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Resumen

La principal labor de cualquier ingeniero es la de satisfacer las necesidades de la
sociedad de una manera eficiente y 6ptima. En el caso de un Ingeniero de Caminos,
Canales y Puertos, las construcciones proyectadas y ejecutadas deben de cumplir los
requisitos que la sociedad demanda, no solamente desde un punto de vista econémico,
sino también medioambiental y de la seguridad. El sector de la construccion es un sector
muy conservador que se basa en la utilizaciéon de métodos y técnicas de construccion
sustentados en anos y anos de experiencia. La creciente inquietud en la sociedad acerca
del cambio climatico y el respeto del medio ambiente hace que se pretenda replantear
dichos métodos de construcciéon tradicionales, cuestionandose si con los medios actuales
podrian mejorarse. Aqui es donde entra en juego la investigacion, analizando el por qué
se hacen las construcciones de una determinada forma y yendo directamente al niicleo

del problema estructural.

El pilote con armadura asimétrica es un nuevo elemento estructural que introdu-
ce una innovacion técnica dentro del campo de la construccién. Tradicionalmente el
armado longitudinal de pilotes se realiza con barras de igual didmetro espaciadas uni-
formemente (separacién constante). En el caso de pilotes empleados para la retencién
de tierras este procedimiento de armado puede mejorarse debido a la marcada asi-
metria de la ley de momentos flectores durante la vida util de la estructura. Si el acero
se concentra donde realmente es necesario (es decir, en la parte traccionada) se puede
conseguir un ahorro significativo de armadura longitudinal, dando lugar a una dispo-
sicién asimétrica de dicho armado. La disminucién de la cantidad de acero por pilote
conlleva tanto un ahorro econémico como medioambiental, ya que en la produccion del

acero se emiten hacia la atmosfera grandes cantidades de COs.

El grupo de investigacion TEP-190 de la Universidad de Granada encabezado por
la Prof*. Dr*. Luisa Maria Gil Martin ha trabajado durante los ltimos 10 afios en
el estudio del pilote asimétrico. Gracias a este trabajo, el pilote asimétrico ha sido
aplicado en distintas obras en tramos de prueba (Linea de Alta Velocidad Madrid -
Barcelona - frontera francesa, tramo Sants - La Sagrera en la ciudad de Barcelona) y

en tramos definitivos (metro de Ryad).
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xxii Resumen

En trabajos anteriores del grupo de investigacion TEP-190 se cerré el diseno a rotura
de secciones circulares de hormigén armado con armadura asimétrica. Sin embargo, el
comportamiento en servicio de cualquier elemento estructural tiene también una gran
importancia. El célculo de la deformaciéon de elementos de hormigén armado en el
tiempo es una ardua tarea debido a la complejidad de las variables involucradas. El
hormigoén en el tiempo se ve afectado por la retraccion, la fluencia, el historial de carga
y las condiciones atmosféricas entre otros factores. En la presente tesis doctoral se
pretende estudiar el comportamiento estructural del pilote asimétrico a corto y a largo
plazo. Este estudio se aborda desde los puntos de vista tedrico y experimental, dejando

definido completamente el disefio y calculo de pilotes asimétricos.

Por tultimo se estudia la posibilidad de la introduccién de hormigones reciclados en
pilotes asimétricos para mejorar mas si cabe su sostenibilidad. En general el término
hormigén reciclado se refiere al hormigén que contiene un cierto % de aridos gruesos
provenientes de la trituracién de residuos de hormigén. En estos casos el % de sustitu-
cion de arido natural por reciclado no suele ser muy alto debido a la disminucion de la
resistencia a compresion y del médulo de elasticidad del hormigén resultante, ademas
del aumento de la permeabilidad de este favoreciendo la introduccién de agentes exter-
nos. En esta tesis se demuestra que la utilizacion de escorias de aceria de horno de arco
eléctrico como sustituto total del drido grueso (gravilla y grava) del hormigén mejora
las caracteristicas mecanicas de este. Ademds aumenta la durabilidad del hormigon

frente al ataque de cloruros, alargando la vida 1til de la estructura.



Abstract

The main task of any engineer is to meet the needs of the society in an efficient
and optimal way. In the case of a civil engineer, civil constructions must meet the
social needs, not only from an economical perspective but from an environmental and
safety perspective too. Civil engineering is a conservative field where the methods of
construction and techniques are based on decades of experience. The growing concern
in the society about the climatic change and the respect for the environment has led

to reconsider these traditional methods. This is where research comes into play.

The asymmetrical pile is a new structural element that introduces a technical in-
novation in the civil engineering field. Traditionally, piles have circular cross sections
with symmetric longitudinal reinforcement composed of bars of the same diameter and
with constant clear distances between them. In the case of earth retaining walls the
reinforcement layout can be improved due to the asymmetry of the bending moment
diagram. Asymmetric reinforced circular cross sections have the steel bars placed where
it is really needed - at tension zone of the section-. For this reason, important savings

in reinforcing steel can be achieved, reducing the environmental impact.

The research group TEP-190 of the University of Granada headed by Prof. Luisa
Maria Gil Martin has worked during the last 10 years in the study of the asymmetrical
pile. As a result of this work, the asymmetric pile has been employed in several works
such as the underground floors of San Antoni Market in Barcelona or in the Riyadh

metro.

The design of reinforced concrete circular cross sections with asymmetric reinfor-
cement subjected to ultimate bending was studied in previous works of the research
group TEP-190. However, the structural behaviour of any reinforced concrete member
in service has a great importance too. The calculation of the deformation in time is not
an easy task due to the complexity of the factors involved in the problem. Concrete
is affected in time by shrinkage, creep, load history and weather conditions, among
other factors. In the present thesis the structural behaviour of asymmetrical piles in
short and long term is studied. This study addresses the structural analysis from both

theoretical and experimental points of view.
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xxiv Abstract

Finally, the use of recycled concrete in asymmetrical piles is studied. In general,
the term recycled concrete is referred to the concrete that contains certain % of coarse
aggregates from shredding of concrete waste. In these cases the % of replacement of
natural aggregates by the recycled ones is not too high due to the reduction of the
compressive strength and the elastic modulus of the resulting concrete. Additionally,
the permeability of the concrete increases, favouring the introduction of external agents
such as chlorides. In this thesis the use of electric arc furnace slag as total replacement
of coarse aggregates is studied. The results show that concrete with 100 % replace-
ment of natural coarse aggregates by electric arc furnace slags improves its mechanical
characteristics. Furthermore, it also increases the durability of concrete against the

penetration of chlorides.



Capitulo 1

Introduccion

Las vigas y pilares que forman parte de un sistema estructural tipico como un
portico se disenan para soportar distintos estados de carga. Generalmente el armado
de pilares y pilotes que se ha venido utilizando en la gran mayoria de obras de este tipo
consiste en colocar una armadura longitudinal en el perimetro de la seccion transversal.
Las barras, todas del mismo diametro, se colocan a una separacion constante debido a

que las acciones de disenio para pilares son usualmente simétricas (ver Figura 1.1).

Separacién constante

Armadura longitudinal

Armadura transversal

Figura 1.1: Armado tradicional simétrico

Este procedimiento de armado puede verse mejorado cuando la envolvente de la
ley de flectores a lo largo de la vida t1til de la estructura no es simétrica, como es
el caso de los pilotes de muros de contencion de tierras (ver Figura 1.2). En dichos
muros de pilotes la accion unidireccional de la presiéon efectiva de las tierras da lugar a
una direccién monotona bien definida para el momento flector de disenio en la seccién
critica del pilote. La solucién 6ptima del armado de pilotes de muros de contencion
de tierras consiste en disponer la armadura de forma asimétrica, dando lugar al pilote
asimétrico (ver Figura 1.3). Esta solucién estructural supone un significativo ahorro de
armadura longitudinal (pudiendo llegar hasta el 50 %) ademads de facilitar el proceso
constructivo y aportar mejoras en los costes econémicos y energéticos comparados con

aquellos proporcionados por las soluciones simétricas convencionales.
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Esta Tesis Doctoral tiene el objetivo de sentar las bases del calculo estructural del
pilote asimétrico. Para ello se analizara con profundidad su comportamiento estructural
a corto y a largo plazo en servicio. Por tltimo se analizara la sostenibilidad de este nuevo
elemento estructural introduciendo escorias de aceria de horno de arco eléctrico como
arido. Las publicaciones cientificas en las que se fundamenta el presente trabajo son las
siguiente: [Carbonell Marquez et al., 2014, Gil Martin et al., 2016, Hernandez Montes
et al., 2017, Faleschini et al., 2015].

Muro de contencién
de tierras

Figura 1.2: Muro de contencién de tierras

(b)

Figura 1.3: Pilote asimétrico (a) y bisimétrico (b)

1.1. Antecedentes

El armado asimétrico de secciones de pilotes y pilares de hormigén armado es una

linea de investigacion cuyos primeros estudios surgieron a partir de los afios 80 y que
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todavia no dispone de un estudio profundo que resuelva las dudas acerca de su diseno

y calculo.

Weber y Ernst [Weber and Ersnt, 1989] desarrollaron unos diagramas de interac-
cién para secciones de hormigén armado circulares con armadura distribuida asimétri-
camente. En dicho estudio el armado se suponia agrupado en placas continuas, con una
placa de mayor espesor que representa el armado principal y otra de menor espesor
que representa el armado minimo (ver Figura 1.4). El proyectista tenia que determi-
nar el nimero de barras equivalente a una placa con un espesor determinado, con el

consiguiente error en el ajuste.

Armado
minimo

Armado
i principal

Figura 1.4: Seccién transversal definida en [Weber and Ersnt, 1989

El estudio del comportamiento estructural de secciones circulares de hormigén ar-
mado esta poco cubierto en la literatura, mas si cabe cuando se introduce el armado
asimétrico. El grupo de investigaciéon TEP-190 de la Universidad de Granada posee
una amplia experiencia basada en un gran nimero de publicaciones [Gil Martin et al.,
2010, Gil Martin et al., 2011, Herndndez Montes et al., 2013b], ademés de la creacién

de patentes.

Para analizar el comportamiento en servicio del pilote asimétrico se precisa de mo-
delos de comportamiento de los materiales (hormigén y acero) tanto a corto como
a largo plazo. La cuantificacion del fenémeno de tension-stiffening relativo a la ten-
sion de traccién resistida por el hormigon fisurado y su evolucion en el tiempo resulta
crucial a la hora de evaluar dicho comportamiento estructural. Gilbert et al. [Gilbert
and Ranzi, 2011, Wu and Gilbert, 2008] realiz6 numerosas investigaciones relativas a
su cuantificacion, que debe de incluirse en el calculo a través de la denominada area
efectiva de hormigon traccionado. La definicion de esta area para secciones circulares
no estd recogida en ninguna norma de referencia (tanto el Eurocddigo 2 [CEN, 2004]
como el Cédigo Modelo 2010 [FIB, 2012] solamente la definen para secciones rectan-

gulares). Wiese et al. [Wiese et al., 2004] propusieron un area efectiva para secciones
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circulares simétricamente armadas, por lo que es necesaria su readaptacion a secciones

asimétricamente armadas.

Por otra parte, en la literatura se encuentran diversos métodos de cuantificacién
del impacto medioambiental. Entre estos métodos destaca el Anélisis de Ciclo de Vida
(ACV) [ISO/TCO07, 2006a], que es un método de evaluacién de los impactos medioam-
bientales potenciales a lo largo de todo el ciclo de vida de un producto desde la adquisi-
cion de la materia prima, pasando por la produccion, uso, tratamiento final, reciclado,
hasta su disposicién final (tipo de analisis denominado “de la cuna a la tumba”). Debido
al ahorro de hasta un 50 % de acero del pilote asimétrico respecto al simétrico, el ACV
del acero cobra una gran importancia en la determinacion del impacto medioambiental

del pilote asimétrico comparado con el del simétrico.

Ademas de la reduccién del acero utilizado en la construccién de elementos de
hormigén armado, otra buena opcién para disminuir el impacto medioambiental es la
utilizacién de hormigones reciclados [Etxeberria et al., 2007, Papayianni and Anasta-
siou, 2010a]. Dentro de este grupo, la reutilizaciéon de escorias de aceria de horno de
arco eléctrico como sustitucién del arido grueso es una solucién muy atractiva [Pelle-
grino et al., 2013, Pellegrino and Gaddo, 2009], aplicable a todo tipo de estructuras de

hormigén armado.

Finalmente, en este tipo de pantallas de pilotes la exposicion a agentes abrasivos
externos como por ejemplo cloruros es algo frecuente. La penetracion de cloruros en
el hormigon es una de las mayores causas de deterioracion de estructuras de hormigén
armado [Liu and Weyers, 1998]. El coeficiente de difusion D es un pardmetro fun-
damental a la hora de describir la durabilidad de la estructura frente a este tipo de
agentes [Baroghel Bouny, 2002], valor que la literatura actual no recoge para el tipo de

hormigén reciclado explicado anteriormente.

1.2. Motivacién del trabajo

Con los resultados de esta tesis se pretende demostrar tanto a la comunidad cientifi-
ca como a los usuarios finales de los pilotes de contencién de tierras (proyectistas, cons-
tructores, etc.) que el armado asimétrico es una solucién fiable, segura, eficiente y que

supone un ahorro en términos tanto econémicos como ecolégicos (energia).

El problema reside en las caracteristicas del sector de la construccion, donde los
métodos de construccién son muy rigidos y conservadores y la introduccién de un
nuevo producto precisa de un gran respaldo basado en la teoria y la experimentacion.
El usuario final no dispone de los conocimientos suficientes como para comprender el

comportamiento del pilote, pero busca que lo que se construya sea seguro y estable,
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avalado por una serie de experiencias previas. A todo lo ademéas expuesto se une la
poca representacion de secciones circulares que hay en las normativas estructurales
referencia en el mundo (Eurocédigo 2 [CEN, 2004] y Cédigo Modelo 2010 [FIB, 2012]).
Todo esto hace que se genere un déficit de conocimiento que se pretende eliminar con

los resultados de esta tesis.

Los principales factores motivadores que llevan a la realizacion del este proyecto de

investigacion son:

= La importancia econémica de los sistemas de retenciéon de tierras es muy eleva-
da, no solo en Espana sino en todo el mundo. Segin SITE (una de las mayores
empresas geotécnicas en Espafia) anualmente se construyen sélo en Espafia alre-
dedor de 10 millones de metros de pilotes en sistemas de retencion de tierras. Si
en esos metros lineales de pilotes se hubieran dispuesto armaduras asimétricas se

hubiera ahorrado aproximadamente hasta el 50 % del acero realmente utilizado

= Valores satisfactorios obtenidos de un tramo de prueba construido en la linea de
alta velocidad Sants - La Sagrera en Barcelona, donde se han realizado 5 pilotes
de prueba. De media se ahorraron en cada pilote 900 kg de acero (la mitad
del armado) sin pérdida de resistencia (incluso mejorando el comportamiento en

fisuracién y deformacion).

= Necesidad del desarrollo de conocimientos tedricos relativos al comportamiento
del pilote y del conjunto del muro en estado limite de servicio, con idea de mejorar
la confianza de los usuarios del producto. Creaciéon de una prenorma que recoja
indicaciones y reglas de calculo a tener en cuenta durante el disefio de pilotes

asimétricos.

= Hoy en dia el respeto por el medioambiente es un aspecto muy valorado dentro de
cualquier proyecto de ingenieria. La optimizacion de los materiales que requieren
de una gran cantidad de energia para su produccién y puesta en obra evita la
emision de CO, a la atmésfera y disminuye el dafio ambiental. Ademaés la inclusion
de hormigones reciclados en este tipo de estructuras tan masivamente utilizadas

provocaria un menor impacto medioambiental.

= Determinacion de la durabilidad de las pantallas de pilotes asimétricos frente a
agentes abrasivos (cloruros) para planificar labores de mantenimiento y/o repa-

racion.
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1.3. Objetivos

1.3.1. Objetivo general

El principal objetivo de la tesis es conocer el comportamiento estructural del pilote
asimétrico en servicio a corto y largo plazo. Con ello se pretende verificar la seguridad
y eficacia de este tipo de elemento estructural, ademas de evaluar el ahorro econémico
y energético (disminuciéon emisiones COy) que supone su uso, la introducciéon de hor-
migones reciclados y su durabilidad frente a agentes abrasivos frecuentes como son los

cloruros.

1.3.2. Objetivos especificos

1. Desarrollos técnicos para lograr que los muros de pilotes asimétricos estén total-
mente operativos

= Conocer el comportamiento estructural del pilote asimétrico a corto plazo.

= Conocer el comportamiento estructural del pilote asimétrico a largo plazo.

= Creacion de un procedimiento de célculo de deformaciones de elementos de

hormigén armado de seccién circular sometidos a flexion.
» Realizacién de una prenorma para la colocacion de pilotes asimétricos en

obra.

2. Evaluaciéon medioambiental. Estudio acerca de la introduccién de hormigones

reciclados

» Evaluaciéon de la energia consumida y el COy emitido en la construccién y
puesta en obra del producto.

= Estudio acerca de la posible utilizacion de hormigon reciclado en pilotes para
la reduccion del impacto de su construccion.

3. Durabilidad de pantallas de pilotes de armado asimétrico

» Estudio de durabilidad de pantallas de pilotes en ambientes agresivos (clo-

ruros).

= Estudio de apertura de fisuras en el trasdos de la pantalla de pilotes.
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1.4.

Organizacién del estudio

La presente Tesis Doctoral se ha desarrollado en los siguientes capitulos:

Capitulo 2

En este capitulo se presenta de manera resumida la campana experimental relati-
va al estudio del comportamiento estructural a corto plazo del pilote asimétrico.
Se define un area efectiva de hormigén traccionado aplicable a secciones circulares
de hormigén armado con armadura asimétrica. Dicha definicién de area efectiva
viene a complementar las propuestas en la literatura, generalmente orientadas ha-
cia secciones rectangulares. Ademas se desarrolla un modelo tension-deformacion
del hormigén traccionado que tiene en cuenta el fenémeno de tension stiffening
a corto plazo. Dicho modelo esta implicito en la formulacion del Eurocodigo 2.
Finalmente se presentan los resultados de la campana experimental de corto pla-
zo.Toda la informacion presentada en este capitulo esta ampliamente desarrollada
en las publicaciones [Carbonell Marquez et al., 2014, Gil Martin et al., 2016].

Capitulo 3

En este capitulo se presenta de manera resumida la campana experimental relati-
va al estudio del comportamiento estructural a largo plazo del pilote asimétrico.
Se desarrolla un modelo tensién-deformacion del hormigén traccionado que tiene
en cuenta el fenémeno de tension stiffening a largo plazo. Dicho modelo tiene en
cuenta la influencia de la madurez del hormigén en sus caracteristicas mecanicas,
la fluencia y la retraccion. Ademas se presenta la campana experimental de largo
plazo en la que se ensayaron 2 pilotes (uno simétrico y otro asimétrico) durante
3 meses. Finalmente se realiza un analisis de la degradacién del efecto de ten-
sion stiffening en el tiempo. Toda la informacién presentada en este capitulo esta

ampliamente desarrollada en la publicacién [Herndndez Montes et al., 2017].

Capitulo 4

En este capitulo se presenta de una manera resumida la campana experimental
relativa al estudio de la utilizacién de hormigones reciclados en pilotes asimétri-
cos y su durabilidad. Al comienzo del capitulo se realiza un Analisis de Ciclo de
Vida del acero con el objetivo de cuantificar el ahorro energético que se produce
al reducir la cantidad de acero empleada en la construccion de pilotes. Después
se pasa a la descripcion de la campana experimental donde se estudian las ca-
racteristicas mecanicas de un hormigoéon en el cual se han reemplazado los aridos

naturales por escorias de aceria de horno de arco eléctrico. Ademas, debido a que
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normalmente las pantallas de pilotes estan expuestas a agentes externos como
pueden ser los cloruros, se estudia la durabilidad de este hormigén frente a la
penetracion de cloruros en su interior. Toda la informaciéon presentada en este

capitulo estd ampliamente desarrollada en la publicacién [Faleschini et al., 2015].



Capitulo 2
Comportamiento estructural a
corto plazo del pilote con armadura

asimeétrica

El disefio en rotura de secciones de hormigén armado esta bien establecido en la
literatura [Tomés and Alarcén, 2012, Jin Keun and Sang Soon, 2000]. Recientes avances
como el uso de diagramas de armado a flexién o RSD (Reinforcement Sizing Diagrams)
[Hernédndez Montes et al., 2005], la definicion de dominios 6ptimos [Aschheim et al.,
2007] y el teorema de la secciéon éptima de armado [Herndndez Montes et al., 2008] han
contribuido al mejor entendimiento de los métodos tradicionales como el de Whitney
[Nawy, 2003].

En el diseno tradicional de elementos estructurales de hormigén armado de seccion
circular (tanto columnas como pilotes) se considera un armado longitudinal compuesto
por barras del mismo didmetro espaciadas uniformemente (pilote simétrico), como se
puede comprobar en el programa de calculo de secciones IECA 3.0 [Corres Peiretti
et al., |. Los pilotes con armadura asimétrica o pilotes asimétricos [Gil Martin et al.,
2010, Herndndez Montes et al., 2010] son un nuevo elemento estructural aplicable a
muros de retencion de tierras. El trabajo presentado en [Gil Martin et al., 2010] permite
el uso de barras de armado de diferente didmetro y espaciado, minimizando el armado

longitudinal necesario en el diseno de secciones circulares de hormigén armado a rotura.

A pesar de todo lo anterior, el estudio del comportamiento estructural de secciones
circulares de hormigén armado atendiendo a su fisuracién y deformacién no esté del
todo desarrollado (més si cabe en secciones con armado asimétrico). En esta tesis
doctoral se pretende estudiar el comportamiento estructural a corto plazo de diferentes
configuraciones de armado de secciones circulares, centrandose en su deformaciéon y
fisuracion. Ademas, se estudiara el efecto que puede tener un posible error de colocacién

en obra.
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Para una mayor informacion acerca de los contenidos de este capitulo se pueden
consultar las publicaciones [Carbonell Marquez et al., 2014, Gil Martin et al., 2016]

reproducidas en los anexos A y C de la presente tesis.

2.1. Diseno de pilotes asimétricos

El diseno de pilotes tanto simétricos como asimétricos es como el de cualquier
elemento estructural. El Eurocddigo 2 [CEN, 2004] recoge el método de los Estados
Limite, que es el que se va a utilizar en este trabajo. A continuacién se estudiara el
Estado Limite Ultimo de flexién y el Estado Limite de Servicio de deformaciones a

corto plazo y fisuraciéon de ambos tipos de pilotes.

2.1.1. Propiedades de los materiales

Se adopta el modelo tensién-deformacion bilineal para el acero. El modelo de ten-
sion-deformaciéon utilizado para el hormigén no fisurado es el propuesto por el Eu-
rocddigo 2 [CEN, 2004]. En el caso de hormigén fisurado se emplea el modelo tensién

deformacién propuesto en [Hernandez Montes et al., 2013a:

0 if €< —¢,

ocrs(€ap) :
Tﬁﬂ:(e +€) if —e, <e<ey

. (2.1)
%%Es|6| - J (pegffEsk’) + fc2tm(1 + npeff) if 6ap S € < €ctm

UcTS(G) =

Siendo n = E; |/ E. y perr = Ast | Acerr (Acessr = area efectiva de hormigén
traccionado y Ay = area de acero traccionado). La definiciéon de este area efectiva es
de gran importancia, y en la literatura hay muy pocos trabajos acerca del area efectiva

para secciones circulares.

2.1.2. Area efectiva de hormigén traccionado para secciones

circulares

Como se ha comentado anteriormente, en la literatura aparecen muy pocos trabajos
acerca de la definicién de A. ¢y para secciones circulares. Uno de estos trabajos es el
desarrollado por Wiese et al. [Wiese et al., 2004] donde se estudiaron secciones circulares

simétricamente armadas. Los autores idealizaron el armado de la seccidén como un anillo
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continuo con un cierto espesor y propusieron un area de tension stiffening con forma
de banda circular situada en el area traccionada de la seccion . El ancho de esta banda
es 2.5(R-R;,t), donde R es el radio de la seccién y R;,; el radio del circulo definido por

los centroides de las barras longitudinales (ver Figura 2.1).

2.5 (R'Rim)

Figura 2.1: Area efectiva de hormigén traccionado propuesta en [Wiese et al., 2004]. Ex-
traido de [Gil Martin et al., 2016]

En este trabajo se propone un area efectiva de hormigén traccionado aplicable a sec-
ciones circulares simétrica y asimétricamente armadas [Carbonell Méarquez et al., 2014].
Dicha area efectiva ha sido validada por ensayos a corto y a largo plazo [Gil Martin
et al., 2016, Herndndez Montes et al., 2017]. La formulaciéon por la cual se obtiene
la geometria de A..s¢ se determiné imponiendo que el diagrama momento-curvatura
(M — ¢) obtenido a través de la integracién de los modelos tensién-deformacién de los
materiales comentados anteriormente fuese igual al obtenido a través de la férmula de
interpolacion del Eurocédigo 2 [CEN, 2004].

El drea efectiva se sittia en la parte traccionada de la seccion transversal (por debajo
de la fibra neutra cuya deformacion es €.y, = fem/FEe. Dicha drea tiene forma de banda
circular de ancho h..rr y esta dividida por el circulo que une el centro de gravedad de

las barras en dos partes: interior heefpint v exterior heefpest (ver Figura 2.2).

Las expresiones para calcular la geometria del area eficaz propuesta son las siguien-

tes:

hc,effint = hc,eff T;gt;p S Rint (22)
hc,effext = hc,eff - hqeffint
Para armado simétrico:
1
heer = == (—1,765R? + 11,343 Rz — 9,3752%) (2.3)

R4/3
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Figura 2.2: Area efectiva de hormigén traccionado. Extraido de [Carbonell Marquez et al.,
2014]

Para armado asimétrico

Peeps = W(—an? + 8,657Rx — 7,1322?) (2.4)

En las Ecuaciones 2.2 - 2.4 los valores de heff, Ry z (profundidad de la fibra

neutra) han de ser introducidos en mm.

2.1.3. Calculo de diagramas M — ¢

Los diagramas Momento-Curvatura M — ¢ se obtienen imponiendo equilibrio en la
secciéon transversal del elemento estructural en cuestién. Asumiendo la hipdtesis de las
secciones planas (toda seccién plana permanece plana tras la deformacién) y que la
deformacién del acero es la misma que la del hormigén situado en la misma fibra de
la seccién (no se produce deslizamiento de la armadura), la deformacién en cualquier

fibra de la seccién es la siguiente:

€(Y, €cg, @) = €cg + Yo (2.5)
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donde €4 es la deformacion del centro de gravedad de la seccién bruta y y es la
coordenada vertical de cada fibra respecto al centroide de la secciéon, ver Figura 2.2.
La ecuacién 2.5 se puede expresar en términos del angulo a que define la posicién de
cada fibra respecto al eje vertical y principal de inercia de la seccién (ver Figura 2.2),
para x < 2R, como:

(e, €cq, @) = €cg + ¢Rcos() (2.6)

En este trabajo las deformaciones, tensiones y fuerzas de compresion y los momentos
flectores que provocan compresién en la fibra superior de la seccién son considerados
positivos.

Definiendo el angulo e, como el angulo que localiza la fibra cuya deformacion es
igual a la de fisuracién del hormigén €, (ver Figura 2.2), el equilibrio de la seccién

transversal viene dado por las siguientes ecuaciones:

N =2 [ (Rsin(@) 2o d)da+ [ ours(@ o 0)AA+ 2 Ao (15 ee0r0)
ceff j

M = /amm R33m2(a)cos(a)ac(a, €cg> @)dax + /A Oers (s €cgs 9)yd A
0 ceff
+ Zj A@jgs(yja €cg)s ¢)yj

(2.7)

donde Ag; v y; son el area transversal y la coordenada vertical respecto al centro
del circulo de cada una de las barras que componen la armadura longitudinal. En el
equilibrio de la seccion se utilizan los modelos de tension-deformacion del hormigén no

fisurado o, (¢), fisurado o.rg (€) y del acero o (€) comentados en el apartado 2.1.1.

2.1.4. Influencia de la retraccion en el diagrama M — ¢

Debido a la asimetria del armado del pilote asimétrico se produce una restriccion
de la retraccién donde se concentra el armado, dando lugar a una curvatura adicional.
Este efecto se tiene en cuenta en el diagrama M — ¢ trasladando el propio diagrama

como proponen Gilbert y Ranzi en [Gilbert and Ranzi, 2011] (ver Figura 2.3). En la
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Y

No shrinkage before loading

§ (ED),,, iﬂ)

Ad

Figura 2.3: Efecto de la retraccién en el diagrama M — ¢ a corto plazo. Extraido de
[Gil Martin et al., 2016]

Figura 2.3 el subindice “uncr” se refiere a la seccion sin fisurar mientras que el subindice

“cr” se refiere a la seccidén totalmente fisurada.

En la Figura 2.3 se adoptaron los valores propuestos en [Gilbert and Ranzi, 2011]:

A¢ _ (z)cs,unc'rluncr*(]scs,crlcr

I’u.nc’rflc’r

AM — (¢cs,uncr — A(b)(EI)UnCT
S

(bcs,uncr = €csN Tuner

_ S
¢cs,cr - €csnl
cr

siendo:

Gesuner Curvatura inducida por la retraccion en la seccion no fisurada (para una carga
aplicada igual a 0)

¢es.er Curvatura inducida por la retraccién en la seccién fisurada (para una carga apli-

cada igual a 0)
€cs Deformacién de retraccion libre (calculada de acuerdo con [CEN, 2004])
n Coeficiente de equivalencia, definido como E;/E.

Luners I, Son los momentos de inercia respecto al centroide de la seccion homogenei-
zada compuesta por el area de hormigéon A, més el area de acero multiplicada
por n para los casos de no fisuracion y fisuracién completa, respectivamente. En
el caso de la seccién completamente fisurada solamente se considera la porcion

de hormigén comprimido.
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2.2. Campana experimental pilotes corto plazo

Se ensayaron 10 pilotes en la campana experimental de corto plazo. Todos los es-
pecimenes tenian una seccién transversal de diametro R = 400 mm y el acero empleado
fue B-500-S. Dos pilotes tenian una longitud de 3 m y los restantes 8 tenian una longi-
tud de 4 m (los 2 pilotes cortos estan identificados con -I en la tabla 2.1). La geometria

y las caracteristicas mecanicas de cada uno de los pilotes ensayados se pueden ver en
la tabla 2.1.

