Universidad Miguel Herndndez de Elche
Programa de Doctorado Medio Ambiente y Sostenibilidad

Estudio de propiedades mecanicas de Eco-hormigones
fabricados con aridos reciclados mixtos espafoles,
provenientes de Residuos de la Construccion y Demolicion
(RCD) y su potencial uso en Chile

Memoria de Tesis Doctoral

Marcos Alfonso Diaz Gonzalez

Director: Dr. Manuel Jordan Vidal

Co- director: Dr. David Blanco Fernandez

2022



]

UNIVERSITAS
Miguel Herndndez

TESIS POR COMPENDIO DE PUBLICACIONES

La Tesis Doctoral, titulada "Estudio de propiedades mecdanicas de Eco-hormigones,
fabricados con aridos reciclados mixtos espafioles, provenientes de Residuos de la Construcciéon y
Demolicién (RCD) y su potencial uso en Chile" se presenta baja la modalidad de Tesis por compendio
de las siguientes publicaciones:

Marcos Diaz; Maria Belén Almendro-Candel; David Blanco y Manuel Miguel Jordan (2019).
Aggregate Recycling in Construction: Analysis of the Gaps between the Chilean and Spanish
Realities. Buildings, 2019, 9, 154. https://doi.org/10.3390/buildings9070154

Indicios de calidad: SJR (Scimago Journal Rank): Q1 Architecture/ Q2 Building and
Construction; Q2 Civil and Structural Engineering.

Marcos Diaz Gonzalez; Pablo Plaza Caballero; David Blanco Fernandez; Manuel Miguel
Jordan Vidal; Isabel Fuencisla Sdez del Bosque y César Medina Martinez (2021). The Design and
Development of Recycled Concretes in a Circular Economy Using Mixed Construction and
Demolition Waste. Materials 2021, 14, 4762. https://doi.org/10.3390/mal4164762

Indicios de Calidad: JCR category rank: Q1: Metallurgy & Metallurgical Engineering | Q2:
Materials Science, Multidisciplinary | Q2: Chemistry, Physical | Q2: Physics, Applied | Q2: Physics,
Condensed Matter. SJR (Scimago Journal Rank): Q2: Material Sciences (miscellaneous)/ Q2:
Condensed Matter Physics.


https://doi.org/10.3390/buildings9070154
https://doi.org/10.3390/ma14164762
https://jcr.clarivate.com/

]

UNIVERSITAS
Miguel Herndndez

INFORME DIRECTORES

El Dr. D. Manuel Miguel Jordan Vidal, director, y el Dr. D. David Blanco Fernandez, codirector
de la Tesis doctoral titulada "Estudio de propiedades mecanicas de Eco-hormigones, fabricados
con aridos reciclados mixtos espafioles, provenientes de Residuos de la Construcciéon y Demolicion
(RCD) y su potencial uso en Chile"

INFORMAN:

Que D. Marcos Alonso Diaz Gonzalez ha realizado bajo nuestra supervision el trabajo
titulado "Estudio de propiedades mecanicas de Eco-hormigones, fabricados con aridos reciclados
mixtos espafoles, provenientes de Residuos de la Construccion y Demolicion (RCD) y su potencial
uso en Chile" conforme a los términos definidos en su Plan de Investigacién y de acuerdo al Cddigo
de Buenas Practicas Cientificas de la Universidad Miguel Herndndez de Elche, cumpliendo los
objetivos previstos de forma satisfactoria para su defensa publica como Tesis Doctoral.

Lo cual firmamos para los efectos oportunos, en Elche a 24 de junio de 2022.

Director de la Tesis Codirector de la Tesis
Dr. D. Manuel M. Jordan Vidal Dr. D. David Blanco Fernandez



]

UNIVERSITAS
Miguel Herndndez

INFORME-CAPD

El Dr. D. José Navarro Pedreiio, Coordinador del Programa de Doctorado en Medio
Ambiente y Sostenibilidad

INFORMA:

Que D. Marcos Alonso Diaz Gonzalez ha realizado bajo la supervisién de nuestro Programa
de Doctorado el trabajo titulado "Estudio de propiedades mecdnicas de Eco-hormigones,
fabricados con aridos reciclados mixtos espafioles, provenientes de Residuos de la Construcciony
Demolicion (RCD) y su potencial uso en Chile" conforme a los términos definidos en su Plan de
Investigacion y de acuerdo al Codigo de Buenas Practicas de la Universidad Miguel Hernandez de
Elche, cumpliendo los objetivos previstos de forma satisfactoria para su defensa publica como tesis
doctoral.

Lo cual firmamos para los efectos oportunos, en Elche a 24 de junio de 2022.

Prof. Dr. D. José Navarro Pedrefio

Coordinador del Programa de Doctorado en Medio Ambiente y Sostenibilidad



Agradecimientos

A Brianna lIsabella Diaz Soto y a Velaskan Marién Soto Pizarro, mis dos amores, por
motivarme a seguir adelante. Aparecieron justo en el momento indicado en mi vida, para concretar
este desafio.

A mis Padres: Silvia Gonzdlez Gonzdlez y Oscar Diaz Santis; mi Hermano Adrian; y Abuelita
Monica Gonzalez Gonzélez, por su incondicional carifio y apoyo. Gracias por estar, desde el inicio de
este proyecto, en los momentos mas dificiles.

A David Blanco Fernandez, Co Director de Tesis, por brindarme la oportunidad de cursar
este Doctorado. Gracias por creer en mi, estimado Amigo.

A Manuel Jordan Vidal, Director de Tesis, por guiarme y aconsejarme en este Post grado.
Siempre tuvo una palabra de aliento con el fin de ayudarme.

A Danny Lobos Calquin, Pedro Naranjo Lamilla y Mauricio Pradena Miquel, por sus consejos
y comentarios, basados en su experiencia. Cada uno de ellos me ayudd a complementar esta
investigacion.

A César Medina Martinez, Académico de la Universidad de Extremadura UNEX, por darme
la oportunidad de realizar 2 articulos en conjunto. Gracias por su apoyo y hospitalidad en mi estancia
en Caceres, Espaiia.

A José Ignacio Tertre Toran, presidente de la Asociacién de RCD en Espafia, por su ayuda y
gestion para iniciar esta investigacion. Gracias a él, conoci la UNEX.

Y a Rodrigo Quintana Castro, Eduardo Quintana Castro, Juan Carlos Lathrop, César Cabello
Pizarro y otros amigos, quienes de una y otra manera me apoyaron en este largo camino.



Indice

Contenido Pag.
indice 6

Resumen 7

Abstract 8

1. Introduccion 10
2. Objetivos 12
3. Materiales y Métodos 13
3.1. Materiales 13
3.2. Disefio de Mezclas 13
3.3. Comparacién con la actualidad chilena y espafiola 14
4. Resultados 15
4.1. Actualidad chilena 15
4.2. Actualidad espafiola 15
4.3. Entrevistas a profesionales 15
4.4. Propiedades de los Eco hormigones estudiados 16
4.5. Analisis de coste de fabricacién e los hormigones 17
5. Discusion 18
5.1. Comparacion actualidad chilena y espafiola 18
5.2. Propiedades en estado fresco 19
5.3. Propiedades en estado endurecido 19
6. Conclusiones 21
7. Bibliografia 22
8. Anexos: Publicaciones 24




Resumen

El concepto de Economia Circular, esta creciendo cada vez mas en el concierto internacional,
especificamente en el sector de la construccidn. En base a este tema no es novedad la creacion de
nuevos materiales sustentables provenientes de Residuos de la Construccion y Demolicién (RCD),
cuya fabricacién ayude a descontaminar el medio ambiente. En este contexto, Chile se halla en un
estado incipiente de desarrollo.

El siguiente estudio muestra el analisis de las propiedades mecdnicas de los eco hormigones
fabricados con aridos reciclados mixtos espafioles (fraccidn fina y gruesa en conjunto) y su potencial
uso Chile. Para tales efectos se analizd y compard la normativa técnica y legal de Chile y Espafia,
referente al uso de aridos reciclados. Posteriormente se entrevistd a expertos, pertenecientes a
diversos organismos gubernamentales, como también al sector privado. Por ultimo, se compararon
varios temas en el marco de estas 3 variables (Espafia, Chile y la opinién de expertos).

Para tener un conocimiento técnico y aplicando la normativa espafiola, se realizaron
diversos ensayos a estos eco hormigones, en el Laboratorio de la Escuela Politécnica de la
Universidad de Extremadura, relacionados con las propiedades mecanicas (resistencias a la
compresion, traccion, flexo traccidn, densidad, aire ocluido) y propiedades durables (penetracién
de agua bajo presion).

Dentro de las diversas opiniones realizadas por los expertos, se conoce que el arido natural
se esta agotando, debido a la fuerte extraccion en las Ultimas décadas por la alta demanda de este
material. Para tales efectos, proponen incentivar el uso de los aridos reciclados, en aquellos
proyectos que soliciten cuantificar los RCD.

Dentro de los resultados mas importantes obtenidos en laboratorio, se evidencié una
igualdad en la consistencia entre las diferentes muestras realizadas con diferentes porcentajes de
reemplazo. A la vez se observd un aumento de la resistencia a la compresion, en aquellos
hormigones con un 25% de reemplazo en la fraccién gruesa, con respecto a la mezcla patrén, como
también una disminucién en la absorcidn de agua bajo presion.

A la luz de los resultados, se puede inferir que existe un potencial uso del arido reciclado
mixto en Chile. Esto debido a que la actualizacién de la actual norma chilena “NCh 163: Aridos para
Morteros y Hormigones — Requisitos.”, permitiria aceptar, en un principio, 5% de arido reciclado,
proveniente de hormigones. Si bien es infimo el porcentaje, comparado con las recomendaciones
de literatura cientifica, es, sin duda, un punto de partida para desarrollar materiales reciclados,
como el hormigén.



Abstract

The concept of Circular Economy is growing more and more in the international concert,
specifically in the construction sector. Based on this theme, the creation of new sustainable
materials from Construction and Demolition Waste (RCD), whose manufacture helps to
decontaminate the environment, is not new. In this context, Chile is beginning to enter into this
issue.

The following study shows the analysis of the mechanical properties of eco-concrete made
with recycled Spanish mixed aggregates (fine and coarse fraction together) and its potential use in
Chile. For such purposes, the technical and legal regulations of Chile and Spain, referring to the use
of recycled aggregates, were analyzed and compared. Subsequently, experts belonging to various
government agencies, as well as the private sector, were interviewed. Finally, several topics were
compared within the framework of these 3 variables (Spain, Chile and expert opinion).

In order to have a technical parameter with Spain, several tests were carried out on this eco-
concrete, in the Polytechnic Laboratory of the University of Extremadura, related to the mechanical
properties (resistance to compression, traction, flexural traction, density, occluded air) and other
properties (penetration of water under pressure).

Within the various opinions made by the experts, it is known that the natural aggregate is
running out, due to the strong extraction of this material in recent times. For such purposes, they
propose to encourage the use of recycled aggregates, in those projects that request to quantify
CDW.

Among the most important results obtained in the laboratory, they show equality in
consistency between the different samples made with different percentages of replacement. At the
same time, an increase in compressive strength was observed in those concretes with 25%
replacement in the coarse fraction, with respect to the standard mixture, as well as a decrease in
the absorption of water under pressure relative to the same. .

In light of the results, it can be inferred that there is a potential use of mixed recycled
aggregate in Chile. This is due to the fact that the update of the current Chilean standard "NCh 163:
Aggregates for Mortars and Concrete - Requirements", would allow accepting, initially, 5% of
recycled aggregate from concrete. Although the percentage is negligible, compared to the scientific
literature, it is a start to develop recycled materials such as concrete.
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1. Introduccion

La industria de la construccién es responsable de un 12% de las emisiones de gases de efecto
invernadero y de generar ~25-30% de los residuos sélidos producidos anualmente en la Unidn
Europea (UE) [1], lo que equivale a una produccién media de 800 millones de toneladas anuales.
Mientras que, en Estados Unidos y China, la produccidn de residuos de construccion y demolicidn
(RCD) alcanza una cifra de 534 millones y 200 millones de toneladas anuales respectivamente [2],
en Chile, la industria de la construccidn genera un alto porcentaje de materiales que resultan de
desechos, cuyos residuos se trasladan finalmente a un vertedero autorizado.

De la vasta gama de materiales utilizados en la industria, el hormigén, constituido
principalmente por dridos que representan entre un 60-75% de su volumen y en un menor
porcentaje por cemento (10-15% del volumen), es el material mas utilizado habiendo alcanzado en
el 2018 una produccién de 165 y 150 millones de metro cubicos en la UE y EE.UU, respectivamente
[3]. Se estima que alrededor del 45% de los aridos extraidos son empleados en la fabricacion de
hormigones [4], y su proceso de fabricacidon es el responsable de ~8% del total mundial de CO, [5].

Sin duda, Chile es un pais caracterizado por su riqueza y diversidad en recursos naturales,
especialmente en recursos minerales entre los que se incluyen los aridos. Sin embargo, en la
ultima década se ha puesto de manifiesto la escasez de este recurso pétreo en ciertas regiones, del
mismo modo que se incrementan las alertas desde grupos ecologistas acerca de los dafios
irreparables que la extraccidn de este material de forma reiterada y descontrolada provoca en los
ecosistemas, especialmente en los mas sensibles.

Para mitigar los efectos nocivos de la extraccion de dridos, problema que no solo afecta a Chile,
sino que a varias regiones donde se extraen aridos, la industria de la construccién se ha enfocado
en las siguientes acciones:

e Disefio y desarrollo de nuevas formulaciones de materiales de base cemento (morteros y/o
hormigones) mas sostenibles [6], a través de la incorporacion de subproductos industriales
(residuos agroforestales o de biomasa, industria ornamental y ceramica [7], construccion y
demolicion) bien como supplementary cementitious materials y/o arido reciclado (residuos
de hormigdn o mixto procedentes de los RCD).

e Estudios de residuos de construccion y demolicidn, para ver su aplicabilidad como material
de construccion.

¢ Implementacidn de leyes y normativas técnicas para considerar al arido reciclado como un
material mdas dentro de los ya existentes.

El uso de aridos reciclados es una de las estrategias mas extendidas para alcanzar de forma
simultanea el doble objetivo de introducir el concepto de economia circular y la sostenibilidad en la
construccion. Estos se obtienen del tratamiento correcto de los RCD en las plantas de gestidn, en
las cuales se categorizan en fracciones granulométrica (principalmente arena, grueso y grava)
dependiendo de su tamafio y composicidn. Seglin su composicién se clasifican en [8]:

e Aridos reciclados de hormigén (RCA, recycled concrete aggregates) un contenido en
hormigén (Rc) y aridos desligado (Ru) 2 90% y < 10% de materiales cerdmicos (Rb)
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e Aridos reciclados mixtos (MRA, mixed recycled aggregates) con 70%< Rc+Ru< 90% y Rb<
30%
e Aridos reciclados cerdmicos (RMA, recycled masonry aggregates) con Rc+Ru<70% y Rb> 30

En cuanto a los aridos reciclados mixtos (MRA), debido al volumen que representan respecto
al total de RCD (~67% del total en Espaia) [8], ha despertado el interés de la comunidad cientifica,
puesto que existe en la actualidad una laguna cientifico-técnica en la viabilidad de valorizar la
fraccidn gruesa y/o fina en el disefio de hormigones. Recientemente Martinez-Lage et al. [9] registrd
que la incorporacién de un 100% de MRA se traduciria en reducir mas del 35% la generacion de
desechos y un 50% del agotamiento abidtico.

Respecto a las normativas implementadas en paises para la utilizacién de aridos reciclados,
estos han sido incorporados de forma desigual en las normativas relacionadas. En general el uso de
la fraccion gruesa de RCA y MRA en Europa es permitido con un limite maximo de sustitucién de un
15 al 100% para hormigones estructurales o no estructurales. Adicionalmente, el MRA fino
solamente es contemplado para aplicaciones de uso no estructural.
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2. Objetivos

Objetivo General.

e Analizar las propiedades mecanicas de los eco hormigones, fabricados con aridos reciclados
mixtos, en conjunto, con materiales espafioles, proponiendo su uso en Chile.

Objetivo Especificos.

e Concluir, a través de la comparacién de la actualidad chilena, con la actualidad espafiola
existente, referente al uso de aridos reciclados en el sector de la construccién, soluciones
para incluirlas.

e Obtener el porcentaje de reemplazo 6ptimo, de acuerdo con cada requerimiento, de aridos
reciclados mixtos por aridos naturales.

e Demostrar cientifica y técnicamente su posible uso, con materiales chilenos, para ser
utilizados en obras de edificacién e infraestructura, de acuerdo con las diferentes
propiedades analizadas.
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3. Materiales y Métodos

3.1. Materiales

Se empled un arido natural (AN) correspondiente a una grauvaca silicea machacada con
aristas marcadas y formas laminares que se presenta en dos fracciones granulométricas: i) arena
natural 0/6 mm (ANf); y ii) grava natural 6-12 mm (ANc).

