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RESUMEN 

El desarrollo de las energías renovables es esencial para combatir el cambio 

climático global, siendo una solución para la descarbonización económica, ya que 

gran parte de las emisiones de gases efecto invernadero son debidas al uso de 

energías fósiles. Entre estas energías limpias, la eólica es una de las que se 

contemplan a mayor gran escala y, en los últimos años, ha evolucionado 

notablemente. Gran parte de los esfuerzos realizados en su desarrollo se enfocan 

en obtener mayor potencia, para lo que es primordial conseguir torres más altas, 

con el objetivo de llegar a grandes alturas donde los vientos son mayores. Para 

lograr este objetivo, las torres requieren grandes prestaciones mecánicas, ya que 

mayores potencias implican mayores tamaños de rotor y, por tanto, diseños y 

materiales que soporten este incremento de peso. 

Entre las tipologías existentes de torres de aerogeneradores, las de hormigón son 

las que mayor potencial tienen para alcanzar mayores alturas y capacidad 

portante de la torre. En este sentido, una alternativa al empleo hormigón armado 

convencional, para disminuir tiempos y costes, así como facilitar su construcción 

y disminuir el impacto medioambiental, es el empleo de hormigón reforzado con 

fibras como sustitución parcial del armado. 

En los últimos años, las investigaciones sobre el hormigón reforzado con fibras 

han evolucionado notablemente, lo que ha ayudado a comprender mejor sus 

propiedades y optimizarlas. Gracias a los esfuerzos realizados, se ha permitido 

que este material adquiera cada vez más relevancia frente al hormigón armado 
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convencional, como reemplazo total o parcial de la armadura, haciendo su uso 

cada vez más común. 

Las torres eólicas están sometidas a distintos esfuerzos críticos, entre los que 

destacan la flexión, fluencia y fatiga, por lo que es de vital importancia ahondar 

en el comportamiento del hormigón bajo estos esfuerzos, con el fin de que éste 

sea aceptado y empleado, además de ayudar a optimizar los diseños. 

A pesar de que el conocimiento sobre el hormigón reforzado con fibras es cada 

vez mayor, siguen siendo necesarios estudios que aporten un mayor estado del 

arte que ayude a la mayor aceptación e implementación del mismo, 

especialmente estudios de sus propiedades a largo plazo, como la fatiga o la 

fluencia.  

Por otro lado, la orientación y distribución de fibras en el hormigón tiene efectos 

sobre las capacidades mecánicas del material, por lo que es de gran utilidad el 

estudio de cómo afecta el método de vertido en la disposición de las fibras en el 

hormigón, con el objetivo de seleccionar la forma de puesta en obra para 

optimizar las propiedades del hormigón según la dirección de las fuerzas más 

críticas soportadas por la estructura en sí. 

La presente Tesis tiene como objetivo generar conocimiento sobre estos aspectos 

asociados al hormigón reforzado con macrofibras metálicas. De cara a dar mayor 

relevancia a los estudios realizados y contribuir en mayor medida al estado del 

conocimiento científico actual en la materia, el documento de Tesis se plantea 

como un compendio de artículos publicados en revistas científicas, así como 

expuestos en congresos. 

En primer lugar, se aborda la influencia que tiene el método de hormigonado en 

la disposición de las fibras dentro del hormigón y se relaciona a su vez esta última 

con su resistencia. En segundo lugar, se estudia el comportamiento del hormigón 

reforzado con fibras de acero bajo esfuerzos de fatiga a flexión. En la tercera y 

última línea de trabajo, se realiza un estudio sobre el comportamiento a fluencia 

del hormigón, estudiando su evolución dependiendo de la edad y magnitud de 

carga. 
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ABSTRACT 

 

 

The development of renewable energies is essential to combat global climate 

change, and is a solution for economic decarbonization, since a large part of 

greenhouse gas emissions are due to the use of fossil fuels. Among these clean 

energies, wind power is one of those being considered on a larger scale and, in 

recent years, has evolved considerably. Much of the efforts made in its 

development are focused on obtaining greater power, for which it is essential to 

achieve higher towers, with the aim of reaching great heights where winds are 

higher. To achieve this goal, the towers require high mechanical performance, 

since higher powers imply larger rotor sizes and, therefore, designs and materials 

that support this increased weight. 

Among the existing types of wind turbine towers, concrete towers have the 

greatest potential to reach greater heights and tower bearing capacity. In this 

sense, an alternative to the use of conventional reinforced concrete, in order to 

reduce time and costs, as well as to facilitate its construction and reduce the 

environmental impact, is the use of fiber-reinforced concrete as a partial 

replacement of the reinforced concrete. 

In recent years, research on fiber-reinforced concrete has evolved significantly, 

which has helped to better understand and optimize its properties. Thanks to the 

efforts made, this material has become increasingly relevant compared to 
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conventional reinforced concrete, as a total or partial replacement of the 

reinforcement, making its use more and more common. 

Wind towers are subjected to different critical stresses, including bending, creep 

and fatigue, so it is of vital importance to delve into the behavior of concrete 

under these stresses, in order for it to be accepted and used, as well as to help 

optimize designs. 

Although the knowledge about fiber-reinforced concrete is increasing, studies 

are still needed to provide a better state of the art to help its acceptance and 

implementation, especially studies of its long-term properties, such as fatigue or 

creep.  

On the other hand, the orientation and distribution of fibers in concrete has 

effects on the mechanical capacities of the material, so it is very useful to study 

how the method of pouring affects the arrangement of the fibers in the concrete, 

with the objective of selecting the way of placement to optimize the properties of 

the concrete according to the direction of the most critical forces supported by 

the structure itself. 

The present Thesis aims to generate knowledge on these aspects associated with 

concrete reinforced with metallic macrofibers. In order to give greater relevance 

to the studies carried out and to contribute to a greater extent to the current state 

of scientific knowledge on the subject, the Thesis document is presented as a 

compendium of articles published in scientific journals, as well as presented at 

conferences. 

In the first place, the influence that the method of concreting has on the 

arrangement of the fibers within the concrete is addressed, and this in turn is 

related to its resistance. Secondly, the behavior of concrete reinforced with steel 

fibers under flexural fatigue stresses is studied. In the third and last line of work, 

a study is carried out on the creep behavior of concrete, studying its evolution 

depending on the age and magnitude of load. 
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CAPÍTULO I 

Introducción 

1.1. Contexto 

Una de las mayores preocupaciones de la sociedad actual, que afecta a todos los 

continentes, es el cambio climático. Recientemente, se han alcanzado niveles 

récord mundiales de dióxido de carbono (CO2), que han llegado a aumentar cerca 

de un 50% en los últimos 20 años [1], así como de otros gases de efecto 

invernadero (GEI) en la atmósfera.   

El cambio climático es una realidad, donde los efectos más tangibles se han 

observado en eventos como la subida del nivel del mar y en los cambios de los 

fenómenos climáticos, cada vez más frecuentes y extremos. Un reflejo claro de 

ello es la subida de la temperatura media global, que ha aumentado casi el doble 

desde el periodo preindustrial, con la presencia de eventos meteorológicos tales 

como olas de calor, aumentos en la intensidad de la lluvia o sequías, cada vez 

más frecuentes y de mayor intensidad y duración. Como consecuencia de estos 

fenómenos, se han observado cambios negativos en especies de animales y 

plantas, que reflejan la magnitud del problema y la necesidad de actuación [1], 

[2].  

Las actividades realizadas por el ser humano representan la mayor parte de las 

emisiones de GEI y cada vez más países toman conciencia de la problemática y 
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establecen medidas que persigan la neutralidad de carbono. El Acuerdo de París, 

que entró en vigor el 4 de noviembre de 2016, es un tratado internacional 

jurídicamente vinculante sobre el cambio climático, que fue adoptado por 196 

Partes en la Conferencia de las Naciones Unidas sobre el Cambio Climático 

(COP21) en París. El objetivo general de este Acuerdo es limitar el aumento de la 

temperatura media mundial, para lo cual se deben reducir las emisiones de GEI, 

disminuyendo un 43% en 2030. El objetivo 13 de la Agenda 2030 para el 

Desarrollo Sostenible de la ONU exige medidas urgentes para combatir el cambio 

climático. La reducción de las emisiones de CO2 a través de la transformación 

energética es clave para cumplir con los objetivos climáticos establecidos. 

En la actualidad, fruto de la necesidad de disminuir los GEI, el mercado 

energético está evolucionando hacia las energías que fomentan los desarrollos 

sostenibles, tales como la eólica o la solar. Para que las energías renovables 

adquieran cada vez más peso sobre las alternativas convencionales, se persigue 

conseguir mayores potencias y mejores rendimientos de las mismas. 

Entre las energías renovables existentes, la eólica es la más consolidada a gran 

escala, la cual se caracteriza por ser una energía limpia, inagotable, de bajo 

impacto y bajo coste, comparada con otras alternativas. Por lo tanto, la evolución 

de la tecnología de la energía eólica resulta clave para la transición energética y 

la descarbonización económica.  

Una reducción del coste de la electricidad obtenida a partir de la energía eólica 

se consigue gracias a emplear aerogeneradores más potentes, lo que genera una 

mayor competitividad frente a los combustibles fósiles.  

Los aerogeneradores constan de una torre que eleva una góndola en cuyo 

extremo se encuentra un rotor compuesto por un buje donde se fijan las palas. El 

proceso de funcionamiento consiste en la activación por efecto del viento del 

rotor y se acciona el generador eléctrico que convierte la energía mecánica en 

eléctrica. Por último, un transformador transfiere la electricidad a la red. 

Para cubrir con la demandada necesidad del sector eólico de fabricar 

aerogeneradores más potentes, se necesita mayor altura, donde los vientos son 

mayores. Por otro lado, un aumento de la potencia demanda mayores tamaños 

de rotor, lo que requiere a su vez un aumento de la capacidad portante de la torre 

para resistir el aumento de peso debido al aumento de tamaño de la turbina y el 

rotor. Por estos motivos, el diseño y los materiales de la torre en sí del 

aerogenerador son de es de vital importancia para conseguir mayores alturas y 

potencias asociadas.  
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En base al material empleado en las torres de los aerogeneradores, estas se 

clasifican en estructuras de acero, de hormigón o híbridas [3]:  

• Torres metálicas: Son estructuras compuestas por acero, cuyo diseño está 

condicionado por factores tales como la complejidad del cimiento, las 

dificultades de transporte y suministro, los procesos de montaje o la 

sensibilidad de las juntas a fatiga, así como los elevados requerimientos 

de mantenimiento. El aumento de altura de las torres metálicas está 

condicionado a un aumento de su espesor. Las torres eólicas de acero 

tienen limitaciones de transporte, estructurales y económicas que hacen 

que la altura máxima que puedan alcanzar sea más limitada respecto a las 

otras opciones. A partir de cierta altura, se reduce notablemente la 

eficiencia económica. Además, los valores límite en la frecuencia natural 

de la torre incrementan los precios de los cimientos y los riesgos de 

deformabilidad del terreno. 

• Torres de hormigón: estas torres se caracterizan tener una alta resistencia 

además de tener una larga vida útil y exentas prácticamente de necesidad 

mantenimiento respecto a las otras opciones. Debido a la libertad de 

geometrías que permiten estos diseños, se puede optimizar el 

comportamiento dinámico y estructural, permitiendo llegar a alturas 

superiores. 

• Torres híbridas: son estructuras híbridas entre las dos tipologías previas. 

Se componen de un tramo superior de estructura metálica que es acoplado 

a un tramo inferior de hormigón. Estas torres tienen frecuentemente 

problemas de fatiga entre las uniones de ambos tramos, además de tener 

un alto coste inicial de inversión. 

Entre las tipologías descritas previamente, la solución de mayor versatilidad, que 

responde mejor a la necesidad del incremento de la altura de las torres y, por 

tanto, al aumento de las potencias de los aerogeneradores, con la importancia que 

ello conlleva en el impulso de la energía eólica, es la de hormigón. Además, cabe 

destacar que el empleo de hormigón consiste en un proceso más sencillo, rápido 

y de menor coste, que le da una importante ventaja competitiva respecto al acero. 

Dentro de los retos en el desarrollo de las torres de hormigón, se encuentra la 

velocidad y economía del montaje, para competir con las torres metálicas y poder 

replicar las torres a gran escala, de manera industrial. Dentro de las torres de 

hormigón, la adición de fibras como solución permitiría simplificar el proceso 

constructivo, al eliminar parcialmente el armado, y reducir notablemente los 

plazos del mismo, suponiendo una importante ventaja competitiva frente a otro 
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tipo de torres. Además, el hormigón reforzado con fibras ha demostrado ser más 

sostenible y económico que el hormigón armado.  

Por ello, su empleo en torres eólicas tiene un doble propósito ambiental: por un 

lado, disminuir el consumo de materias primas (mejora del impacto ambiental) 

al emplear fibras en sustitución parcial de la armadura; por otro lado, conseguir 

un aumento de la energía eólica, energía verde, gracias a la obtención de grandes 

alturas de torres, ligadas con un aumento de la potencia de los aerogeneradores. 

El hormigón reforzado con fibras (HRF) es definido por el Código Estructural 

como aquel que “incorpora en su composición fibras cortas, discretas y 

aleatoriamente distribuidas en su masa”. En los últimos años, el interés por este 

tipo de material ha ido creciendo, lo cual ha sido reflejado en el incremento de 

investigaciones y publicaciones científicas sobre este tema. A medida que avanza 

esta investigación, su uso en componentes estructurales se está aceptando en las 

directrices y recomendaciones de diseño nacionales e internacionales. De esta 

forma, el empleo del HRF para distintos usos es cada vez más común, ya que la 

adición de fibras al hormigón se ha demostrado que le confiere unas mejores 

prestaciones en cuanto a diferentes propiedades mecánicas y no mecánicas 

(resistencia al fuego). A continuación, se enumeran algunas de estas mejoras. 

