is plain concrete, only the so-called fatigue of 

uncracked concrete or matrix fatigue is observed in this series. Consequently, the fatigue 

test results considered are the total number of cycles (Ntot, here the same as Nmat and 

abbreviated as N) and the secondary crack opening rate due to matrix fatigue (formerly 

(dCMOD/dn)mat, and now abbreviated as dCMOD/dn). 

As in the previous subsection, the fatigue results have been plotted on a logarithmic 

scale. 
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Figure 5.2-2. Linear regression between porosity and number of cycles. 

 

Figure 5.2-3. Linear regression between porosity and secondary crack opening rate. 
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Figure 5.2-4. Linear regression between pore density and number of cycles. 

 

Figure 5.2-5. Linear regression between pore density and secondary crack opening rate. 

Figure 5.2-2 reveals a general trend between porosity and fatigue life, such that the 

larger the volume of pores, the lower the number of cycles. It is striking that, although all 

specimens have the same dosage and have been manufactured under similar conditions, 

the resulting porosity (due to larger pores) is very uneven, ranging from 0.44% to 1.68%. 
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In any case, the figure shows some apparently anomalous results that affect the correla-

tion, causing the R2 coefficient to be only 0.23. 

As for Figure 5.2-4, it is observed that as the pore density increases, the fatigue life 

decreases. The observed trend is similar to that of Figure 5.2-2, and again there are some 

outliers that worsen the regression. In this case, R2 has a value of 0.11. 

Consequently, it is concluded that the dispersion of porosity affects the fatigue life to 

some extent, so that a larger volume of pores and a higher number of them results in a 

decrease in the number of cycles. 

With respect to the secondary crack opening rate, Figure 5.2-3 and 5.2-5 show equiv-

alent results: the higher the porosity and the pore density, the higher the dCMOD/dn; i.e., 

the faster the development of fatigue damage. However, in this case the trend is less evi-

dent and the coefficients of determination are worse, without reaching 0.1. 

Although the fit of the regressions is weak, it is clear from the figures that porosity 

and pore density have a non-negligible influence on the dispersion of the fatigue results, 

particularly in N. 

In addition to porosity and pore density, it is interesting to study the pore distribution. 

For this purpose, based on the neighborhood test proposed by Vicente et al. [128], it is 

suggested to calculate the neighborhood distance (dnbh). This parameter is defined as the 

distance from a pore to the nearest pore. Thus, the average neighborhood distance dnbh,m 

is adopted as a representative variable for the complete specimen. A higher value of dnbh,m 

indicates a greater uniformity in the pore distribution; on the contrary, a small value indi-

cates that the pores are more concentrated. Linear regressions between mean neighbor-

hood distance and fatigue response are presented in the following figures. 
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Figure 5.2-6. Linear regression between mean neighborhood distance and number of cy-

cles. 

 

Figure 5.2-7. Linear regression between mean neighborhood distance and secondary crack 

opening rate. 

Figure 5.2-6 reveals that, as the mean neighborhood distance decreases, so does the 

number of cycles; that is, the fatigue behavior worsens as the large pores are closer to-

gether. Equivalent results are obtained from Figure 5.2-7: dCMOD/dn increases as dnbh,m 
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decreases. The R2 coefficients are low, being 0.18 in both cases. Nevertheless, it is clear 

from the figures that there is a trend, so it can be stated that the mean neighborhood dis-

tance is reasonably predictive of the fatigue response. 

The parameter dnbh,m may decrease for two main reasons. On the one hand, because 

there are more pores (> ρpor) and therefore the distance between them under a theoretically 

uniform distribution is necessarily smaller. In this regard, the relationship between pore 

density and fatigue response has already been addressed (Figure 5.2-4 and 5.2-5). On the 

other hand, because the distribution is more irregular, with possible accumulations of 

pores. In this context, if two specimens have the same number of pores but the distribution 

in one of them is more heterogeneous, dnbh,m will be smaller while ρpor will remain the 

same. 

Consequently, when the pores are closer together (due to a greater number, a more 

irregular distribution or a combination of both), the probability of generating planes of 

weakness that accelerate the development of fatigue cracking may increase. 

5.2.2 Pore volume 

The pore size distribution has some influence on the fatigue response of plain con-

crete, as pointed out by numerous investigations [97,133,145,146]. In this case, the aver-

age pore volume (Vpor,m) and the maximum pore volume (Vpor,max) have been chosen as 

representative parameters. The latter is defined as the volume greater than that of 90% of 

the pores. The following figures show the linear regressions between these variables and 

the fatigue results. 
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Figure 5.2-8. Linear regression between mean pore volume and number of cycles. 

 

Figure 5.2-9. Linear regression between mean pore volume and secondary crack opening 

rate. 
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Figure 5.2-10. Linear regression between maximum pore volume and number of cycles. 

 

Figure 5.2-11. Linear regression between maximum pore volume and secondary crack 

opening rate. 

Figure 5.2-8 and 5.2-10 show that the fatigue life decreases as both the mean pore 

volume and the maximum pore volume increase. The fits are reasonably robust to fatigue, 

with R2 of 0.27 and 0.35, respectively. A few anomalous results are present again, which, 
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without affecting the perception of the overall trend, substantially reduce the coefficient 

of determination. 

It is observed that the correlation is slightly better with Vpor,max, which represents the 

highest pore sizes. This could be explained by the fact that macropores have more influ-

ence on fatigue behavior than small pores, as pointed out by several publications 

[133,145,146]. Large pores introduce heterogeneities in the concrete matrix, favoring 

stress concentration phenomena and preferential pathways for cracking progress due to 

cyclic tensile stresses. 

On the other hand, it is found that the secondary crack opening rate is much less sen-

sitive to pore volume parameters than the fatigue life. In particular, the regression models 

are weak, with R2 barely reaching 0.1 (Figure 5.2-9 and 5.2-11). A slight trend of increas-

ing dCMOD/dn with pore size is observed. 

The results are consistent with those of subsection 5.2.1, from which it is concluded 

that larger pores, in greater number and closer together reduce the fatigue life. Or, in other 

words, small variations in pore properties (such as porosity, pore size distribution or pore 

spatial distribution) can partially explain the dispersion in N of a priori identical speci-

mens. Although considering each parameter individually the R2 are not high, it is expected 

that, given the clear trends detected, the introduction of these parameters in multiple linear 

regression models will result in formulas with a reasonable predictive capacity. 

5.2.3 Fatigue life estimation 

Some of the pore parameters studied in the previous subsections show a clear trend 

with the fatigue response individually. Therefore, it is suggested to adjust empirical for-

mulas to estimate the fatigue results from the combination of these parameters. As for the 

fibers, in this paper, it is proposed to fit multiple linear regression models according to 

the following expression (Eq. (5.2-1)): 

log y = a·x1 + b·x2 (5.2-1) 

Where y is the fatigue result to be estimated; x1 and x2 are the pore geometric param-

eters; and finally, a and b are the adjustment coefficients. The results considered are N 

(here equal to Ntot and Nmat) and dCMOD/dn (here equal to (dCMOD/dn)mat). Regarding 

the pore parameters, they have been divided according to their typology: x1 is a parameter 



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 250/369 

 

related to porosity and pore distribution (porosity p, ρpor or dnbh,m) and x2 is a parameter 

associated with pore volume (Vpor,m or Vpor,max). 

In the same way as with the fibers, a preliminary study has been carried out consisting 

of fitting multiple linear regression models with all possible parameter combinations; in 

this case, 9 in total. The best results have been achieved for the mean neighborhood dis-

tance dnbh,m as variable x1 and the maximum pore volume Vpor,max as variable x2. Thus, 

the prediction formulas for the fatigue results will be as follows in (Eq. (5.2-2) and Eq. 

(5.2-3)): 

log N = a1·dnbh,m + b1·Vpor,max (5.2-2) 

log (dCMOD/dn) = a2·dnbh,m + b2·Vpor,max (5.2-3) 

A table with the values of the adjustment coefficients obtained from the linear regres-

sion models is included below. 

Table 5.2-1. Adjustment coefficients for prediction formulation of fatigue results. 

N 
a1 3.54 

b1 -2.56 

dCMOD/dn 
a2 -3.46 

b2 0.68 

 

Table 5.2-1 shows that the adjustment coefficients are physically consistent with the 

correlations discussed in subsections 5.2.1 and 5.2.2. On the one hand, in the expression 

of the number of cycles the coefficient a1 is positive because N increases with the distance 

between the pores (Figure 5.2-6). On the other hand, b1 is negative because the relation-

ship between N and the maximum pore size is inversely proportional (Figure 5.2-10). The 

opposite situation occurs in the secondary crack opening rate formula: dCMOD/dn in-

creases as the pores are closer together and their volume is larger (Figure 5.2-7 and 5.2-

11). 

It should be remembered that the aim of the proposed formulation is to obtain the best 

fit for the results of this work. Therefore, in this case it has been decided not to include 

an independent term, forcing the passage through the origin. It is also worth mentioning 

that the range of application of the expressions is in principle limited to that of the data 

used, without being able to ensure good results when extrapolating. 
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Finally, a table with the coefficients of determination of the multiple linear regression 

models is shown. 

Table 5.2-2. R2 coefficients of determination for the prediction formulation of fatigue re-

sults. 

N 0.58 

dCMOD/dn 0.43 

 

The results in Table 5.2-2 demonstrate that the fit of the models is acceptable, consid-

ering the complexity of the dispersion in fatigue. The R2 coefficients are comparatively 

higher than those of the individual correlations. Furthermore, it is observed that the coef-

ficient of determination of the N expression is higher, being 0.58 versus 0.43. This is 

explained by the fact that individually the parameters also fit N better than dCMOD/dn. 

In this subsection, the influence of pore structure dispersion on fatigue response dis-

persion has been analyzed. However, it is worth mentioning that there are other compo-

nents of the mesostructure that are also important in the fracture process of concrete and 

have not been taken into account; in particular, the coarse aggregate, the aggregate-paste 

interface (ITZ, interfacial transition zone) and the smaller pores (gel pores, capillary pores 

and air voids below the fixed boundary) [147,148]. Current microCT technology does not 

allow to detect with sufficient quality and resolution such components, mainly due to the 

combination of large specimen size and high absorption of the concrete due to its high 

density. 

Although pores alone cannot explain the dispersion of fatigue results in plain concrete, 

as shown by the modest values of the coefficients of determination obtained, it is undeni-

able that the variability of their size and spatial distribution plays a significant role. It is 

likely that, with the future development of microCT, more complex models that take into 

account the geometrical properties of the various components of the concrete mesostruc-

ture will be able to explain more accurately the dispersion of the fatigue response. 
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5.3 Size effect on the flexural fatigue behavior of concrete 

This subsection deals with the size effect on the fatigue response of high strength plain 

and fiber-reinforced concrete. Therefore, the results of the flexural fatigue tests of all 

series (A0, A1, A2 and A3) and the two specimen sizes (S and L) are compared. The 

results have been structured in the same way as in subsection 4.2: first fatigue life is dis-

cussed, then CMOD vs N diagrams, and finally the relationship between dCMOD/dn and 

N is studied. 