Los MRA utilizados proceden de la planta de gestion de RCD de ARAPLASA, situada en el
norte de la provincia de Caceres (Espafia) presentdndose al igual que los aridos naturales en dos
fracciones: i) arena mixta reciclada 0/6 mm (MRAf); y ii) grava reciclada mixta 6/12 mm (MRAc). Su
morfologia y composicion se encuentran en el articulo 2 de esta memoria. Adicionalmente, la MRAf
ha sido obtenida a partir del mismo MRA que el MRAc presentando dicha fraccidon un color rojizo
asociado a la presencia de los finos ceramicos.

El cemento portland utilizado es un CEM | 42.5 R, el cual fue suministrado por la planta del
grupo Lafarge Holcim en Villaluengo de la Sagra, en la provincia espafiola de Toledo (Espafia).
Finalmente, se utilizd el aditivo superplastificante FUCHS BRYTEN NF, aditivo reductor de agua de
policarboxilato modificado a base de agua, de color pardusco, libre de cloruros, utilizado, con
contenido de sélidos ~20%, densidad igual a 1.1 g/cm® y pH = 8.0, suministrado por FUCHS
Lubricantes S.A.U.

3.2. Disefio de las mezclas

Se fabricaron nueve mezclas, una mezcla de hormigdén convencional y ocho mezclas con
hormigén mas diferentes porcentajes de MRAf y/o MRAc. El detalle y la composicion de estas
mezclas se pueden consultar en el articulo 2 de esta memoria. Para llevar a cabo el disefio y
formulacion de las mezclas utilizo el DOE British Method. Asimismo, en este proceso de dosificacion
se han considerado los aridos secos, asi como la propiedad de absorber agua de estos agregados
(como también se les denomina) reciclados durante los primeros 10 minutos (~70% de la absorciéon
total de agua absorbida a las 24 hrs inmersos en agua). Con esta estrategia, se garantiza que todas
las mezclas independientemente de su esqueleto granular tengan la misma agua disponible para la
hidratacion del cemento. Adicionalmente, para conseguir una trabajabilidad adecuada con esta
relacién a/c se ha afiadido una cantidad de aditivo de 5.89 kg/m?3.

Todas las mezclas disefiadas cumplen los requisitos de dosificacidon (contenido minimo de
cemento — 300 kg/m3 y maxima relacién a/c efectiva —0.55) exigidos por la norma europea EN-206-
1 para clase de durabilidad XC2. Las mezclas estudiadas se prepararon en una hormigonera de eje
vertical de laboratorio de 85 litros siguiendo el siguiente procedimiento: i) el drido grueso (ANcy
MRACc) se mezclé durante 30 s; ii) se agregaron los dridos finos (ANf y MRAf) y se mezclaron los
materiales durante 30 s; iii) se agrego el conglomerante (cemento), mezclandose durante 60 s; iv)
posteriormente se afiadié el 80% del agua de amasado mas el aditivo superplastificante, y se dejo
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mezclar 45 s; y v) se incorpord finalmente el agua restante y se amasé durante 240 s. Finalmente,
las muestras se fabricaron y curaron segin la norma europea EN 12390-2.

3.3. Comparacion de la actualidad chilena con la espafiola

Para realizar esta comparacién se empleé la siguiente metodologia de trabajo. Se establecio
la realidad chilena en cuanto al reciclaje de daridos, para lo cual se revisé diversa bibliografia,
incluyendo también documentacién técnica y legal (normativa) o tesis anteriores, entre otras. Luego
se procedié a determinar la realidad del reciclaje de aridos en Espafia, para esto se revisaron la
regulacién legal y técnica, incluyendo, proyectos y obras realizadas, entre otras fuentes. Finalmente,
se entrevistd a seis expertos chilenos (profesionales pertenecientes al ambito de la construccidn),
con el fin de dar a conocer la percepcidn que existe en el sector.
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4. Resultados

4.1. Actualidad chilena

En Chile, no existe normativa técnica que incluya al arido reciclado dentro de sus
especificaciones. La normativa legal recopilada hace referencia a ambientes libres de
contaminacion, gestién de residuos y gestion de residuos de la construccién y demolicidn, los cuales
son posibles profundizar en el articulo 1 que puede consultarse en el anexo de esta memoria.

e Constitucién Politica de la Republica de Chile

e Leyes N°19.300y N° 20.920

e NCh 3562: Gestion de Residuos

e Politica de Gestion Integral de Residuos Sélidos (PGIRS)
e Acuerdo de Produccion Limpia (APL)

4.2. Actualidad espafiola

En Espaiia, los documentos PG-3 y EHE-08 correspondientes a normativa técnica, incluye dentro
de sus especificaciones el uso del arido reciclado. Los diversos documentos que componen la
normativa legal también abordan las dreas mencionadas en el punto anterior, es decir, ambientes
libres de contaminacién, gestion de residuos y gestion de residuos de la construccién y demolicion.
El detalle de los documentos se encuentra en el articulo 1.

e Constitucién espanola

e Ley10/1998vy 22/2011

e Orden MAM/304/2002

e | PNRCD (2001-2006) y Il PNRCD (2008-2015)
e PEMAR (2016-2020)

e Real Decreto 105/2008 y 1247/2008

4.3. Entrevistas a profesionales
Se entrevisto a los siguientes seis profesionales del campo de la construccidn:

e Roberto Tedias de Constructora TVIAL Ltda.

e Jorge Fuentes de Constructora BROTEC

e Francisco Mora de SERVIU Metropolitano

e Gabriela Muioz de Laboratorio Nacional de Vialidad
e Gabriel Palma de Laboratorio Nacional de Vialidad

e Victor Reyes de Ministerio de Obras Publicas

Todos los profesionales entrevistados sefialan estar en conocimiento de la futura escasez de
aridos en la Regién Metropolitana (Chile). Sin embargo, comentan que al no existir normativa
técnica con respecto de los aridos reciclados, estos no pueden ser utilizados en obras. Ademas,
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pareciera no haber interés en la utilizacidon de aridos reciclados sobre los aridos naturales en la

industria, siendo una de las posibles razones, el desconocimiento técnico de estos aridos.

Adicionalmente, al no existir leyes de gestion de los residuos de la construccién y demolicidn no se

realiza una separacién de estos residuos. Los profesionales entrevistados pertenecientes a MOP y

SERVIU Metropolitano sefalan que existe interés de estas entidades en incluir los aridos reciclados

en sus normativas.

4.4. Propiedades de los Eco hormigones estudiados

4.4.1. Propiedades en estado fresco

Consistencia: Todas las mezclas se encontraron dentro de la trabajabilidad objetivo de
disefio.

Aire Ocluido: La incorporacién de MRA fino y/o grueso generd un incremento en esta
propiedad. Existe una relacidn lineal entre esta propiedad y el porcentaje de arena reciclada
para distintos porcentajes de sustitucidén de arido grueso.

Densidad: Se observé un descenso en esta propiedad de acuerdo con el porcentaje de
incorporacidn de arido reciclado mixto (MRAf y/o MRAc). Las mezclas que incorporan
simultdneamente ambas fracciones en un 50% presentaron el mayor descenso en esta
propiedad.

4.4.2. Propiedades en estado endurecido

Densidad: Se obtuvo un descenso de esta propiedad con la incorporacién de MRA (MRAf
y/o MRAc), debido a la menor densidad que presenta esta nueva tipologia de aridos
reciclados respecto a los aridos naturales.

Resistencia a la Compresion: Se observé que independientemente del tipo de hormigén: i)
la resistencia a la compresion aumenta a medida que se incrementa el tiempo de curado,
siendo esta evolucion muy similar a la mostrada por el hormigén de referencia; ii) la
resistencia relativa a compresidn alcanzada a los 7 dias equivale a un 75.7%-83.6% de la
obtenida a los 28 dias; vy iii) la resistencia media obtenida a los 28 dias es superior a la
resistencia caracteristica de disefio de 25 MPa. La resistencia a la compresiéon de los
hormigones reciclados con respecto al hormigdén convencional varia de acuerdo con los
distintos tiempos de curado. Para tiempos cortos (t<28 dias) la incorporacién de MRAf y/o
MRACc provocé una pérdida respecto a la mezcla de referencia. Sin embargo, para un t=90
dias se observd un aumento de la resistencia. La incorporacion de MRAc de forma individual
no tiene un efecto nocivo en esta propiedad. En cuanto a la incorporacién individual de los
MRATf, se observo un ligero incremento de la resistencia a la compresidn. Las mezclas que
incorporan simultdneamente en su composicién MRAc y MRAf tuvieron un mal desempeiio
a los 28 dias. Cabe sefialar que, al igual que sucede cuando se incorporan individualmente
los MRA, se registré una mejora prestacional de los hormigones a los 90 dias de curado.
Resistencia a traccién indirecta: Las mezclas que solo incorporaron MRAf experimentaron
un pequeno incremento de la resistencia a traccion, a diferencia de las mezclas que solo
incluyeron MRAC, las que registraron un pequefio descenso en esta caracteristica. En cuanto
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a las mezclas que incorporaron simultdneamente ambas fracciones, se observd que la
incorporacién de la MRAf tuvo un efecto positivo al: i) disminuir el descenso de resistencia
de las mezclas respecto a las mezclas que incluyen en su composicién solamente MRAc; y
ii) incrementar su resistencia respecto a las mezclas que incorporan Unicamente MRAc.

e Resistencia a flexidn: Las mezclas que incorporan solo MRAf experimentaron un pequefio
incremento de la resistencia a flexiéon. Las mezclas solo con MRAc experimentaron un
comportamiento desigual. En cuanto a las mezclas que incorporaron simultdneamente
ambas fracciones, se observé que la incorporacién de la MRAf tuvo un efecto positivo al
mejorar el comportamiento de las mezclas con MRAc. Asimismo, todas ellas tienen un
comportamiento similar o superior al observado en el hormigdn convencional con un 100%
de drido natural (ANc y ANf).

e Impermeabilidad al agua: Las mezclas solo con MRAf son las que experimentaron un mayor
descenso tanto de penetracién maxima (Pmax) como media (Pmed) de agua. En cuanto al
uso de MRAc se observd un comportamiento dispar en estas dos propiedades. Respecto al
uso simultdneo de MRAc+MRAf, como esqueleto granular de los hormigones, solamente la
mezcla M5 (25%MRAc+25%MRAf) permitié obtener un incremento de la impermeabilidad.

4.5. Andlisis de coste de fabricacién de los hormigones

La mezcla M9 con 50% MRAf + 50%MRAc es la mds econdmicamente rentable, provocando
un descenso del coste por metro cubico (m3?) de hormigén de un 8.03% respecto al hormigén
fabricado con érido natural (M1).
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5. Discusion

5.1. Comparacion actualidad chilena y espafiola

El uso de dridos reciclados procedentes de los RCD es una de las estrategias mas extendidas
para alcanzar de forma simultanea el doble objetivo de introducir el concepto de economia circular
y la sostenibilidad en la construccion. En este contexto, es relevante estudiar el reciclaje de aridos
como una alternativa de aplicacién de la sustentabilidad en la construccién en Chile,
especificamente en las obras viales urbanas e interurbanas, considerando que en este tipo de
proyectos se genera gran cantidad de residuos con un alto potencial de reutilizacion. Sin embargo,
mediante la revision de diversas fuentes bibliografias se determind que las normativas técnicas de
Chile noincluyen el uso de aridos reciclados. Las causas que impiden su uso son variadas, entre ellas
se pueden destacar: desconfianza, desconocimiento de sus caracteristicas, propiedades y potencial
rendimiento en las obras de pavimentacidon. En realidad, no existe tiempo suficiente en las
programaciones de obra para poder realizar los ensayos y poder rebatirlo.

Con respecto a la normativa legal, en Espaiia existen leyes que obligan al uso de materiales
reciclados y también sancionan un tratamiento inadecuado de los RCD, como son las Leyes 10/1998
y 22/2011, como también la Orden MAM/304/2002, entre otros (el detalle se encuentra en el
articulo 1 de esta memoria). En Chile, a pesar de existir leyes que regulan y sancionan la disposicién
de residuos, solo hacen referencia a otros tipos de residuos (domésticos y organicos, entre otros),
dejando fuera de su alcance los residuos de construccién y demolicién. Ademas, dentro de las bases
administrativas tampoco existe la obligacién de utilizar materiales reciclados, ni siquiera un cierto
porcentaje. Al no haber leyes que obliguen al reciclaje, segin los comentarios de los profesionales
entrevistados, es dificil crear una cultura sostenible en el sector de la construccién.

Los planes de gestion de RCD espafioles estan establecidos mediante el Real Decreto
105/2008, mientras que en Chile no existe una ley que ordene el establecimiento de un plan para el
manejo de los residuos generados en las obras, solo se exige un certificado que indique que el
vertedero de escombros posee la autorizacidn requerida. La norma técnica NCh 3562 trata de
solucionar esta situacion.

En Espafia, los planes de RCD (PNRCD I, PNRCD II, PEMAR) establecen los objetivos de RCD
en cada periodo de aplicaciéon. Ademas, el PEMAR (2016-2022), establece el nimero de plantas y
vertederos permanentes, méviles, ademads de contar con diferentes plantas de tratamiento y
vertederos. En Chile solo existen algunas empresas que se dedican al reciclaje de aridos de
hormigones.

La aplicacién de los aridos reciclados en Espafia es una prdactica habitual, fabricandose una
alta variedad de productos como: Probetas de hormigén (calidad hasta G-40), Bases granulares,
Asiento y recubrimiento de tuberias, Capa Drenante, Suelo cemento y grava cemento, entre otros
(toda la informacion se detalla en articulo 1 de esta memoria). Sin embargo, en Chile Unicamente se
fabrican tres productos: Probetas de hormigdn (Calidad hasta G-30), Base granular y Subbase
granular.
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5.2. Propiedades en estado fresco

La trabajabilidad de los hormigones reciclados no se ve afectada por la incorporacion de
arido reciclado mixto independientemente de su porcentaje de sustitucion, lo cual permite
establecer que la incorporacién de la fraccién fina y/o gruesa reciclada mixta, no tiene un efecto
negativo sobre esta propiedad.

La incorporacién de arido reciclado mixto (MRAc y/o MRAf) provoca un incremento lineal
del contenido de aire ocluido en estado fresco. Este comportamiento podria estar asociado [10, 11]
a: i) mayor absorcién de agua de los MRA,; ii) menor densidad del mortero adherido presente en el
arido reciclado debido a la presencia en su interior de burbujas de aire; iii) textura mas rugosa de
los MRA que los NA; y iv) presencia de micro o nano fisuras en el interior de los MRA que no estan
conectadas a los poros permeables del arido.

El descenso en la densidad se encuentra en consonancia con lo indicado por Brito et al. [11]
que fijaban disminuciones de hasta un 10% para hormigones que incorporaban hasta un 100% de
MRA. Este comportamiento estaria asociado a la menor densidad de los aridos reciclados debido a
la presencia de mortero adherido y material cerdmico, asi como la mayor relaciéon agua/cemento
aparente de las nuevas mezclas de hormigones disefiadas [10, 12].

5.3. Propiedades en estado endurecido

La disminucion de la densidad de los hormigones reciclados se situo entre un 1.4%-5.7%
respecto al hormigdn de referencia (M1). Dicho descenso estd en consonancia con el rango de 3.3-
5.0% registrado por otros autores que incorporaban hasta un 100% de MRA [10].

El hecho de que los hormigones reciclados presentan un mejor comportamiento a un
tiempo de curado mayor de 28 dias podria estar asociado a la actividad puzolanica de la fraccion
fina (tamafio <0.063 mm) existente en el MRAf, donde se encuentran principalmente los finos
ceramicos. Este aspecto, fue registrado previamente por Medina et al. [13, 14] y Asensio et al. [15,
16] que analizaron el comportamiento puzolanico de la fraccién fina, observandose que tienen una
capacidad de fijar cal a los 28 dias entre un 53.3-82.1%. Adicionalmente, este comportamiento
estaria también vinculado a: i) la presencia de particulas anhidras de cemento [17, 18, 19] en el
mortero adherido en los MRAf que se hidrataran dando lugar a silicatos calcicos hidratados (gel C-
S-H) que contribuirdn positivamente al comportamiento mecanico; y ii) las caracteristicas de las
zonas de Interaccién Interfacial (ITZs, en inglés) existentes entre los componentes Rb del MRA
(MRAc y MRAS) /pasta que pueden presentar un espesor igual e inferiores al mostrado
habitualmente por los aridos naturales (elTZ=10-50 um).

La resistencia a compresion de todos los hormigones es superior a la resistencia
caracteristica de disefo. Debido a lo anterior, estos nuevos hormigones reciclados pueden ser
utilizados como hormigones para uso estructural. Respecto a la mezcla con un 50% MRATf, se
visualizéd que a los 28 dias la resistencia se mantiene constante, mientras que a los 90 dias se
experimenta un pequefio incremento de un +8.1% respecto a M1. Este comportamiento es mejor
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que el establecido por Bravo et al. [20] para la sustitucidon de un 50% de arena de tipo | constituida
por Rc+Ru=83.7%, Rb=0.9% y Rg=15.4%. Estos autores registraron una perdida prestacional entre
un 6.1/13.3% respecto al hormigdn convencional para un porcentaje de sustitucién del 50%. Este
mejor comportamiento de M3 estaria asociado a la mejor calidad que tiene el MRAf respecto a la
arena tipo | estudiado por dichos autores.