Probablemente, la propiedad más significativa del HRF, debido a sus 

implicaciones estructurales y de diseño, es el desarrollo de la capacidad de 

flexión/tracción post-fisuración, que permite controlar tanto la propagación 

como la abertura de grietas. La capacidad de absorción de la energía del 

hormigón aumenta de forma significante respecto al tradicional sin refuerzo, lo 

que evita una rotura instantánea del mismo. Esta propiedad hace que la rotura 

del hormigón pueda ser predicha ya que aparecen fisuras previas, mientras que 

en el convencional sin armado la rotura se produce de forma más violenta. 

Se ha demostrado que las fibras de acero contribuyen a mejorar las propiedades 

mecánicas, como la resistencia a flexión, tracción, impacto y fatiga de las mezclas 

de hormigón. La mejora de estas propiedades depende tanto de las propiedades 

de las fibras (tamaño, material…), como del volumen de las mismas que es 

incorporado al hormigón.  

En base a los beneficios que ofrece el hormigón con fibras, éste se puede emplear 

en diversas aplicaciones, consiguiendo mejorar tanto costes como plazos 

asociados a la colocación del hormigón armado tradicional, así como algunas de 

sus propiedades.  

La adición de fibras debe conferir al hormigón unas características mecánicas 

tales que permitan prescindir de la armadura pasiva del hormigón. En esta línea, 
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los esfuerzos críticos a considerar son, entre otros, la flexión, el cortante, la 

resistencia residual a flexotracción y la resistencia mínima a compresión. 

Las torres eólicas están sometidas a cargas dinámicas provocadas por el viento y 

el movimiento de la turbina, por lo que uno de los procesos de deterioro 

estructural más importante de las torres eólicas es la resistencia a fatiga. Estudiar 

este fenómeno es importante para cualquier estructura móvil por lo que resulta 

fundamental un estudio de la fatiga para asegurar que el hormigón es capaz de 

mantener sus características funcionales durante el periodo de vida útil, el cual 

debe garantizar generalmente que sea superior a los 20-30 años en este tipo de 

estructuras.  

Por otro lado, las torres de hormigón con fibras deben de ir postesadas por el 

interior, lo cual requiere una alta resistencia a la fluencia, con el objetivo de que 

resista los esfuerzos solicitados. La fluencia es de gran importancia ya que, 

además de afectar al hormigón en sí, puede afectar al pretensado generando 

deformaciones y pérdidas de carga. 

Es importante destacar que los comportamientos por cargas tanto de fatiga como 

por fluencia no han seguido el ritmo de investigación de otras propiedades a 

corto plazo, por lo que existe una necesidad en los estudios de estos fenómenos 

en el HRF. 

Esta Tesis ha considerado tres aspectos, ligados a la construcción y el diseño 

orientado a torres eólicas: 

• La disposición y orientación de las fibras en el hormigón hace que 

algunas de las propiedades del hormigón mejoren o no, de forma que, si 

se conoce cómo se orientan las fibras en función del método de 

hormigonado y cómo influye esta disposición en las propiedades críticas 

del diseño, se podría planificar de forma que resistan mejor los esfuerzos 

solicitados. 

• La resistencia a fatiga del hormigón es clave en el diseño de torres eólicas 

ya que soportan cargas cíclicas debidas al viento y al movimiento de la 

turbina. 

• Las torres eólicas suelen requerir de algún tipo de pretensado, 

generalmente postesado interior, para minimizar la cantidad de armado; 

en el caso de las torres eólicas en hormigón con fibras, este pretensado es 

esencial por su menor capacidad frente a esfuerzos de tracción. Por ello, el 

comportamiento a fluencia del hormigón es clave en el diseño de la torre, 

ya que la fluencia puede conducir a la pérdida de capacidad mecánica del 

material, teniendo claras implicaciones estructurales y de diseño.  
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No obstante, pese a que se centra en esfuerzos críticos referidos a las torres de 

aerogeneradores, los resultados expuestos en la presente Tesis son extrapolables 

a cualquier diseño que requiera el estudio de estos esfuerzos y emplee este 

material. Además, las investigaciones realizadas contribuyen al estado del arte 

de este tipo de material en estudios a largo plazo, los cuales han sido investigados 

en general en menor medida respecto a otros esfuerzos. 

Para la realización de las investigaciones, se ha empleado una dosificación de 

hormigón con árido calizo y la adición de macrofibras metálicas, siendo el mismo 

material para cada uno de los estudios. 

Cabe mencionar que esta Tesis parte del proyecto S2C – “Desarrollo de un nuevo 

concepto de torre de hormigón in situ de gran altura para aerogeneradores de 

gran potencia”, subvencionado por el Ministerio de Economía, Industria y 

Competitividad a partir de la convocatoria Retos-Colaboración 2017. 

1.2. Objetivos 

El objetivo general de esta Tesis es ampliar el estado de conocimiento actual del 

hormigón reforzado con fibras, en especial sobre algunos de los aspectos críticos 

para el diseño de las torres de hormigón para aerogeneradores, empleando este 

material. 

Para conseguir el objetivo principal anteriormente descrito, se han planteado los 

siguientes objetivos específicos, que son abordados en cada uno de los capítulos 

posteriores del presente documento y que componen una colección de artículos 

que han sido publicados en revistas científicas: 

1. Analizar cómo afecta el método de hormigonado en la disposición de las 

fibras y a su vez en la resistencia del hormigón. 

2. Ampliar el conocimiento sobre el fenómeno de fatiga del HRF. 

3. Estudiar el fenómeno de fluencia y el impacto que tiene la edad en carga 

del hormigón en el mismo. 

Se busca que los resultados obtenidos y expuestos en la presente Tesis aporten 

conocimiento acerca del hormigón reforzado con fibras y sean de utilidad para 

motivar el empleo de dicho material en distintas estructuras, en especial en torres 

de aerogeneradores, así como para mejorar futuros diseños. 

1.3. Organización de la Tesis 

La presente Tesis Doctoral ha sido realizada por compendio de artículos, 

estructurada en capítulos (ver Fig. 1) que se corresponden con los distintos 

artículos publicados, fruto del trabajo desarrollado. 
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El cuerpo de la Tesis está compuesto por una introducción general, que se 

corresponde con el Capítulo I; el Capítulo II muestra los estudios sobre el efecto 

que tiene el hormigonado en la disposición de las fibras y cómo afecta esto a su 

resistencia; el Capítulo III presenta los estudios recogidos sobre la capacidad de 

resistencia a fatiga por flexión del hormigón; el Capítulo IV recoge las 

investigaciones acerca de la resistencia a la fluencia del hormigón con fibras; por 

último, en el Capítulo V se plasman las conclusiones finales sobre los trabajos 

realizados y las futuras líneas de investigación. 

 

Fig. 1. Organización de la Tesis doctoral. 

A Continuación, se describe el contenido de cada uno de los artículos publicados 

en revistas científicas que corresponden con los capítulos de la presente Tesis 

Doctoral. 

1.3.1. Artículo I 

El primer Artículo consiste en un artículo publicado en la revista Materials, cuya 

temática es el análisis estadístico de la influencia del método de vertido en la distribución 

de macrofibras metálicas en hormigón vibrado. Por otro lado, parte de los resultados 

de este estudio fueron expuestos en el VIII Congreso ACHE, celebrado en 

Santander en junio de 2022, bajo la ponencia de título “Influencia del método de 

hormigonado en la distribución de macro-fibras metálicas en el hormigón 

CAPÍTULO I 

Introducción 

CAPÍTULO II 

Structural Concrete Statistical Analysis of Pouring Method’s Influence on the 

Distribution of Metallic Macrofibres into Vibrated Concrete 

 
CAPÍTULO III 

Effect of Steel Fibre Reinforcement on Flexural Fatigue Behaviour of Notched 

CAPÍTULO IV 

Effect of Fibre Reinforcement on Creep in Early Age Concrete 

CAPÍTULO V 

Conclusiones 
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vibrado”. El artículo, que corresponde con el Capítulo IV de la Tesis, está 

relacionado con la influencia que tiene la disposición de las fibras en la resistencia 

posterior del hormigón y cómo se distribuyen las mismas en función de la 

dirección de hormigonado y de la forma del encofrado. En concreto, se analizan 

las siguientes cuestiones: 

• Evaluación de la disposición de las fibras según la dirección de 

hormigonado del encofrado, mediante la cuantificación de la cantidad y 

contenido de fibras por método inductivo. 

• Influencia de la disposición de las fibras y relación con el hormigonado en 

la respuesta post y pre-fisuración del HRF. 

1.3.2. Artículo II 

El segundo Artículo consiste en un artículo publicado en la revista Materials, 

cuya temática es el efecto del refuerzo de fibra de acero en el comportamiento a la fatiga 

por flexión del hormigón estructural entallado. Por otro lado, parte de los resultados 

de este estudio fueron expuestos en el VIII Congreso ACHE, celebrado en 

Santander en junio de 2022, bajo la ponencia de título “Efecto del refuerzo de las 

fibras de acero en la evolución de la fatiga a flexión en hormigones estructurales”. 

El artículo, que corresponde con el Capítulo II de la Tesis, se centra en los 

siguientes aspectos: 

• Investigación sobre el efecto de distintos rangos tensionales para analizar 

el comportamiento a fatiga por flexión del hormigón reforzado con fibras. 

• Análisis del comportamiento debido a la energía almacenada y disipada 

antes y después de la fisuración del hormigón. 

• Análisis de la velocidad de apertura de fisura en función del tiempo y 

relación con el efecto del rango tensional aplicado. 

Este artículo ha sido incluido en la presente Tesis Doctoral, ya que uno de los 

principales esfuerzos críticos que afecta a la durabilidad de las torres eólicas de 

hormigón es la fatiga del material. 

1.3.3. Artículo III 

El tercer y último Artículo consiste en un artículo publicado en la revista Applied 

Sciences, cuya temática es el efecto del refuerzo de fibra en la fluencia del hormigón de 

edad temprana. El alcance del artículo, que corresponde con el Capítulo III de la 

Tesis, consiste en cuantificar la influencia que tiene la edad de puesta en carga del 

hormigón con los resultados de fluencia. En concreto, se analiza lo siguiente: 
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• Efecto de la edad de puesta en carga en la evolución temporal de la 

deformación, con el objetivo de evaluar la deformación elástica diferida 

sufrida por las probetas tras el ensayo de fluencia. 

• Propuesta de formulación para la fluencia en función de la edad de puesta 

en carga y la carga aplicada del HRF. 

• Efecto de la edad de puesta en carga en la variación del módulo de 

elasticidad del HRF. 

Este artículo tiene cabida en esta tesis ya que se trata de un condicionante clave a 

la hora de planificar los tiempos de las fases de la construcción de una torre eólica. 
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Abstract: The use of fibre-reinforced concrete (FRC) in structural applications is 

increasing significantly as a result of (1) the acceptance of this composite into 

design guidelines and (2) the improvement in terms of sustainability 

performance that has been reported for cases where FRC has been used. In this 

context, fibre orientation and distribution are factors that govern the post-

cracking response of the FRC. Researchers have already dealt with the analysis 

of both variables from an experimental and numerical perspective, and design-

oriented recommendations were included in existing design guidelines (i.e., fib 

Model Code 2020). Nonetheless, there are still technical aspects to be answered 

within a research framework before the influence of these variables on the 

mechanical response of FRC could be covered with sufficient reliability. In this 

regard, this research is aimed at shedding light on the influence of the mould 

geometry and concrete pouring/vibration procedures on the fibre orientation and 

distribution variables as well as on the post-cracking performance of the FRC. An 

extensive experimental programme aimed at characterising these variables using 

novel testing techniques (i.e., an inductive non-destructive approach for 

quantifying fibre amount and orientation and the BCN test for assessing the pre- 

and post-cracking responses of the FRC) was carried out for this purpose. A 

relationship has been found between the shape of the formwork and the direction 

of pouring, along with the direction and distribution of the fibres, both of which 

proved to have an influence on the residual tensile strength of the concrete. 

However, it has been confirmed that the first crack resistance depends on the 

concrete matrix, with the addition of fibres having no relevant influence on that 

mechanical parameter. The results and conclusions derived from this 

experimental programme can be extended to FRCs and boundary conditions 

similar to those established herein. 

Keywords: fibre-reinforced concrete; fibre orientation; fibre distribution; 

inductive method; fibre content 
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2.1. Introduction 

Fibre-reinforced concrete (FRC) is becoming increasingly important as research 

progresses, and its use in structural component is being accepted in national and 

international design guidelines and recommendations [4]. Structural macrofibres 

(steel or synthetic) used as unique reinforcement in some applications (i.e., 

pavements, tunnels, and column-supported flat-slabs for buildings, and others) 

or in combination with conventional reinforcement [5]–[12]. 