It is recalled that all series have been tested to fatigue under the same relative load 

levels: between 16% and 80% of their corresponding flexural static strength. The test 

parameters for each series can be found in Table 3.2-3. 

5.3.1 Fatigue life 

The following tables show the number of fatigue cycles to failure for all tests, distin-

guishing between plain and fiber-reinforced concrete series. It is reminded that 12 tests 

have been performed per series, except for A2-L, where one specimen was lost due to an 

incidence in the control. 

Table 5.3-1. Fatigue life N of plain concrete series. 

Test A0-S A0-L 

1 1,000,000* 767 

2 99,976 90 

3 511,248 143 

4 243,232 200 

5 139,687 263 

6 456,365 594 

7 82,695 129 

8 2,674 137 

9 16,155 373 

10 1,304 200 

11 44,497 117 

12 6,153 258 
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Table 5.3-2. Fatigue life N of fiber-reinforced concrete series. 

Test 
  0.3% fibers   0.6% fibers   1.0% fibers 

  A1-S A1-L   A2-S A2-L   A3-S A3-L 

1  6,121 2,626  3,522 25,926  18,889 15 

2  4,838 899  10,316 37  918 23,308 

3  3,696 1,830  40,858 3,476  30 13 

4  43 109  19,401 2,004  3,176 3,335 

5  2,642 21,892  22,481 6,597  12,888 15 

6  2,791 1,255  1,000,000* 32  7,195 5,747 

7  9,226 134  26,308 8,851  15,225 9,604 

8  3,956 284  20,746 46  12 3,498 

9  1,512 69  5,156 84  31 5,634 

10  5,263 102  5,068 2,415  3,090 102 

11  4,015 18,876  14,233 4,264  3,743 1,618 

12   48 42,491   5,024 -   2,219 12,964 

 

Table 5.3-1 reveals that there is a strong size effect in the plain concrete series. The 

larger specimens have a significantly lower fatigue life than the smaller ones, the differ-

ence being several orders of magnitude. While no test in the A0-L series exceeded 103 

cycles, in the A0-S series 105 cycles were exceeded up to 5 times; in fact, one of the 

specimens reached the survival limit of 106 cycles. 

On the other hand, Table 5.3-2 shows that the size effect in fiber-reinforced concrete 

is much less pronounced. The most significant differences are observed in the A2-S and 

A2-L series, with 0.6% of fibers. It is worth mentioning that in one test of the A2-S series 

the survival limit has been exceeded; however, this result can be considered anomalous, 

since the next longest lasting specimen has a fatigue life that is 2 orders of magnitude 

lower. 

To compare the fatigue life of the various series in a more rigorous manner, Weibull 

distribution functions can be used. As seen in subsection 4.2, this function has proven to 

be adequate to describe the results statistically, fitting relatively well to their large scatter. 

Figure 5.3-1 to 5.3-4 represent the fit to the Weibull distribution of all series, divided by 

fiber content. 
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Figure 5.3-1. Weibull fitting of fatigue life of plain concrete series. 

 

Figure 5.3-2. Weibull fitting of fatigue life of SFRC series with 0.3% fibers. 
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Figure 5.3-3. Weibull fitting of fatigue life of SFRC series with 0.6% fibers. 

 

Figure 5.3-4. Weibull fitting of fatigue life of SFRC series with 1.0% fibers. 

Below is a table with the fit parameters λ and β, as well as the R2 correlation coeffi-

cients that characterize the quality of the fit of the data to the Weibull distribution. 
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Table 5.3-3. Fit parameters λ and β, and correlation coefficient R2 of the Weibull distribu-

tion function. 

Fibers (%) Series λ β R2 

0% 
A0-S 5.17 4.80 0.97 

A0-L 2.47 8.16 0.88 

0.3% 
A1-S 3.76 2.87 0.74 

A1-L 3.42 3.02 0.90 

0.6% 
A2-S 4.54 6.35 0.76 

A2-L 3.44 2.28 0.87 

1.0% 
A3-S 3.67 2.01 0.87 

A3-L 3.54 1.76 0.87 

 

Figure 5.3-1 shows that the fatigue strength of the small plain concrete specimens is 

markedly higher than that of the large specimens. The difference is close to 3 orders of 

magnitude, as pointed out by the values of the scale parameter λ (Table 5.3-3), indicative 

of the characteristic fatigue life. With respect to the dispersion of the results, it is note-

worthy that in A0-L series it is particularly low; in fact, it is the series with the lowest 

dispersion (highest β), with almost all its data being grouped in one order of magnitude 

(between 102 and 103). In contrast, A0-S series presents a higher variability, although 

within what is usual in concrete fatigue. 

As for the series with the lowest fiber content, Figure 5.3-2 shows that the fatigue life 

of A1-S series is only slightly higher than that of A1-L series, as also seen in the similar 

values of λ (Table 5.3-3). In addition, the dispersion is a little higher in A1-S series, with 

a more flattened curve and consequently a lower β. In this regard, it is worth mentioning 

that in this series the two tests with a lower N (43 and 48 cycles) alter the fit, since the 

rest of the values are comprised between 103 and 104 cycles. 

The series with a fiber dosage of 0.6% show the most pronounced size effect among 

all the SFRC series, as Figure 5.3-3 reveals. It can be seen that A2-S series has a charac-

teristic fatigue life about one order of magnitude higher than that of A2-L series (Table 

5.3-3). On the other hand, the dispersion of the results is relatively low in A2-S series, 

hardly altered by the anomalous test that exceeded the survival limit. On the other hand, 

A2-L series presents a higher variability, and it is observed that the fit is perturbed by a 

group of tests with particularly low fatigue lives (< 102 cycles). 

Finally, Figure 5.3-4 shows that the series with higher fiber quantity have practically 

identical fatigue lives, with a λ of 3.67 and 3.54 for A3-S and A3-L, respectively (Table 
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5.3-3). Therefore, in practice, it can be stated that no size effect is observed in the SFRC 

series with 1% fibers. With respect to the dispersion, it is again very similar, being slightly 

lower in A3-S series. Once again the fits are disturbed by the lower fatigue life results, 

although it affects both series equally. 

Next, in Figure 5.3-5 the Weibull fittings of all the series are grouped together, alt-

hough this time without representing the individual results in order to facilitate the inter-

pretation of the results. 

 

Figure 5.3-5. Weibull fitting of fatigue life of all series. 

Figure 5.3-5 yields some interesting conclusions. First, the addition of fibers reduces 

the size effect. In fact, it could even be said that it eliminates it, since the difference in N 

between the two specimen dimensions goes from being 3 orders of magnitude in plain 

concrete to practically zero with 0.3% and 1.0% fibers (series A1 and A3, respectively). 

Only in A2 series with 0.6% fibers is there a noticeable size effect, with the smaller spec-

imens having a characteristic fatigue life of about one order of magnitude greater than 

that of the larger specimens. 

In relation to the above, it seems that the decrease in the size effect is not proportional 

to the fiber content. It is possible that 0.3% of fibers is sufficient to nullify the size effect, 

and that thereafter an increase in the dosage does not cause substantial improvements. As 

for the size effect of A2 series, it is explained by the fact that A2-S series behaves 
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differently from the rest of the SFRC series; in particular, in this series no result is less 

than 103 cycles, which therefore increases the characteristic fatigue life. 

The reduction of the size effect due to the incorporation of fibers is a known fact, 

although in concrete subjected to bending it has been studied mostly in static condition. 

There are numerous studies that indicate that the difference in flexural static strength be-

tween specimens of different sizes decreases with the addition of fibers [81,85,86]. The 

reason is that fibers generate a bridging effect, increasing the fracture process zone and 

therefore the ductility of the material. In other words, in fact the fibers do not eliminate 

the size effect, but rather shift the size range in which the ductile-brittle behavior transi-

tion occurs, where this phenomenon really intervenes. This leads to the fact that the spec-

imen dimensions considered are little sensitive to the size effect. 

Another relevant conclusion drawn from Figure 5.3-5 is that the addition of fibers 

does not necessarily improve the fatigue strength. Actually, the trend changes depending 

on the specimen size. While in S-size specimens the plain concrete series has the highest 

fatigue life and its value worsens in all SFRC series, the opposite situation occurs in L-

size specimens. 

Furthermore, the fitting curves of all SFRC series, regardless of size, are very similar 

(with the exception of the A2-S series). At the same time, the curves of the plain concrete 

series act as upper (A0-S) and lower (A0-L) envelopes. The envelopes have characteristic 

fatigue lives of about 300 (A0-L) and 150,000 cycles (A0-S), while the value for the 

SFRC series is about 3,700 cycles. Consequently, this could indicate that there is a spec-

imen size, intermediate between S and L, for which the characteristic fatigue life does not 

change with the addition of fibers. 

Following the above, it is concluded that the fiber content hardly influences the flex-

ural fatigue life, at least for the dosages used, ranging from 0.3% to 1.0%. Except for A2-

S series, whose results differ from the rest, the fitting curves of the SFRC series are prac-

tically coincident, with no clear trends observed in any of the two specimen sizes. 

Finally, when interpreting the results and conclusions above, it should be remembered 

that the fatigue stress levels are calculated as percentages of the maximum nominal stress 

σmax of flexural bending. Consequently, these levels are different in each series, increasing 

with fiber content and being higher in specimens of size S than L. The latter is due to the 
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size effect on the static flexural strength, which has not been directly addressed in this 

document. 

5.3.2 CMOD vs N diagrams 

In this subsection, the diagrams of (maximum) crack opening versus number of cy-

cles, which are fundamental for understanding the development of fatigue damage in con-

crete, are analyzed. Two types of curves are shown because the fatigue life is represented 

both in absolute and relative terms. The results are presented divided by series with the 

same fiber content (0%, 0.3%, 0.6% and 1.0%). In addition, since the objective is to study 

the differences between the two specimen sizes, the diagrams are identified at the series 

level, and not at the individual specimen level. 

On the other hand, it is worth mentioning that in some tests of the SFRC series, the 

two fatigue mechanisms already mentioned appear: fatigue of uncracked concrete, gov-

erned by the matrix, and fatigue of cracked concrete, dominated by the fibers. In these 

cases, the section of N associated with uncracked concrete is shown as a dashed line. 

Finally, sections below 50 cycles, as they are not representative, have not been included. 

First, the diagrams of the plain concrete series are shown, as well as a table with the 

fatigue lives ordered from highest to lowest. 