La penetracion de agua (maxima y media) bajo presidn experimentan un descenso para las
mezclas M2, M3, M4 y M5, mientras que para el resto de los hormigones se ha registrado un
incremento en una (M6, M7 y M8) o en ambas profundidades (M9). Esta mayor impermeabilidad
podria estar asociada a la actividad puzolanica de los finos ceramicos (<0.063 mm) de los MRAf, asi
como a la hidratacién del cemento anhidro [21] presente en los finos de morteros de los MRAf que
le dotan de una cierta actividad hidrdulica, dando lugar a un sistema poroso mas cerrado y tortuoso.

Para los porcentajes de MRAc y MRAf > 25% en peso se produce un aumento de la
permeabilidad, lo cual podria explicarse debido al efecto beneficioso asociado a su textura
superficial mas rugosa que le facilita una mejor inclusidn (ITZ similares) en la matriz cementante, asi
como la actividad puzolanica de la fraccién <0.063 mm no son capaces de compensar el efecto
nocivo que tiene sobre la permeabilidad al agua las propiedades intrinsecas de los mismos (menor
densidad, mayor absorcion de agua y presencia de microfisuras en su microestructura).

Los valores obtenidos de impermeabilidad al agua se encuentran por debajo de los limites
establecidos en el capitulo VII “Durabilidad” apartado 37.3.3 “Impermeabilidad del hormigén” de la
Instruccidén Espafiola de Hormigdn Estructural (EHE-08), donde establece que un hormigdn es
suficiente impermeable para una clase de exposicién (llla, lllb, llic, IV, Qa, E, H, F, Qb, Qc); cuando
su profundidad de penetracion mdaxima y media es inferior a 50 o0 30 mm y 30 o 20 mm
respectivamente en funcién del tipo de ambiente, poniéndose de relieve que los hormigones
reciclados tienen una estructura porosa que garantiza la impermeabilidad y una adecuada
durabilidad a lo largo de su vida util frente a este mecanismo de transporte.
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6. Conclusiones

Esta investigacidon ha pretendido abrir cauces, primero de lo cualitativo y después de lo
cuantitativo que relacionen los residuos utilizados con las propiedades ultimas de los productos.
Tras la presentacion y discusidn de los resultados obtenidos, pasamos a continuacion a enunciar las
siguientes conclusiones:

De acuerdo con el andlisis de la realidad chilena se observa que no existen normativas
técnicas que regulen el uso del arido reciclado en el pais, resultando en una baja utilizacién de este
en la construccion de obras viales. Esto se puede explicar por i) Desconocimiento de las propiedades
de los aridos reciclados y su potencial rendimiento en obras de construccion, ii) Alta calidad de los
aridos naturales y su amplia disponibilidad en el mercado, iii) Elevado costo de fabricacién, iv)
Actitud conservadora en el establecimiento de tecnologias y baja tolerancia en sus rendimientos
por parte de organismos gubernamentales y empresas constructoras.

Si bien a la fecha de realizacidén de esta Tesis Doctoral, existe la Nch 3562, la cual establece
un plan de gestidn y tratamiento de residuos dentro de las obras de construccidn, existen muy pocas
plantas de tratamiento de este tipo de residuos, lo que hace dificil el inicio de implementacién de
este sistema. Ante esto, se propone incluir el arido reciclado dentro de las normativas técnicas
chilenas, tanto en el Manual de Carreteras, del Ministerio de Obras Publicas del MOP, como en el
Manual de Pavimentacién y Aguas Lluvias del SERVIU Metropolitano. Paralelamente, se sugiere
crear en forma urgente leyes que penalicen la deficiente gestion de los RCD, cuyo fin sea no permitir
la extraccion de daridos naturales, obligando a las empresas del rubro a reciclar residuos,
incentivando ademads en la inversién en tecnologias, permitiendo el aumento en el desarrollo
sustentable dentro la construccién. Adicionalmente, se propone la construccidn de infraestructura,
gue permita recibir y tratar los residuos generados en obra.

En relacién con la utilizacion de arido reciclado mixto grueso (MRAc) y fino (MRAf), ambos
poseen las propiedades fisicas y mecanicos que exige la normativa vigente de dridos para la
fabricacion de hormigones. De acuerdo con los resultados obtenidos, el porcentaje 6ptimo de
sustitucidn, individual o simultaneo, de MRAf y MRAc es de un 25% en peso. Adicionalmente, se
recomienda investigar las diferentes tipologias de aridos reciclados mixtos en la fabricacion de
hormigones.

Finalmente, la presente investigacidn, contribuird positivamente a la incorporacién de estos
aridos reciclados mixtos en los cddigos estructurales de hormigon.
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Abstract: This study conducts a comparative analysis between Chilean and Spanish reality in regard
to the recycling of aggregates and their reuse in road works and urban roads. The current situation of
both countries was reviewed through different sources of information such as technical and legal
regulation, projects and executed works, to then validate them in Chile by way of interviews to various
professionals in the field of urban and interurban road construction, as well as others belonging to
government bodies. Spain has extensive experience on this issue, as it has a culture of recycling and
reusing aggregates that has produced excellent results, a situation which was taken into account
to compare it to Chile’s reality. The conclusion is that currently, in Chile, although the existence of
recycled aggregate use is known, this is not the case on a technical level for professionals in the sector.
It lacks a specific government body that is in charge of this issue and does not have appropriate
infrastructure for its treatment. The materials with a promising future within the construction
sector are the production of crushed granular bases and the creation of low-resistance concretes,
which cannot be used, as laws that regulate them are still being drafted.

Keywords: recycled aggregate; sustainability; urban road works

1. Introduction

In Chile, the construction industry (in infrastructure works such as building), has significantly
increased its activity. Even though this reflects an increase in the development of the country, bringing
greater labour opportunities and leading to numerous social benefits, it implies a high number of
demolitions, and therefore, a greater amount of waste and residue that is taken to dumping sites.

On the other hand, although Chile has been characterised by being a country rich with natural
resources, especially aggregate, evidence is starting to appear of symptoms of shortage of this stone
material in some parts of the country, and there has also been an increase in warnings on behalf of
some environmentalist groups on the irreversible damage that can be caused to the ecosystem if this
material is continued to be extracted in a persistent and uncontrolled way. It is also important to
consider the major negative impact that producing concrete, and specifically its components (such as
cement), has on the environment, which directly increases the carbon footprint.
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This crisis was already experienced in Spain and numerous European countries several years ago.
This is why they have been continuously developing and perfecting aggregate recycling techniques for
a significant amount of time. Likewise, they have also focused on creating a suitable framework to be
able to promote this activity. As a result, they have developed studies on waste from construction
and demolition works (to look into its applicability as a construction material) and have implemented
various laws and technical regulations (in order to view recycled aggregate from this type of waste as
simply another material, adding it to those that already exist).

In this context, it seems relevant to study the recycling of aggregates as an alternative for applying
sustainability to the construction sector in Chile, specifically as it pertains to urban and interurban roads,
as large amounts of waste with great reuse potential are generated in these types of projects. To do so,
the Chilean reality on this issue must be reviewed, in order to do the same in Spain, then establish a
standard for comparison, and finally measure the existing gaps between both countries with regards to
the use of recycled aggregates.

Spain was chosen as a reference in this study because it is a country that is very close to the Chilean
reality, and it is feasible to determine its context. Its recycling methodology was successful. For these
purposes, it is necessary to review the Chilean reality on this issue (regulation, expert opinions), to then
do the same with the mentioned European country, in order to establish a standard of comparison and
measure the existing gaps among both with regards to the use of recycled aggregates.

2. Research Programme

The research methodology was divided in three phases: The first consists of reviewing Chilean
reality regarding the recycling of aggregates by taking an in-depth look at various sources of information,
such as technical and legal regulation or previous theses, among others. The second phase entails
reviewing the reality of aggregate recycling in Spain. This includes the technical and legal regulation,
projects and conducted works, among other sources. The last phase consists of validating the previously
conducted review of Chilean reality by interviewing various professionals in the field of construction,
specifically those from construction companies with experience in the construction of urban and
interurban roads, as well as professionals from the Ministry of Public Works (The Ministry in charge
of designing, tendering, overseeing and exploiting infrastructure works (Chile)), the Housing and
Town Planning Service (SERVIU in Spanish) (Body that is directly dependant of the Ministry of
Housing and Urban Development, born from the merging of 4 bodies: Property, urban improvement,
housing and urban works (Chile)) and the National Roads Laboratory (Technical body whose purpose
is to technically lead and support quality control work related to the execution of road works (Chile))
with the goal of making the perception that exists in the sector known. With the obtained information,
both realities are analysed, showing the existing gaps between both countries regarding the recycling of
stone materials, supplemented with the technical opinion of the experts interviewed and the feasibility
of implementing their knowledge on this issue (Figure 1).
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Figure 1. Research methodology.

3. Results and Discussion

This section summarises the contents of some of the laws that comprise the regulatory framework
applicable to the Construction and Demolition Waste (CDW) in Spain.

3.1. Spanish Reality

3.1.1. Article 45—Spanish Constitution

The constitution is considered the fundamental law for the organising of any State. This is why it is
mentioned in first place on this list. This Article, located in Chapter Three, called “Guiding principles of
social and economic policy”, referring to the environment and quality of life, establishes the following:
That all people have the right to enjoy an environment which is suitable for their development, as well
as the duty to preserve it. Furthermore, it establishes the duty that public powers have to monitor the
rational use of all natural resources in order to protect and improve quality of life, and to defend and
restore the environment, leaning on the essential collective solidarity. Lastly, it decrees the penalties for
those who breach this section, which are of a criminal or administrative nature, as well as the obligation
to repair any damage caused [1].
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3.1.2. Spanish Law 10/1998, of 21 April, on Waste

Its purpose is to prevent the production of waste, establish the legal framework for its production
and management, and promote its reduction, reuse, recycling and other forms of recovery, as well as
regulating contaminated soils, in order to protect the environment and people’s health. It is applicable
by extension to, among other issues and the aspects that are expressly regulated in its specific provisions,
the management of waste resulting from the prospection, extraction, recovery, disposal and storage of
mineral resources, as well as from quarrying [2].

3.1.3. Spanish Law 22/2011, of 28 July, on Waste and Contaminated Soils

One of the purposes of this law is to regulate waste management by advancing measures that
prevent its generation and mitigate the negative impacts on human health and the environment that
are associated to their generation and management, improving resource use efficiency. Furthermore,
its purpose is also to regulate the legal framework of contaminated soils. Waste hierarchy shall be
applied by the relevant government bodies for the development of policies and legislation on the
issue of waste prevention and management in order to attain the best global environmental result
possible. The order of priorities is as follows: Prevention, reuse, recycling, other types of recovery
(including energy recovery) and, lastly, disposal. Furthermore, it establishes waste policy resources,
such as waste management plans and programmes, measures and economic instruments. It stipulates
the obligations of the producer or any other initial owner as regards waste management, storing, mixing,
packaging and labelling waste, as well as the obligations of the people responsible for managing the
waste. In short, this law establishes the objectives and measures for waste management, specifically the
collection, preparation for reuse, recycling, recovery and disposal of waste, the broadened responsibility
of the producer and the sanctioning regime in relation to waste [3].

3.1.4. Order MAM/304/2002, of 8 February, which Publishes the Waste Recovery and Disposal
Operations and the European List of Wastes

This Order acts under the protection of Spanish Law 10/1998, of 21 April, on waste. The first
paragraph of section 2 of the third final provision of Spanish Law 10/1998, of 21 April, on waste, empowers
the Ministry of the Environment to publish the European Waste Catalogue (EWC) (approved by Decision
94/3/EC of the Commission of 20 December) and the List of Hazardous Waste (LHW) (approved by
Decision 99/404/EC of the Council of 22 December). Both Decisions have been replaced by Decision
2000/532/EC of the Commission of 3 May. Afterwards, Decision 2000/532/EC of the Commission of 3 May
was replaced by Commission Decisions 2001/118/EC of 16 January, and by Council Decision 2001/573 of
23 July, which approves the European List of Wastes. The European List of Wastes merges the European
Waste Catalogue and the List of Hazardous Waste into a single one. On the other hand, the second
paragraph of section 2 of the third final provision of Spanish Law 10/1998, of 21 April, on waste, establishes
that the Ministry of the Environment shall publish the list of waste recovery and disposal operations.
This list was approved by Decision 96/350/EC, is applicable to all types of waste and allows for the
appropriate application of the concepts of recovery and disposal. Two annexes are published at the end of
this Order: Annex 1: Waste recovery and disposal operations (Part A: Disposal operations and Part B:
Recovery operations) and Annex 2: European List of Wastes (ELW) [4].

3.1.5. National Construction and Demolition Waste Plan (I PNRCD in Spanish) (2001-2006)

The purpose of this Plan is to establish the ecological foundations and objectives for the
appropriate environmental management of inert and similar CDW while in effect (2001-2006).
Furthermore, it established a series of ecological objectives and suggests the instrumental, funding,
monitoring and review measures of the Plan in order to carry them out. The Funding chapter includes
both the estimate as well as the total budget for the infrastructures necessary for each Autonomous
Community, such as recycling plants, dumping sites for inert materials and transfer plants, based on the
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amount of waste that each type of treatment will potentially receive. On the other hand, the same chapter
also includes the funding methods for the various investments that are to be conducted, such as public
and private initiatives in prevention and infrastructure, research, development and innovation (R + D
and innovation), as well as citizen awareness actions, statistical control and the training of specialised
personnel. Lastly, the Monitoring and Review chapter of the Plan includes a series of tables showing in a
quantitative way: The generation and recycling of CDW in different countries of the European Union, an
estimate of the construction and demolition waste generation in each Autonomous Community, a forecast
of construction and demolition waste management, assuming as a hypothesis a generation of 1000 kg
per inhabitant per year; budgets regarding prevention, infrastructure investments, R+D and innovation,
raising awareness and training, statistical control and funding by the Ministry of the Environment [5].

3.1.6. National Construction and Demolition Waste Plan (Il PNRCD) (2008-2015)

This Plan is included in Annex 6 of the National Integrated Waste Plan (PNIR 2008-2015 in Spanish),
which emerges to improve the management of all waste generated in Spain, stimulate the different
government bodies and agents involved in achieving ambitious ecological objectives, and comply
with legal regulations, such as Spanish Law 10/1998 of waste and European Framework Directive
2006/12/EC (Table 1). This Plan (Table 1) establishes the objective of executing a suitable environmental
management of hazardous waste included in the CDW list (an objective of mandatory compliance) as
well as other objectives, such as the prevention at source of the generation of CDW, the application of
the hierarchy principle, maximising recovery, improving the CDW treatment infrastructure network,
closing dumping sites that cannot adapt to the legislation and adapting those that can.

Table 1. Objectives for Construction and Demolition Waste (CDW) for the years 2008, 2012, 2015. [6].

Objective 2008 2012 2015

Collection + appropriate

. 80 95 100
environmental management
Prevention + reuse 10 20
Recycling 25 40
Recovery of waste from 40 70

construction materials

Furthermore, it establishes the intended measures for the development of this Plan, includes
an estimate of the infrastructure necessary for the management of CDW and analyses the level of
deficit in this field in the country. Likewise, it reveals the necessary budget for the application of the
intended measures and infrastructure, and assesses the funding needed for the functioning of the Plan,
its monitoring and review [6].

3.1.7. Government Framework Plan for Waste Management (PEMAR in Spanish) (2016-2022)

The essential purpose encompassed in this Plan is to replace the current obsolete linear economy
with a circular economy, which reintegrates the materials of interest present in waste into the productive
process again and again for the production of new products or raw materials, thus seeking that Spanish
society progresses towards efficiency in terms of the use of resources.

One of the novelties this new version brings is that the Autonomous Communities must inexcusably
meet the national goals for their territory. Waste generated in their territory must comply with the
national objectives, except when sector regulation establishes specific criteria, and local entities must
make all means available to meet these objectives. In essence, all autonomies are responsible for
achieving compliance with the national objectives. Section 13 of this Plan is dedicated to the analysis
of CDW, showing records of results of the goals established in the previous Plan, the qualitative and
quantitative objectives, and guidelines that make it possible to accomplish said goals.
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The objectives established in the PEMAR, in short, are: To apply waste management hierarchy
(reuse, recycling, recovery and disposal), to implement the selective collection of waste, boost measures
to increase reuse and recycling as well as promoting this market, consider incineration as a recovery
operation as long as energetic efficiency is achieved, discontinuing activities (in the case of not having
the required authorisations), establishing a single procedure for the electronic registration of waste
production and management, implement a deposit, refund and return system, and create a commission
of coordination on waste with members from different government bodies [7]. Tables 2 and 3 show the
quantitative objectives established by the PEMAR while in effect and number of transfer and treatment
installations and dumping sites.

Table 2. CDW objectives for the years 2016, 2018, 2020 [7].