The addition of fibres allows improving several properties mechanical (i.e., post-

cracking tensile strength and confinement level in compression) and non-

mechanical (i.e., reduce spalling due to fire loads) of the concrete depending on 

the type and amount of fibres used [1], [8]–[10]. The most significant property of 

FRC, due to its structural and design implications, is the ability to develop post-

cracking flexural/tensile capacity [13] which allows controlling both propagation 

and opening of cracks [13]–[15]. Other studies report that the addition of fibres 

increases Young's Modulus, especially at an early age [16] and improve the 

fatigue behaviour [4], [17]–[22]. In addition to the mechanical and geometrical 

properties of the fibres, it has been evidenced that the orientation and 

distribution of the fibres within the matrix have a major impact on the properties 

of the reinforced concrete. In this regard, the type and amount of fibres influence 

the fracture energy, which increases with increasing fibre dosage [18]. On the 

other hand, experimental results allow stating that there is a clear relationship 

between the orientation of the fibres and the mechanical, electrical and thermal 

properties of the composite materials [23]–[26] 

The modulus of elasticity of reinforced concrete depends to a large extent on the 

orientation of the fibres, the more the fibres are aligned with the direction of 

stresses, the lower the tensile elastic limit [27]. The residual strength (strength 

once cracking occurs), that governs the bending strength capacity, also depends 

on the angle of inclination of the fibres, so that the smaller the angle, the higher 

the bending strength [28]. Preferential fibre orientation creates weaker planes, 

this favouring increased crack opening at lower load levels [29]. In addition, fibre 

orientation, in combination with fibre geometry, has an effect on thermal 

conductivity [30]. 

It has been shown that the change in fibre orientation and fibre distribution is 

highly dependent on the length and height of the formwork [27]. Studies 

conclude that fibres align as a result of the formwork wall effect [10]. The fibre 

distribution also has a significant influence on the ultimate flexural strength of 

the FRC, which increases with the increase in the number of fibres per unit area 

and the dispersion coefficient [28]. P. Martinelli et al. concluded that specimens 
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in contact with the formwork have higher post-cracking stress than those closer 

to the surface, this influenced by fibre content (related to segregation) and fibre 

orientation [31]. 

Regarding the influence of the rheology of the fresh concrete on the fibre 

orientation, some authors affirm that the fluidity of the fresh concrete is the 

governing parameter [32]. This fluidity can be influenced by fibre typology [33] 

and the method and time of vibration of the concrete [34], between others. These 

vibrating characteristics are conditioning factors for the positioning and 

orientation of the fibres. Hence, the performance of the fibres in the residual 

strength capacity can be altered according to the vibration parameters. 

In some studies, equations have been developed to help predict fibre orientation 

in concrete, as well as CFD-based methods to monitor fibre orientation and 

distribution [10], [27], [35], [36]. 

Knowledge of the variation in fibre orientation and distribution is of great 

importance for improving the mechanical properties of reinforced concrete. 

Some works such as [37]–[39] focus on quantifying the effect of concrete 

flowability/workability on fibre distribution and orientation. Since most of the 

existing works are based on empirical/analytical models, the need arises for this 

study, which aims to quantify the orientation/distribution based on non-

destructive methods and within the reach of control laboratories to estimate fibre 

distribution and orientation in quality/production control. 

In this paper, a complete characterization is performed on fibre distribution 

depending on the pouring method on concrete reinforced specimens with 

commercial hooked-end fibres HE++90/60. The characterization of this reinforced 

concrete is a continuation of other studies performed by some of the authors [17], 

[40]. 

2.2. Materials and methods 

2.2.1. Materials 

The concrete was manufactured using a CEM I 52.5N, according to EN 197-1:2011 

[41], with a density of was 3.12 g/cm3, obtained according to UNE 80103:2013 [42]. 

A superplasticizer additive, MasterEase 5025, was added at 1% wt. of cement to 

obtain the target fluidity of the concrete (17 cm of flowability measured with 

Abrams cone method).  

Hooked-end type steel fibres were selected to manufacture the reinforced 

concrete. These fibres were HE 90/60 made by ArcelorMittal and its properties 

are shown in Tab. 1 and in Fig. 2, an image of these fibres can be seen. 
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Tab. 1. Steel fibre properties. 

Parameter Value 

Fibre shape Hooked end 

Length (mm) 60 

Diameter (mm) 0.90 

Aspect ratio (l/d) 67 

Tensile strength (MPa) 1200 

 

 

Fig. 2. Hooked-end steel fibres used. 

Limestone gravel and limestone sand used to produce the concrete. Its physical 

properties can be seen in Tab. 2 and Fig. 3 shows the grading of the aggregates 

obtained according to EN 933-1 [43].  

Tab. 2. Aggregate physical properties. 

Size [mm] Sand equivalent Absorption [%] Density [g/cm3] 

0/2 >75 0.49 2.69 

0/4 >80 0.49 2.69 

4/12 - 0.54 2.70 

10/20 - 0.54 2.68 
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Fig. 3. Grading curve. 

The concrete mix proportions were obtained by the Fuller method, adding a 

0.44% by volume of steel fibres, and are shown in Tab. 3.  

Tab. 3. Mix proportions. 

Material Mix [kg/m3] 

Cement 390 

0/4 480 

4/12 480 

10/20 480 

Water 165 

Additive 3.9 (1% wt. of cement) 

Fibres 35 

 

2.2.2. Methods 

Conventional mechanical properties 

Three different cubic specimens of 150x150x150 mm3 were used to determine 

compressive strength at 28 days, according to EN 83507:2004 [44]. These 

specimens were vibrated with internal vibrator, according EN 12390-2:2020 [45] 

and cured in a humidity chamber under controlled conditions (20 ± 2 °C and 95 

± 5% humidity) up to the test moment. 

Three different prismatic specimens of 600x150x150 mm3 were used to determine 

the flexural tensile strength at 28 days, according to UNE-EN 14651:2007 [46]. 

These specimens were cured in a humidity chamber together with the cubes and 
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vibrated in the same way that cubic specimens. The vertical displacement (δ) was 

recorded and used to calculate the Crack Mouth Opening displacement (CMOD), 

according to the standard (Equation 10). 

𝐶𝑀𝑂𝐷 =
δ − 0.04

0.85
 Equation 1 

 

Fig. 4. Flexural tensile strength test of the fibre reinforced concrete. 

Pouring method 

In order to quantify the fibre distribution and their influence on the behaviour of 

the concrete according to the direction of pouring, two blocks (initially without 

holes) of dimensions 1200x400x1200 mm were manufactured, simulating real 

dimensions. These blocks were arranged in two different ways, as shown in Fig. 

6, and the concrete was vibrated with internal vibrator, according EN 12390-

2:2020 [45].  

In the first one, called “BH”, the concrete was poured on the larger side of the 

cube (1200x1200 mm), while the one called “BV” was concreted on one of the 

small sides (1200x400 mm). 

 

   

Fig. 5. Concrete pouring (left), BV (centre) and BH (right). 
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Fig. 6. Concrete pouring direction in each block. 

Specimens production and nomenclature 

From the previously described concrete blocks, cylindrical specimens with a 

diameter of 132 mm were extracted using a diamond drilling machine and cut to 

obtain 132 mm high specimens (l/d=1). These specimens were coded as follows: 

• A letter and a number that indicate the position on the block (Fig. 7). 

• A letter V or H, depending on the block from which they have been 

extracted. 

• A letter I or S, in the case of BH block, which indicates whether the tested 

specimen comes from the top (pouring side) or the bottom (base) of the 

block. 
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Fig. 7. Code of the extracted specimens. 

Inductive characterisation 

The inductive test is an application of Faraday’s law of magnetism and takes 

advantage of the inductance variations produced by metallic elements when 

interacting with the magnetic field. For such a test, the specimens must be placed 

within a plastic container with an established cylindrical geometry. Copper or 

aluminium wire coils are placed around the container, constituting the sensor 

element of the system, which is shown in Fig. 8. An electrical current goes 

through the coil and produces a magnetic field around the device, interacting 

with the steel fibres inside the concrete.  

 

Fig. 8. Inductive equipment SmartFibreC® for the quantification of the amount and orientation 

of steel fibres in hardened concrete. 

The inductance variation measured when conducting the inductive test is 

essentially produced by the interaction between the fibres present in SFRC and 

the magnetic field. In this line, the results of the inductive test mainly depend on 
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the type of fibre (content of steel in the fibres), the amount and the orientation 

[11], [36], [47], [48]. Additional parameters such as the type of concrete, the 

content of water or concrete age do not influence the magnetic permeability given 

that the influence of steel on the magnetic field is several orders of magnitudes 

higher than that of concrete. Accordingly, it is possible to simplify the inductance 

measurements by disregarding the contribution of concrete on the inductance 

variation. The physical parameter of the magnetic field induced is the magnetic 

inductance (in mmH), which magnitude is modified by the presence (type and 

orientation) of steel fibres. 

Calibration must be done beforehand using samples with variable fibre content, 

that need to characterize by means of the inductive test and subsequently crushed 

and grinded to weigh the fibres inside the sample. The calibration curve is 

obtained considering a zero value of inductance for the zero-fibre content sample 

and the relation between inductance and weight of fibres of the samples analysed 

and crushed. Once this calibration is done, no further calibration must be done 

in case that the same type of fibre is used. 

The test can be conducted in both cubic and cylindrical specimens [36] since these 

geometries allow the characterization of both moulded and core drilled test 

samples. Actually, it is possible to determine the fibre content with an error below 

3% and with low scatter on the measurements. 

Barcelona test 

The Barcelona test (BCN) responds to a double punch test configuration applied 

to cylindrical (300xФ150 mm) or cubic (150 mm) specimen. It is carried out by 

applying a vertical force above the specimen through cylindrical steel punches of 

25 mm height and the diameter being ¼ of the cross-section minor dimension. 

The load is applied through the upper punch at 0.5 ± 0.05 mm/min. During the 

loading process, a triaxial compressive stress state occurs at both extreme faces 

and internal cones are generated (one per face). As the cones penetrate inside the 

specimen, vertical cracks -that open circumferentially- appear and fibres prevent 

these cracks to widen through a residual tensile concrete strength mechanism. A 

Load-Total Circumferential Opening Displacement (TCOD) curve or Load-Axial 

Displacement (vertical) can be derived from the test (Fig. 9). 
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Test setup Cracked specimen Typical curve 

 

 

 

 

 

 

Fig. 9. Barcelona test in cylindrical and cubic specimens. 

The BCN was originally developed to control the TCOD through a 

circumferential extensometer, as described in the standard UNE 83515. The test 

procedure was simplified through the definition of a correlation between the 

TCOD and the vertical displacement [36], [49], [50] to use the latter as the control 

variable. The analytical and theoretical description of such correlation is 

described in Fig. 10, showing how the load-axial displacement curve can be used to 

show the results of load-TCOD. 

 

Fig. 10. Correlation between axial displacement and TCOD. 

The correlation between the circumferential opening and the vertical 

displacement allows replacing cylindrical specimens for cubic samples. Even 

though the use of cylindrical specimens for testing is an advantage in case of 

extracting cores from existing structures, testing cubic specimens under the BCN 
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and properly analysing the results could provide an evaluation of the fibres 

preferential orientation [49]. 

Cracks should propagate in the direction corresponding to the preferential 

orientation of the fibres, this meaning that the minimum orientation direction is 

perpendicular to the crack. For this, cubic specimens can be tested in different 

directions to take advantage of the relation between the post-cracking strength 

and fibre orientation. This provides an estimation of the orientation of fibres in 

% according to the contribution of the fibres in each direction to the residual 

strength [49]. 

Data curation 

Statistical analysis: 

Several statistical analyses were carried out using the Scipy Python library: 

• T-Test: It is an analysis that allows the comparison of the mean value of 

two data distributions. In general, if a P-value of less than or equal to 0.05 

is obtained, it is assumed that there is evidence of significant differences 

between the means of the distributions. 

• Levene-Test: It is an analysis that allows the comparison of the standard 

deviation of two data distributions. In general, if a P-value of less than or 

equal to 0.05 is obtained, it is assumed that there is evidence of significant 

differences between the standard deviation of the distributions. 

• Shapiro wilk: This is a test used to check the normality of a data set. In 

general, the test rejects the hypothesis of normality when the p-value is 

less than or equal to 0.05. 

Correlation matrix: 

The Python libraries Pandas and Matplotlib were used to generate the correlation 

matrix. The Pearson correlation coefficient (r) is visually represented in a 

correlation matrix. That is to say that these squared values will be the coefficient 

of determination (r2), so that values close to -1 indicate a strong inversely 

proportional correlation. Values close to 1, a high correlation in a directly 

proportional way and those values close to 0 will imply a low correlation between 

the variables. 

2.3. Results and discussion 

2.3.1. Mechanical properties 

The mean compressive strength –resulted from 3 specimens– was fcm = 50 MPa 

(CoV=7.4%). The mean residual flexural strength for the 0.5 crack opening (fRm,1, 
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CMOD=0.5 mm), was 3.5 MPa (CoV=7.1%) and for the 2.5 mm crack opening 

(fRm,3, CMOD=2.5 mm), was 6.3 MPa (CoV=8.3%). In Fig. 29 a compressive and a 

flexural tested specimen can be seen. 

 

 

(a) (b) 

Fig. 11. Specimens after compressive test (a) and flexural test (b). 

2.3.2. Inductive test 

Fig. 12 depicts the distribution of the amount of fibres as a function of the concrete 

pouring method (a) and as a function of height for BH (b). Tab. 4 shows the 

results of the T-test and the Levene-test, which allow a comparison of the two 

distributions, and gathers the mean value, standard deviation and P-value of a 

T-test in the case of BH. 

  

(a) (b) 

 Fig. 12. Fibre amount distributions as function of the pouring procedure (a) and as function of 

the height for BH (b). 



 Capítulo III  

 

- 40 - 

Tab. 4. Statistical parameters on the influence of pouring procedure in the fibre amount 

distribution. 