 

Figure 5.3-6. CMOD vs fatigue life in A0-S and A0-L series.  
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Figure 5.3-7. CMOD vs fatigue life in A0-S and A0-L series (detail view). 

 

Figure 5.3-8. CMOD vs relative fatigue life in A0-S and A0-L series. 
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Table 5.3-4. Fatigue lives in A0-S and A0-L series. 

A0-S   A0-L 

Ntot   Ntot 

1,000,000   767 

511,248  594 

456,365  373 

243,232  263 

139,687  258 

99,976  200 

82,695  200 

44,497  143 

16,155  137 

6,153  129 

2,674  117 

1,304   90 

 

A first aspect observed in the figures is that, as is well known, due to the high brittle-

ness of plain concrete, flexural failure occurs with small crack openings, of the order of 

0.05 mm. Figure 5.3-6 and 5.3-7 show that the fatigue life of A0-S series is much higher 

than that of A0-L series, showing an evident size effect. At the same time, the dispersion 

in the large specimens is clearly smaller than in the small ones; in fact, it is surprisingly 

low for the usual in concrete fatigue. 

Due to the large difference in the number of cycles between the two series, it is more 

useful to analyze the results in Figure 5.3-8. Here it can be seen that all the curves have 

the characteristic S-shape, divided into three phases or stages of damage. However, the 

phenomena occurring in each phase change depending on the fatigue mechanism. In the 

case of fatigue of uncracked concrete, they are divided as follows: (I) plastic tensile strain 

and birth of scattered microcracking around the notch edge, (II) stable growth of mi-

crocracking and (III) convergence to a main microcrack that triggers failure. 

The S-shape of the curves is more evident in the A0-L series. It is possible that in the 

A0-S series, due to the considerable duration of the tests and such low CMOD (around 

0.01 mm), the thermal variations during the days may have slightly affected the concrete. 

As a result, these actions would be the cause of the noise observed during phase II, which 

causes it not to have a uniform slope, as is the case in the A0-L series. Regardless, the 

observed thermal effects are of a very small magnitude compared to the fatigue-induced 
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damage, and do not change the fact that the fatigue strength is notably higher in A0-S 

series than in A0-L series. 

On the other hand, although the three damage phases are observed in both series, the 

proportions of the total fatigue life they occupy are different. While on average in A0-L 

series phase II extends between 15% and 81% of N, in A0-S series it extends between 9% 

and 90%. Another aspect that differs between the two specimen sizes is that, whereas the 

initial CMOD is very similar at approximately 0.01 mm, the CMOD corresponding to the 

beginning of phase II is higher in A0-L series (0.018 mm vs 0.011 mm). This indicates 

that the damage caused by phase I is greater in the larger specimens, which would con-

tribute to shortening their fatigue life. However, it should be noted that the CMOD asso-

ciated with the end of phase II, for which fatigue failure is triggered, is also higher in A0-

L series (0.035 mm vs 0.025 mm). In this regard, it should be mentioned that in A0-S 

series its value has a lot of dispersion. 

Additionally, it is noted that the secondary phase, being the most extensive, is the one 

that governs the evolution of fatigue damage. Returning to Figure 5.3-6 and 5.3-7, it can 

be seen that the slope of the nearly linear section that defines this phase is greater in the 

large specimens than in the small ones. This parameter is known as the secondary crack 

opening rate (dCMOD/dn), and will be discussed in depth in the next subsection. How-

ever, as a preliminary conclusion, a higher dCMOD/dn in A0-L series indicates a faster 

increase in damage due to cyclic loading, which is the reason for the shorter fatigue life 

recorded in that series. 

Second, CMOD vs N diagrams of the SFRC series with the lowest fiber content 

(0.3%) are shown, including a table with the fatigue lives. 
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Figure 5.3-9. CMOD vs fatigue life in A1-S and A1-L series. 

 

Figure 5.3-10. CMOD vs fatigue life in A1-S and A1-L series (detail view). 
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Figure 5.3-11. CMOD vs relative fatigue life in A1-S and A1-L series. 

 

Figure 5.3-12. CMOD vs relative fatigue life in A1-S and A1-L series (detail view). 
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Table 5.3-5. Fatigue lives in A1-S and A1-L series. 

A1-S   A1-L 

Nmat Nfib Ntot   Nmat Nfib Ntot 

2,118 7,108 9,226   0 42,491 42,491 

346 5,775 6,121  0 21,892 21,892 

934 4,329 5,263  0 18,876 18,876 

1,924 2,914 4,838  301 2,325 2,626 

2,305 1,710 4,015  260 1,570 1,830 

327 3,629 3,956  138 1,117 1,255 

31 3,665 3,696  196 703 899 

49 2,742 2,791  158 126 284 

1,948 694 2,642  82 52 134 

17 1,495 1,512  92 17 109 

42 6 48  89 13 102 

27 16 43   65 4 69 

 

The figures reveal that in practically all the tests of these series, the two fatigue mech-

anisms explained appear: fatigue of uncracked concrete and fatigue of cracked concrete. 

The former develops at reduced CMOD values (< 0.1 mm), since it is ultimately equiva-

lent to that observed in the plain concrete series. After its exhaustion with the birth of a 

main macro-crack, the second mechanism intervenes, governed by the bridging forces of 

the fibers. As these provide high ductility, the CMOD oscillates in high values, even sev-

eral millimeters. Consequently, the resulting fatigue life can be divided into the two sec-

tions corresponding to the fatigue of uncracked concrete (Nmat) and cracked concrete 

(Nfib), respectively (Table 5.3-5). 

With respect to the total fatigue life, it can be seen that it is higher on average in the 

small specimens. However, it is noteworthy that the three tests that have lasted the longest 

belong to A1-L series, widely exceeding 104 cycles. Moreover, precisely these specimens 

are the only ones in the series in which only the fatigue of cracked concrete has been 

involved. In other words, in these tests it took just one load cycle for the crack to appear 

and the fibers to begin to mobilize. 

Regarding the proportion of the total fatigue life occupied by each damage mecha-

nism, no significant differences are detected between the two specimen sizes. The average 

percentages over which the fatigue of uncracked concrete (Nmat) extends are 32% and 

37% in A1-S and A1-L series, respectively. However, as can be seen in Figure 5.3-11, 

the dispersion is very high. 
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Figure 5.3-11 and 5.3-12 show that the curves of both series acquire a double S-shape, 

each with its three damage phases. The first S-shaped section (dashed line) is associated 

with the fatigue of uncracked concrete, while the second (solid line) corresponds to the 

fatigue of cracked concrete. Therefore, it is concluded that the three stages of damage 

evolution (I, II and III) in the CMOD vs N diagrams appear independently of the acting 

fatigue mechanism. 

As already mentioned, phase II of the curves is very interesting, since it represents the 

development of fatigue damage. In the fatigue of cracked concrete (solid line), it is ob-

tained that phase II extends on average between 13% and 89% of Nfib in A1-S series, and 

between 14% and 87% in A1-L series. Thus, there are no significant differences in this 

respect. However, Figure 5.3-9 and 5.3-10 show that the slope of phase II (dCMOD/dn) 

is greater in the large specimens, particularly in those with less fatigue life than the small 

ones. Consequently, despite the fact that phase II occupies a similar percentage of the 

fatigue life, damage development is faster in the large specimens, resulting in a shortening 

of N. 

On the other hand, there is a part of the CMOD vs N diagrams that seems to have a 

significant impact on fatigue life: the stiffness transition zone between the fatigue of 

uncracked and cracked concrete. It is clearly seen that in the A1-L series specimens, the 

increase in CMOD that occurs from the time the concrete cracks until the fibers are mo-

bilized is very high, of about 1 mm and reaching in some cases almost 2 mm. In contrast, 

in the A1-S series the CMOD jump is much smaller, practically not exceeding 0.5 mm. 

This has a bearing on the fact that the smaller specimens withstand more cycles than the 

larger ones, since it can be seen that the greater the increase in CMOD in the stiffness 

transition zone, the shorter the fatigue life (Figure 5.3-12). In fact, this would justify the 

longer fatigue life of the three specimens of the A1-L series that only have fatigue of 

cracked concrete, where the transition zone does not appear. 

One possible cause of the larger CMOD jump in large specimens than in small ones, 

which in turn could partly explain the size effect in N, is the difference in fiber distribution 

and orientation. In the small specimens, the ratio between fiber length and minimum ele-

ment dimension is higher (0.4 vs 0.2 in the large ones). This causes the wall effect to be 

more aggressive, i.e., the fibers are aligned more pronouncedly in the longitudinal direc-

tion. Therefore, when the concrete fissures, there will be more properly oriented fibers in 
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the A1-S series specimens that are able to take the stresses and resist the load, thus reduc-

ing the increase in CMOD. 

Third, CMOD vs N diagrams of the SFRC series with the mean fiber content (0.6%) 

are shown, including a table with the fatigue lives. 

 

Figure 5.3-13. CMOD vs fatigue life in A2-S and A2-L series. 

 

Figure 5.3-14. CMOD vs relative fatigue life in A2-S and A2-L series.  
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Table 5.3-6. Fatigue lives in A2-S and A2-L series. 

A2-S   A2-L 

Nmat Nfib Ntot   Nmat Nfib Ntot 

1,000,000 0 1,000,000   0 25,926 25,926 

50 40,808 40,858  0 8,851 8,851 

56 26,252 26,308  0 6,597 6,597 

53 22,428 22,481  0 4,264 4,264 

0 20,746 20,746  0 3,476 3,476 

57 19,344 19,401  0 2,415 2,415 

0 14,233 14,233  0 2,004 2,004 

504 9,812 10,316  0 84 84 

0 5,156 5,156  0 46 46 

0 5,068 5,068  0 37 37 

0 5,024 5,024  0 32 32 

59 3,463 3,522   - - - 

 

The figures show that in these series the dominant mechanism is the fatigue of cracked 

concrete, since in A2-L series all specimens crack after the first cycle (Nmat = 0) and in 

A2-S series the extent of fatigue cycles of uncracked concrete is very small. The only 

exception is a specimen from the A2-S series that reaches survival. The behavior of this 

test specimen is unusual because it does not even crack after 106 cycles, remaining at a 

CMOD of about 0.03 mm. 

It can be noticed that the fatigue life is higher in the small specimens than in the large 

ones. In fact, Table 5.3-6 shows that none of the A2-S series specimens is below 103 

cycles, a situation that is only repeated in A0-S series, which has the best fatigue behavior 

of all. At the same time, A2-L series has up to four specimens with a very low number of 

cycles, less than 100. 

On the other hand, the S-shape of the curves is noticeable in both figures. Their ap-

pearance is very similar for the two specimen sizes, both qualitatively and quantitatively. 

However, it should be noted that in A2-S series, at the end of phase II, there are steps 

produced by the successive collapse of resistant "layers" of fibers as the crack progresses. 