Tabla 2.1: Geometrical and mechanical characteristics of the tested piers

T1-1I
A2-11
Especimen T7-11 A8-I1 A6-11 A3-11 A4-11 A10-1
To.I A5-11

Armad 16016 501643010  5016+3010  7016+3012 601642010 701642012  40204+-3010

rmado
longitudinal (girado 10°) +6016 +5016

st ) 3217 mm? 1241 mm? 1241 mm? 1643 mm? 2570 mm? 26390 mm? 1492 mm?

s (mm) 48.3 41 41 41 41 41 45
M, (kN m) 142 110.3 109.5 133 129.5 145 110.3

Armado 010 010 010 010 010 010 010

transversal a a a a a a a

(cercos) 200 mm 150 mm 150 mm 150 mm 150 mm 150 mm 150 mm

34.8

fun (MPa) 319 31.2 31.2 31.2 34.8 34.8 34.7

cm 34'7 3]”2
M (kN m) 60
. hich 60 55 60 60 61 54 56

or whic

55

Oc & 074fcm 53
£, (MPa) - 582 para V16 582 para P16 582 para P16 582 para W16 582 para D16 502 para (920
Y ) 598 para ¥10 598 para @10 518 para P12 598 para P10 518 para D12 598 para D10
Recubrimiento 59
hormied 59 59 59 59 59 59 50

ormigén .

9

(mm) 50 ?
Sketch B

s; es la distancia entre los centros de las barras longitudinales, medida a lo largo de la circunferencia.

En el caso de armado tradicional se corresponde con la distancia entre las barras y en el caso de armado asimétrico a la

distancia entre las barras de mayor grosor

Todos los pilotes se ensayaron en flexién en 4 puntos hasta la rotura (ver Figura

2.5). La distancia desde el punto de aplicaciéon de cargas a los apoyos fue de 1 m en
todos los ensayos. Se midié la deflexion en centro de vano y en apoyos para detectar

posibles asientos de estos tltimos.
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Figura 2.4: Ensayos de flexiéon a 4 puntos: (a) esquema de la introduccién de cargas; (b)

especimen T1-IT durante el ensayo. Extraido de [Gil Martin et al., 2016]

Se ensayd a traccion el acero B-500-S utilizado en los ensayos para obtener la ley
tension-deformacion real y comprobar que el modelo bilineal del acero era adecuado o
no (ver Figura 2.5). Como todas las deformaciones medidas fueron menores que 0.01
se tomo el modelo bilineal como bueno. La tension de cedencia del acero empleada fue

la suministrada por el fabricante.

o, (MPa)

700
"_/0}/——_*
I
|

600

500

400

300

200 H

:% Upper strain measured in all the tested specimens

100 |

0.00 0.02

Figura 2.5: Curva tension-deformacién de las barras de didmetro 16 mm utilizadas en los
ensayos. Extraido de [Gil Martin et al., 2016]

Como se puede ver en la tabla 2.1 se ensayaron 3 pilotes simétricos, dos de ellos de
4 m de longitud (T1-IT y T7-II) y uno de 3 m (T9-I). El armado simétrico consistid
en 16 @ 16 (16 barras de didmetro 16) espaciadas uniformemente a lo largo de la

circunferencia.
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Los 7 pilotes restantes tenian armadura asimétrica. Los pilotes A2-11, A5-11, A6-1T y
A10-I tienen el armado longitudinal concentrado en una parte de la seccion, variando el
area de armado total. Los especimenes A2-I1 y A5-II son idénticos, la tnica diferencia
entre ellos fue la humedad durante el ensayo. Se construyo6 también el especimen AS8-II
idéntico a los especimenes A2-11 y A5-II pero en este caso introduciendo un giro de 10°
en el armado simulando un error de puesta en obra. Por ultimo, los especimenes A3-11
y A4-II tenian un armado asimétrico concentrado en las caras opuestas de la seccion.
Este tipo de configuracion de armado se suele utilizar en ciertas construcciones donde

pueden aparecer momentos positivos y negativos.

2.3. Resultados experimentales

En este apartado se presentan los resultados relativos a la campaina denominada de
corto plazo.

2.3.1. Deflexion en centro de vano

La deflexion en centro de vano a lo largo de todo el ensayo se midié con LVDT’s.
Ademas se colocaron 20 galgas extensométricas en las barras de acero para medir la
deformacion de éstas y comprobar que se cumple la hipotesis de las secciones planas

(ver Figura 2.6).

P=143.4 kKN P=61.2 kN P=13.4 kN

ss ‘ '
~
S Y% 100
Qs [
~, ) !
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‘ss ' L
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‘ N | e
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-0.002 -0.001 H \“ ~‘~~0.001 0.002 0.003
‘I \\ \~~
. .
‘L K ~‘~
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\ “
-100} e N
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Figura 2.6: Deformacién de la seccién transversal estimada a través de las medidas de di-
versas galgas para tres valores distintos de carga aplicada en el especimen AS8-II.
Extraido de [Gil Martin et al., 2016]

Las Figuras 2.7a-d muestran el valor de la deflexién en centro de vano registrado

durante los ensayos y los correspondientes valores estimados obtenidos mediante la
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integracion de los correspondientes diagramas momento-curvatura para cada uno de

los especimenes.

0.05

0.04

0.01

0.05

0.04}

0.03}

0.02}

0.01}
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P <Pu

ﬁ Experimental results:
U T1-II
i T7-I

A Proposed by [Carbonell-Marquez
et al., 2014] (Fig.2.2 & Eq. 2.3))

A.ir Proposed by [Wiese et al., 2004] (Fig. 2.1)

6 (m)

P <Py

A Proposed by [Carbonell-Marquez
et al.,2014] (Fig.2.2 & Eq. 2.4)
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Figura 2.7: Deflexién en centro de vano medida y calculada durante el ensayo de flexion en
4 puntos. (a) Especimenes T1-IT y T7-II; (b) Especimenes A2-I1I y A5-II; (c)
Especimen A3-IT; (d) Especimen A4-I1. Extraido de [Gil Martin et al., 2016]

La Figura 2.7a representa la deflexién en centro de vano en funcién de la carga apli-

cada en los casos de armado simétrico. Se puede comprobar que los valores estimados



20Comportamiento estructural a corto plazo del pilote con armadura asimétrica

calculados con la formulacion propuesta en este trabajo ( [Carbonell Marquez et al.,
2014]) dan lugar a unos valores més cercanos a los experimentales que los obtenidos
mediante la aplicacion de A..ss propuesta en [Wiese et al., 2004]. En esta figura tam-
bién se muestra la deflexién obtenida haciendo nulo el efecto de tension stiffening (linea
punteada). Estos resultados muestran que el aporte del tension stiffening es significante
al comienzo del ensayo, pero tiende a desaparecer al final del ensayo conforme la carga

va aumentando.

Las Figuras 2.7b-d muestran los resultados correspondientes a los especimenes
asimétricos. Todas las figuras muestran un buen ajuste entre los valores experimen-
tales y tedricos. Al igual que en el caso anterior (y parece que como comportamiento
general) la influencia del tension stiffening puede despreciarse para valores de carga P

mayores que 1/3 Py.

2.3.2. Estado de tensiones

Los valores de la tension de la barra méas traccionada durante el ensayo se ajus-
taron bastante a los valores tedricos previamente calculados (ver Figura 2.8). Todas
las lecturas de las galgas que aparecen en la Figura 2.8 se encuentran situadas en la
porcion del especimen sometida a un momento flector constante. La Figura 2.8 muestra
las tensiones calculadas considerando el drea efectiva propuesta en [Carbonell Marquez
et al., 2014] y despreciando el efecto de tension stiffening. Resulta evidente que si A,y
= 0, la tensién en el acero aumenta drasticamente cuando se alcanza el momento de
fisuracion ya que el hormigén traccionado deja de colaborar justo en ese instante. Sin
embargo, para valores de carga superiores a P,,,,/3 ambos modelos (considerando y

obviando el efecto del tension stiffening) dan lugar a resultados similares.

2.3.3. Ancho de fisura

Durante los ensayos se midié manualmente la evoluciéon de los anchos de fisura.
El ancho de grieta caracteristico (wy) se calculé utilizando la formulacién propuesta
por el Eurocédigo 2 [CEN, 2004] para el caso de carga a corto plazo. Los resultados
presentados en la Figura 2.9 muestran que el ancho de grieta calculado tiene una
tendencia similar al obtenido experimentalmente. Cabe destacar que la formulacion
propuesta por el Eurocddigo 2 sobreestima el ancho de grieta en el caso de los pilotes

asimétricos ensayados, ajustandose bien en los casos de pilotes simétricos.
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Figura 2.8: Valores experimentales y tedricos de la tensiéon de la barra mas traccionada.
(a) Especimenes T1-II y T7-II; (b) Especimenes A2-IT y A5-II. Extraido de
[Gil Martin et al., 2016]
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Figura 2.9: Ancho de grieta caracteristico obtenido aplicando el Eurocédigo 2 y anchos

de grieta medidos durante los ensayos. (a) Pilotes simétricos: especimenes T1-
I, T7-II y T9-I; (b) Pilotes asimétricos: especimenes A4-11 y A10-1. Extraido
de [Gil Martin et al., 2016]



Capitulo 3

Comportamiento estructural a
largo plazo del pilote con armadura

asimeétrica

En este capitulo se pretende estudiar el comportamiento en servicio a largo plazo
del pilote asimétrico en comparaciéon con el simétrico. Para ello se realizdé una campana
experimental a largo plazo en la cual se ensayaron dos especimenes (uno con armadura
simétrica y otro con armadura asimétrica) en flexién a cuatro puntos durante 3 meses.

La carga durante todo el tiempo de ensayo permanecié constante.

3.1. Calculo de deformaciones de elementos de hor-

migén armado

La deformacién de elementos de hormigén armado sometidos a flexion se puede
obtener a través de distintos procedimientos. Uno de ellos es la realizacién de un expe-
rimento a escala real o reducida del elemento estudiado. Es una opcién que conlleva un
mayor tiempo y coste econémico, pero en algunos casos es necesaria para la validacion
de otros métodos. Otros procedimientos estan basados en la integracién numérica de la
curvatura a lo largo de la longitud del elemento estructural en cuestion. En este trabajo
se plantean dos métodos de este tipo. El primero de ellos se basa en la obtencién de los
diagramas momento-curvatura a través de la féormula de interpolacion del Eurocodi-
go 2 [CEN, 2004]. El segundo se basa en la resolucién de las ecuaciones de equilibrio
para obtener dichos diagramas momento-curvatura. A continuacién se detallan ambos

procedimientos.

23
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3.1.1. Calculo de deformaciones de elementos de hormigén
armado a través de la interpolaciéon entre los estados

no fisurado y totalmente fisurado

En este caso se utiliza la férmula de interpolacién del Eurocddigo 2 [CEN, 2004]

entre secciones sin fisurar y totalmente fisuradas:

az£a11+(1—§)0q (31)

En la Ecuacién 3.1 « es el pardmetro de deformacién considerado (deflexion, de-
formacién o curvatura) cuando la seccién ha fisurado. A su vez o y ayy son, respecti-
vamente, los valores del parametro calculado para seccion sin fisurar y completamente
fisurada y £ es un coeficiente de distribucion que tiene en cuenta el efecto de tension

stiffening y viene dado por la siguiente expresion:

E=1- 5(05’"> (3.2)

donde oy es la tension en la armadura de traccion calculada suponiendo la seccion
fisurada y o, es la tension en la armadura de traccion calculada suponiendo la seccion
fisurada bajo las condiciones de carga que producen la primera fisura. El coeficiente 3
de la Ecuacion 3.2 tiene en cuenta la fisuracién inducida por la retracciéon y la reduccion
del tension stiffening en el tiempo [Gilbert, 2013]. El Eurocédigo 2 [CEN, 2004] propone
dos valores para 8 dependiendo de la duracién de la carga y la repeticion de la misma,
siendo § = 1 para una carga de corta duracién y § = 0.5 para cargas sostenidas o

muchos ciclos de cargas repetidas.

De acuerdo con el Eurocédigo 2, en flexién el ratio oy, /o de la Ecuacion 3.2 puede
ser cambiado por M../M, donde M., es el momento de fisuraciéon y M el maximo
momento aplicado correspondiente al tiempo en el cual se evalia la deflexion. De esta
forma, el diagrama M — ¢ (momento-curvatura) implicito en [CEN, 2004] se obtiene

reemplazando en las Ecuaciones 3.1 y 3.2 o por ¢:

2 2
o= (1-0(%F) Jow5( 57 ) e (3.3
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Al igual que en el caso de corto plazo, el diagrama M — ¢ resultante de la Ecuacion
3.3 debe de trasladarse tanto vertical como horizontalmente para tener en cuenta la

influencia de la retraccién (ver Figura 2.3).

3.1.2. Calculo de deformaciones de elementos de hormigén
armado a través de la integracion de los modelos ten-

sion-deformacion de los materiales

En este procedimiento se obtiene el diagrama M — ¢ imponiendo las ecuaciones
de equilibrio en la seccion. Para ello es necesaria la definicion de los modelos tension-
deformaciéon de los materiales involucrados (hormigén y acero). El comportamiento
medio del hormigén traccionado en una region fisurada se representa mediante un
modelo tensién-deformacion a largo plazo marcado por el efecto del tension stiffening.
Dicha formulacién no es aplicable a toda el area de hormigoén fisurado traccionado, sino
a cierta region denominada area efectiva de hormigén traccionado Ag.rr. Esta drea de
hormigén rodea a la armadura traccionada ya que el fendmeno de tension stiffening
estd relacionado con la adhrencia entre las barras de acero y el hormigén. Finalmente
se impone equilibrio en la seccién. A continuaciéon se pasa a detallar cada uno de los

pasos.

3.1.2.1. Modelos de los materiales

Al igual que en el caso de corto plazo, el modelo de tension-deformacion utilizado
para el acero es el bilineal. Se omitio el efecto del tiempo en las caracteristicas mecanicas

del acero.

El modelo del hormigén comprimido es el propuesto por el Eurocddigo 2 [CEN, 2004]
pero introduciendo el efecto del envejecimiento del hormigén, la retracciéon y la fluencia.
En general el disefio de estructuras de hormigén armado se basa en las caracteristicas
del hormigén a los 28 dias. El Eurocédigo 2 propone la siguiente expresion para el

calculo de la resistencia media a compresion del hormigén en el tiempo para 20°C:

donde t es la edad del hormigén en dias, f., es la resistencia media a compresion

a los 28 dias y f..(t) es un coeficiente que viene dado por:
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Bee(t) = exp ls (1 - 28)] (3.5)

t

donde s es un coeficiente que depende del tipo de cemento (0.25 para cementos
normales). El valor medio de la resistencia a traccién del hormigén afectado por el
tiempo es el siguiente [CEN, 2004]:

fctm(t) - <Bcc(t>>afctm (36)

donde .. (t) viene dado por la Ecuacién 3.5 y « es un coeficiente que depende de

la edad del hormigén (v = 1 para t < 28 y o« = 2/3 para t > 28).

El efecto de la fluencia se incluye tal y como se propone en [CEN, 2004], consi-

derando el médulo de elasticidad efectivo correspondiente a un tiempo t dado por:

(Bee(t))"” B

1+ o(t, to) (3.7)

Eemerr =

siendo E.,, el modulo de elasticidad del hormigén a los 28 dias, .. (t) el coeficiente
dado por la Ecuacién 3.5 y ¢(t, tg) el coeficiente de fluencia (calculado de acuerdo
con [CEN, 2004]).

3.1.2.2. Area efectiva para secciones circulares simétrica y asimétricamen-

te armadas

El area efectiva de hormigén traccionado utilizada en esta tesis es la propuesta
en [Carbonell Marquez et al., 2014] (ver Figura 2.2).

Ademas, en este trabajo se ha considerado una definiciéon maés sencilla de area
efectiva de hormigén traccionado para secciones circulares asimétricamente armadas.
Esta definicién de A..fs es similar a la propuesta por [CEN, 2004] para vigas, ya
que debido a la disposicién asimétrica del armado del pilote asimétrico éste se parece
bastante al de una viga sometida a flexién positiva. Dicha area efectiva tiene forma de

segmento circular cuya altura es:
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2,5h,
heeps = Min{ R (3.8)
(2R — z.)/3

En la ecuacién anterior hy es la distancia que define la posicién del centro de grave-
dad de la armadura traccionada y z.,. es la profundidad de la fibra neutra correspon-
diente al momento de fisuracion M., [Gil Martin et al., 2015].

Strains

Figura 3.1: Area efectiva de hormigén traccionado para secciones circulares con armado

asimétrico

En este trabajo se van a comparar distintas definiciones de A..fs: para secciones
simétricas las propuestas en [Wiese et al., 2004, Carbonell Mérquez et al., 2014] y para
secciones asimétricas las propuestas en [Carbonell Marquez et al., 2014, Gil Martin
et al., 2015].

3.1.2.3. Modelo de tension stiffening para largo plazo

Hernédndez-Montes et al. [Herndndez Montes et al., 2013a] propuso un modelo de
tension stiffening implicito en el Eurocédigo 2 (Ecuacién 3.1). La tensién media del
hormigén tras su fisuracién viene dada en funcién de la deformacién media (o.rs (€)).
Tomando como criterio de signos que las tensiones y deformaciones de traccién son
negativas, el modelo de tension stiffening propuesto en [Herndndez Montes et al., 2013a)

es el siguiente:

2
oers(€) = LRIl - J (554) + 5201410 39)
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El efecto de largo plazo se introduce en el diagrama M — ¢ a través del pardametro
B de la Ecuacién 3.7. Como se ha comentado anteriormente, el Eurocédigo 2 [CEN,
2004] propone un valor de § = 1 para cargas de corta duracién (corto plazo) y f =
0.5 para cargas sostenidas o muchos ciclos de cargas repetidas. Resulta sorprendente
que, a pesar de la complejidad de los factores involucrados en el valor de 5 [Gilbert
and Ranzi, 2011] (duracién de la carga, deformacién por retraccién y deterioro de la
adherencia entre hormigén y acero), el Eurocédigo 2 solamente proponga dos posibles

valores. Esto se discutird mas adelante.

Si no ha habido una retraccién considerable antes de la primera carga es posible
calcular la deflexion de un elemento de hormigén armado justo después de la aplicacion
de esa primera carga usando = 1 [Gilbert and Ranzi, 2011]. Sin embargo, en general la
deformacién por retraccion antes de aplicar esa primera carga es bastante considerable.
En estos casos Gilbert y Ranzi [Gilbert and Ranzi, 2011] proponen utilizar § = 0.7

para corto plazo (menos de 28 dias) y f = 0.5 para largo plazo (més de 6 meses).

El modelo tension-deformacion del hormigén traccionado descrito en la Ecuacion
3.9 es vélido en corto plazo (8 = 1). En el caso de largo plazo el valor de  introducido
en la Ecuacion 3.9 debe ser menor que 1. En la Figura 3.2a se muestra la curva carga
de traccién-deformacion de un prisma de hormigén con una barra de acero embebida
en su interior. La linea o-d (linea negra discontinua) de la Figura 3.2a se corresponde
con el modelo carga-deformacion de la barra desnuda mientras que las lineas o-a-e-c-d
y 0-a-b-c-d se corresponden con los modelos afectados por tension stiffening con g =1

y B = 0.5 respectivamente.

La interseccion teorica entre la curva correspondiente a la Ecuacion 3.9 con g =
0.5 (linea continua negra) y la linea correspondiente al estado no fisurado (tramo o-a)
se produciria para una carga menor a la carga de fisuraciéon N,.. Esto es fisicamente
imposible, ya que la deformacion para la cual aparece la primera fisuracion es €, que
se corresponde con N,.. Es por ello que en la curva correspondiente al largo plazo (3
= 0.5) se introduce el tramo a-b, que provoca una caida de la carga cuando se alcanza
N,.. Esto se refleja también en la curva tensién-deformacién del hormigén traccionado
donde aparece el tramo a-b (ver Figura 3.2b). La tensién correspondiente al punto b

de la Figura 3.2b se puede calcular utilizando la Ecuacion 3.9 con 8 = 0.5y € = €.4m.

El efecto de la fluencia se introduce en el modelo tensién-deformacion reemplazando
E.,, por el médulo eléstico efectivo Ep, .rs [Collins and Mitchell, 1991] definido en la
Ecuacién 3.7. La Figura 3.3a muestra la curva tensién-deformacién del hormigédn trac-
cionado afectado por la fluencia. El siguiente paso es la introduccion del efecto de la

deformacién por retraccion en el modelo. Esto se consigue desplazando horizontalmente
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L OcTs (Ectrn)

L ﬁftm

(a) (b)

Figura 3.2: Carga de traccién aplicada al prisma (a) y su correspondiente ley tension-

deformacién (b)

la curva tension-deformaciéon afectada por la fluencia hasta que la tension correspon-
diente a la deformaciéon de retraccion ey, (obtenida de acuerdo con la formulacion

propuesta en [CEN, 2004]) sea cero (ver Figura 3.3b).

8y €ap,e[f gctm,e[f £

- ﬂ‘tm
(a) (b)

L f;ftm

Figura 3.3: Curvas tension-deformacion del hormigén fisurado afectado por fluencia (a) y

retraccién (b)

La expresion matematica del modelo completo tensién-deformacién del hormigén

traccionado a largo plazo es la siguiente:
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0 if €< —(ey —€sn)
porle) = 4 T (o — e ST T (e — ) € € < ~(eapers — o)
crs(€) = oers(€+ €sn) if  —(eapesr — €sn) < € < —(Ectmeff — €sh)
%(6 — €n) if  —(€ctmers — €sn) < € < g

(3.10)

3.1.2.4. CAlculo de los diagramas M — ¢

El diagrama momento curvatura (M — ¢) de una determinada seccién transver-
sal correspondiente a un tiempo t se calcula a través de las ecuaciones de equilibrio.
Asumiendo que las secciones planas permanecen planas tras la deformacién (hipdtesis
de las secciones planas) y que no se produce deslizamiento de las barras de acero, la

deformacién de cualquier fibra de la seccién transversal es la siguiente:

€Y €cg: @) = €cq + PY (3.11)

donde y es la coordenada vertical de la fibra con respecto al centroide de la seccion
bruta de la seccion y €., es la deformacion que se produce en el centro de gravedad de
la seccién bruta, ver Figura 2.2. La Ecuacién 3.11 puede ser expresada en términos del
angulo 6 (angulo formado entre el eje vertical y principal de inercia de la seccién y el
radio correspondiente a la fibra donde se evalia la deformacién, ver Figura 2.2) para z
< 2R:

€(0, €cg, @) = €cg + PRcos(0) (3.12)

El angulo medido sobre el eje vertical y principal de inercia que define el area de
hormigén fisurado se denomina . (ver Figura 2.2). Este angulo se corresponde con
la fibra cuya deformacién es igual a la deformacion de fisuracion del hormigon, €qyy,.
De acuerdo con esto, el equilibrio de fuerzas en la secciéon transeversal se expresa de la

siguiente forma:
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N =2 /0 " (Rsin(0))20.,(0, eog, 6)dO+ /A 05 (0, e O)AA+S" Ap;04(ys, €0gr )
J

ceff

(3.13)

M= [ Risin®(0)cos(0)0.0, ey, )0+ || s (8. cp O)ydA+Y Aoy eq. D)
J

ceff

(3.14)

donde Ag; y y; son el area de la seccién transversal y la coordenada vertical de la
barra de acero j, respectivamente. Ademaés o., .15 v 0, son las tensiones del hormigon

sin fisurar, fisurado y del acero, respectivamente.

Los diagramas momento-curvatura se calculan conociendo el valor de la carga axial
N. En el caso de los pilotes ensayados (tanto el simétrico como el asimétrico) N = 0,
que se introduce en la Ecuacién 3.13. Aqui comienza un proceso iterativo: para un valor
de curvatura dado ¢ = ¢;, la deformacion en el centro de gravedad de la seccion €., que
causa equilibrio axial se calcula utilizando el método de la biseccién (Ecuacién 3.13).
Con los valores de ¢; y de €, conocidos, se calcula el momento M; correspondiente
utilizando la Ecuacién 3.14, obteniendo el primer punto del diagrama M — ¢. Una vez
que se conoce el diagrama M — ¢, la deflexion en centro de vano se calcula integrando

la curvatura a lo largo de la longitud del especimen.

3.2. Campana experimental

Se ensayaron dos especimenes, uno con armadura simétrica y el otro con armadura
asimétrica. Ambos especimenes tenian una longitud de 4 m y una seccién transversal
circular de diametro 400 mm. Los dos pilotes se sometieron a un ensayo de flexién en
cuatro puntos (ver Figura 3.4). Se aplic6 un momento flector constante P kN m en el

tramo centra del pilote durante tres meses (largo plazo).
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Figura 3.4: Ensayo a flexién en 4 puntos de los pilotes

Las caracteristicas geométricas de los pilotes ensayados se pueden ver en la Figura
3.5. El armado de la seccién simétrica (Figura 3.5a) estd compuesto de 16 barras de @)
16 mm (A, = 3216.99 mm?) espaciadas equidistantemente. En cambio, el armado del
pilote asimétrico (Figura 3.5b) consiste en 7 barras de () 16 mm situadas en la parte
baja de la seccién y de 3 barras de @ 12 mm (A, = 1643.06 mm?). Ambos especimenes
tienen un momento tltimo bastante similar (ver Tabla 3.1), a pesar de que se consigue

un ahorro del 50 % de acero en el caso del pilote asimétrico respecto al simétrico.

R = 200 mm
R = 200 mm ¢ =177 mm
¢ = T7 mm O = 10 mm
O = 10 mm 0, =12 mm
0 = 16 mm n, =3
n, =16 5, = 193.21 mm
s = 48.30 mm J,= 16 mm
ng,,="1T

s, = 41 mm

c+0+9/2

c+0+49,/2
(@) (b)

Figura 3.5: Geometria de los pilotes simétrico (a) y asimétrico (b)

Una vez que se construyo el armado de ambos pilotes se introdujeron en encofrados
cilindricos de cartéon dispuestos verticalmente para su hormigonado. Cuando el hor-
migén adquirié suficiente resistencia, se quitéd el encofrado y a los 28 dias se empezd
a aplicar la carga sostenida. Dicha carga se introdujo utilizando un cubo de hormigén
haciendo palanca sobre los dos puntos de aplicacién de carga en el pilote (ver Figura
3.6).
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Tabla 3.1: Descripcién de los especimenes

Pilotes Pilote
simétrico asimétrico
Armado
o 160016 7016 + 3010
longitudinal
M, (kN m) 142 133
M (kN m)“ 46.83 46.25
Armado

10 a 200 mm D10 a 150 mm
transversal (cercos)

fem (MPa) 58.05 47.15

¢ Valor medio de carga registrado durante los ensayos

II Filall ™
|

Figura 3.6: Configuracion del ensayo de largo plazo

Se utilizaron LVDT’s con una precisiéon de 0.001 mm para registrar los asientos en
centro de vano y en los apoyos (estos ultimos para ver posibles asientos de los apoyos
y asi poder corregir la lectura de centro de vano). Se utiliz6 un cemento Portland
ordinario en ambos hormigones, con un ratio agua/cemento de 0.45. La resistencia a
compresiéon media (f.,) del hormigén utilizado en la construccién de cada especimen

se determiné a través de ensayos de compresién normalizados (los valores se encuentran
en la Tabla 3.1).
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3.3. Resultados experimentales

3.3.1. Deflexion a largo plazo

La deformacion tedrica se calculé mediante la integracién de la curvatura a lo largo
del eje de cada especimen mediante diferencias finitas. La curvatura correspondiente
a cada seccion se obtuvo directamente del diagrama de momentos flectores (que es

conocido).

Los diagramas M — ¢ se calcularon mediante dos métodos distintos: usando la for-
mulacién propuesta por el Eurocodigo 2 (Ecuacién 3.3) y mediante el calculo analitico
usando los modelos tension-deformacién de los materiales y las ecuaciones de equilibrio
(Ecuaciones 3.13 y 3.14). Como modelos de los materiales se emplearon el modelo no
lineal propuesto por el EC2 para hormigén no fisurado, para el acero el modelo bilineal
y para el hormigén fisurado el definido en la Ecuaciéon 3.11. Respecto al area efectiva,
en el caso del pilote simétrico se emplearon las propuestas en [Wiese et al., 2004, Carbo-
nell Méarquez et al., 2014] y en el pilote asimétrico las propuestas en [Carbonell Marquez
et al., 2014, Gil Martin et al., 2015].

En las Figuras 3.7 y 3.8 se muestran los diagramas M — ¢ correspondientes al pilote
asimétrico para distintos tiempos (¢t = 28 y 120 dias) y distintos valores de 5 (1 y 0.5)
respectivamente. En el diagrama correspondiente a f = 0.5 (Figura 3.8) aparece un
tramo horizontal que comienza en el punto M., — ¢... Por otro lado, la consideracion

de 8 = 1 hace que dicho tramo horizontal desaparezca (3.7).

Analizando las Figuras 3.7 y 3.8 resulta evidente que los diagramas M — ¢ calcu-
lados utilizando A, ¢y propuesta en [Carbonell Marquez et al., 2014] coinciden con los
obtenidos a través de la formulacién de la Ecuacién 3.3 propuesta por en [CEN, 2004].
Sin embargo, el area efectiva definida en la Figura 3.1 da lugar a diagramas M — ¢
que no se ajustan tanto a los obtenidos a través del EC2, a pesar de su definiciéon més

simplista.

Las Figuras 3.9 y 3.10 muestran la evolucién de la deflexién en centro de vano en
el tiempo de los pilotes ensayados. Los puntos representan los valores experimentales
medidos mientras que las lineas representan los valores obtenidos a través de la inte-
gracion de la curvatura a lo largo del eje del pilote. Se consideraron dos valores del
pardmetro [3: el propuesto por el EC2 [CEN, 2004] para cargas de larga duracién (5 =
0.5) y un valor intermedio (5 = 0.7). Este tltimo valor se encuentra entre los valores
de corto y largo plazo propuestos por el EC2. La Figura 3.9 muestra que la definicion

de area efectiva de la Figura 3.1 proporciona unos resultados relativamente buenos a
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Figura 3.7: Diagrama M — ¢ del pilote asimétrico correspondiente a t = 28 diasy § =1

pesar de su simplicidad en comparacién con los obtenidos aplicando el valor de A, .s¢
propuesto en [Carbonell Marquez et al., 2014], con la que se obtienen unos resultados

muy similares a los experimentales.

Durante los ensayos se registré la humedad relativa media: H.R. = 30 % para el

pilote asimétrico y H.R. = 75 % para el simétrico.

El pilote asimétrico desarrollé una mayor deflexién debido a la curvatura adicional
producida por la retencién de la retraccion por parte del armado asimétrico. Sin em-
bargo, si se comparan las Figuras 3.9 y 3.10 se puede ver que la diferencia entre las
flechas de ambos especimenes es pequena (menos de 2 mm), més si cabe si se tiene en
cuenta que la resistencia a compresion del hormigén utilizado en el pilote asimétrico es
ligeramente menor que la resistencia del hormigén empleado en el simétrico (ver Tabla
3.1).