  MEAN STD (CoV) 
Pvalue (T-

Test) 

Pvalue 

(Levene-

Test) 

Influence in 

pouring 

procedure 

BH 31.9 10.6 (33.2%) 

1.0e-1 1.7e-4 
BV 35.0 6.3 (18.0%) 

Influence of 

height in BH 

BH-Top 24.2 6.5 (26.9%) 
4.6 e-7 - 

BH-Bottom 39.7 7.7 (19.4%) 

It is concluded that the amount of fibre is equivalent in both types of pouring, but 

that in the case of vertical pouring the results allowed proving that the 

distribution of the amount of fibres is more homogenous than in the case of 

horizontal concreting (notice the differences in CoVs). Thus, according to the 

results in Tab. 4, in BV (vertical concreting) the mean fibre distribution coincides 

with the theoretical distribution (35 kg/m3) and with a significantly lower 

dispersion than that obtained for BH. A longer concrete face travel leads to a 

better fibre distribution (which is in line with other works [37]). 

Concerning the effect of the height of the cross-section poured (BH top and 

bottom), the T-test provides a Pvalue of 4.6 e-7, this allowing stating that –with high 

probability– the height has a significant influence of the fibre amount 

distribution. In this regard, the average fibre amount at the top (24.2 kg/m3) and 

bottom (39.7 kg/m3) in the BH prism is 31% and 13% lower and greater, 

respectively, in comparison to the theoretical fibre amount (35 kg/m3). This is due 

to a slight segregation effect [51], [52], with the fibres being denser than the 

concrete itself, and also due to the potential energy, that is bigger in BV, because 

the flow is higher. 

Once it has been verified that in the case of BH there are significant differences 

depending on the position of the cores, it was then analysed whether these 

variations were also observed in the case of BV. Tab. 5 shows the results of mean 

value (each obtained from 12 values), standard deviation and Shapiro Wilk's P-

Value according to the row and column for which it is computed, from which it 

can be concluded that in all cases the available data conform to a normal 

distribution. 

Tab. 5. Statistical description of the fibre quantity depending on the position 

Position MEAN STD (CoV) 
Confidence 

interval 95% 

Shapiro wilk 

(Pvalue) 

Row 1 36.0 8.3 (23.1%) 36.0 ± 5.3 0.45 

Row 2 36.1 7.4 (20.5%) 36.1 ± 4.7 1.00 
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Position MEAN STD (CoV) 
Confidence 

interval 95% 

Shapiro wilk 

(Pvalue) 

Row 3 34.6 3.4 (9.8%) 34.6 ± 2.2 0.98 

Row 4 32.1 3.0 (9.3%) 32.1 ± 1.9 0.54 

Column A 31.5 4.3 (13.7%) 31.5 ± 2.7 0.89 

Column B 37.4 4.8 (12.8%) 37.4 ± 3.0 0.94 

Column C 34.5 3.5 (10.1%) 34.5 ± 2.2 0.36 

Column D 35.8 9.4 (26.3%) 35.8 ± 6.0 0.07 

It can be seen from the results obtained that there is more dispersion where there 

are greater fibres (more than 10% in values higher than the average of 35 kg/m3 

of fibres). 

Tab. 6 presents the mean value and standard deviation values as a function of the 

exact position of the sample (for a given row and column condition). The results 

of hypothesis testing are shown in Tab. 7. The T-test results carried out on the 

sample means (of each zona) reveal the differences of the means are not 

significant and, with high probability, these belong to the same sample 

population. Consequently, it can be stated that the position is not an influencing 

variable for the fibre amount distribution. 

Tab. 6. Statistical description of the fibre quantity depending on the position. 

 
Mean value [kg/m3] 

Standard deviation 

[kg/m3] 
CoV 

A B C D A B C D A B C D 

1 30.57 39.13 34.45 40.07 3.86 6.84 3.58 14.72 12.6% 17.5% 10.4% 36.7% 

2 28.52 40.30 37.77 37.98 4.24 4.55 1.82 11.74 14.9% 11.3% 4.8% 30.9% 

3 36.04 36.19 35.23 30.77 4.29 2.46 2.16 2.53 11.9% 6.8% 6.1% 8.2% 

4 30.87 34.04 30.49 33.67 2.32 4.29 2.48 0.92 7.5% 12.6% 8.1% 2.7% 

Tab. 7. Analysis of significant differences between positions according to T-test. 

 Columns Rows 

 A-B A-C A-D B-C B-D C-D 1-2 1-3 1-4 2-3 2-4 3-4 

Pvalue 0.005 0.077 0.166 0.103 0.103 0.655 0.978 0.569 0.154 0.508 0.110 0.088 

According to the results obtained and the statistical tests performed, it can be 

concluded that the fibre amount distribution tends to be more uniform in case of 

pouring the slabs from the vertical direction. According to the results obtained, 

the most suitable pouring method to achieve better homogeneity according to the 

number of fibres distributed in the slab, would be the BV. 

Fig. 13 shows the fibre distribution in each plane, for each slab, differentiating 

top and bottom of the BH. 
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Fig. 13. Distribution of fibres in each plane. 

It can be observed that in all cases the largest number of fibres (more than 36%) 

are oriented in the XY plane, which means that they are mostly aligned with the 

larger face of the formwork, both in the case of horizontal and vertical pouring 

direction. 

Focusing the case on the horizontal concreting direction, it can be observed how 

in the upper part of the block this tendency is less clear, which may be due to the 

fact that the fibres have less time and space to align with the flow. 

2.3.3. Barcelona test 

Regarding the influence of pouring procedure in the Barcelona test results (pre- 

and residual strengths), Fig. 14 gathers the values of cracking (Fct) and residual 

strengths (Rs) as a function of the type of concreting (a) and of the height in BH 

(b). The residual strengths (Rs) are given for crack openings of 0.5, 1.5, 2.5 and 3.5 

mm. Tab. 8 shows the statistical results for these parameters. 

  

(a) (b) 
Fig. 14. Distribution of the residual strength obtained by BCN Test as function of the pouring 

procedure (a) and as function of the height in BH (b). 
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Tab. 8. Pvalue of a T-test of the influence of pouring procedure in the resistance properties of 

concrete. 

 Fct Rs0.5 Rs1.5 Rs2.5 Rs3.5 

BH mean value 4.35 1.57 1.04 0.86 0.84 

BH std value 0.62 0.58 0.43 0.43 0.41 

BV mean value 4.26 1.26 0.81 0.64 0.63 

BV std value 0.55 0.44 0.33 0.28 0.26 

Pvalue (T-Test) 0.48 7e-3 8e-3 5e-3 6e-3 

Top mean value 4.19 1.37 0.88 0.71 0.71 

Top std value 0.71 0.51 0.36 0.37 0.37 

Bottom mean value 4.51 1.77 1.19 1.01 0.97 

Bottom std value 0.47 0.59 0.43 0.45 0.42 

Pvalue (T-Test) in BH 0.14 0.04 0.03 0.04 0.06 

Based on the results obtained, the method of pouring does not influence the 

cracking load, but it does influence the residual properties of the concrete. This 

is due to the influence of the concreting method on the fibre orientation, influence 

that other studies [37], [39] have affirmed. In all cases, in the case of BV, lower 

residual strength values are obtained. 

Based on the results obtained in BH, it can be concluded that the position in 

height does have a certain influence on the post-cracking strength properties of 

the concrete, which makes sense considering that it has been found that there is 

a higher amount of fibres in the lower part of the concrete.  



 Capítulo III  

 

- 44 - 

   

 

  

  

 

Fig. 15. Correlation between different values of circumferential deformation. 

From Fig. 15 it can be seen that for large deformation values there is a very precise 

correlation between values, while for small values the distortion increases 

markedly. This is due to the fact that for larger deformations the fibres are the 

elements that are resisting the force almost completely, which, being metallic, 

have a more linear behaviour. At smaller deflections (crack openings), the fibre 

has more influence on the cracking load, as there is more fibre surface "gripping" 

both parts of the concrete. 

2.3.4. Correlation between inductive test and BCN test 

Fig. 16 shows the correlation matrix corresponding to the results of the inductive 

test (measures the amount and orientation of the fibres) and the Barcelona test.  
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Fig. 16. Correlation plot. 

From Fig. 16 it can be seen firstly that the parameter Fct is not highly related to 

any other variable analysed. This is because it is a parameter depending on the 

concrete matrix, and throughout this study the concrete (without fibres) has been 

the same in all cases. 

From Fig. 16, it can be seen that the circumferential deformation values are highly 

correlated with each other, especially in the case of Rs2.5 and Rs3.5. In particular, it 

can be seen that this correlation is higher the higher the circumferential 

deformation value. Fig. 15 shows the circumferential deformation values 

compared as a function of the deformation value. 

Regarding the correlation between the results of the inductive test, a high linear 

correlation between all parameters is observed. Regarding the correlation 

between residual strength values and fibre quantity, it can be seen that the 

correlation is rather small, but that it correlates better with the projected fibre in 

the XY plane values than with total fibre values. This is because fibres oriented 

perpendicular to the direction of the force provide the most resistance. 

In Fig. 17 it can be seen the amount of fibre in XY vs. circumferential deformations 

in BH, differentiating between top and bottom of the slab. 
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(a) (b) 

Fig. 17. Amount of fibre in XY vs. circumferential deformations in BH-bottom (a) and BH-top 

(b). 

The circumferential deformation depends on the amount of fibre in the XY plane 

(parallel to the ground), so that the smaller the crack opening, the more 

dependent it is. Furthermore, it can be seen from Fig. 17 that the amount of fibre 

in this plane is higher in the lower part of the block, which results in higher 

resistances. Moreover, the results are more stable the smaller the crack opening 

(higher correlation coefficient), so that when the crack opening increases, the 

results are more heterogeneous. This is because the smaller the crack opening, 

the more fibre surface is in contact with the matrix on both sides of the crack. 

This means that the fibres are oriented parallel to the direction of flow, so that 

they flow from the centre (where the concrete is poured) to the sides. The fibres 

are oriented preferentially in the direction of the larger faces of the formwork. 

In Fig. 18 it can be seen the correlation between circumferential deformation for 

0.5 mm of crack opening and the amount of fibre in XY plane. 
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(a) (b) 

Fig. 18. Correlation between circumferential deformation vs. fibre quantity in XY plane for BV 

(a) and BH (b). 

There is a trend between the number of fibres in the XY plane and the 

circumferential deformation in the BH. However, in the BV both parameters are 

not correlated. 

Referring to the different parts of the BH, the Fig. 19 represents the quantity of 

fibres with respect to the circumferential deformation for a crack opening of 0.5 

mm. 
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Fig. 19. Correlation between circumferential deformation vs. fibre quantity for BH as function of 

the height position. 

As shown in Fig. 19, the lower part of the slab has a higher number of fibres. 

Furthermore, it can be seen from the previous figure that it is in this lower part 

where the greatest deformations are achieved, due to this fact. 
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2.4. Conclusions 

For the specific case study of a reinforced and internal vibrated concrete with a 

fibre dosage of 35 kg/m3, the main conclusion drawn from the analysis of the 

results is that the method of pouring has little influence on the cracking load and 

a great influence on the behaviour of the cracked concrete, with the following 

conclusions in particular:   

• In horizontal pouring (BH) the preferential fibre direction is in the plane 

parallel to the bearing face on the ground (A mean of 38.18% of fibres are 

oriented in XY plane), while in vertical concreting, the preferred 

orientation is the face perpendicular to the ground. There is an influence 

of the formwork walls on the orientation of the fibres in the concrete, so 

that the fibres tend to align with the larger faces. 

• The pouring method does not influence the cracking load (Fct), but does 

influence the residual strengths, which are higher the more fibres are 

perpendicular to the load (XY plane). 

• In a vertical pouring, homogeneity according to the number of fibres 

distributed in the slab is achieved. 

• There is a correlation between circumferential deformations, which is 

more accurate at high crack opening values. 

• In the lower part of the BH there are more fibres than in the upper part 

(approximately twice the density), which in turn influences the residual 

strength, which is higher in the lower part. 

• The results of the experimental program allow stating that both the BCN 

and inductive tests are suitable to quantify the amount of fibres within the 

concrete, their orientation and the post-cracking indirect strength 
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Abstract: One of the biggest challenges in facilitating the installation of concrete 

is the development of fibre-reinforced concrete. Although nowadays fibre 

reinforced concrete is relatively common, it is still necessary to deepen in the 

study on its behaviour, especially regarding its fatigue behaviour. This paper 

proposes a new methodology to analyse the bending fatigue behaviour of 

notched test specimens. From these tests, it was possible to verify that, despite 

carrying out the tests with load control, the presence of fibres extends the fatigue 

life of the concrete after cracking. This effect is of great importance since during 

the extra lifetime with the cracked concrete, the damage to the concrete will be 

evident and the corresponding maintenance measures can be carried out. 

Regarding the analysis of the results, in addition to obtaining a traditional S-N 

curve, two new criteria have been applied, namely energy and notch growth. 

From these two new approaches, it was possible to determine critical energy 

values that can be used as predictive indicators of the collapse of the element. 

Moreover, from the notch growth analysis, it was possible to determine crack 

growth rate as a function of the stress conditions for the concrete and the specific 

geometry. From the comparison among the results obtained from the different 

tests, a limit cracking index of 0.05 mm can be defined. 

Keywords: Bending fatigue; fibre-reinforced concrete; S-N curve; Wöhler curve; 

Concrete damage. 

  



Capítulo III  

 

- 51 - 

2.1. Introduction 

Concrete combined with other materials to create hybrid structures has been 

shown to have given good results in the behaviour of concrete, like the concrete-

filled fibre-reinforced polymer, steel composite tube column or filled glass-fibre-

reinforced polymer [53]–[55]. Fibre-reinforced concrete includes short, discrete 

fibres in its composition, randomly and homogeneously distributed in its mass 

[56]. This concrete constitutes one of the most relevant innovations in the field of 

special concretes [57]. The use of fibres has increased in the last 40 years, many 

types of fibres having been successfully adapted to different concrete 

applications, due to their ability to improve the capabilities of concrete, 

increasing its use in certain industries [58]. One of the advantages of the 

incorporation of fibres is in the control of cracking [8-10], providing a significant 

increase in the energy absorption capacity of concrete, even doubling it compared 

to traditional concrete, and preventing fragmentation at breakage, unlike 

concrete without fibres [59], [60]. In addition, various authors have quantified the 

improvements that fibres contribute to residual flexural strength [60]–[68]. On 

the other hand, fibres not only improve the mechanical properties, but they can 

also contribute to lowering thermal conductivity of concrete too. Several authors 

have studied this effect, showing that that addition of Polypropylene fibres 

reduce it for densities lower than 1800 kg/m3, having the opposite effect with 

bigger densities [69][70].  