In A2-L series they also appear, but are less accentuated. With respect to the proportion 

of the total fatigue life occupied by phase II, Figure 5.3-14 reveals that in the two series 

it is very similar; in fact, in A2-S series it comprises on average between 7% and 84% of 

N, while in A2-L, between 7% and 83%. 
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There are two reasons that can help to understand, through the CMOD vs N diagrams, 

why the number of cycles is lower in large specimens than in small specimens. On the 

one hand, when the initial CMOD of phase II (hereafter, CMODII,i) is larger, the fatigue 

life is reduced. This is evident in Figure 5.3-13, where it can be seen that the tests of both 

series with less N are those with a higher CMODII,i, above 0.3-0.4 mm. In general terms, 

the value of this parameter is markedly higher in the A2-L series. On the other hand, when 

the secondary crack opening rate (phase II slope) increases, the fatigue life decreases. 

This is the well-known Sparks and Menzies law already discussed. Again, dCMOD/dn 

appears to be higher in large specimens than in small specimens. Consequently, it is con-

cluded that the combination of higher CMODII,i and dCMOD/dn are responsible for the 

size effect on the fatigue life of these series. 

In addition, it could be intuited that there is a certain relationship between the two 

parameters, so that the higher the CMODII,i, the higher the dCMOD/dn; that is, if the 

crack is stabilized with a higher CMOD and the effective strength section is reduced, the 

speed of fatigue damage increases, which has a certain logic. However, this is not exactly 

true, since specimens with a given CMODII,i have higher dCMOD/dn than others with a 

higher CMODII,i, both within the same series and comparing between the two sizes (Fig-

ure 5.3-13). 

Fourth, the CMOD vs N diagrams of the SFRC series with the highest fiber content 

(1.0%) are shown, including a table with the fatigue lives. 

  



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 270/369 

 

 

Figure 5.3-15. CMOD vs fatigue life in A3-S and A3-L series. 

 

Figure 5.3-16. CMOD vs relative fatigue life in A3-S and A3-L series. 
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Table 5.3-7. Fatigue lives in A3-S and A3-L series. 

A3-S   A3-L 

Nmat Nfib Ntot   Nmat Nfib Ntot 

0 18,889 18,889   0 23,308 23,308 

0 15,225 15,225  0 12,964 12,964 

0 12,888 12,888  0 9,604 9,604 

0 7,195 7,195  0 5,747 5,747 

0 3,743 3,743  0 5,634 5,634 

0 3,176 3,176  0 3,498 3,498 

0 3,090 3,090  0 3,335 3,335 

0 2,219 2,219  0 1,618 1,618 

0 918 918  0 102 102 

0 31 31  0 15 15 

0 30 30  0 15 15 

0 12 12   0 13 13 

 

The figures reveal that in the series with 1.0% fibers only the fatigue mechanism of 

cracked concrete appears; that is, all specimens crack after the first cycle (Nmat = 0). 

Table 5.3-7 shows that the number of cycles is very similar in the two series: in each, 

in 8 tests a fatigue life between 1,000 and 25,000 cycles is reached, and in the remaining 

4 it is relatively low, below 1,000 cycles. 

Additionally, the figures show that the S-curves are similar. As for phase II, Figure 

5.3-16 shows that it ranges between 6% and 79% in A3-S series, and between 6% and 

87% in A3-L series. Its lower amplitude in the small specimens is explained by the steps 

in the final part, due in turn to fiber depletion. As already mentioned in the previous series, 

this behavior is more accentuated in the small specimens, while in the large specimens 

the transitions are more moderate. 

Although in this case there is no size effect on fatigue life, the reasons given in A2-S 

and A2-L series can be used to explain the dispersion of the results, i.e., why some spec-

imens withstand more cycles than others. Again, it is observed that the fatigue life de-

pends on two parameters: the initial CMOD of phase II (CMODII,i) and the secondary 

crack opening rate (dCMOD/dn). The higher their values, the lower the fatigue strength. 

In some cases, such as the specimen of the A3-S series with an N of 2,219 cycles (Figure 

5.3-15), the low fatigue life is explained by a high CMODII,i (1.16 mm), while its 

dCMOD/dn is lower even than that of other specimens of the same series that have lasted 
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more cycles. In other cases, such as the A3-L series specimen with an N of 1,618 cycles, 

the low fatigue life is due to a high dCMOD/dn, since its CMODII,i is comparatively mod-

erate (0.75 mm). Consequently, this could indicate that the two parameters have a certain 

degree of independence, their combination being what determines the fatigue response of 

each specimen. 

5.3.3 Secondary crack opening rate 

As discussed several times throughout the document, in the CMOD vs N diagrams, 

the envelope of phase II of stable crack growth can be approximated by a straight line 

whose slope is called the secondary crack opening rate (dCMOD/dn). This parameter is 

associated with the fatigue life, a relationship known as Sparks and Menzies' law, origi-

nally proposed in compressive fatigue. 

In this subsection the linear regressions between the logarithms of dCMOD/dn and N, 

which is the form in which this law is usually expressed, are studied. Since two types of 

fatigue are observed in the tests performed (fatigue of uncracked concrete and fatigue of 

cracked concrete), each with its characteristic S-curve, its phase II and therefore its own 

dCMOD/dn, the two mechanisms will be analyzed separately. Thus, in fatigue of 

uncracked concrete, the results of the series of plain concrete (A0-S and A0-L) will be 

treated, as well as those of the SFRC series in which there are sections of this type of 

fatigue (A1-S, A1-L and A2-S). On the other hand, in fatigue of cracked concrete, the 

results of all SFRC series will be reviewed. In addition, all the data will be studied to-

gether. 

First, tables are shown with the crack opening rates, divided by series with the same 

fiber content (0, 0.3%, 0.6% and 1.0%). In the cases where both types of fatigue appear, 

the values of (dCMOD/dn)mat, associated with the fatigue of uncracked concrete, and 

(dCMOD/dn)fib, corresponding to the fatigue of cracked concrete, are included. The data 

have been ordered from highest to lowest. These tables are presented for information 

purposes only, as the results will be analyzed in detail through the linear regression plots. 
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Table 5.3-8. Crack opening rate in A0-S and A0-L series. 

A0-S   A0-L 

(dCMOD/dn)mat   (dCMOD/dn)mat 

4.22E-06   2.65E-04 

1.64E-06  2.11E-04 

1.32E-06  1.79E-04 

2.50E-07  1.75E-04 

1.31E-07  1.30E-04 

1.27E-07  1.22E-04 

9.42E-08  1.11E-04 

6.18E-08  1.10E-04 

5.98E-08  9.43E-05 

3.88E-08  5.23E-05 

3.42E-08  3.31E-05 

2.60E-08   1.99E-05 

 

Table 5.3-9. Crack opening rate in A1-S and A1-L series. 

A1-S   A1-L 

(dCMOD/dn)mat (dCMOD/dn)fib   (dCMOD/dn)mat (dCMOD/dn)fib 

7.41E-04 4.28E-01   7.37E-04 3.26E-01 

6.64E-04 4.19E-02  6.35E-04 1.59E-01 

4.27E-04 4.64E-04  4.71E-04 6.88E-02 

2.82E-04 4.46E-04  4.29E-04 2.28E-02 

1.50E-04 3.20E-04  3.66E-04 1.44E-02 

6.12E-05 2.06E-04  1.61E-04 2.59E-03 

5.83E-05 1.30E-04  1.49E-04 1.27E-03 

1.94E-05 8.58E-05  1.06E-04 8.03E-04 

1.74E-05 7.43E-05  9.10E-05 2.26E-04 

1.50E-05 4.18E-05  - 9.08E-06 

5.89E-06 3.00E-05  - 4.30E-06 

5.29E-06 1.63E-05   - 4.14E-06 
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Table 5.3-10. Crack opening rate in A2-S and A2-L series. 

A2-S   A2-L 

(dCMOD/dn)mat (dCMOD/dn)fib   (dCMOD/dn)mat (dCMOD/dn)fib 

7.59E-04 3.87E-05   - 8.11E-02 

6.06E-04 3.18E-05  - 5.73E-02 

2.17E-04 3.11E-05  - 3.82E-02 

1.05E-04 2.16E-05  - 3.16E-02 

2.28E-05 1.90E-05  - 1.48E-04 

1.84E-05 1.58E-05  - 1.15E-04 

2.02E-08 7.62E-06  - 7.28E-05 

- 6.95E-06  - 6.66E-05 

- 3.65E-06  - 2.98E-05 

- 3.55E-06  - 2.25E-05 

- 3.48E-06   - 1.05E-05 

 

Table 5.3-11. Crack opening rate in A3-S and A3-L series. 

A3-S   A3-L 

(dCMOD/dn)fib   (dCMOD/dn)fib 

1.72E-01   1.05E-01 

5.78E-02  1.04E-01 

4.17E-02  1.02E-01 

1.02E-04  1.64E-02 

3.14E-05  3.61E-04 

1.97E-05  1.31E-04 

1.78E-05  6.54E-05 

6.55E-06  2.99E-05 

6.49E-06  2.92E-05 

3.74E-06  1.55E-05 

3.26E-06  1.19E-05 

2.78E-06   8.69E-06 

 

Secondly, the following figure shows the linear regressions between the secondary 

crack opening rate and the number of cycles associated with the fatigue of uncracked 

concrete. While in the plain concrete series Nmat = Ntot, in series A1-S, A1-L and A2-L 

only the cycles associated with this type of fatigue have been considered. 
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Figure 5.3-17. Secondary crack opening rate versus number of cycles, both associated with 

fatigue of uncracked concrete, in all series. 

Several conclusions can be drawn from Figure 5.3-17. Overall, the regression lines of 

the SFRC series are similar, both in trend and position, to those of plain concrete. This 

indicates that the evolution of damage due to the fatigue of uncracked concrete is essen-

tially the same in the two classes of concrete. Thus, it is corroborated that the presence of 

fibers hardly affects this type of fatigue. 

With respect to the plain concrete series (in black and gray), it is noted that the con-

siderable size effect observed is largely explained by the fact that the dCMOD/dn is much 

smaller in the A0-S series. In other words, the damage inflicted by cyclic loading is slower 

in the smaller specimens, causing their fatigue life to be longer. 

As for the straight lines of the series with 0.3% fibers (in blue), it can be seen that they 

are sensibly parallel, which means that the relationship between dCMOD/dn and N fol-

lows the same proportion; that is, a certain increase in dCMOD/dn produces the same 

decrease in N. Consequently, although in these series almost no size effect is observed, 

the secondary crack opening rate would explain the dispersion of the fatigue life results. 