En la Figura 3.9 se puede observar la degradacién del fenémeno de tension stiffening
en el tiempo. Al principio del ensayo los resultados experimentales se encuentran mas
cerca de la curva tedrica correspondiente a = 0.7, pero conforme pasa el tiempo el
efecto de tension stiffening va disminuyendo, acercandose los valores experimentales a
la curva tedrica § = 0.5. Al final del ensayo los valores experimentales se sitiian por
encima de la curva 5 = 0.5, mostrando que dicha degradacién continua (el valor de /3

decrece en el tiempo).

Por el contrario, el especimen simétrico no muestra esa degradacion del efecto de

tension stiffening en el tiempo. Las deformaciones medidas se encuentran por debajo
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Figura 3.8: Diagrama M — ¢ del pilote asimétrico correspondiente a ¢t = 120 dias y 5 = 0.5

de la curva tedrica correspondiente al area eficaz propuesta en [Carbonell Méarquez
et al., 2014] con 8 = 0.7 (ver Figura 3.10). Esto es razonable ya que la influencia del
efecto de tension stiffening es mas importante en secciones de hormigén armado con
menor cantidad de acero traccionado (baja cantidad de acero traccionado en relacién
al drea de hormigén afectada). Por lo tanto el efecto de tension stiffening desaparece
rapidamente en secciones con armado asimétrico, mientras que en las secciones armadas

simétricamente ocurre lo contrario.

Por 1ltimo se ha detectado una gran diferencia entre los resultados obtenidos uti-
lizando el drea eficaz propuesta en [Wiese et al., 2004] en relacién a los obtenidos con
el area propuesta en [Carbonell Marquez et al., 2014]. Esto es debido a que en el tra-
bajo desarrollado en [Wiese et al., 2004] se ensayaron especimenes con recubrimientos
tipicos de columnas y pilares (en su caso (¢ + Qs + 0)/2R = 0.115). En las secciones
transversales utilizadas en este trabajo se utilizaron recubrimientos mayores tipicos de
pilotes: ¢ + Oy + ©)/2R = 0.237. En estos casos el area efectiva propuesta en [Wiese

et al., 2004] resulta ser mayor, dando lugar a menores deformaciones.

3.3.2. Evolucién de 3 en el tiempo

Se ha estudiado la evolucién del pardmetro S en el tiempo. El valor de 3 se ha
calculado para cada tiempo t de tal forma que la deflexién en centro de vano obtenida
a través de la integracion de los diagramas M — ¢ es igual a la obtenida experimental-

mente, ver Figura 3.11.
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Figura 3.9: Deflexiones en centro de vano estimadas (lineas continua y discontinua) y me-

didas (puntos) correspondientes al pilote asimétrico

La Figura 3.12a muestra una disminucién de S en el tiempo en el caso del pilote
asimétrico para ambas definiciones de area efectiva utilizadas. La degradacion del efecto
de tension stiffening sucede muy rapidamente ya que en 120 dias la contribucién del
hormigén traccionado se reduce considerablemente (8 = 0.25 para A..fs de la Figura

3.1y 8 =0.39 en el caso de A, s propuesta en [Carbonell Marquez et al., 2014]).

Por otra parte, la Figura 3.12b muestra que el valor de S en el caso del pilote
simétrico se mantiene practicamente constante durante todo el ensayo. Concretamente,
utilizando A, s propuesta en [Carbonell Marquez et al., 2014] los resultados muestran
que no se produce ningun tipo de degradacion de tension stiffening en el tiempo, siendo

£ = 1 durante todo el ensayo.
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medidas (puntos) correspondientes al pilote simétrico
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Capitulo 4
Pilote asimétrico y construcciéon

sostenible

4.1. Introduccidon

La preocupaciéon por el cambio climatico es algo muy extendido en la sociedad
actual. El cambio de los patrones locales y globales del clima debido en gran parte a
la influencia antrépica a través de la emision de gases invernadero y CO5 es un hecho
constatado por un gran ntmero de informes cientificos, como por ejemplo los que se
vienen realizando por parte de las Naciones Unidas (ONU) desde 1988 [WMO and
UNEP, 1990].

La Convencién Marco de las Naciones Unidas sobre el Cambio Climético establecida
en 1992 [ONU, 1992] establece una serie de medidas para estabilizar las concentraciones
de gases de efecto invernadero y asi minimizar el cambio climatico. Estos gases genera-
dos por la actividad humana son muy perjudiciales ya que su presencia en la atmosfera
contribuye al agravamiento del efecto invernadero (y por ende al cambio climatico); los

principales tipos son los siguientes:

Diéxido de carbono (COs), es con diferencia el mas importante (las demds emi-

siones son convertidas a equivalentes de COy)

Metano (CHy)

Oxido nitroso (N,0)

Halocarbonos (gases que contienen flior, cloro o bromo)

En 1997 se establece el Protocolo de Kioto [ONU, 1998] donde se especifican las
obligaciones legales para la mayoria de los paises desarrollados de reducir las emisiones

de este tipo de gases de media un 6-8 % por debajo de los niveles de 1990 en el periodo

41
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entre 2008 y 2012. Por esta razén gobiernos de todos los paises del mundo tratan
de reducir las emisiones de gases perjudiciales para el medio ambiente y favorecer la

conservacion y recuperacion de este.

La ingenieria civil no ha sido ajena a este proceso de cambio ya que se han ido intro-
duciendo paulatinamente en el sector términos como impacto ambiental, construccién
sostenible y optimizacién de recursos entre otros. A los ingenieros proyectistas se les
presenta una ardua tarea: disefiar unas infraestructuras que produzcan el menor im-
pacto posible en el medio ambiente a la vez que cumplen la funcién para la que fueron
disenadas. Dicho impacto puede ser disminuido desde varios frentes, como pueden ser
la implantacion de un procedimiento de construcciéon menos agresivo, utilizacion de

materiales reciclados o respetuosos con el medio ambiente, etc.

En la grafica de la figura 4.1 se puede ver que la mayor parte de las emisiones de COq
generadas por la ingenieria civil proviene de la producciéon de los materiales empleados
(83%), va en un segundo plano quedan las emisiones producidas durante la propia
construccion (13 %) y durante el posterior uso de la infraestructura (4 %) [Van Gor-
kum, 2010]. Este hecho hace que la optimizacién de los materiales de construccién
suponga un gran ahorro no sélo en términos econémicos, sino también en términos

medioambientales.
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Figura 4.1: Procedencia de las emisiones de CO2 en el sector de la ingenieria civil. Fuente:
[Van Gorkum, 2010]

El material de construcciéon més utilizado en la ingenieria civil es el hormigén ar-
mado debido a las ventajas que presenta frente a otros materiales: es econémico, tiene

una gran durabilidad y resistencia, gran versatilidad, permite la fabricacién in situ, etc.
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En el hormigén armado las principales fuentes de emision de gases de efecto inverna-

dero se corresponden con la produccién del cemento y del acero. Segiin la Plataforma

Tecnoldgica Espariola del Hormigén (PTEH), las emisiones de CO, relativas a la fabri-

cacion de hormigén de manera pormenorizada son las siguientes:

Hormigén f.. <25 MPa | f., >25 MPa
Cemento 0,1798 0,2572
Componentes (fabricacién) Aridos 0,00251 0,00234
Aditivos 0,00044 0,00044
Hormigén (fabricacion) Hormigén 0,00063 0,00063
Transporte (componentes y hormigén) | Transporte 0,01346 0,01346
Total (t CO,/m?) 0,19684 0,27407

Tabla 4.1: Emisiones de COy vinculadas al hormigén en t COs/m3. Fuente: Plataforma
Tecnoldgica Espanola del Hormigén [PTEH, 2010)

Transporte

3% Fabricaciéon

0.2% Aditivos
0.2%

0.6%

Aridos

Figura 4.2: Emisiones de CO4 relativas al hormigén armado

Segin datos de ArcelorMittal (la mayor compania mundial en la industria de la

produccién del acero) en 2013 se emitieron una media de 2,14 t de CO5 por tonelada

de acero fabricada. Suponiendo que la cuantia media de acero por metro ciibico de

hormigén en los elementos estructurales usuales (vigas, columnas, etc.) es de 90 kg/m?

y ajustando el valor del transporte de la tabla anterior para que incluya también al

acero, se puede obtener el grafico de la figura 4.2.
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Como se puede ver claramente en la figura 4.2, el material que méas contribuye en
las emisiones de CO5 del hormigén armado es el cemento, seguido muy de cerca del
acero. En estos dos materiales es donde se debe de concentrar el esfuerzo y optimizar

su uso para disminuir considerablemente las emisiones hacia la atmésfera.

En esta tesis se pretende minimizar las emisiones de contaminantes a la atmosfera
mediante la optimizacion de los materiales utilizados en la construccién (acero) y el
uso de materiales reciclados (escorias de aceria de horno de arco eléctrico) en pilotes de
retencion de tierras. La durabilidad de cualquier elemento estructural contribuye a su
sostenibilidad, ya que un elemento de mayor durabilidad tendra una vida ttil mayor.
Por esta razén se estudiard la durabilidad del pilote asimétrico frente a la penetracion

de cloruros.

4.2. Beneficio ambiental del pilote asimétrico debi-

do a la optimizacién del acero

4.2.1. Determinaciéon del impacto ambiental de la fabricaciéon

del acero

Como ya ha quedado patente a lo largo de todo este estudio, el uso de pilotes
asimétricos frente a los tradicionales o simétricos conlleva una reduccién del armado de
hasta un 50 %. Con el objetivo de cuantificar este ahorro energético se van a analizar
con profundidad las emisiones que se liberan hacia la atmédsfera en la produccion del
acero. Para ello se va a utilizar un Anélisis del Ciclo de Vida (ACV) [ISO/TC07, 2006b]
del acero realizado por World Steel Association en 2011 [WorldSteel, 2011].

El ACV es un método de evaluacién de los impactos medioambientales potenciales
(por ejemplo, el uso de recursos y las consecuencias ambientales de las emisiones) a lo
largo de todo el ciclo de vida de un producto desde la adquisicién de la materia prima,
pasando por la produccion, uso, tratamiento final, reciclado, hasta su disposicion final
(tipo de anélisis denominado ”de la cuna a la tumba”). Con un andlisis de este tipo
se pueden identificar las oportunidades de mejora del desempefio ambiental en las
diversas etapas de la vida del producto o ayudar en la toma de decisiones. EI ACV
no cuantifica el dano, no es una evaluacién de riesgo ya que no tiene en cuenta la
exposicion. Solamente cuantifica las emisiones, pero evidentemente el impacto de éstas

en el medio depende de cuando, donde y como se liberen en el ambiente.

El ciclo de vida del hormigén armado se divide en 4 etapas: produccion, construc-

ci6én, uso y demolicién (ver Figura 4.3). Si se quisiera realizar un anélisis global de la
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cuna a la tumba del pilote asimétrico se deberia de hacer un ACV que contuviera todas

las etapas enumeradas. El objetivo de este capitulo no es ese, sino la determinacion del

ahorro energético que se produce al utilizar el pilote asimétrico frente a uno simétrico

en un caso real. Al utilizar practicamente el mismo tipo y cantidad de hormigén se va

a apartar del analisis todo lo correspondiente a este, centrandose tinicamente el estu-

dio en la produccién del acero (que es la principal diferencia entre ambas tipologias).

Ademas, como se ha comprobado anteriormente, el grueso del consumo de energia den-

tro de la construccion se focaliza en la fabricacion de los materiales, siendo el acero

uno de los mayores generadores de emisiones a la atmosfera.

o Produccion Produccion Produccion
Aridos Cemento Aditivos
Transporte Transporte Transporte
Y
Produccion Produccion
Hormigén Acero
Transporte Transporte
Construccion
Mantenimiento
Vertedero [ Demolicion Reciclaje

PRODUCCION

CONSTRUCCION

DEMOLICION

Figura 4.3:

Ciclo de vida del hormigén armado. Adaptado de [Garcia Segura et al., 2014]
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4.2.2. ACYV de la producciéon de acero

Como se ha comentado anteriormente, para la determinacion de las emisiones perju-
diciales que se liberan durante la produccion del acero se va a utilizar un ACV realizado
por la World Steel Association [WorldSteel, 2011]. Dicha organizacién se fundé en 1967,
tiene su sede en Bélgica y su objetivo es promover el acero y su industria a los clientes,
medios de comunicacién y publico en general. Esta asociacién la conforman los mayores
productores de acero dentro de la industria mundial, ademas de diversos institutos de

investigacion relacionados con este material.

Para la realizacién del ACV del acero se obtuvieron datos de 49 lugares distintos
operados por 15 companias, incluyendo 24 altos hornos y 12 hornos de arco eléctrico.
Las empresas productoras de acero que intervienen en el estudio aglutinan el 25% de
la produccién global de acero en el mundo, demostrando la ambiciéon de dicho anélisis.
Atendiendo a su localizacion, en el estudio intervienen un gran nimero de empresas
que realizan su actividad en paises de Europa (Austria, Bélgica, Finlandia, Francia,
Alemania, Italia, Luxemburgo, Paises Bajos, Noruega, Espana, Suecia y Reino Unido)
y Asia (China, India y Japén). Finalmente se estudiaron 15 tipos de productos del
acero totalmente finalizados y dispuestos para su comercializacién, entre ellos bobinas
laminadas en caliente, acero galvanizado, acero templado, tuberias, barras para el ar-
mado de hormigén, etc. Con todo lo anterior queda comprobada la gran extension del
estudio utilizado tanto en técnicas de obtencién del acero como en productos finales y

localizacion geografica.

El objetivo es la determinacion de las emisiones producidas durante el proceso de
creacién de 1 kg de acero de un tipo determinado (todas las emisiones desde que se
obtiene la materia prima, se transporta, se modifica y se obtiene el producto final
en la puerta de la fabrica). Los productos se han englobado en 3 grandes grupos:
secciones, bobinas de acero laminado y acero galvanizado, aqui solamente se mostraran

los resultados correspondientes a las secciones de acero.

En la figura 4.4.a se puede observar la demanda de energia primaria que se requiere
para la produccién de 1 kg de acero en MJ. Esta demanda se cubre con energias
renovables y no renovables (figura 4.4.b), viendo que el 97 % se compone de energias
no renovables (la mayoria atribuidas al consumo de carbén), produciendo una mayor

cantidad de emisiones hacia la atmodsfera.

En las graficas de la Figura 4.5 se representa la cantidad de emisiones de gases de
efecto invernadero producidas para la obtencion de 1 kg de acero medidas en referencia
al diéxido de carbono. El propio diéxido de carbono supone poco mas del 90 % del total.

El metano producido proviene en su mayor parte del carbén que se quema durante el
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Figura 4.4: Demanda de energia primaria en MJ (a) y origen de ésta (b) correspondiente a
la produccién de 1 kg de acero. Fuente: [WorldSteel, 2011]

proceso y durante la obtencion del coque. En la categoria otros de la figura 4.5 se

incluyen el 6xido nitroso, hexafluoruro de azufre e hidrocarburos.

Como indica la Figura 4.5, en la obtencion de 1 kg de acero se emiten a la atmésfera
1.2 kg de CO4 equivalentes. Tomando como ejemplo los pilotes de la campana de largo
plazo (ver Figura 3.5), el pilote simétrico tiene 101 kg de acero (que se corresponde
con una emisién de 121.2 kg de CO4 equivalentes) y el asimétrico 54.8 kg (65.8 kg de
CO; equivalentes). Por lo tanto, en la construccion del pilote asimétrico de la campana
experimental de largo plazo se han emitido a la atmosfera 55.4 kg de CO4 equivalentes
menos en comparacion con el pilote simétrico. Si se tiene en cuenta que en la cons-
truccién de pantallas de pilotes el niimero de estos es muy alto, la reduccién de las

emisiones a la atmoésfera puede llegar a ser significativa.

4.3. Hormigén con escorias de aceria de horno de

arco eléctrico

La industria del hormigén es responsable de una huella ecologica importante en
nuestro planeta [Meyer, 2009]. Dicha huella puede aumentar en los préximos anos de-

bido al crecimiento de los paises en desarrollo, incrementandose el consumo de materias
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Figura 4.5: Emisiones que aumentan el calentamiento global en kg de CO9 equivalentes (a)
y su distribucién segin su composicién (b) correspondiente a la produccién de
1 kg de acero. Fuente: [WorldSteel, 2011]

primas (cemento Portland, agua y &ridos naturales). El cemento es el material utili-
zado en la produccién de hormigén armado que mds emisiones genera (55 % del total,
ver Figura 4.2). Por otra parte, las emisiones relativas a la producciéon de los &ridos
son practicamente despreciables comparadas con las anteriores (0.6 % del total, ver
Figura 4.2). No obstante, no se deberia de obviar este material a la hora de reducir el
impacto ambiental de pantallas de pilotes. La extraccion de aridos de canteras genera
un impacto visual negativo en el paisaje. Ademas, la utilizacion de un arido de mayor
calidad puede hacer que se reduzca la cantidad de cemento necesaria en la dosificacion

del hormigén.

El uso de hormigén con aridos reciclados es una de las opciones que se pueden to-
mar a la hora de reducir el impacto ambiental de la industria del hormigén. Numerosas
publicaciones han analizado la influencia de la total o parcial sustituciéon de aridos na-
turales por reciclados en las caracteristicas mecanicas del hormigén [Etxeberria et al.,
2007, Xiao et al., 2005, Corinaldesi, 2010]. En general, la total sustitucién de aridos na-
turales por reciclados conlleva una reduccion del 20-25 % de la resistencia a compresion

a los 28 dias en comparaciéon con un hormigoén tradicional. Un incremento del contenido
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de cemento podria igualar la resistencia a compresion del hormigén reciclado con la
del tradicional, pero no es una solucién efectiva desde los puntos de vista econdémico
y ambiental [Etxeberria et al., 2007, Xiao et al., 2005, Corinaldesi, 2010, Marinkovic
et al., 2010]. Ademads, cuando el grado de sustitucién de arido natural por reciclado es
del 100 % el médulo elastico puede tener una reduccion de hasta un 45 % [Xiao et al.,
2005], y la durabilidad del hormigén reciclado disminuye debido a la mayor porosidad

de los aridos reciclados [Thomas et al., 2013].

En resumen, se podria decir que una sustitucion total del arido natural por el re-
ciclado da lugar a hormigones con una baja-media resistencia a compresion (20-40
MPa [Etxeberria et al., 2007]). Diversos estudios acerca del uso de aridos reciclados
en hormigones de altas prestaciones [Limbachiya et al., 2000, Ajdukiewicz and Kliszc-
zewicz, 2002, Papayianni and Anastasiou, 2010b] indican que un gran porcentaje de
sustitucién (mayor del 30 %) afecta significativamente a la resistencia a compresién y
a la densidad del hormigén. Al aumentar el contenido de aridos reciclados aumenta la
absorcion de agua y la deformacion por retraccion y fluencia, manteniendo constantes
las deméas magnitudes. Sin embargo, la procedencia del arido reciclado tiene una gran
influencia en las caracteristicas del hormigén resultante [Ajdukiewicz and Kliszczewicz,
2002].

En este trabajo se va a estudiar el uso de aridos reciclados provenientes de la
industria metaltargica. En estudios previos se ha comprobado la factibilidad del uso
de escorias de aceria de horno de arco eléctrico como sustituto de aridos naturales
[Pellegrino et al., 2013, Pellegrino and Faleschini, 2014]. Ademaés estas escorias producen
un efecto beneficioso en el hormigén frente a ambientes agresivos [Pellegrino and Gaddo,
2009] y generan unas menores emisiones hacia la atmosfera comparadas con los aridos
naturales [Faleschini et al., 2014].

4.3.1. Materiales y dosificaciones

Las escorias de aceria de horno de arco eléctrico (de aqui en adelante escorias) son
un subproducto de la produccion de acero en plantas de hornos de arco eléctrico. Di-
chas plantas suponen un 40 % de la produccién mundial de acero, generando mas de
10 millones de toneladas de este tipo de escorias cada ano en Europa [Euroslag, 2012].
Las escorias utilizadas en este trabajo provienen de una fabrica de acero situada en el
noroeste de Italia. Estas escorias presentan un color oscuro (casi negro) con una forma
angulosa (ver Figura 4.6). Este tipo de escorias tiene una baja capacidad de absorcién
de agua, una gran densidad y una baja porosidad (ver Tabla 4.2). Se encuentran for-
madas por un 75 % de 6xidos de acero, calcio y silicio més unas menores cantidades

de aluminio, magnesio y manganeso [Pellegrino et al., 2013]. Se realizé un proceso de
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estabilizacién de las escorias frescas para limitar el fenémeno de expansion asociado a
la hidratacion del calcio libre y de los 6xidos de magnesio. Este proceso consistié en
una exposicion de las galgas a condiciones ambientales y un humedecimiento regular

mediante spray durante 90 dias [Manso et al., 2006].

Escorias 8-16 mm  Aridos Naturales 4-16 mm
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Figura 4.6: Aspecto de las escorias de aceria de horno de arco eléctrico comparado con el

de los aridos naturales utilizados

Tabla 4.2: Caracteristicas fisicas de los aridos utilizados

Escorias | Arena natural | Grava natural
Tamano (mm) 4-16 0-4 4-16
Densidad aparente (kg/m?) 3854 2704 2700
Absorcion 0.95 1.18 1.04
Forma Angulosa | Redondeada Redondeada
Coeficiente de desgaste Los Angeles (%) <20 - 18

Los aridos naturales utilizados en este trabajo son siliceos y tienen una forma re-

dondeada (ver Figura 4.6). Se utilizaron dos tamanos distintos: 0-4 mm (arena) y 4-16
mm (gravilla). Las principales caracteristicas fisicas de los aridos naturales se encuen-
tran en la Tabla 4.2. Para la fabricacion del hormigén se utilizé un cemento Portland
CEM I 52.5 R. También se utiliz6 aditivo fluidificante para que el hormigén resultante

tuviera una consistencia 54 tal y como se define en [EN206-1, 2006].

Se realizaron 9 mezclas de hormigén, variando el contenido de cemento, la relacién

agua/cemento y el tipo de drido. Tres de los hormigones contenian tinicamente &ridos



4.3 Hormigén con escorias de aceria de horno de arco eléctrico 51

naturales (denominados hormigones convencionales) y seis contenian escorias (deno-
minados hormigones reciclados). En ambos tipos de hormigones la arena utilizada es
natural, la diferencia es que en los reciclados la totalidad de la grava natural se re-
emplaza por escorias. Los detalles de las mezclas se pueden ver en la Tabla 4.3. La
cantidad de fluidificante estd expresada en % del peso de cemento. La primera letra de
cada mezcla indica el tipo de hormigén (C: convencional, R: reciclado). Se utiliz6 la
curva de Bolomey para definir las dosificaciones, incrementando ligeramente el conte-
nido de arena en los hormigones reciclados debido a la diferente forma de los aridos.
Ademas se incrementé el contenido en fluidificante del hormigén reciclado con el obje-
tivo de conseguir la trabajabilidad requerida (4+0.2 % de media respecto al hormigén
convencional). Tras la realizacion de la mezcla se hormigonaron las distintas probe-
tas, compactandose adecuadamente. Pasadas las primeras 24 horas se desmoldaron y
se curaron las probetas en condiciones estandar de temperatura (20°) y de humedad
(humedad relativa >95%).

Tabla 4.3: Dosificaciones relativas a 1 m3 de hormigén

oo Agua | Cemento | Arena Nat. | Grava Nat. | Escorias | Fluidif.
(kg) | (kg) (kg) (kg) (kg) (%)
Hormigones Convencionales
C400-0.4 | 04 | 160 400 836 1020 - 1.2
C400-0.45 | 0.45 | 180 400 812 992 - 1.0
C400-0.5 | 0.5 | 200 400 789 963 - 0.8
Hormigones Reciclados
R400-0.4 | 0.4 | 160 400 1020 - 1190 1.45
R400-0.45 | 0.45 | 180 400 994 - 1148 1.2
R400-0.5 | 0.5 | 200 400 965 - 1115 1.0
R350-0.4 | 0.4 | 140 350 1067 - 1245 1.2
R350-0.45 | 0.45 | 157.5 350 1029 - 1200 1.0
R350-0.5 | 0.5 | 175 350 1014 - 1171 0.8
4.3.2. Ensayos mecanicos

Se obtuvieron probetas cubicas de 150 mm de lado para evaluar la resistencia a
compresion (fum.cupe) ¥ probetas cilindricas de diametro 100 mm y altura 200 mm para
medir la resistencia a traccion indirecta y el modulo de elasticidad para cada uno
de los hormigones estudiados. Se realizaron 3 ensayos de compresién simple a los 28

dias siguiendo las recomendaciones de la normativa europea [EN12390-4, 2000]. La
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resistencia a traccién (fu,,) se evalud a través de ensayos de traccién indirecta segin
la normativa europea [EN12390-6, 2009]. Por tltimo, el mddulo de elasticidad (E.,)
se calcul6 de acuerdo con la normativa europea [EN12390-13, 2013]. Los resultados de

todos estos ensayos se pueden ver en la Tabla 4.4.

Tabla 4.4: Caracteristicas mecdnicas de los hormigones estudiados (valor medio + desvia-

cién estandar)

Hormigén fresco Hormigén endurecido
Densidad | Asiento | Densidad Jem, cube fetm E..,
(kg/m3) | (mm) | (kg/m®) | (MPa) | (MPa) | (GPa)
Hormigones Convencionales
C400-0.4 2447 21 2466 56.39+0.77 | 3.75+£0.65 | 40.01+0.12
(C400-0.45 2388 18 2369 42.86+1.67 | 3.4740.84 | 31.55+0.81
(C400-0.5 2394 21 2394 40.55+4.75 | 3.49+0.67 | 33.9540.68
Hormigones Reciclados

R400-0.4 2835 17 2833 76.43£2.12 | 5.65£0.58 | 49.5£0.82
R400-0.45 2795 21 2850 63.07£0.94 | 4.9840.36 | 48.42+0.48
R400-0.5 2751 21 2733 55.894+0.46 | 3.99£0.5 | 45.31£1.84
R350-0.4 2846 17 2854 73.44+1.83 | 4.91£0.68 | 49.29+1.02
R350-0.45 2758 18 2765 60.16+£3.03 | 4.814+0.79 | 48.42+1.18
R350-0.5 2751 21 2767 58.68+£2.09 | 4.564+0.24 | 47.81+2.1

Al igual que en anteriores trabajos el uso de este tipo de escorias hace que la traba-
jabilidad del hormigén se reduzca [Pellegrino and Gaddo, 2009], a pesar del aumento
del contenido de fluidificante en los hormigones R400 y del ligero aumento del contenido
de arena debido a la forma de las escorias. Sin embargo, con una dosificacién correcta
de fluidificante el hormigén reciclado resultante puede adquirir una consistencia S4.
Los hormigones con escorias presentan una mayor densidad que los convencionales, a

destacar las mezclas con menores relaciones agua/cemento.

Los hormigones reciclados presentaron una mayor resistencia a compresion en com-
paracién con los convencionales. Este aumento varia entre un 35-45 % dependiendo de
la mezcla en cuestion. La resistencia a traccion también aumenta cuando se sustituye
completamente la grava natural por escorias. Esto es debido a la angulosidad de las
particulas de las escorias y a su mayor porosidad, mejorando la unién con la pasta
cementicia. Por ultimo el médulo de elasticidad también aumenta en el caso de los hor-
migones reciclados debido a la mayor resistencia y densidad de las escorias en relacion

a los aridos naturales.
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Es importante destacar que no se apreciaron diferencias significativas entre los hor-
migones reciclados R400 y R350 con idéntica relacién a/c en términos de resistencia a
compresién y médulo de elasticidad, teniendo en cuenta que el dltimo tiene 50kg/m? de
cemento menos que el primero. Es probable que la reduccién de la cantidad de cemento
se equilibré con el incremento de contenido de escorias y con la reduccion del contenido
de agua por metro cubico. Por otra parte, el contenido de cemento mostré una mayor
influencia en la resistencia a traccién para valores bajos de a/c, siendo los valores del
hormigén R400-0.4 bastante superiores a los de R350-0.4.

4.3.3. Durabilidad frente a penetracion de cloruros: coeficien-

te de difusion

La corrosion de las armaduras debido a la penetracion de cloruros en el hormigon
es una de las mayores causas de deterioro de estructuras de hormigén armado. Una
correcta prediccion del ingreso de cloruros en estas estructuras resulta ser fundamental
a la hora de tomar ciertas decisiones acerca de su reparaciéon y mantenimiento. Los
mecanismos de penetracion de cloruros en el hormigén son complejos, ademas de que
pueden estar combinados entre si [Nilsson et al., 1996]. Sin embargo, la difusién es

considerada uno de los principales mecanismos de transporte.

El coeficiente de difusion D es un parametro representativo de la durabilidad del
hormigén utilizado en la prediccion de la vida 1til de estructuras de hormigén armado
[Baroghel Bouny et al., 2002]. En la literatura se pueden encontrar diversos métodos
para calcular el coeficiente de difusién [Castellote et al., 2001, Luping and Nilsson,
1993]. La mayoria de los modelos de difusién utilizados en el campo de la ingenieria
civil estdn basados en la segunda ley de Fick [Castellote et al., 2001, Andrade et al.,
2000]. Aunque esta formulacién realiza simplificaciones cuestionables (por ejemplo que
el hormigén es un material homogéneo, estable y no reactivo [Luping and Gulikers,
2007]), es ampliamente utilizada debido a su gran aplicabilidad y simplicidad. En esta
tesis se determind el coeficiente de difusion de cloruros en los hormigones C400-0.45,
C400-0.5, R400-0.45 y R400-0.5 (ver Tabla 4.3).

4.3.3.1. Procedimiento de ensayo de difusiéon de cloruros

El coeficiente de difusion de cloruros se determiné para cada uno de los hormigones
enumerados anteriormente mediante ensayos no estacionarios. Se realizaron doce pro-
betas cilindricas (tres por cada hormigén estudiado) de altura 200 mm y didmetro 100
mm. Se siguieron las recomendaciones propuestas por la normativa NT Build 443 [NT-

Build443, 1995] hasta la determinacién de la penetracion de los cloruros en el hormigén.
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Para la determinacién del coeficiente de difusion se utilizé la normativa [NTBuild492,
1999]. Antes del ensayo de difusion, los especimenes deben de tener un tiempo de curado
superior a los 28 dias (en este caso se opt6 por 90 dias para reducir posibles hidrata-
ciones posteriores [He et al., 2012]). Tras el curado, los especimenes se partieron por
la mitad perpendicularmente al eje del cilindro, obteniendo dos especimenes de altura
100 mm aproximadamente. Posteriormente los especimenes se introdujeron durante 24
horas en una solucién saturada de Ca(OH)y a 23° [Baroghel-Bouny et al., 2007] hasta
que los cambios en la masa de la probeta fueron menores que el 0.1 % para minimizar la
lixiviacién durante los ensayos de difusiéon. Una vez hecho esto, se cubri6 la superficie
de todas las probetas con silicona excepto la cara de corte que estara en contacto con
la solucién de NaCl. Finalmente las probetas se sumergieron en una solucion de NaCl
(ver Figura 4.7) con una concentracién de 165 +1 g NaCl por dm?® a una temperatura
entre 21° y 25° [NTBuild443, 1995].