Objective 2016 2018 2020
Non-hazardous CDW (in %) allocated to
being prepared for reuse, recycling and
. . 60 65 70
other recovery operations (excluding
clean soils and stones) (minimum)
Disposal of non-hazardous CDW in 40 35 30

dumping sites (in %) (maximum)

% of clean soils and stones (EWL 17 05
04) used in ground and restoration, 75 85 920
refurbishing or filling works (minimum)

Disposal of clean soils and stones (EWL
17 05 04) in dumping sites (in %) of the
total volume of excavated natural
materials (maximum)

25 15 10

Table 3. Number of transfer and treatment installations and dumping sites that received CDW in 2013 [7].

Autonomous Permanent Mobile Treatment

Community Transfer Flants Treatment Plants Plants Dumping Sites
Andalusia 92 119 21 71
Aragon 18 6 1 5
Asturias 3 4 5 1
Balearic Islands 6 2 n/a 1
Canary Islands 0 23 n/a 7
Cantabria 12 4 12 2
Castilla-La Mancha n/a 28 27 12
Castile and Leon 0 45 0 3
Catalonia 12 50 0 57
Ceuta n/a n/a n/a n/a
Valencian Community n/a n/a n/a n/a
Extremadura 16 21 1 0
Galicia 3 43 21 5
La Rioja n/a 16 0 2
Community of Madrid 10 14 0 4
Melilla n/a n/a n/a n/a
Region of Murcia 2 4 32 19
Navarre n/a 7 3 7
Basque Country n/a n/a 11 n/a

TOTAL 174 386 134 196
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3.1.8. Spanish Royal Decree 105/2008, of 1 February, which Regulates the Production and Management
of Construction and Demolition Waste

Its purpose is to establish the legal framework for the production and management of construction
and demolition waste, in order to encourage their prevention, reuse, recycling and other ways of
recovery, ensuring that those allocated to disposal operations receive an appropriate treatment, and to
contribute to a sustainable development of the construction activity. Furthermore, it also establishes
the obligations that CDW producers and owners must comply with. The latter includes the minimum
amounts of waste generation which, if surpassed, must be divided into fractions. Said fractions
are detailed in this Royal Decree. Furthermore, it also establishes the system for the control of
production, ownership and management of CDW, general obligations of the manager of these wastes,
recovery activities, treatment with mobile plants in permanent waste recovery or disposal plants,
disposal activities via depositing them in dumping sites, construction and demolition waste collection,
transporting and storage, the use of inert waste in restoration, refurbishing or filling works, planning
on CDW, administrative liability and sanctioning regime [8].

3.1.9. Spanish Royal Decree 1247/2008, of 18 July, which Approves the Structural Concrete Standards (EHE-08)

The purpose of this Royal Decree is the approval of the Structural Concrete Standards [9] (EHE-08)
(EHE-08: Spanish legislation whose purpose is to regulate the design, execution and monitoring
of concrete structures, both in construction and civil engineering works), which include a series of
updates that entail the adaptation of this legislation to the prevailing European criteria regarding
the demandable requirements for structures, as well as the addition of new construction techniques
and materials, including those that have been recycled. Furthermore, these standards establish
the requirements to take into account for the design and execution of concrete structures, both for
construction as well as civil engineering, with the objective of achieving the security levels that are
suitable for their purpose [10].

3.2. Chilean Reality

3.2.1. Political Constitution of the Republic of Chile

Point eight of Article 19 of Chapter III: On constitutional rights and duties, says that the Constitution
ensures every person’s right to live in a pollution-free environment. It is the State’s duty to ensure
that this right is not affected and to protect the preservation of nature. Laws may establish specific
restrictions to the exercising of certain rights or freedoms to protect the environment [11].

3.2.2. Chilean Law No. 19.300—Law on General Environmental Framework

A law approved by the Ministry of the Presidency in 1994. It establishes the legislative
framework that regulates the right to live in a pollution-free environment, the protection of the
environment, the preservation of nature and the conservation of environmental heritage. It also
regulates the instruments for environmental management such as the Strategic Environmental
Assessment, the Environmental Impact Assessment System and the Access to Environmental
Information, the Liability for Environmental Damage, the Inspection and Environmental Protection
Fund, and Chilean environmental institutionalism [12].

3.2.3. NCh 3562: Waste Management—Construction and Demolition Waste and Excavation
Material—Classification and Guidelines for a Management Plan

CDW are inert substances or objects, waste similar to that produced in the household and
hazardous waste, which are generated during construction and/or demolition works and whose
generator disposes of or has the intention or obligation of disposing of them in accordance with current
legislation. The Management of CDW encompasses all the operative actions to which a construction
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and demolition waste is subjected to, including its gathering, stocking, transportation, pre-treatment,
treatment and disposal.

This draft standard, prepared by the National Standards Institute [13] (INN in Spanish) (Non-profit
private law foundation created by CORFO in 1973, as a technical body on the issue of infrastructure
quality control (Chile)), is currently in a public consultation process. Some of its objectives are:

e  Promote the integral management of inert waste and construction work excavation materials, to
decrease their environmental, social and economic impact.

e  Promote the reduction, reuse, recycling and recovery of waste.

e Ensure an appropriate waste classification and placement for the final disposal of the
aforementioned waste.

It establishes basic considerations for the management of inert CDW from excavation, demolition
or construction, which the various factors involved, must comply with, such as: Waste and excavation
material generator (client and construction company), inert CDW manager (company or organisation
that transports, recovers and disposes of it) and carrier of the excavation material for construction and
demolition. Furthermore, it decrees the classification of waste from construction and/or demolition
works and materials from excavation or roll forming. On the other hand, this standard does not
establish basic considerations for the management of hazardous waste similar to that form households,
which must be managed in accordance with current legislation.

This standard has 5 annexes, which are the following [14]:

e ANNEX A: List of inert CDW;

e ANNEX B: List of hazardous CDW;

e ANNEX C: List of CDW similar to that from households;
e ANNEX D: List of excavation material;

e ANNEX E: Minimum contents of a Management Plan.

3.2.4. Chilean Law No. 20.920—Framework for the Management of Waste, the Extended Liability of
the Producer and the Promotion of Recycling

It was passed on 17 May 2016 and then published on 1 June of the same year. The body responsible
for this law is the Ministry of the Environment. The purpose of this law is to decrease the generation
of waste and promote its reuse, recycling and other types of recovery, through the implementation
of the extended liability of the producer and other waste management instruments, with the goal of
protecting the health of the people and the environment.

The execution of this law was inspired by a series of principles, such as gradualism, inclusion,
waste management hierarchy, the principle of “he who pollutes, pays”, free competition, the liability of
the waste generator, transparency, traceability and disclosure.

For the purposes of the use and understanding of this law, it included a list of definitions. These are:
Storage, life cycle, marketer, consumer, industrial consumer, distributor, ecodesign, disposal, generator,
manager, management, reception and storage installation, handling, environmentally sound handling,
best environmental practices, best techniques available, preparation for reuse, pre-treatment, priority
product, producer of a priority product or producer, waste picker, recycling, collection, waste, reuse,
management system, treatment, recovery and energetic recovery.

Chapter II of this law establishes everything related to waste management, such as prevention
and recovery, obligations of waste generators, obligations of waste managers and obligations of waste
importers and exporters.

On the other hand, Chapter III, named “of the extended liability of the producer”, is comprised
of three paragraphs. The first details the general provisions, establishing the concept of “extended
liability of the producer”, the obligations that priority product producers must comply with and the
list of priority products. The second paragraph establishes the collecting and recovery goals and other
associated obligations. Lastly, the third deals with everything related to waste management systems.
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Chapter IV of this law details the support mechanisms for the extended liability of the producer,
and lastly, Chapters V and VI establish the information systems and inspection and sanction regimes [15].

3.2.5. Integral Management of Solid Waste Policy (PGIRS in Spanish)

This policy is born from the instructions provided by the Environmental Policy for Sustainable
Development, approved by the Executive Council of the National Environment Commission (CONAMA in
Spanish) in January 1998, which offered different tools to improve the deficiencies diagnosed in the current
situation regarding waste handling, identifying the actions to develop, both in the short and medium terms.

The purpose of this policy is to guide the implementation of a hierarchical strategy, promoting the
prevention of its generation and, if its prevention is not possible, to promote, in this order, its reuse,
recycling, energetic recovery, treatment and final disposal, all for the purposes of protecting the health
of the people and the environment.

Furthermore, one of the important points included in this policy is the suggestion of the need to
have an integral management of waste, whose starting point is the very development of the product.
This concept is already successfully implemented in a majority of developed countries and the main
objective is to prevent its generation. In the case where this is not possible, minimisation measures
are followed in a hierarchical and orderly manner. These are: Reduction, reuse and recycling; with
treatment and final disposal as the last and least desirable option.

On the other hand, this management policy includes the different guiding foundations and
principles that surround its development, as well as its different lines of action, which are the specific
measures that allow compliance with and the success of the objectives proposed by this policy; and the
regulatory framework, which establishes the goals to be reached in the short and medium term [16].

3.2.6. Clean Production Agreement (APL in Spanish)

This is a voluntary agreement held between the representative corporate association of a productive
sector and public bodies which are competent on several issues, the purpose of which is to improve
the productive and environmental conditions in terms of hygiene and labour safety, energetic and
hydrological efficiency, emission decrease, waste recovery, good practices, productive encouragement
and other issues addressed by the agreement, looking to create synergies and economies of scale,
as well as compliance with the environmental laws, which favour an increase in productivity and
competitivity among companies.

To strengthen this tool, a key factor is the development of four Official Chilean Standards, which
establish the guidelines for the development and implementation of, and accreditation of compliance
with, Clean Production Agreements:

e NCh 2797.0£2003 “Clean Production Agreements (APL)—Specifications”.

e NCh 2807.0£2003 “Clean Production Agreements (APL)—Diagnosis, Monitoring and Control,
Final assessment and Accreditation of compliance”.

e  NCh 2825, on “Requirements for the final assessment auditors”.

e  NCh 2796, on “Vocabulary” applied to this Accreditation System.

Since the year 2016, the National council for Clean Production has decided to publicly report
the decreases of emissions achieved through Clean Production Agreements in accordance with the
Directive of the Ministry of the Environment. Between the years 2012 and 2016, estimated reductions
reached 3,242,301 tonnes of CO,, making the APL the first Chilean mitigation action to report reductions
back to the United Nations [17].
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3.2.7. Research Programmes Conducted in Chile

First Report on the Handling of Solid Waste in Chile (Based on the “Gathering, Analysis, Generation
and Publication of National Information on Solid Waste in Chile” Project, Year 2010)

This report has been developed by CONAMA and summarises the main results of the “Gathering,
analysis, generation and publication of national information on solid waste in Chile” project, completed
in the year 2010.

In May of that year, Chile became the first full member of the Organisation for Economic
Cooperation and Development (OECD) in South America. This status enforces a high standard on
their public policies on environmental issues. With this, one of the commitments of Chile is to develop
time series mainly associated to the generation, recovery and disposal of waste that facilitates the
obtaining of indicators. The information exhibited in this report is part of the objectives of the Integral
solid waste management policy. Furthermore, it meets the commitments that Chile has with the OECD
regarding disseminating information on the handling of waste to the population. Among other sources,
surveys, waste generation factors and diagnostic studies were referred to in order to conduct this
report. The Government and the Ministry of the Environment have set as the main goal to continue
improving on waste treatment issues. The ideal scenario is to enforce measures to stop seeing waste as
rubbish, but instead as a raw material which can be minimised, reused and recycled.

This report is part of the “Gathering, analysis, generation and publication of information on solid
waste in Chile” project, conducted in 2009. Its purpose is to deliver a general viewpoint of the amounts
and handling of waste in Chile. The idea is to continue examining this information in coming years,
in order to improve the national management standards.

As of the year 2005, through agreement No. 265 of the Council of Ministers of CONAMA,
the country has:

e Integral Solid Waste Management Policy (PGIRS).
e  Action Plan, which lasts until 2010.

The purpose of the Integral Solid Waste Management Policy is to guide the implementation of a
hierarchical strategy, promoting the prevention of its generation and, if its prevention is not possible,
to promote, in this order, its reuse, recycling, energetic recovery, treatment and final disposal, all for
the purposes of protecting the health of the people and the environment. Likewise, among the lines of
action until 2010, is to “Merge and complete the regulatory framework”. In regard to this there is the
Waste Act (Chilean Law No. 20,92), which includes essential concepts such as: Hierarchical strategy,
extended liability of the provider and integral management of waste.

Chile, by becoming a member of the OECD, must comply in the established terms,
with an information structure associated to solid waste which takes into account a series of requirements
regarding definitions, regulations and the cross-border movement of waste, among others. As of 2010,
Chile has a new environmental government body comprised of:

e  Ministry of the Environment.

e  Superintendency of Oversight.

e  Environmental Assessment Service.
e  Environmental Tribunal.

With the purpose of standardising the requirements, analysis and comparing of information on
solid waste on an international level, the OECD suggested a detailed classifying of waste generation
sources, which is linked to the classifications used in studies related to solid waste in Chile. Taking into
account the main information structure available in the country and the separation of the source of the
solid waste, they are classified as industrial solid waste and municipal solid waste [18].
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Final “Gathering, Analysis and Generation of Information on Construction Waste” (Solid Waste Group
of the Pontificia Catholic University of Valparaiso PUCV) Report

Its purpose is to provide complete information on the generation and handling of construction
waste in Chile, in order to meet the requirements enforced by the OECD.
Furthermore, the following points can be established as specific objectives:

e  Review the available information on construction and demolition waste.

e Complete and update the information on the generation and handling of construction waste,
specifying the amounts and associated characteristics.

e  Fill out the information requested on the OECD tables.

e  The executing of the following activities was requested in order to conduct this report:

e To review the available information associated to construction waste on a national and
international level.

e Tomodify and update the information associated to construction waste in Chile.

e To complete with the background information obtained from the model, the waste policy
information on the OECD tables.

e  To study of the “Gathering, analysis, generation and publication of national information on solid
waste in Chile” report.

On the other hand, different measures are suggested to be added to the PGIRS. These are born from
the results and conclusions obtained during the development of this study and are suggested with the
purpose of continuing to improve the development of future research. The first one is a summary table
which includes several items, then their current development situation and, lastly, the desired situation or
condition to be met. Lastly, different ideas are suggested to enable the obtaining of future information [19].

e Analysis of waste streams.
e  Waste generation estimate.
e  Assessment of the most favourable scenario for future management.

Third Report on the State of the Environment, 2017 Edition. Chapter 13: Waste

This report corresponds to the third instalment, corresponding to the year 2017, which delivers an
update of the country’s environmental indicators and statistics, which makes it possible to monitor the
evolution of the main components of the environment, as well as some of the problems that affect the
country on this issue.

This report corresponds to the continuation of the first and second report on the environment,
from the years 2013 and 2015, respectively. Likewise, as recommended by the OECD and as part of the
advanced work on the issue of Sustainable Development Goals, as of this report, indicators are added
which make it possible to measure the progress registered by the country regarding green growth, one of
the great challenges in the medium and long term in order to promote an economic development which
ensures the maintenance of the resources and the services they provide for people’s quality of life [20].

Construction Waste in Antofagasta, Preliminary Study (by the Studies Unit of the Chilean
Construction Chamber (CCHC in Spanish), in Antofagasta)

This study was conducted by the Studies Unit of the Chilean Construction Chamber (CCHC) in
Antofagasta together with the work team from the Civil Construction degree of the Catholic University
of the North, with the purpose of delivering a tool that helps improve the management of construction
and demolition waste in this region.

A diagnosis of the current situation of construction waste management is submitted in this
document. This assessment shows monthly generation indexes of these wastes, the role that construction
companies must fulfil in the management of construction waste, and analyses potential options of
locations to be used as final disposal points. Furthermore, an analysis of construction wastes, their origin,
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composition and classification are also submitted, as well as their optimal management and the review
of an example of waste management both in Chile and abroad.

3.3. Interviews with Experts

Table 4 shows the interviewed experts from the construction sector of Chile.

Table 4. Experts interviewed in Chile.

Professional Entity
i T VIAL.
Roberto Tedias A. TVIAL Ltda. Construction Dl
Company CONSTRUCTORA
Jorge Fuentes F. BROTEC Construction Company b r ec

SERVIU
egide Motrs palitans

Metropolitan Housing and Town

Francisco Mora F. Planning Service (SERVIU)

Ministario do
Vivienday
Urbantsmo

Gabriela Mufioz R. National Roads Laboratory
Gabriel Palma P. National Roads Laboratory
Victor Reyes G. Ministry of Public Works

3.3.1. Roberto Tedias Araya (Construction Engineer, General Manager of the TVIAL Ltda.
Construction Company), Jorge Fuentes Fuentes (Civil Engineer, Technical Manager of the Brotec Ltda.
Construction Company)

They are both aware of the future shortage of aggregates in Santiago de Chile, which is why
they see recycling as a solution. They argue that it could be used directly on site without a washing
process, which is conducted in a laboratory in order to run tests. Their experience in the use of recycled
aggregates has been with crushed granular base and subbase, with structural landfill or embankment.