Regarding the A2-S series, no solid conclusions can be reached, since the sections of 

fatigue of uncracked concrete are very short, except for the specimen that exceeded the 



Flexural fatigue of high-strength plain and fiber-reinforced concrete: Influence of mesostructure and study 

of size effect 

 

 

pg. 276/369 

 

survival limit, and the regression is not very good. Moreover, in A2-L series, this type of 

fatigue does not appear. 

Third, the linear regressions between dCMOD/dn and N corresponding to the fatigue 

of cracked concrete are included. Therefore, only results relative to the fiber-reinforced 

concrete series appear. 

 

Figure 5.3-18. Secondary crack opening rate versus number of cycles, both associated with 

fatigue of cracked concrete, in all series. 

Figure 5.3-18 reveals that all regression lines are practically coincident. Therefore, it 

is concluded that the relationship between dCMOD/dn and N in fatigue of cracked con-

crete is independent of fiber content and specimen size. Evidently, this is demonstrated 

for the values used in this work, pending validation for wider ranges of fiber dosage and 

element dimensions. 

Consequently, it is proved that the secondary crack opening rate is a very adequate 

parameter to explain the fatigue life of flexural fatigue in concrete. 

With respect to the series with 0.6% fibers (in green), which are the only SFRC series 

in which there is a significant size effect, it can be seen that all the tests of A2-S series 

present reduced dCMOD/dn, less than 10-4, and concentrated in the lower right part of the 

graph. Therefore, the secondary crack opening rate also explains the size effect observed 

in these series. 
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Finally, all the previous results are grouped in the following figure. The regression 

lines corresponding to fatigue of uncracked concrete are represented in dashed line, while 

those of cracked concrete are shown in solid line. 

 

Figure 5.3-19. Secondary crack opening rate versus number of cycles in all series, distin-

guishing between fatigue of uncracked concrete (dashed line) and cracked concrete (solid 

line). 

Figure 5.3-19 shows that the lines corresponding to the fatigue of cracked concrete 

are above those of fatigue of uncracked concrete; that is, the fatigue mechanism governed 

by the fibers damages the concrete faster than the one dominated by the matrix. This is to 

be expected, since the fibers provide much ductility, making the concrete admit large 

deformations, as can be seen in the CMOD vs N diagrams. Moreover, the difference be-

tween (dCMOD/dn)mat and (dCMOD/dn)fib is about one order of magnitude, remaining 

sensibly constant for the whole range of N observed. This is the same conclusion reached 

by Germano et al. [54], who performed flexural fatigue tests on plain concrete specimens 

and SFRC pre-cracked specimens with 0.5% and 1.0% fibers. 
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6 CONCLUSIONS AND FUTURE LINES OF RE-

SEARCH 

This section presents the main conclusions of this research work, extracted from the 

previous chapter. The section is organized in such a way that each subsection addresses 

one of the general objectives. 

The first objective is to study the influence of the dispersion of fiber distribution and 

orientation on the dispersion of the flexural fatigue response of fiber-reinforced concrete. 

In other words, the aim is to answer whether the stochastic arrangement of the fibers 

within the matrix (in terms of dispersion, position, orientation, etc.) is able to explain why 

the fatigue life in two a priori identical specimens can differ by several orders of magni-

tude. For this purpose, a good number of fatigue tests with the same load levels have been 

performed on identical specimens, with the same size and the same dosage and fiber con-

tent. In addition, this process has been repeated with three amounts of fibers (0.3%, 0.6% 

and 1.0%), so that it is possible to know if the effect of fibers on the dispersion of fatigue 

results changes depending on their content. 

Consequently, the first subsection presents, from among the multiple fiber parameters 

that can be determined, those that prove to have a better correlation with fatigue results. 

Additionally, the proposed empirical formulas that allow estimating the fatigue life from 

these parameters are shown. 

The second objective is analogous to the previous one since it is also based on ex-

plaining the dispersion in the fatigue response of concrete through a mesostructure com-

ponent. In this case, the aim is to analyze the influence of the dispersion of the geometrical 

and morphological parameters of the pores on the dispersion of the fatigue response of 

plain concrete. Therefore, it is assumed that in this type of concrete, without fibers, the 

pores control to a certain extent the fracture process of the concrete. Equivalently, the aim 

is to find out whether the stochastic nature of the pore structure (in terms of total porosity, 

pore size, distribution, etc.) is able to explain why the number of cycles in two equal 

specimens can vary greatly. To this effect, numerous identical fatigue tests with the same 

load levels have been carried out on plain concrete specimens of the same size and dosage. 
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Therefore, the second subsection presents, among all the morphological parameters 

of the pores, those that are best related to the fatigue results. The empirical formulas pro-

posed to estimate the fatigue life as a function of these parameters are also included. 

Finally, the third objective is to study the size effect on the flexural fatigue strength 

of concrete, both plain and fiber-reinforced. That is, the aim is to check whether the size 

effect, which significantly affects many of the macroscopic responses of concrete, also 

affects fatigue. To this end, fatigue tests have been carried out on two different specimen 

sizes and with four different concrete dosages (plain and with 0.3%, 0.6% and 1.0% fi-

bers). In this way, it can be determined whether the size effect in fatigue changes with the 

presence of fibers and their content. 

Thus, the third subsection summarizes the most relevant conclusions regarding the 

size effect obtained from the fatigue results: N, CMOD versus N diagrams and secondary 

crack opening rate. 

Finally, the fourth and last subsection describes the future lines of research that arise 

to answer the new questions derived from the results of this doctoral thesis. 

6.1 Influence of fibers on the flexural fatigue response of 

SFRC 

In order to study the influence of the fibers on the dispersion of fatigue results, the 

geometrical parameters of the fibers of all the specimens that were subsequently tested 

under fatigue were obtained by means of micro-computed tomography (microCT). Then, 

an attempt has been made to establish correlations between these parameters and the fa-

tigue results. Three different concrete series have been studied, the only difference be-

tween them being the fiber content: A1-S with 0.3%, A2-S with 0.6% and A3-S with 

1.0%. The specimens were fatigue tested under the same relative stress levels: between 

16% and 80% of their corresponding static flexural strength. 

In first place, the fibers located in the central region of the specimens, around the mid-

span section, have been analyzed, since this is the one that has the greatest influence on 

the fatigue response. Different parameters related to their orientation and spatial distribu-

tion have been obtained. Those that have shown to have a better correlation with the fa-

tigue results are the relative density of fibers crossing the crack plane (ρfib,rel), the average 
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efficiency index in the Z-axis (normal to the crack plane) (eiZ,m) and the median fiber 

height (Ycdg,50%). 

The relative density of fibers passing through the mid-span section, where the crack 

occurs, is calculated as the quotient between the fiber density in a specimen and the av-

erage of the fiber density in the series to which that specimen belongs (depending on the 

case, A1-S, A2-S and A3-S). 

The average efficiency index is calculated as the average of the cosines of the angles 

formed by the fibers with respect to the corresponding axis. Thus, it can take values be-

tween 0 and 1, where 0 would indicate that all fibers are orthogonal to that axis, and 1 

that all are parallel. In the case of the Z axis, a higher value of eiZ,m indicates that the 

fibers are more aligned with the longitudinal axis, and in principle better oriented to resist 

bending stresses. 

The median fiber height is defined as the height with respect to the bottom face of the 

specimen (Y-coordinate in the local axes of the specimen) that divides the number of 

fibers in half, with 50% of the fibers being above, and vice versa. In this way, it is intended 

to know if a greater accumulation of fibers near the notch, i.e. in the highest part of the 

specimen (and, therefore, with a higher value of Ycdg,50%), where there are more tensile 

stresses and the fibers work more, leads to a longer fatigue life. 

Linear regressions between these parameters and the total number of cycles, the latter 

in logarithmic scale, are shown below. 
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Figure 6.1-1. Linear regression between the relative density of fibers passing through the 

crack plane and the total number of cycles. 

 

Figure 6.1-2. Linear regression between the average efficiency index on the Z-axis and the 

total number of cycles. 
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Figure 6.1-3. Linear regression between the median fiber height and the total number of 

cycles. 

The figures show that, although in each series the specimens are apparently the same, 

the arrangement of the fibers shows an evident dispersion. And this randomness of the 

fibers influences the fatigue response. It is observed that with increasing relative fiber 

density (Figure 6.1-1), Z-axis efficiency index (Figure 6.1-2) and median fiber height 

(Figure 6.1-3), so does the fatigue life. The parameters with the highest coefficients of 

determination are the first two. 

It should be noted that, in general terms, the correlations between fatigue response 

and the geometric parameters considered have low R2 values. However, taking into ac-

count the magnitude of the problem of fatigue life dispersion, which is usually of several 

orders of magnitude, it is considered that the proposed parameters are reasonably predic-

tive. 

Consequently, multiple linear regression models are presented that consider these pa-

rameters simultaneously, so that the fit to the number of fatigue cycles is expected to 

improve. The formulas that allow estimating the fatigue life from the geometrical param-

eters of the fibers have the form (Eq. (6.1-1)): 

log Ntot = a1·ρ
fib,rel

 + b1·eiZ,m + c1·Ycdg,50%,rel + d1 (6.1-1) 
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The following table shows the values of the adjustment coefficients obtained from the 

model: 

Table 6.1-1. Adjustment coefficients for estimation formulation of fatigue life. 

 A1-S A2-S A3-S General 

a1 0.82 0.43 2.89 0.79 

b1 8.01 4.65 7.78 7.47 

c1 6.11 -1.46* 13.46 7.82 

d1 -6.92 0.71 -12.87 -7.37 

 

It can be found that the sign of the coefficients maintains the physical sense of the 

simple linear regressions shown above, except in the case of c1 in the A2-S series, which 

accompanies Ycdg,50%. This is possibly because the correlation between median fiber 

height and fatigue life is particularly weak in this series (Figure 6.1-3). 

The R2 coefficients of determination of the multiple linear regression formulas or 

models are given below: 

Table 6.1-2. R2 coefficients of determination for the estimation formulation of fatigue life. 

A1-S A2-S A3-S General 

0.56 0.33 0.41 0.38 

 

Combining several significant fiber parameters, the fitting of the fatigue life improves 

substantially. The R2 values remain relatively low, which proves that dispersion in fatigue 

is a complex issue, and where probably the influence of the mesostructure is not only 

reduced to the fibers. In any case, it is shown here that the random distribution of fibers 

in the concrete matrix plays a significant role in this phenomenon, laying the groundwork 

for multi-parametric studies of fibers and other components (pores, coarse aggregate, 

etc.), which together with larger samples, will allow more accurate prediction of the fa-

tigue response of concrete. 

Furthermore, to date, practically all the parameters that allow estimating the fatigue 

life, explaining the dispersion in a priori identical specimens, are macroscopic indicators 

of damage; that is, they require inflicting prior damage to the concrete. This is the case of 

the secondary crack opening rate dCMOD/dn, studied in depth in this work, or the in-

crease in residual stiffness at each loading cycle Δki. Instead, here it is proposed to explain 

the dispersion in fatigue from the analysis of the intact mesostructure. Consequently, the 
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purpose of this thesis is to present a methodology that allows estimating the fatigue re-

sponse of an element by studying only the mesostructure of its most critical zones. 