Figura 4.7: Probetas de hormigén sumergidas en la solucién NaCl

Se eligieron tres tiempos de exposicion a la solucion NaCl: 28, 60 y 90 dias. Una vez
transcurrido el tiempo de exposicion requerido, dos probetas de cada tipo de hormigén
se partieron en dos de forma perpendicular a la superficie expuesta. Se pulverizé una
solucién 0.1 M AgNOj [He et al., 2012, Baroghel-Bouny et al., 2007] sobre las probetas
partidas. En general la zona afectada por cloruros adopta un color claro (gris claro o
blanco) con respecto a la zona libre de cloruros, que adopta un color més oscuro (gris

oscuro o negro). Dichos colores pueden variar en funcién del contenido de cloruros o de
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las caracteristicas de la mezcla. En el caso de hormigones con escorias no se encuentra
en la literatura ninguna referencia al respecto. En cualquier caso, la zona libre de
cloruros adoptara un color mas oscuro que la zona afectada por cloruros. Una vez que
es visible el limite entre ambas zonas se mide la profundidad media de penetracion de
los cloruros z4 para el tiempo ¢ en cuestion midiendo la distancia entre la superficie
expuesta y el limite entre ambas zonas. El valor de z; es la media de 5-7 medidas
tomadas a intervalos de 10 mm, ninguna de ellas tomada a menos de 1 cm del borde
para evitar efectos de borde [NTBuild492, 1999].

4.3.3.2. Formulacion de la difusién de cloruros en hormigén

La difusiéon de cloruros en el hormigon sigue la segunda ley de Fick, cuya expresion

general es la siguiente:

Oc(w,t) D D?c(x,t)
o Oz?

(4.1)

donde ¢ es el tiempo de exposicion, ¢(z,t) es la concentracion de cloruros a una pro-
fundidad z tras un tiempo t y D es el coeficiente de difusion. Se adoptan las siguientes
suposiciones: (1) difusiéon unidimensional en un semiespacio; (2) hormigén homogéneo;
(3) concentracion de cloruros constante en la superficie de exposicién; (4) coeficiente
de difusiéon constante en el tiempo y en el espacio. Teniendo en cuenta todas estas

suposiciones, la Ecuacién 4.1 queda de la siguiente forma:

c(x,t) — ;= (cs — &) [1 —erf (as)] (4.2)
2,/ Dgppt

donde ¢; es la concentraciéon inicial de cloruros en el hormigén para t=0, ¢, es la
concentracion de cloruros en la superficie de exposicion, erf denota la funciéon error y
Dy, es el coeficiente de difusion aparente. El coeficiente de difusion aparente se obtiene
de ensayos no estacionarios y tiene en cuenta implicitamente la uniéon de los cloruros
con las distintas fases del cemento [Spiesz and Brouwers, 2013]. D,,, se puede calcular
a través de la medicién de la profundidad de penetracién media de los cloruros zy para

un tiempo t utilizando la Ecuacion 4.3, que se deriva de la Ecuacién 4.2 cuando ¢; =
0:

Tq=2erf ! (1 — cd) Dyt (4.3)

Cs
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donde ¢4 es la concentracion de cloruros en el limite entre las zonas de distinto
color (profundidad z;) y erf ! es la inversa de la funcién error. El valor de ¢; segin
[NTBuild492, 1999] es 0.07 N, y ¢; adopta el valor de la concentracion de la solucién
en la que se sumergen los especimenes. Se midieron 4 valores de z; en 3 tiempos de
exposicién distintos para cada hormigén (28, 60 y 90 dias).

4.3.3.3. Resultados ensayos difusiéon cloruros

Transcurridos 15 minutos tras la pulverizacion de la solucion 0.1 M AgNOj el limite
que separa las zonas afectada y no afectada por cloruros es claramente visible. En
ambos tipos de hormigones la zona libre de cloruros adopté un tono de marrén oscuro
(ligeramente més oscuro en el caso de hormigones con escorias). Por otro lado, la zona
afectada por cloruros adopt6 un color gris violaceo en hormigones con escorias y morado

en hormigones convencionales (ver Figura 4.8).

Mix ID: SLAG 400
i w/c ratio: 0,45 ul
i Amount SP: 12
Test Name: Chloride depth
Test Date: 13-04-15
(a)
e — — I
@ Mix ID: TRAD 400 3
. 8w/c ratio: 0,5 2
“f1Amount SP: 0,8
_MTest Name: Chloride depth 1 '
‘JiTest Date: 12-03-15
(b)

Figura 4.8: Hormigén convencional (a) y con escorias (b) tras pulverizacién de solucién
AgNO3

El coeficiente de difusion aparente se calculé utilizando la ecuacion 4.3 junto con las
medidas de profundidad de penetracién de cloruros obtenidas en la campana experi-

mental. Estas mediciones de z; se llevaron a cabo a través de dos formas: manualmente
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con un calibre como se indica en [NTBuild492, 1999] y utilizando un software de edicién

de imagenes. Los valores de los coeficientes de difusién calculados se encuentran en la
Tabla 4.5.

Tabla 4.5: Coeficiente de difusién aparente Dy, para cada tipo de hormigén ensayado

D,y (mm?/ano)
(C400-0.45 45.0
C400-0.5 59.1
R400-0.45 40.4
R400-0.5 50.1

Como se puede ver en la Tabla 4.5 los hormigones con escorias tienen un menor
D,pp que los hormigones convencionales (a igual a/c). Esto significa que la durabilidad
de hormigones con escorias en ambientes expuestos a cloruros es mayor que en el caso
de hormigones convencionales. Como era de esperar, los hormigones con menor relacién
a/c presentaron un menor valor de D,,,. Los resultados de esta campana experimental
estdn en consonancia con los resultados presentados en [Baroghel Bouny et al., 2002],
donde se ensayaron un gran nimero de hormigones convencionales de altas prestaciones
utilizando diversos métodos, entre ellos el colorimétrico. Lo valores de D,,, obtenidos
para hormigones convencionales variaron entre 2.1-107'2 y 9.3-1072 m?/s (66.2 - 293.3
mm?/afio) y para hormigones convencionales de altas prestaciones entre 0.43-107'2 y
2:107"? m?/s (13.6 - 63.1 mm?/afio). Estos valores estdn en el rango de los valores

obtenidos para hormigones con escorias.






Capitulo 5

Conclusiones / Conclusions

CONCLUSIONES

De acuerdo con los objetivos planteados en el Capitulo 1 y atendiendo a los resul-

tados obtenidos se puede concluir:

1. Las normativas actuales de disefio de estructuras de hormigén armado estan
orientadas hacia secciones rectangulares y en forma de T, existiendo un vacio en
el tratamiento de secciones circulares. En este contexto, las normativas actuales
no ofrecen ningun tipo de definiciéon de area efectiva de hormigén para considerar
el efecto de tension stiffening en secciones circulares. En este trabajo se define
un area efectiva de hormigén traccionado para secciones circulares simétrica o
asimétricamente armadas. La definicién de dicha area eficaz se dedujo imponiendo
que los diagramas momento-curvatura obtenidos fuesen idénticos a los obtenidos

mediante la formula de interpolacion del Eurocodigo 2.

2. En la campana experimental de pilotes a corto plazo se demostré que el area
efectiva para secciones circulares propuesta en esta tesis da unos valores de flecha
en centro de vano y de maxima tension de traccion muy similares a los obtenidos
experimentalmente. Ademas se comprobd que existen ciertas discrepancias entre
el ancho de grieta caracteristico propuesto por el Eurocédigo 2 y el medido en el

caso de los pilotes asimétricos.

3. La deflexién en centro de vano del pilote asimétrico fue superior a la del pilote
simétrico en la campana experimental de largo plazo. Esto es debido a la restric-
cion de la retraccion por parte del armado asimétrico, causando una curvatura

adicional.

4. El deterioro del efecto de tension-stiffening en el caso del pilote asimétrico fue

mayor que en el del simétrico. De hecho, dicho efecto tiende a desaparecer en

29
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el tiempo en el pilote asimétrico, mientras que en el simétrico se observdé un

comportamiento constante en el tiempo.

5. Los valores del pardmetro 8 que contiene el efecto de la duracion de la carga
propuestos en el Eurocédigo 2 deben de ser reconsiderados. El Eurocodigo 2
solamente propone dos valores (1 y 0.5) que resultan insuficientes dada la alta
complejidad de los factores englobados en el parametro 3. La consideracién de
= (.5 da lugar a unos valores que se alejan de los obtenidos experimentalmente en
esta tesis. Se realizo un ajuste de (3 en el tiempo, obteniéndose un valor constante
de = 1 en el caso del pilote simétrico ensayado. En el caso del pilote asimétrico
[ decrece en el tiempo, alcanzando un valor minimo de 0.2 a 100 dias. Resulta
necesario la realizaciéon de un mayor nimero de ensayos a largo plazo para obtener

unos valores mas especificos y generales de § en el tiempo.

6. El reemplazo total de aridos gruesos naturales por escorias de aceria de horno
de arco eléctrico mejora las caracteristicas mecanicas del hormigén, como son la
resistencia a compresion, la resistencia a traccion y el modulo eldstico. Ademas se
consiguié un hormigén de altas prestaciones manteniendo un ratio agua/cemento

relativamente alto (mayor de 0.4) sin usar ningtn tipo de aditivo.

7. Los métodos colorimétricos basados en soluciones de AgNOgs han resultado ser
aplicables en hormigones con escorias de aceria de horno de arco eléctrico. El
uso de este tipo de escorias mejora la durabilidad del hormigén en ambientes

expuestos a cloruros, reduciendo el coeficiente de difusion.

CONCLUSIONS

1. Current codes of design of RC structures are oriented to rectangular and T-type
cross section types and there is a clear lack of treatment of circular cross sec-
tions. In this context, the effective area of concrete in tension, A..¢r, has been
studied for rectangular or T-type sections to consider the tension stiffening ef-
fect, and codes of design, i.e., Eurocode 2 or CEB-fib Model Code 2010, suggest
standard values for this effective area to be taken into account in the serviceabi-
lity computations of reinforced concrete structures. However, no treatment for
circular sections is found. A model to represent the evolution of the effective area
in tension as cross sectional strain changes has been introduced. General expres-
sions for the evolution of A..ss as a function of the neutral fiber depth of the
section has been presented in this work for circular sections. These expressions

have been deduced by obtaining the necessary values of A..ss in order to get
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the same ¢ — M relationship than the one given by the interpolation equation

suggested by Eurocode 2.

. An experimental campaign of circular RC cross-sections piles, symmetrically and
non-symmetrically reinforced in short term loading has been presented. The ef-
fect of the tension stiffening area has been quantified by the comparison of the
experimental results with the calculated results. It has been shown that the ten-
sion stiffening area proposed by Carbonell-Marquez et al. [Carbonell Marquez
et al., 2014] leads to results of the deflection at midspan and the maximum ten-
sile stress in reinforcement very close to the actual response of the structural
element. Some discrepancies exist between the characteristic crack widths propo-
sed by EC2 [CEN, 2004] and the measured values for the case of non-symmetrical

reinforcement.

. In the long-term experimental campaign the evolution over time of the deflec-
tion at midspan, under constant load, shows higher values in the asymmetrically
reinforced pile in comparison with the symmetrically reinforced pile. The reason
for these higher values of deflection is found in the different restrain to shrinka-
ge provided by the bonded reinforcement that causes an additional curvature in

asymmetrically reinforced concrete piles.

. It has been also observed how the tension stiffening effect was different for the
asymmetrically and the symmetrically reinforced piles. In the first case, tension
stiffening tends to disappear with time due to degradation of the effective area of
concrete in tension. This effect seems not to appear in the case of symmetrically

reinforced concrete piles, in which tension stiffening effect was sustained in time.

. When computing deflections with the approach given by EC2 and using the
parameter [ to take into account duration of loading, the results would be close
to the experimental ones if that parameter is decreased with time in the case of
NSRCS and taken constant and equal to 1 in the case SRCS, instead of taking
= 0.5 as EC2 suggests, likely deduced for square sections.

An adjustment to get proper values for § has been carried out employing the two
different exposed models for A..;r. For SRCS 8 = 1 can be adopted over time
whereas that for NSRCS b decreases gradually over time, reaching a minimum
value equal to 0.2 at 100 days. The adjustment has been used with the EC2
approach to compute analytical values for deflection and very good results have

been obtained.
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6. Total replacement of coarse aggregate with EAF slag improves concretes me-
chanical properties, including compressive, tensile strength and elastic modulus.
Accordingly, in this work, the production of HPC with EAF slag was possible,
maintaining relatively high w/c ratios (higher than 0.4), and without using mi-

neral additions, commonly used to achieve high strength.

7. Colorimetric methods based on AgNOj3 solutions can be used for the determina-
tion of chloride ingress into EAF concrete; the dark color of the latter does not
preclude the clear visual determination of chloride-free and -affected zones. The
use of EAF slag improves concrete durability in chloride-exposed environment,

leading to a reduction of the diffusion coefficient.
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ABSTRACT

The asymmetric arrangement of reinforcement in concrete pile members employed
as retaining earth systems has recently been introduced. The study of the behavior of
those members under service loads requires the study of tension stiffening in circular
cross sections under flexure. In order to apply tension stiffening, an effective area of
concrete in tension is to be defined. General expressions to evaluate the effective area
of concrete in tension are given and tested in full scale experiments of members with

circular cross sections symmetrically and asymmetrically reinforced.
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A.1. Introduction

Traditionally, the reinforcement layout employed in the cross section of circular con-
crete members has been symmetric, even if the direction of loading had a clear direction,
as in the case of pile walls built to retain earth in excavations. Recent works of the TEP-
190 research group at the University of Granada [Gil Martin et al., 2010, Gil Martin
et al., 2011, Herndndez Montes et al., 2013b] have presented the strength design of
asymmetrically reinforced concrete (RC) members with a circular cross section under
flexure (Fig. A.1). However, the behavior in service, i.e., cracking and deformation, of
that type of member is still being studied.

Figura A.1: Asymmetrical reinforcement for wall pile at construction site

When studying the short term deformation under flexure of RC members, it is
essential to know the relationship between curvature and bending moment, M-¢, for
any particular cross section of the member. Once the M-¢ relationship is obtained, the
deformation of the entire member is computed by integrating the resulting curvature

¢ from the bending moment distribution along the length of the member.

To compute the full M-¢ relationship of a RC cross section - for constant values
of the axial force - the strain distribution which causes axial equilibrium has to be
found for a particular value of the curvature, ¢; employing that strain distribution, the
value of the bending moment M can be computed by integration of the corresponding
normal stress distribution. In order to do this, firstly the stress-strain distributions for

the materials composing the section - concrete and steel - have to be known.

Eurocode 2 (EC2) [CEN, 2004] or, equivalently, CEB-fib Model Code 2010
(MC2010) [FIB, 2012] propose concrete and steel stress-strain relationships but do
not provide an explicit expression to model the tension stiffening behavior of RC of
type o.rs = oers(€) , that is, the average tensile behavior of the member after cracking.
Instead of that, those codes contain an expression to evaluate the strain, curvature, or

deflection which takes tension stiffening into account by interpolating the computed
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parameter between its corresponding values to the uncracked and fully cracked states

of the section:

a = (ay+ (1 —C)ay (A1)

In Eq.A.1 « is the strain, curvature, or deflection after the section has cracked; a;
and ay are the values of o computed for the uncracked and fully cracked conditions
respectively; ( is an interpolation coefficient that takes the effect of tension stiffening
into account - described below - and 3 is a parameter that accounts for the duration

of load and its repeatability. As short term processes are considered within this work,

B =1.0.

In spite of what has been mentioned above, Hernandez-Montes et al.
[Hernédndez Montes et al., 2013a] deduced a o.rg(€) relationship from the tension stif-
fening model included in “CEB Design Manual on Cracking and Deformations” [CEB,
1985]. This is the same interpolation expression given in EC2 and MC2010:

ers(€) = —gESe + J (gESe) + 201+ np) (A.2)

where p is the reinforcement ratio, n = E;/E,, Es and E, are the elastic modulus of
steel and concrete, respectively, and fe, is the tensile strength of concrete. Neverthe-
less, this o.rs(€) tension stiffening expression has to be applied to a particular portion
of the cross section under tensile stress; since tension stiffening is due to a bond bet-
ween concrete and reinforcement, it seems reasonable to apply the tension stiffening
stress-strain relationship to a specific zone of the cross section around the reinforcing
steel, that is, to an effective area of concrete in tension, A..ss. In fact, Bentz [Bentz,
2000] suggests that average tension in the concrete will reduce to zero as the distance
away from the bar reaches about half the crack spacing. According to this, he proposes
a tension stiffening stress-strain relationship which varies along the depth of the cross
section of the RC element. Originally, CEB-fib Model Code 1978 [CEB, 1978] proposes
A..rs to be the rectangular area tributary to and surrounding the bar of diameter ¢
over a distance not exceeding 7.5 from the center of the bar [Herndndez Diaz and
Gil Martin, 2012], with this area being truncated by the geometrical limits of the mem-
ber and without overlapping with the effective area of concrete corresponding to other
bars (Fig. A.2).
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<7.50

Figura A.2: Effective area of concrete in tension, A. sy, stiffened by the reinforcement steel
bar [Hernédndez Diaz and Gil Martin, 2012]

The later versions of Model Code, MC90 [MC90, 1993] and MC2010 [FIB, 2012],
change that definition of A..rs to the values showed in Fig. A.3; this definition is also
proposed by EC2 [CEN, 2004]

v/
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fiber 5 o
x d o o
B | .
15 Acefr AN / | Aeer

B H 7, s %
2.5(h-d) 2 2 1 p / /
< (h-x)/3 7 i T \ 2.5(c+0/2) < (h-x)/3 s s

| o é

A/ Level of centroid of 2.5(c+0/2) < t/2 F .’ F

c,eff

reinforcement

(a) (b) (©)

Figura A.3: Effective area of concrete in tension according to MC2010 [FIB, 2012]: (a)

beam; (b) slab; and (c) member in tension

Manfredi and Pecce [Manfredi and Pecce, 1998| present a refined fiber model for
the analysis RC beams that include an explicit formulation of bond-slip relationship in
which employ an effective area around the reinforcement that occupies the whole width
of the section and has a height h. s = (c+8,50), with ¢ being the concrete cover. Kwak
and Song [Kwak and Song, 2002] set out in their cracking analysis of RC members that
the effective area of concrete in tension can be represented by A..rr ~ 1/4(1 + np)bh,
with b and h the width and height of the section respectively, n = E;/E. and p = A/bh.
Gilbert and Ranzi, in their book about time-dependent behavior of RC structures
[Gilbert and Ranzi, 2011] present a method for predicting the maximum final crack
width based on the Tension Chord Model of Marti et al. [Marti et al., 1998] and
employ an effective area of concrete in tension equal to A..rr = 1/2(h—x)b* , where b*
is the width of the section at the level of centroid of tensile steel but not greater than

the number of bars in the tension zone multiplied by 12(). Castel et al. [Castel et al.,
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2006] propose a new value for A..ry which is based on a multi-linear stress profile in

the full depth of the concrete section between the flexural cracks, as shown in Fig. A.4.

0.75 s max 0.75 L max k—b.'

; Neutral
Flexural 0. bz
crack ° X d

| h
As
] ‘ tesesies
/ A |
a
b(d—x—a/2 b(h—d—a/2
Actteff: ( ‘ a/ )+ba+b(h7d7(l/2) 1-— (L (l/ ) —AS

2 2d -~z —a/2)

Figura A.4: Model of stress distribution in the concrete and effective area of concrete in

tension proposed by Castel et al. [Castel et al., 2006]

Each expression given above for A. s has been applied to rectangular cross sections
and the only one found by the authors of this work related to circular cross sections is
the one given by Wiese et al. [Wiese et al., 2004]. The authors of that work deal with
symmetrically reinforced cross sections and idealize the reinforcement as a continuous
ring. The value of A, ¢ that they employ is equal to the area of the circular strip which
lies below the cross section neutral axis, i.e., in tension, whose width is 2.5(R-R;.;),
where R is the radius of the section and R;,; is the radius of the circle joining the

centroids of the reinforcement bars (Fig. A.5).

Neutral fiber

Ceff

Figura A.5: Effective area of concrete in tension for circular cross sections proposed by
Wiese et al. [Wiese et al., 2004]
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The present work presents a new definition of A, ¢ in circular cross section for both
symmetric and asymmetric reinforcement layouts, so that when integrating the o.rg(€)
tension stiffening relationship, Eq. A.2, in the effective area of concrete in tension, the

resulting M-¢ relationship is the same as computing it with the interpolation equation
Eq. A.1 given in EC2 [CEN, 2004] or MC2010 [FIB, 2012] (Fig. A.6).

Firstly, the expression of tension stiffening proposed by [Herndndez Montes et al.,
2013a] is presented in detail. Afterwards, the research of the proposed value of A. .y
is explained for circular sections and general expressions are given. The obtained M-¢
relationships with the deduced A, ¢y are compared with those obtained from Eq. A.1.
Finally, the predictions of the deflection of some RC elements subjected to pure flexure

are compared with experimental results.

CEB Design Manual, M
MC2010, EC2 g
interpolation Eq. A.1

!

[Hernandez—Montes et al., p
2013a) ‘
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Figura A.6: Problem presentation

A.2. Previous considerations: hypothesis employed
in this work and computation of the M-¢ rela-
tionship

The numerical method employed by the authors in order to compute the M-¢

relationship for a given RC section is a smeared crack approach and makes use of the

Bernouilli hypothesis that plane sections remain plane after deformation, assuming
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that no slip of reinforcement occurs, so that the strain on any fiber of the section is

given by:

E(y, €cgs QS) = €¢g + y¢ (A?’)

where €., is the strain at the center of gravity of the cross section and y is the
vertical coordinate of the fiber with its origin at that point of the section (Fig. A.7).
The former Eq. A.3 can also be expressed in terms of the angle 6 between the vertical
principal axis of inertia of the section and the radio vector of the fiber where the strain
is evaluated (Fig. A.7):

€
Tension strain «—— Compression strain

7y 5(575%.7(?)

| e
Center of °
gravity of the

gross section AN

Strain due to external
—— actions

Figura A.7: Bernouilli hypothesis and strain at the cross section and nomenclature

€(0, €cq, ®) = €cg + pRcos(0) (A.4)

In the present work, compression strain, stresses and forces are considered as posi-
tive as well as bending moments which cause compression at top fiber.

In Fig. A.7, ceerm is the angle between the vertical principal axis of inertia and
the radio vector of the fiber whose strain is the concrete limit strain of cracking, €.¢,.
Therefore, considering the stress-strain laws for concrete and steel, o.(€) and og(e),
given by EC2 and the tension stiffening behavior of the concrete given by Eq. A.2, the

value of the resultant axial force N in the section for a given pair of values ¢ — €4 is:

N =2 /0 " (Rsin(0))20.,(0, eog, 6)d0 + /A 015 (0, g D)AA+ Y A0y (5, €cgr )
J

ceff
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(A.5)

where A; and y; are the cross sectional area and the vertical coordinate of each
reinforcing steel bar, respectively. In Eq. A.5 | the stress-strain laws for concrete and
steel, o.(€), oers(€) and o,(€), have been written directly as functions of the angle of
the fiber, A, the strain at the center of gravity of the section, €.4, and the curvature of
the section, ¢: o(€) = o(e(0, €cq, @) = (0, €cg, D).

Now, the M-¢ relationship for the RC section is calculated in an iterative way:
given a value of ¢ = ¢;, the strain on the center of gravity of the section, €., which
causes axial equilibrium is found by employing the bisectional method. Once, €. is
known, the strain on each fiber of the section can be obtained with Eq. A.4, and the

corresponding bending moment, M;, is computed as:

M =2 /amm R?sin®(0)cos(0)0.(0, €.y, ¢)d€+/A
0

ceff

0ers(0, €cq, O)ydA+>  Ajo(yj, €cg, D)y
7

(A.6)
A new value of ¢ is imposed and the process is repeated.

A.3. Material models employed in this work

A.3.1. Stress-strain model for uncracked concrete

The stress-strain model for uncracked concrete employed in this work is the one
proposed by EC2 [CEN, 2004]. Therefore:

(A7)

O/ (O T (g

{ Ecm6 if €ctm < €< 0
oc(e) =
THE—2)()

where

n(e) = €¢/ea
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ea = 0,7f231 /1000 < 0,0028
0,3

Ep = 22000(%2) ™" [M Pa]

fcm = fck‘ + S[MPCL]

€ctm = fctm/Ecm

o —0,3f2/ f.x < 50M Pa
| —212009(14 £2) £ > 50MPa

k= 1,05E,, .

fcm
3,5/1000 fom < 50M Pa
€cul = 4
© | 2:8/1000 + 27/1000( k)" £, > 50M Pa

A.3.2. The concrete tension stiffening model implicit in CEB
Design Manual on Cracking and Deformation [CEB,
1985]

In a recent publication [Herndndez Montes et al., 2013a] Herndndez-Montes et al.
provided an explicit expression for the tension stiffening contribution of concrete. The

authors employ the expression for the average strain in the tension reinforcement given
by CEB Design Manual [CEB, 1985]:

2 2
€sm = €s,1 ( Tor > + €52 [1 - (O-ST ) ] (AS)
05,2 05,2

where €51 and o, ; are the strain and the tension in the reinforcement corresponding

to an uncracked section, €, 2 and o are the strain and the tension in the reinforcement
for a fully cracked section, respectively, and o, is the tensile stress in the steel assuming
a fully cracked section under the load that causes tensile stress in the concrete equal

to its maximum tensile strength, fen.:

(A.9)

being n = E;/E. and pefr = As/Acess; all these parameters can be easily unders-
tood by considering Fig. A.8.
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Figura A.8: Tension stiffening model proposed by CEB Design Manual on Cracking and
Deformation [CEB, 1985]: (a) stress-strain model for the reinforcement; and

(b) RC prism subjected to tensile force

The expression given in Eq. A.8 is similar to the one proposed by EC2 [CEN, 2004]
or MC2010 [FIB, 2012] - Eq. A.1 - being the parameter ¢ equal to:

(=1- (J”)z (A.10)

05,2

)

Herndndez-Montes et al. [Herndndez Montes et al., 2013a] get an expression o (e)

from Eq. A.8 that describes the tension stiffening contribution of the concrete:

2
ours(€) = —p‘;ffEse +¢ <p€2ff Ese> + 12, (14 npess) (A.11)

As previously mentioned, tensile strains and stresses are considered to be negative

in this work. Therefore, Eq. A.11 has to be rewritten as:

2
oers(e) = PLLE | - J ('Og”fEs|e|) + fm(L+ npess) (A.12)

This equation is valid only until steel at any crack in the element reaches its tensile
yield strain -¢,. The average strain on the member in that moment, the apparent yield
strain, can be found by equilibrium (Fig. A.9 and Eq. A.13):



A.3 Material models employed in this work 75

fyAs - Us<€ap)As + UcT,S‘(Eap)Ac,eff — €ap (A13)

N, # ¢ N

g —_— Tas

sdocal

<

g

clocal  — / \/ IG s

Generic Section at
section crack
location

Figura A.9: Local and average stresses at the cracked prism

If the strain keeps growing, the axial load will be constant and the average tensile
stress in concrete will be reduced linearly until the average strain of the prism reaches

-¢, (Fig. A.10).
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E@
N i ‘ N
- —
Al/2 > . “—Al/2
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Figura A.10: RC prism subjected to axial tensile load: (a) load evolution versus average
strain in the member; and (b) stress-strain diagram of concrete in tension.

Adapted from [Stramandinoli and La Rovere, 2008]

Therefore, the complete stress-strain expression for the cracked concrete is:
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0 it e< —¢

OcTS,ap . _
P (e +¢€y) if —e, <e<ey

oers(€) = 2
UCTS(e) = %%Es‘d - \l (pegf)cEsk’) + fcztm(1 + npeff) if €ap S € < €ctm

(A.14)

Egs. A.7 and A.14 describe the complete behavior of concrete.

A.3.3. Reinforcing steel stress-strain model

For the steel of the reinforcement, the bilinear and symmetric model given in EC2
[CEN, 2004] is employed. The hypothesis of symmetry is valid for the maximum spacing
for the stirrups allowed by the majority of existing concrete codes [Gil Martin et al.,

2008]. According to this, the stress-strain relationship is given by:

—fy it €< —¢,
os(€) =3 Ese if —e,<e<eg, (A.15)
—fy if e>¢

being f, the yield limit of the steel, ¢, = f,/E,, and E; = 200 GPa.

A.4. Seeking the effective concrete area in tension

stiffening

The stress-strain models for the materials composing the cross section of the mem-
ber have been exposed, but despite this the axial force, Nrg, and bending moment,
Mrg, - Egs. A.16 - produced by tension stiffening cannot be computed since A sy is

an unknown parameter.

NTS = / O'CT5<€>dA

Acess (A.16)
Mrs = / oers(€)ydA

Acieff
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As mentioned above, this work intends to find an expression for A..ss so that the
resulting M — ¢ relationship is the same as the one computed with Eq. A.1. In that
equation, the parameter that takes the tension stiffening effect into consideration, ¢,
is defined by Eq. A.10. However, EC2 [CEN, 2004] and MC2010 [FIB, 2012] allow
that parameter to be computed as follows, when the RC element is subjected to pure

bending:

M.\
CZl_(M) (A.17)

where M., is the cracking moment and M is the moment to which the element is
subjected. If this parameter is included in Eq. A.1 and being « the curvature ¢, it

remains:

¢ = (1 - (j\]/\[;r> >¢2+ (@@dﬂ) ¢1 (A.18)

Writing the uncracked and fully cracked curvatures, ¢; and ¢o, in terms of the

bending moment M and the second moments of area of the uncracked and fully cracked
transformed cross sections about the horizontal principal axis of inertia, I; and I, an

expression of the type M(¢) can be obtained from Eq. A.18 as:

7¢Ecm12 ¢Ecml2 ? I2
i) = ot (W) () e

The expression given in Eq. A.19 determines the values of the bending moment, M,
as a function of the curvature, ¢, that will be obtained if a correct value of Ay is

adopted.