There are different types of fibres according to the material used, but the most 

usual ones are steel fibres. Regarding the different shapes that these fibres can 

take, numerous studies have recommended hooked-end ones, since the adhesion 

between the cement matrix and the fibre is improved, compared to straight or 

corrugated fibres [68], [71]. 

Although concrete is one of the most commonly used materials in construction, 

it is not usual to analyse the effect of applying cyclical loading to it. Historically, 

concrete structures are not commonly subjected to these fatigue loads [72]–[76]. 

However, due to the great evolution that the construction sector has undergone 

in recent decades, which enables the optimization of the designs of structures, 

the exposure of an element to cyclical loads must be taken into account as it is the 

most critical efforts for the concrete [73]–[75], [77], [78], for example in airports 

pavements or bridge decks. Currently there are several studies that analyse the 

effect of fatigue on plain concrete using different methodologies including S-N 

curves, Staircase or Locati methods among others to analyse the fatigue 

behaviour under compression or bending fatigue of concrete. There are also 

studies that analyse the effect of fatigue on more special concretes such as 
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recycled concretes. For reinforced concrete, for example Eurocode 2 [79], the 

design of the concrete structure for fatigue is mainly based on the design of the 

steel reinforcements for fatigue. On the other hand, there are just a few studies 

that analyse the effect of fatigue on other fibre-reinforced concrete. 

It has been demonstrated that steel fibres contribute to the improvement in 

flexural, tensile, impact and fatigue strength of concrete mixtures [61], [64], [80], 

[81]. Specifically, there is a recognized improvement provided by the 

incorporation of short-range reinforcements such as steel fibres [82] or 

polypropylene fibres [83], [84]. The use of this kind of fibres has been shown to 

improve bending strength by up to between 25% and 50%. Moreover, the increase 

in the volume of fibres improves the mechanical properties [80] and increases the 

number of cycles that the concrete resists [85], [86]. The fatigue damage is 1-2 

times higher than the damage obtained in a static test in concrete with fibres [87]. 

Fibres give to the concrete better behaviour under fatigue. It has been verified 

that the benefit of the addition of fibres to concrete is more pronounced at higher 

fatigue loading levels and is insignificant at lower levers [87], [88]. The number 

and the presence of fibres influence the load at which the first cracking appears. 

It has been demonstrated that the fatigue damage is influenced by the type and 

dimensions of the fibres [89]. Hooked-end fibres display poorer ductility than 

corrugated ones and the load after breaking decreases faster with corrugated 

fibres [81]. Some authors [22], [90] concluded that the predominant mode of 

failure is by pulling out of the fibres from the concrete matrix, when the contact 

between matrix and fibre is reduced. Z. Jun at al. [91] have concluded that there 

is a relation between the fatigue behaviour and the cyclic relation stress-crack 

width and that an optimum performance of the fatigue can be achieved 

optimizing the cyclic stress-crack width relationship. D. Caresso et al. have 

suggested that the reduction of the ductility is due to lower load fatigue levels 

[22].It has been demonstrated too that there is a critical CMOD point that is larger 

at higher fatigue loads due to the larger amount of energy accumulated in a short 

period of time in concrete with fibres [88] and the applied load influences the 

CMOD development, growing as it is increased [22]. 

Currently, knowledge about the fatigue process and damage mechanisms that 

occur in concrete is very scarce and even more so in the case of concrete with 

fibres, due probably to the time consuming for the fatigue tests. In addition, the 

relation between the cracking and the energy has not been practically studied 

and parameters that indicates premature failure and of fibre reinforced concrete 

are needed. In this paper, a complete characterization is done of notched-concrete 

specimens with commercial hooked-end fibres HE++90/60 under bending 
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fatigue. During this characterization, consisting of 12 tests, the load evolution, 

actuator displacement and notch opening were recorded continuously 

throughout the test. From these data, it was possible to determine the fatigue life 

of the concrete as a function of the stress range applied. Moreover, two new 

analysis procedures were applied. From one of them, it was possible to determine 

an energy threshold after which concrete cracking occurs. 

2.2. Materials and methods 

2.2.1. Materials 

For the manufacture of the concrete, a CEM I 52.5N type cement was used, 

according to EN 197-1:2011 [41], with a w/c ratio of 0.42. The density of the 

cement, obtained according to UNE 80103:2013 [42], was 3.12 g/cm3.  

The aggregates used to produce the concrete were limestone gravel (min/max of 

4/12 and 10/20 mm) and limestone sand (min/max of 0/2 and 0/4 mm). The 

aggregates’ physical properties can be seen in Tab. 9 and Fig. 20 shows the 

grading of the aggregates, obtained according to EN 933-1 [43].  

Tab. 9. Aggregate physical properties. 

Size [mm] Sand equivalent Absorption [%] Density[g/cm3] 

0/2 >75 0.49 2.69 

0/4 >80 0.49 2.69 

4/12 - 0.54 2.70 

10/20 - 0.54 2.68 
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Fig. 20. Grading curve. 
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The selected steel fibres were hooked-end type, HE 90/60 made by ArcelorMittal, 

with a length (lf) of 60 mm, a diameter (df) of 0.90 mm and an aspect ratio 

(λ=lf/df) of 67 and a tensile strength of approximately 1200 N/mm2. 

 

Fig. 21. Hooked-end steel fibres used. 

The concrete mix proportions were obtained by the Fuller method, adding a 

0.44% by volume of steel fibres, and are shown in Tab. 10. The w/c ratio was 0.42 

and the superplasticizer additive, MasterEase 5025, was 1% wt. of cement. 

Tab. 10. Mix proportions. 

Material Mix [kg/m3] 

0/2 480 

0/4 480 

4/12 480 

10/20 480 

Cement 390 

Water 165 

Additive 3.9 

Fibres 35 

 

2.2.2. Methods 

Conventional mechanical properties 

Compressive strength was determinate, according to EN 83507:2004 [44]. Three 

different specimens were tested at 28 days. The specimens were cubic of 

150x150x150 mm3. All the compressive-tested specimens were cured in a 

humidity chamber under controlled conditions (20 ± 2 °C and 95 ± 5% humidity). 
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Flexural tensile strength was determined according to UNE-EN 14651:2007 [46]. 

Three different specimens were tested at 28 days. The specimens were prismatic 

of 600x150x150 mm3 and they were cured in a humidity chamber like the 

compressive ones. The Crack Mouth Opening displacement (CMOD) was 

calculated from the recorded vertical displacement (𝜌), according to the standard 

(Equation 1). 

𝐶𝑀𝑂𝐷 =
𝜌 − 0.04

0.85
 Equation 2 

  

Fig. 22. Flexural tensile strength test (left) and measurement of vertical displacement with a 

LVDT (right). 

Fatigue tests 

The fatigue tests were performed at 90 days, using the Staircase method [92], [93]. 

Twelve specimens of 600x150x150 mm3 were tested. All the fatigue-tested 

specimens were cured in a humidity chamber under controlled conditions (20 ± 

2 °C and 95 ± 5% humidity). 

To prepare the specimens for the test, a crack was made, based on the standard 

EN 14651:2007 [94]. The cracks were cut with a wet disc saw and had a width of 

5 mm and a height of 25 ± 2 mm, traversing the width of the specimen, as is shown 

at Fig. 23. 

 

Fig. 23. Fatigue specimen. 
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To measure the CMOD a COD extensometer was used. Two metal pieces were 

fixed to the two sides of the crack, in the centre of it, and an extensometer was 

fitted, taking the specimens to breakage and recording the Load-COD data. 

The specimen was placed on a cylinder of 30 mm diameter, on the opposite side 

to the cracked face. On the cracked face, two cylinders were place at a 500 mm 

separation, with the same dimensions as the first one. The test assembly of the 

specimen can be seen in Fig. 24. 

 

Fig. 24. Fatigue test. 

Fatigue testing begins by loading the specimen to the medium load level at a 

speed of 0.5 MPa/s. When this mean load value has been reached, sinusoidal 

loads are applied between the maximum and minimum load values indicated in 

σ=stress; F=load applied; L= distance between the two lower cylinders; b= 

specimen width; h= distance from the base to the beginning of the notch. 

 at a frequency of 15 Hz. Different load scenarios were used to analyse the fatigue 

behaviour of fibre-reinforced concrete. The minimum load applied in all the tests 

was 2 kN and the maximum was varied to compare different states. In this Tab. 

11 the values of stress range (Δσ) and stress ratio (R) for each test are also 

indicated. The stress range corresponding to the applied load were obtained 

using Equation 3 taken from EN-14651 which considers the geometry of each of 

the specimens. 

𝜎 =
3 ∗ 𝐹 ∗ 𝐿

2 ∗ 𝑏 ∗ ℎ2
 Equation 3 

σ=stress; F=load applied; L= distance between the two lower cylinders; b= 

specimen width; h= distance from the base to the beginning of the notch. 
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Tab. 11. Test parameters. 

Specimen Fmin [kN] Fmax [kN] R b [mm] h [mm] Δσ [MPa] 

F-01 2 8 0.25 153.6 124.8 1.881 

F-02 2 9 0.22 154.6 126.2 2.132 

F-03 2 8 0.25 153.0 127.6 1.806 

F-04 2 9 0.22 156.4 123.0 2.219 

F-05 2 10 0.20 162.0 124.0 2.109 

F-06 2 15 0.13 159.0 130.0 3.628 

F-07 2 8.5 0.24 163.5 125.8 1.884 

F-08 2 11 0.18 157.0 125.0 2.752 

F-09 2 10 0.20 160.0 123.0 2.479 

F-10 2 9.5 0.21 157.0 126.0 2.257 

F-11 2 9.8 0.20 153.0 125.0 2.447 

F-12 2 12 0.17 160.0 124.0 3.049 

 

During all the fatigue tests, the testing time, load, actuator displacement (ACT) 

and COD aperture of two cycles of every 100 were registered during the whole 

test. To analyse these data, and due to the waveform, a regression to a sinusoidal 

wave was done by mean of a one degree Fourier regression, see Equation 4, which 

was transformed into Equation 5 by means of Equation 6 [95]. This one-degree 

Fourier regression was applied using Matlab software [96]. In Fig. 25 an example 

of the comparison of the raw data and the regression can be seen. After this 

regression, the time variation of all the parameters which define a sinusoidal 

wave could be analysed, such as mean value or amplitude. 

𝑦(𝑡) = 𝑎0 + 𝑎1 ∗ cos(𝑤 ∗ 𝑡) + 𝑏1 ∗ sin(𝑤 ∗ 𝑡) Equation 4 

𝑦𝑡 = 𝑦0 + 𝐴 ∗ 𝑠𝑒𝑛(𝑤 ∗ 𝑡 + 𝜑0) Equation 5 

𝑦0 = 𝑎0; 𝐴 = √𝑎1
2 + 𝑏1

2; 𝜑0 = arctan(
𝑎1
𝑏1
) Equation 6 
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Fig. 25. Data fitting. 

In addition to analysing the effect of the cycle concatenation on the mean value 

and amplitude, the effect on the area of the loop generated by drawing the COD 

opening versus the load was also analysed. Two different types of area were 

analysed, on the one hand, the area representing the energy provided Fig. 26 (a) 

and, on the other, the stored energy Fig. 26 (b). 

 

(a) (b) 

Fig. 26. Determining the energy provided (a) and stored (b). 

The total energy (stored+dissipated) represents the energy provided to the 

system to produce the deflection of the specimen. This total energy is divided 

into two types of energy, stored energy, and dissipated energy. The dissipated 

energy is the energy released by the specimen during the cycle. On the other 

hand, the stored energy is the energy that the material return/restore cycle by 

cycle. 

During the analysis of the data, it was found that in all cases there were two 

clearly differentiated behavioural zones, before and after the cracking of the 

concrete. Fig. 27 shows the evolution of each of the parameters analysed 

throughout the test. The applied load wave is constant throughout the test, before 

and after the cracking. This is because the test is performed under load control. 

In the case of the evolution of the ACT and the COD, it is possible to clearly 

identify the moment of concrete cracking. From that point onwards, it can be seen 

how the values of both parameters begin to evolve rapidly, especially in the case 

of COD. In the case of the evolution of the curve load Vs. COD, the moment of 

the cracking can also be easily appreciated. From the cracking onward the area 

begins to grow rapidly and the curve slopes to the right. Once the results of the 

different tests were compared, it was concluded that until the cracking of the 

concrete the results were quite homogenous but, when the concrete cracks and 
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the fibres are responsible for the specimen behaviour, the results become 

heterogeneous due to the random distribution of the fibres [52] and because 

fatigue is a phenomenon that focuses on a specific point of the sample, the crack. 

For this reason, the analysis was focused on the behaviour before cracking. 

 

Fig. 27. Identification of two clearly differentiated phases within the test, before and after 

cracking (figure corresponding to test 10). 