3.3.2. Francisco Mora Frtiz (Civil Engineer, Metropolitan SERVIU)

He says that recycled aggregate is not considered a construction material in any Chilean regulations,
and that adding it would be quite interesting considering the future shortage of natural aggregate
in the metropolitan region. Metropolitan SERVIU is interested in including sustainability in its
regulations, but the problem is that there is no document which allows its insertion in the institution.
Documents that state both technical and environmental specifications on the use of recycled materials
are required. His argument is based on the fact that, for now, it is not good business because it cannot
compete with natural aggregate. His experience with recycled aggregates is the following: Filler for
sewers and crushed granular base and subbase as an aggregate to manufacture concrete for footpaths.
At the SERVIU they are aware of the NCh 3562 standard.
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3.3.3. Gabriela Mufioz Rojas, Gabriel Palma Papic (National Roads Laboratory)

The National Roads Laboratory has applied the Rubblizing (Technique that consists of fracturing
concrete pavement through resonance, in order to intertwine the wastes, turning them into crushed
granular base or subbase), making it possible to obtain recycled aggregate to be used as crushed
granular base and subbase in the same location. They have used recycled aggregates in embankments
and other types of fillers.

3.3.4. Victor Reyes Gonzalez (Civil Engineer, Ministry of Public Works)

The Ministry of Public Works is aware that natural aggregate is gradually becoming a less and
less available resource, and that there will be greater difficulties to extract it from deposits or quarries.
The closest that has been done regarding the use of recycled materials, is the RAP (RAP: Recycled Asphalt
Pavement (Asfalto Reciclado para Pavimento)). At the Ministry of Public Works there is an interest to
include innovation in regulations, and for this purpose there is a defined protocol which makes it possible
to submit technology proposals to a specialised unit, which awards the use of “test sections” through
the National Roads Laboratory. The greater the use of recycled materials, the less exploitation of natural
aggregates, which will lead to a decrease in the levels of CO; released into the environment.

3.4. Technical Analysis

The materials considered in this study are concrete (for manufacturing roads), as well as crushed
granular base and subbase (used as the support base in said roads as well as those built with asphalt).
With a rising tide of adoption of recycled aggregate (RA) for construction, investigation on ways to
improve the quality of RA has been overwhelming. The adoption of RA brings benefits including savings
in the limited landfill spaces and the use of natural resources. However, the poorer quality of RA often
limits its utilization to low grade applications such as sub-grade activities, filling materials and low grade
concrete. The major reason that affects the quality of RA is the large amount of cement mortar remains
on the surface of the aggregate, resulting in higher porosity, water absorption rates and thus a weaker
interfacial zone between new cement mortar and aggregates, which weakens the strength and mechanical
performance of concrete [21]. The results of a recent study [22] indicated that RA affect the resulting
mechanical strength of hardened concrete due to the lower specific gravity and higher water absorption
as compared to the natural aggregates (NA). Recycled coarse aggregate (RCA) has about 28% higher
bonded mortar content (BMC) with porosity of bonded mortar (BM) almost double as that of recycled fine
aggregate (RFA). This leads to inferior interface between aggregate and cement paste thereby affecting
the overall concrete properties. The presence of mortar has been reported as the main factor causing
the lower quality of recycled concrete aggregates (RCA) when compared to natural aggregates (NA). A
novel microwave-assisted technique to increase the quality of RCA by partially removing the mortar
adhering to RCA particles and breaking up the lumps of mortar present in RCA has been studied [23].
The intrinsic properties of recycled coarse aggregates (RC), associated with bonded mortar, can be modified
with two different pre-treatment techniques viz-a-viz HCl pre-treatment and NaySOy pre-treatment [24].
Other authors report an experimental study to improve the properties of recycled concrete aggregates
(RCA) by their impregnation with polyvinyl alcohol [25].

Concrete: The Roads Manual (Document produced for the purpose of establishing policies and
unifying procedures and instructions in the various technical areas to which they apply (Chile))
establishes a minimum resistance of 5.0 MPa to the bending tension test. According to this requirement,
it would be hard to reach this resistance using 100% recycled aggregate, as its use requires a larger
amount of water, and therefore has lower mechanical resistance. It is only possible to do this when using
recycled aggregates that have been obtained by demolishing high-performance concretes. It cannot be
used in these amounts, as a greater amount of cement has to be used, which would not make it feasible
in economic terms. Additionally due to the high likelihood of being affected by shrinking, this would
cause cracks. The recommended amount of demolition waste to use according to Spanish literature
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is up to 20% of the weight. One of the features to consider is the curing based on a superficial film
(membrane curing), as well as the superficial saturation [26].

To make it so that concrete with recycled aggregates reaches an ideal resistance, the surface of
the stone material must have a minimum amount of adhered mortar. To do so, there are two possible
methods to clean the said surface. The first is to wash it, which has the inconvenience of requiring a
large amount of water, a resource that is currently scarce in the country and which would therefore
noticeably increase costs. The other solution would be to implement a blower system, which makes it
possible to clean the surface, but the problem is that doing so increases the levels of pollution, which is
an equally critical factor in Santiago and the other regions [27-32].

Crushed granular base: The Roads Manual establishes the need to obtain a CBR bearing ratio of 60%.
The values achieved in this field in international literature are of the order of 40% for subbases, conducted
with asphalt waste, and of around 60% when conducted with concrete demolition waste. The use of
crumb rubber in certain proportions is also considered, in order to not compromise its structural stability.
The structural properties increase even more if asphalt waste such as RAP is used [33-36].

3.5. Result Analysis

Taking into account that which has been analysed, the following can be concluded.

3.5.1. Technical Legislation

In Spain there is technical legislation such as documents PG-3 and EHE-08, which consider
the use of recycled aggregates, establishing limits, dosage and other aspects. In Chile however,
current legislation only considers recycled materials in asphalt mixtures. The Roads Manual has
specifications on the use of RAP, for example. However regarding the use of recycled aggregates,
there is no legislation that allows its use in road works as of yet.

The interviewees mention that, in general, the construction sector is resisting considering the use
of recycled aggregates, as there is distrust about its properties and a lack of knowledge on its benefits
when used in road works.

3.5.2. Legal Legislation

In Spain there are laws that mandate the use of recycled materials and as well as penalising an
inappropriate processing of CDW. The likely significant effects of projects on the environment must be
considered in relation to criteria set out in points 1 and 2 of the Annex, with regard to the impact of the
project on the factors specified in Article 3(1), taking into account, among other aspects, the possibility
of effectively reducing the impact. [37]. The different environmental assessment systems operating
within Member States should contain a set of common procedural requirements necessary to contribute
to a high level of protection of the environment. [38]. The Public Administrations will adjust their
actions regarding environmental assessment to the principles of institutional loyalty, coordination,
mutual information, cooperation, collaboration and coherence [39].

In Chile, despite the existence of laws that regulate and penalise the disposal of waste, they only
reference other types of waste (domestic and organic, among others), leaving construction and
demolition waste out of their reach. As per the comments made by the interviewed professionals,
they say that, as there are no laws that make recycling mandatory, it is hard to create a sustainable
culture in the construction sector. Furthermore, within the administrative bases there is also no
requirement to use recycled materials, not even a certain percentage.

In Spain,

there is:

e  Spanish Law 10/1998;
e  Spanish Law 21/2013;
e  Spanish Law 22/2011;
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e  Order MAM/304/2002;

e  Spanish Royal Decree 105/2008;
e  Spanish Royal Decree 1247/2008;
e IPNRCD (2001-2006);

e IIPNRCD (2008-2015);

e PEMAR (2016-2020).

In Chile,
there is:

e  Chilean Law No. 19.300;

e  Chilean Law No. 20.920;

e  NCh 3562: Waste Management;

e Integral Solid Waste Management Policy (PGIRS)
e C(Clean Production Agreement (APL);

e  Research programmes carried out in Chile.

3.5.3. RESCON Management Plan

In Spain, the CDW management plans are set, and have been dealt with since the year 2008
through Spanish Royal Decree 105/2008, whereas in Chile the only requirement is a certificate that states
that the dumping site is one that has been authorised. There is no law that mandates the establishment
of a plan to manage waste generated in works. Standard NCh 3562 tries to solve this situation.

3.5.4. Ministerial Structure
In Spain,

e  There is an entity known as the Ministry of Public Works and Transport, which branches out
into several Departments and Administrations. The General Administration of Architecture,
Housing and Land, and the General Administration of Roads, are those responsible for Urban
Roads and Interurban Roads, respectively (Figure 2).

Chile
l

[ miniSTRY OF DEVELOPMENT | | REPUBLIC PRESIDENT |
Secretary of State for Infrastructure - /\
Transportation and Housing H"g:!;:;y;: ’ PuMI;H?:/rVyo?if(s

/\ Urbanism

General General Secretariat
Secretariat of of Infrastructure N
Housing Metropolitan
SERVIU

General General Urban Interurban
Directorate of Directorate of | Urban Road I Road Roads

Architecture, Roads
Housing and

Land
Urban Road | | Interurban Roads |

Figure 2. Government reality comparison between Spain and Chile.
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In Chile,

e  There is no responsible entity such as the mentioned Spanish one (Figure 2). There are only
Ministries of Housing and Urban Development (which, through the SERVIU, is responsible for
Urban Roads) and the Ministry of Public Works (responsible for Interurban Roads).

3.5.5. Infrastructure

In Spain, the CDW plans (PNRCD I, PNRCD II, PEMAR) establish the objectives for CDW in each
respective application period, as mentioned in Tables 1 and 2. Furthermore, the PEMAR (2016-2022),
establishes the number of permanent and mobile plants and dumping sites, as can be seen on Table 5.

Table 5. Number of plants and dumping sites in Spain.

PEMAR (2016-2022)

Transfer Plants 174
Permanent Treatment Plants 396
Mobile Treatment Plants 134
Dumping sites 196

On the other hand, in Chile there are only two companies related to CDW. One of them is RESICO,
where recycled aggregates are produced from concrete waste and which are then commercialised in
two sizes (3” and 11”), and the other is REGEMAC, a company which transfers this construction waste
to authorised dumping sites.

In Spain there are different treatment plants and dumping sites.

In Chile there are only a few companies dedicated to recycling concrete aggregates (Table 6).

Table 6. Plants authorised for the disposal of CDW and debris.

No. Company Commune
1 REGEMAC Puente Alto
2 SOCIEDAD BALTIERRA S.A. Puente Alto
3 SEMOT LTDA. Puente Alto
4 POZO AEROPUERTO AMB Pudahuel
5 NEXO RESIDUOS LTDA. Pudahuel
6 IDEA CORP S.A. San Bernardo
7 MARGA MARGA S.A. San Bernardo
8 SOC. PETREOS S.A. Padre Hurtado
9 CERROS DE RENCA Quilicura

10 RINCONADA S.A. Maipu
11 SOC. AGRICOLA PIZARRO LTDA. Pirque

3.5.6. Implementation of Recycled Aggregates

In Spain, the use of recycled aggregates has become standard practice, to the extent that this
type of material is in the market, and with seals of quality. This situation makes it possible to
define a wide variety of implementations, such as granular base and subbase, the manufacturing of
test pieces (with a quality of up to G-40) (In accordance with Chilean standard NCh 170, Of. 2016
“Concrete—General Requirements”. Mechanical resistance to compression is measured in Degrees,
in cylindrical test pieces with a 15 cm diameter and 30 cm height.), concrete prefabs, fillers and
embankments, among others.

Meanwhile, in Chile, the interviewed professionals mention a series of implementations such as
granular base and subbase. The benefit of this context is that demolition waste can be used immediately,
as it can be crushed in situ and then installed right away in the area where the future road project will
be executed, aside from the fact that studies back this way of using this type of waste. When dealing
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with concrete pavement waste, bearing ratios close to 80% can be obtained, whereas asphalt pavement
waste can reach a CBR value of 40% at most, which is why its use is limited to granular subbase.

On the other hand, the use of recycled aggregates is not recommended for manufacturing concretes,
due to the low resistance levels obtained in tests conducted in their installations, coinciding with
the observations made by the construction companies. In practice, the interviewees mention that,
despite there being several methods for applying recycled aggregates in works, and the will to apply
sustainability in the sector, there are factors that hinder its execution, as in Chile there is still no specific
sustainable culture, a process which is currently being developed.

3.5.7. Solutions Proposed by the Experts

The experts offer solutions in accordance with the Chilean reality. All interviews were conducted
in October 2018 (Tables 7-11):

Table 7. Opinion by Roberto Tedias Araya—Jorge Fuentes Fuentes.

Existing Problem Proposed Solution

The creation of NCh 3562 solves this item. The
environmental authorities are the ones responsible for
implementing these obligations in the sector.

There are no laws that mandate the creation of a
management plan for waste generated during
construction.

When the standard is approved, its use must be
facilitated through training on its appropriate
implementation

There is a lack of knowledge on standard NCh
3562—Waste management.

Including it in all of the country’s technical legislation
(Roads Manual, NCh, SERVIU regulations, among
others). To this point, only the Roads Manual
includes recycled materials (RAP).

Technical legislation does not include recycled
aggregate as a construction material.

Table 8. Opinion by Roberto Francisco Mora Fritz.

Existing Problem Proposed Solution

Create a protocol that streamlines the insertion of
research on the use of recycled aggregates in
construction.

Establish incentives and/or rewards for the most
innovative ideas.

There is no procedure that allows the insertion of
research or innovation documents.

Promote recycled aggregates through research
conducted in the sector, showing the benefits
compared to its natural counterpart in different
implementations in road and interurban works.

There is no great interest in using recycled aggregates
in paving works, due to the lack of technical
knowledge on behalf of public bodies.

Table 9. Opinion by Gabriela Mufioz Rojas—Gabriel Palma Papic.

Existing Problem

Proposed Solution

In tests conducted on concretes with recycled
aggregates, the results were critical due to the low
resistance of the test pieces, both to compression and
bending tension.

The use of concretes manufactured with recycled
aggregates is recommended in cases where the
resistance is not a critical factor.

Table 10. Opinion by Gabriela Mufioz Rojas—Gabriel Palma Papic.

Existing Problem

Proposed Solution

In the country there are no incentives to make use of
recycled aggregates, due to their cost being greater
than their natural counterpart.

Establish in the administrative bases of the projects to
be tendered, a certain percentage of reuse of
demolished materials based on technical criteria.
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Table 11. In accordance with the experts”: Factors must be considered in order to analyse the use of

recycled aggregates.

Situation

Benefits

Disadvantages

Washing and blowing of CDW
from concrete pavement
demolitions.

Removes the layer of mortar adhered to the
Surface of the CDW.

High cost per m® of water and high levels
of pollution.

Installation of a mobile
crushing plant on site.

Makes it possible to crush demolition waste
in situ.

Decrease of the transport cost of natural
aggregate to the site.

Decrease of the transport cost of
construction waste to the dumping
site.Decrease in pollution levels from lorries.

There is no appropriate space to install
this machinery.

Possible expansion of the project’s
deadline.

Additional cost for the extra on-site use
(in the case of communes that apply a tax
for the use of a public asset.

High machinery rental and purchase cost.

Makes it possible to demolish the existing
pavement and generate a layer of granular
base in situ.

Decrease of the transport cost of natural

Rubblizing aggregates to the site. High machinery rental and purchase cost.
Decrease of the transport cost of the
construction waste to the dumping site.
Decrease in pollution levels from lorries.
In Spain,

the following products are manufactured for construction:

e  Concrete test pieces (with a quality of up to G-40);

e  Granular bases;
e  Granular subbases;

e  Securing and covering of pipes;

e  Draining layers;

e  Prefabricated pieces of concrete;

e Embankments;

e  Fillings;

e  Cement floor and cement gravel.

In Chile,

e  Manufacturing of concrete test pieces (with a quality of up to G-30);

e  Granular base;
e  Granular subbase.

3.6. Research Works

In Spain,

e Companies are willing to support research works as a result of the change in mentality of
European countries.

e  European Union initiatives regarding applying a more sustainable outlook to the different economic
sectors (e.g., construction), due to the possible shortage of aggregates endured in the continent.

In Chile,

e  There s little willingness by companies to invest knowledge and collaborate with research projects.
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3.7. Continental Reality

In Spain,
e Belongs to the European Union.
In Chile,

e  Belongs to the Pacific Alliance, MERCOSUR and the Organisation of American States (OAS).

3.8. Insertion into the Market

In Spain,

e  Recycled products from CDW are flagged with the “CE”mark. In French this means Conformité
Européenne or European Conformity. It corresponds to a European mark for certain products or
industrial groups.

e In Catalonia in 2016, 48% of CDW was recovered.

e [tis predicted that by 2020, the recycled aggregates market will have developed enough so that its
entire production is absorbed in different uses.

In Chile,

e Crushed granular base measuring <3” and <11“ is manufactured.
g g 2

4. Conclusions

After analysing the Chilean and Spanish realities regarding waste management, the following
is concluded:

1. The addition of recycled aggregate in Chilean technical legislation is suggested, both in the
Roads Manual of the Ministry of Public Works as well as in the CNETOP of the SERVIU.