A.4.1. Adopted model for A..sf

In this work, it is assumed that, for a given strain distribution, that is, a pair
of ¢ — €4, the effective area of concrete in tension, A..sf, is a circular strip whose
width is h..rs placed on the tensile side of the section below the horizontal fiber whose

deformation is €., (Fig. A.11).
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Figura A.11: Definition and nomenclature for A, .y

The width h. sy is distributed around the circle that links the center of gravity of
the bars. hcerr is divided into two portions: interior, hecffint, and exterior, heeffeqt-
This division is made taking the rate 1'Sz,,/T'Sz; TSz - Tension Stiffening zone - is
the distance that exists from the bottom fiber of the cross section and the fiber whose
strain is €y, and T'Sz,, is T'Sz minus the distance from the center of gravity of the

lowest placed bar to the perimeter of the section (Fig. A.11). Therefore:

TSzto
hecifint = heer 7 < R=(c+0s+ %)

hc,effext = hc,eff - hc,effint

(A.20)

where (), is the diameter of the shear stirrups.

Once the distribution of h. ;s is known, the all the parameters that define A..ss
can be computed: Rpceffint and Rpcefreqt are the radius of the internal and external
circles that limit the circular strip, respectively; qpcefrine is the angle between the
vertical principal axis of inertia and the radio vector of the intersection of the interior
circle defining A, ¢ and the fiber whose strain is €.im; Qpeefest is defined equivalently
for the exterior circle (Fig. A.11). Once all the parameters that define A..rs are known,

the integral expressions given in Eq. A.16 become:



A.4 Seeking the effective concrete area in tension stiffening 79

Nrs =2 (R effest / oers(€)sin ()0 = Ripoppine [ oens(e)2sin® @d@)
QAhc effeact Qhc,ef fint
Mrg = 2<R Ceffext oers(€)sin’()cos(0)do—
Qhe,ef fext
R}, ef fint . oers(€)sin? (9)003(9)d0>
Qhc,ef fint
(A.21)

Therefore, if the strain distribution and the value of h. s are known, the axial load

and the bending moment acting at the cross section can be computed.

Now, considering pure bending, the value of A..fs, that is, hccsy, that yields the
same bending moment given than Eq. A.19 for a particular value of ¢ has to be de-
termined. A bisectional method is used taking as bottom and upper values for the
width of Ac st heespp = 0 and heeppe = R; this process is finished when the difference
between the moment computed with Eq. A.19 and that computed with Eqs. A.6 and
A.21 is less than 0.1 N m (Fig. A.12).

9; =0
M,.(¢) Eq. A.19
Equilibrium Equilibrium
h,=0 |¢—— h,=2R
M(h,) Egs. Eqs.A.6 &A.21 : M(h,) Eqs.A.6 &A.21
\ 4
L=, + h,)/2
=N, h,=h,, \j
Equilibrium
M(h, =‘M(hm) M(h,)=M(h,,) M(h,) Eqs.A.6
NO @ YES
NO
M(hb)XM(hm) [M, EC2 (¢) M(b )[<0.1 N-m

YES

Figura A.12: Flow chart of the h..s finding process. For the sake of simplicity the bottom
and upper values h. .y in the bisectional method have been called hj and hy;

the same has been applied to the middle value h,,

This procedure is repeated for monotonic values of the curvature greater than the

one which causes cracking and within the elastic range of the materials, since Eqs. A.1
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and A.19 are applied in that range. Fig. A.13 shows an example of asymmetric section
and the evolution of the required h..rs with the position of the neutral fiber in the

section in order to get the same bending moment given by Eq. A.19.
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Figura A.13: Example of the evolution of h. sy with the position of the neutral fiber for a

RC pile with asymmetrical displacement of reinforcement

A.4.2. Selected pile sections and general expression for the
evolution of h..rr with the position of the neutral fiber,

X

The same process as in the example presented in Fig. A.13 is carried out for many
different cross section configurations, both symmetric and asymmetric. The placement
of reinforcement bars within the cross section is done according to the recommendations
of the company Armatek regarding the automatized fabrication of the reinforcement
assembly. Also, the prescriptions of EC2 [CEN, 2004 have been followed relating the

maximum and minimum number of bars within the cross section. According to this:

The maximum spacing between consecutive bars is 200 mm

= The minimum spacing between consecutive bars is the maximum value amongst:

20, 5+d,+0 and O+20mm, where d, is the coarse aggregate size

There will be a minimum of 6 bars

= The minimum diameter for the bars is @,,;,, = 16 mm

The adopted values for the radius, R, of the piles are 300 mm, 400 mm, 500 mm
and 600 mm, and in all the cases the distance between the centroid of the bars to

the perimeter of the section is 75 mm. For symmetric reinforcement, bars of diameter,
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@, 20, 25 and 32 mm have been considered and for the asymmetric cases the main
reinforcement diameters 5 are 25 and 32 mm and the rest of bars are diameter ),
= 16 mm. The entire set of cross sections that have been analyzed are presented in

Appendix 1.
Fig. A.14 shows the results for the evolution of h. ;s with the position of the neutral

fiber, this being measured from the bottom fiber of the cross section. Unimportant
changes are detected when using a different value for f.; for the sake of simplicity only
the results of f. = 30 MPa are shown. The symmetric cases correspond to Fig. A.14(a)
and the results for the asymmetrical disposition of reinforcement are displayed in Fig.

A.14(b). The results are similar for the same diameter of the pile cross-section.
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Figura A.14: Evolution of h..ss with the position of the neutral fiber z for different cross

section diameters: (a) symmetric cases; and (b) asymmetric cases

The results for both cases, symmetric and asymmetric, can be joined together if
the system of coordinates is lightly modified: the original values of the abscissa are
divided by the pile diameter and the ordinates are divided by R??. By doing so, the
numerically obtained values can be adjusted employing the least square method by
a parabolic law with good adjustment. Fig. A.15 shows the comparison between the
numerical values and the adjustments for both cases, symmetric and asymmetric. If the
coordinate system transformation is undone, the proposed general expressions which

provide the evolution of A ¢ remain:

(a) Symmetric case:
1
Reeps = W(—1,765R2 +11,343Rx — 9,37527) (A.22)

(b) Asymmetric case:
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Beepf = W(—l,ll?Rz + 8,657Rx — 7,1322?) (A.23)

In Eqgs. A.22 and A.23 the values of h..sf, R and z are given in mm.
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Figura A.15: Parabolic adjustment for h..¢s with the position of the neutral fiber x after

the normalization: (a) symmetric cases; and (b) asymmetric cases

Although, as mentioned above, Eq. A.19 is of application in the elastic range of
concrete and steel, the deduced expressions for h. sy are used, in this work, also out

of that range when computing the M — ¢ relationship of the cross section.

A.5. Examples and applications

The expressions proposed above for the evaluation of h. sy in terms of the position
of the neutral fiber, z, are applied to two experiments with circular RC cross sections,
one symmetric and other asymmetric. The experiments consist of two 4 m long piles
subjected to 4-point bending (Fig. A.16) with cross section diameter of 400 mm. The
support separation is 3.6 m and the distance from the application of the loads to the
supports is 1.0 m, so that there is a central segment of the specimen being subjected
to a bending moment of P kN m, with P the applied load. Both structural elements
are conduced to rupture without significant development of shear cracks. In both ex-
periments, the deflection of the member at mid-span is measured and strain gauges are
located on the reinforcement bars and at the same section level in order to measure the
longitudinal strain of those bars and, subsequently, deduce the curvature of the section

assuming plane sections remain plane after deformation.
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Figura A.16: 4 - point bending tests in RC piles: (a) experiment disposition; and (b) spe-

cimen being tested

A.5.1. Symmetric cross section

The cross section of the first tested RC pile member consists of 16 bars of ¢ 16
mm equally spaced with a concrete cover to reinforcement ¢ = 57 mm. Fig. A.17(a)
shows the details of the cross- section and Fig. A.17(b) shows one of the ends of the
element, where steel plates are placed to which the longitudinal bars are welded in
order to guarantee the anchorage of the bars. Although the member is transversally
reinforced with stirrups of @, = 10 mm each 200 mm, no confinement effect is taken
into account in the concrete model, whose mean compressive strength f., is 34.8 MPa
after 28 days. For the steel, values of f, = 500 MPa and £, = 200 GPa are used in the

computations.

R = 400 mm
c =57 mm
@ =10 mm
@ =16 mm
n, = 16

s = 48.30 mm

Figura A.17: Symmetric cross section: (a) cross section configuration; and (b) steel plate

at the end of the element to anchor the reinforcement

Fig. A.18(a) shows the comparison of the M — ¢ relationship obtained with Eq.
A.19 deduced from EC2 and computed by integration of stresses according to the
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procedure explained in Section 2 and making use of the A, .¢; definition given in Fig.
A.11 and Eq. A.22. Fig. A.18(b) represents the measured M — ¢ relationship in a cross
section of the tested element placed at the central segment subjected to a constant
bending moment and the corresponding relationship computed as mentioned above.
The differences seen at the end of the graphic are due to the actual yield strain of the
reinforcing steel, which is greater than the one employed in the simulation. However,
the agreement between the test and the simulation is very good. The consequences
of this good agreement are observed in Fig. A.18(c) where the deflection at mid-span
recorded during the test and the estimated deflection computed by the integration of
the curvature along the member. Fig. A.18(b) and (c) also show the M — ¢ relationship
and the mid-span deflection, respectively, employing the definition of effective area of
concrete in tension presented in Fig. A.5 and given by Wiese et al. [Wiese et al., 2004]
is adopted. As shown, results obtained when the proposed effective area of concrete in

tension is adopted, Eq. A.22, are much closer to the experimentally recorded results.

For the asymmetric cross section, five bars of () 16 mm are placed at the bottom of
the section, with the same concrete cover to reinforcement as in the previous case, ¢ =
57 mm, with a separation between bars of 41 mm, and the rest of the cross section is
reinforced by means of 3 bars of () 10 mm separated 193.21 mm. In this case, () 10mm
stirrups are placed at a distance of 150 mm but, as in the previous case, no confinement
effect is considered. The concrete mix in the asymmetric case has a mean compressive

strength of f.,, = 31.2 MPa and the steel is the same as in the symmetric case.

In the asymmetric case, the raw obtained results have to be modified in order to
take the shrinkage into account. By observing the cross section configuration (Fig.
A.19) it may be understood that concrete around the bottom reinforcement is mo-
re limited to shrinkage strain than concrete in the rest of the section; this difference
between shrinkage constraints induces curvature within the section. In the symme-
tric case, all the concrete in the cross section is equally constricted to shrinkage and,
therefore, its effect is less noticeable. There are many different ways to deal with shrin-
kage experimental information in the literature; in which are the works of Kaklauskas
and Gribniak [Kaklauskas and Gribniak, 2011, Kaklauskas et al., 2009, Gribniak et al.,
2013, Kaklauskas et al., 2011]. The method employed here is the one proposed by Gil-
bert and Ranzi [Gilbert and Ranzi, 2011] which consists of the displacement of the
originally obtained M — ¢ relationship as presented in Fig. A.20.

In Fig. A.20, ¢cs1 and ¢ 2 are the shrinkage induced curvatures in the uncracked

and cracked states, respectively, computed according to EC2 [CEN, 2004] as:
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Figura A.18: Results for symmetric case: (a) comparison of the M — ¢ values obtained inte-
grating the stresses on the section employing the definition of h. .t given by
Eq. A.22 and the values obtained with EC2 Eq. A.19; (b) M — ¢ relationships
registered in the experiment and computed with the exposed method emplo-
ying Eq. A.22 and the effective area of concrete given by Wiese et al. [Wiese
et al., 2004]; and (c) deflections at mid-span of the member with the incre-
ment of P registered at the experiment and computed by integration of the

computed M — ¢ relationships in (b)

Sl . S2

€cs 55 gbcs 2 = €cs 5
I ’ I

gbcs,l = (A24)

Sp and Sy are the first moment of area of the tension reinforcement according to
the centroid of the transformed cross section in the uncracked and cracked states,
respectively, and €., is the strain due to the free shrinkage, computed according to
EC2 [CEN, 2004]. Finally, the coordinates that define the displacement of the M — ¢

relationship are computed as:
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Figura A.19: Asymmetric cross section: (a) cross section configuration; and (b) steel plate

at the end of the element to anchor the reinforcement
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Figura A.20: Shrinkage modification in the originally obtained M — ¢ relationship
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Fig. A.21 shows the results for the asymmetric case. As observed in Fig. A.21(a),
the M — ¢ relationship computed taking into account the value of h. .y given by Eq.
A.23 and the one calculated with Eq. A.19 are almost the same. Furthermore, the
registered and the computed M — ¢ relationships presented in Fig. A.21(b) have a
good adjustment. Here, as mentioned for the previous case, the differences between
the assumed and actual yield strains of the reinforcement lead to deviations between
registered and computed results at the end of the test. Fig. A.21(c) shows the deflection

at the mid-span of the member, measured and estimated.
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Figura A.21: Results for symmetric case: (a) comparison of the M — ¢ values obtained in-
tegrating the stresses at the section employing the definition of h..f; given
by Eq. A.23 and the values obtained with EC2 Eq. A.19; (b) M — ¢ relations-
hips registered in the experiment and computed with the exposed method
employing Eq. A.23; and (c) deflections at mid-span of the member with the
increment of P registered at the experiment and computed by integration of

the computed M — ¢ relationship taking into account the shrinkage

A.6. Conclusions

Current codes of design of RC structures are oriented to rectangular and T-type
cross section types and there is a clear lack of treatment of circular cross sections.
In this context, the effective area of concrete in tension, A..s¢, has been studied for
rectangular or T-type sections to consider the tension stiffening effect, and codes of
design, i.e., Eurocode 2 or CEB-fib Model Code 2010, suggest standard values for this
effective area to be taken into account in the serviceability computations of reinforced

concrete structures. However, no treatment for circular sections is found.

A model to represent the evolution of the effective area in tension as cross sectional
strain changes has been introduced. General expressions for the evolution of A..ss as
a function of the neutral fiber depth of the section has been presented in this work
for circular sections. These expressions have been deduced by obtaining the necessary
values of A..rs in order to get the same ¢ — M relationship than the one given by the
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interpolation equation suggested by Eurocode 2. Two different expressions have been
presented for RC circular cross-sections: one for symmetric reinforcement and another
for asymmetric reinforcement. The proposed expressions have been tested with real
scale experiments of two RC piles, symmetric and asymmetric, and they were shown

to work properly in both cases.

In order to make the work self-contained, the employed computation process of
¢ — M relationship has been explained as well as the used material models, including
the tension stiffening model implicitly included in CEB Design Manual for cracking

and deformation.
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Appendix 1

The sections employed in the study of the evolution of h..rs with the neutral
fiber depth, z, presented in part 4 of this work are displayed. Table Al shows the
radius, the diameter and the number of bars equally spaced studied in the case of
the symmetrical reinforcement solutions. In the other hand, Table A2 presents the
employed asymmetrical cross sections; for this type of reinforcement, the radius of the
pile, the diameter, number and space between bars of the same diameter are given for

the two groups of bars.

Tabla A.1: Symmetric cross sections with equally spaced bars employed in the study of the

evolution of h.rp with z

Section | R (mm) | @ (mm) | N. bars
1 300 20 8
2 300 20 10
3 300 20 12
4 300 20 20

Continued on next page
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Tabla A.1 — Continued from previous page

Section | R (mm) | @ (mm) | N. bars
) 300 20 24
6 300 25 8
7 300 25 10
8 300 25 12
9 300 25 20
10 300 25 24
11 300 32 8
12 300 32 10
13 300 32 12
14 300 32 20
15 400 20 12
16 400 20 18
17 400 20 20
18 400 20 24
19 400 25 12
20 400 25 18
21 400 25 20
22 400 25 24
23 400 32 12
24 400 32 18
25 400 32 20
26 400 32 24
27 500 20 16
28 500 20 18
29 500 20 20
30 500 20 24
31 500 20 36
32 500 20 40
33 500 20 48
34 500 25 16
35 500 25 18
36 500 25 20
37 500 25 24
38 500 25 36
39 500 25 40
40 500 25 48

Continued on next page
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Tabla A.1 — Continued from previous page

Section | R (mm) | @ (mm) | N. bars
41 500 32 16
42 500 32 18
43 500 32 20
44 500 32 24
45 500 32 36
46 500 32 40
47 500 32 48
48 600 20 18
49 600 20 24
20 600 20 36
o1 600 20 48
o2 600 25 18
53 600 25 24
o4 600 25 36
25 600 25 48
o6 600 32 18
o7 600 32 24
o8 600 32 36
59 600 32 48

Tabla A.2: Asymmetric cross sections with equally spaced bars employed in the study of

the evolution of h.rp with =

Section | R (mm) | @; (mm) | N. bars | s; (mm) | @, (mm) | N. bars | s, (mm)
1 300 16 9 141.37 25 3 70.69
2 300 16 7 176.71 25 3 58.90
3 300 16 7 141.37 25 5 70.69
4 300 16 7 176.71 25 5 58.90
) 300 16 7 141.37 25 7 70.69
6 300 16 > 176.71 25 7 58.90
7 300 16 9 141.37 32 3 70.69
8 300 16 7 176.71 32 3 58.90
9 300 16 7 141.37 32 5 70.69
10 300 16 7 176.71 32 5 58.90
11 300 16 7 141.37 32 7 70.69

Continued on next page
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Tabla A.2 — Continued from previous page
Section | R (mm) | @; (mm) | N. bars | s; (mm) | @, (mm) | N. bars | s, (mm)
12 300 16 5 176.71 32 7 58.90
13 400 16 15 113.45 25 3 113.45
14 400 16 11 170.17 25 3 85.08
15 400 16 13 113.45 25 5 113.45
16 400 16 9 170.17 25 5 85.08
17 400 16 11 113.45 25 7 113.45
18 400 16 9 170.17 25 7 85.08
19 400 16 15 113.45 32 3 113.45
20 400 16 11 170.17 32 3 85.08
21 400 16 13 113.45 32 5 113.45
22 400 16 9 170.17 32 5 85.08
23 400 16 11 113.45 32 7 113.45
24 400 16 9 170.17 32 7 85.08
25 500 16 21 111.26 25 3 111.26
26 500 16 17 148.35 25 3 74.18
27 500 16 19 133.52 25 3 66.76
28 500 16 19 111.26 25 5 111.26
29 500 16 15 148.35 25 5 74.18
30 500 16 17 133.52 25 bt 66.76
31 500 16 17 111.26 25 7 111.26
32 500 16 15 148.35 25 7 74.18
33 500 16 17 133.52 25 7 66.76
34 500 16 15 111.26 25 9 111.26
35 500 16 13 148.35 25 9 74.18
36 500 16 15 133.52 25 9 66.76
37 500 16 21 111.26 32 3 111.26
38 500 16 17 148.35 32 3 74.18
39 500 16 19 133.52 32 3 66.76
40 500 16 19 111.26 32 5 111.26
41 500 16 15 148.35 32 5 74.18
42 500 16 17 133.52 32 5 66.76
43 500 16 17 111.26 32 7 111.26
44 500 16 15 148.35 32 7 74.18
45 500 16 17 133.52 32 7 66.76
46 500 16 15 111.26 32 9 111.26
47 500 16 13 148.35 32 9 74.18

Continued on next page
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Tabla A.2 — Continued from previous page
Section | R (mm) | @; (mm) | N. bars | s; (mm) | @, (mm) | N. bars | s, (mm)
48 500 16 15 133.52 32 9 66.76
49 600 16 21 137.44 25 3 137.44
50 600 16 17 183.26 25 3 91.63
51 600 16 23 137.44 25 3 68.72
52 600 16 19 137.44 25 5 137.44
53 600 16 15 183.26 25 5 91.63
54 600 16 21 137.44 25 5 68.72
5} 600 16 17 137.44 25 7 137.44
56 600 16 15 183.26 25 7 91.63
o7 600 16 21 137.44 25 7 68.72
58 600 16 21 137.44 32 3 137.44
59 600 16 17 183.26 32 3 91.63
60 600 16 23 137.44 32 3 68.72
61 600 16 19 137.44 32 5 137.44
62 600 16 15 183.26 32 5 91.63
63 600 16 21 137.44 32 5 68.72
64 600 16 17 137.44 32 7 137.44
65 600 16 15 183.26 32 7 91.63
66 600 16 21 137.44 32 7 68.72
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ABSTRACT

This paper investigates the feasibility of using Black/Oxidizing Electric Arc Furnace
slag (EAF) as coarse aggregate to produce High Performance Concrete (HPC). Various
experimental mixes have been produced, fully replacing natural coarse aggregates with
EAF slag, varying the cement dosages and the water/cement ratios, and they have been
characterized through a mechanical and microstructural campaign. For some mixtures
also durability has been evaluated, through a study about chloride ingress into concrete

matrix. Results indicate that the use of EAF slag improves concrete strength and

95
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durability, reaching C60/75 strength class without using any mineral additions and

maintaining relatively high water/cement ratio.

B.1. Introduction

High Performance Concrete (HPC) is conventionally defined as a concrete with im-
proved performances in terms of strength, workability and durability, which cannot be
obtained with ordinary materials through routinely mixing, placing and curing ope-
rations [ACICommittee318, 2014]. Several Codes and Guidelines establish the design
rules for the use of HPC in the construction of important civil engineering works, e.g.
ACI-318 [ACICommittee318, 2014] and fib Bulletin 42 [fibBulletin42, 2008].

Generally HPC mixtures have higher quantities of binders than normal concrete,
containing one or more supplementary materials (e.g. fly ash, silica fume and granulated
blast furnace slag). They are characterized by low water/cement ratio (usually ranging
from 0.2 to 0.4), and large doses of superplasticizer are used to achieve the required
workability. The aggregates should be strong and durable, and compatible with the

cement paste in terms of stiffness and strength.

HPC has lead to important advances in the field of civil engineering, especially
in the construction of high-rise buildings and long-span bridges. HPC performances
allow engineers to reduce columns and beams size (increasing the available space and
reducing the costs in formwork, reinforcing steel, etc.) and to extend structures service
life. However, behind these advantages, progress of concrete industry has also determi-
ned a series of drawbacks, mainly related to the sustainability of this industrial sector.
Concrete industry is in fact responsible of a relevant environmental footprint on our
planet [Meyer, 2009], with an increasing trend associated to the actual and future
growth of developing economies, demanding increasing quantities of natural raw bulk
materials. The main sources of these environmental burdens lie into the productive
chain of Portland cement, together with water and Natural Aggregates (NA) consum-

ption, and lastly to the generation of Construction and Demolition Wastes (C&DW).

Among the several possible solutions to reduce environmental impacts of concrete
industry, the use of coarse Recycled Concrete Aggregates (RCA) is one of the most
discussed options that one may take. Several studies have analyzed the implications of
partially or totally substituting NA with RCA on concrete mechanical properties [Etxe-
berria et al., 2007, Xiao et al., 2005, Corinaldesi, 2010]. Typically the full replacement of
NA with RCA through Direct Volume or Weight Replacement (DVR, DWR) meth- ods
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leads to a reduction of 20-25% in 28-days compressive strength, with respect to con-
ventional mixtures. An increase of cement content may be useful to achieve the same
strength of the control concretes, but it is considered nor cost- nor environmental-
effective [Etxeberria et al., 2007, Xiao et al., 2005, Corinaldesi, 2010, Marinkovic et al.,
2010]. Additionally, the reduction in the elastic modulus can reach 45 % when the RCA
replacement is 100 % [Xiao et al., 2005], and the durability of Recycled Aggregate Con-
crete (RAC) decreases too due to the higher porosity of RCA [Thomas et al., 2013].
In general terms, it can be said that a full replacement of NA with RCA can be used
in concretes with low-medium compressive strength, i.e. until 20-40 MPa [Etxeberria
et al., 2007]. Some studies have been carried out also to study the feasibility of using
RCA in HPC [Limbachiya et al., 2000, Ajdukiewicz and Kliszczewicz, 2002, Papayianni
and Anastasiou, 2010b], obtaining in most cases that high replacement ratios (more
than 30 %) significantly affect concrete strength and density. With the increase of the
RCA content, water absorption, shrinkage and creep strains increase keeping constant
the other values or the other magnitudes. However the source of RCA is very important

with respect to RAC properties [Ajdukiewicz and Kliszczewicz, 2002].

Another solution may be used to achieve the sustainability goals asked to the con-
crete industry, namely using recycled aggregates coming from metallurgical industry.
Previous studies of some of the authors have demonstrated the feasibility to produce
structural concrete including Black/Oxidizing Electric Arc Furnace slag (EAF slag),
fully replacing the coarse aggregates and improving concrete compressive and tensile
strength, and also elastic modulus [Pellegrino et al., 2013, Pellegrino and Faleschi-
ni, 2014]. The use of EAF slag is also beneficial against detrimental environmental
conditions [Pellegrino and Gaddo, 2009], and it is responsible of lower environmental

emissions if compared to NA in a life cycle perspective [Faleschini et al., 2014].

This study is based on the cited previous experience of some of the authors in-
troducing, other than a mechanical and microstructural characterization, the use of
EAF slag as aggregate in HPC, and the evaluation of chloride ingress into the concrete
matrix, with the objective of improving the knowledge about EAF concrete durability.
Particularly, the mechanical properties of this new HPC with EAF slag as aggregate
(HPC-EAF) are evaluated through compressive and tensile tests and with the determi-
nation of the Young modulus. Durability is evaluated through the study of the chloride
ingress using a AgNOj3 -based colorimetric test, performed both on conventional and
EAF concretes. Finally, the morphology and microstructure of each type of concrete is

analyzed via Scanning Electron Microscopy (SEM).
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B.2. Materials and experimental methods

B.2.1. Materials and mix proportions

Black/Oxidizing EAF slag is a by-product of steel production in electric arc furnaces
plants, which stands for more than 40 % of the global production of steel, yielding to
more than 10 millions tons of this type of slag every year in Europe [Euroslag, 2012]. The
EAF slag used in this study is obtained from a local steel factory located in the North-
Eastern part of Italy: it is a crushed product, with a black color stone-like appearance,
constituted by particles with a hard, dense and angular shape (Fig. B.1). It has low
water absorption, high density and low porosity. Chemical composition is formed by
about 75% of oxides of iron, calcium and silicon, plus minor amount of aluminum,
magnesium and manganese [Pellegrino et al., 2013|. A stabilization process is applied
to the fresh slag to limit eventual expansion phenomena, which can be associated to
free calcium and magnesium oxides hydration, consisting in an outdoor exposure to

weather conditions and regular spraying for 90 days [Manso et al., 2006].

EAF slag 4/8 mm EAF slag 8/16 mm NA 4/16 mm

R A R o e A
S

Figura B.1: Appearance of Electric Arc Furnace (EAF) slag compared with Natural Aggre-
gates (NA)

Natural aggregates used in this research are siliceous with a roundish shape (Fig.
B.1); two sizes were used, a medium coarse one (4-16 mm) and a fine one (0-4 mm).
The main physical properties of NAs are listed in Table B.1. Ordinary Portland cement
CEM I52.5 R was adopted. A water-reducer admixture (WRA) was used with the aim
of obtaining a S4 consistency class, as defined in [EN206-1, 2006].
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Tabla B.1: Main aggregates physical characteristics

EAF slag NA sand NA gravel

Size (mm) 4-16 0-4 4-16
Apparent density (kg/m?) 3854 2704 2700
Water absorption 0.95 1.18 1.04
Shape Sharp-pointed Roundish Roundish
Los Angeles loss (%) < 20 - 18

Nine concrete mixes were produced, varying cement content, water/cement ratio
and aggregate type: three are conventional concretes and six contain EAF slag. The
details of the mixes are listed in Table B.2: the first letter of the mix indicates concrete
type, C for conventional and E for EAF concrete. Bolomey curve (Fig. B.2) was used
to define the aggregate grading curves for all the mixtures: a slight increase in the sand
content was given in the EAF concretes due to the different shape of the aggregates.
Additionally, an increase in WRA dosage was necessary to allow fresh E400 concretes
to reach the required workability (40.2% in average). The concrete strength target
for samples with w/c = 0.4 was C50/60; for the remaining, the target was to reach at
least a strength class equal to C40/50. After mixing, the specimens were casted and
properly compacted; after 24 h they were demolded and cured until the time of testing
in standard temperature (T = 20° C) and humidity (RH > 95 %) conditions.

Tabla B.2: Mix details referring to 1 m? of concrete

Water Cement NA Sand NA Gravel EAF slag WRA

Yy ) e () () (%)
Conventional concretes
C400-0.4 0.4 160 400 836 1020 - 1.2
C400-0.45 0.45 180 400 812 992 - 1.0
C400-0.5 0.5 200 400 789 963 - 0.8
EAF-concretes
E400-0.4 0.4 160 400 1020 - 1190 1.45
E400-0.45 0.45 180 400 994 - 1148 1.2
E400-0.5 0.5 200 400 965 - 1115 1.0
E350-0.4 0.4 140 350 1067 - 1245 1.2
E350-0.45 0.45 157.5 350 1029 - 1200 1.0

E350-0.5 0.5 175 350 1014 - 1171 0.8
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Figura B.2: Total particles (aggregates + cement) grading curve of the produced concretes

B.2.2. Mechanical tests

Mechanical tests were performed for all the concrete mixes listed in Table B.2: cubic
specimens with 150 mm side were used to evaluate compressive strength ( fem cupe), and
cylindrical specimens with a diameter of 100 mm and a height of 200 mm were used for
indirect tensile tests and for elastic modulus calculation. Compressive tests were done
at least on three cubic specimens after 28 days following the European Standard EN
12390-4 [EN12390-4, 2000].

Tensile strength (fem) was experimentally evaluated through splitting tests fo-
llowing the European Standard EN 12390-6 [EN12390-6, 2009]. The elastic modulus
(E.n) was calculated performing load cycles on at least 3 cylindrical samples according
to [EN12390-13, 2013].

B.2.3. Microstructure analysis

A Scanning Electroscope Microscope images analysis was carried out to investigate
the morphology and microstructure of HPC-EAF concrete matrix. SEM images were
taken both in the Secondary-Electrons (SE) mode, with an acceleration voltage of 15
kV, and in the Backscattered Electrons (BSE) mode, using an accelerating voltage of
25 kV. The samples were extracted from concrete specimens after compressive failure,

and they were sputtered with gold before the analyses.
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B.2.4. Chlorides diffusion test

Chloride ingress into concrete is one of the major causes of deterioration of rein-
forced concrete (RC) structures. The diffusion coefficient D is a key parameter for
describing concrete durability, often used to predict RC structures service life [Barog-
hel Bouny et al., 2002]. Non-steady state natural diffusion tests were carried out to
determine chloride ingress in C400-0.45, C400-0.5, E400-0.45 and E400-0.5 mixtures
(see Table B.2).