Another additional parameter was analysed during the fatigue tests, the COD 

opening velocity. This velocity was obtained as the derivative of the COD 

opening as a function of time. This curve has a U shape, see Fig. 28, since the 

initial part and the final part are phenomena of the beginning of the test or near 

to the crack. To compare the effect of the stress range of the test on the growth 

velocity of the COD opening, a value in the central zone of the stationary part 

was averaged, see Fig. 28. 
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Fig. 28. Evolution of the velocity of the parameters analysed (example corresponding to test 2). 

2.3. Results and discussion 

2.3.1. Mechanical properties 

The average compressive strength at 28 days is 50 MPa. In Tab. 12, the results of 

the compressive strength test in the 3 specimens can be seen. 

Tab. 12. Compressive strength results at 28 days. 

Specimen code Compressive strength [MPa] 

Specimen C1 53.80 

Specimen C2 51.28 

Specimen C3 46.48 

 

Tab. 13 shows the residual flexural strength for the 2.5 mm crack opening (fR,3, 

COD=2.5 mm). The average of these values is fR,3=6.27 MPa. In Fig. 29 a 

compressive and a flexural specimen can be seen. 

Tab. 13. Flexural tensile strength results at 28 days. 

Specimen code fR,3 [MPa] 

Specimen F1 5.80 

Specimen F2 6.83 

Specimen F3 6.17 
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(a) (b) 

Fig. 29. Specimens after compressive test (a) and flexural test (b). 

2.3.2. S-N curve  

Fig. 30 shows the number of cycles to either cracking (red circles) or breakage 

(blue squares) depending on the stress range of the test. 
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Fig. 30. S-N curve. 

The cycles to cracking of the specimens fit very well with an S-N curve. On the 

other hand, the number of cycles until specimen breakage does not fit so well. 

This is because, after cracking of the concrete, the fibres are the ones that manage 

the fatigue process. For this reason, the orientation and number of fibres holding 

the crack will define the behaviour of the concrete. This result is in agreement 

with the results obtained by Jose Rios and Héctor Cifuentes [97], who concluded 

that the presence of fibres increased the scatter of the results during the flexural 

fatigue of fibre-reinforced concretes. Fig. 31 shows examples of cracking during 

the fatigue tests.  
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Fig. 31. Cracking of concrete in the fatigue test. 

The fatigue life after cracking is very variable and does not seem to follow a clear 

trend. In all cases where component failure is reached, the presence of fibres has 

increased the life of the component to some extent. This does not have to happen 

because it is a concrete with fibres, since, the tests generally done on concrete 

with fibres are carried out under machine displacement control, while in this case 

they were done under load control. 

The additional cycles provided by the presence of fibres, although generally not 

many, make the difference between having a fragile break. A fragile break means 

no apparent signs that the break will occur and having clear signals that the break 

is nearby. This, in a real situation, will enable measures to be taken after breakage 

becomes evident.  

2.3.3. Crack opening during the fatigue tests 

Fig. 32 shows the parameters recorded during the test, specifically a sample of 

the results of test 9. Fig. 32 (a) shows the appearance of these parameters at the 

beginning of the test, while Fig. 32 (b) shows the appearance of these parameters 

at the end of the test. The load values remain constant, which is because these 

tests were carried out under load control. About the displacement of the ACT, it 

increased from a displacement of 0.3 mm to 0.6 mm. The opening of the COD is 

the parameter whose behaviour varies most. At the beginning of the test the crack 

barely opened 8 microns, while in the final part of the test, with the specimen 

already cracked, the crack opened more than 0.3 mm.   
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(a) (b) 

Fig. 32. Comparison of the specimen response during the fatigue test. 
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Fig. 33. Evolution of the crack maximum opening as a function of the number of cycles. 

Fig. 33 shows the evolution of the maximal crack opening during the fatigue tests. 

Fig. 33 shows different curves, representing different test specimens with 

different stress range values. These curves all have a similar shape. They are 

initially approximately linear and stable but then in all cases increase 

approximately exponentially. It can also be seen that the higher the stress ratio 

applied during the fatigue test, the higher the curves are and the further to the 

left. This means that the larger the crack opening, the shorter the duration of the 

test. From the comparison among the results obtained from the different tests, a 

limit cracking index of 0.05 mm can be defined. From this observation it could be 
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assumed that when the crack opening increases beyond this value of 0.05 mm, 

concrete cracking occurs. 

As the specimen is subjected to a fatigue test based on the application of 

sinusoidal loads, the specimen is simultaneously subjected to two types of load. 

On the one hand, a constant load equivalent to the average value of the wave 

applied and, on the other hand, a sinusoidal load ranging from a maximum load 

F to a minimum of -F. Each of these two loads will have a different impact on the 

damage caused to the concrete. The constant applied load will accumulate creep 

damage, while in the case of cyclic loading, it will accumulate fatigue damage. 

Fig. 34 analyses each of these effects separately. Fig. 34 (a) shows the evolution of 

the average crack opening value over the course of the test. Fig. 34 (b) shows the 

evolution of the crack opening amplitude as a function of the number of cycles. 
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Fig. 34. Evolution of the mean crack opening value (a) and amplitude (b) as a function of the 

number of cycles. 

It can be seen that Fig. 34 (a) has a very similar shape to Fig. 33, while in the case 

of Fig. 34 (b), an appreciable difference can be observed in the shape of the curves. 

In the case of the evolution of the mean value, an evolution can be seen from the 

first cycles in practically all cases. In the case of the amplitude, this is a much 

more stable parameter which is practically only appreciable in the last cycles 

before cracking occurs. From these results, it can be assumed that in tests where 

the load values are sufficiently low, the damage is predominantly creep damage, 

until a limit is reached that allows fatigue damage to begin to increase.  

Fig. 35 shows the opening velocity of COD in the stationary section as a function 

of the stress range. It should be remembered that the cases were analysed only 

before the concrete cracking occurred. For this reason, for example Test 6 could 



Capítulo III  

 

- 65 - 

not be included since the cracking occurs so early that a stationary crack growth 

rate is not reached before cracking. 
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Fig. 35. COD velocity as a function of the test stress range. 

Increasing the stress range value increases the growth rate of the maximum 

opening value, the average value, and the amplitude. Based on the analysis of the 

evolution of the growth of the notches throughout the test, it could be deduced 

that, in the case that the stress range is small, the evolution of the opening is 

practically that of the medium level. In the case of a test with high tensional range 

values, the values of crack opening amplitude and the mean value of it can 

become similar.  

2.3.4. Energy evolution during the fatigue tests 

Fig. 36 shows the evolution of the provided and stored energy during each 

fatigue test. 
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Fig. 36. Evolution of the provided (a) and stored (b) energy during the fatigue test. 

In Fig. 36, for higher stress values greater energy is required to apply the load 

and greater energy is stored by the sample. 

Fig. 37 shows the growth rate of the energy supplied in the stationary zone as a 

function of the stress range of the test. 
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Fig. 37. Provided energy velocity as a function of the test stress range. 

From Fig. 37, there is a relationship between the velocity of provision of energy 

of provided energy and the stress range of the test. In addition, as previously 

indicated, there is a critical energy value that indicates that the test specimen will 

break, so it could be used as a parameter to determine the remaining life of the 

concrete. However, it should be noted that since it is an energy parameter, it is 

specific to each geometry. 
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2.4. Conclusions 

The following conclusions can be drawn from the work: 

• An S-N curve of the material was obtained before it was cracked. Once the 

concrete has cracked, the quantity and orientation of the fibres is so 

important in the response of the concrete to cyclic loads that it leads to 

extremely heterogeneous behaviour. 

• The presence of fibres was proven to increases the fatigue life of concrete, 

even in tests carried out under load control. This provides a time between 

the concrete breakage and the structural breakage, which can be used to 

take appropriate corrective measures. 

• A critical crack opening was detected after which concrete cracking occurs, 

which could be used as an indicator the premature failure of the specimen. 

• A critical energy value was observed that indicates that the test specimen 

will break, so it could be used as a parameter to determine the remaining 

life of the concrete. However, it should be noted that since it is an energy 

parameter, it is specific to each geometry. 

• It was verified that the mechanism producing failure of the concrete is 

caused by microcracks inherent to concrete in the notch beginning to grow 

due to the loads applied. The velocity of growth of the cracks depends on 

the range of stress applied in the test, a correlation existing between them. 

However, geometry probably also has an influence. 

There are not many research on the fatigue behaviour of fibre reinforced. 

However, the importance that this material may have soon, thanks to its better 

performance and savings in execution, necessary to investigate on it. Hence the 

importance of the results presented and the obtained results, opening the door to 

a new type of analysis regarding behaviour of concrete under bending fatigue. 

Although it is important to emphasize that this study has to be complemented 

with future studies in which not only different specimen geometries are 

analysed, but also different notch sizes. 
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Abstract: This research analyses the strain behaviour of fibre-reinforced concrete 

(FRC) in the event of a creep episode. The analysis of creep experienced by FRC 

specimens during the test reflects better performance than that predicted by the 

EHE-08 standard. The authors propose a formulation for the evaluation of creep 

strain undergone by FRC. During the research, the evolution of the modulus of 

elasticity of FRC after a creep episode is analysed.  After the test campaign, it can 

be concluded that FRC loaded at an earlier age stiffens after a creep episode. After 

the creep test is completed, the delayed elastic strain undergone by FRC is 

analysed and it is observed that FRC loaded at an earlier age undergoes less 

deformation. The authors propose a formulation for the evaluation of the delayed 

elastic strain undergone by FRC after a creep episode. 

Keywords: Fibre-reinforced concrete; steel fibres; creep strain; delayed elastic 

strain. 
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3.1. Introduction 

Fibre-reinforced concrete (FRC) is being used more and more in structural 

applications due to the benefits it provides [4]. The addition of fibres to concrete 

improves the endurance limit, flexural strength, Young’s modulus and the 

compressive strength. These improvements depend on the characteristics of the 

fibres, their material, and their dimensions. In addition, fibres or microfibres 

provide concrete with better behaviour after cracking [17], [80], [98]–[101]. 

The study of creep undergone by structural concretes has a great influence on the 

design of large structures, as well as on the definition of their construction 

process. Creep undergone by concrete at early ages influences the design of 

evolutionary construction processes such as the construction of bridge decks 

using the successive cantilever technique [102], while the study of creep at infinite 

time influences the analysis of the countershafts used in the construction of 

boards with large spans [103]–[105]. 

Some authors have studied the influence of fibres on creep in concrete, finding 

that fibres have a positive influence, as they improve creep behaviour compared 

with plain concrete [16], [104]–[106]. Steel fibres are especially efficient for creep 

deformation, compared to other types of fibres [4]. J. Blyszko [16] compared the 

influence of polypropylene fibres, time of load and applied load in creep 

measurement, reporting that the use of fibres improves creep behaviour of 

concrete loaded at early-ages, finding that Young’s Modulus increases at the age 

of 24 h and that its influence in later stages is insignificant. He also found 

differences between the creep calculated based on the Code and the measured 

creep. Qingxin Zhao et al. [107] concluded that it is possible to predict the creep 

behaviour of FRC by comparing its elasticity modulus at 28 days with that of 

plain concrete. That is, the modulus of FRC at 28 days is inversely proportional 

to its long-term specific creep. They also concluded that fibres with elastic 

modulus lower than concrete can increase creep and the addition of steel fibres 

at less than 2% can reduce creep. In addition, it was shown that temperature 

influences creep in concrete; the higher the temperature, the greater the creep 

displacement [108]. 

Several authors have formulated different models for prediction of creep in non-

reinforced concrete [109]–[112]. In addition, different models can be found in the 

literature, including the AASHTO (American Association of State Highway and 

Transportation Officials) model [113], the ACI (American Concrete Institute) 

model [114] or the EHE-08 model [115]. However, despite great progress in 

studying the short-term properties of fibre-reinforced concrete, research on the 

creep behaviour of FRC has not kept up [4]. 



 Capítulo IV  

 

- 72 - 

In this paper, the influence of loading age of the specimens on creep evolution at 

early age and long-term was analysed using a reinforced concrete with hooked-

end steel fibres. In addition, after performing creep analysis, the instantaneous 

and delayed deformation was measured. With the results obtained, the authors 

proposed a formulation for the calculation of the creep evolution and for the 

delayed elastic strain, depending on loading age. The characterization of this 

reinforced concrete is a continuation of another study performed by some of the 

authors [17]. 

3.2. Materials and methods 

3.2.1. Materials 

Four different fractions of limestone aggregates, two fine aggregates (0/2 mm and 

0/4 mm), coded FA0-2 and FA0-4 respectively, and two coarse aggregates (10/20 

mm and 4/12 mm), coded CA4-12 and CA10-20 respectively, were selected to 

manufacture the concrete. Physical properties and grading of these aggregates, 

obtained according to EN 933-1 [116], are shown in Tab. 14 and Fig. 38 

respectively. Cement CEM I 52.5N type was used, according to EN 197-1:2011 

[41], with a density of 3120 kg/m3, obtained according to UNE 80103:2013 [42]. 

The quantity of cement used was 390 kg/m3 and its composition can be seen in 

Tab. 15. A superplasticizer additive, Master Ease 5025, was added, in the 

proportion of 1% wt. of cement. 

Tab. 14. Physical properties of the limestone aggregates. 

Fraction of 

aggregate 

Absorption 

[wt.%] 

Density [kg/m3] Sand equivalent 

FA0-2 0.49 2690 >75 

FA0-4 0.49 2690 >80 

CA4-12 0.54 2700 - 

CA10-20 0.54 2680 - 
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Fig. 38. Grading curve of the aggregates used. 

Tab. 15. Chemical composition of the cement used. 

 
Fe2O3 CaO SiO2 Al2O3 MgO TiO2 SO3 K2O Others 

Compound 

[wt.%] 
3.38 66.60 17.81 4.79 1.30 0.20 4.49 0.78 <0.5 

A quantity of 35 kg/m3 of the selected Hooked-end steel fibres was added, with a 

tensile strength of 1200 MPa, a length of 60 mm and a diameter of 0.9 mm (Fig. 