2. The creation of laws that penalise the deficient management of construction works, prohibit the
extraction of natural aggregates in a gradual way and force companies to recycle or incentivise them to
invest in technologies that enable the development of construction sustainability is suggested.

3. Even though recycled aggregates have been used in the construction of road works, its use is
low due to:

e Lack of knowledge of the properties of recycled aggregates and its potential performance in
construction works.

e High quality of natural aggregates and their extensive availability on the market.

e High manufacturing cost.

e  Conservative attitude in the establishment of technologies and low tolerance of their performance
by government bodies and construction companies.

e Investing in projects that encourage the use of recycled aggregates is recommended.

4. In road works and urban roads there is no construction and demolition waste management
plan. Proof of this is the inexistence of a hierarchical process for its treatment, as is done in Spain.
The only document required by current Chilean legislation is a certificate that proves that the dumping
site is authorised. The approval of the NCh 3562 standard project would make it possible to solve
both problems.

5. Both the Ministry of Public Works and the SERVIU have the intention of including recycled
aggregates in their respective legislations. The difference between them is that the former has a protocol
that allows the entrance of innovative proposals (with a prior analysis by the National Roads Laboratory
it can make the Roads Manual). The said protocol does not exist in the latter, despite having proved
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that recycled aggregates can be used when complying with the required specifications. Establishing a
project admission system at the SERVIU (similar to the Ministry of Public Works) is recommended.

6. In Chile there is no ministry that fulfils the same function as the Spanish Ministry of Public
Works and Transport. A similar entity is required in order to focus exclusive attention on these types
of works and promote the use of recycled materials in them. However, as proposing this approach is
not very feasible, boosting the functions of the Ministry of the Environment is recommended, in such a
way that recycling and sustainable practices are an equal part of all the economic sectors of the country.

7. In the bidding for tenders phase, establishing measures that make it possible to estimate the
amount of waste that will be allocated to recycling is suggested.

8. In Chile there is no infrastructure (treatment, transfer and final disposal plants) that enable
the receival and treatment of CDW generated in works. Building them is proposed, thus generating
optimal (construction) waste management processes, as is done in Spain.
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Abstract: This research study analysed the effect of adding fine—fMRA (0.25% and 50%)—and
coarse—cMRA (0%, 25% and 50%)—mixed recycled aggregate both individually and simultaneously
in the development of sustainable recycled concretes that require a lower consumption of natural
resources. For this purpose, we first conducted a physical and mechanical characterisation of the
new recycled raw materials and then analysed the effect of its addition on fresh and hardened new
concretes. The results highlight that the addition of fMRA and/or cMRA does not cause a loss of
workability in the new concrete but does increase the amount of entrained air. Regarding compressive
strength, we observed that fMRA and/or cMRA cause a maximum increase of +12.4% compared
with conventional concrete. Tensile strength increases with the addition of fMRA (between 8.7% and
5.5%) and decreases with the use of either cMRA or fMRA + cMRA (between 4.6% and 7%). The
addition of fMRA mitigates the adverse effect that using cMRA has on tensile strength. Regarding
watertightness, all designed concretes have a structure that is impermeable to water. Lastly, the
results show the feasibility of using these concretes to design elements with a characteristic strength
of 25 MPa and that the optimal percentage of fMRA replacement is 25%.

Keywords: recycled concrete; recycled mixed sand; recycled mixed gravel; mechanical properties;
strength; watertightness

1. Introduction

Climate change and global warming have become important issues that directly
impact the world economy. This has led to countries developing laws and regulations that
control the emission of CO, and the appropriate management of waste. In this context,
the construction industry is responsible for 12% of all greenhouse gas emissions in the
European Union (EU) and for generating ~25-30% of the solid waste produced every year
in the EU [1], which equates to an average annual production of 800 million tonnes. In
addition, as many as 534 and 200 million tonnes of construction and demolition waste
(C&DW) are generated every year in the United States and China, respectively.

Concrete is the most used material in the construction sector worldwide, with the
EU and USA producing 165 and 150 million cubic metres, respectively, in 2018 [2]. This
industry is characterised by requiring large amounts of natural resources, as this material
is mainly composed of aggregates—60-75% of the volume of concrete—and, to a lesser
extent, cement—10-15%. Its manufacturing process is responsible for ~8% of the total
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worldwide amount of CO; [3]. Three trillion tonnes of aggregate were used in the field of
civil engineering in 2018, ~45% of which were used to manufacture concrete [4].

In this context, the construction industry has tried to mitigate the adverse effects of
its activity in recent years by designing and developing new formulations for materials
with a cement base (mortars and/or concretes) that are more sustainable [5,6]. This has
been done by adding industrial by-products (agroforestry or biomass waste, ornament
and ceramics [7] industry and construction and demolition waste [8,9]) as supplementary
cementitious materials and/or recycled aggregate (concrete or mixed waste from C&DW).
The use of recycled aggregate from C&DW is one of the most widespread strategies for
simultaneously achieving the double goal of instituting the concept of circular economy
and sustainability in construction.

Recycled aggregates are obtained from the appropriate treatment of C&DW in man-
agement plants, where they are classified in granulometric fractions (mainly sand, coarse
and gravel) depending on their size and composition. According to this last criterion, they
are classified as (i) recycled concrete aggregates (RCA) with amounts of concrete (Rc) and
unbound aggregates (Ru) >90% and <10% of ceramic materials (Rb), (ii) mixed recycled
aggregates (MRA) with 70% < Rc + Ru < 90% and Rb < 30% and (iii) recycled masonry
aggregates (RMA) with Rc + Ru < 70% and Rb > 30.

RCA are recycled aggregates that have been studied in greater depth in the interna-
tional literature, focusing mainly on the coarse fraction (maximum particle size > 4 mm).
In this line of work, it is worth highlighting the study conducted by Bravo et al. [10], who
found that the density decreased between 4.7% and 7.7% by adding 100% of RCA, while
considering that their mechanical strength decreases if their composition includes particles
of a ceramic nature. Moreover, Thomas et al. [11] concluded that the density of concretes
decreased by 5% with a 20% of RCA replacement due to the high porosity and the presence
of adhered mortar. Etxeberria et al. [12] analysed concretes with 100% RCA, a water—
cement ratio of 0.5 and 325 kg of cement/m?, registering a decrease between 20% and 25%
decrease in compressive strength compared with the reference concrete. This loss could
be offset by increasing the cement content, a strategy which is of no interest economically
or from the viewpoint of sustainability. Likewise, these authors observed that concretes
with average compressive strength (3045 MPa) manufactured with 25% recycled coarse
aggregate had the same mechanical properties as traditional concrete. McNeil et al. [13],
in their literature review, were able to summarise their findings on what concretes with
RCA experience: (1) replacing natural aggregate (NA) in concrete with RCA decreases the
compressive strength but yields comparable splitting tensile strength; (2) the modulus of
rupture for RCA concrete was slightly lower than that of conventional concrete, likely due
to the weakened interfacial transition zone (ITZ) from residual mortar; and (3) the elastic
modulus is also lower than expected, caused by the more ductile aggregate.

As regards assessing the fine fraction of RCA, there have been fewer studies that have
focused on studying the design of structural concretes. Evangelista et al. [14] assessed the
feasibility of adding the fine fraction of RCA and observed that the compressive strength
was not impacted for percentages <30% in weight. Minkwan et al. [15] found that the com-
pressive strength of concrete with 100% of fine RCA decreased by approximately 30% and
10% compared with the reference concrete with normal strength and high strength, respec-
tively. Bravo et al. [16] observed that (i) recycled mixes with contents of fine RCA <25%
have properties that are comparable with those of the reference concrete and (ii) contents
of RCA >25% cause decreases in the properties, leading to losses of up to 19% compared
with traditional concrete.

Regarding the simultaneous use of coarse and fine RCA, Fernandez et al. [17] con-
cluded that the properties that are impacted the most due to replacing natural aggregate
with recycled aggregate are workability (with 100% coarse aggregate replacement, it more
than doubles compared with the reference concrete), the elastic modulus (decreases by 42%
with 100% coarse aggregate replacement and also decreases by 7% with 30% fine aggregate
replacement), the contractive deformation (obtaining deformations between 40% and 56%
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after 360 days with 100% coarse aggregate replacement) and water absorption (between
8.5% and 9%, proportions that are higher than the 5% established by the Spanish Code on
Structural Concrete, or Structural Concrete Instruction EHE-08).

Plaza et al. [18] report that the use of small percentages (<25%) of coarse concrete
aggregate alone or with recycled concrete sand decreases the total porosity and refines the
structure of the pores. The opposite effect was observed for higher percentages. Recycled
concretes have less compressive strength after 28 days than the conventional material,
although the decrease was less than 17% in all cases studied. The loss of strength is
greater in mixes that have recycled mixed fines. Regarding tensile strength, Plaza et al. [18]
revealed that it increased by 9.49% with a coarse recycled aggregate replacement rate of
100%. However, in replacement mixes (50% coarse aggregate + 50% fine aggregate) this
property decreased by up to 14.13%. Furthermore, there was a 1.74% increase in strength
in concretes with no coarse aggregate replacement but with 50% mixed fine aggregate
compared with the reference concrete. Corinaldesi et al. [19], Malesev et al. [20] and Lopez
et al. [21] noted that the elastic modulus decreased between 15% and 44.8% compared with
the reference concrete, where the recycled coarse aggregate had a greater negative influence.
Lovato et al. [22] even reveals that for the same level of axial compressive strength, higher
than 20 MPa, and despite the greater consumption of cement, the costs are similar to those
of the reference concrete and only vary by around 20%. Agrela et al. [23] suggest the
following classification for RA: Recycled concrete aggregate, with >90% concrete; Mixed
recycled aggregates (MRA), with between 30% and 10% ceramic content; and recycled
ceramic aggregates, with >30% ceramic content. Regarding flexural strength [18], it is
similar in conventional concrete and recycled concrete with less than 75% replacement.
In higher percentages, the use of recycled materials in both fractions causes up to a 15%
strength loss. Recycled concretes that have both coarse aggregate recycled concrete and
recycled sand are suitable for their use in structural concretes with a characteristic strength
of 30 MPa.

Regarding mixed recycled aggregates (MRA), due to the volume they represent of
the total amount of C&DW (~67% of the total in Spain), in the past decade they have
aroused the interest of the scientific community. There is currently a scientific-technical
shortcoming in the feasibility of assessing the coarse and/or fine fractions in the design of
concretes. In this regard, Sdez del Bosque et al. [24] revealed that the elastic modulus of the
ITZ (Interfacial Transition Zone) varies with the type of materials that are present in the
recycled aggregate, with ITZs associated with organic components (such as wood, plastic
and asphalt) having a lower minimum elastic modulus value depending on the content of
ceramic and concrete particles. Recently, Martinez-Lage et al. [25] recorded that the addition
of 100% of MRA entailed saving more than 35% of waste generation and 50% of abiotic
depletion. Martinez-Lage et al. [26] revealed that the decrease in compressive strength and
the deformation modulus vary from 20% to 30% and 30% to 40%, respectively, in concretes
with 100% coarse recycled aggregate replacement rate. Meanwhile, Poisson’s ratio, which is
independent of the rate of replacement, varied from 0.14 to 0.2. Mas et al. [27] revealed that
compressive strengths, 90 days later and with 30% coarse aggregate replacement, decreased
by 23.8% for CEM II cements and 13.5% for CEM III/A. The strength increased, with 50%
replacement, by +7.5% for CEM V/A cement (Series 1-CEM V). Lopez et al. [28] produced
non-structural concretes with 100% coarse aggregate replacement using concretes with low
strength (15 MPa), using 200 kg cement/ m? of concrete. Meanwhile, Medina et al. [29]
revealed that the use of MRA in concretes with a 25% coarse aggregate replacement rate has
no effect on the absorption capacity. However, at a replacement rate of 50%, the sorptivity
of recycled concretes is 10-20% higher than the reference concrete. Cantero et al. [30]
concluded that in concretes with coarse MRA, the higher the replacement rate, the lower
the density in a fresh state and the higher the air content: in concrete with a 100% rate of
replacement, the density was 7% lower and the air content 37% higher than the reference
concrete. It also backs its use in concretes, with a characteristic strength of 30 MPa.
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As a result of the research conducted, recycled aggregates have been added unevenly
in the regulation of concrete in different countries. Table 1 shows the type of recycled
aggregate, fraction and maximum percentage (minimum and maximum value) allowed
by each continent, as well as the type of concrete (structural or non-structural) that can
be crafted using recycled aggregates. It also shows that the common aspect is that all
continents allow the use of the coarse fraction of RCA and RMA, whose maximum limit of
replacement ranges from 15% to 100% for structural or non-structural concretes. Regarding
the fine fraction of RCA, it reveals that, with the exception of the American continent, its
use is allowed in the eco-design of new concretes. In addition, fine MRA is only allowed for
non-structural uses. In this context, it is worth noting that in South American countries [31],
the technical regulation does not yet allow the use of recycled aggregate (RCA/MRA), due
to the lack of trust it generates and the absence of authorised managers of C&DW who
obtain optimal quality recycled aggregates that are durable.

Table 1. Recycled aggregates in international regulation. Typology and maximum rate of incorporation.

% Allowed
Continent Material Fraction _ - Type of Concrete
Minimum Value Maximum Value

RCA Coarse 20 100 Structural

. . Fine 30 100 Structural
Asia (China, Korea and Japan) Coarse 0 100 Non-structura
Fine 0 30 Non-structural

A T RCA Coarse - 30 Structural

ustralia MRA Coarse - 100 Structural

Europe (Belgium, Germany, RCA Coarse 15 100 Structural

Italy, Denmark, Holland, Coarse/Fine - 100 Structural

Portugal, Switzerland, United MRA Coarse 25 100 Structural
Kingdom, France, Spain) Fine - 20 Non-structural
America (Brazil) RCA Coarse/Fine - 100 Non-structural
ence “ MRA Coarse/Fine - 100 Non-structural

Note. RCA: recycled concrete aggregate; MRA: mixed recycled aggregate.

In this context, the main novelty of this research study lies in delving into the progress
of the knowledge on the joint valorisation of the coarse and fine fraction of mixed recycled
aggregate, as research conducted heretofore had focused mainly on the RCA fraction
and, to a lesser extent, on the coarse fraction of MRA. There are no prior studies that
simultaneously use fine and coarse MRA to produce structural recycled concretes. Likewise,
this study contributes to the development of regulation or guides that make it possible
to, depending on the quality of the fMRA (their composition and intrinsic properties),
establish the applications where they could be used, such as the concrete industry, defining
the minimum parameters it must meet to comply with the building code and the areas of
environmental exposure where new concretes can be used, as well as other applications in
the scope of the construction sector. As stated by Plaza et al. [18], the partial replacement
of natural aggregate with coarse recycled aggregate alone or together with fine recycled
aggregate (RCF) from concrete wastes has a generally beneficial effect on eco-efficiency (the
relation between compression, tensile strength, bending and CO, emitted), with values that
are similar or greater than those shown by HP (conventional concrete). The use of coarse
recycled aggregate concrete and RMF (recycled mixed fine aggregate) has a beneficial
effect on eco-efficiency to split tensile strength (strength/CO; emission ratio), whereas
the eco-efficiency is slightly lower (<3%) than HP in terms of compressive and flexural
strength. The benefits of using coarse and/or fine recycled aggregate to partially replace
natural aggregate are not only a decrease in the emissions of CO, when manufacturing
concrete but also the significant mitigation of environmental issues triggered by gathering
the necessary waste.
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In this line of research, the main goal of this research was to further deepen scientific
and technical knowledge on the simultaneous use of the fine and coarse fractions of
the mixed fraction of construction and demolition waste as components of the granular
skeleton of recycled concretes. Doing so required characterising the physical (density,
entrained air and consistency) and mechanical (compressive, tensile and flexural strength)
characterisation, as well as the watertightness under pressure, of the new eco-concretes,
which include 0%, 25% and 50% of coarse MRA and/or 0%, 25% and 50% of fine MRA,
which can be used for applications in the field of civil engineering and construction.

2. Materials and Methods
2.1. Materials

The natural aggregate (NA) used was crushed siliceous greywacke with sharp edges
and layered shapes (see Figure 1) which comes in two granulometric fractions: (i) natural
0/6 mm sand (fNA); and (ii) natural 6-12 mm gravel (cNA). This aggregate meets all the
requirements of European standard EN 12620 for aggregates used to manufacture concretes.
Table 2 shows the physical and mechanical properties of the aggregates used in the study,
as well as the requirements stipulated by European standard 12620 [32] and EHE-08 for
aggregates used to manufacture concretes [33].

Figure 1. View of the aggregates used to manufacture concretes. Legend: (a) View of natural
aggregate; (b) View of natural aggregate after grinding; (c) View of recycled aggregates and (d) View
of recycled aggregates after grinding.
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Table 2. Physical and mechanical properties of the aggregates.
Aggregates
Property 88res EN-12620/
fNA cNA fMRA cMRA EHEO08

Dssd (kg/m?) [34] 2.76 2.74 2.70 242 -
WAL, (Wt %) [34] 1.18 0.88 5.39 6.28 <5

LC (wt %) [35] - 16 - 32 <40

FI (wt %) [36] - 21 10 <35

Note. fNA: natural sand; cNA: natural gravel; fMRA: mixed recycled sand; cMRA: mixed recycled gravel; Dssd: dry saturated surface
density; WAy4: water absorption coefficient after 24 h; LC: Los Angeles coefficient; and FI: flakiness index.