Twelve cylindrical specimens (three for each concrete selected) were realized with
the following dimensions: height A~ = 200 mm, diameter d = 100 mm. The normative
NT Build 443 [NTBuild443, 1995] was followed until the determination of the chloride
profile. Before diffusion test starting, concrete specimens must be aged at least for 28
days: in this case specimens were aged for 90 days to reduce possible further hydra-
tion [He et al., 2012]. After curing, the specimens were cut in two halves perpendicu-
larly to cylinder axis, obtaining final test specimens with A~ = 100 mm approximately.
Then specimens were immersed 24 h in a saturated Ca(OH), solution at about 23°
C [Baroghel-Bouny et al., 2007] until changes in the mass in surface-dry conditions
were lower than 0.1 %, to minimize leaching during the diffusion test. Specimens sur-
faces were coated by silicone, except for the freshly sawn surface that should be in
contact with the NaCl solution. After saturation, the samples were totally immersed
in an aqueous NaCl solution (Fig. B.3) with a concentration of 165 £ 1 g NaCl per
dm?® at a temperature between 21° and 25° C [NTBuild443, 1995].

Three exposure times in the NaCl water tank were selected: 28, 60 and 90 days.
After the exposure to the NaCl solution, two samples of each concrete mixtures were
splitted into two pieces, perpendicularly to the exposed surface. A sole 0.1M AgNO3 [He
et al., 2012, Baroghel-Bouny et al., 2007] aqueous solution was sprayed in the freshly
split sections. Generally the chloride-exposed zone reacts with the sprayed solution,
assuming a lighter color (light-gray or white) with respect to the chloride-free zone,
which remains darker (dark-gray or black). The colors observed can vary depending on
the chloride content and the mix composition: in the case of EAF slag concrete there
is not any available information about these influences. Nevertheless, in every case
the lighter zones correspond to chloride-contamination. When the borderline between
chloride-contaminated and chloride-free zones is clearly visible, the average free chloride
penetration depth x,; related to the time ¢ can be obtained, through the measure of
the distance between the exposed surface and the borderline. The value of x4 is the
average value of 5-7 valid depth readings at intervals of 10 mm, none of them taken in
the zone within about 10 mm from specimen edge, to avoid border effect [NTBuild492,
1999].
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Figura B.3: Concrete samples immersed in NaCl solution

B.2.5. Chloride penetration formulation

The most widespread method to estimate chloride ingress in concrete is based on
Fick second law, resulting in an error function complement solution [Collepardi et al.,
1972]. In spite of the oversimplified assumptions e.g. concrete is a stable, homogeneous,
non-reactive material subjected to pure diffusion [Luping and Gulikers, 2007], this
model is commonly used by engineers due to its simplicity. The general expression of

Fick second law is the following:

oc(x,t) D@%(x, t)

ot 0x? (B.1)

where t is the exposure time, ¢(z,t) is the chloride concentration at a depth z
after time ¢, and D is the diffusion coefficient. Some assumptions are taken in order to
simplify Eq. B.1: (1) one dimensional diffusion into semi-infinite space; (2) homogeneous
concrete; (3) constant chloride concentration at the exposure surface; and (4) diffusion

coefficient is constant in time and space, resulting the following:

c(x,t) — ¢ = (cs — &) [1 —erf (m)] (B.2)



B.3 Results and discussion 103

where ¢; is the initial chloride concentration in concrete at time ¢ = 0, ¢, is the
chloride concentration at the exposure surface, erf denotes the error function and D,
is the apparent diffusion coefficient. D, is obtained in non-steady state tests and it
implicitly takes into account the binding of chlorides with cement phases [Spiesz and
Brouwers, 2013]. It can be evaluated from the average chloride penetration depth z4
corresponding to a time ¢, through Eq. B.3, which is derived from Eq. B.2 when ¢; is

7ero:

g = 2erf! (1 - Cd) Dappt (B.3)

Cs

where ¢, is the chloride concentration at the colorimetric depth x4 and erf=! is
the inverse error function. The value of ¢4 is not accurately known in the case of EAF
slag concrete, since there is a lack of literature about durability in chlorides-exposed
environment. Among the available theoretical values, Tang [Tang, 1996] proposed ¢q/cs
= 0.14 for non-steady state migration tests; however in this case ¢4 was assumed equal
to 0.07 N according to [NTBuild492, 1999], and ¢, was assumed to be the chloride
concentration of the contact solution. To improve the accuracy of D, estimation,
four x4 values were obtained at three different exposure times for each concrete (28, 56
and 90 days).

B.3. Results and discussion

B.3.1. Mechanical tests

The fresh properties of the concretes including slump and density, within the results
of the mechanical tests at 28 days are listed in Table B.3. As obtained in previous works
about ordinary performances concrete, the use of EAF slag decreases workability [Pe-
llegrino and Gaddo, 2009], despite the increase of WRA content in E400 concretes,
and the slight variation in aggregates proportion necessary to take into account the
different shape of the slag with respect to NA. However, a proper dosage of WRA allo-
wed obtaining concretes belonging to S4 consistency class in all the cases. Concerning
concrete density, the use of EAF slag determines an increase in specific weight, which

is more remarkable in the low w/c ratio mixtures.
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Tabla B.3: Fresh and hardened properties of concretes (mean values + standard deviation)

Fresh concrete Hardened concrete

Density Slump Density Jem,cube fetm E..,.

(kg/m’) (mm) (kg/m’)  (MPa)  (MPa)  (GPa)
Conventional concretes
C400-0.4 2447 21 2466 56.39+0.77 3.75+£0.65 40.01+0.12
C400-0.45 2388 18 2369  42.86+1.67 3.47+0.84 31.554+0.81
C400-0.5 2394 21 2394  40.55+£4.75 3.4940.67 33.95+0.68
EAF-concretes
R400-0.4 2835 17 2833 76.434+2.12 5.65+0.58  49.54+0.82
R400-0.45 2795 21 2850 63.07+0.94 4.98+0.36 48.42+0.48
R400-0.5 2751 21 2733 55.89£0.46  3.99£0.5 45.31£1.84
R350-0.4 2846 17 2854 73.4441.83 4.91+0.68 49.29+1.02
R350-0.45 2758 18 2765 60.16+3.03 4.81+0.79 48.42+1.18
R350-0.5 2751 21 2767  58.684+2.09 4.56+0.24 47.8142.1

The concrete strength target of C50/60 for the concretes designed with the lower
w/c ratio has been achieved by almost all the EAF-concretes, including the ones with
the higher w/c. On the contrary, conventional mixes did not reach the strength target,
especially in the case of C400-0.45 and C400-0.5 mixtures, being the strength very
affected by the water content and the poorer quality of the aggregates. The strength
increase is ranging between +35 % and +45 %, depending on the mixture, as also shown
in Fig. B.4, where the average cubic compressive strength of at least 3 specimens is
plotted within the standard deviation. The tensile strength also increases when EAF
slag replace natural aggregates (Fig. B.4), due to the crushed shape, the rough texture
and the higher porosity of the slag which enhance the bond between the cement matrix
and the grains, also obtained in [Pellegrino et al., 2013, Adegoloye et al., 2015]. Also the
secant modulus of elasticity is higher for the EAF concretes, due to the higher strength
and density of the slag with respect to NA (Table B.3). Additionally, it should be
noted that there are no significant differences between E400 and E350 mixes with the
same w/c ratio, in terms of compressive strength and elastic modulus, even with a
cement reduction of 50 kg/m? in the latter. It is probable that the cement reduction
was balanced with the increase of aggregates content and with the lower total water
content per cubic meter of concrete inside the mixture. On the other hand, cement
content influences more the tensile strength at low w/c, obtaining significantly higher
values in the E400-0.4 with respect to E350-0.4 mixture.
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Figura B.4: Cubic compressive strength (fem cube) and tensile strength ( fesm) of the exami-
ned concretes (primary and secondary axis, respectively)

B.3.2. Morphology and microstructure of EAF concrete

A microstructural analysis based on SEM images was carried out with the aim
to study the morphology of the EAF concretes and to analyze the cracks network
at the paste-aggregate interface. Compared with normal concrete, HPC is in general
characterized by greater cement dosage and lower w/c ratio, leading to a reduction
in the micro-cracks and pores number, and consequently an increase of compressive
strength. Another key factor observed in HPC is linked to the Interfacial Transition
Zone (ITZ) quality, which is highly correlated to concrete strength and porosity. The
ITZ is recognized to be the weakest element of concrete in most cases, due to the
wall effect that occurs because of the aggregates presence. Locally greater w/c ratio
and higher porosity are experienced [Ollivier et al., 1995], decreasing I'TZ strength and
stiffness, and hence affecting the overall concrete strength. However, when dealing with
HPC, ITZ does not appear as a distinct band of high porosity at high magnification,

as generally occurs in normal concrete.

In the control mixes, failure after compressive test at 28 days occurred both in the
NA (at low w/c) and in the interface between the aggregate and the paste (at the
higher w/c). On the contrary, the EAF concretes failed mainly due to cracking of the
paste and of the matrix-aggregate interface, confirming that the quality of the EAF
aggregates is very good in terms of mechanical properties. Figs. B.5 and B.6, taken
both at low magnification respectively for E400-0.4 and E350-0.4, show intact EAF

coarse aggregates, but cracking through the cement paste and in some areas at I'TZ.
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Fig. B.7 is taken at higher magnification, and it shows the cracked cement paste around
the EAF aggregate in E400-0.4 concrete. Additionally, SEM images taken in the SE
mode revealed a dense structure, with reduced number of voids with respect to control
mixtures (Fig. B.8), thus concurring to explain the increased strength gained by EAF

concretes, also obtained in [Arribas et al., 2015].

Figura B.5: SEM-BSE of E400-0.4 mixture

Figura B.6: SEM-BSE of E350-0.4 mixture
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100pn

Figura B.8: SEM-SE of C400-0.4 and E400-0.4 mixtures

B.3.3. Durability tests

After approximately 15 min from the spray-test, the borderline that separates the
chloride-free and -affected zones was clearly visible. For both conventional and EAF
concretes, the chloride-free zone turned into a dark brown color (darker for EAF con-
crete), whereas the chloride-affected zone in the EAF case turned into a bluish-gray

color, compared with the purple of the conventional specimens (Fig. B.9).

The apparent diffusion coefficient was calculated using Eq. B.3, together with the
chloride penetration depths obtained from the experimental campaign. The measu-
rement of x; was done in two different ways: manually, with a slide caliper as [NT-
Build492, 1999] indicates, and through an image editing software, using some photos
collected immediately after the spray-test. Both methods complement each other, allo-
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Figura B.9: Conventional (a) and EAF (b) concrete samples sprayed with 0.1 M AgNOs3
solution

wing to obtain more accurate values of penetration depths and, consequently, of the
apparent diffusion coefficients. Four x; values were available for each test-time (each
sample has been splitted in two parts), leading to the estimation of the average values
of the apparent diffusion coefficients reported in Table B.4.

Tabla B.4: Apparent diffusion coefficients (D)) for each concrete mixture tested

D,pp (mm?/year)

(C400-0.45 45.0
(C400-0.5 59.1
E400-0.45 40.4
E400-0.5 50.1

Both EAF concrete mixtures are characterized by lower values of D,,, than their
conventional counterparts: this means that the durability of EAF concrete in chlorides-
exposed environment is expected to be higher. Additionally the concretes with lower
w/c are characterized by lower values of D,,,. The results obtained in this experimental
campaign are confirmed also by [Baroghel Bouny et al., 2002], where the apparent dif-
fusion coefficient of a considerable number of normal concretes and HPC was calculated
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through different ways, among others using colorimetric methods. The values of D,
obtained for normal concrete range between 2.1-10' and 9.3-10' m?/s (66.2 - 293.3
mm?/year) and for HPC between 0.43-10'? and 2-10'? m?/s (13.6 - 63.1 mm?/year),
all referred to free chlorides content. These values are in agreement with the results
obtained for EAF concrete, being its D,,, within the range of HPC.

Also the evolution of the chloride penetration depth in time was analyzed: Fig.
B.10 shows the linear dependence of x4 upon the square root of time. Circles, squares
and triangles correspond to 28, 60 and 90 days respectively, and the black bold lines
correspond to the mean value of D,,,. This occurs because of a standard diffusion
process in an infinite half-space, with no characteristic time [Baroghel-Bouny et al.,
2007].
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Figura B.10: Evolution of chloride penetration in time (circles, squares and triangles co-
rrespond to 28, 60 and 90 days respectively) for C400-0.45 (a), C400-0.5 (b),
E400-0.45 (c) and E400-0.5 (d) concrete mixtures
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B.4. Conclusions

In this work the use of by-products of steel industry (particularly EAF slag) instead
of natural aggregates in high performance concrete has been studied. Concrete mix-
tures with different cement dosages and w/c ratios have been produced with natural
fine aggregate and full replacement of coarse aggregate with EAF slag. The influence
of EAF slag on the mechanical and durability properties of HPC-EAF has been expe-
rimentally determined. Taking into consideration the results obtained in this research,

the following conclusions can be drawn:

1. Total replacement of coarse aggregate with EAF slag improves concretes me-
chanical properties, including compressive, tensile strength and elastic modulus.
Accordingly, in this work, the production of HPC with EAF slag was possible,
maintaining relatively high w/c ratios (higher than 0.4), and without using mi-

neral additions, commonly used to achieve high strength.

2. The shape and the texture of EAF slag significantly improve the tensile strength
of EAF-concretes, due to the better bond of these aggregates with the cement-

paste.

3. The density of EAF concrete is sensibly higher than conventional concrete, thus

leading it to be suitable in high density concrete applications.

4. Colorimetric methods based on AgNOj solutions can be used for the determina-
tion of chloride ingress into EAF concrete; the dark color of the latter does not

preclude the clear visual determination of chloride-free and -affected zones.

5. The use of EAF slag improves concrete durability in chloride-exposed environ-

ment, leading to a reduction of the diffusion coefficient.

6. The evaluation of possible expansive compounds as free MgO and CaO could be
a topic of further studies when dealing with potential application of metallurgical

slag in concrete.
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ABSTRACT

Optimized non-symmetrically reinforced piles for retaining walls constitute a new
structural element recently used in constructions such as the underground floors of San
Antoni Market in Barcelona or in the Riyadh metro. Piles usually have circular cross
sections with longitudinal reinforcement composed of bars of the same diameter and
with constant clear distances between them. The use of non-symmetrical piles in retai-
ning walls means savings of up to 50 % in the weight of the longitudinal reinforcement,

compared with traditional symmetrical piles.

Intuition suggests that a non-symmetrical pile, compared with its symmetrical coun-
terpart -both having the same ultimate flexural moment-, deforms less and has smaller
crack widths. This point is analyzed in this paper both theoretically and experimen-
tally.
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The majority of the studies conducted on RC members were developed only for
rectangular cross sections. In this paper, results from an experimental campaign of
circular RC cross-sections are presented. The main objective of this campaign is the
formulation of the effective area of concrete in the tension stiffening effect of RC circular

cross-sections.

C.1. Introduction

Optimized non-symmetrically reinforced piles for retaining walls [Hernandez-
Montes et al., 2012, Calleja and Herndndez-Montes, 2015] were used for the first time,
excluding experimental campaigns, in the construction of new underground levels of
the San Antoni Market in Barcelona, see Fig. C.1, reaching savings of 30 % in weight
of the complete reinforcement cage of the pile in comparison with the symmetrical

solution.

Figura C.1: Optimized non-symmetrical pile

The strength design of reinforced concrete (RC) cross-sections is well established

[Tomés and Alarcén, 2012, Jin Keun and Sang Soon, 2000], yet recent advances such
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as the use of Reinforcement Sizing Diagrams [Herndndez Montes et al., 2005], the
description of Optimal Domains [Aschheim et al., 2007}, and the Theorem of Optimal
Section Reinforcement (TOSR, discussed by [Herndndez Montes et al., 2008]) have
contributed to a better understanding of traditional approaches such as Whitney’s

method of small and large eccentricities (see the textbook by Nawy [Nawy, 2003]).

In the case of circular cross sections (e.g. columns, piers or piles), traditional RC
design approaches consider longitudinal reinforcement, comprised of bars of the same
diameter with constant clear spacing, as illustrated by the popular section analysis

computer programs IECA 3.0 [Corres Peiretti et al., | or Davalath and Madugula [10].

Piers, having non-symmetrical distributions of reinforcement [Herndandez Montes
et al., 2010,Gil Martin et al., 2010] are a new development that is applicable to retaining
walls (Fig. C.2). Previously, non-symmetrical longitudinal reinforcement [Weber and
Ersnt, 1989] was used to provide more limited optimization involving only the spacing
of bars around the perimeter; the mathematical approach employed did not allow the
minimum reinforcement to be obtained, even in the case of spacing being the only
variable considered. The approach presented by Gil-Martin et al. [Gil Martin et al.,
2010] allows the use of bars of different diameters and spacing, in doing so the minimum
longitudinal reinforcement required for the ultimate strength design of circular sections
is determined. It is interesting to note that additional constraints have to be added to
the design of the reinforcement in order to allow the mechanization and erection of

these structural elements.

The behavior of a circular cross section member regarding cracking and deformation,

has not yet been widely studied.

In relation to symmetrically reinforced circular cross sections (henceforth SRCS),
Wiese et al. [Wiese et al., 2004] proposed an effective area of concrete in tension for
SRCS, Accsr. This was based on test results.

However, the authors are aware of no previous work addressing the serviceability
limit state of non-symmetrically reinforced circular sections (henceforth NSRCS). Re-
cently, the authors [Carbonell Marquez et al., 2014] proposed a general expression to
evaluate the effective area of concrete in tension for symmetrically reinforced circular
sections (henceforth SRCS) and NSRCS. In the present paper different distributions of
NSRSC have been studied, considering deformation and cracking. Improved expressions
of the effective area of concrete have been obtained. Moreover, errors, which originated
during the placement of the pile on site, have been studied by introducing an initial

rotation in one of the specimens.

Ten specimens of circular RC cross sections, with both symmetrical and asymme-

trical reinforcement, have been tested in four point bending tests. This paper presents



116 Publicacién en “Engineering Structures”, 2016

Non-symmetrical pile

Figura C.2: Non-symmetrical piles

the most relevant aspects gathered from these experimental results and validates the

expression previously presented by the authors [Carbonell Mérquez et al., 2014].

In this piece of work, short-term loading is analyzed, taking early shrinkage into

account.

C.2. The design of asymmetrical piles

The design of NSRCS piles follows the same protocol as any structural element.
EC2 [CEN, 2004] uses the Limit States method. In this paper Ultimate Limit State
of bending and Serviceability Limit States of short-term deflections and cracking are
checked.
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C.2.1. Material properties

The adopted stress-strain model for uncracked concrete is the one proposed by

EC2 [CEN, 2004].

For concrete in tension, with stresses beyond cracking, the model proposed by
Hernandez-Montes et al. [Herndandez Montes et al., 2013a] has been considered. It

is formulated as follows:

0 if €< —¢,

oers(€ap) :
P (e+ey) it —e <e<eq

2
PLLE el — \l (pe{fEs|6|> + [ (L +npers) i €y < €< eum

(C.1)

UCTS(E) =

being n = E; = E. and pegr = Ay | Acersr (Acers = effective area of concrete
in tension and Ay = the area of tensile steel). This expression describes the tension
stiffening contribution of concrete based on the CEB [CEB, 1985] model developed for

the study of deformations of reinforced concrete members.

The last domain of Eq. (C.1) has been adopted for average strains comprised bet-
ween €cy, (=fetm/Eem) and the apparent yield strain, €,,, the later is defined as the
average strain when yielding occurs at a crack location. The value of ¢,, is obtained
from the equilibrium of a short segment of the tension member. This segment is deli-
mited between a cracked section (where the reinforcement has yielded) and any given
section where the reinforcement stress is equal to the average stress. A detailed discus-
sion about the apparent yield strain can be found in Gil-Martin et al. [Gil-Martin and
Hernéndez-Montes, 2009].

Assuming that the tensile contribution of concrete beyond the yield strain of steel

(€y) is zero, a lineal decay of o.rg(€) is adopted between ¢,, and ¢,, see Fig. C.3.

C.2.2. Effective concrete area in tension stiffening

Most of the available experimental investigations concerned with the area of con-
crete influenced by a bar in tension -i.e. effective area of concrete- were conducted
on members with rectangular cross sections. Few studies have been published about

effective area of concrete for circular RC cross-sections.

One very interesting study concerned with symmetrically reinforced circular cross

sections (i.e. reinforcement uniformly distributed along the perimeter) was carried out
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cracked | un-cracked

Figura C.3: Tension stiffening model

by Wiese et al. [Wiese et al., 2004]. These authors idealized the reinforcement as a
continuous ring and, based on experimental results, proposed the tension stiffening
area, Accrr, to be the area of the circular strip which lies below the cross section
neutral axis, (i.e., within the area in tension), whose width is 2.5(R-R;,:), where R is
the radius of the section and R;,; is the radius of the circle defined by the centroids of
the longitudinal bars - Fig. C.4.

| Neutral fiber

\ Ac,ul"l"

2.5 (R'Rim)

Figura C.4: Effective area of concrete in tension for circular cross sections proposed by
Wiese et al. [Wiese et al., 2004]

Two options are usually available for the calculation of the deformation in the post-
cracking stage of RC members: introducing tension-stiffening in the concrete model
[Hsu, 1988, Gil-Martin and Hernandez-Montes, 2009] to integrate the curvature or using
a distribution coefficient which indirectly consider the tension-stiffening (EC2 § 7.4.3(3)
[CEN, 2004]). The second option means that after cracking, members behave in a

manner somewhere between the un-cracked and fully cracked conditions (Fig. C.5).

In Fig. C.5, the average curvature of the cross section is obtained from:

Laver = C(;DII + (1 - C)SOI (Cz)
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Fully cracked

M N-m) ... Tension-stiffening according to EC2 §7.4.3(3)
150 Symmetrical pier (T9-I)
Fully cracked
Tension-stiffening according to EC2 § 7.4.3(3)
100
Pave
/ o,= 0.4f  for A10-1
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\ o.= 0.4f,  for T9-I
__________________________ M.,
Curvature, ¢ (1/mm)
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2-10" 4-10" 6-10" 810" 10-10"

Figura C.5: Moment-curvature diagram for specimens: T9-I and A10-I. Average curvature
according to EC2 [CEN, 2004] using a distribution coefficient

where oy and ¢;; are the curvatures calculated for the uncracked and fully cracked
conditions, respectively, and ( is a distribution coefficient (equal to zero for uncracked

sections) given by:
2
(=1-p(%)
In this case, due to the testing conditions, the coefficient 5 is adopted as equal to

1 (single short-term loading), and o5 and oy, are the maximum tension stresses in the

reinforcement of the cracked section for M and M., respectively.

Because the value of the modulus of elasticity E., given by EC2 [CEN, 2004]
(Ecm = 22000 (f””)O’g [MPa]) is applicable if o, < 0.4 f.,, the values of M for which

10
0. = 0.4 f. have been indicated in Fig. C.5 (M = 53 kNm for the specimen T9-I and

M = 56kNm for A10-I). The corresponding values have also been summarized in Table

C.1 for each of the tested specimens.

Recently, Carbonell-Marquez et al. [Carbonell Marquez et al., 2014] proposed a
formula to estimate the effective area of concrete for circular RC cross- sections for
both traditional and non-symmetrical reinforcement. The advantage of the effective
area proposed [Carbonell Marquez et al., 2014|, A..ss, is that it unifies the two op-

tions considered for the study of post-cracking deformation in RC members (i.e. the
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Tabla C.1: Geometrical and mechanical characteristics of the tested piers

T1-11
Specimen T7-11 iiﬁ AS-II AG-T1 A3-II A4-TI A10-1
T9-1

Longitudinal 16016 5016+3010 501643010 7016+3012 6016+2010 7D16+2012 4020+3D10
reinforcement (rotated 10°) +6016 +5016

3217 mm? 1241 mm? 1241 mm? 1643 mm? 2570 mm? 26390 mm? 1492 mm?
s (mm) 48.3 41 41 41 41 41 45
M, (kN m) 142 110.3 109.5 133 129.5 145 110.3
Transverse 010 010 010 010 010 010 010
reinforcement  at at at at at at at
(stirrups) 200 mm 150 mm 150 mm 150 mm 150 mm 150 mm 150 mm

34.8
fun (MPa) 319 31.2 31.2 31.2 34.8 34.8 34.7

47 31.2
M (kN m) 60
for which 60 55 60 60 61 54 56
O 0,4 fom 53 5
, (MPa) 589 582 for ¥16 582 for P16 582 for P16 582 for K16 582 for P16 502 for N20
o 598 for @10 598 for @10 518 for @12 598 for P10 518 for P12 598 for K10
Concrete 59
covor 59 59 59 59 59 50
(mm) 59
Sketch s

s; is the distance between the centers of longitudinal bars, measured along the circumference. In the case of traditional
reinforcement, it corresponds to the distance between bars and in the case of asymmetrical reinforcement it is the
distance between the thicker bars

expression was obtained forcing to obtain the same deformations when using both pro-
cedures). This effective area is defined as a circular strip, h..fr width, located on the
tensile side of the section below the horizontal fiber whose deformation is €.,,. The
value and distribution of the effective area in the cross-section can be obtained from
Egs. (C.3)-(C.5) and Fig. C.6, respectively.

For traditional or symmetric reinforcement:

Peerr = W(—1,765R2 + 11,343Rx — 9,37527) (C.3)

For non-symmetric reinforcement:

1
Reeps = W(—Lum? +8,657Rx — 7,1322%) (C.4)
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In Egs. (C.3) and (C.4) the values of h..rr, R -radio of the cross-section- and z

-neutral fiber deep- are given in mm.

TSzto
hc,effint = hc,eff Tgtzp < Rint

(C.5)
hc,effext = hfc,eff - hc,effint
¥y €
i Tension <+——» Compression
A
P i N (0, @)
s
R,
// \\ p.¢
p - a b ¥ = R cos(8)
I/ \“ (p
%, L
e — —F—> €.
P v
Y eotm
A A . ./ v E(‘f
TSZt P \\.\\ ,‘/ /
TSz N\ \\\ 7 4 J y'y 'y
N, » 2 h
v S .__*‘P_. o c.effint h(,‘,ef
J= ¥ v
A / h(,‘,effext

coeff

Figura C.6: Definition and nomenclature for A..fr. Adapted from [Carbonell Marquez
et al., 2014]

C.2.3. Response curves
Moment-curvature curves, such as the one shown in Fig. C.5, are obtained imposing
equilibrium conditions on the cross section of the structural element.

Assuming that plane sections remain plane after deformation and no slippage of

the reinforcement occurs, the strain on any fiber of the section can be expressed as:

E(y, €cgs Qp) = €¢g + yp (C6)

where €., is the strain at the center of gravity of the gross section and y is the
vertical coordinate of each fiber with respect to the cross-section centroid, Fig. C.6.

The former Eq. (C.6) can also be expressed in terms of the angle a that defines the
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position of each fiber with respect to the vertical principal axis of inertia of the section
(Fig. C.6), for z < 2R, as:

(e, €cq, ) = €cg + @Rcos(a) (C.7)

In the present work, compression strain, stresses and forces as well as bending
moments which cause compression on the top fiber of the cross-section are considered

to be positive.

If aeernn is the angle -referred to the principal vertical axis of inertia- that locates
the fiber whose strain is equal to the concrete limit strain of cracking, €., (Fig. C.6)

the equilibrium of the cross-section is given by:

N 2/0 ce m(Rs’m(Oz))QUc(Oé, €cg, p)dor + /A oers (@, €cq, p)dA + Z Apios(Yj, €cq, @)
ceff ]

M= / ectm R3Sin2(04)005(04)0'c(047 €cgy SO)dOé + / aCTS(a’ €eg> gO)ydA
o Aceff

+ Zj A@jas(yja €cg) @)y]

(C.8)

where Ag; and y; are the cross sectional area and the vertical coordinate of each
longitudinal reinforcing bar with respect to the center of the circle, respectively. In the
former equations the adopted stress-strain laws for concrete, o.. (¢) and o.rg (€), in both
cracked and un-cracked range, respectively, are given by the EC2 formulation [CEN,
2004] and Eq. (C.1) respectively. The effective area of concrete, A. .y, is obtained from
Egs. (C.3)-(C.5) according to Fig. C.6. For steel, bilinear stress-strain curves o, (€),
have been adopted based on the comparison of the results of the tensile tests with the

registered strains during the testing.

The moment-curvature (M — ¢) diagram for the RC section is solved by increasing
curvature and obtaining the value of the moment, M, from Eq. (C.8) for a fixed value

of the axial force.

C.2.4. Influence of early shrinkage

Due to symmetry, the effect of shrinkage is negligible in SRCS, but it is not in
NSRCS.
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The deflection at midspan of the tested specimens is estimated by integration of
the moment-curvature diagram. In this work the effect of shrinkage is introduced by
shifting the diagram as suggested by Gilbert and Ranzi [Gilbert and Ranzi, 2011]. The
way in which the M — ¢ diagram is shifted is summarized in Fig. C.7. In Fig. C.7 the
subscript “uncr” corresponds to the un-cracked section while the subscript “cr” refers

to the fully cracked section.

M/
No shrinkage before loading

/S ED, N e

With early shrinkage before loading

Ad

Figura C.7: Effect of shrinkage in the short-term moment-curvature diagram. Adapted from
[Gilbert and Ranzi, 2011]

In Fig. C.7, the values proposed in [Gilbert and Ranzi, 2011] have been adopted:

Agp __ Pes,uncr Iu7lcr_90cs,crlc7"

Iuncr_lcr

AM = (@cs,uncr - A@)(El)uncr

Pesuner = €esT Tuner

_ S
Socs,cr - 603”?

cr

being:

Pes,uner Shrinkage-induced curvature on the uncracked cross-section - for zero applied
load

@es,er Shrinkage-induced curvature on the fully-cracked cross-section - for zero applied
load

€cs Free shrinkage strain (obtained according to [CEN, 2004])

n Modular ratio, defined as E;/FE.(to)
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Luners I, Are the moments of inertia around the centroidal axis of the transformed
section composed of concrete area A. plus n multiplied by the area of reinforce-
ment for the uncracked and fully-cracked sections, respectively. In the case of the

fully-cracked section, only the compressed portion of concrete is considered.

C.3. Experimental program

Ten pile specimens were tested. All the specimens had a cross section diameter of
400 mm. The reinforcement steel was B-500-S. Two of the piles had a length of 3 m
and eight had a length of 4 m. The shortest ones have been identified with -I in Table
1. Geometrical and mechanical characteristics of the tested piles are summarized in
Table C.1.