39). The concrete mix proportions obtained according to the Fuller method are 

shown in Tab. 16. 

 

 

(a) (b) 

Fig. 39. Hooked-end fibres used. (a) photograph; (b) schematic diagram. 
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Tab. 16. Concrete mix proportions. 

Material Mix [kg/m3] 

FA0-2 480 

FA0-4 480 

CA4-12 480 

CA10-20 480 

Cement 390 

Water 165 

Additive Master Ease 5025 3.9 (1% wt. cement) 

Fibres 35 

w/c 0.45 

3.2.2. Methods 

Compressive strength 

EN 83507:2004 [44] was followed to determine the compressive strength at 24h, 

3, 7 and 28 days. The tested specimens were cubic of 150x150x150 mm3, cured in 

a humidity chamber under controlled conditions (20 ± 2 °C and 95 ± 5% 

humidity). 

Creep test 

The specimens manufactured for this test were cylinders with a diameter of 15 

cm and a height of 30 cm. Until the time of the test, the specimens were cured in 

a humidity chamber under controlled conditions (20 ± 2 °C and 95 ± 5% 

humidity). To determine the creep deformation of the concrete, three strain 

gauges were installed on each specimen to measure the deformation due to 

applied load. 

For the loading of the specimens, the authors designed a loading gantry that 

enabled the analysis of the evolution of creep deformation of several specimens 

simultaneously. In this investigation, four concrete specimens with fibres were 

loaded in each load frame. These frames were composed of 2 reaction beams, 4 

Dywidag bars that perform the loading of the specimens, and a spherical hinge 

that enabled the specimen to be axially loaded, avoiding the introduction of 

bending stresses, as shown in the Fig. 40. 
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(a) (b) 

Fig. 40. Test gantry configuration. (a) schematic drawing; (b) photograph. 

The Dywidag bars load the specimens, which are tensed using a 60-ton hollow 

jack in 4 load steps, corresponding to 25, 50, 75 and 100% of the stressing strength. 

To control the stress in the Dywidag bars, it was decided to fit these structural 

elements by installing 2 bidirectional extensometers per bar, connected to each 

other by means of an electronic assembly in a complete Wheatstone bridge [117]. 

The deformation experienced by the fibre-reinforced concrete specimens is 

experimentally measured by installing 3 unidirectional strain gauges in 3 

generatrices at 120º in each specimen. These bands are individually connected 

with control strain gauges that enable compensation for thermal effects during 

the test. The connection of the bands is made by means of an electronic mounting 

in a half Wheatstone bridge [117]. 

  
(a) (b) 

Fig. 41. Electronic assembly of sensors: (a) full Wheatstone bridge; (b) half Wheatstone bridge. 
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In order to analyse the creep evolution of the concrete specimens with fibres and 

obtain the creep curves associated with this type of concrete at different loading 

ages, the specimens were divided into 4 groups and each group tested at 4 

different loading ages. The loading configuration for each specimen is shown in 

Tab. 17. The need to submit specimens of different ages, 24h and 3d, and 7d and 

28d, to the same load, arises from the availability of only two loading frames. In 

one of the loading frames, the analysis of the creep undergone by the specimens 

loaded at 24h and 3d is carried out, and in the other the specimens loaded at 3d 

and 28d. Young specimens (loaded at 1 and 3 days) were loaded at 265 kN 

(around 80% of the compressive strength at 24h and 40% at 3d), while the others 

(loaded at 7 and 28 days) were loaded at 353 kN (around 50% of the compressive 

strength at these ages). In the case of 24 h and 3d age specimens, the load was 

chosen to be sufficiently representative at 3d, but to be able to be supported by 

24h age specimens. In the case of 7 and 28 d age specimens, a load of 50% of its 

compressive strength was considered adequate to see a significant evolution in 

the concrete. 

Tab. 17. Configuration of test load. 

Specimen 

code 

Group Loading age 

[d] 

Test load 

[kN] 

Test stress 

[MPa] 

CF-1 1 1 265 15 

CF-2 1 1 265 15 

CF-3 2 3 265 15 

CF-4 2 3 265 15 

CF-5 3 7 353 20 

CF-6 3 7 353 20 

CF-7 4 28 353 20 

CF-8 4 28 353 20 

 

Modulus of elasticity 

During the loading and unloading of the specimens arranged on each load frame, 

the following physical magnitudes were monitored: (a) the stress applied by 

tensioning the diwydag bars (b) the deformation experienced by the fibre-

reinforced concrete specimens. The stress/strain curve of the specimens obtained 

during their loading and unloading made it possible to obtain the initial and 

residual modulus of elasticity of FRC for the different ages of loading analysed.  
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Delayed elastic strain 

Once the creep test was completed and the load applied to the FRC specimens 

removed, the evolution over time of the strain undergone by the specimens is 

monitored. This monitoring makes it possible to evaluate the delayed elastic 

strain undergone by the specimens after the creep test. 

Microscopic analysis 

Microscopic images using a Scanning Electron Microscope (SEM) were obtained 

of the concrete with fibres used for this study. 

Although the scanning electron microscope was used to obtain images at high 

magnifications of almost all materials, it could also be used in combination with 

an energy dispersive spectrometer (EDX), which also allows us to know the 

elements present in specific sections of a sample. For this, a Carl Zeiss EVO MA15 

SEM was used, fitted with an Oxford Instruments X-ray detector. 

3.3. Results and discussion 

3.3.1. Compressive strength 

As starting data for the analysis of the creep undergone by the fibre-reinforced 

concrete specimens, the compressive strength of the concrete was obtained at the 

different loading ages. Fig. 5 shows the evolution curve of the compressive 

strength of FRC over time. 
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Fig. 42. Evolution of the compressive strength of FRC. 

Between 3 and 28 days of age of the FRC, it is observed that there is no significant 

difference, with the greatest evolution occurring in the first 72 h of age. 
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3.3.2. Creep test 

Fig. 43 shows the evolution of creep deformation over time, differentiating 

between specimens that were subjected to a load of 15MPa (24h and 3d of age) 

and those that were subjected to a load of 20MPa (7d and 28d of age). In the 

following figures, the joint results of each age rage are shown as the average 

evolution experienced by the two test specimens. 
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Fig. 43. Evolution of creep deformation undergone by FRC: (a) specimens loaded at 15 MPa; (b) 

specimens loaded at 20 MPa. 
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Analysing the evolution of the deformation of the FRC due to the creep episode 

to which it was subjected during the test, differences in strain rates are observed 

according to the age in the specimens loaded at 15 and 20 MPa. As can be seen in 

Fig. 43, in the first stage of the creep episode, the deformation of the specimens 

loaded at a younger age is greater. This is because the cement in the younger 

specimens has not hydrated sufficiently and deforms more in the first days of 

loading, in agreement with other authors [118]. 

However, for a loading age of 150 days in the specimens loaded at 15 MPa, and 

for a loading age of 200 days in the specimens loaded at 20 MPa, there is an 

inflection point from which the deformations of the specimens loaded at different 

ages are equalized. This is because from high ages onwards, the age of loading is 

not so relevant because in the long term they are similar. In other words, the effect 

of the load does not penalise the hydration of the cement in the long term. This 

tendency of creep evolution to stabilise at high loading ages has been 

corroborated by other authors [4]. It also coincides with the conclusion reached 

by other studies that greater creep evolution occurs in the first hours of aging of 

the reinforced concrete [119]. 

Proposed creep formulation 

Comparing the evolution of the creep deformation of the FRC with the theoretical 

curve reflected in the EHE-08 standard [115], an important divergence is 

observed.  The evolution of creep deformation undergone by FRC specimens 

loaded 24h after their manufacture is the one that deviates the most from the 

theoretical curve defined in the EHE-08 standard. For the rest of the test 

specimens, loaded at the ages of three, seven and twenty-eight days, there is still 

a divergence between their experimental behaviour and that predicted by the 

EHE-08 standard, but this divergence is much smaller. The maximum divergence 

between experimental and theoretical creep deformation is recorded for the first 

stage of the creep process to which the FRC specimens have been subjected 

during the test. Equation 6 shows the formulation proposed by the EHE-08 

standard for estimating creep deformation in concrete. 

𝜀𝑐𝜎(𝑡, 𝑡0) =
𝜎(𝑡𝑜)

𝐸𝑐,𝑡𝑜
+
𝜎(𝑡𝑜) · 𝜑𝐻𝑅 · 𝛽(𝑓𝑐𝑚) · 𝛽(𝑡𝑜) · 𝛽𝑐(𝑡 − 𝑡𝑜)

𝐸𝑐,28
 Equation 7 

𝛽(𝑡0)
𝛾 =

1

0,1 + 𝑡0
𝛼(𝑡0)

 Equation 8 

𝛽𝑐(𝑡 − 𝑡0)
𝛾 = (

(𝑡 − 𝑡0)

𝛽𝐻 + (𝑡 − 𝑡0)
)
𝛼(𝑡−𝑡0)

 Equation 9 
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Where: 

− σ(to) is stress on specimens during creep test. 

− Ec,to is the initial modulus of elasticity in specimens. 

− Ec,28 is the modulus of elasticity of the specimens at 28 days. 

− ϕΦHR is the coefficient of influence of relative humidity [115]. 

− β(fcm) is the coefficient of influence of concrete strength [115]. 

− α(t0) is the coefficient associated with the loading age proposed by the 

authors;  

− α(t-t0) is the coefficient associated with the evolution of creep with time 

proposed by the authors. 

Fig. 44 represents the evolution of the error of the model proposed by the authors 

with the variation of the value of the coefficients "α (t0)" and "α (t-t0)", while Fig. 

45 shows the range of optimal coefficients of the model proposed by the authors 

to minimize the deviation of the predictive model compared with the 

experimental results obtained in the laboratory.  

  
(a) (b) 

  
(c) (d) 

Fig. 44. Analysis of the error induced by the variation of the exponent of the creep coefficients β 

(t0) and β (t-t0) in the model proposed by the authors to determine the creep strain undergone 

by FRC: (a) FRC specimens loaded at 24h (a); at 3d (b); at 7d (c); at 28 d (d). 
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Fig. 45. Optimization of the coefficients "α (t0)" and "α (t-t0)" of the model proposed by the 

authors for calculating the creep strain of FRC. 

To determine the optimal creep coefficients, the authors have scanned all possible 

combinations of values of these coefficients and have obtained the error of the 

final proposed formulation for each load age analysed in the study. Fig. 45 

represents the traces of the interval corresponding to a maximum deviation of 

5% for the different ages of FRC loading: (a) green trace for FRC loaded at 24h; 

(b) cyan trace for FRC loaded at 3d; (c) blue trace for FRC loaded at 7d; (d) pink 

trace for FRC loaded at 28 days. The optimal interval is taken as the area in which 

the divergence intervals of less than 5% converge for all the load ages analysed 

in the creep test. The authors propose the following values for the coefficients 

associated with the loading age and the evolution of creep with time: α(t0)=0.13; 

α (t-t0)=0.39. 

Verification of creep formulation 

Fig. 46 represents the evolution of the deferred creep strain over time. The values 

obtained in the laboratory ("Experimental results") are compared with the 

predictive model of the EHE-08 ("Normative prediction") and the predictive 

model proposed by the authors ("Proposed model"). 
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Fig. 46. Creep deformation undergone by FRC specimens: FRC loaded at 24h(a); (b) 3d; (c) 7d; 

(d) 28d. 

The normative prediction fits relatively well with the experimental results in FRC 

loaded at 28d of age. However, the standard does not accurately reproduce the 

experimental results at early loading ages of the FRC, especially at 24h of age. 

Other authors have already detected discrepancies between standards and 

experimental creep results [118], [120]. 

3.3.3. Modulus of elasticity 

The specimens loaded 24 h after their manufacture were subjected to a tension 

equivalent to 78% of their compressive strength. Fig. 47 (a) shows the stress/strain 

curve of the FRC specimens loaded at 24 h and at 3d. As expected, for the same 

compression stress of 15 MPa, the deformation of the loaded specimens at 24h is 

much greater than that corresponding to the specimens loaded at 3d. In the case 

of the FRC specimens loaded at the age of seven and twenty-eight days, the stress 

level during the creep test was similar, equivalent to 53 and 47% of their 

compressive strength respectively. In Fig. 47 (b), we can see the similarity of the 

stress/strain curves of the specimens loaded at the age of seven and twenty-eight 

days. 
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Fig. 47. Tension-deformation curve during loading of the specimens: (a) FRC specimens loaded 

at 15 MPa; (b) FRC specimens loaded at 20 MPa. 

From the analysis of the stress/strain curves of the specimens during their 

loading, the modulus of elasticity of the FRC is obtained at the time 

corresponding to the start of the creep test. As expected, and according to the 

values obtained for the compressive strength of concrete, the value of the 

modulus of elasticity increases with the age of the concrete, as reflected in Fig. 

48.  
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Fig. 48. Evolution of the modulus of elasticity of FRC with age. 

It can be observed that the modulus of elasticity evolves with age in a similar way 

to the evolution of the compressive strength (Fig. 42). 

Fig. 49 shows the stress/strain curves of the specimens during their unloading. 
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Fig. 49. Stress / strain curve during the unloading of the specimens: (a) FRC specimens loaded at 

15 MPa; (b) FRC specimens loaded at 20 MPa. 

Once the creep test was completed, the analysis of the stress/strain curves of the 

specimens during their unloading (Fig. 49) makes it possible to obtain the 

residual modulus of elasticity of the FRC after the 384-day duration of the creep 

test. In the case of the residual modulus of elasticity of FRC, it is observed that its 

value decreases with the increase in the loading age of the concrete. 