The MRA used came from the ARAPLASA C&DW management plant, located in
the north of the province of Caceres (Spain), which came, like natural aggregates, in two
fractions: (i) recycled mixed 0/6 mm sand (fMRA) and (ii) mixed recycled 6/12 mm gravel
(cMRA). Regarding their morphology, they are characterised by preferably having rounded
and slightly layered shapes (see Figure 1). Regarding their composition (see Table 3), the
gravel is characterised by being comprised by ~88% debris from unbound concrete, mortar
and aggregate, as well as ~11% ceramic material (tile, blocks, bathroom fittings, etc.) and
other minority components (<1.3%), mainly floating particles (plastic and wood), gypsum
and glass, in a percentage that makes up less than 1% of the weight. In addition, it is worth
noting that fMRA was obtained from the same MRA as cMRA, with the former having a
reddish colour due to the presence of ceramic fines.

Table 3. Components of the mixed recycled gravel (cMRA) (EN 933-11 classification [37]).

Class Type Content (% Weight)
Rc Concrete and mortar 43.98
Ru Natural stone 43.94
Rc + Ru 87.82
Rb Baked clay material 10.93
Ra Asphalt 0.87
FL Floating particles 0.02
G Gypsum 0.34
X+Rg Others and glass 0.02

Figures 1 and 2 shows the granulometric distribution of the natural and recycled
aggregates, revealing that they all have a continuous grain size. Likewise, it reveals that
regardless of their nature, sands are within the granulometric spectrum recommended by
EHE-08 for manufacturing concretes, as is the amount of particles that pass through the
0.063 mm sieve, which is less than 10% of the weight, the maximum limit stipulated by
EHE-08 for crushed sands of a siliceous nature.

The Portland cement used was a CEM I 42.5 R that met all the physical, chemical
and mechanical requirements established by European standard EN 197-1 [38] and was
supplied by the plant of the Lafarge Holcim group located at Villaluengo de la Sagra in the
province of Toledo (Spain). Lastly, we used superplasticiser additive FUCHS BRYTEN NF,
a water-reducing additive made of modified polycarboxylate with a base of water and a
brownish colour. It is free of chloride, has a ~20% content of solids, a density of 1.1 g/cm3
and pH = 8.0 and was supplied by FUCHS Lubricantes S.A.U.
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Figure 2. Granulometric distribution of aggregates (NA and MRA).

2.2. Concrete Properties Studied

Table 4 lists the properties analysed in fresh and hardened states, as well as the
standard that describes the trial methodology and size of the samples used to assess the
property being studied.

Table 4. The concrete properties analysed in fresh and hardened states.

Properties Trial Standard Sample Size (mm) Trial Duration (days)
Density EN 12350-6 [39] 150 XCFStch 150 Beginning
Physical Entrained air EN 12350-7 [40] - Beginning
Consistency EN 12350-2 [41] - Beginning
Compression EN 12390-7 [42] 150 XCluS‘t())ch 150 7,28 and 90
Mechanical Traction EN 12390-6 [43] E){)li“inzcgé 28
Bending EN 12390-5 [44] . OOPX“iEBat;C 400 28
. Cylindrical
Durable Penetration under pressure EN 12390-8 [45] 150 & x 300 28

2.3. Mix Design

Nine mixes were manufactured: (i) Conventional concrete, with 100% NA (M1);
(ii) Concrete with 25% fine MRA (M2); (iii) Concrete with 50% fine MRA (M3); (iv) Concrete
with 25% coarse MRA (m4); (v) Concrete with 25% fine MRA and 25% coarse MRA (M5);
(vi) Concrete with 50% fine MRA and 25% coarse MRA (M6); (vii) Concrete with 50% coarse
MRA (M7); (viii) Concrete with 25% fine MRA and 50% coarse MRA (M8); (ix) Concrete
with 50% fine MRA and 50% coarse MRA (M9).

In order to design and formulate the mixes we used the mix-design rules [46], taking
as baseline data a design characteristic strength (fx) of 25 MPa (C25/30), a maximum
aggregate size of 12.5 mm, a constant effective water—cement ratio (w/c) of 0.45 and an
S2 target workability as established in EN 206-1 [47], which is equivalent to a 70 £ 20 mm
slump. Likewise, dry aggregates were taken into consideration in this dosage process,
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as well as the water absorption of the recycled aggregates in the first 10 min of being
immersed in water (~70% of the total water absorption after 24 h). With this strategy, we
guaranteed that all mixes had the same amount of water available to hydrate the cement,
regardless of their granular skeleton. In addition, 5.89 kg/m? of additive was added in
order to achieve a suitable workability with this w/c ratio.

All the mixes designed met the dosing requirements (minimum cement content:
300 kg/m? and maximum effective w/c ratio: 0.55) stipulated by European standard EN-
206-1 [47] for durability class XC2. The mixes studied (Table 5) were prepared in an 85-litre
laboratory vertical shaft mixer using the following procedure: (i) the coarse aggregate
(cNA and cMRA) was mixed for 30 s; (ii) the fine aggregates (fNA and fMRA) were added
and the materials were mixed for 30 s; (iii) the binder (cement) was added, mixing it for
60 s; (iv) then 80% of the mixing water was added as well as the superplasticiser additive,
mixing it for 45 s and (v) the remaining water was added and mixed for 240 s. Lastly, the
samples were manufactured and cured following European standard EN 12390-2 [48].

Table 5. Composition of the concretes designed.

Materials (kg/m?) Mix

M1 M2 M3 M4 M5 Mé M7 Ms M9
fNA 9168 6840 4464 9024 6660 4344 8880 6480 4296
MRA 0.0 280 4464 0.0 2220 4344 0.0 2160 4296
NA 9932 9880 9672 7332 72150 70590 4810 4680 4654
cMRA 0.0 0.0 0.0 2444 2405 2353 4810 4680 4654
Cement 3800 3800 3800 3800 3800 3800 3800 3800  380.0
Water 244 289 2311 2328 2374 2415 2439 2475 2523

Additive 59 59 5.9 59 59 59 5.9 5.9 59

Figure 3 summarizes the manufacturing process and tests carried out on the studied
mixtures.

» Natural aggregate

e S o

| Collection of » Mixed recycled aggregate
| . I ) « Ordinary Portland cement
| raw materials | S 5 s
Sim——— ¥, = Superplasticiser additive

* Water

jmmmmmmemmmeeememmmas———aa- 1 » Components of the mixed recycled gravel
; Characterization of the ! > * Granulometry distribution
I [ *» Density
L----—----ﬂ—ggflzg-a-tff -------- : » Water absorption
« Los Angeles coefficient
« Flakiness index

“““““““““““““ b + DOE British method
Design ad manufacture of ! b 3 Properties of the fresh concretes
concretes mixes . v Density
......................... 5 v'Entrained void
¥'Consistency

———————————————————— + Density
» Compressive strength
= Splitting tensile strength

1

| Characterization of the
. hardened concretes

|

» Flexural resistance
¥ o « Water penetration depth under
pressure

Figure 3. Flow diagram corresponding to the manufacturing process and tests carried out on the
studied mixtures.
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3. Results and Discussion
3.1. Properties in a Fresh State
3.1.1. Consistency

Table 6 shows the results of consistency, entrained air content and density of the con-
cretes designed. Regarding consistency, all mixes were within the target design workability
(50 < 52 < 90 mm), which reveals that adding the mixed recycled fine and/or coarse
fraction does not have a negative effect on this property. This result is in line with Plaza
et al. [18] who observed that the simultaneous addition of recycled concrete aggregate and
concrete or mixed sand does not lead to a decline in the workability of recycled concretes.
This behaviour is in line with Agrela et al. [23] and Medina et al. [29] who respectively
suggested, as strategies to mitigate the negative effect that the higher water absorption of
recycled aggregates has on this property, to pre-saturate them before the mixing process or
to add the water initially absorbed by these recycled aggregates to the dosage.

Table 6. Concrete properties in a fresh state.

Mix Consistency (cm) Entrained Air (vol %) Density (kg/m®)
M1 6.00 1.97 2416.37
M2 6.00 3.00 2380.97
M3 517 3.90 2354.57
M4 5.50 2.20 2372.79
M5 5.50 3.60 2322.27
Meé 6.50 5.50 2275.41
M7 6.50 2.77 2331.01
M8 5.67 4.20 2286.24
M9 517 5.57 2288.47

Figure 4 shows the concrete slump test of conventional concrete (M1) and concrete
with a higher content of MRA, highlighting that the individual or simultaneous use of the
fractions does not have a negative effect on this property.

Figure 4. Concrete slump test: (a) Concrete with 100% NA (M1) and (b) Concrete with 50% fMRA and cMRA (M9).

3.1.2. Entrained Air

Table 6 lists the amount of entrained air in fresh concrete, revealing that the addition
of fine and/or coarse MRA caused an increase in this property, with the value for M3
(50% fMRA), M7 (50% cMRA), M8 (25% fMRA + 50% cMRA) and M9 (50% fMRAf 50%
cMRA) being 1.9, 1.4, 2.1 and 2.79 times higher than that registered for mix M1 (100% NA),
respectively. This performance could be connected with [49,50] (i) higher water absorption
by the MRA, (ii) lower density of the adhered mortar present in the recycled aggregate
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Entrained air (vol.%)

due to the presence of air bubbles within, (iii) the rougher texture of MRA compared with
NA and (iv) the presence of microcracks inside the MRA which are not connected to the
aggregate’s permeable pores. These results are in line with the observations by Cantero
et al. [30] and Plaza et al. [18], who registered an increase of this property when adding
contents of up to 100% MRA and 100% RCA, respectively.

Figure 5 reveals the linear relationship that exists between this property and the
percentage of recycled sand for different percentages of coarse aggregate replacement (0%,
25% and 50%), with all cases having an R? > 0.99. This trend was previously registered by
Yaprak et al. [49], who added from 0% to 100% of recycled concrete sand.

A
y =1.40x +1.38 y =1.65x + 0.47
R2=0.99 R2=0.99
""""""""""""""""""""""""""""""""""""""""" """'
-_____________________-___________-__________?____:-‘— ::_:: __________________________________________
U y=0.97x+1.02
R2z=0.99
0 25 50
Amount of mixed recycled sand (wt.%)
® 0% Recycled gravel 25% Recycled gravel 50% Recycled gravel

Figure 5. Connection between the percentage of mixed recycled sand and entrained air.

3.1.3. Density

Table 6 lists the density values for fresh concrete. It reveals a decrease of said property
in connection with the percentage of addition of mixed recycled aggregate (fMRA and/or
cMRA). These decreases reached their maximum value in mixes that had both fractions
added at 50% simultaneously; as for mixes M8 and M9, these values were 5.4 and 5.3
compared with mix M1, respectively. This was also the case with the mix that added 25%
cMRA + 50% fMRA (M6), with a 5.8% decrease compared with M1. This decrease is in
line with Brito et al. [50], who registered decreases of up to 10% for concretes that had up
to 100% of MRA. This behaviour would be connected with the lower density of recycled
aggregates due to the presence of adhered mortar and ceramic material, as well as the
apparent higher water/cement ratio of the new concrete mixes designed [49,51].

Regarding the values obtained, it is worth noting that they were within the
2430-2300 kg/m? and 2430-2220 kg/m? ranges of values for concretes that have differ-
ent percentages of recycled concrete aggregate [52,53] and mixed recycled aggregate [51],
respectively. Lastly, this observed trend is in line with research previously registered by
other authors: Plaza et al. [18] registered densities of 2428.56 kg/ m? for conventional
concretes, 2367.38 kg/m?3 for concretes with a 100% coarse aggregate replacement rate and
2310.51 kg/m?3 for mixes with 100% recycled coarse aggregate replacement and 50% fMRA;
César Medina et al. [52] registered a density of 2347 kg/m> with 25% of cMRA replacement
and densities of 2335 kg/m? with 50% cMRA replacement. A. Gonzalez et al. [51], with
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high-performance recycled concrete aggregates with 20% and 50% cMRA replacement,
obtained densities of 2430 kg/m? and 2340 kg/m?, respectively.

3.2. Properties in a Hardened State
3.2.1. Density

Table 7 lists the values of apparent density in hardened concretes analysed following
28 days of curing, once again revealing a decrease of this property with the percentage of
addition of MRA (fMRA and/or cMRA), due to the lower density of this new typology
of recycled aggregates compared with natural aggregates (Table 2). This decrease was
between 1.4% and 5.7% compared with the reference concrete (M1). In this context, it
is worth noting that said decrease is in line with the 3.3-5.0% range registered by other
authors who added up to 100% of MRA [49]. Regarding the values obtained, it is worth
stressing that they are within the range of values (2450-2270 kg/m?) registered previously
by other authors who added mixed recycled aggregates [10,29,30].

Table 7. Density and compressive strength evolution.

Mix (kzifrfg’) acs7d o acso8d o acs90d o

M1 2412.15 33.45 0.26 40.02 0.22 46.67 0.67
M2 2377.78 31.72 0.38 41.54 1.10 55.58 0.75
M3 2330.17 33.14 0.61 40.00 0.46 50.43 0.72
M4 2368.30 30.92 0.69 38.48 0.33 48.31 0.31
M5 2321.38 31.38 1.04 37.84 0.34 47.85 0.23
M6 2274.07 31.04 0.28 38.02 0.41 47.16 0.94
M7 2319.11 30.85 0.80 37.77 0.49 50.60 0.87
M8 2283.52 30.62 0.90 36.82 0.91 52.12 0.72
M9 2278.12 29.87 0.53 39.46 0.79 52.44 0.83

Note. Dygq: density in a hardened state after 28 days; o: standard deviation; a.g74: average compressive strength
after seven days; acssq: average compressive strength after 28 days; agoq: average compressive strength after
90 days. acs average compressive strength with a cubic sample, which must be multiplied by 0.90 to turn it into a
cylindrical sample of 150 ¢ x 300 mm.

3.2.2. Compressive Strength

Table 7 shows the evolution of the compressive strength of the various mixes analysed
after 7, 28 and 90 days. It shows that regardless of the type of concrete, (i) compressive
strength increases with the curing time, an evolution which is very similar to that dis-
played by the reference concrete, (ii) the relative compressive strength after seven days is
75.7-83.6% of that obtained after 28 days, a similar percentage to the figure obtained (70%)
in Portland cement concretes with no additions and a w/c ratio <0.45 [54] and to the 65-93%
range of values registered by Bravo et al. [16] for concretes that partially added C&DW,
and (iii) the average strength after 28 days is higher than the design strength of 25 MPa.
Therefore, these new recycled concretes could be used as concretes for structural use.

Figure 6 shows the compressive strength variation of recycled concretes compared
with conventional concrete for the various curing times. It reveals that for short times
(t < 28 days), the addition of fMRA and/or cMRA caused a maximum performance loss of
10.7% compared with M1 and was suffered by the mix that had 50% fMRA + 50% cMRA
(M9). However, at t = 90 days there was an increase in strength. The maximum increase
was +19% over M1, observed in the mix that had 25% fMRA (M2). Likewise, concretes
with 50% cMRA and 0%, 25% and 50% fMRA (M7-M9) had a better behaviour, recording
increases ranging from 8.4% to 12.4% compared with M1.
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Figure 6. Compressive strength variation of recycled concretes (M2-M9) compared with conventional
concrete (M1).

These results reveal that the addition of cMRA individually (M4-M?7) does not have a
negative effect on this attribute, registering a small decrease (Apg = —3.8%/Any = —5.6%)
and a slight increase (Aps = +3.5%/ Avy = 8.4%) compared with M1 after 28 and 90 days,
respectively. This performance is in line with the observations of Cantero et al. [30],
Poon et al. [54], Gomes et al. [55] and Lotfy et al. [56], who revealed that for recycled
coarse aggregate replacement percentages < 50%, there are no significant differences with
conventional concretes.

Regarding the individual addition of fMRA (M2 and M4), we observed that the
addition of 25% in weight (M2) led to a slight increase in compressive strength, reaching
+3.8% and +19.1% compared with M1 after 28 and 90 days, respectively. This behaviour
is in line with the study of Bravo et al. [10], who established that type I recycled fine
aggregates (Rc + Ru > 80% and other components <20%) caused variations in compressive
strength ranging from +3.8 to —12.5 after 28 days and in concretes with a replacement
percentage of 25%. Likewise, this result was also obtained by other authors [57-60], who
registered 3.7%, 5% and 16% increases compared with conventional concrete for 10%, 30%
and 50% additions of RCA, respectively. This increase was connected with the filler effect
of fine RCA and their rough texture and shape, which allowed for a better packing of the
granular skeleton [61,62].