The load pattern during the tests is presented in Fig. C.8. This figure shows that
piles were subjected to four point bending tests. The distance from the application of
the loads to the supports, were equal to 1.0 m for all tests. All the structural elements
were tested up until failure. In all the experiments, the deflection of the member at
midspan was measured. The displacement of the supports were also registered to detect

possible seat effects of supports.

N
v

1.0 m

L (m) >§, 1.0m

S &
7N

1P 1P

N
\ 4

V2

C‘ ) Bending |

moment |

th P

P ‘ ‘ T Shear

(a) (®)

Figura C.8: Four point bending tests of RC piles: (a) experiment disposition; (b) specimen
T1-IT during the test

The procedure for the construction of the specimens was the following: the rein-
forcement cage was constructed by welding the longitudinal bars to stirrups; once the
reinforcement cage was finished, strain gauges were attached to some longitudinal bars
to record the strain during the loading process. After installing each gauge the wires

were connected and coated. The reinforcement cages were introduced into cylindrical
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cardboard formworks that were placed vertically for concreting. Self-compacting con-
crete was poured into the formwork via a hose, ensuring that the free fall height of the
concrete was less than 2 m. When the concrete had sufficient strength, the formwork

was removed and piles were stored vertically until the time of testing.

The concrete mean compressive strength (f.,) of each specimen at the time of
testing was determined from cylindrical compression tests just before each test. These

values are summarized in Table C.1 for each specimen.

The reinforcement steel was B-500-S for all the specimens. The actual stress-strain
behavior of several longitudinal reinforcements was obtained from tensile tests in order
to check if a bilinear model of steel was suitable (Fig. C.9). Because all the measured
strains in steel, €5, were lower than 0.01 a bilinear model was adopted to represent the
behavior of the reinforcement steel in the numerical analysis. The yield stress adopted

was taken from tensile tests of the same supply.

o, (MPa)

700
216

I
I
600 |

500

400

300

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I |
200 | !
1 |

% Upper strain measured in all the tested specimens
|

100 ||

0.00 T0.02

Figura C.9: Strain-stress curve of ()16 bars used in specimens

The characteristics of the ten piles tested in this campaign are summarized in Table
C.1. The first row shows the name of each specimen, the second row shows the longitu-
dinal reinforcement and its area, the third one indicates the location of the longitudinal
bars, the ultimate flexural strength -for zero axial load- of each cross section is given in
the fourth row. The following rows summarize the transverse reinforcement, the con-
crete mean compressive strength (f.,), the bending moment for which the stress in
concrete achieves 0.4 f.,,, yield stress of the longitudinal steel (f,) and the concrete

cover, c, respectively.
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The last row of Table C.1 deploys sketches of the SRCS and NSRCS of the piles
tested. To enable better understanding, transverse reinforcement has not been shown

in the drawings.

Three traditionally reinforced piles have been tested (second column in Table C.1).
In all the cases the longitudinal reinforcement consists of 1616 (16 bars, each 16 mm

diameter) distributed uniformly around the circumference. Two of these specimens are
4 m long (T1-II and T7-II) and the third one is 3 m long (T9-I).

Several asymmetrically reinforced piles were also tested. Specimens A2-11, A5-II,
AG6-IT and A10-I have the longitudinal reinforcement concentrated on one side of the
cross-section. In each of the above specimens different total reinforcement areas were
considered. Specimens A2-II and A5-IT are identical -the only difference was the hu-
midity conditions during testing-. The length of the piles is 4 m for specimens A2-II,
A5-1T and A6-II, while specimen A10-I is 3 m long. In order to quantify the influence
of placement errors in the behavior of asymmetrical piles, a specimen with identical
geometry to A2-1T and A5-11, but rotated 10 , was also tested (A8-1I). Specimens A3-11
and A4-II have asymmetrical reinforcement but longitudinal bars are concentrated on
opposite sides of the cross-sections. These last two types of reinforcement can be ap-
propriate for certain types of construction in which both positive and negative bending
moments exist. The initial letter A means asymmetric reinforcement and the initial

letter T means traditional reinforcement.

C.4. Experimental results

C.4.1. Deflections

Specimens summarized in Table C.1 were tested in four point bending tests as
shown in Fig. C.8. The development of deformations was observed by measuring the

deflections at midspan and crack widths along the length of the pile.

Deflections at both midspan and supports were recorded in order to account for
the seat effects. The displacements were measured with potentiometer displacement
transducers. To control the test through the displacement, one displacement sensor
wire was also located at midspan, fixed to the jack. Additionally 20 strain gauges (type
BFLA-1-11-3L) were installed in the reinforcement to measure the strain deformation

of the cross-section, an example is shown in Fig. C.10.

Fig. C.11(a)-(d) represents the value of the deflection at midspan registered during
the tests and the estimated values obtained from integration of the corresponding

moment-curvature diagrams for several specimens.
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Fig. C.11(a) represents the deflection at midspan as a function of the load in the
case of traditionally reinforced piles. This figure shows that the effective area of con-
crete in tension proposed by Carbonell-Mérquez et al. [Carbonell Marquez et al., 2014]
leads to values of the deflection at midspan closer to the experiments than the effective
area proposed by Wiese et al. [Wiese et al., 2004]. In this figure the estimated deflec-
tion obtained, neglecting the tension stiffening effect, has also been represented with
a dashed line. Results show that the effect of tension stiffening is significant at the
beginning of the loading process but it can be neglected when the load increases. Fig.
C.11(b)-(d) represents both the estimated and measured deflections at midspan for non-
symmetrically reinforced specimens. Fig. C.11(b) corresponds to two specimens with
a strong concentration of longitudinal reinforcement on one side of the cross section
while Fig. C.11(c) and (d) corresponds to specimens with reinforcement concentrated
in two opposite zones of the cross section. These figures show very good agreement
between the estimated and measured values of the deflection at midspan. As in the
first case, the estimated deflection when the tension stiffening effect is neglected has
been represented with a dashed line. In general the influence of tension stiffness can be
neglected for values of P greater than 1/3 P;,.

P=143.4 kN P=61.2 kN P=13.4 kN
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Figura C.10: Deformation of the cross section estimated from the measurements of the

gauges for three values of the applied load corresponding to specimen AS8-II
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Figura C.11: Estimated and measured deflection at midspan of the specimen during the
four point bending test. (a) Specimens T1-II and T7-1I; (b) Specimens A2-11
and A5-II; (c) Specimen A3-II; (d) Specimen A4-II
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C.4.2. Stress state

The maximum stresses on the lowest reinforcement bar during the test match the
predicted value very well. Fig. C.12 shows the evolution of this stress as a function of
the applied load, for several specimens. All the gauges were placed in the portion of
the specimen subjected to a constant bending moment, the different gauges are shown
with different symbols (Fig. C.12).

Fig. C.12(a) and (b) shows the predicted stresses obtained, by both considering the
effective area of concrete proposed by Carbonell-Marquez et al. [Carbonell Marquez
et al., 2014] and neglecting the tension stiffening effect. It is evident that if the tension
stiffening effect is neglected, A.;; = 0, the stress of the reinforcement is drastically
increased when the cracking moment is reached due to the fact that the contribution
of the concrete disappears, as is shown by the dashed lines of Fig. C.12(a) and (b).
However, for values of the load around P,,./3 both models, with and without the

tension stiffening effect, lead to similar results.

C.4.3. Crack widths

The crack widths were measured during the tests using a sheet metal thickness
gauge. The crack width was considered equal to the greatest thickness of the sheet

that could be introduced into the crack.

The characteristic crack width (w) was obtained using the formulation of EC2 [CEN,
2004] for the case of short-term loading.

Results plotted in Fig. C.13 shows that the characteristic crack width proposed by
EC2 [CEN, 2004] has a similar trend to the measured values. The formula of the EC2
overestimates the crack width for asymmetrically reinforced piles but it is very close

to the experimental value in the case of the traditional reinforcement.

C.5. Conclusions

An experimental campaign of circular RC cross-sections piles, symmetrically and
non-symmetrically reinforced, has been presented. The effect of the tension stiffening
area has been quantified by the comparison of the experimental results with the calcula-
ted results. It has been shown that the tension stiffening area proposed by Carbonell-
Maérquez et al. [Carbonell Marquez et al., 2014] leads to results of the deflection at
midspan and the maximum tensile stress in reinforcement very close to the actual res-

ponse of the structural element. Some discrepancies exist between the characteristic
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crack widths proposed by EC2 [CEN, 2004] and the measured values for the case of

non-symmetrical reinforcement.
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ABSTRACT

Reinforced concrete piles employed in earth retaining systems are typically designed
with symmetric reinforcement. The non-symmetric RC wall piles have recently been
introduced by the authors, obtaining savings of up to 50 % in weight in longitudinal
reinforcing steel compared with the traditional solutions, leading to significant financial

savings while also reducing associated environmental impacts.

The structural behavior of this new RC member under long-term loading is stu-
died, comparing it with its symmetrical counterpart. An experimental campaign has
been carried out. Full scale specimens with circular cross sections symmetrically and

asymmetrically reinforced were tested. Results have shown that asymmetrically RC
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pile developed a slightly higher deflection than its symmetrical counterpart. A new ex-
pression for the effective area of concrete in tension applicable to non-symmetrical piles
is introduced. Moreover, a new stress-strain law for cracked concrete that accounts the
tension stiffening effect for long- term loading is proposed. Finally, for non-symmetrical
RC wall piles, the evolution of the parameter that takes into account the duration of
loading in deformations is presented. Although more evidence is needed, it is shown
that tension stiffening effect contribution could be overestimated by Eurocode 2 in the

case of non-symmetrically or underestimated in case of symmetrically RC piles.

D.1. Introduction

Up to date, many research works about optimization in reinforced concrete structu-
res have been published [Yepes et al., 2015, Amir, 2013, Dalton et al., 2013, Fraile-Garcia
et al., 2016, Yepes et al., 2008]. Despite of this fact, in civil engineering, traditional so-
lutions have gained vast experience over the years and, due to this, a new structural
element must have an extensive theoretical and experimental background before its
widespread use. One of these new structural elements are the wall piles using non-
symmetrically longitudinal reinforced cross section (hence- forth NSRCS) proposed by
Gil-Martin et al. [Gil Martin et al., 2010] and Herndndez-Montes et al. [Herndndez Mon-
tes et al., 2013b] and patented by the University of Granada. In comparison with the
symmetrically reinforced concrete pile (henceforth SRCS), whose reinforcement con-
sists of steel bars of the same diameter uniformly spaced around the circumference
of the section, in the NSRCS, bar diameters and spacing can vary. Non-symmetrical
wall piles can lead to savings of up to 50 % in weight in reinforcing of longitudinal
steel. As explained in [Gil Martin et al., 2010}, the method of optimization is based on
the addition of thick bars at the minimum distance allowed by the design code until
the required ultimate bending strength is achieved. Other methods of optimization as
in [Camp and Akin, 2012, Marti et al., 2016, Jahin, 2011] could be employed.

After theoretical studies [Gil Martin et al., 2010, Hernandez Montes et al., 2013b],
tests carried out in the lab and the instrumentalization of several specimens built
on trial sites [Gil Martin et al., 2016] have confirmed that these perform well. This
structural element has begun to be used in works such as the retaining walls of the
underground floors of Sant Antoni Market in Barcelona in 2014, and in the metro of
Riyadh (Fig. D.1), which is currently under construction. In both cases, savings of more
than 40 % in steel with respect to the symmetrical counterpart have been reached. The

calculation of deformations of this new element is a problem that we study in this

paper.
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Figura D.1: Optimized non-symmetrically reinforced pile in Riyadh, Saudi Arabia

The asymmetric distribution of the reinforcement in a RC circular cross section was
first introduced by Weber and Ersnt [Weber and Ersnt, 1989], however, the solution
they proposed does not correspond with the minimum reinforcement, among other
restrictions they did not contemplate the case of bars of different diameters. In previous
works, authors [Gil Martin et al., 2010, Herndndez Montes et al., 2013b] have presented
the strength design for asymmetrically RC members with circular cross section under
flexure (see Fig. D.2). However, the behavior under long-term loading has not yet been
studied.

Figura D.2: Non-symmetrically reinforced piles. Adapted from [Gil Martin et al., 2016]
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In order to better understand the behavior of RC circular cross sections in-service
two experimental campaigns have been carried out, one for short-term loading and
other for long- term loading. Both, NSRCS and SRCS, specimens were tested under
flexure. In the first campaign, 10 specimens were subjected to four point bending tests
until failure. The results of the first campaign were presented in [Gil Martin et al.,
2016].

In the present work, the long-term behavior of NSRCS and SRCS is analyzed based
on a long-term loading experimental campaign. Two specimens, with symmetric and
asymmetric reinforcement respectively, have been tested in four points bending tests
for the duration of three months, in which the load remained constant. Shrinkage, creep

and the effect of time in the characteristics of the concrete have been considered.

D.2. Calculus of deformations in an RC member

The study of deflections of RC members under flexure can be obtained using diffe-
rent procedures. Fig. D.3 shows three of these. The first is the experimental approach;
expensive but necessary in order to verify the other methods. The other two conside-
red are based on the numerical integration of the curvature along the length of the

structural elements.

D.3. Computation of deformations of NSRCS and
SRCS through the interpolation between un-
cracked and fully cracked conditions of the
section (procedure 2 of Fig. D.3)

The second procedure is done using formulas of interpolation between uncracked

and fully cracked states of the section. Eurocode 2 (EC2) [CEN, 2004] (Section 7.4.3)

proposes the following expression:

a25a11+(1—§)a1 (Dl)

In Eq. (D.1) « is the deformation parameter considered (i.e. deflection, strain or

curvature) after the section has cracked; a; and «y; are the values of the parameter
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Eurocode 2 [CEN, 2004] - Steel. Figure D.11
§7.4.3 - Concrete. Figure D.6; Eq D.8
Effective area of concrete -
§4.2
Calculate M-¢ curve Equilibrium equations

Egs. D.15 and D.16)

M

A

v

Integration of M-¢ curves

A

> Deflections

Figura D.3: Different procedures for calculation of deflections in RC members

calculated for the uncracked and fully cracked conditions respectively and & is a dis-
tribution coefficient that takes into consideration the effect of tension stiffening, it is

given by the expression:

E=1- 5(03’"> (D.2)

where o, is the stress in the tension reinforcement at a cracked section under the
applied load and oy, is the stress in the reinforcement calculated on the basis of a
cracked section under the loading conditions causing first cracking. Coefficient 3 in Eq.
(D.2) accounts for shrinkage-induced cracking and the reduction in tension stiffening
over time [Gilbert, 2013]. EC2 [CEN, 2004] suggest two values for § depending on the
duration of the loading and its repeatability, being § = 1 for a single short-term loading

and 8 = 0.5 for sustained loads or many cycles of repeated loading.

According to EC2 [CEN, 2004], for flexure the ratio og./os in Eq. (D.2) may be

replaced by M,./M, where M., is the cracking moment and M the maximum in-service
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moment applied to the specimen at the time at which deflection is calculated. So, the
M — ¢ (moment-curvature) relationship implicitly proposed by EC2 [CEN, 2004] is
obtained from Egs. (D.1) and (D.2) replacing « by ¢:

2 2

Examples of this second path are shown in classical text books [Hurst, 1998, Gilbert
and Ranzi, 2011].

D.3.1. Influence of shrinkage in the moment-curvature dia-

gram

In this study the shrinkage before and after the first loading was taken into con-
sideration. Its influence is less noticeable in traditionally reinforced piles than in the
asymmetrical ones due to the different restraint to shrinkage provided by the embed-
ded reinforcement. Shrinkage introduces an increment of the curvature in the case of

asymmetrically reinforced members.

The effect of shrinkage is introduced in the analysis by shifting the M — ¢ diagram
as suggested by Gilbert and Ranzi [Gilbert and Ranzi, 2011]. Fig. D.4 shows how the
M — ¢ diagram has shifted. In Fig. D.4 and Eq. (D.4), the subscripts “cr” refers to the

fully cracked section while “uncr” corresponds to the uncracked section.

A¢ . d)sh,uncrluncr*(bsh,crlcr

Iunc’r 711:7‘

AM = (Qbsh,uncr - A¢) (EI)UNCT

_ S
¢sh,uncr = €Ny
uncr

_ S
¢sh,c7‘ - 6shnj )
CcT

(D.4)

Being in the above expressions:

Gshuner Shrinkage-induced curvature on the uncracked cross-section (for zero applied
load)

Gsh.er shrinkage-induced curvature on the fully-cracked cross-section (for zero applied
load)
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No shrinkage

~ .
/:I (EI) uncr ~ Ve ] (EI) cr

Ve / With shrinkage

Figura D.4: Effect of shrinkage in the short-term (8 = 1) moment-curvature diagram. Adap-
ted from [Gil Martin et al., 2016]

€sn free shrinkage strain (obtained according to [CEN, 2004])
n modular ratio, defined as Fy/FE.(t)

Tuners I moments of inertia about the centroidal axis of the transformed (or homo-
genized) section in concrete for uncracked and fully-cracked section, respectively.
In the case of fully-cracked section only the compressed portion of concrete is

considered.

D.4. Computation of deformation of NSRCS and
SRCS through the integration of the stress-

strain models of the materials (procedure 3 of
Fig. D.3)

The third procedure consists in solving the equilibrium equations to obtain the
M — ¢ diagram. M — ¢ diagrams are used to obtain the deformation of elements by
integrating the flexural moment diagrams along the length of the element. Approxi-
mations of M — ¢ diagrams used to be checked experimentally in four point bending

tests.
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Models of the behavior of steel and concrete (stress-strain models) in tension and
in compression are used. The average behavior of concrete under tension stresses in a
cracked region is represented by a stress-strain model called tension stiffening formula-
tion (Section D.4.1). This formulation must be applied to a certain region of the cross
section called effective area of concrete in tension, A..rs (Section D.4.2). This area of
concrete, affected by tension stiffening, surrounds the tension reinforcement because
this phenomenon is a consequence of the bond interaction between concrete and rein-
forcement. Finally, the M — ¢ diagrams are obtained imposing equilibrium (Section
D.4.3).

D.4.1. Tension stiffening model

Design codes as Eurocode 2 [CEN, 2004] and CEB-fib Model Code 2010 (MC2010)
[FIB, 2012] do not provide an explicit expression for the tension stiffening effect of RC
cross section. These codes only provide an expression to evaluate the deformation, in
which the tension stiffening effect is taken into account implicitly, through the inter-
polation between two situations that correspond to the uncracked and fully cracked

states of the section (second procedure of Fig. D.3).

D.4.1.1. General tension stiffening model

Although many different models to capture the tension stiffening effect in RC
sections have been proposed in the literature [Lam et al., 2010, Bentz, 2005, Il Lee
et al., 2005, Kaklauskas et al., 2011, Yao et al., 2015], Herndndez-Montes et al.
[Hernédndez Montes et al., 2013a] proposed a model for the tension stiffening ef-
fect of concrete extracted from the implicit formulation given in EC2 by Eq. (D.1).
In [Hernandez Montes et al., 2013a] an average tensile behavior of concrete after crac-
king is formulated as function of the average strain €, i.e. o.rg(€). Using the sign
convention that tensile stresses and strains are negative in tension, the expression pro-
posed by [Herndndez Montes et al., 2013a] provides the tension stiffening contribution

of cracked concrete:

2
UcTS(E) = gEs|€| - \l <5Es|€‘> + Bfgtm(l + np) (D5)

being p the reinforcement ratio, n the coefficient of equivalence (defined as n =
E,/E., being E; and E. the elastic modulus of steel and concrete, respectively) and

fem the mean axial tensile strength of concrete.
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D.4.1.2. Tension stiffening model in short-term loading

In the case of short-term loading and according to EC2 [CEN, 2004] parameter 3
in Eq. (D.2) is equal to 1 (8 = 1). This expression is valid if the steel, at any crack
in the member, does not reach its tensile yield strain -¢, (being: €, = f,/E;). For a
monotonic increasing loading, at the instant at which the steel yields first at a crack,
see Fig. D.5, the average strain of the concrete prism is €,, (apparent yield strain). The
value of €4, can be obtained from the equilibrium between a cracked section where the

reinforcement has yielded and a section between cracks where the strain is equal to €,:

fyAs = US(Eap)As + gcTS(‘fap)Ac,eff (DG)
- &y - €ap - Ectm
< l | 1
e= Al/l
Ac ot e | Ocrs (€ap)
; Cracked 5
&
/ 5
OcTS S
As
N — — N
1 1
<— 4 ; ; P —
1 1 fotm
[ (I —
Al/2 — Pt —————Pr—1— Al/2

I v,

c

Figura D.5: Tension stiffening model for cracked concrete in short-term loading

where A, is the area of tensioned steel and f, is the yield strength of the steel. If
the strain keeps growing, the average tensile stress in concrete decreases linearly until
the average strain of the prism reaches -¢,, see Fig. D.5. Afterwards, it is assumed that
the tensile contribution of concrete is negligible [Wu and Gilbert, 2008]. The complete
stress-strain expression for cracked con- crete (o) in short-term loading (8 = 1) is
given by Eq. (D.7). This expression is represented in Fig. D.5.

0 if €< —¢,
oorgle) = { gersloan) (¢ 4 e) if —e, <e< —¢ (D.7)

€y —€ap

UCTS(€> if —€ap S € < —€ctm
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In the above expression o.rg (€) is the tension stiffening contribution of cracked

concrete, which was defined in Eq. (D.5).

D.4.1.3. Tension stiffening model in long-term loading

The long-term loading effect is included in the M — ¢ diagram of the RC cross
sections through the parameter 5 in Eq. (D.5). EC2 [CEN, 2004] proposes a value
of B = 0.5 for sustained loads or many cycles of repeated loading regardless of the
period of time the load acts (months, years, etc.). Despite the complexity of the factors
that influence the value of 8 [Gilbert and Ranzi, 2011] (duration of loading, shrinkage
strain and deterioration of the bond between steel and concrete), the parameter which
introduces the long-term effect in the response of RC members according to EC2 3
only takes two possible values (1 or 0.5). Mathematically, the introduction of 8 1 for
the computation of long-term deflections is equivalent to a reduction of the cracking
moment over time, being an over-simplistic way of accounting time-dependent cracking
and the reduction of tension stiffening over time [Gilbert, 2013, Gilbert, 2008].

If there is not significant shrinkage before first loading, it is possible to compute
the deflection of a RC member immediately after loading using § = 1 [Gilbert and
Ranzi, 2011] but under normal circumstances, in which significant shrinkage occurs
before first loading, Gilbert [Gilbert, 2013] proposes a value of 5 = 0.7 for early ages
(less than 28 days) and 5 = 0.5 for ages greater than 6 months.

The stress-strain model for cracked concrete given by Eq. (D.7) (and represented in
Fig. D.5) is valid for short-term loading, for which 5 = 1. In order to consider long-term

loading, parameter § in Eq. (D.7) must be converted into a value lower than 1.

In Fig. D.6a, the load-strain curve of a concrete prism with an embedded bar has
been represented. The line o-d (dark dashed line) in Fig. D.6a corresponds to a bare
bar whereas the other two lines (0-a-e-c-d and o-a-b-c-d) correspond to the tension

stiffening model § = 1 and 8 = 0.5, respectively.

The portion a-b (for long-term effect, i.e. when 5 = 0.5) in Fig. D.6a corresponds to
a sudden drop of the tension force applied to a RC prism just at the moment in which

the cracking axial load (N,.) is reached, i.e. at the strain corresponding to cracking,
€ctm -
The former explanation, related to the load-strain curve, is equivalent to introduce

a drop (branch a-b) in the stress-strain curve for cracked concrete under tension (see

Fig. D.6b). For a given value of 3, the drop a-b can be calculated using Eq. (D.5).
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L OcTs (Ectm)

L f;‘,tm

(a) (b)

Figura D.6: Tension force applied to the prism (a) and concrete stress-strain law (b)

The effect of creep is introduced in the stress-strain model of cracked concrete by
replacing E.,, by the effective elastic modulus, Ec,eff [Collins and Mitchell, 1991], de-
fined in Section D.5. The stress-strain curve of cracked concrete in tension affected by
creep is represented in Fig. D.7a. The following step is the introduction of shrinkage
effect on the model. To do this the creep-affected model in Fig. D.7a is shifted in hori-
zontally until zero stress corresponds with the shrinkage strain, €, obtained according
to EC2 [CEN, 2004] (see Fig. D.7b).

€y Eap,eff Ectm,eff £

] €

fc tm L fc tm

(b)

Figura D.7: Cracked concrete stress-strain relationship affected by creep (a) and shrinkage

(b) in long-term loading
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Given all the above, the mathematical expression of the stress-strain relationship

for cracked concrete in long-term loading is:

0 if €< —(ey —€sn)
| e (o — e) IR i (e — ) S € S —(Capess — €on)
crs(€) = oers(€+ €sp) if  —(eapefr — €sn) < € < —(Ectmeff — €sh)
(e = en) if  —(€etmers — €n) < € <€

(D.8)

with o.rs (€) given by Eq. (D.5).

D.4.2. Effective area of concrete in tension for NSRCS and
SRCS

Reinforced concrete design codes such as EC2 [CEN, 2004] provide expressions for
Accpp applicable only to rectangular cross sections. Few studies have been published

about effective area of concrete in tension for circular RC cross sections.

Recently Carbonell-Mérquez et al. [Carbonell Méarquez et al., 2014] proposed a for-
mulation to obtain the geometry of the tension stiffening area valid for both SRCS
and NSRCS. The value of A..rs proposed [Carbonell Marquez et al., 2014] was sup-
ported by short-term tests [Gil Martin et al., 2016]. This effective area (see Fig. D.8)
was determined in such a way that, using the stress-strain relationships for steel and
uncracked concrete proposed by EC2 [CEN, 2004] and the tension stiffening model
proposed by Herndndez-Montes et al. [Herndndez Montes et al., 2013al, the M — ¢
relationship of the RC cross section obtained using procedure 2 indicated in Fig. D.3
is the same as the one obtained using procedure 3. Note that doing so, experimental
data is not needed.

The effective area proposed by Carbonell-Marquez et al. [Carbonell Marquez et al.,
2014] is placed on the tensile side of the cross section (below the horizontal fiber whose
strain is €ctm = fetm/Eec). It is a circular strip whose width is h..rr, see Fig. D.8.
The width h..rs is distributed in two zones (interior, hecffint, and exterior, Aeeffext)
around the circle that links the center of gravity of the bars. The expressions proposed

in [Carbonell Marquez et al., 2014] to calculate the geometry of A ;s are the following:
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Figura D.8: Definition and nomenclature for A..¢;. Adapted from [Carbonell Marquez
et al., 2014]

TSzto
hc,effint = hc,eff Tgtzp < Rint

(D.9)
hc,effe:pt = hc,eff - hc,effint

For traditional or symmetric reinforcement:

Reerr = W(—1,765R2 + 11,343Rx — 9,37527) (D.10)

For asymmetric reinforcement:
1
Peeps = W(—an? + 8,657Rx — 7,1322%) (D.11)

The value and distribution of A, s can be obtained from Egs. (D.9)-(D.11). In
Egs. (D.10) and (D.11) the values of h..sr, R (radius of the section) and z (neutral
fiber depth) are given in mm.

Wiese et al. [Wiese et al., 2004] proposed a distribution of the effective area of

concrete in tension (A..sr) for SRCS. This effective area also consists in a circular
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strip which lies below the cross section neutral fiber and whose width is equal to 2.5( R-
Rini), where Ry, is the radius of the circle defined by the centroids of the longitudinal
bars (see Fig. D.9). It is worth noting that Wiese et al. [Wiese et al., 2004] envisioned
the reinforcement to be a continuous ring located at R;,;. In this work, a discrete

distribution of the reinforcing bars is considered (Fig. D.9).

Neutral fiber

2.5 (R'Rinz)

Figura D.9: Effective area of concrete in tension for SRCS proposed by Wiese et al. [Wiese
et al., 2004]

In addition, a simpler effective area of concrete in tension A..¢s for NSRCS has
been considered in this work. This value of A..fs is similar to the one proposed by
EC2 [CEN, 2004] for beams, it is interesting to observe that due to the steel distribution
NSRCS are very similar to rectangular beams: steel in the bottom part of the cross
section. In the case of circular cross section of NSRCS the proposed effective area

corresponds to the circular segment represented in Fig. D.10, whose height is given by:

2,50,
hc,eff = Miwn R (D12)
(2R —z.)/3

In the above equation, h; is the distance that defines the position of the centroid
of the tensioned reinforcement, and z., is the neutral fiber depth corresponding to the
cracking moment, M., [Gil Martin et al., 2015].

In the present work several effective areas of concrete in tension have been conside-
red and compared: the one proposed by Wiese et al. [Wiese et al., 2004] for SRCS, the
one represented in Fig. D.10 for NSRCS and the effective area proposed by Carbonell-
Marquez et al. [Carbonell Marquez et al., 2014] for both, NSRCS and SRCS.
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Strains

Figura D.10: Newly introduced effective area of concrete in tension for non-symmetrically

reinforced circular cross sections

D.4.3. Computation of the M — ¢ diagrams

The M — ¢ diagram of a particular cross section, at a certain time ¢, can be obtai-
ned from the equilibrium equations. Assuming that plane sections remain plane after
deformation (Bernoulli hypothesis) and that no slip of reinforcement occurs, the strain

on any fiber of the cross section is given by:

E(y, €cgs ¢) = €¢yg + ¢y (D13)

where y is the vertical coordinate of the fiber with respect to the centroid of the
gross section and e.4 is the strain at the center of gravity of the gross section, see Fig.
D.8. Eq. (D.13) can also be expressed in terms of the angle 6 (the angle between the
vertical principal axis of inertia of the section and the radius corresponding to the fiber

where the strain is evaluated - Fig. D.8) for < 2R as:

€(0, €cg, @) = €cg + PRcos(0) (D.14)

The sign convention chosen for this study is the following: bending moments which
cause compression on the top fiber are assumed positive, as are compression strains,

stresses and forces.

The angle, referred to the principal vertical axis of inertia, which defines the cracked

area of the cross section is called e (see Fig. D.8). This angle corresponds to the
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fiber whose strain is equal to the cracking strain of concrete, €.,,. According to the

above definition, the equilibrium of the cross section can be expressed as:

N =2 /0 " (Rsin(0))20.,(0, eog, 6)dO+ /A 0150, e O)AA+S" Ap;04(ys, €cgr )
J

ceff

(D.15)

M = /0 o R351n2<9)608(6)0c(97 €cg» Qb)de‘i‘/A UcTS<97 €egy ¢>ydA+Z A@jas (yj’ €eg gb)yj
J

ceff

(D.16)

where Ag; and y; are the cross sectional area and the vertical coordinate of the
reinforcing bar j, respectively and o., o.s and o, are the stresses in uncracked concrete,

cracked concrete and steel, respectively.