6.2 Influence of pores on the flexural fatigue response of 

plain concrete 

Similarly to the previous subsection, in order to study the incidence of the stochastic 

nature of the pores in the dispersion of the fatigue results, prior to these tests all the spec-

imens were scanned with microCT, obtaining the geometrical parameters of the pores. 

Then, it has been tried to establish correlations between these parameters and the fatigue 

life. In this case, a single type of plain concrete (A0 series) has been used, whose dosage 

is the same as those of the SFRC series, but without fibers. All specimens were tested at 

fatigue between 16% and 80% of the average flexural strength. 

The pores have only been studied in a subregion comprising in depth 20% of the cen-

tral section (in the tensioned zone, next to the notch), in length 10 mm on each side of the 

notch and in width the entire section. Therefore, its dimensions are 12.5 x 20 x 75 mm. 

In addition, the minimum pore volume has been limited to 0.1 mm3, based on the fact that 

larger pores seem to have a higher incidence of fatigue failure. 

Several parameters related to porosity, pore distribution and pore volume have been 

calculated. The most significant in relation to fatigue life are the mean neighborhood dis-

tance (dnbh,m) and the maximum pore volume (Vpor,max). The former is defined as the av-

erage of the distance from each pore to the nearest pore. A lower value of dnbh,m indicates 

that the pores are closer together, which could favor concrete fracture. As for the maxi-

mum pore volume, it is the volume greater than that of 90% of the pores. A higher value 

of Vpor,max indicates the presence of larger pores, introducing heterogeneities in the con-

crete matrix that could facilitate failure. 

The linear regressions between these parameters and the logarithm of the number of 

cycles are shown below. 
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Figure 6.2-1. Linear regression between the mean neighborhood distance and the number 

of cycles. 

 

Figure 6.2-2. Linear regression between the maximum pore volume and the number of cy-

cles. 

The figures reveal that neither the spatial distribution of the pores nor the distribution 

of their sizes is the same in all specimens, even if they were manufactured at the same 

dosage and under the same conditions. This variation in the pore structure influences the 
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fatigue behavior. On the one hand, the larger the pore spacing (higher dnbh,m), the higher 

the fatigue life (Figure 6.2-1). On the other hand, a higher proportion of large pores 

(higher Vpor,max) results in a lower number of cycles (Figure 6.2-2). The linear regression 

is better with the maximum pore volume. 

It can be noted that the correlations between the fatigue life and the geometric param-

eters calculated do not have particularly high R2 values, which again confirms that the 

dispersion in fatigue is affected by multiple parameters and probably by various compo-

nents of the concrete mesostructure. Nevertheless, Figure 6.2-1 and 6.2-2 show that there 

are clear trends. 

To try to improve the fit to the number of cycles, a multiple linear regression model 

that takes into account the two parameters studied is proposed (Eq. (6.2-1)): 

log N = 3.54·dnbh,m - 2.56·Vpor,max (6.2-1) 

It is observed that the sign of the adjustment coefficients maintains the physical sense 

of the simple linear regressions shown above. 

As for the coefficient of determination R2, its value is 0.58. When several pore param-

eters are considered together, the fatigue life fitting improves remarkably. However, R2 

is still relatively moderate, which may be due to the fact that other components that are 

important in the fracture process of plain concrete have not been taken into account; in 

particular, the coarse aggregate, the aggregate-paste interface and the smaller pores. In 

any case, it is clear that the randomness in the pore structure clearly influences the dis-

persion of the fatigue response of concrete. It is likely that complex models that take into 

account various parameters of several mesostructure elements can more accurately ex-

plain the variability in the fatigue behavior of concrete. 

6.3 Size effect on the flexural fatigue behavior of concrete 

To study the size effect on the flexural fatigue response of concrete, specimens of two 

different sizes were tested: 75x75x300 mm (S) and 150x150x600 mm (L). In order to 

make the results comparable, they have been subjected to the same relative stress levels: 

between 16% and 80% of their corresponding average value of the flexural static strength. 

In addition, 4 types of concrete were produced: plain (A0 series) and with 0.3%, 0.6% 

and 1.0% fibers (A1, A2 and A3 series, respectively). 
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The following figure compares the fit to the Weibull distribution function of the fa-

tigue lives in the 8 series tested. This type of function proves to be very appropriate to 

describe statistically the fatigue results. 

 

Figure 6.3-1. Weibull fitting of fatigue life of all series. 

Figure 6.3-1 yields interesting conclusions. First, plain concrete has a strong size ef-

fect, with the fatigue life of small specimens being about 3 orders of magnitude higher 

than that of large specimens. Secondly, the addition of fibers reduces the size effect, or 

even cancels it out. This is especially noticeable in the series with contents of 0.3% and 

1.0%. This phenomenon can be explained by the fact that fibers induce a much more 

ductile fracture behavior, and consequently less sensitive to specimen size. In this sense, 

it seems that the decrease in the size effect is not proportional to the fiber content, since 

the lower content (0.3%) is sufficient to practically eliminate it. Thirdly, it is observed 

that the addition of fibers does not necessarily improve the fatigue strength. In fact, it 

changes depending on the size, since in large specimens its effect is positive, and in small 

specimens, negative. Finally, the fiber content does not improve the fatigue life either, 

since all the SFRC curves, with the exception of the A2-S series, are very similar. 

On the other hand, CMOD vs N diagrams are a very useful tool to understand the 

development of fatigue damage, explaining both the size effect (in this case, in the plain 

concrete series) and the dispersion of the results within each series. In fact, only the upper 
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envelope of the complete CMOD vs. N diagram is represented in these diagrams, i.e., the 

maximum CMOD in each cycle. 

As a relevant aspect, it has been detected that in the specimens with the lowest fiber 

content, and to a lesser extent in the 0.6% specimens, two fatigue mechanisms appear: 

fatigue of uncracked concrete and fatigue of cracked concrete. The first is essentially the 

same as in plain concrete. It is governed by the matrix and develops at reduced CMOD 

values (< 0.1 mm). As for the second, it appears after the exhaustion of the previous one, 

when the concrete cracks and the bridging forces of the fibers start to mobilize. Due to 

the ductility contribution of the fibers, the CMODs are much higher, even up to several 

millimeters. Figure 6.3-2 shows the comparative CMOD vs N diagrams for A1-S and A1-

L series. The fatigue of uncracked concrete is shown as a dashed line, and that of cracked 

concrete as a solid line. 

 

Figure 6.3-2. CMOD vs relative fatigue life in A1-S and A1-L series. 

It can be seen that, when the concrete cracks, there is a sudden increase in CMOD; 

that is, a stiffness transition in which the stresses are shifted from being supported by the 

matrix to the fibers. 

From the CMOD vs N diagrams, with their characteristic S-shape, it is observed that 

phase II, in which a stable damage progress occurs, has a great impact on the fatigue 

behavior. In particular, its slope, known as secondary crack opening rate (dCMOD/dn) is 
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closely related to fatigue life. This relationship is known in concrete fatigue as Sparks and 

Menzies' law [49], as it was originally posited by these researchers in compressive fa-

tigue. 

Linear regressions between dCMOD/dn and N, both in logarithmic scale, are shown 

below. The results of all series are included, distinguishing between fatigue of uncracked 

and cracked concrete. This is because each fatigue mechanism presents its own S-curve, 

with its associated N and dCMOD/dn. It can be seen that series A1-S, A1-L and A2-S 

have two associated straight lines, since both types of fatigue appear in them. 

 

Figure 6.3-3. Secondary crack opening rate versus number of cycles in all series, distin-

guishing between fatigue of uncracked concrete (dashed line) and cracked concrete (solid 

line). 

Some conclusions can be drawn from Figure 6.3-3. It is observed that in general terms 

the correlation between dCMOD/dn and N is quite high. As for the plain concrete series 

(A0-S and A0-L), the size effect detected is explained by the fact that the secondary crack 

opening rate is lower in the smaller specimens; that is, the damage applied by the cyclic 

loads is slower. With respect to the fiber-reinforced concrete series, all the lines are prac-

tically coincident, indicating that the relationship between dCMOD/dn and N in fatigue 

of cracked concrete is independent, not only of the fiber content, but also of the specimen 

size. Moreover, the certain size effect in the series with 0.6% fibers (A2-S and A2-L) is 
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again due to the fact that in large specimens the dCMOD/dn are small, less than 10-4, and 

concentrated in the lower right part of the graph. 

Consequently, it is concluded that the secondary crack opening rate is a very adequate 

parameter to explain the fatigue life in general, and the size effect in particular. 

Finally, it is observed that the regression lines associated with the fatigue of cracked 

concrete are above those of fatigue of uncracked concrete, from which it follows that the 

fiber-dominated fatigue mechanism damages concrete faster. Specifically, the difference 

between (dCMOD/dn)mat and (dCMOD/dn)fib is about one order of magnitude, remaining 

substantially constant over the whole range of N. This is to be expected, since the fibers 

provide ductility, causing the concrete to withstand higher deformations. 

6.4 Future lines of research 

From the conclusions presented in the previous subsections, new questions and lines 

of work arise in order to improve the knowledge of fatigue in concrete, both of the dis-

persion of the results and of the size effect. Some of them are presented below: 

- With respect to the study of the influence of the mesostructure on the dispersion 

of fatigue results, to generate prediction models combining multiple geometric 

parameters, not only of one component (such as fibers or pores), but of several 

simultaneously. Develop parameters that represent the interaction between these 

components. In addition, extend the number of identical fatigue tests to have a 

better statistical understanding of the phenomenon. 

- To analyze the double fatigue mechanism detected in some fiber-reinforced con-

crete series: under what conditions it occurs, how it affects the fatigue life, if there 

is any relationship between the two mechanisms, what happens in the stiffness 

transition zone where the load is transmitted from the matrix to the fibers, etc. 

- Regarding the size effect on fatigue, to include more specimen sizes, fundamen-

tally larger and closer to the real scale of the usual structural elements in civil 

works. Study whether the observed trends are maintained or change, taking into 

account different types of concrete (plain and fiber-reinforced concrete). 

- Continuing with the size effect, to analyze whether other macroscopic damage 

parameters, in addition to dCMOD/dn, are able to predict the fatigue life of con-

crete. For example, in the CMOD vs N diagrams, the CMOD corresponding to the 
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onset of phase II (CMODII,i) or, when both fatigue mechanisms appear, the in-

crease in CMOD occurring in the stiffness transition zone. 