Regarding the 50% fMRA replacement (M3), the study showed that after 28 days the
resistance remained constant, whereas after 90 days, there was a slight increase of +8.1%
compared with M1. This behaviour is better than that established by Bravo et al. [63] for a
50% replacement with type-I sand comprised by Rc + Ru = 83.7%, Rb = 0.9% and Rg = 15.4.
These authors registered an attribute loss ranging from —6.1% to —13.3% compared with
conventional concrete, for a 50% percentage of replacement. This improved behaviour of
M3 is linked to the better quality of fMRA (Table 2) compared with the type-I sand studied
by said authors.

Likewise, Figure 5 reveals that mixes M5, M6, M8 and M9, which simultaneously
incorporated cMRA (25% and 50%) and fMRA (25% and 50%) in their composition, had
a worse performance after 28 days, registering a 5.5%, 5.0%, 8.0% and 1.4% decrease
compared with M1, respectively. These decreases are lower than the ~7% and ~17%
observed by Plaza et al. [18], who added 50% coarse RCA + 50% fine RCA and 50% coarse
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RCA + 50% mixed sand, respectively. In addition, it is worth noting that similar to when
MRA were added individually, an improved performance was registered for the concretes
after 90 days of curing, with mix M9 (cMRA = 50% + fMRA = 50%) reaching a maximum
increase of 12.4% compared with M1.

This improved behaviour of the new concretes (M2-M9) at curing times greater than
28 days could be connected with the pozzolanic activity of the fine fraction (sizes < 0.063 mm)
present in fMRA, where there are mainly ceramic fines. This aspect was previously regis-
tered by Medina et al. [60,61] and Asensio et al. [62,63], who analysed the pozzolanic per-
formance of the fine fraction of C&DW with variable compositions (26.5% < SiO, < 70.5%,
4.4% < CaO < 24.5%, 5.8% < Al,O3 < 18.5%), observing that they have a lime fixation
capacity after 28 days of 53.3-82.1%. These values are lower than silica fume (~90%) and
higher than fly ash (~45%).

In addition, this behaviour could also be linked to (i) the presence of anhydride cement
particles [64-66] in the mortar adhered to the fMRA that will become hydrated, generat-
ing calcium silicate hydrate (C-S-H) which will positively contribute to the mechanical
behaviour and (ii) the attributes of existing ITZs among the Rb components of MRA (cMRA
and fMRA)/paste that can have a thickness equal to or lower than the one that natural
aggregates normally have (ejz = 10-50 um), as shown previously in the studies by Medina
et al. [29] and Sdez del Bosque et al. [24] in concretes that had coarse fractions of ceramic
aggregate from bathroom fittings and coarse mixed recycled aggregate, respectively.

Figure 7 shows the appearance of concretes M1, M3, M6 and M9 after being subjected
to the compression test after 28 days, revealing that the type of failure was similar in all
of them and that their morphology can be classified as suitable according to European
standard EN 12390-3 [65,67].

Figure 7. Type of failure of the concretes: (a) M1; (b) M3; (c) M6; and (d) M9.

Lastly, Figure 6 verifies that the aggregate/paste ITZ is the area where the cracks
preferentially begin and then spread when a concrete item is subjected to an external
force that surpasses its operational status limit [68]. This happens because this area is the
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weakest and the one where the most stress concentrates, as observed by Medina et al. [67] by
simulating the stress in the coarse/paste aggregate ITZ subjected to compressive forces [69].

3.2.3. Splitting Tensile Strength

Table 8 shows the tensile strength of concretes tested after 28 days and the variations
in strength compared with conventional concrete (M1) and compared with the concretes
that exclusively had cMRA (M4 and M?). It reveals that the mixes that only had fMRA (M2
and M3) experienced a slight increase in tensile strength between 8.7% and 5.5% compared
with M1, respectively. This behaviour is in line with the observations of Ahmed et al. [68]
and Kirthika et al. [69], who revealed that the use of fine MRA in percentages lower than
50% did not lead to a significant loss of performance (<10%) in the new concretes.

Table 8. Tensile and flexural strength of concretes 28 days later.

0, 0,

Mix (lf\zrlr::) Afcn;.t (%) Afcmt (%) (lf&;[l::) Afcn;f (%) Afemf (%)
M1 3.45 4 0.09 - - 3.82 4 0.12 - -
M2 3.75 + 0.07 +8.70 - 416 +0.11 +8.90 -
M3 3.54 +0.13 +5.51 - 4.15 4 0.23 +8.64 -
M4 3.21 & 0.05 —6.96 - 4.10 & 0.02 +7.33 -
M5 3.41 & 0.06 —1.16 +623%  428+0.09 +12.04 +439
M6 3314 0.07 —4.06 +3.12 8 4214 0.06 +10.21 +2.68 ®
M7 3.29 4 0.06 —4.64 - 3.69 & 0.27 —3.40 -
M8 3.40 + 0.05 —1.45 +3.34 * 3.83 & 0.21 +0.26 +3.79 *
M9 3.44 + 0.06 —0.29 +4.56 * 4.06 + 0.20 +6.28 +10.03 *

Note. femt: mean splitting tensile strength; femf: mean flexural strength; * strength variation compared with M1;
L strength variation compared with M4; and * strength variation compared with M7.

Regarding the mixes whose composition included 25% ¢cMRA (M4) and 50% cMRA
(M?7), it is worth noting that they registered a small decrease of 7.0% and 4.6% compared
with M1, respectively. These losses are similar to those registered by Cantero et al. [30] in
concretes with 25% and 50% of mixed recycled aggregate and lower than the 12% and 14%
losses registered previously by other authors who [70-75] analysed concretes with 100% of
recycled aggregates, which had 10% < Rb < 14%.

Regarding the mixes that include both fractions simultaneously, we observed that
the addition of fMRA had a positive effect by (i) lessening the decrease in strength of the
mixes (M5, M6, M8 and M9) compared with the mixes that only included cMRA (M4 and
M?7), with the decrease reaching 1.45% < Afcmt < 4.06%, and (ii) increasing their strength
compared with mixes that only had cMRA (M4 and M7), with this change ultimately being
3.12% < Afcmt < 6.23%. This behaviour is better than that observed previously by Plaza
et al., who registered a 7.3% and 11.0% decrease compared with conventional concrete in
concretes with 25% coarse RCA + 50% fine MRA and 50% coarse RCA + 50% fine MRA,
respectively. This same tendency was revealed for concretes with 50% coarse RCA + 50%
fine RCA, again registering decreases ~11% compared with conventional concrete [76].

Lastly, it is worth noting that the failure mechanism was the same in all tested con-
cretes, causing a brittle failure that led to the tested mixes splitting in half. In addition, we
observed that (i) the failure surface obtained is irregular, confirming the existence of intact
coarse aggregates (C(NA or cMRA) and thus again revealing that the failure emerges from
the ITZ of the coarse and/or fine aggregates and the cement paste, and (ii) the granular
skeleton (fine and coarse aggregates) is distributed homogeneously, regardless of whether
the aggregate is natural or recycled (Figure 8).
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Figure 8. Appearance of the concretes when performing the tensile test 28 days after producing the mortar: (a) conventional
concrete (M1) and (b) concrete with 50% cMRA + 50% fMRA (M9).

3.2.4. Flexural Resistance

Table 8 lists the flexural strength values of the tested concretes after 28 days, and
the variations in strength compared both with conventional concrete (M1) and with the
concretes that exclusively had cMRA (M4 and M7). It reveals that the mixes that only
had fMRA (M2 and M3) experienced a slight increase in flexural strength of +8.9 and
+8.6% compared with M1, respectively. This result is in line with the prior observations
of Ahmed [76] and Kirthika [77], who registered 6.7% and 3.2% increases compared with
conventional concrete for a fine MRA replacement percentage of 50%, respectively.

Regarding mixes with 25% cMRA (M4) and 50% cMRA (M7), it is worth noting that
they displayed an uneven behaviour, with mix M4 registering a 7.3% increase compared
with M1 and M7 showing a 3.4% decrease compared with M1. This behaviour was similar
to that observed by Cantero et al. [30], who established that for replacement percentages
lower than or equal to 50% of coarse MRA, there were no significant variations of this
mechanical attribute (Afcmf < 10% compared with conventional concrete).

Regarding the mixes that simultaneously incorporate both fractions, we observed
that the addition of fMRA had a positive effect by improving the behaviour of mixes with
cMRA (M4 and M?). It is worth noting that mixes M5 and M6 registered a 4.4% and 2.7%
increase compared with M4, and mixes M8 and M9 showed a 3.8% and 10.0% increase
compared with M7. Likewise, all of them had a similar or improved behaviour compared
with that observed in conventional concrete with 100% natural aggregate (c(NA and fNA).

Lastly, all samples tested, regardless of the composition of their granular skeleton, had
failures due to the formation of a crack in the middle part of the span, rising from the part
being pulled (the lower part of the sample) to the part being compressed [77] (the highest
part where the load is applied). Likewise, observing the cracked area, we once again saw
that the failure took place along the aggregate/paste transition area, with the aggregates
being detached from the matrix.

3.2.5. Water Penetration Depth under Pressure

Figure 9 shows the results obtained regarding the maximum and mean depth of the
mixes analysed.
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Figure 9. Water penetration of the concretes under pressure. Limits established in EHE-08 and
EC-2 (Note. Illa: marine class—subclass: aerial; IIIb: marine class—subclass: submerged; Illc:
marine class—subclass: tidal and splash zones; Qa: aggressive chemical class—subclass: weak;
Qb: aggressive chemical class—subclass: average; Qc: aggressive chemical class—subclass: strong;
H: with frost class—subclass: without deicing salts; and F: with frost class—subclass: without
deicing salts).

Regarding the individual incorporation of fMRA (M2 and M3), we observed that
these mixes experienced a larger decrease both in maximum (Pmax) and mean (Pmed)
water penetration, with the decrease ending up being between 16.1% < Pmax < 44.6%
and 47.7% < Pmed < 52.9% compared with conventional concrete (M1). This greater
watertightness could be connected with the pozzolanic activity of ceramic fines (<0.063 mm)
of the fMRA, as well as with the hydration of anhydrous cement [78] present in the fines
from fMRA mortars that give them a certain hydraulic activity and thus lead to a more
sealed and tortuous pore structure.

Regarding the use of cMRA, we observed that an addition of 25% (M4) and 50% (M7)
caused an uneven behaviour in these two properties. In the case of M4, the table shows that
Pmax and Pmed experienced a slight (2.8%) and small (20.1%) decrease compared with M1,
respectively. This behaviour is in line with the prior observations of Mas et al. [77], who
observed that the depth remained constant for coarse MRA replacement percentages <25%.
Regarding mix M7, it experienced an increase of Pmax (2.4%) and a slight decrease of Pmed
(6.4%). This behaviour could be connected with the fact that the microcracks present in
MRA have a greater impact on Pmax than Pmed.

Regarding the simultaneous use of cMRA and fMRA as the granular skeleton of the
concretes, the table shows that only the 25% cMRA + 25% fMRA mix (M5) made it possible
to obtain an increase in water penetration, causing a 35.8% and 33.9% decrease in Pmax and
Pmed compared with M1, respectively. This result, as happened with the other properties
studied, makes it possible to say that there is no performance loss for MRA replacement
percentages lower than or equal to 25%.

In this context, it is worth noting that for weight percentages of cMRA and fMRA
greater than 25%, there was an increase in water penetration, which could be explained
by the beneficial effect of its rougher surface texture enabling a better entry (similar ITZs)
in the cement matrix, as well as the pozzolanic activity of the <0.063 mm fraction not
being able to compensate for the negative effect that its intrinsic properties have on water
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penetration (lower density, higher water absorption and the presence of microcracks in its
microstructure).

The values obtained are under the limits established in chapter VII “Durability”
Section 37.3.3 “Resistance to water penetration” of the Spanish Code on Structural Concrete
(EHE-08), which establishes that a concrete is watertight enough for a given type of
exposure (Illa, Illb, IlIc, IV, Qa, E, H, E, Qb, Qc) when its maximum and mean penetration
depth is lower than 50 or 30 mm and 30 or 20 mm, respectively, depending on the type of
environment (see Figure 9). This highlights that recycled concretes have a porous structure
that guarantees watertightness and a suitable durability throughout their useful life against
this transport mechanism.

Lastly, Figure 10 shows the penetration front of the samples manufactured for con-
cretes M1, M3, M6 and M9. As can be seen, the water penetration outlines have a similar
morphology, and there are no visible differences between the mixes manufactured with
NA and cMRA and/or fMRA.

Figure 10. Penetration fronts of the concretes: (a) M1; (b) M3; (c) M6; and (d) M.

3.2.6. Analysing the Concrete Manufacturing Costs

Table 9 lists the economic study of the cost of manufacturing the concretes analysed in
order to reveal the financial aspects of this study. In this context, it is worth noting that
the price of natural aggregates in Spain is lower than in other countries, as this country
is characterised by having a high availability of natural resources, which enables the
extraction of natural aggregates. These prices (EUR/t) will be much higher in countries
with greater legal restrictions on extracting natural resources or with less availability,
which would facilitate the recovery of recycled aggregates in the concrete industry from an
economic point of view. This table shows that mix M9, with 50% fMRA + 50% cMRA,, is the
cheapest, leading to a —8.03% decrease compared with natural aggregate (M1). This result
is in line with the prior observations of other authors, who registered decreases of under
—50% for recycled coarse aggregate replacement percentages between 50% and 100% [78].
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Table 9. Manufacturing cost of the mixes studied.

Concrete Mix

Component Unit Price
(EUR/) M1 M2 M3 M4 M5 Meé M7 M8 M9
fNA 6.79 6.23 4.64 3.03 6.13 4.52 2.95 6.03 4.40 2.92
fMRA 3.60 0.00 0.82 1.61 0.00 0.80 1.56 0.00 0.78 1.55
Can 6.54 6.50 6.46 6.33 4.80 4.72 4.62 3.15 3.06 3.04
cMRA 3.15 0.00 0.00 0.00 0.77 0.76 0.74 1.52 1.47 147
Cement 88.60 33.67 33.67 33.67 33.67 33.67 33.67 33.67 33.67 33.67
Water 0.50 0.11 0.11 0.12 0.12 0.12 0.12 0.12 0.12 0.13
Admixture 1.56 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
EUR/m? - 46.51 45.72 44.76 45.49 4459 43.67 44.49 43.51 42.78
concrete

Lastly, in addition to these economic savings, one must consider the positive environ-

mental effect, especially in terms of kgCO,eq/kg, that the correct management of MRA
and a decrease in the extraction of natural aggregates entail.

4. Conclusions

The conclusions drawn from this research study are:

Coarse (cMRA) and fine (fMRA) mixed recycled aggregate meet the physical and
mechanical requirements included in the relevant regulation on aggregates for manu-
facturing concretes.

The workability of recycled concretes (M2-M9) is not impacted by the addition of
mixed recycled aggregate, regardless of its replacement percentage, with all mixes
showing an S2 consistency (50-90 mm).

The addition of mixed recycled aggregate ((MRA and/or fMRA) causes a linear
increase in the entrained air content in a fresh state of 1.9, 2.8 and 2.8 times the M1
mix in mixes M3 (50% fMRA), M6 (25% cMRA + 50% fMRA) and M9 (50% cMRA +
50% tMRA), respectively.

The density of recycled concretes is lower than that of conventional concrete, with the
loss of density increasing as the recycled aggregate replacement percentage rises and
with greater intensity when using mixed aggregate. This behaviour is similar both in
a fresh and hardened state.

The compressive strength of recycled concretes is lower than that of conventional
concrete, with M9 (50% cMRA + 50% fMRA) having the greatest drop (~11%) com-
pared with M1 after 28 days of curing. After 90 days, recycled concretes have a better
behaviour than conventional concretes. The addition of fMRA has a positive effect,
establishing that the optimal replacement percentage is 25% in weight, regardless of
the percentage of cMRA.

The compressive strength of all concretes is higher than the design strength (f = 25 MPa).
The indirect tensile strength experiences a slight increase with the addition of fMRA,
with the maximum increase (~9%) compared with M1 corresponding to the concrete
that incorporates 25% of fMRA (M2). The addition of cMRA causes a slight loss
(~7%) compared with conventional concrete (M1). This loss is softened with the
simultaneous addition of fMRA, obtaining a —0.3% decrease compared with M1 for
mix M9 (50% cMRA + 50% fMRA).

The flexural strength of the new concretes is greater than conventional concrete, with
the highest increases (6.3-12.0% compared with M1) belonging to mixes M2, M5 and
M9. The addition of 50% of cMRA (M7) causes a —3.4% decrease compared with M1.
All the concretes designed have a watertight structure under pressure, meeting the
maximum and mean depth requirements of the relevant regulation.

The (maximum and mean) water penetration under pressure decreases slightly for
mixes M2, M3, M4 and M5, whereas an increase was registered in one (M6, M7 and
MS8) or both depths (M9) for all remaining concretes.
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- The optimal individual or simultaneous replacement percentage of fMRA and cMRA
is 25% in weight, in light of the results obtained in this research study.

- These results reveal the need for future research that addresses the behaviour of these
concretes from the viewpoint of their durability properties, as well as investigating
different types of mixed recycled aggregates with which to manufacture concretes.

- Lastly, this research will positively contribute to the addition of these mixed recycled
aggregates to the concrete-related stipulations of structural codes.
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