Moment curvature diagrams are obtained for constant values of the axial load. The
first step is to impose N = 0 in Eq. (D.15) (or any constant value of the axial load, in
a general case). M — ¢ curves are calculated iteratively: for a given value of ¢ = ¢;,
the strain at the center of gravity of the section, €4, which causes axial equilibrium
(Eq. (D.15)) is found using for example the bisectional method. With the values of fi
and €.y, Eq. (D.16) gives the value of the moment M;, obtaining the first point of the
diagram (M;, ¢;). Once the M — ¢ diagram is known, the deflection at midspan can

be determined by integration of the curvatures along the member.

D.5. Material properties

D.5.1. Stress-strain model for reinforcing steel

The reinforcing steel used in the experimental campaign was B-500-S for both
specimens. In order to check if the bilinear model of the steel is suitable, the actual

stress-strain behavior of ()16 reinforcing bars was obtained from tensile tests (see Fig.
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D.11). Due to the fact that during the experimental campaign the strains in the steel,
es, were lower than 0.01 mm/mm, the bilinear model proposed by Eurocode 2 [CEN,
2004] was adopted in the numerical analysis. The yield stress adopted in the numerical
analysis was also taken from tensile tests (Fig. D.11). The effect of the time on the

mechanical characteristics of the steel was neglected.

o, (MPa)
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-

500 |-
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400 |

Maximum strain measured during the experiments

]

300 [
200 |
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£
| s

i ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! |
0.00 0.02 0.04 0.06 0.08 0.10

Figura D.11: Strain-stress curves of longitudinal reinforcement used in specimens. Adapted
from [Gil Martin et al., 2016]

D.5.2. Stress-strain model for uncracked concrete

The adopted stress-strain model for uncracked concrete is the one proposed by
EC2 [CEN, 2004]. The long-term effect is introduced by considering shrinkage and
creep as well as the effect of aging in concrete.

Design of RC structures is usually based on the 28-days strength of concrete. If a
long-term loading is considered, EC2 [CEN, 2004] proposes the following expression for

the development of the mean compressive strength of concrete with time at 20°C:

fcm(t> - Bcc(t)fcm (D17)

where t is the age of the concrete in days, f., is the mean compressive strength of
concrete at 28 days and [..(1) is a coefficient given by:
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Bee(t) = exp [s (1 - 28)] (D.18)

t

where s is a coefficient which depends on the type of cement (equal to 0.25 for

normal cements).

The mean value of the axial tensile strength is also affected by the aging, according
to EC2 [CEN, 2004]:

fetm(t) = (Bee(t)” fetm (D.19)

where .. (t) is given by Eq. (D.18), « is a coefficient that depends on the age of
the concrete (v = 1 for t < 28 and o = 2/3 for ¢t > 28).

The effect of creep in the deformation of the specimen has been included as proposed
in EC2 [CEN, 2004]; that is, at age of t days the effective elastic modulus for concrete

is given by:

(Bec(t))* B

1+ ol 1) (D.20)

Ec,eff -

Being E.,, the elastic modulus of concrete at 28 days, .. () the coefficient given
by Eq. (D.18) and ¢(t, ty) the creep coefficient (calculated according to EC2 [CEN,
2004]).

D.6. Experimental program

Two pile specimens were tested, one with asymmetric and the other one with sym-
metric longitudinal reinforcement. Both specimens had a length of 4 m and a circular
cross section with a diameter of 400 mm. The two specimens were subjected to 4- point
bending tests (Fig. D.12). A constant bending moment of P kN m in the central stretch

of the specimen was applied for the duration of 3 months (long-term loading).

Geometrical characteristics of the tested piles are summarized in Fig. D.13. The

symmetric cross section (Fig. D.13a) was reinforced with 16 bars of @ 16 mm (A, =
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Figura D.12: Experimental disposition of the four point bending tests of RC piles

3216.99 mm?) equally spaced. The asymmetric specimen (Fig. D.13b) was reinforced
with 7 bars of 16 mm diameter placed at the bottom of the section and 3 bars of
12 mm diameter (A, = 1643.06 mm?). Both specimens have a very similar ultimate
flexural moment (see Table D.1) but a saving of almost 50 % of steel is achieved using

the non-symmetrical reinforcement.

R = 200 mm
R = 200 mm c =77 mm
c=T7 mm O = 10 mm
O = 10 mm 0, =12 mm
0 = 16 mm n, =3 ‘
n, =16 s, = 193.21 mm “
= 48.30 _
S mm 0,= 16 mm
g, =
s, = 41 mm

2

c+0+9/2

c+0+49,/2
(a) (b)

Figura D.13: Geometrical characteristics of (a) symmetrical and (b) non-symmetrical spe-

cimens

Once the reinforcement cages were assembled (Fig. D.13a and b) they were intro-
duced into cylindrical cardboard formworks placed vertically for concreting in. Finally,
when the concrete acquired sufficient strength, formworks were removed. The load was
introduced after 28 days through a lever using a transversal beam to transfer the load
(a concrete cube) to the two loading points of the specimen (see Fig. D.14). This

mechanism allowed the application of a constant load over 100 days.
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Tabla D.1: Description of the specimens

Symmetrical ~ Non-symmetrical

specimen specimen
L(?ngltudlnal 16016 7016 + 3010
reinforcement
M, (kN m) 142 133
M (kN m)® 46.83 46.25
Transverse

) ) 10 at 200 mm @10 at 150 mm
reinforcement (stirrups)

fem (MPa) 58.05 47.15

@ Mean value of the load transmitted during the tests

Figura D.14: Configuration of the long-term test

Linear transducers LVDT with a range of 100 mm and an accuracy of 0.001 mm

were used to record deflections on both.

An ordinary Portland cement was used in the concrete mixes, with a water/cement
ratio of 0.45. The concrete mean compressive strength (fe.,) of each specimen was

determined from standard compression tests. These values are summarized in the last
row of Table D.1.

The mean value of the load transmitted is indicated in Table D.1. The strain of
the bars was always smaller than the apparent yield strain. Due to this fact no distin-
ction between embedded bar model or bare bar model in the evaluation of the tension

stiffening effect was needed.
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D.7. Deformation in time

D.7.1. Long-term deflection

Theoretical deflection was computed by integration of the curvature along the axis
of the specimen using finite differences. The curvature at each section can be obtained

directly from the bending moment diagram because it is a determined structure.

The moment-curvature diagrams were calculated by means of two methods: (1)
using the formulation proposed by EC2 [CEN, 2004] that corresponds to Eq. (D.3) -
procedure 2 of Fig. D.3 - and (2) by analytical computation of the M — ¢ diagram
using the material models of steel and uncracked concrete proposed by EC2 [CEN,
2004] and Eq. (D.8) for cracked concrete along with the effective area corresponding to
the RC section (Wiese et al. [Wiese et al., 2004] and Carbonell-Marquez et al. [Carbo-
nell Marquez et al., 2014] for SRCS; and Carbonell- Marquez et al. [Carbonell Marquez
et al., 2014] and the effective area of concrete in tension A. s represented in Fig. D.10
for NSRCS). The latter corresponds to the procedure 3 of Fig. D.3.

Figs. D.15 and D.16 show the M — ¢ diagrams of the asymmetrical specimen for
different times (¢ = 28 and 120 days) and different values of 5 (1 and 0.5) respectively.
The diagram corresponding to = 0.5 (Fig. D.16) shows a horizontal part correspon-
ding with the pair M.. — ¢.-. On the other hand, = 1 provokes a M — ¢ diagram
without this horizontal portion (Fig. D.15).

It is evident from Figs. D.15 and D.16 that the M — ¢ diagram computed with the
expression of A..rs proposed in Carbonell-Marquez et al. [Carbonell Marquez et al.,
2014] coincides with the one proposed by EC2 [CEN, 2004] (obtained following proce-
dure 2). For its part, the newly introduced effective area of concrete in tension A..yy
for NSRCS represented in Fig. D.10 leads to a M — ¢ diagram that has a reasonable
agreement with the one proposed by EC2 [CEN, 2004] (Figs. D.15 and D.16) despite

its simpler definition.

Figs. D.17 and D.18 show the evolution of the deflection at midspan of the tested
specimens over time. Points represent experimental measured values whereas lines re-
present the values obtained from integration of the curvature along the length of the
member by finite differences (path 3 of Fig. D.3). Two values of parameter § have been
considered: the value proposed by EC2 [CEN, 2004] for sustained loads, § = 0.5, and
an intermediate value equal to § = 0.7. The last value of 3 lies between the values
proposed by EC2 [CEN, 2004] and MC2010 citemodelcode for early ages - i.e. less than
28 days (for which 8 = 1) and for ages greater than 6 months, Gilbert [Gilbert, 2013]
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Figura D.15: Moment-curvature diagrams of the asymmetrical specimen corresponding to
t=28 daysand g =1

(for which 8 = 0.5). This choice was made because the average duration of the tests
was 3 months. Fig. D.17 also brings to light how the model for A ¢ given by Fig. D.10
provides relatively good deflection results despite its simplicity in comparison with the

model given by Fig. D.8, which almost matches the experimental results.

The recorded values of the mean relative humidity RH during the experimental
campaign were: RH = 30 % for the NSRCS and RH = 75 % for the SRCS.

The asymmetric pile has developed a higher deflection mainly due to the afore-
mentioned different restraint to shrinkage provided by the bonded reinforcement. Ne-
vertheless, from comparison of Figs. D.17 and D.18 it is evident that the difference
between the deformations of both specimens is small (less than 2 mm) even when the
compressive strength of the concrete of the asymmetric specimen was slightly lower
than the symmetric one (see Table D.1).

In Fig. D.17, corresponding to the asymmetric specimen, a phenomenon of degra-
dation of the tension stiffening area over time is noticed. At the beginning of the test,
experimental results are closer to the theoretical curve corresponding § = 0.7 but as
time goes on the effective area of concrete in tension (and therefore the tension stiffe-
ning effect) decreased due to its deterioration and the experimental values started to
change its tendency, getting closer to the curve corresponding to g = 0.5. At the end of
the test, the experimental values are higher than the theoretical values obtained with

£=0.5, showing that the degradation continues (the value of 5 decreases over time).
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Figura D.16: Moment-curvature diagrams of the asymmetrical specimen corresponding to
t = 120 days and g = 0.5

By contrast, the symmetric specimen in Fig. D.18 did not have such an obvious
deterioration of A, ¢, the measured deformations being below the theoretical curve
corresponding to the A..¢s proposed by Carbonell-Marquez et al. [Carbonell Marquez
et al., 2014] with g = 0.7 (see Fig. D.18). This seems reasonable since the influence
of the tension stiffening effect is more important in RC cross section with low tensi-
le reinforcement ratios (amount of steel over area of concrete affected). The amount
of tensile reinforcement in relation to the area of concrete affected is greater in the
asymmetric specimen than in the symmetrical one (see Fig. D.13). Therefore, the in-
fluence of tension stiffening quickly disappears in NSRCS; quicker than in rectangular
sections. Precisely the opposite happens in SRCS, where the tension stiffening effect is
more durable than in rectangular sections. This is because the reinforcement is distri-
buted along the perimeter, and several bars are working at small levels of stress, not

degrading the surrounding concrete area.

Differences between A..sr proposed by Wiese et al. [Wiese et al., 2004] (Fig. D.9)
and those proposed by the authors (Figs. D.8 and D.10) are due to the fact that Wiese’s
mechanical cover was typical of circular columns (their tests use (¢ + @, + @)/2R =
0.115). The sections studied in this paper are typical of piles in which the clear cover is
larger, in our case: (¢ + O + ©)/2R = 0.237. The tributary area considering Wiese’s

formula is larger, leading to smaller displacements, as it can be seen in Fig. D.18.
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Figura D.17: Estimated (solid and dashed lines) and measured (points) deflection at mids-
pan of the asymmetric specimen, NSRCS

D.7.2. Evolution of 8 in time

Based on the experimental results and on a better understanding of the phenomena,
the evolution in time of parameter 3 has been studied. For this purpose A. s is kept
constant over time, for the different configurations of A, ¢ studied in this paper. Long-
term response of NSRCS and SRCS specimens, involving the effects of the duration of
loading (loss of bond between concrete and reinforcement, cracking, deterioration of

A crs, ete.) have been included in the parameter 3, included in the model of Eq. (D.8).

The value of the parameter 5 in Eq. (D.3) has been calculated for each time ¢ in
such a way that the deflection at mid-span obtained from the integration of the M — ¢
diagram (procedure 3) is imposed to be equal to what was obtained experimentally,
see Fig. D.19.

Fig. D.20a shows a decrease of § (and consequently of the tension stiffening effect)
in the case of NSRCS, for both effective areas considered. The disappearance of the
tension stiffening effect happens very fast because in 120 days the contribution of the
cracked concrete in tension has been significantly reduced (8 = 0.25 for A..ss defined
in Fig. D.10 whereas 8 = 0.39 in the case of A, ¢ proposed by Carbonell-Marquez et
al. [Carbonell Marquez et al., 2014]).
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Figura D.18: Estimated (solid lines) and measured (points) deflection at midspan of the

symmetric specimen, SRCS

On the other hand, Fig. D.20b shows that the value of parameter § in the case of
SRCS is kept almost constant in time. In this case, the A .s¢ proposed by Carbonell-
Maérquez et al. [Carbonell Marquez et al., 2014] results show that there is not a decrease

in the value of 5, being almost equal to 1 during the time of the study.

Fig. D.21 shows the deflection at midspan; it was computed following procedure
2 of Fig. D.3. The values of g used in Fig. D.21 were obtained from Fig. D.20 and
inserted in Eq. (D.3), as required by procedure 2. Fig. D.21 shows that a simple and low
demanding method in terms of computational effort as procedure 2 (EC2) in Fig. D.3
can be enriched with the beta values obtained from procedure 3 and very good results
are obtained, preserving its simplicity. Another important issue that Figs. D.20 and
D.21 expose is that, considering 5 = 0.5 for long term computations, underestimates the
contribution of tension stiffening effect in SRCS and, on the other hand, overestimates
that effect in NSRCS.
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Figura D.19: Flowchart for the calculation of 3

D.8. Conclusions

This study presents an experimental campaign of circular RC cross-sections sub-
jected to long-term loading. Two specimens, one symmetrically reinforced and another
one with asymmetrical reinforcement have been tested in a four-point bending test.
The loading was applied for the duration of 3 months and the measurements of deflec-
tions were done during this time in order to study the long-term in-service behavior.
No effects further of humidity have been taken into account to model the behavior of

concrete with time.

The analytical results that have been compared to the experimental ones employed
two different areas of concrete in tension, A, ¢y, to take into account tension stiffening

effects.

The evolution over time of the deflection at midspan, under constant load, shows
higher values in the asymmetrically reinforced pile in comparison with the symmetri-

cally rein- forced pile. The reason for these higher values of deflection is found in the



D.8 Conclusions 163

1r ‘; o A__ [Carbonell- 1r < oo L, 00000000c0000m
, €— oo
08 Mérquez et al., 2004] 0,8 A, [Carbonell-Mérquez
06l D-',, 0G| et al, 2004
Q [m} . . Q
0,41 DDDDD D.....oo... 0,41
0,2F . SECEEEEEREES 0,2
A, . Figure D.10 ’
0 ‘ ‘ ‘ ‘ : : 0 ‘ ‘ ‘ ‘ : :
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t (days) t (days)

(a) (b)

Figura D.20: Evolution in time of parameter 8 for asymmetrically (a) and symmetrically

(b) reinforced specimens

different restrain to shrinkage provided by the bonded reinforcement that causes an

additional curvature in asymmetrically reinforced concrete piles.

It has been also observed how the tension stiffening effect was different for the
asymmetrically and the symmetrically reinforced piles. In the first case, tension stiffe-
ning tends to disappear with time due to degradation of the effective area of concrete
in tension. This effect seems not to appear in the case of symmetrically reinforced

concrete piles, in which tension stiffening effect was sustained in time.

As a consequence, when computing deflections with the approach given by EC2 and
using the parameter § to take into account duration of loading, the results would be
close to the experimental ones if that parameter is decreased with time in the case of
NSRCS and taken constant and equal to 1 in the case SRCS, instead of taking 5 = 0.5

as EC2 suggests, likely deduced for square sections.

An adjustment to get proper values for S has been carried out employing the two
different exposed models for A..ss. For SRCS 8 = 1 can be adopted over time whereas
that for NSRCS b decreases gradually over time, reaching a minimum value equal to
0.2 at 100 days. The adjustment has been used with the EC2 approach to compute

analytical values for deflection and very good results have been obtained.

Further experiments would cover other effects in the behavior of concrete with time

and would provide more explicit values for the parameter 5.
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Prenorma

Esta prenorma se realiz6 dentro del proyecto de investigacién IPT-2011-1485-420000

“Sistemas asimétricos de contencion de tierras para una construccién mas sostenible”.
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PREAMBULO

Esta prenorma ha sido elaborada por parte del personal investigador de la Uni-
versidad de Granada dentro del proyecto de investigacién “Sistemas Asimétricos de
Contencién de Tierras para una Construccién méas Sostenible” (referencia IPT-2011-
1485-4200009) financiado por el Ministerio de Ciencia e Innovacién del Gobierno de

Espana.

Aqui se describen las caracteristicas de los pilotes asimétricos y la terminologia

usada para su diseno y fabricacion.

GLOSARIO

Estado Limite de Servicio: un Estado Limite de Servicio (ELS) es un tipo de
estado limite que, de ser rebasado, produce una pérdida de funcionalidad o deterioro de
la estructura, pero no un riesgo inminente a corto plazo. En general, los ELS se refieren
a situaciones solventables, reparables o que admiten medidas paliativas o molestias no-

graves a los usuarios.

Estado Limite Ultimo: un Estado Limite Ultimo (ELU) es un estado limite, tal
que de ser rebasado la estructura completa o una parte de la misma puede colapsar
al superar su capacidad resistente. En general el que un ELU sea sobrepasado es una
situacion extremadamente grave, que puede provocar cuantiosos danos materiales y

desgracias personales.

Fibra neutra: es la superficie curva de una pieza estructural deformada por flexion

que separa la zona comprimida de la traccionada.

Hipétesis de las secciones planas (o hipétesis de Navier-Bernouilli): dos
secciones planas y paralelas siguen siendo planas aunque no paralelas a lo largo del

proceso de deformacion, incluso en la regiéon plastica.

Pilote asimétrico: elemento estructural de hormigén armado con secciéon circular
armado con una serie de barras de didmetro uniforme o diverso dispuestas asimétrica-

mente alrededor del perimetro de la seccién.

Pilote simétrico o tradicional: elemento estructural de hormigén armado con
seccion circular armado con una serie de barras de didmetro uniforme dispuestas uni-

formemente alrededor del perimetro de la seccion.



171

Tension Stiffening o Tensorrigidez: fenémeno por el cual el hormigén contri-

buye a la resistencia a traccion del conjunto una vez superada la tension de traccion

fctm~
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LISTA DE SIMBOLOS

A. Area de hormigén

Acesr Area efectiva de hormigén a traccion

A Area de acero

E. E., Modulo elastico del hormigén

E, Moédulo eléastico del acero

M Momento flector

N Carga axial

R Radio

Rt Radio del circulo que contiene los centros de las barras de
armadura

Riceffint, Rhcefrest Radios interno y externo de los circulos que delimitan A..ss
TSz Tension Stiffening zone, altura de la parte de la seccién que

estd por debajo de la fibra cuya deformacién es €.,

T'S210p Porcion de TSz localizada entre el recubrimiento mecanico y
la fibra cuya deformacion es €.,

c Recubrimiento mecanico

heers Ancho del sector circular compuesto por el area efectiva del
hormigén a tracciéon

Neeffints Peeffeat Cada una de las partes en las que h..ss se divide (interior
y exterior)

fem Resistencia media a compresion del hormigon

fetm Resistencia media a tracciéon del hormigon

Iy Limite elastico del acero

x Posicion de la fibra neutra en la seccion

Y Coordenada vertical medida desde el centro de gravedad de la

seccién bruta
Oectm Coordenada angular de la fibra cuya deformacion es €.,
Qheeffints Oheeffent Coordenada angular del radiovector de la interseccion del
circulo interior/exterior que define A, ¢y con la fibra cuya

deformacién es €.m

€ Deformacion

€ap Deformacion de cedencia aparente

€ce Deformacion del centro de gravedad de la seccion bruta
Ectm Deformacion de fisuracion del hormigén

€y Deformacion de cedencia del acero

Curvatura

@
(%] Didametro de la armadura
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Coordenada angular

Ratio de armado

Tensién del hormigén no fisurado
Tension stiffening del hormigén

Tensién del acero
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1. GENERALIDADES

1.1 Ambito de aplicacién

Esta prenorma tiene por objeto definir los principios y reglas de aplicacion para el
diseno de pilotes asimétricos frente a E.L.U. y E.L.S. Esta prenorma también puede

utilizarse como base para el diseno y calculo de pilotes con armadura simétrica.

Se incluyen criterios adicionales y reglas requeridas para el proyecto de estos ele-

mentos estructurales, proporcionando ademas métodos de evaluacion.

La propia naturaleza estructural que caracteriza a esta tipologia de pilotes objeto
de esta prenorma requiere conceptos, modelos y métodos que pueden diferir sustan-
cialmente de los de uso general en los tipos estructurales mas habituales. Ademas, la
respuesta y estabilidad de las pantallas de pilotes realizadas con esta tipologia puede
estar ligada a fendmenos complejos de interaccion suelo - estructura - agua o incluso
la introduccion de una accién sismica, que no se pueden reflejar facilmente en proce-
dimientos simplificados de diseno. Por tanto esta prenorma se restringe, en general, a

principios basicos y desarrollos metodologicos.

Para la formulacién de la metodologia general, asi como para su implantacién, se

hace distincion entre las secciones simétrica y no simétricamente armadas.

1.2 Requisitos de seguridad

Esta norma experimental se aplica a elementos estructurales que pueden diferir
ampliamente en aspectos basicos tales como:

= las condiciones ambientales

= los requisitos funcionales durante y después de un seismo

» la importancia de la construccion tras la pantalla de pilotes

Dependiendo de la combinacién especifica de estos factores entre otros pueden exis-
tir diferentes formulaciones de los requisitos generales méas o menos apropiados. En

consonancia con los Eurocodigos se plantea el formato de los dos estados limites ajus-

tados a este elemento estructural en cuestion.

1.2.1 Estado Limite de Servicio

Dependiendo de las caracteristicas y funcionalidad de las estructuras consideradas,

se deberan satisfacer uno o los dos estados limites de servicio siguientes:
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» Fstado Limite de Deformaciones

s Estado Limite de Fisuracion

El requerimiento de deformaciones implica determinar si los movimientos (flechas
o rotaciones) en la estructura, o elementos estructurales son menores que unos valores
maximos. Dicha comprobacién debera realizarse en todos aquellos casos en los que las
deformaciones puedan afectar a la estética, funcionalidad o durabilidad de la propia

estructura o de los elementos por ella soportados.

El requerimiento de la fisuracion implica determinar si se produce una excesiva
fisuracion en el hormigén que acelere los procesos de degradacion de las armaduras de
acero. Dicha comprobacién debera realizarse en todos aquellos casos en los que una
excesiva fisuracion pueda afectar considerablemente a la estructura (presencia de agua,

ambientes corrosivos, etc.).

1.2.2 Estado Limite Ultimo

El Estado Limite Ultimo de un sistema es el correspondiente a la pérdida de la
capacidad operativa del mismo, con la posibilidad de una recuperacién parcial (que

deberd definir la autoridad competente) asociada a un costo de reparacion aceptable.

En este caso el Estado Limite Ultimo de agotamiento por solicitacién normal (axil
y flector) es en la mayoria de los casos el principal a tener en cuenta (sobre todo en las

pantallas de retenciéon de tierras).
1.3 Bases de céalculo

1.3.1 Hipoétesis basicas a nivel de seccion

Son dos las hipdtesis aceptadas en hormigén armado a nivel seccion:

= Adherencia hormigén - acero: la deformacién del acero pasivo es solidaria con la

del hormigén situado en la misma fibra de la seccion

» Hipotesis de las secciones planas (HSP): las secciones planas permanecen planas
después de la deformacion. Como se muestra en la Figura E.1 con esta hipotesis
la deformacién en una determinada fibra de la seccion queda definida en funcién

de la curvatura () y la posicion de la fibra neutra (z)

De acuerdo a la Figura E.1 la deformacién unitaria de la fibra de la secciéon trans-

versal situada a y del origen del circulo se puede expresar como:
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Figura E.1: Hipoétesis de las secciones planas

€[, Y €ce] = @y + €ce (E.1)

para: y € [-R,R] (0 £ € (0,2 R]), z € [0, 00) y ¢ € [0, 00).

1.3.2 Criterio de signos

Sea la secciéon de la Figura E.2, sometida a un momento flector M y un axil N. El
criterio de signos serd tal que las compresiones y los momentos flectores que provoquen
compresiones en la fibra superior de la seccion se tomaran como positivos. Asi también
las deformaciones provocadas por compresiones serdn tomadas como positivas y las

producidas por tracciones como negativas.

En la Figura E.2 las tensiones en el hormigén se han representado por o., vy las

tensiones en el acero situado a distintos niveles como o, 05 v 0.

2. REGLAS ESPECIFICAS PARA ELU

Al estar en situacién de rotura se consideraran las leyes de deformaciones para las
cuales la deformaciéon méaxima de compresion sea igual a la deformacion de rotura del
hormigén, €., definida en el Eurocédigo 2 y en la EHE-08. Ademas se va a seguir la
metodologia descrita en [1]. Asi pues, la ley de deformaciones de la seccién transversal
vendra dada por una variable, que puede ser 6 siempre que z <2R, el angulo que define
la posicion de la fibra neutra. Por tanto, la deformacion en rotura de cualquier fibra

de la seccion transversal situada a y del centro del circulo vendra dada por:
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Figura E.2: Criterio de signos

Deformaciones

Figura E.3: Nomenclatura. Situacion de rotura

Como modelo tension-deformacion del hormigén se coge el rectangular y para el
acero el modelo bilineal sin endurecimiento, ambos recogidos en el Eurocédigo 2 y en
la EHE-08.

Para el dimensionamiento en rotura a flexiéon de secciones circulares de hormigéon
armado simétrica y asimétricamente armadas se utilizan los diagramas de interaccion
N,-M, obtenidos a partir de las ecuaciones de equilibrio particularizadas para la sec-
cion:

Nulf] = NJ6) + S5, 0uleld, il A + 572, 0. [eld, ;]| Ao -
My[0] = M[0] + 3251, 0s[€]0, y;]]y; Adr + 2521 0s[€l0, y5]]y; Ads
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3. REGLAS ESPECIFICAS PARA ELS

Para el caso de E.L.S se considera para el hormigén no fisurado el modelo tension-
deformacién no lineal propuesto por el Eurocodigo 2 y para el hormigon fisurado se
utiliza el propuesto en [2] y basado en el propuesto por el Cédigo Modelo 2010 cuya

formulacién es la siguiente:

0 it e<—¢
OcTS,ap 1 —
p— (e +€y) if €y < €< €

O-CTS(E) — 2
UcTS(E) = %#Esld - \l (peszEs|6|> + chtm(l + npeff) if €ap <€ < €m

(E.4)
Como area efectiva de hormigon a traccién se adopta la siguiente:
3 y £
i Tension <«—+— Compression
r s
p ® " £(0 > @)
/// h p
x
"/ ¥ = R cos(8)
rl/ ¢
‘ .: 7y > €.
! A4
| Vet
s a ‘. v Ectm
TSz|
r 2% @
TSz AN \\\ /,/ / 4 A
v g .\",h‘,'/’. VB e h_,
N // B s v
hce"@x
Acypﬂ' effext

Figura E.4: Area efectiva del hormigén a traccion A.qrr

El valor y la distribucién de A..¢s en la seccién vienen definidos en el estudio [3],

obteniendo las ecuaciones E.5 a E.7 (ver Figura E.4).

Para el armado simétrico:

1
heepr = W(—1,765R2 + 11,343Rz — 9,37527) (E.5)
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Para el armado asimétrico:
1
Reesf = W(—an? + 8,657Rx — 7,1322?) (E.6)

En las ecuaciones anteriores los valores de he ¢, Ry = (posicion de la fibra neutra)

vienen dados en mm.

TSzto
hc,effint = hc,eff% < Rint (E 7)
hc,effe:):t = hc,eff - hc,effint

Mediante equilibrio se obtienen las siguientes expresiones:

N = 2/0 o (Rsin(Q))QUc(e, €cgs QO)CZQ‘F/A JcTS(9> €cgs Qp)dA_‘_Z A@jas(yj7 €cgs 90)
ceff ;

J

(E.8)

v 2/0 cctm R*sin®(0)cos(0)o.(0, €cgs @)d9+[4 oers(0, €cq, go)ydA—l—Z Apios(Yj, €cq, ©)Y;
c,eff j

(E.9)

A partir de aqui conociendo el valor del axil se puede realizar un cdlculo iterativo im-
poniendo diversos valores de curvaturas para obtener el diagrama Momento-Curvatura
de la seccién. Los diagramas momentos curvatura permiten obtener diagramas de curva-
turas a partir de los diagramas de momentos. La integraciéon numérica de los diagramas

de curvaturas permite deducir la deformada de los elementos.

Para calculos a largo plazo hay que tener en cuenta la fluencia y la retraccion del

hormigén siguiendo la formulacién propuesta en el Eurocodigo 2.
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Respecto a la fisuracion se ha comprobado que la formulacién propuesta por el
Eurocédigo 2 es aplicable a este tipo de elementos estructurales quedando por el lado

de la seguridad.

4. REGLAS GENERALES

Aqui se exponen diversas reglas que deben de tenerse en cuenta a la hora del diseno
y la construccién en obra de pilotes asimétricos (para una mayor comprension de esta

tipologia estructural ver [4].

4.1 Localizaciéon del armado 6ptimo

El armado 6ptimo y por ello se entiende el de minimo volumen de armadura esta

condicionado por varios factores (ver [5]):

» El didmetro maximo y minimo permitido para la armadura longitudinal
= El niimero minimo de barras que cada norma permite
» La separaciéon maxima y minima permitida entre barras

= En el caso de que la construccion de la jaula de armadura se realice de forma
automatica la separacion entre armaduras vendra impuesto por la maquinaria

empleada.

4.2 Error de montaje

En la memoria de calculo es necesario incluir graficas de pérdida de momento resis-
tente en funcion del angulo de rotacion de la armadura producida por error de montaje.

La tolerancia admisible serda impuesta por la propiedad.

Para un correcto montaje la armadura asimétrica se prescribe especialmente para

aquellos procedimientos constructivos que colocan la armadura antes de hormigonar.

REFERENCIAS
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