- Finally, to study the size effect as a particular case of the influence of the stochastic 

nature of the mesostructure on the fatigue response. For this purpose, the proper-

ties of the components (fibers, pores, etc.) must be compared in specimens of dif-

ferent dimensions, in order to finally analyze how their dispersion affects the dis-

persion of the fatigue life. 
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FLEXURAL FATIGUE TEST N.º 1
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-4
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 25/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 1,000,000 (dCMOD/dn)mat [mm/cycle] 2.60E-08
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 1,000,000

FLEXURAL FATIGUE TEST N.º 2
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-6
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 29/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 99,976 (dCMOD/dn)mat [mm/cycle] 2.50E-07
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 99,976

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 3
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-7
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 04/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 511,248 (dCMOD/dn)mat [mm/cycle] 6.18E-08
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 511,248

FLEXURAL FATIGUE TEST N.º 4
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-8
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 04/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 243,232 (dCMOD/dn)mat [mm/cycle] 9.42E-08
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 243,232

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 5
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-9
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 05/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 139,687 (dCMOD/dn)mat [mm/cycle] 3.88E-08
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 139,687

FLEXURAL FATIGUE TEST N.º 6
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-10
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 05/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 456,365 (dCMOD/dn)mat [mm/cycle] 1.27E-07
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 456,365

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 7
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-11
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 10/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 82,695 (dCMOD/dn)mat [mm/cycle] 1.31E-07
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 82,695

FLEXURAL FATIGUE TEST N.º 8
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-12
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 10/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 2,674 (dCMOD/dn)mat [mm/cycle] 1.32E-06
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 2,674

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 9
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-13
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 11/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 16,155 (dCMOD/dn)mat [mm/cycle] 5.98E-08
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 16,155

FLEXURAL FATIGUE TEST N.º 10
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-14
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 11/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 1,304 (dCMOD/dn)mat [mm/cycle] 4.22E-06
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 1,304

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 11
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-15
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 11/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 44,497 (dCMOD/dn)mat [mm/cycle] 3.42E-08
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 44,497

FLEXURAL FATIGUE TEST N.º 12
1. SERIES DATA 2. SPECIMEN DATA
Code A0-S Code A0-S-16
Size [mm] 75x75x300 Manufacture date 23/11/2020
Fibers [%] 0 Test date 11/05/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.21 σmax,fat [MPa] 6.57
σfl,LOP [MPa] 8.21 σmin,fat [MPa] 1.31

5. FATIGUE TEST RESULTS
Nmat 6,153 (dCMOD/dn)mat [mm/cycle] 1.64E-06
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 6,153

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)
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FLEXURAL FATIGUE TEST N.º 13
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-4
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 04/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 346 (dCMOD/dn)mat [mm/cycle] 5.83E-05
Nfib 5,775 (dCMOD/dn)fib [mm/cycle] 1.63E-05
Ntot 6,121

FLEXURAL FATIGUE TEST N.º 14
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-5
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 04/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 1,924 (dCMOD/dn)mat [mm/cycle] 5.29E-06
Nfib 2,914 (dCMOD/dn)fib [mm/cycle] 8.58E-05
Ntot 4,838

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 15
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-6
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 04/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 31 (dCMOD/dn)mat [mm/cycle] 7.41E-04
Nfib 3,665 (dCMOD/dn)fib [mm/cycle] 4.18E-05
Ntot 3,696

FLEXURAL FATIGUE TEST N.º 16
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-7
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 05/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 27 (dCMOD/dn)mat [mm/cycle] 4.27E-04
Nfib 16 (dCMOD/dn)fib [mm/cycle] 4.19E-02
Ntot 43

(gráfica CMOD-N)
(foto rotura)

(foto rotura)



FLEXURAL FATIGUE TEST N.º 17
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-8
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 05/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 1,948 (dCMOD/dn)mat [mm/cycle] 1.94E-05
Nfib 694 (dCMOD/dn)fib [mm/cycle] 4.46E-04
Ntot 2,642

FLEXURAL FATIGUE TEST N.º 18
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-9
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 05/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 49 (dCMOD/dn)mat [mm/cycle] 2.82E-04
Nfib 2,742 (dCMOD/dn)fib [mm/cycle] 7.43E-05
Ntot 2,791

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 19
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-10
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 06/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 2,118 (dCMOD/dn)mat [mm/cycle] 1.74E-05
Nfib 7,108 (dCMOD/dn)fib [mm/cycle] 3.00E-05
Ntot 9,226

FLEXURAL FATIGUE TEST N.º 20
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-11
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 06/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 327 (dCMOD/dn)mat [mm/cycle] 6.12E-05
Nfib 3,629 (dCMOD/dn)fib [mm/cycle] 2.06E-04
Ntot 3,956

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 21
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-12
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 06/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 17 (dCMOD/dn)mat [mm/cycle] 6.64E-04
Nfib 1,495 (dCMOD/dn)fib [mm/cycle] 4.64E-04
Ntot 1,512

FLEXURAL FATIGUE TEST N.º 22
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-13
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 06/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 934 (dCMOD/dn)mat [mm/cycle] 1.50E-05
Nfib 4,329 (dCMOD/dn)fib [mm/cycle] 1.30E-04
Ntot 5,263

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 23
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-14
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 06/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 2,305 (dCMOD/dn)mat [mm/cycle] 5.89E-06
Nfib 1,710 (dCMOD/dn)fib [mm/cycle] 3.20E-04
Ntot 4,015

FLEXURAL FATIGUE TEST N.º 24
1. SERIES DATA 2. SPECIMEN DATA
Code A1-S Code A1-S-15
Size [mm] 75x75x300 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 06/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 8.78 σmax,fat [MPa] 7.02
σfl,LOP [MPa] 7.36 σmin,fat [MPa] 1.40

5. FATIGUE TEST RESULTS
Nmat 42 (dCMOD/dn)mat [mm/cycle] 1.50E-04
Nfib 6 (dCMOD/dn)fib [mm/cycle] 4.28E-01
Ntot 48

(gráfica CMOD-N)
(foto rotura)

(foto rotura)
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FLEXURAL FATIGUE TEST N.º 25
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-4
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 59 (dCMOD/dn)mat [mm/cycle] 2.28E-05
Nfib 3,463 (dCMOD/dn)fib [mm/cycle] 3.11E-05
Ntot 3,522

FLEXURAL FATIGUE TEST N.º 26
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-5
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 504 (dCMOD/dn)mat [mm/cycle] 1.05E-04
Nfib 9,812 (dCMOD/dn)fib [mm/cycle] 1.58E-05
Ntot 10,316

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 27
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-6
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 50 (dCMOD/dn)mat [mm/cycle] 2.17E-04
Nfib 40,808 (dCMOD/dn)fib [mm/cycle] 3.65E-06
Ntot 40,858

FLEXURAL FATIGUE TEST N.º 28
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-7
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 57 (dCMOD/dn)mat [mm/cycle] 6.06E-04
Nfib 19,344 (dCMOD/dn)fib [mm/cycle] 6.95E-06
Ntot 19,401

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 29
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-8
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 18/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 53 (dCMOD/dn)mat [mm/cycle] 1.84E-05
Nfib 22,428 (dCMOD/dn)fib [mm/cycle] 7.62E-06
Ntot 22,481

FLEXURAL FATIGUE TEST N.º 30
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-9
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 18/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 1,000,000 (dCMOD/dn)mat [mm/cycle] 2.02E-08
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 1,000,000

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 31
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-10
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 21/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 56 (dCMOD/dn)mat [mm/cycle] 7.59E-04
Nfib 26,252 (dCMOD/dn)fib [mm/cycle] 3.55E-06
Ntot 26,308

FLEXURAL FATIGUE TEST N.º 32
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-11
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 21/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 20,746 (dCMOD/dn)fib [mm/cycle] 3.48E-06
Ntot 20,746

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 33
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-12
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 21/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 5,156 (dCMOD/dn)fib [mm/cycle] 2.16E-05
Ntot 5,156

FLEXURAL FATIGUE TEST N.º 34
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-13
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 21/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 5,068 (dCMOD/dn)fib [mm/cycle] 3.87E-05
Ntot 5,068

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 35
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-14
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 21/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 14,233 (dCMOD/dn)fib [mm/cycle] 1.90E-05
Ntot 14,233

FLEXURAL FATIGUE TEST N.º 36
1. SERIES DATA 2. SPECIMEN DATA
Code A2-S Code A2-S-15
Size [mm] 75x75x300 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 22/04/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.78 σmax,fat [MPa] 9.42
σfl,LOP [MPa] 8.35 σmin,fat [MPa] 1.88

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 5,024 (dCMOD/dn)fib [mm/cycle] 3.18E-05
Ntot 5,024

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



 

APPENDIX. FATIGUE TEST SHEETS 
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FLEXURAL FATIGUE TEST N.º 37
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-4
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 29/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 18,889 (dCMOD/dn)fib [mm/cycle] 6.55E-06
Ntot 18,889

FLEXURAL FATIGUE TEST N.º 38
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-5
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 29/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 918 (dCMOD/dn)fib [mm/cycle] 1.02E-04
Ntot 918

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 39
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-6
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 30/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 30 (dCMOD/dn)fib [mm/cycle] 4.17E-02
Ntot 30

FLEXURAL FATIGUE TEST N.º 40
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-7
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 30/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 3,176 (dCMOD/dn)fib [mm/cycle] 3.14E-05
Ntot 3,176

(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 41
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-8
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 30/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 12,888 (dCMOD/dn)fib [mm/cycle] 3.26E-06
Ntot 12,888

FLEXURAL FATIGUE TEST N.º 42
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-9
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 30/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 7,195 (dCMOD/dn)fib [mm/cycle] 3.74E-06
Ntot 7,195

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 43
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-10
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 30/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 15,225 (dCMOD/dn)fib [mm/cycle] 2.78E-06
Ntot 15,225

FLEXURAL FATIGUE TEST N.º 44
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-11
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 30/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 12 (dCMOD/dn)fib [mm/cycle] 1.72E-01
Ntot 12

(gráfica CMOD-N)
(foto rotura)

(foto rotura)



FLEXURAL FATIGUE TEST N.º 45
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-12
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 31/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 31 (dCMOD/dn)fib [mm/cycle] 5.78E-02
Ntot 31

FLEXURAL FATIGUE TEST N.º 46
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-13
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 31/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 3,090 (dCMOD/dn)fib [mm/cycle] 1.78E-05
Ntot 3,090

(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 47
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-14
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 31/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 3,743 (dCMOD/dn)fib [mm/cycle] 1.97E-05
Ntot 3,743

FLEXURAL FATIGUE TEST N.º 48
1. SERIES DATA 2. SPECIMEN DATA
Code A3-S Code A3-S-15
Size [mm] 75x75x300 Manufacture date 30/11/2020
Fibers [%] 1 Test date 31/03/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 19.65 σmax,fat [MPa] 15.72
σfl,LOP [MPa] 10.45 σmin,fat [MPa] 3.14