As can be seen in Fig. 50, the FRC specimens with the highest stiffness are those 

that were loaded 24h after their manufacture. 
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Fig. 50. Evolution of the modulus of elasticity of FRC with its loading age. 

Performing a comparative analysis of the stress/strain curves of the specimens 

during their loading with the curves corresponding to their unloading, it can be 

observed that the influence of the creep of FRC on its deformation behaviour is 

different for concrete loaded at early age than for concrete loaded with an age 

greater than 3 d. Whereas in a concrete loaded at an early age, its modulus of 

elasticity increases after having been subjected to a creep episode, in concrete 

loaded at an age greater than 3d, its modulus of deformation remains unchanged 

(Tab. 18). 

Tab. 18. Evolution of the modulus of elasticity of FRC after a creep episode. Initial “Eo” and 

residual “Er” modulus of elasticity 

Loading Age (d) Eo (GPa) Er (GPa) 

1 21.913 41.712 

3 33.500 38.842 

7 33.667 33.904 

28 36.100 34.918 

The difference between the initial and residual modulus of elasticity depends on 

the loading age. Furthermore, the two moduli of elasticity evolve in an inversely 

proportional way, so early loaded specimens have lower initial modulus of 

elasticity and higher residual modulus of elasticity.  

3.3.4. Delayed elastic strain 

Fig. 14 shows the evolution of the delayed elastic strain after the creep test. The 

specimens were monitored for 62d after the removal of the load.  
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Fig. 51. Evolution of the delayed elastic strain of FRC after a creep episode. 

Analysing the evolution of the delayed elastic strain after the creep test, and 

confirming the behaviour observed in the analysis of the instantaneous elastic 

strain when removing the load to which the FRC specimens were subjected, it is 

observed that the strain of the FRC specimens loaded at an early age is 

significantly less than that of samples loaded at an age greater than 3d. 

After analysing the data obtained in the laboratory, the authors propose the 

formulation in Equation 9 to predict the delayed elastic strain of FRC after a creep 

episode (Fig. 52). 

𝜀𝑒 = 𝜀𝑒,𝑖 + 𝜀𝑒,𝑑 =
𝜎

𝐸𝑐,𝑡𝑑
· (1 + 0.14 · (

(𝑡 − 𝑡𝑑)

(1.5 · (𝑡 − 𝑡𝑑))
)

0.39

) Equation 10 

Where:  

− ɛe,i is the instantaneous elastic strain. 

− ɛe,d is the delayed elastic strain. 

− td is the unloading age. 

− Ec,td is the modulus of elasticity of the specimens at unloading age. 
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Fig. 52. Evolution of the elastic strain of FRC after a creep episode. Experimental strain versus 

strain predicted by the model proposed by the authors: FRC specimens loaded at (a) 24h; (b) 3d; 

(c) 7d; (d) 28d. 

It can be observed that the instantaneous deformation is greater when the age of 

loading of the reinforced concrete is greater. This is due to the increase in the 

elastic behaviour of the concrete with age. 

Furthermore, the proposed model very accurately reproduces the evolution of 

the deformation after removal of the load, especially the instantaneous strain and 

the strain produced long term. 

3.3.5. Microscopic Analysis 

In the Fig. 53-Fig. 55, the imprint of a fibre that reinforced the concrete can be 

seen after the mechanical tests were carried out (at different magnitudes). 

  

Fig. 53. Fibre (left) and “bed” fibre (right) at 21 X. 
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Fig. 54. Fibre “bed” at 238 X (left) and 1200 X (right). 

  

Fig. 55. Fibre “bed” at 200 X (left) and 150 X (right). 

In Fig. 53, two fibres appear to penetrate the concrete. There is paste adhering to 

the fibres, which is a sign of good bonding between paste and fibres. On the other 

hand, small cracks can be seen in the microscopic images. 

Microscopic images show that the mechanical tests do not cause the fibres to 

fissure or deform, but that the metal fibres appear detached and hardly 

deformed. In addition, a nodule is seen to form at the junction of several 

microcracks. 

3.4. Conclusions 

From this work, the following conclusions can be drawn: 

• From the analysis of the creep strain undergone by the FRC specimens 

analysed during the test, two stages can be distinguished: (a) in a first 

stage, the creep deformation of the specimens loaded at an earlier age 

shows a greater strain; (b) in the second stage, the creep strain is equalized 

for the different loading ages. 
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• The strain undergone by FRC specimens loaded at an earlier age, 24 h after 

their manufacture, shows a much lower level than predicted by the 

formulation proposed by the EHE-08 standard. In the case of the 

specimens loaded at the ages of three, seven and twenty-eight days, the 

strain is also less than that foreseen in the EHE-08 standard, although the 

difference is not so high. 

• The authors propose an adjustment of the creep coefficients proposed in 

the EHE-08 equation associated with the loading age β (t0) and the 

evolution of the creep in time βc (t-t0). 

• From a comparative analysis of the stress/strain curves of the FRC 

specimens during their loading and unloading, it can be concluded that 

the FRC loaded at an earlier age stiffens after a creep episode. 

• Once the results of the creep test of FRC loaded at different ages was 

analysed, it could be concluded that FRC had better creep behaviour than 

conventional concrete. 

• Analysing the evolution of the delayed elastic deformation of the FRC 

specimens after the end of the creep test, it is concluded that, the FRC 

loaded at an earlier age, undergoes less deformation. 

• The authors propose a formulation for the analysis of the delayed elastic 

deformation of FRC after a creep episode. 
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CAPÍTULO V 

Conclusiones y perspectivas futuras 

5.1. Conclusiones 

La conclusión principal derivada de este trabajo es que el hormigón reforzado 

con fibras es una alternativa al hormigón armado convencional que podría 

optimizar tiempos y costes, facilitando la colocación del hormigón al eliminar 

total o parcialmente la armadura y, además, mejorando sus características. Por 

ello, se considera que es un material adecuado para fabricar torres de 

aerogeneradores que consigan mayores potencias al permitir llegar a alturas 

mayores, pudiendo suponer un gran impulso a la energía eólica. Además, los 

resultados que se han expuesto en la presente Tesis son extrapolables a cualquier 

estructura que emplee hormigón y pretenden fomentar el incremento del uso de 

este material, como sustituto total o parcial del hormigón armado convencional. 

Del conjunto de los trabajos realizados, se derivan las siguientes conclusiones. 

Análisis estadístico de la influencia del método de vertido en la distribución de 

macrofibras metálicas en hormigón vibrado. 

De este análisis, expuesto en el Capítulo II, se concluye que el método de vertido 

del hormigón tiene escasa influencia en la carga de fisuración. Sin embargo, 

influencia notablemente el comportamiento del hormigón una vez fisurado. En 

concreto, se extraen las siguientes conclusiones: 
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• Existe una influencia de los muros de encofrado en la orientación de las 

fibras en el hormigón, de modo que las fibras tienden a alinearse con las 

caras mayores. 

• Las resistencias residuales son mayores cuantas más fibras se encuentren 

perpendiculares al plano de carga. A su vez, al poder influenciar la 

disposición de las fibras con el método de vertido, se puede relacionar la 

dirección de hormigonado y posición del encofrado con el incremento de 

la resistencia residual del hormigón. 

• Existe una correlación entre deformaciones circunferenciales, la cual es 

más precisa con valores mayores de apertura de fisura. 

• Se detecta que en un vertido realizado por la cara mayor del encofrado 

existen aproximadamente el doble de fibras en la parte inferior respecto a 

la superior, lo cual influye a su vez en las resistencias residuales. 

Efecto del refuerzo de fibra de acero en el comportamiento a la fatiga por flexión 

del hormigón estructural entallado. 

No existen muchas investigaciones sobre el comportamiento a fatiga de los 

reforzados con fibra. Sin embargo, la importancia que este material puede tener, 

gracias a sus mejores prestaciones y ahorro en ejecución, hace necesario 

investigar sobre él. De ahí la importancia de los resultados obtenidos y 

presentados en el Capítulo III, abriendo la puerta a un nuevo tipo de análisis 

sobre el comportamiento del hormigón a fatiga por flexión.  

En este trabajo, se han obtenido las siguientes conclusiones: 

• Se obtuvo una curva S-N del material antes de que se agrietara. Una vez 

fisurado el hormigón, la cantidad y orientación de las fibras es tan 

importante en la respuesta del hormigón a las cargas cíclicas que da lugar 

a un comportamiento extremadamente heterogéneo. 

• Se ha demostrado que la presencia de fibras aumenta la vida a fatiga del 

hormigón, incluso en ensayos realizados bajo control de carga. Esto 

proporciona un tiempo entre la rotura del hormigón y la rotura 

estructural, que puede utilizarse para tomar las medidas correctoras 

adecuadas. 

• Se detectó una apertura de grieta crítica tras la cual se produce la 

fisuración del hormigón, que podría utilizarse como indicador del fallo 

prematuro de la probeta. 

• Se observó un valor crítico de energía que indica que la probeta se 

romperá, por lo que podría utilizarse como parámetro para determinar la 

vida útil restante del hormigón. Sin embargo, hay que tener en cuenta que, 

al tratarse de un parámetro energético, es específico para cada geometría. 
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• Se ha comprobado que el mecanismo que produce el fallo del hormigón 

está causado por microfisuras propias del hormigón en la entalla que 

comienzan a crecer debido a las cargas aplicadas. La velocidad de 

crecimiento de las fisuras depende del rango de esfuerzos aplicados en el 

ensayo, existiendo una correlación entre ambos. Sin embargo, es probable 

que la geometría también influya. 

Efecto del refuerzo de fibra en la fluencia del hormigón de edad temprana. 

De la investigación realizada sobre la fluencia del hormigón reforzado con fibras, 

presentada en el Capítulo IV, se extraen las siguientes conclusiones principales: 

• En la deformación por fluencia del hormigón estudiado, se han 

distinguido dos etapas diferenciadas. En la primera etapa, las probetas 

cargadas a corta edad tienen mayor deformación. En la segunda etapa, la 

deformación por fluencia se iguala para las diferentes edades de carga. 

• La formulación de la normativa EHE-08 prevé deformaciones inferiores a 

las observadas durante los estudios experimentales. Además, esta 

diferencia es mayor cuanto menor es la edad de puesta en carga, siendo la 

deformación sufrida por las probetas cargadas a 24 h de edad muy inferior 

a la prevista por la formulación propuesta.  

• Los autores proponen un ajuste de los coeficientes de fluencia propuestos 

en la ecuación de la normativa asociados a la edad de carga β (t0) y a la 

evolución de la fluencia en el tiempo βc (t-t0), para conseguir un mejor 

ajuste de la deformación bajo cargas de fluencia. 

• Del análisis comparativo de las curvas de tensión/deformación durante la 

carga y descarga de las probetas de hormigón reforzado con fibras, puede 

concluirse que el cargado a una edad más temprana se rigidiza tras un 

episodio de fluencia. 

• Analizando la evolución de la deformación elástica diferida, se concluye 

que un hormigón cargado a menor edad sufre una menor deformación. 

5.2. Perspectivas de futuro 

En esta Tesis doctoral se ha realizado una ampliación del estado del conocimiento 

de algunos de los esfuerzos críticos a los que están sometidas las torres de 

aerogeneradores. Si bien, aún es necesario ahondar en algunos puntos que 

optimicen y complementen las investigaciones ya realizadas. 

• Las fibras empleadas en este trabajo han sido macrofibras de acero, ya que 

son las más comúnmente empleadas para resistir esfuerzos estructurales. 

Sin embargo, resulta de interés desarrollar los trabajos realizados con 
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distintas fibras y dosificaciones, con el objetivo de extrapolar los 

resultados de forma óptima. 

• Los resultados del programa experimental permiten afirmar que tanto el 

ensayo Barcelona como el inductivo son adecuados para cuantificar la 

cantidad de fibras dentro del hormigón, su orientación y la resistencia 

indirecta post-fisuración. El ensayo inductivo podría ser clave en la 

certificación del hormigón y se plantea como posible línea de investigación 

futura el establecimiento de un sistema estadístico para el control de 

calidad de cuantías en base al citado ensayo. 

• No existen muchas investigaciones sobre el comportamiento a fatiga de 

los hormigones reforzados con fibra. Pese a la importancia de los 

resultados presentados y de los resultados obtenidos, abriendo la puerta 

a un nuevo tipo de análisis sobre el comportamiento del hormigón a fatiga 

por flexión, es importante resaltar que este estudio ha de ser 

complementado con futuros estudios en los que se analicen no sólo 

diferentes geometrías de probeta, sino también diferentes tamaños de 

entalla. 

• El comportamiento a torsión del hormigón reforzado con fibras es uno de 

los aspectos menos investigados, por su dificultad en la realización de 

ensayos y el tiempo empleado en los mismos. Sin embargo, este es 

considerado un esfuerzo crítico, que debería ser ahondado en futuros 

trabajos. 

• Se ha observado durante los ensayos de laboratorio, que el ajuste de la 

normativa española que relaciona el desplazamiento vertical con la 

apertura de fisura dista de los valores obtenidos para estadios de 

fisuración no avanzados y puede enmascarar errores para situaciones de 

servicio con anchos de fisura pequeños. Las primeras conclusiones 

extraídas fueron expuestas por la autora en el VIII Congreso ACHE con la 

ponencia “Desarrollo de la resistencia a flexión de hormigones reforzados 

con fibras” Se plantea como trabajo futuro estudiar esta correlación 

llevando a cabo simulaciones numéricas y ampliando la campaña de 

ensayos para afinar esta correlación en estadios pequeños de fisura, para 

proponer una formulación que optimice esta correlación. 
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