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 2,219 (dCMOD/dn)fib [mm/cycle] 6.49E-06
Ntot 2,219

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)
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FLEXURAL FATIGUE TEST N.º 49
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-1
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 30/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 767 (dCMOD/dn)mat [mm/cycle] 1.99E-05
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 767

FLEXURAL FATIGUE TEST N.º 50
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-2
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 30/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 90 (dCMOD/dn)mat [mm/cycle] 2.11E-04
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 90

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 51
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-3
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 29/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 143 (dCMOD/dn)mat [mm/cycle] 1.79E-04
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 143

FLEXURAL FATIGUE TEST N.º 52
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-5
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 30/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 200 (dCMOD/dn)mat [mm/cycle] 1.10E-04
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 200

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 53
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-6
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 29/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 263 (dCMOD/dn)mat [mm/cycle] 1.30E-04
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 263

FLEXURAL FATIGUE TEST N.º 54
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-7
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 29/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 594 (dCMOD/dn)mat [mm/cycle] 3.31E-05
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 594

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 55
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-9
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 30/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 129 (dCMOD/dn)mat [mm/cycle] 1.75E-04
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 129

FLEXURAL FATIGUE TEST N.º 56
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-10
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 29/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 137 (dCMOD/dn)mat [mm/cycle] 1.22E-04
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 137

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 57
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-13
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 30/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 373 (dCMOD/dn)mat [mm/cycle] 5.23E-05
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 373

FLEXURAL FATIGUE TEST N.º 58
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-14
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 30/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 200 (dCMOD/dn)mat [mm/cycle] 1.11E-04
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 200

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 59
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-15
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 30/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 117 (dCMOD/dn)mat [mm/cycle] 2.65E-04
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 117

FLEXURAL FATIGUE TEST N.º 60
1. SERIES DATA 2. SPECIMEN DATA
Code A0-L Code A0-L-16
Size [mm] 150x150x600 Manufacture date 23/11/2020
Fibers [%] 0 Test date 30/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.13 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.23 σmax,fat [MPa] 4.18
σfl,LOP [MPa] 5.23 σmin,fat [MPa] 0.84

5. FATIGUE TEST RESULTS
Nmat 258 (dCMOD/dn)mat [mm/cycle] 9.43E-05
Nfib 0 (dCMOD/dn)fib [mm/cycle]
Ntot 258

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



 

APPENDIX. FATIGUE TEST SHEETS 

 

 

 

 

A1-L SERIES 

  



 

 

  



FLEXURAL FATIGUE TEST N.º 61
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-2
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 27/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 301 (dCMOD/dn)mat [mm/cycle] 1.06E-04
Nfib 2,325 (dCMOD/dn)fib [mm/cycle] 2.26E-04
Ntot 2,626

FLEXURAL FATIGUE TEST N.º 62
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-3
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 196 (dCMOD/dn)mat [mm/cycle] 9.10E-05
Nfib 703 (dCMOD/dn)fib [mm/cycle] 2.59E-03
Ntot 899

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 63
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-4
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 29/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 260 (dCMOD/dn)mat [mm/cycle] 1.61E-04
Nfib 1,570 (dCMOD/dn)fib [mm/cycle] 8.03E-04
Ntot 1,830

FLEXURAL FATIGUE TEST N.º 64
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-5
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 92 (dCMOD/dn)mat [mm/cycle] 6.35E-04
Nfib 17 (dCMOD/dn)fib [mm/cycle] 6.88E-02
Ntot 109

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 65
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-6
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 21,892 (dCMOD/dn)fib [mm/cycle] 4.30E-06
Ntot 21,892

FLEXURAL FATIGUE TEST N.º 66
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-9
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 138 (dCMOD/dn)mat [mm/cycle] 4.71E-04
Nfib 1,117 (dCMOD/dn)fib [mm/cycle] 1.27E-03
Ntot 1,255

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 67
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-10
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 82 (dCMOD/dn)mat [mm/cycle] 3.66E-04
Nfib 52 (dCMOD/dn)fib [mm/cycle] 2.28E-02
Ntot 134

FLEXURAL FATIGUE TEST N.º 68
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-11
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 158 (dCMOD/dn)mat [mm/cycle] 1.49E-04
Nfib 126 (dCMOD/dn)fib [mm/cycle] 1.44E-02
Ntot 284

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 69
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-12
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 65 (dCMOD/dn)mat [mm/cycle] 7.37E-04
Nfib 4 (dCMOD/dn)fib [mm/cycle] 3.26E-01
Ntot 69

FLEXURAL FATIGUE TEST N.º 70
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-13
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 89 (dCMOD/dn)mat [mm/cycle] 4.29E-04
Nfib 13 (dCMOD/dn)fib [mm/cycle] 1.59E-01
Ntot 102

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 71
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-15
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 18,876 (dCMOD/dn)fib [mm/cycle] 9.08E-06
Ntot 18,876

FLEXURAL FATIGUE TEST N.º 72
1. SERIES DATA 2. SPECIMEN DATA
Code A1-L Code A1-L-16
Size [mm] 150x150x600 Manufacture date 16/12/2020
Fibers [%] 0.3 Test date 28/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.62 Range (16%-80%) ·σfl,max

σfl,max [MPa] 5.93 σmax,fat [MPa] 4.74
σfl,LOP [MPa] 5.22 σmin,fat [MPa] 0.95

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 42,491 (dCMOD/dn)fib [mm/cycle] 4.14E-06
Ntot 42,491

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



 

APPENDIX. FATIGUE TEST SHEETS 

 

 

 

 

A2-L SERIES 

  



 

 

  



FLEXURAL FATIGUE TEST N.º 73
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-2
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 25,926 (dCMOD/dn)fib [mm/cycle] 1.05E-05
Ntot 25,926

FLEXURAL FATIGUE TEST N.º 74
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-3
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 37 (dCMOD/dn)fib [mm/cycle] 8.11E-02
Ntot 37

(gráfica CMOD-N)
(foto rotura)

(foto rotura)



FLEXURAL FATIGUE TEST N.º 75
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-5
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 3,476 (dCMOD/dn)fib [mm/cycle] 7.28E-05
Ntot 3,476

FLEXURAL FATIGUE TEST N.º 76
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-6
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 2,004 (dCMOD/dn)fib [mm/cycle] 1.15E-04
Ntot 2,004

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 77
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-7
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 6,597 (dCMOD/dn)fib [mm/cycle] 2.98E-05
Ntot 6,597

FLEXURAL FATIGUE TEST N.º 78
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-8
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 32 (dCMOD/dn)fib [mm/cycle] 5.73E-02
Ntot 32

(gráfica CMOD-N)
(foto rotura)

(foto rotura)



FLEXURAL FATIGUE TEST N.º 79
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-9
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 8,851 (dCMOD/dn)fib [mm/cycle] 2.25E-05
Ntot 8,851

FLEXURAL FATIGUE TEST N.º 80
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-12
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 46 (dCMOD/dn)fib [mm/cycle] 3.82E-02
Ntot 46

(gráfica CMOD-N)
(foto rotura)

(foto rotura)



FLEXURAL FATIGUE TEST N.º 81
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-13
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 84 (dCMOD/dn)fib [mm/cycle] 3.16E-02
Ntot 84

FLEXURAL FATIGUE TEST N.º 82
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-15
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 2,415 (dCMOD/dn)fib [mm/cycle] 1.48E-04
Ntot 2,415

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 83
1. SERIES DATA 2. SPECIMEN DATA
Code A2-L Code A2-L-16
Size [mm] 150x150x600 Manufacture date 09/12/2020
Fibers [%] 0.6 Test date 13/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 106.22 Range (16%-80%) ·σfl,max

σfl,max [MPa] 11.37 σmax,fat [MPa] 9.10
σfl,LOP [MPa] 6.67 σmin,fat [MPa] 1.82

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 4,264 (dCMOD/dn)fib [mm/cycle] 6.66E-05
Ntot 4,264

(gráfica CMOD-N)
(foto rotura)



 

APPENDIX. FATIGUE TEST SHEETS 
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FLEXURAL FATIGUE TEST N.º 84
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-1
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 27/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 15 (dCMOD/dn)fib [mm/cycle] 1.04E-01
Ntot 15

FLEXURAL FATIGUE TEST N.º 85
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-2
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 27/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 23,308 (dCMOD/dn)fib [mm/cycle] 1.55E-05
Ntot 23,308

(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 86
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-3
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 27/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 13 (dCMOD/dn)fib [mm/cycle] 1.02E-01
Ntot 13

FLEXURAL FATIGUE TEST N.º 87
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-4
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 15/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 3,335 (dCMOD/dn)fib [mm/cycle] 1.31E-04
Ntot 3,335

(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 88
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-6
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 27/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 15 (dCMOD/dn)fib [mm/cycle] 1.05E-01
Ntot 15

FLEXURAL FATIGUE TEST N.º 89
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-7
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 27/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 5,747 (dCMOD/dn)fib [mm/cycle] 2.92E-05
Ntot 5,747

(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 90
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-8
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 27/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 9,604 (dCMOD/dn)fib [mm/cycle] 8.69E-06
Ntot 9,604

FLEXURAL FATIGUE TEST N.º 91
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-10
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 14/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 3,498 (dCMOD/dn)fib [mm/cycle] 6.54E-05
Ntot 3,498

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 92
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-12
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 15/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 5,634 (dCMOD/dn)fib [mm/cycle] 2.99E-05
Ntot 5,634

FLEXURAL FATIGUE TEST N.º 93
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-13
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 15/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 102 (dCMOD/dn)fib [mm/cycle] 1.64E-02
Ntot 102

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)



FLEXURAL FATIGUE TEST N.º 94
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-14
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 14/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 1,618 (dCMOD/dn)fib [mm/cycle] 3.61E-04
Ntot 1,618

FLEXURAL FATIGUE TEST N.º 95
1. SERIES DATA 2. SPECIMEN DATA
Code A3-L Code A3-L-16
Size [mm] 150x150x600 Manufacture date 30/11/2020
Fibers [%] 1 Test date 15/06/2022

3. SERIES STATIC STRENGTH 4. FATIGUE TEST PARAMETERS
fc [MPa] 107.17 Range (16%-80%) ·σfl,max

σfl,max [MPa] 16.41 σmax,fat [MPa] 13.13
σfl,LOP [MPa] 7.74 σmin,fat [MPa] 2.63

5. FATIGUE TEST RESULTS
Nmat 0 (dCMOD/dn)mat [mm/cycle]
Nfib 12,964 (dCMOD/dn)fib [mm/cycle] 1.19E-05
Ntot 12,964

(gráfica CMOD-N)
(foto rotura)

(gráfica CMOD-N)
(foto rotura)
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